‘\//_




P. ORLOV

TRANSLATED FROM THE RUSSIAN
3y YU. TRAVNICHEV

MIR PUBLISHERS . MOSCOW



Aa
Bp
A
Ee
Zg

&8

First published 3976

THE RUSSIAN ALPHABET AND TRANSLITERATION

Aa
Bé
Bs
I'r
En
Ee
Es
o
33
Hax
Wi

Alpha
Bela
Gamma
Delta
Epsilon
Zeta
Bia
Theta

[ - [Ee)
K o AR 4 5o

z
i
¥

KEx
dx
M
H=a
Go
On
Pp
Ce
T
Yy
Dd

D R - A -

THE GREEXK ALPHABRET

Iota
Kappa
Lambda
Mu

Nu

Xi
Omicron
Pi

Iy .
Kxn
AM
Mp
Nwv
2§
0o
Iin

. Ha guenuiierom asune

Xx
O s
Yy ¢h
MWm sh
W m sheh
’B'ﬁ 1t
bl vy
bBs 7
95 e
Do yu
Ag vya

kh

Rho
S igma
Tau
Upsilon
Phi
Chi
Psi
.. Omega

English translation, Mir Publishers, 1976



II. 1. OPJiOB

OCHOBBI
ROHCTPYHNPOBAHIIA

H3IATEJILCTBO

MAIHTHOCTPOEHWE»
MOCHBA






Contents

Preface .. .. .. e e e e e . e e e e e e e e e 7
Chapter 4. Principles of Machine Design . . . . . . . . . . . .. 9
{.1. Objectives of Machine Desigm . . . . . . . . . . . .. 9
e 1.2. Economic Factors of Degign . . . . . . . . . . . .. 10
W 4.3. Dupability . . . . . .. o000 28
1.4, Operational Reliability . . . . . .. ... .. ... 32
4.5, Machine Cost . . . . v v v . v i h e e e e e 57
1.6, DBuilding up Machines Derivatives on the Basis of Unification 61
1.7. Reduction of Product Range . . . . . . v « « .« « « 70
_1.8. Preferred Numbers and Their Use in Des1gn1ng ..... 78
4.9, General Design Rules . . . ., . ..« .o .. T 84
Chapter 2. Design Methods . . . . .« . . .« v o v o oo, - 88
2.1, Design Succession . . . . . . . .. e . 89
2.2. Study of Machine Application Field . . . . . . . .. 91
2.3. Choice of Desigh . . . . ¢ . v v v v v v v v v e 92
2.4. Development of Design Versions . ., . . . . . . . . . 93
2.5, Method of Inversion . . . .. . . .. ... .... 98
2.6. Composition Methods . . . . . . . .. . .. .. 103
2.7. Compoesition Procedures . . . . . . .. . . .. .. 106 -
2.8. Design Bxample . . . . . . . . . . .o 0. 107
Chapter 3. Weight and Metal Confent . . . . .. ....... Tost
3.1. Rational Sections . £
3.2. Lightenmg of Parts .+ .+ .+« o v v v e e 148
3.3. Rational Design Schemes . . . . . . . . . . . ... 170
3.4. Correction of Design Stresses . . . . . . . . . . .. 184 / 7 &
3.5, Materials of Improved Stremgth . . . . . . . . ... 2
6. Light Alloys . . . . . . . . . oo o v v o oo 226
8.7. Non-Metallic Matenals ............... 235
3.8. Specific Indiees of Strength of Materials . . . . . v . . 248
Chapter 4. Rigidity of Structures . . . . . . e e e e e e e s ”o2B52
4,4, Rigidity Criteria . . . . . . . . . . . . . .. .. 253
4.2, Specific Rigidity Indices of Materials . . . . . . . .. 260
4.3. Enhancing Rigidity at the Design Stage . . . . . . . 272
4.4. Improving the Rigidity of Machine Constmctmns ... 305
Chapter 5. Cyclic Strength e e e e e e e e e e e 348
5.4. Improvement of Fatigue Stremgth . . . . . . . . . . - 391
5.2. Design of Cyclically Loaded Components . . . . . . . . 397
5.3. Cylindrical Joints Operating under Alternating Loads 412



6 Contents
Chapter 6. Conmtact Stremgth . . . . . . . . . ... ... . . 418
P 6.1. Spherical Joints . . ., . . .. ., .. ... .. 424
oy 6.2, Gylindrical Commections . . . . . . . .. .. ... 428
< Chapter 7. Thermal Stresses and Strains ., . . . ... ... ... 439
‘ 7.4. Thermal Stresses . . . . . ., . ... ... L. .. 438
7.2. Thermal Strains ., . . . ... .. ... e e e 461
7.3. Temperature-Independent Centring . . . . . . . . . 472
T4 Heat Removal . |, ., .. ... .. .. [ 481
v .y Chapter 8.,  Strengthening of Struetures . . . . . . ... ... . 486
A 8.4, Elastic Strengthening . . . . . . . ... .... . 488
G 8.2. Plastic Strengthening . . . . . . .. ... .. .. 489
¢, Chapter 9. Swrface Finish , . .. ., .. ... ..., ..... . 498
9.1. Classes of Surface Finish . . . . . . . . . ... ... 500
9.2. Selection of Surface Finish Classes . . . . . . . . . . 510
ToeX . e e 516



Preface

The purpose of the present book is to offer the reader an attempt
at a systematic exposition of rules for rational designing.

With all the diversity of the modern machine-building the tasks
facing the designer are similar in many respects. It is the reduction
of the weight and specific metalwork weight of the machine, the
improved suitability for industrial production, greater durability
and reliability that are of importance for the design of any machi-
ne, the difference lying only in the relative significance of these
factors. All this enables one to formulate the principles of rational
designing as a code of general rules for machine building.

The prime intention of the book is to make the designer learn to
work creatively. To design imaginatively means: _

to abstain from blindly copying the existing prototypes and to
design meaningfully, selecting from the entire store of the design
solutions offered by the present-day mechanical engineering the
ones that are most suitable under given conditions;

to be able to combine various solutions and find new, better
ones, i.e., display initiative and put vim in the work;

to continually improve the machines’ characteristics and to
contribute to the progress in the given branch of mechanical engi-
neering;

to follow the dynamic development of the industry and devise
versatile machines of long life, amenable to further modernization
and capable of meeting the ever-growing demands of the national
economy without running the risks of obsolescence for a long time
to come.

Particular attention in the book is attached to the problems of
durability and reliability., The author endeavoured to strongly
emphasis the leading role of the designer in tackling these problems.



8 Preface

In presenting the material the author followed the principle
“qui vidit—bis legit” (the one who sees reads twice). Most of the
designers are individuals of visual thinking and visual memory.
For them a drawing or even a simple sketch means much more than
many pages of explanatory notes. For this reason, each point in
the text is accompanied by design examples.

To better the understanding most of the illustrations are arranged
in such a way as to enable it to compare wrong and correct, inexpe-
dient and expedient design versions.

The solutions given as correct are not the only possible ones.
They should be regarded not as precepts, suitable for use in all
-cases, but rather as examples. In particular conditions other wver-
sions may prove more advisable.



Chapter |

Principles of machine design

1.1, Objectives of Machine Design

The chief aim of the designer is to develop a machine that would
satisly rost fully the needs of the national economy, would be most
economie, and would have the best technical and operational characw
teristics.

The most important characteristics of machines are their preduc~-
tivity, efficiency, strength, reliability, weight, specific metalwork
weight, size, power intensiveness, scope and cost of repairs, labour
costs, service life, in-between repair times, degree of automation,
simplicity and safety of maintenance, and convenience of operation,.
assembly and dismantling.

Any machine must meet the industrial deszgn requirements, i.e., it
must have a plain but attractive finish.

The priority of each of the above characteristics depends on the-
purpose of the given machine, namely:

for generators and energy converters the main characteristic is
their efficiency which is indicative of the degree of useful energy
conversion;

for power tooIsmproéuctlwty, precision and reliability of opera-
tion, and degree of automation;

for metal-cutting machines——productivity, accuracy of machining,.
and range of operations;

for eontrol and measuring instruments—sensitivity, accuracy, and
stability of readings;

for transport machines (particularly for air and spacecraft)—
. weight and engine efficiency which determine the amount of en-
bhoard fuel.

Economical considerations are of tremendous importance im
engineering.

When designing a machine, the designer must do his best to
fnfake the machine as economical as possible throughout its service

ife

This aim is achleved by way of enhaneing the efficiency of the-
machine, increasing its service life, and cutting operational expen~—
ditures.
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At the same time the designer must minimize laborious manufae-
turing operations, lower production cosls, and reduce the time
:spent on designing, making, and running-in the machine.

A vast number of technological, organizational, processing, eco-
nomic, and other factors affect the total cost of engineering products.

This book deals only with design methods which enhance effi-
<iency and reduce production costs,

1.2. Economic Factors of Design

Economie factors must be made the basis of designing. Designing
particulars should never overshadow the main aim-—increase- of
‘machine efficiency.

Many designers consider that to design economically means cutting’
production costs, avoiding complex and expensive solutions, using
cheapest materials and applying simplest processing methods.

This is but a part of the probler. The economic effect is determi-
ned by machine output and the total operational expenditures during
:service life. The cost of the machine is not the only and net always
.the main part of the expenditures.

Economy-oriented designing meansconsideration of all the factors
-determining the efficiency of the machine and a correct evaluation
-of the relative importance of each of these factors.

This principle is often ignored. In an attempt fto obtain cheaper
products the designer often achieves economy in one way only,
while missing others and more effective ones. Moreover, such a one-
.sided economy, which disregards the totality of the essential factors,
-often vesults in a lower overall economy of the machine, ‘

(a) Profitability (Commercial Value) of Machine

Machine profitability ¢ is determined by the ratio between output
(production) O¢ over a certain period of time, sxpressed in terms
-of money, and the total operational expenditures Fz over the same
period

ot
~Ez

The term “output” implies the cost of products made on the machi-
ne (the cost of finished and semi-finished products, and the cost
-of )in_termediate operations and wuseful work performed by the machi-
ne).

Generally, the total expenditures Ez cover the following: De—
-depreciation charges for the machine; Pr-—cost of power consumed;
Mr—cost of materials consumed; Lbr—cost of labour force; Mntce—
cost of maintenance; Ovhd—overhead costs; Rpr-cost of repairs;

(1.1)
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Gd—general depreciation charges for the plant, i.e.,
Bz == De-+ Pr4 Mr- Lbr 4 Mnice 4- Ovhd 4 Rpr -+ Gd

The value of ¢ must always be greater than unity, otherwise the
machine will operate unprofitably, in other words, its existence
will become commercially useless. :

{b) Economic Effect

The annual economic effect {annual profit)‘@ from the machine
is the difference between the annual output and expenditures

Q:OtmEx=0t(1_%§-)=0t(1~—3—) (1.2)

‘where ¢ is the profitability. :

The total profit 2@ for the entire service life of the machine is
equal to the difference between the total output 2,0t and total
expenditures N Ez

21Q=20t— 2 Ex
Or

210= 20t— 2 De+ 3, Prey 2y Mr+ 21 Lbr+ ) Mntce +
1+ 3 Ovhd + 3 Rpr-+- 3G4)  (1.3)

The quantity »,Q depends on the duration of the machine opera-
tion. Let us introduce the following more precise definitions: H—
service life, i.e., the total period (in years)of the machine's being
in operation; h—actual running time (in years) for the entire service
period. H we assume that the machine will run until its physical
resources are fully exhausted, then, obviously, & is the durability
of the machine, i.e., its potential running time. '

The relation

Viuge == Ti_}" (1.4)

is the use factor characterizing the operational intemsity of the
machine,

In Eq. (1.3) some terms (2Bpr, »Gd) are proportional to the
service life, i.e., 2\Rpr = HRpr; 2\Gd = HGd, while the others
(2.0t, XPr, 2\Lbr, >\ Mnice, 3\ Mr, YOvhd), to the actual running time
{i.e., to the machine durability, given the above assumption is
valid) and are equal to hOt, hPr, ete., respectively.

The depreciation expenditures for the entire service life are equal
to the cost of the machine

SDe=c (1.5)
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Substituting the above values for the respective terms of Eq. (1.3}
we will have

D Q=h0t—[C +h(Pr-+ Mr-} Lbr + Mnice -+ Ovhd) +
~+ H (Rpr+-Gd)}

Let us designate the expenditures proportional to the durability &
as Ez' and those proportmnal to the service life H as Ez”. Then

S Q==hOt —(C +hEz’ —;-HE:c”)_—.hOt——[C-}-h Ex' —[—TE.?,”)]_

Since, according to Eq. (1.4), {1—1 = 773"’ then
S

. . 2 .
3 Q= (0t —Ea' -~ | (1.6
In terms of service life H the total profit (economic effect) is
2 Q= H [Ny (Ot — Ex’) — Ex"] —C (1.7y

The recoupment term T, of the machine is the service period for which
the aggregate economic effect equals the cost of the machine 20 ==
== (). Substituting this expression in Eq. (1.7), we get

e
Nuge (OF— Bz )~ Bz
When determining the recoupment term of the machine, the

repair costs can be ignored because at the initial stages of operation
they are mmgmfmant

Ppo= (1.8

(¢) Coefficient of Operational Expendimres

The ratio between the total expenditures for the entire service

period of the machine and its cost is called coefficient of opemtaona[
expenditures:

L S kb (Ex e

= 1’!use — 4 Ha” !
¢ : ¢ =1+ (E.’L' + Tuse ) (19)1
Equation (1.6) can now be given in the following form

21 Q=hOt—kC | (1.10

The percentage ratio of the machine cost to the total expenditures

is equal to the reciprocal of the coeffmleat of operational expenditu-
res
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Coefficient % is wsually much Iarger than unity and may be as
great as 10-100.

As is seen from Eq. (1 .9), the coefficient of operational expendi-
tures increases with an increase in durability 2 of the machine.
Correspondingly, the proportion of the machine cost in the total
amount of expenditures decreases.

(d) The Influence of Operational Factors
upon Economic Effect

Equation (1.6) shows that the overall economic effect, i.e., the
total gain for the entire machine service life, is proportional to
durability k. This gain will be the greater, the higher the annual
output Of and the less the machine cost € and expenditures Fz’
and Ez",

Let us consider the relative importance of each of these factors
by analyzing the operation of an exemplary metal-cutting machine
tool.

In this case it is best to détermine the nef economic effect 2,0
comprising the total profit less thé cost of materials and consumable
tools. Furthermore, we will ignore the general factory overhead
which is difficult to consider and limit ourselves here to the overhead
expenditures directly related to the operation of the machine {main-
tenance expenses are included in labour costs).

Let the machine cost C be 1500 roubles (rbl), power consumption
of the machine drive electric motor, 10 ¥W. The machine operates
on a double-shift basis with a load factor of 0.8. Taking into consi-
deration holidays and Sundays (75 days per year), the machine use
factor will be 657

nuse-*—o 8 ;2 ___,,,m3 5365 0 0.4

The actual machine running time per year will be
365.24.0.4 ~z 3500 h/year

Assuming thét on the average the machine operates at 0.75 of its
rated power, the annual electrical power comsumption is
0.75.10.3500 == 26 250 kWh/year
With an industrial tariff for power of 2.5 kopeks per 1 kWh, the
annual cost of the power consumed is
Pr=26250.0.025 =~ 650 rbl/year

If the apnual operator’s pay is 1500 rbl, ’chen the cost of labour
on a double-shift basis will he

Lbr =2-1500 = 3000 rbl/year
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Let the overhead rate be equal to 256% of the labour cost
Ovhd == 0.25.3000 =750 rbl/year

Assume that the total cost of repairs by the end of the service
life of the machine is equal to its cost, i.e.,-

21 Rpr=C .
Then, the overall economic effect in terms of the service life ig
' Q = H [Ot— (Pr- Lbr - Ovhd)) — 3\ Rpr —C =
= H [0t — (650 4 3000 -+ 750)] — 1500 — 1500 =
—H(Oﬁ~4400) 3000 (1.12)
In order to calculate the cufput, assume that the profitability

of the machine, related to the sum of expenditures Pr, Lbr and Ovhd,
is

Ot
7= Prj Lby 4 Ovhd =16

Then
0t = 1.6 (650 -~ 3000 4- 750) =s 7050 rbl/year

and Eq. (1.12) becomes
21 Q' = H (7050 — 4400) — 3000 == H2650 — 3000

On the basis of Eq. (1.12), let us analyze variations in the profit
with an increase in the machine’s service life and output, and also
with changes in the cost of the machine, labour and power. Let the
initial duration of service life H be equal‘ to 2.5 years, which with
the adopted use factor corresponds to the machine durability 2
of 1 year. The results of estimates for service lives of 2.5 to 25 years
are given in Fig. 1 and Table 1.

From Table 1 and Fig. 4 the following conclusions can be
drawn.

The profit sharply rises with the increase of A, i.e., with the
increase of H, provided that 7. = const. Takmg the profit for
H = 2.5 years to be equal to unity, then with H = 10 years the
profit increases by 6.5 times and with H == 25 years, by 17.5 times.

The coefficient of operational expenditures increases from its
initial value of & = 9 up to & = 73 (with H = 25 years) with the
increase in the machine’s service life. This correspondingly lowers
the ratio between the machine cost and the total operational expen-
ditures. This ratio, equal to 11% with the initial service life figure
(2.5 years), decreases to a negligible value (3-1.5%) when the service
life is increased to more than 10 years.
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Reduction of the machine cost appreciably influences the profit
only when short service lives are involved. For example, reducing
the cost in half (which is quite a sizable value) results in a 20.5-per

)
i
// &
Y
Vi s
717 wo
|z
/ ‘/V/ &0
VAW.0%
% g
20 /A 50
1 v
8 1 ~
4511 /’
5 —H 74 40
14 ‘} A '/// 5)
2 | //, A — 7w
ol B LS| A
& \\ \\{/ /] / ’Z >-/ 20
& A\K’);’;/ / /_// !
TIPS
4 '-é{’()( (i—;mw = 0
2 é,—, %rﬁ"—”(lw“‘ mEmops e
25 5 10 53 28 Hyears
Iz 4 & & #ayears

Fig. 1. Relation between overall economic effect and machine’s service life &

1 — ratio EQ/Z Q.. for initial output and 1abour cost; 2 — coefficient of cperational expen~

difures; & - ratio of machine cost to operational expenditures; ¢ - increase of economic
effect with machine cost halved; & — decrease of economic effect with machine cost increased
1.5 times; 8 — increase of economic effect with {0-percent increase in machine efficiency;

7 —ratio EQ/EQ,,.s with Iabour cost reduced by 30%; § —ratio 2@/2 Q.. with output

inereased 1.5 times; $—ratio 2@!2 Q2. With output doubled; 70 —ratio ZQ/E Qa5 with
labour cost reduced by 30% and output doubled

cent increase in the profit when H = 2.5 years, but with a service
life of over 10 years the increase comes to 3.5-1% only.
Conversely, the rise of the machine cost has a very slight effect
upon the profit when the service life is long. Thus, increasing the
machine cost by one half lessens the profit by 21% when H = 2.5
years and only by 3 to 1% with service lives longer than 10 years.
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Table 1
Economic Effeet as a Function of Service Life and Operational Factors

Service life H, years
25 | 5 | 10 | 15 [ 20 | 25
Durability (m,,, = 0.4), years
1 ] 2 | & | 6 | 8 | 10

Economlie indicators

Profis ZQ, rhl 3625 [10 250 123 500 |36 750 |50 000 | 63 250
20 increase as compared with | 1 2,82 | 6.48 | 40.2 | 13,75 17.4

>@as

Ceefficient of operational expen-| O [16.2 [30.4 [ 44.3 | 58.8] 73
ditures k
Ratio of machine cost to opera- | 11 6.15 | 3.3 2.250 171 1.4
tional expenditures, %
Profit increase, %:
with machine cost reduced by : 20.5 | 7.5 | 3.8 2 1.5 1.25
half
with machine efficiency increa-| 4 3 2.5 2.48 2.4 2.35
sed by 10% '
Profit decrease {in per cent) with | 24 7.3 | 3.2 2 1.51 1.2
machine cost increased by 1.5 times

Profit increase (D1Q/Y1Qu.5):
with labour cost decreased by 1.62 4.06 { 9 13.9 1 18.8 | 23.7
30%

with output increased by:

1.5 tiraes

2 times

with output increased by 2
times and labour cost decreased
by 30%

74 1157 194 | 32.2] 40.5
5 |26 39215251 66
18 [36.5 | 54.5! 71.5 | 90

[ SR L]
& ot
ey
by
o

Consequently, making the machine more costly but of greater
durability is quite justifiable economically since the gain from the
enhanced durability by far exceeds the drop in the profit caused by
the rise of the machine cost. Thus, increasing the initial durability

by 6 timesmentailing even a two-fold rise of the cost increases the
.2

profit by Tos =~ 10 times.

. Raising the efficiency of the machine (lowering the power costs)
in our example has no significant effect. For instance, a 10-per
cent increase in the efficiency raises the profit only by 4% when
H = 2.5 years, and on the average by 2.5% when H > 10 years.
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Profit is greatly increased by lowering the labour costs through
automation, attendance of many machines by one operator, etc.
‘Thus, decreasing expenditures on labour and maintenance and asso-
ciated overhead charges by 30% enbances the profit by 9 times when
" H = 10 years and by 23.7 times when H = 25 years.

Increasing the machine output has a great effect. An output increase
of 50% increases the profit by 15.7 times when H = 10 years and by
40.5 times when H = 2b years, these figures in the case of a doub-
led output being 26 and 66 times, respectively.

A sharp rise in the profit is obtained by simultaneously increasing
the durability and ouiput of the machine and reducing the labour costs.
For instance, with the durability increased by 6 times, output
doubled, and labour costs cut down by 30% the profit rises by 36.5
times when H = 10 years and by 90 times when H = 25 years.

The effect of the increase in the durability and output in this
case is so great that it nullifies the influence of the other factors,
e.g., the cost of the machine and power.

The above calculation example is sketchy since, apart from the
assumptions that simplify computations, it does not consider the
dynamics of operational changes (e.g., possible future alterations
of the power cost, a fall in the output due to the gradual wear of the
machine, etc.). Nevertheless, for machine tools the approximation
clearly shows how operational expenditures influence the profit.

Naturally, for other machines, and with a different structure of
operational expenditures, the influence of various factors on the
profit will vary.

Let us take, for example, the cost of labour. There is an extensive
range of maehines (non-automatic machine toels; automobiles; road-
building, constuction and agricultural machines, etc.), which
cannot function without the constant attendance of an operator.
Herse the labour cost is comparatively high and there is no way to
substantially reduce it. Correspondingly, as proved earlier, the
relative importance of the machine cost within the totality of ope-
rational expenditures is not very great.

For machines that can run for long periods without any attendan-
ce (electric motors, electric generators, pumps, compressors, ete.)
the labour costs only consist of the costs of periodic maintenance -
and inspection.

Most economic from the standpoint of labour costs are automatic
and semiautomatic machines. For these machines the relative
importance of the machine cost is much greater. ‘

Power requirements of various machines differ considerably. For
heat engines the fuel cost is of far greater importance than the cost
of the machine and, occasionally, the cost of labour.

There are also machines which have ap insignificant power con-
sumption thanks to their high efficiency (electric generators, redue-
2--01395
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tion gears, etc.). If, in addition, the labour costs are also small,
the machine cost will then be the dominant factor.

All other things being equal, the machine cost to a decisive degree
depends upon the number of the machines produeed. When machines
are produced on a mass scale their cost is not very high and its
relative importance in the totality of operational expenditures is
much slighter than in the case of machines produced on a small-lot
basis or, the more sc, to an individual order. .

For soms classes of machines the coste of depreciation, mainten-
ance and repairs of industrial premises and installations earry great
weight. These expenditures may by many times execeed those con-
nected with running the rsachine.

An economic caleulation similar to the above makes it possible
in each particular case to determine the structure of operational
costs and the relative importance of their constituents, and to estab-
lish an economically rational basis for designing the machine.

Generally, profit depends to the greatest degree on the outpug
and durability of the machine. Therefore when desigring a machine
the designer must focus his attention on these factors. Egqually
important is the reliability which determines not only the durabili-
ty but also the scope and cost of repairs carried out during the machi-
ne’s being in use. In the previous example the eonsequence of the
repair costs is somewhat overshadowed because in the calculation
these costs for the 'service life of the machine have been taken at
a moderate value equal to the machine cost. In other words, the
repair costs are taken to be such as they must be for a correctly
designed and reasonably run machine.

. In practice repair costs may reach very large values exceeding

in some cases the machine cost several times. Sometimes repair
expenditures absorb a major part of the profit gained from operating
the machine, thus making its further use unprofitable.

Nowadays the transfer of machines to repairless operation iw

a problem of precedence.
The term repairless operation implies:

exclusion of capital repairs;
exclusion of repairs to worn parts, meaning instead complete

replacement by new parts, units and assemblies;

exclusion of emergency repairs, caused by the breaking or wearing
down of parts, by way of planned maintenance.

The transfer of machines to repairless operation is a complex of
problems the prerequisites for the Solution of which are as follows:

prolongation of the service life of wearing parts;

construction of machines on a unit assembly principle enabling
independent replacement of worn parts and wunits;

provision in machines of non-wearing datum surfaces for locating

changeable parts. . .




1.2. Economic Factors of Design i : 49

These design measures must be accompanied by techmical and
organizational measures, the most important of which is the organi-
zation of a centralized preduction of replacement parts and units,

The above said by no means implies thai the designer may pay
less attention te the problem of decreasing the machine cost. Such
a conclusion would he wholly wrong., As noted earlier, the wvalue
of the machine cest depends on the type of the machine and may be
great for machines having low energy and labour requirements, as
well as for those with a comparatively short service life. It is only
necessary to correcily evaluate the relative importance of this factor
among other factors influencing the economy of the machine and be
able to sacrifice it in cases when the reduction of the machine cost
contradicts the requirements for enhanced output, durability and
reliability, : ‘

It is noteworthy that along with decreasing the cost of individual
machines, there is another, more effective way of lowering the cost
of machine products as a whole, namely, reducing the list of machi-
ne products by selecting optimal types of machines, and satisfying
the needs of the national economy while minimizing the number
of the machine type-sizes (see p. 70). '

Successful solution of the above listed problems should be the
main activity of the designer, who must, first, set the policy in the.
machine building field and, second, develop progressive designs
providing for high economic efficiency of machines, reduced opera-
tional expenditures and low cost of machine products.

{e) Influence of Durability on the Size of Machine Fleet

Increasing the durability is an effective and economical means
to increase the number of machines being used at one time.

The number N of machines running at a given time is proportional
to the product of their durability A and the number n of machines
produced per year in the previous time, v

As an example, consider a case when the annual production n is
constant and equals 400 machines per year. Let the machine’s
durability » be 3 years; the machines operate continuously, i.e.,
their service life is equal to the durability,

The diagram in Fig. 2¢ pictures the utilization of the machines
by the years. The number of the machines manufactured yearly is
shown by blackened rectangles. The sum of the rectangles along the
horizontal shows the duration of the machines’ being in service,
equal in this case to three years; the sum of the rectangles along the
vertical represents the number of the groups of machines produced
in different years and being in operation at one time. This quantity
is equal numerically to the durability (4 = 3), provided the annual
productionn of the machines and their durability remain constant.

2%
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Hence, the total pumber of the machines in use every year is

N =hn=23-100 =300

Now assume that starting from 1966 the manufacturer doubles
the durability (hatched rectangles). The machine’s service duration,
represented by the horizontal sum of the blackened and hatched
rectangles, becomes k' = 6 years. From 1970 onward the size of the
machine fleet increases, reaching in 1972 a stable value which for
all the subsequent years remains constant and equal to 600 machines,
i.e., to the product of the new durability and the annual preduction

N' =Wn

Thus, with the production of the machines being the same, a two-
fold inerease in the durability raises by ag many times the size of
the machine flest and, cosequently, the annual output of products
(and: the total output for the entire service period of the machines
as well).

Let us examine a case when a machine is not fully used, i.e.,
when the machine’s service period is lengthened in comparisen with
its durability reserve (Fig. 2b). -

The service life H is equal to the quotient of durability % by the
use factor 1y, accounting for all forms of forced or scheduled stop-
pages :

h

fuse

H=

Let # = 3 as before, and ,,, = 0.5, then the service life H =

3 _
= 5z = 6 years.

The reduction of the degree of utilization of machines is equiva-
lent to reducing the number of the machines operating at one time.
In our case (1,5, == 0.5) this reduction is shown on the diagram by
halving the height of the hlackened rectangles. The number of the
machines of the same year's manufacture, operating simultaneously
in the course of ome year becomes equal to 50. '

The number of the groups of machines of different years’ manu-
facture, running at the same time is equal to the vertical sum of the
rectangles. With the initial sssumptions (n = const, h = const)
being valid, this quantity for any year is numerically equal to the
machine’s service life (7 = 6). ‘

The total number ¥ of machines in the fleet for any year is the
product of the serviee life and the actual number of the machines
¢f each group operating at the same time (Ryo = My se)

N=H EVuse
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But
_ h
- Nuse
Hence
N=Fhn

In the case being considered N == 3.100 == 300.

The result can easily be checked by simply finding the total
number of machines in any one of the vertical columns of the diag-
ram (V = H .50 = 6.50 = 300).

Thus, the annual size of the machize fleet in operation does net
depend on the use factor or the service life, but only on the durabi-
lity and the number of machines manufactured vearly.

This conclusion, naturally, holds true ouly if the total service
life of the machine iz equal to its mechanical life. However, when
the service life is limited because of obsolescence the picture sharply
changes: the machine is rendered obsolete before its mechanical
life has expired and one has to prematurely discard i, thus losing
products which could have been manufactured if the durability
reserve of the machine had been fully utilized during a shorter
period of time. ‘

Let us illustrate this (Fig. 2¢). Let the machine’s durability be
6 years. Assume that, due to a low shift factor, prolonged downtimes,
etc., the machine utilization at any given moment is equal to 30%.
With the service life corresponding to the full utilization of the

durability reserve, i.e., with F == 5% = 20 vyears, the machine

(as is obvious from the above) will yield production equal to 64,
where A4 is the annual output. With an annual manufacture of
machines n = 4100, the total output of the machines of one yead’s
g;o%%jfacture will be 6004, which for 10 years (1966-1975) becomes
Now assume that the obsolescence pericd is 10 years. Then, in
41976, i.e., 10 years after their manufacture, the machines must be
discarded. Up to this time the 1966 machines will yield only 50%
of their potential production (0.5.8004 = 3004); 1967 machines
45%; 1968 machines, 40%, etc. The total output of all the machines
magufactured in 19661975 will be 16504, ie., goot400% =
= 27.5% of the produection they would have yielded if their dur-
ability reserve had been fully utilized. Thus, the limits imposed
hecause of obsolescence sharply reduce the total output. In our
example the manufacture of machines, whick in the near future
would become obsolete, would inevitably lead to huge losses.
The analysed cases belong to the simplest ones. The picture beco-
mes much more complicated with anpual changes in the number
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" of the machines manufactured and their durability. Yet, the general
regularity remains valid: increasing the durability (within the
qimits of the obsolescence period) is always accompanied, in the years
0 come, by an increase in the actual size of the machine fleet, the
increase being proportional to the size of the annual manufacture
of the machines and their durability.

(f) Influence of Durability on Output

Let us now examine the problem of the output obtained from
a group of machines working simultaneously. _ _

The total output (in terms of money) obtained from a machine
throughout its entire service life H is equal to the product of the
annual output Of and actual running time of the machine

2 Szot'H'"qusg

Assuming that the machine fully exhausts its durability reserve
;('H'ﬂuse = ),

S =0tk (1.13)

The annual output from a group of machines will equal the ‘pmducﬁ
of the annual output from each machine, use factor 1, ., and number N
of the machines being in operation al omne time

Z‘ISannl=0t'ﬂuse'N ) (1.14)

‘The number N of machines running in any given period of time
is equal to the product of the number » of machines produced yearly
and their service life H '

N=nH
Substituting this relation into Eq. (1.13), we obtain
2Sannlet‘n'H'nuaeEOt'n'h : (’1.15)

Hence, the total production delivered by a machine throughout
its service life [Eq. (1.13)] and the annual output from a group of
simultaneously running machines [(Eq. {1.15)] are proportional to
the product of the annual output and the durability of the machine.

Doubled durability will double the annual production. If, simul-
taneously, the output is also doubled, the total output will then
be increased four times. [f the annual output is specified, then the
increase of the durability and output will allow the number of the
machines produced yearly fo be reduced in proportion to the product
nh. In this instance the total expenditures on the machine manufac-

ture and labour will also be reduced, which means added financial
gain.



24 Chapter 1. Principles of Machine Design

Using the numerical values from the above example, we may com-
pute the increase in financial gain resulting from the reduction of
the number of machines manufactured yearly made on account of
increased durability and output of the machines.

Assume that the required annual production is provided for when
the number of machines manufactured yearly is 100, the machines
having service life H == 5 years and annual output O¢ = 7050 rbl/year.

With the doubled service life and cutput (H =10 years, Of ==
= 14 100 rbl) the number of machines to be made each year to
provide for the specified production will be reduced to 25 machines.

According to Eq. (1.12), the total output of the machine for
the entire service life

M Ot=H.Ot

The total gain from 100 machines with service life H == 5 years and
annual output O¢ = 7050 rbl is

> Otypg == 100.500. 7050 = 3 525 000 rh!

The expénditures over the entire service life of the machine

[Eq. (1.12)] are
2 Ex=H (Pr 3 Lbr+Ovhd) - >, Rpr-+ C

-Substituting the numerical values from the above example (Pr =
= 650 rbl/year, Lbr == 3000 rbl/year, Ovhd = 750 rbl/year, and
ZRpr = C = 1500 rbl), we obtain

D Ex=5 (6504 3000 <+ 750) 4- 1500 - 1500 = 25000 rbl
The total expenditures for 100 machines

23 Extyge = 10025 000 = 2 500 000 1bl
The total profit from 100 machines

21 Quo= 2 Otygy— 3 Ettygp==3 525 000 — 2 500 000 = 1 025 000 bl

Assume that the cost of machines with service life H? = 10 years
and output Of = 14 100 rbl/year is equal to the doubled cost of the
original machines (€’ = 2C = 3000 tbl).. Consider also that the
difficulty of repairs increases proportionally to the machine cost,
that is, D) Rpr’ = 2C = 3000 1bl.

Thgn, the total expenditures over the entire service life of the
machine

2i Eol = H' (Pr-- Lbr + Evhd) +- 3! Rpr' 4 C' = ‘
= 10 (650 4- 3000 +- 750) 4- 3000 -}- 3000 = 50 000 rb}
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The total expenditures for 25 machines
N B = 25.50 000 = 1 250 000 rbl

The total output from 25 machineg possessizig the higher durabi~
lity and output will, according to the original equation, be the
same as for 100 machines

21Ot =25.10+14 100 = 3 525 000 rbl
The total gain from 25 machines will be
Qs =X Ot — > Exly == 3 525 000 — 1 250 000 = 2 275 000 rbl

Consequently, when replacing 100 machines with 25 machines of’
higher durability and output, the profits rise by %ggm—g&? = 2.2
times in spite of the fact that the machine cost is doubled.

The picture will only slightly differ, if the power consumption
is taken to be proportional to the output, i.e., when Pr’ = 2Pr w=
== 1300 rbl/year. In this case

i Ex' =10 (1300 - 3000 - 750) - 6000 = 56 500 rbl
For 25 machines
> Exj=25.56 500 = 1 412 500 bl
The total financial gain
210 =3525000—1 412500=2 142500 rbl

i.e., corpared with the original estimated profit for 100 machines,.

the gain rises by 242500 _ 9 05 times.
g 1095 600

Coneclusions. The increase of the machine’s output and durabi--
lity is a most effective and profitable means to raise the production
and finanecial gain.

The durability increase allows a proportional reduction in the-
number of the machines produced annually to be made without
decreasing the total industrial output, and thus provides for cutting:
down the cost of the machines manufacture, materially reducing-
‘t?fe ;)perational expenditures, and raising the overall economic
effect.

On the other hand, increasing the machine’s durability without
any changes in the annual number of the machines produced, their
output and the cost of their manufacture will ensure g larger machi-
ne fleet, raising accordingly the total industrial output.

It is obvious that enhancing the machine’s durability as a means:
of increasing the size of the machine fleet, their total output, and
the power intensiveness of the mational economy is by far more-
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profitable than simply increasing the number of the machines
without raising their durability.

Increased machines manufacture is achieved by commissioning
new plants, expanding the production areas and equipment of the
-existing enterprises, or by increasing the productivity of the existing
-¢quipment through intensification of production processes (which
iz most advisable economically).

In the first and second cases subject to increase are the costs of
‘the machines manufacture, while the operational expenditures rise
in all of the cases because of the increased number of the machines
in operation. ‘ : .

As a rule, an inerease in the output and durability of machines
is only accompanied by a relatively small rise of their cost, and at
‘the same time it leads to a reduction in the operational expenditures.
The final result is the same: a larger actual size of the machine
fleet and greater overall industrial output, but with incomparably
lessor expenditures and materially greater overall economic effect.

Thus, we may conclude that in mechanical engineering it is
& good policy to combine the increase of the machines manufacture
with the increase of their output and durability and, in certain
-gases, to moderate the machines manufacture, giving preference
;:)olthe more advantageous way of increasing their output and dura-
bility,

Alzo, from the above we may conclude that increasing the annual
qnachines manufacture does not necessarily mean an increase in the
number of actually working machines and the total industrial
-output. The figures of a yearly rise of the machines manufacture
‘have no value as an economic growth indicator if they arenot supple-
aented with objective data on the durability of the machines and
‘the quality of production they yield.

These figures may mean: progress, if the durability remains at
& econstant level or inereases; stagnation, if the durability lowers
in the same proportion as the output grows; and regression, if the
purabulity falls to a greater proportion than does the output grow,

(&) Output

OQutput is expressed by the cost of products or of effective work
-done by the machine in unit time. The output depends on the machi-
ne’s productivity, i.e., on the number of operations (or work units)
pex_*io)rmed in unit time, and also on the cost of operations (work
anits),

To increase the output is a complex problem, the solution of
‘which depends to a large extent upon the correct operation of the
:gnachine. For motor vehicles, for example, operational means of
increasing the output include the elimination of empty runs, aug-
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mentation of running speeds, increase of the load-carrying capacity
{(use of trailers), etc. The productivity of machine tools is improved
by intensifying the technological procedures and by using special
attachments and fixtures.

But in the main this problem must be solved at the design stage.
The machine must be made of the highest possible productivity
according with the actual requirements of the production and pros-
pects of its development. The business end of the machine should
be designed with a view to maximizing the scope of operations by
appropriately selecting the kinematic scheme, power ocapaeity,
strength and rigidity.

The main ways to enhanece the productivity of machines are as
follows:

increasing the number of simultaneous operations performed on
the work;

inereasing the number of workpieces being simultaneously machi-
ned;

automating the production process.

The first method is most fully expressed in the design of multi-
head metal-cutting machines enabling workpieces to be machined
on several or all surfaces simultaneously. An automatic multiple-
tool lathe is another example.

The second trend is represented by rotary machines on which
several components are processed at the same time. Another example
is a batch-type processing, in which several workpieces in multiseat
fixtures are worked upon at a time.

Rotary machines are, in fact, roundabout-type machines provided
with rotating tables. Several workpieces which are to be subjected
to one or several operations are mounted on the rotary table and
allotted to an individual operative member (block, chuck or spindle),
also fixed on the table, and are fully machined as the table makes
one complets revolution.

Rotary machines possess a high productivity {e.g., rotary filling
machines with 40-60 spindles perform up to 1500 filling operations
per minute). ’

The high productivity of rotary machines is due to their conti-
auous operation and the simultaneous processing of many compo-
nents. The number of components processed simultaneously is

2 == o
where { = number of operative units positioned along the periphery
of the rotary table; ,
o = circumference portion over which the processing opera-
jion takes place
The productivity of a rotary machine
Q =i-n parts/min
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where n = rotary table speed, rpm;
i = number of operative units positioned on the rotary
table
The speed of the rotary table is dependent upon the time during
which the operation is being performed (so-called phase time)

n=

zphase

where fypese == phase time, min; :
g == circamfersnce portion over which the processing
operation takes place (generally a = 0.65-0.75)
Consequently,

. .
Q=1 parts/min
- bphase

From this equation it is obvious that the productivity of a rotary
machine can be increased by:

decreasing the phase time (i.e., speeding up the operation};

increasing the number of operative units.

The possibilities of decreasing the phase time are limited, whereas
increasing the number of operative units enables the productivity
to be raised, practically, as much as desired. The limiting factor
in the latter case is the speed of loading and unloading the workpieces.

Rotary machines can be easily arranged to form automatic lines
offering high productivity, compactness and economic effect (thanks
to the reduction of the amount of power consumed in transferring
workpieces from one machine to another).

-~ 1.3. Duzability
Similarly to the output the durability of a machine is heavily
dependent upon the conditions and technical level of its use: care
of the machine, timely maintenance, and prevention of overloads-all
these measures may greatly add to the machine’s durability. Conver-
ﬁiy, low-skilled, poor attendance shortens the machine’s service
ife.

But it is the correct design of the machine that determines its
durability. o

(a) Durability Criteria

The durability of a machine is the total time during which the
ma}ch}ne can_work under mormal conditions and still retain its
principal ratings, due account being taken of repairs, provided
their total cost is within reasomable limits.

Occasionally, application alse finds the notien of durability

reserve, i.e., the time in hours of machine running until the first
major overhaul.
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In many cases, particularly for machines of aperiodic aection,
durability is measured in terms of the total output for the entire
serviee life. In this case the durability is the total number of ope-
rations (units of work) that the machine or unit is capable of per-
forming until complete wear out. For instance, the durability of
motor vehicles and railway rolling stock is determined as the maxi-
mum distance travelled; that of instruments and testers, as the
total number of switchings; of foundry mills, ag the total number
of melts; and of soil-cultivating machines, as the total area culti-
vated.

Depending on operating conditions, the actual durability may
substantially differ from the rated one. It falls due to systematic
overloads, speeds higher than rated, increased working forces,
adverse climatic conditions, ete, Conversely, the durability increa-
ses when the machine operates under lighter conditions.

The influence of operating conditions upon the durability may
be taken account of by introducing a duty factor ngusy. Thus, the
‘actual durability will be

- hrated (1.16)
Nduty
where h.,:eq 15 the rated durability.

The magnitude of this factor can be reliably determined on the
basis of a differentiated investigation into the influence of operating
conditions and duty of the machine upon ity durability. This s
a problem pertaining to the statistical theory of durability. If pre-
cise data is not available, one may take the following approximate
values: for light duty — ngusy = 0.7-0.8; medium duty —
Nauty = 1; heavy duty — ngyus, = 1.2-1.5.

() Service Life

The service life of a machine is the total peried it remains in
operation up fo complete exhaustion of its durability reserve.

For machines of aperiodic action the service life is determined as
the quotient of durability %, expressed in terms of the number of
operations (work umits), by the average number of such operations
per year.

For instance, the service llfe of an automobile rated for a total
un of L kzlometres is

L
H oz years

Ndutyl ¥
where Mg,y = duty factor;

{ == average distance (in km) travelled by the auntome-
bile per vear
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When dealing with machines whose durability is expressed inm
units of time the total service life is the quotient of the durability &
by the use factor 1),,., the latter showing the average degree of actual
machine utilization throughout the entire period of its service.
Considering also the duty factor ‘

A ‘ (147}

NdutyTise

In a general case the use factor is

MNuse = Nseas * Nojs=d  Yirep * Msiife * Mmach * Nload * Nace. br (1 -18)’
The seasonal work factor ;... is the ratio between the duration
Pseqs 0f the working season of the machine (in days) and the totak
number of days in the year o
hséas

Mavas = 355 -

Included in the category of machines whose work is dependent.
upon climatic and seasonal conditions are most of agricultural
machines {combine harvesters, cultivators, croppers, etc.), as well
as the machines used for processing perishable agricultural products
(equipment for canneries), road-building machines, snow-clearing
vehicles and river fransport vessels which have a limited pericd
of navigation.

For special-purpose agricultural machines, e.g., potato diggers,
cotion  pickers, etc., Nseqs = 0.05-0.02.

For machines used -the whole year round fse. = 1.

The off-day factor 1,454 is the ratio of the number of working
days to the total number of days in the year (365). Off-days include
Sundays (52 days per year) and national holidays (on the average
7 days per year). Besides, the off-day factor takes account of the
shortening of the working days preceding the national holidays,
which on the average, amounts to 4% of the fotal annual working
time.

Thus, the ofi-day factor averages to

65 e 53 e T
TNofjea = ‘%‘—W— .0.96 = 0.8

This factor is valid for machinery working to a calendar schedule.
For, machines run continuously throughout the year (e.g., equipment
of power stations) ngss.q = 1. '

The shift factor 1414 is the ratio of the duration Ay of the working
shifts of the machine in hours to the 24-hour day

h .
Tishift mm%%ﬁ-
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For single-shift operation vgp,:; & 0.3; for double-shift operation
Nenist & 0.6; for triple-shift operation 1,4 & 0.9; and for 24-hour
operation Mepipe = 1.

The repair downtime factor M,.p is the ratio between the duration
hgee of the actual operation of the machine and the sum of the actua¥
operation duration k.. and repair downtime duration A,y

Nrep = hact
P hgct + Bre el

The magnitude of this factor depends primarily on the machine’s
-reliability, which defines the length of time between repairs and the
scope of the latter, and on the level of organization of repair work.

Factor 0;.p depends also on the time of the machine’s being in use.
Being quite negligible initially, repair downtimes lengthen progres-
sively as the machine wears down and may reach by the end of the
service life quite a great value. ‘ o

For processing machines operating to a calendar schedule the
average value of 1,., equals 0.85-0.95. For other machine categories
this factor varies very widely.

For machines of seasonal and sharply aperiodical operation t),.p.
is equal to unity because such machines are almost always repaired
during their off periods. ' '

The machining time factor Tmaen is determined as the ratio of
the machining time Amgen (actual time of machining) to the sum
of machining time %ngep and auxiliary time Agy. (time spent in
mounting and removing the work, setting up, adjusting and servicing:

the machine) '
Frach

Tmach = hmach“‘f' hgux

This factor is valid for manually-controlled machine tools (e.g.,
metal-cutting machines, metal-forming equipment). The vaule of
Timacn depends on the type of equipment, degree of perfection of the
working process, work batch size. For a metal-cutting machine
tool this factor on the average equals 0.8-0.9. As the degree of auto-
mation goes up Nmeer approaches unity. For automatic transfer
machines Nyqcp equals wnity,

The load factor 1yeq is the ratio of the duration 2, of the actuak
operation to the sum of the duration of the actual operation and
the duration kg of the downtimes for the same period, the downti-
mes being due to the impossibility of leading the machine fully

yoag = 88t __
T oot -+ has

For machines running without any hourly schedule, as well as
machines of periodic action whose loading is not regulated (auxiliary,

emergency, repair), Miqqg is low.
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Special-purpose machines may be underloaded in a continuous
production process when they perform a limited number of opera-
tions on a narrow component range. The same is true of machines
whose output capacities exceed those of the neighbouring machinery.

As arule, a low value of factor n,.q in processing machines is due
to' planning defects and incorrect choice of equipment as far as its
quantity, type and capacity are concerned.

In production processes with changeable objectz of production
the magnitude of this factor depends upon the component being
machined and upon the type of machining, and hence may vary
with time. For example, if turning operations are predominant,
‘then the lathes will be the most occupied machines, whereas machi-
nes c(l)lf other types (milling, boring, ete.) will either be underloaded
or idle,

Under the conditions of small-batch production the average value
of Myea equals 0.7-0.75, in batch production—0.8-0.85, aud in
multiple production—0.9-0.95. In stable continuous large-lot pro-
duection nyeq = 1.

The accidental breakdown factor Ngee.pr 1S the ratio of the duration
haer of the actual operation to the sum of the duration k.. andidle
time hggepr caused by breakdowns eliminated on the spot

hact
L b T e
flace. br baet -+ kace. br

For well designed and carefully operated machines this faector
is elose to unity. For machines having design defects, or for those
-operated by unskilled personnel, ng.c. »r. may be much lower than
anity. ‘

Let us prove Equation (1.18).

in a generalized form the use factor is

h
MNuge = }z?ct

where A, == total number of machine’s running hours per year;
. F = 365.24 = 8760 = annual time fund, hours
Hence,
BTB0— ¥ hay

lk .
Tluse=mwm———87sﬁ s Z i (1-19)

8760

where hg is the total number of downtime hours per year.
Downtime for nom-working seasons ‘
Rgeqq = 8760 (1 —Naeas)

Downtime for off-days i

Frogs-g=8T60M 05 (1 —Nopfa)
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Downtime for repairs
Brep == 8T8 seasNosseg (1 — Nrep) ]
Downtime for the non-working part of the day (24 hours‘)
Panige = 8760 easNoss-dMrep (L — Nenijt)

Downtime for the non-machining period

Frnach == 87600 000 t5-aMrepNsnist {1 == Nimach)
Downtime because of incomplete machine loading

Rrogg = 8760nseusnoff-dﬂ7'ep'ﬁshift'qmach (1 —"Moad)
Downtime because of operating troubles
hgcs. br == 8760Ms0asMof-aNrepVshiftimachTioed (1 = Nace,br)

Summing up all the above downtimes gives

Z‘l hdt == 8760 (1 -— T]seasﬂoff-dnrepnshi:.ftnmach"]loadfr}acc.br)
Substituting this expression in Equation (1.19) we cobtain.

> hat

Nuge = 1 = ~Eram— == NseasNoff-dMrepNshifilmachBioagMece, br
8760

{¢) Design Durability. Design Service Life

For general-purpose machines running to a yearly time-schedule
with preset repair downtimes the degree of utilization, and hence
the difference hetween service life H and durability k, will depend
mostly on the shift factor mguis.

Figure 3 shows the relation between H and % for different condi-
tions of work. The diagram is plotted under the following assump-
tions: Nayyy = 1 [Bq. (1.46)]; Nseas = 15 Nosr-a = 0.81 (except for
all-the-year-round  continuous operation when 1744 = 1);

TimachicadNace. brliirep = 0.8. . . .
On these assumption the service life is

e ) . h
T 0.81.0.8nn: 1 0.648vp574

where Nenipe = 0.3; 0.6; 0.9 (for single-, double~ and triple- sh]ftl
operatlon, respectively).
' For all- the-year-round continuous operation

_ &
= 0.95 -

where factor ﬁjgg is introduced to account for aceidental and

_ repair downtimes.
301395
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Considering the graph, one may conclude that the durability
reserve of a machine, sought for at the design stage, raust accord
with the use factor n,,, and, in the first place, with the shift factor
Nshise- Raising the durability of machines which would be used
not so very intensively will result in an increase in their service
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Fig. 3. Durability 2 versus service life H

1 — single-shift operation; 2 -~ double-ghift operation; 4 - triple-shift operation; ¢ — all~
the-year-round operation .

life which cannot be practically used to the full because of obsoles-
cence. For instance, when durability k = 10 years, the service life
under the conditions of a double-shift work will be 28 years, and
under those of a single-shift operation, 50 years, which surpasses
all conceivable obsolescence limits.

It is advisable to use high design durability values for machines
which would be intensively operated. Thus, machines with a rated
10-year durability, operating to a triple-shift schedule have their
service life equal to 17 years, and in the event of a continuous yearly
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operation, to 11 years, a value which for most machine categories
falls within obsolescence limits.

Table 2 gives rounded-off values of design durability (determined
on the basis of the above diagram) for machines of different opera-
tive intensities, with the machines’ service lives being preset.
This data can be used for determining approximately the design
durability of machines of different classes,

Pable 2

Design Durability as a Function of Service Life and Operative Intensity

Design durabiiity, thous. hours
HBervice ife,
years single-shift double-shitt tripie-shift continuous
operation . opération opezration (yearly) operation
1 1.8 3.5 5.2 8
2 3.5 7 10 16
3 5.2 10 18 24
5 9 18 27 40
10 18 35 55 80
15 21 55 80 120
20 3 . 70 105 160
25 45 20 1385 200

In a most common case of a double-shift operation of machines
with a service life of 10-15 years the durability rating of the machines
ranges from 40 000 to 80 000 hours. These figures may be taken as
the basis for determining the durability of most of processing machi-
nes. For intensively operated maehines (i.e., for those operating
to a triple-shift schedule or continuously all the year round) the
durablhty values should be taken at 60 000 to 100 000 hours, the.
machines’ service lives being the same.

{d) Theory of Dumbzlzty

The theory of durability is now being developed Tts mam sub]ects
are as follows:
determination of technologically and econommally reasonable
Hmits of durability;
development of methods for studying the operatmn of machines
(statistical processing of actual operational data); . .
s’sudy of operating conditions and their influence upon the machi-
nes’ durability; standardization of ranges of operating conditions;
3*
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determination of the degree of utilization of machines, and corre-
lation between the machines’ durability and service life; '

diagnosis of the causes of failures; -

revelation of parts limiting the durability; study of the effect
of the components’ durability upon the durability of the machines
as a whole;

development of methods of bench and field tests of machines,
units and elements for durability; prediction of the machine's dura-
bility on the basis of the bench test data;

development of reliable durability indices for machines being
produced,

When defining the durability, the multiplicity and heterogeneity
of factors influencing it (technological level of operation, fluetuations
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of operating conditions, quality of manufacture, etc.) and indeter-
minacy of many other factors (scattering of the strength characte-
ristics of materials, effects of different regional and climatic condi-
tions, etc.) necessitate the use of the probability theory and mathe-
matical statistics. Because of this, the theory cannot provide an
unambiguous solution for the problem of anticipated durability,
restricting itself to the determination of a functional relation between
the probability of failure and the duration and conditions of opera-
tion (Fig. 4), The theory can only define that probable duration of
the machine’s operation under given conditions will be, say, 7200,
10 500 and 15 000 hours at a failure probability of 90, 80 and 60%,
respectively, or define probable number of machines remaining in
operation (survival percentage) after certain periods of work.

_ Further, it is necessary to-take account of the type and degree of
failures, i.e., to determine with a certain confidence whether vital



1.3, Durability : 37

or less important parts or units have failed, whether the machine
remains repairable, what are probable scope and cost of repairs.

From these positions the durability of a machine may be defined
as probable duration of the machine's operation under speeified
conditions, with which the probability of fthe machine's failure
does not exceed a certain preset limit (say, 10%), the machine
remains repairable, and probable cost of repairs does not exceed
a definite value expressed, say, as a pereentage of the machine cost,

The formulation of durability standards is a difficult problem
and requires the collection and processing of vast information.

. The study of machine durability would become much easier if
every new machine were equipped with a “workmeter”, i.e., with
an hour-counter or operation-counter (similar to the odometers on
automobiles). All new machines should be fitted with such devices.

Conclusions drawn from the studies of actually operating machi-
nes refer to machines manufactured in the past years and are thus
inevitably out-of-date. As a result, such conclusions in essence are
inapplicable to new machines incorporating latest design and tech-
nological improvements. Therefore predictions of the durability of new
machines, which are of vital practical importance, have to be based
upon bench tests of the machines (or new unitsincorporated into them).

Thus, one of the chief aims of the theory of durability is the
development of accelerated test methods and correlation of such
tests with actual operation.

The theory of durability, based on statistical data, is essentially
applicable to articles of mass production and in a much lesser degree,
to small-lot, and still less, individual products. Generally spea-
king, it should be noted that the theory of durability, as formulated
earlier, is based on phenomenological grounds and operates with
figures of the already achieved durability. Of much greater impor-
tance is the development of methods for enbancing the durability.
Here the study of the physical regularities of failure, wear and
damage of machine components (depending on the type of loading,
properties of materials, condition of surfaces, etc.) comes to the
fore. The problems listed above are so differentiated and specific
that it is hardly possible to confine them within the framework of
a general theory of durability. Such problems are solved by the
methods of the theories of strength and wear, and particularly through
concentrating the activities of designers and production engineers
upon the enhancement of the durability of machines.

iie) Means to Enhance Durability

The main factors limiting the durability and reliability of machi-
nes are as follows: breakage of parts; wear of friction surfaces;
surface damages caused by contact stresses, work hardening and
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corrosion; plastic deformations oceurring because of local or general
stresses exceeding the yield limit, or creep (at high temperatures).

Strength in most cases is not an insurmountable limit. In general-
purpose machines breakage can be fully excluded. With the available
range of modern machine-building materials, the existing methods
of manufacture, and the present state of the theory of strength, the
machines of this class have no parts that cannot be made of virtually
limitless durability. :

The problem is more difficult in the case of highly-stressed machi-
nes, such as, for example, transport vehicles. Size and weight requi-
rements make it necessary to increase the design siresses, which
results in a greater probability of failure. Nevertheless, the conti-
nuous improvement of strengthening technology and refinement of
computation methods make it possible, even in this case, to elemi-
nate or significantly widen the strength limits of durability.

Many chance factors can be minimized: manufacturing factors
{(fluctuations in the mechanical properties of materials, technolo-
gical defects)—through careful product quality control; operation
factors (overloads, wrong handling of machines)—by purely design
methods (by introducing protective systems, safely devices, inter-
locks, ete.).

Heat engines are in the worst position. Their durability depends
primarily on the endurance of paris operating under high tempera-
tures (pistons, piston rings, and valves in internal combustion
engines; rotor and stator blades in steam and gas turbines; combus-
tion chambers in gas turbines}.

“The strength of materials sharply drops with an increase in tem-
perature. Furthermore, high temperatures give rise to the creep
phenomenon {i.e., plastic flow of material under the effect of com-
paratively low stresses) which results in a change in the dimensions
of parts, and hence, in the loss of their efficiency. :

Machine parts operating under high temperatures have limited
durability ratings. The service life of such parts can only be increa-
sed by design methods (reducing stresses, proper cooling) and,
mainly, by using heat-resistant materials (high-alloyed chrome-
molybdenum, chrome-vanadium-molybdenum, chrome-tungsten-mo-
Iybdenym steels, titanium alloys, nickel-base alloys). For manufac-
turing thermally stressed parts nowadays wide use is made of sin-
tered metal-ceramic materials {cermets). Cerme’ materials are made
with oxides, nitrides and borides of Ti, Cr and Al, and carbides
and nitrides of B and 5i as the base, the bonding material being
metallic nickel, cobalt and melybdenum.

Practically, the durability of machines is mostly dependent on
the wear of their components. Gradually developing wear worsens
the machine characteristies, lowers the accuracy of the operations
done, and results in a poorer efficiency of the machine, greater
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energy consumption and lower profits. Wear may eventually become
ruinous. The progressive destruction of surfaces causes failures
(breakage of antifriction bearings, pitting of gear teeth, ete.).
The main kind of wear in machines is mechanical wear which
is subdivided into abrasive, sliding friction, rolling friction, and
contact wear. Some paris are subject to chemical wear (corrosion),
thermal, and cavitation-erosion wear. The multiplicity of kinds

1000

S
&

—-a
<

-

Relative wear resistance

o1 500 fagg 1500 VEH

T S S S —
J0 40 50 60 T0Re

Fig. 5. Wear resistance versus surface hardness (after Goodwin)

of wear and the differences in their physical-mechanical nature
require a differentiated studies into wear and special methods for
its prevention. ,

The main methods for improving the resistance to mechanical
wear are as follows: increasing the hardness of rubbing surfaces,
selecting properly the material for friction pairs, decreasing the
unit pressure on friction surfaces, improving surface finish, and
ensuring correct lubrication.

Figure b shows the effect of surface hardness on the resistance to
wear, the graph being plotted on the basis of experiments on the
wear of surfaces under the action of an abrasive material (corundum).

The wear resistance of a surface with a Vickers pyramid hardness
(VPH) of 500 {~s 48 Rc) is taken as the measurement unit. As evident
from the diagram, each 500-VPH increment of the surface hardness
gives a 10-fold increase in the resistance to wear.

The experimental conditions (abrasion wear) differ from the .
actual conditions of operation of lubricated surfaces in machines.
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Nevertheless, these experiments give an idea of the huge influence
that the surface hardness has on the resistance to wear.

Modern technology has at its disposal effective methods for raising
the surface hardness: case-hardening and induction-hardening
(600-600 VPH), nitriding  (800-1200 VPH), beryllizing
(100041200 VPH), diffusion chromizing (1200-1400 VPH), plasma car-
bide facing (1400-1600 VPH), boronizing (1500-1800 VPH),
boron-¢yaniding (1800-2000 VPIH). '

Another trend is to improve the antifriction properties of surfaces
by depositing phosphate films (phosphating), by saturating the
surface layer with sulpbur (sulphidizing), graphite (graphitization),
molybdenum disulphide, ete. Though having a moderate hardness,
such surfaces exhibit a greater slipperiness, low friction coefficient,
and high resistance to tearing, jamming and seizure. :

The above methods (especially sulphidizing and saturation with
molybdenum disulphide) increase the wear resistance of steel parts
by 10-20 times. Combined methods also find application. This can
be exemplified by the method of sulphecyaniding which simulta-
neously enhances the hardness and slipperiness of surfaces.

Of vital importance is the correct combination of the hardnesses
of friction surfaces. Maximum hardness of both surfaces in contact
is advisable when they operate at low relative speeds and with
high loads imposed thereon, whereas operation at high relative
speeds and in the presence of a lubricant requires a combination of
a hard and a soft surfaces, the latter preferably possessing better
antifriction properties.

An efficient way to improve the wear resistance of friction joints
is to decrease the unit pressure thevein. Occasionally this can be
achieved by reducing the loads (rational distribution of forces) or
by minimizing the cyclic and impact character of loads. But most
simply this can be effected by increasing the area of the friction
surfaces, often accomplished without any appreciable increase in
the overall dimensions of machines,

To illustrate, let us examine a machine ool guideway acted upon
by a unilateral load (Fig. 6¢). An appropriate change of the guideway
profile (Fig. 6b) makes it possible to double the bearing surface
area, halve the unit pressure and, hence, improve the durability,
with the overall guideway dimensions remaining the same. Ridged
guideways offer still greater durability (Fig. 6¢). In this case the
unit pressure is reduced four times, the original overall dimensions
being only doubled.

- If the design permits, it iz strongly recommended that point
contact be changed to line contact, line contact, to surface contact,
and sliding friction, to rolling friction. Point contact gears are to
be avoided; these include transmissions with skew axes, spiral
bevel gears, helical wheels with large spiral angles, and screw gears,
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The latter have a further disadvantage as their contact spot moves
rapidly along the tooth under sliding friction conditions, while
in conventional involute gears rolling friction ocecurs at a rather
low speed.

A special method is wear compensation accomplished either auto-
matically or periodically, Units with a periodic wear compensation
include sliding (plain) bearings in which radial or axial clearances,
can be adjusted (bearings with tapered trunnions or seating surfaces,
or with inserts or bushes that can be periodically tightened up).

Wi i
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Fig. 6. Reduction of unit pressure on friction surfaces (case of machine-too}
guideways)

Another example of periodic wear compensation is the axial tighte-
ning of antifriction bearings {radial thrust or tapered) or adjustment
of clearances in rectilinear guides by means of tightening wedges
and wear strips.

More periect are systems with an automatic wear compensation
(self-grinding-in conical plugs of taps, face- and lip-type seals,
spring-preloaded antifriction bearing units,. hydraulic clearance
compensation systems in lever-type mechanisms, etc.).

Proper lubrication of friction units ig of decisive importance.
Wherever possible, fluid friction should be ensured, thus elimina-
ting semiflnid and semidry friction.

Open mechanisms lubricated by way of a pemodm packing should
be avoided. Open gear transmissions must never be used, and chain
drives should better be avoided.

All rubbing parts should be enclosed in housmgs and reliably
protected against the ingress of dust, dirt and atmospheric moisture.

The best solution is to use hermetically sealed systems provided
with a continuous forced oil feed to all the lubrication points.

Excessive lubrication is not recommended for units operating
in conditions of high periodic contact loads and speeds (antifric-
tion bearings, gear teeth, ete.). It i advisable to lubricate such units
with a metered stream of lubricant, while at higher rotational speeds
atomized (oil-mist) lubrication is preferable.

The viscosity and thermal characteristics of oils must be compa-
tible with the operating conditions of the given unit or machine.
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The efficiency of lubricants can be enhanced considerably by ad-
ding to them special substances which improve their Iubricity (col-
loidal graphite and sulphur, molybdenum disulphide) and oiliness
(oleic acid, palmitic acid, and some other organic acids), preclude
oxidation (organic and metal-organic compounds containing sul-
phur, phosphorus, and nitrogen) and prevent seizing (organosilicon
compounds), ‘

When the application of liquid oils is eitheér impossible (operation
under high temperatures, in chemically aggressive media, in high
vacuum) or inefficient (under the conditions of high-frequency con-
tact loads) use is made of dry-film lubricants: graphite, molybde-
pum disulphide (MoS,), lead monoxide (PbO), cadmium oxide (CdO),
lead iodide (Pbl,), cadmium iodide (Cdl,), lead sulphide (PbS),
etc. Dry-film lubricants are usually employed in the form of films
applied to metal surfaces. To improve their lubricity and endurance
properties, such films are reinforced with binders (powdered metallic
nickel, silver, and gold).

An ideal alternative, from the standpoint of wear resistance, is
complete elimination of any metal-to-metal contact between the
working surfaces. Examples of wear-free units are electromagnetic
clutches and brakes in which torque is produced on account of
electromagnetic forces developing in the gap between their working
surfaces.

Approximating, in principle, to a wear-free operation are sliding
hearings with a hydrodynamic lubrication. This is achieved thanks
to a continuous delivery of oil and provision of a wedge-shaped oil
- gap making for the delivery of the oil into the loaded zone; under
steady operating conditions the metallic”surfaces in wich bearings
are fully separated, thus making, theoretically, the bearing unit
wear-iree. The vulnerable point in this case is the disturbance of
fluid friction in non-stationary conditions, particularly during
starts and stops, when the delivery of oil is discontinued due to the
reduced rotational speeds, causing a metal-fo-metal eontact to
develop between the trunnion and the bearing and thereby intensi-
fying their wear.

Fecently use has been made of hydrostatic bearings in which
oil is fed at high pressures into the gap from an independent source.
In these bearings the rubbing surfaces are separated by an oil film
even before the machine i3 actually started; the variation of the
machine speed in no way affects the lubrication of the bearing or,
in other words, its serviceability.

An example of a hydrostatic support (step bearing) is shown sche-
maticelly in Fig. 7. Oil from a pump flows through choke I into
pocket £ with confining edge 8. The pressure in the pocket depends
on the ratio of the cross-sectional area of the choke to the changing
areas of the cross section between the confining edge and the verti-
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cal journal of the bearing. As the load on the beairng increases this
.cross section becomes smaller and the pressure in the pocket riges,
reaching at its maximum the pressure built up by the pump. In the
case of impact loads the pressure in

the pocket may by far exceed the ' F Ce
pump pressure becausé of the blocking
up of the choke as a result of a sharp
increase in its hydraulic resistance.
In full-journal bearings loaded by 1 I

alternating forces wuse is made of
a system of radially arranged pockets /
(Fig. 8). In Fig. 8 the lower pocket is 7/ : ’
the supporting one. There is no pres- ¢
sure in the upper poeket because of an ] ,f_\f 73
enlarged clearance along the upper A
arc of the bearing. The pressures in NP
the lateral pockets are mutually o
equalized and so these pockets do not
take up any load. The oil flowing out of
the upper and lateral pockets fune-
tions as a conventional coolant.
Apart from the hydrostatic taking up of the load, a certain hydro-
dynamic effect also oceurs. The oil flowing through the upper and
lateral pockets is entrained by the rotating shaft and forced into

Fig. 7. Hydrostatic step hearing

Fig. 8. Four-chamber eylindrical hydrostatic bearing

the converging wedge-shaped gap along the lower arc a of the bearing,
building up an increased pressure on the surface of the confining
gdges and also in the supporting pocket (because of the hydraulic
blocking up of the choke). .

With the load direction altered through 180°, the upper pocket
hecomes the supporting one and the lower pocket, the feeding omne.
Similar effects occur when changing the load direction through 90°.
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Thus, responding to the shaft movements, the bearing automati-
cally adjusts itself to the taking up of the load in the direction
‘of the acting force vector.

Recently for taking up alternating loads use has heen made of
honeycombed and porous hydrostatic bearings. These bearings
operate similarly to the one above; in this case the honeycomb or
pores act as pockets. : .

In certain cases {e.g., when dealing with high-speed spindles or
guideways of metal-cutting machine tools) it is advantageous to
employ aerostatic or gas-static lubrication, in which case the rubbing
surfaces move on an air (gas) cushion built up by the air (gas) forced
into the clearance between the surfaces. S

In view of the development of hydrostatic bearings there occurs
a revaluation of the comparative merits of sliding and rolling’bearings,
a certain preference being up to now given to the bearings of the
latter type. The sliding bearings, when provided with proper lubri-
cation, are in principle more advantageous since they totally exclude
metal-to-metal -contact and assure wear-free operation, whereas in
rolling bearings sueh contact and wear are inevitable.

The employment of hydrostatic bearings, however, is limited
because of their more elaborate lubrication systems and, in parti-
cular, because of the necessity for separately driven oil pumps during
start and stop periods.

One of the most frequent causes of premature machine failures
is corrosion. To preclude this, highly effective means of protection
must be provided, especially for machines working in the open,
under conditions of high humidity, or in chemically active media.
Such means include electroplating (chrome, nickel or copper pla-
ting), deposition of chemical films (phosphating, oxidation), depo-
sition of polymer films (capronization, pelythenization).

Yet, the most advantageous solution is the use of corrosion-resis-
tant structural materials (stainless steels, titanium alloys). Slightly
loaded machine components operating in contact with chemically
active agents should be made of chemically stable plastics (polyole-
fins, polyfluoroethylene resins).

The application of the abhove described technological and con-
structional means may allow the service life of the majority of
components in general-purpose machines to be increased to practi-
cally any value required to ensure the necessary durability of the
machines as a whole.

When working on a new project, designers often do not plan the
durability of components but only select their shapes, sizes and
machining methods, following the traditions and standards existing
in a certain branch of engineering, which in new conditions of con-
tinuously intensified operation of machines and in the light of
new ideas about the import of durability must be revised. In most
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cases it is sufficient to elearly outline the task and apply general
rational design processes so as to solve already at this stage many
a durability problem that otherwise would have to be solved by
way of refining the design of the already built machine, which is
waste of time and effort.

Like in the aircraft industry where each component at its design
gtage is subjected to a careful cheek for weight, in the general machi-
ne building it would undoubtfully be a good practice to subject
all parts to a systematie durability control.

Naturally, there are exceptions from the general rule. It is very
difficult to impart durability to parts running in direct contact
with abrasive media (impellers of pumps handling slurries, soil-
cultivating implements, cutters in mining machines, caterpillar
tracks, jaws of stone-crushers, chains and drives of countinuous
conveyers for bandling cement, coal, ete.).

The service life of such components in some instances {(e.g., rock
bits) is only tens of hours and can be prolonged only by selecting
the most wear-resistant materials and applying the most effective
strengthening processes. .

Of course, measures taken for improving the durability make the
degign more expensive. They will mean the use of high-grade mate-
rials, introduction of new technological processes and, occasionally,
establishment of new sections in a factory., The additional capital
investments nol uncommonly daunt managers who consider costs
in the enterprise and not the effect of the machine’s durability and
reliability on the national economy. Such expenditures are justified.
The cost of producing components determining the durability of
a machine is negligible in comparison with the machine cost and
the latter, generally, is rather small when compared to the total:
sum of operational expenses. Inappreciable in the total cost balance,
the above-said additional expenditures on improving the durability
will eventually bring huge financial gains because the downtimes
and cost of repairs are reduced.

Hence an important practical conclusion: trying, as a general
rule, to make the machine cheaper, one should not economize on
the manufacture of components determining the durability and
dependability of the machine. One should never spare expenses on
researches associated with the development of new, better materials
and processing methods that would enable a greater durability to
be obtained.

Many manuals on mechanical engineering recommend the use of
the cheapest materials and simplest manufacturing methods fit for
the function of a given part. This recommendation cannot beaccep-
ted v‘rzthout reserve. The selection of materials and production
techniques must always be based on the assessment of the relative
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weight of the additional manufacturing costs in the totality of ope-
rational expenditures.

All components on which the durability and reliability of machi-
nes depend should be made of the highest-grade materials and by
the most perfect processing methods.

Let us consider, as an example, the manufacture of piston rings
used in internal combustion engines and in other piston-type machi-
nes. The quality of these rings largely predetermines the engine
maintenance cyele. As the rings wear down the engine eificiency
falls and the fuel and oil consumption increases. At present the ser-
vice life of such rings amounts to 500-1000 hours. The use of the
latest technological procedures which increase the wear resistance
of the ring-cylinder pair (porous chrome plating and sulphocyani-
ding of the rings and nitriding of the cylinder faces, etc.) makes it
possible to prolong the service life up to 5000-40 000 hours. The
insignificant rise of the engine cost, due to the more costly rings,
is repaid many times because of the inereased wear resistance of the
engines which are now so common (in automobiles, tractors, diesel
locomotives, ships). As a result, a great economic effect is provided
for the national economy. '

Another example are antifriction bearings. Most authors recom-
mend the use of less accurate bearings, arguing that the higher the
bearing accuracy, the greater their cost. .

-Let us assume that the manufacturing cost of the class H bearings
(ordinary accuracy) is one unit. Then, the manufacturing costs of
bearings can be expressed by the following proportionate figures
(in the order of rising accuracy): improved (class I)—1.3; extra-
improved (class BII—1.7); high (¢lass B)-—2; extra-high (class AB)—
3; precision (class A)—4; extra-precision (class CA)--7; and super-
precision (class €)—10.

At first sight these figures rather convincingly speak in favour
of the use of the less accurate bearings.

However, such a conclusion is short-sighted, As the wear and
damage of antifriction bearings is one of the commonest causes of
‘machine failures, which to a significant degree predetermines the
in-between repair periods, ome must acknowledge that it is more
sensible and economically profitable to employ bearings of higher
accuracy in spite of their higher cost. Of course, this does not mean
that precision bearings must always be used, and it does not libe-
rate the designer from his responsibility for ensuring the ch}xablhty
of the bearings by their correct installation and lubrication.

Limits to increasing the durability. The effectiveness of increa-
sing the durability, as a means of enlarging the actual size of. the
machine fleet, lowers with the increase of the absolute durability
values. With a successive rise of the durability, each year added
to the absolute durability value gives an ever-decreasing gain in
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the size of the operating machine fleet as compared to the previous
year. _

The graph in Fig. 9 shows the change in the relative size of the
machine fleet with the rise of the durability of the model being
manufactured. The durability of the original model is assumed
to be equal to one year. Increasing the durability by one year doub%es
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Fig. 9. Relative growth of machine fleet with increase of machine durability
(size of machine fleet with initial durability = 4 year is taken as unity)

the size of the machine fleet, With the durability increased by as
much again, the gain relative to the previous model comes 1o 1.5 times
(though in reference to the original model it is 3 times). Increasing
the durability by another year brings the size of the machine fleet
upto 1.33 times that for the previous model (though in reference
to the original model the gain is 4 times). With each yearly increase
in the durability the size of the machine fleet grows less and less.
Hence, it is important to set the most reasonable limit to the dura-
bility increase, which will give a significant gain in the size of the
machine fleet without causing an excessive rise of the model cost.
In the case illustrated by Fig. 9 the .growth of the machine fleet
practically stops when the durability increase reaches 5-6 times.

The magnitude of technically obtainable durability largely
depends on the loading rate of the machine.

For transport machines the durability totals 10 000 to 20 000 houss,
and the service life, 5 to 8 years. For stationary machines, e.g.,
machine tools, the durability comes to 50 000-100 000 hours, which
corresponds to 15-25 years of service to a double-shift schedule and
10-20 years with a triple-shift operation. At such service life periods
the problem of obsolescence becomes very urgent.
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The mechanical life of machines can be artificially prolonged
by way of restoration.

However, from the standpoint of economy this way is inadvisable,
as the cost of repairs often exceeds by many times that of the original
machine.

At the initial stage of operation the repair expenditures are usually
small but later on they sharply grow as the need for routine and
medinm repairs arises. Eventually, when the machine is subjected
to a capital repair the total repair costs reach a comsiderable value
comparable to the machine cost. The question of whether a machine
is worth further use should be settled just before submitting the
machine to an overhaul. Putting aside for the present the problem
of obsolescence, it is economically advisable to consider the limit
to the machine use to be the moment when the impending capital
repair expenditures approximate the cost of a new machine. Then
it is unquestionably more advantageous to buy a new machine than
to repair the old one. The more so as new machines are of higher
quality than repaired ones and have better characteristics thanks to
continual technical improvements. Moreover, there is a regular
lowering of the cost of new machines due to the undeviating intensi-
fication and improvement of industrial processes.

The total sum spent on all repairs should also be considered when
deciding the question of the termination of a machine use: as a gene-
ral rule it may be said that the total sum spent on repairs during
the machine life should not exceed the machine cost.

Attempts have been made to find optimum durability, i.e., the
durability with which the cost of the products turned out by the
machine is minimal. One proceeds from the following préveqiisitas:
the cost of production is equal to the sum of fixed expenditures
independent of the duration of the machine use (expenditures on
power, materials, labour, etc.) and variable expenditures dependent
. on the duration of the machine use (depreciation expenditures which
are inversely proportional to the machine use duration, and repair
expenditures which grow larger with time because of the wear of
the machine).

The variation of production costs Cp as a function of the duration
of the machine service is expressed by the following formula

Cp=Ef+ 4+ Rpr=o (H) (1.20)

where Kf == fixed expenditures;
€ == machine cost;

H = duration of service;
Rpr = cost of repairs

Summing up the above constituents gives the costs of production
as a function of D (thick line in Fig. 10q). The cost curve has its
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minimuem, and it is suggested that the durability corresponding to -
this minimum be considered optimum.

This interpretation is too simple to be used in practice. Firstly,
in most cases the variable expenditures are negligible as compared
to the fixed ones, so that even when the cost eurve has a minimum,
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Fig. 10. Machine cost {(heavy lines) as a function of machine's service life &

{a) with Rpr = &) (b) with Rpr == C} 1 E'-tannuad cost of repairs; 2 — depreciation expen-
itures

the latter is too weakly expressed. The machines which have exce-
eded the optimum durability term are still capable of turning out
products for a long time, though at a somewhat less profitable rate.

Secondly, the total cost of repairs ) Rpr throughout the entire
period of the machine service is not accounted for. Thus, for the
-case depicted in Fig. 10, where the repair expenditures for the last
year of service are assumed fo be equal to the cost of the machine
(lines cd), the total repair expenditures (the area hetween the repair
cost curve and fixed expenditures line) equals four times the machine
cost, which is certainly an overestimated figurs.

The picture becomes different after setting sensible limits on the
total cost of repairs. Thus, if one takes these costs not to exceed the
machine cost, then there will be a definite minimum product cost
(thick curves in Fig. 105} for any given length of the machine service.
These minimums decline and become less clear as the service life
increases. As the service life grows longer, the envelope of these
winimums continuously falls down. Thus, with the total repair
costs confined within certain limits, the concept of optimum durabi-
lity vanishes; the costs of production continuously decrease.

Finally, it should be mentioned that the discussion on the concept
of optimum durability neglects the dynamics of changes in the fized
expendifures which, generally, tend to reduction {(decrease of the

4—01395
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costs of power, materials and labour thanks to automation and impro-
vement of processes). This reduction may still more change the
plcture in favour of longer service lives,,

N Dumbz’lity and Obsolescence

The problems of increased durability and obsclescence are inti-
mately associated. A machine hecomes obsolete when its performarice
characteristics are no longer fit to satisfy the production needs becau-
se of higher requirements, or of more perfect machines having made
their appearance, although the machine itself still retains its mecha-
nical capabihtles

The signg of obsolescence are as follows: degradation (compared to
the mean value) of reliability, product gquality, and productivity;
increase of power consumption per unit product, costs of labour,
maintenance and repairs, and, as a general result, reduction of the
machine’s profitability.

Obsclescence is not necessarily connected with physical wear
(although, physical ageing impairs the machine performance, thereby
expediting obsolescence). A machine may become obsolete while
being quite sound mechanically and even new.

The main effect of obsolescence is reduced productivity per unit
of labour force, which is the main indicator of economic progress. .

Undoubtedly obsolescence will ensue in two cages: when chan-
ging over to a new product {(a compléte change of the technological
process), and with the development of new processes or new designs
allowing machines better than those of the old type to be made.

The latter kind of obsolescence is exemplified by the development
of turbojet engines which in aireraft ousted almost fully the older
internal combustion engines (piston engines).

It must be noted, however, that such radical and prompt chaﬂges
are rather uncommon. Under the conditions of gradually improving
technology the problem of obsolescence is otherwise.

To begin with, in most cases, particularly in beavy-duty machines,
physical wear by far outpaces obsolescence. For example, the physi-
cal reserves of automobile trucks operated under heavy conditions
are exhausted in 56 years, although their technical and ecenomlc
ratings provide for a much longer service life.

Secondly, efficient methods of preventing machine Qbsolescence
exist. -

The most important of these methods is a prospective machine
design, i.e.; the design considering the dynamics of changes in that
particular branch of industry for which the machine ig intended.
The deSIgn of the original model must be capable of further develop-
ment in respéct to its productwn capacities, power, output and ver-
satility. Such a provision will m due time allow the necessary modi-
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fications to be made, thus keeping the machine ratmgs on.a par,with
the growing demands without retirement of the]basic model “and,
consequently, avoiding the construction of new production Imes
which is inevitable when sw1tch1ng over to a new model.

With machines being already in use, the presence of reserves makes
it possible to intensify the opera‘cion-of the machines as the demands
of production grow higher.

Another method of preventing obsolescence is to use the machine
more fully in actual service. The shorter the period during which
it will exhaust its durability reserves, i.e., the closer its service life
to the mechanical life, the higher is the guarantee that the machine
will not become obsolete. The reduction of the service life of machi-
nes to 3-4 years will practically guarantee them from the risk of
obsolescence.

The reduction of the machine’s service life by no means implies a
decline in the production output. As shown earlier, the total output
of a machine depends not on its service life, but on its durability.

The reduction of the service life with the durability remaining
constant is essentially effected by intensifyinglthe use of thelmachine,

With regard to machines operated to a calendar-based schedule the
problem is solved by increasing the number of working shifts and
enhancing the loading level.

In design this problem is seived by making the machine as univer-
sal as possible, i.e., by extending its range of operation, and, pri-
marily, by enhancing its reliability, which results in shorter emer-
gency and repair downtimes.

The degree of utilization of machines of aperiodic action (e.g.,
seasonal machines) can- be raised by applying changeable trailed or
mounted equipment, which increases their working period in a year.

The rate and degree of obsolescence depend on the scale and techni-
cal level of production. At large industrial enterprises which are
capable of accelerating the production and continuously improving
the working processes machines become obsolete earlier, in contrast
tf t}iose employed at medium and small enterprises developing more
slowly.

Machines which are considered obsolete in conditions of advanced
production can be used to advantage either at less important sections
of the same plant or by smaller enterprises having insufficient equip-
ment where these machines will successfully contribute to the out-
put. Although such machines will somewhat lower the rate of the
total productlwty rise they will keep delivering products until thelr
mechanical life is fully exhausted.

Proceeding from the above one may say that obsolescence is not
the absolute limit to the durability increase. This limit can either
be moved farther away by rationally selecting the design parameters
of the machine or entirely eliminated by intensifying its use. Conse-

4%
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quently, obsolescence cannot be regarded as a serious argument
against enhancing durability. Naturally, this by no means implies
that the designer may neglect the obsolescence factor; on the con-
trary, he must do everything to avoid it.

1.4. Operational Reliability

The following are the reliability features of a machine: high dura-
bility, trouble-free operation, stability of action (ability to main-
tain original parameters over long periods), endurance (ability to
sustain overloads), simplicity of maintenance, survivability (capa-
bility of operating for some time after partial failures, even if with
poorer characteristics), repairability, long periods between repairg
and, finally, small scope of repair work.

Because of the many factors influencing the reliability it is
rather difficult to formulate a single reliability criterion. When defi-
ning reliability one most often proceeds from the concept of machine
failure, i.e., any forced stoppage of the machine.

The reliability/of a machine may be characterized by:

frequency of failure;

duration of an uninterrupted operation of the machine between
failures;

regularity of changes in the frequency of failure during the machi~
ne's being in operation; ‘

severity of failures and the scope, cost, and duration of repair
work necessary to eliminate them.

The duration of the forced stoppages of a machine is characterized
by the downtime factor w4 (in other words, faultiness factor) which
is the ratio of the total duration of downtimes kg over a certain
period to the sum of the actual working time %,,.; and downtimes 4,
over the same period

Map = hdt - 1
@ haet=t dy 1+ hact
. ha

The duration of a trouble-free operation of a machine is characteri-
zediby the,faultlessness factor

Shact
Bact+ Rde

According to their severity all failures arve subdivided into light,
mediumfand heavy.

Light failures are those which can be eliminated on the spot by
the operating personnel and by means of the available hand tools.

Medium: failures require that the machine be stopped for a period
of time sufficient for a partial disassernbly and change (or recondi-
tion) of faulty parts, this being accomplishad by repair services.

Niouit = =114
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Heavy failures are such breakages as affect vitallmachine parts,
necessitating a prolonged stoppage of the machine for the purpose
. of repairs. General wear of the machine can also be regarded as a
heavy failure for at a certain stage it requires the complete overhaul
of the machine and replacement of badly worn parts.

As to the origin of failures, there are distinguished failures due to
design and manufacturing defects, failures due to maloperation, and
incidental failures,

Maloperation implies negligent attendance, violation of operating
instructions, disregard of prescribed operating conditions (over-
loads), mistakes in the order of executing control operations {wrong
engagements), noncompliance with safety regulations, etc.

Most failures attributed to maloperation may be, with good reason,
put down to design defects, A well-designed machine must incorpo-
rate features which preclude its operation with dangerous overloads,
prevent conflicting engagements and reduce to a minimum the effect
of the quality of maintenance on the serviceability of the machine.

It would be possible to characterize the reliability of a machine
by the scope of work necessary to eliminate failures, i.e., in the final
analysis, by a repair cost index which characterizes in an aggrega-
tory manner the frequency and degree of failures and the repairabi-
lity of machines. But this index is relative for the following reasons,
Firstly, the in-between repair intervals and costjof repairs depend
not only on the machine’s reliability, but also on the quality of
maintenance and repair. Secondly, the cost of repairs is influenced
not only by the scope of the repair work required, but also by the
organizational level of the repair services. Thirdly, the total cost
of repairs depends on the policy of increasing the machine’s service
life. When following a wrong policy of restoring machines instead of
increasing the manufacture of new mackhines and, particularly, their
durability, the repair expenditures may reach formidable values.

The theory of reliability is at present being developed. Its objecti-
ves are as follows: determination of requirements for reliability from
the standpoints of techrology and economy; study of statistical laws.
governing failures; investigation into causes of failure (failure diagno-
sis); detection of parts and uaits most frequently causing failures;
prediction of failures; assessment of the severity of failures and the
difficulty of their elimination; study of failure effects upon the eco-
nomical aspects of machine operation; development of reliable indi-
ces characterizing the reliability of machines.

Special sections of the theory deal with the joint reliability of
complex sets of machines (flow and continnous production, semi- and
fully-automatic lines, transfer machines, etc.). These sections treat
the following problems: control of such complex sets of machines and
monitoring of their interaction; redundancy (introduction of stand-by
machines and circuits); accumulation (introduction of mapazines
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which assure an uninterrupted operation of a group of machines in
the event of a shori-time failure of some machine in the group), ete.

Theftheory of reliability in many respects is closely associated
with the theory of durability, as far as their essence and methods are
concerned. Like the itheory of durability, the theory of reliability
is;based upon the methods of the theory of chances and mathematical
gtatistics and its conclusions are formulated as probability rela-
{ions. :

The reliability of a machine is characterized by the mean-pro-
bable time of an uninterrupted operation (mean-probable output of
the machine per failure) as a function of the duration of service, or
by the mean-probable frequency of failure, and also by the density
of distribution of failures throughout the service life of the machine.

The theory] of reliability which predicts failures most frequently
occurring in practice may serve as a valuable aid to a mechanical
engineer. The main active role of the Iatter is the elimination of weak
parts in the design, thus raising the reliability of the machine as a
whole. By applying all modern design methods and technological
procedures, the designer can, in principle, (at least in many catego-
ries of machines) eliminate all failures, except those occurring by
pure chance. :

(@) Means for Improving Reliability

Thelreliability of a machine in the first place is dependent on the
strength and rigidity of its structure.

The following methods improve the strength of the machine with-
out increasing its weight: application of the most advantageous sec-
tions andjforms, maximum utilization of the strength of materialy and
uniform, as far as possible, loading of all the elements of the struc-

tire.

" Rigidity can be increased by correctly selecting the loading pat-
terns, rationally arranging the supports, and giving a stiff shape to
the structure. '

The faultlessuess of operation and the duration of in-between repair
periods depend to a large extent on the correct use and careful main-
tenance of the machine, timely preventive repairs and prevention of
overloads. Yet, it would belwrong to wholly depend on the quality
of maintenance. The prerequisites for correct operation must be
built into the machine design. Reliable operation must be assured
even in conditions of unsatisfactory maintenance. If the machine
fails because of unskilled hands it means that the construction was
not designed correctly from the standpoint of reliability.

The human factor in the maintenance and operation of a machine
should be eliminated as far as possible and the maintenance opera-
tions should be minimized.
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Subject to elimination are periodic operations, sueh as readjust-
ments, tightening-up operations, lubrication, etc., which in the case
of unskilied servicing may lead to an excessive wear and premature
failure of the machine.

For instance, in internal combustion engines the necessity for the
adjustment of clearances in the valve mechanism can be eliminated
by means of automatic devices compensating for wear and thermal
expansion (hydraulic or some other devices). Apart from simplifying
the maintenance, such compensating devices practically eliminate
all the clearances in the valve mechanism, thus materially enhanec-
ing its durability. .

Periodic adjustments of the main and c¢rankpin bearings can also
be obviated. The modern level of lubrication fechniques allows
such bearings to be designed as will operate practically infinitely
and with a minimal wear.

The necessity for a periodic tightening up of nuts and bolfs, which
work loose in service, can be dispensed with by using modern self-
locking screw connections.

Machine operation can be heavily complicated by an inadequate
lubrication system requiring rouch attention of the maintenance
personnel. Intermittent point lubrication should be avoided. When,
because of design features, this is not feasible, it is advisable to use
gself-lubricating bearings or introduce a centralized system which
feeds oil to all the lubrication points from one station.

As far as dependability and convenience of operation are con-
cerned, the best solution is to introduce a fully automated lubrication
system which does not require periodic oil changes. This will be
feasible, if meagures are taken to prevent the oxidation and thermal
degeneration of oil and if means are provided for continuous oil
refining and regeneration.

Lubrication systems must incorporate emergency devices which
ensure at least & minimum delivery of oil in the event of a failure
of the main system.

One of the ways to enhance operational reliability is to duplicate
servicing devices which most frequently fail in the course of work.
This can be exemplified by a dual ignition system of petrol engines
or a dual avtomatic control system. Multiple duplication of control -
systems is exercised where a failure may endanger human lives.
Of great significance is automatic protection against accidental or
preconceived overloads. Such a protection is effected by safety and
limiting devices operating in a tracking mode and coming into action
as soon as an overload occurs..

Fully automated control is most expedient since it turns the ma-
chine into a self-servicing and self-regulating unit which adjusts
itself to optimum operating conditions.
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This can be illustrated by self-changing gearboxes and automatic
transmission systems of automobiles which provide for a stepless
control of the transmission ratio from the engine o the road wheels.
Sueh a system ad;usts automaatically to the optimum transmission
ratio which suits the given road and running conditions, thus increas-
ing the engine efficiency and life.

High reliability can only be achieved by implementing a whele
complew: of design, technologlcal and organizational measures.
The increasing of reliability requires a prolonged, dally, scrupulous,
purposeful, combined work by designers, process engineers, metallur-
gists, researchers and practical engineers, done to a carefully deve-
loped programme.

The prerequisites for the manufacture of high-quality produets
are: progressive manufacturing procedures, high level of production,
rigorous adherence to the prescribed processing conditions, and care-
ful control of products at all stages of manufacture, beginning with
the manufacture of component parts and ending with the assembly
of the finished products.

Objective evaluation of the indices of reliability, durability and
operational costs presents the task of great difficulty. These indices
can only be determined for certain upon expiration of a long period
of time, with the products being sent far away from the parent facto-
ry and dispersed among various remote operational peints.

Under such circumstances .the accelerated test methods for deter-
mining the durability of parts, units, assemblies and machines as a
whole assume great importance. Great assistance in this respect can
be rendered by durab111ty research laboratories carrying out systema-
tic tests on the Wear and service life of finished products’”

A wider use should be made of the method of simulating actual
working conditions, which consists in the bench and operational
testing of machines under conditions much more severe than those
of the normal service. Thus, the machine in a very short period of
time undergoss a test which under normal conditions would take
several years. Tests are continued until the wear limit of the machine
is reached or even until its full or partial breakage occurs. At times
they are stopped for the degree of wear to be measured, the state of
parts registered, and tokens of impending failure determined.

Similar vigorous tests enable structural defeets to be found and
the necessary precautions for their exclusion taken. Accelerated tests
also provide sufficiently reliable starting information for assessing
the actual machine’s durability.

Refinement of machines in operation. To develop reliable and
durable machines it is necessary to carefully study the experience
gained in their operation. The work of designers on a machine must
not terminate in the State tests of the protetype or in putting the
machine into serial production.
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The final refinement of the machine begins, in fact, after it has
been commissioned. Testing the machine in actual service is the
best way to find and then eliminate the weak spots in its design.

The disadvantages of a machine are especially clearly revealed in
repairs, Therefore close and continuwous connections must exist be-
tween the designers and maintenance departments. For factories
engaged in mass or multiple production it is convenient to have their
own repair sections functioning as study laboratories and schools for
better design. . ' p

Of interest is the system of repair organization which is in practice
at engineering plants in the United States. According to the data
obtained during a survey of 356 American firms by the Institute of
Economy of the USSR Academy of Sciences, in 46% of cages the
chiefs of design departments are simultaneously in charge of repair
shops; in 18% of cases the repair shops are subordinated to the chiefs
of design departments; in 24% of cases—to other services, and only
in 12% of cases are repair shops independent sections. Thus, in 64%
of cases repair shops are, in one form or another, directly linked with
design departments. This tendency is not accidental but the result of
a definite policy of linking the design and repair services closer toge-
ther so that the gquality of products can be enhanced., V

When examining defects it is absolutely necessary to discriminate
between random and systematic defects. Random defects usually
result from unsatisfactory control or technological inadequacies at
the manufacturing plant, while systematic defects are an evidence
of poor design requiring immediste rectification.

-Operational observation of a machine should be included into
the work plan of design offices along with the design work and occupy
a significant part of the designer’s time. When isolated from the
actual operation of the machine, the designer cannot advance and
will never come to the top in his profession.

1.5, Machine Cost

Lowering the cost of mechanical-engineering products is a complex
task, both design and manufacturing. Sharp decreases in the cost of
manufacturing the machines can be obtained through rationalization
of production (mechanization and automation of production proces-
ses, concentration of processing operations, specialization of plants,
industrial cooperation, etc.). _

These measures are practicable and have the greatest effect in the
case of a stable large scale production. First and foremost here is
the designer. He must incorporate in the design prerequisites for the
production of one model over a long period of time and on the largest
scale possible, i.e., develop a design possessing wide applicability
and capable of future development and modernization.
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Ot great importance is the reduction of the number of the machine
type-sizes through a rational selection of the machine types and
parameters, as this makes it possible to manufacture the ma-
chines on a multiple production basis and thus cut down their
cost.

The suitability of the design for industrial production is no less
important. Under the suitability for industrial produciion we under-
stand the combination of features which ensure the most economical,
prompt and efficient manufacture of machines by advanced techni-
ques, parallel with the higher quality, accuracy and interchangeabi-
lity of parts.

This concept should also cover the features providing for the moss
efficient assembly (smtahlhty for assembly) and the most convenient
and economical repairs (suitability for repairs).

The suitability for industrial production depends on the scale and
kind of the production. The piece and small-lot production require-
ments as to the suitability of the design differ greatly from the
multiple and mass production requirements. The features characteri-
zing the suitability of the design for industrial production are not
the same for different machine components.

Liarge economic gains are obtained from the unification and stand-
ardization of parts, units and assemblies.

(@) Unification

Unification consists in a repeated use of the same elements in the
design, which enables the range of parts fo be reduced, cuts down
the tost of manufacture and facilitates the operatien and repairs of
machines,

The unification of constructional elements makes it possible to
curtail the number of processing, measuring and mounting tools.
Subject to unification are connection joints (by diameters, classes of
fits and accuracy}, threaded connections (by diameters, types of
threads, classes of fits and accuracy, sizes of jaw), key and spline
connections (by diameters, shapes of keys and splines, classes of fits
and accuracy), gears (by moduies, teeth types, classes of accuracy),
chamfers and fillets (by sizes and types), etc.

Unifi¢ation of originally designed parts and units can be internal
(for a given product only) or external (adoption of components of
other machines produced at the same or adjacent factories).

The greatest economic gain is obtained when components already
being produced on a mass scale are used in new machines. The
adoption of components of individually produced machines, or of
old machines already discarded or about to be discarded, and also
of machines produced by other enterprises wherefrom the procure-
ment of the components is difficult or even impossible has only one
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advantage: the suceessful use of such parts has been practically veri-
fied. Not uncommonly this is enough to justify unification. 3}

The unification of grades and assortment of materials, electrodes,
sizes and types of fasteners and other standardized parts, antifriction
bearings,’etc., eases the supply of materials, standards and purchased
parts to the manufacturmg plant and repair departments.

The degree of unification is estimated by factor n,n:; which is
the ratio of the number of the unified components to the total num-
ber of components in a given product

gy = 2L 100%

or the ratio of the weight of the unified components to the total
weight of the product

anty = -S521L-400%

or else the ratio of the cost of the unified componsnts to the total
‘wost of the product

Nunis = Cumf 1000

The disadvantage of the first mdex is in that it does not take
account of the specific value of the unified components in the machi-
ne construction. The second index allows only for the weight of the
unified components in the total weight of the machine. The third
index is most correct, but it is more difficult to determine than the
former ones.

The degree of internal unification can be evaluated by the coeffi-
¢ient of recurrence
Nn

Three = (1 — ) -100%
where N, = number of differing names of parts in the product;
N, = total number of parts in the produet
This coefﬁclent is readily determined from the summary parts list
and characterizes the degree of perfection of the design in respect to
the reduction of the range of parts. In well-designed machines n,., =
= 40-60%
For a dlfferentlal assessment. the followma indices are applied.
The degree of unification of or;gmal_compoaen’cs

Nunif.orig , 100%

Nunif.ortg = Norig

where Nyniz, orig = number of the originally designed components
_ unified;
Norig = total number of the orviginally desmned com-
ponents
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The degree of unification of constructional elements

Ni—s 0,
Nelem == ('1 mm) -100%
where N,., = number of type-sizes of given elements;
Noiem == total number of given elements in the produect
For example: .
the degree of unification of threads

. Ninra.t-s 0
Nthrg == (’1 mw)' 100%
where Nip,q. - = number of thread type-sizes;
Niprg = total number of threaded connections in the pro-
duct '
the degree of unification of fasteners

stt 1-3
= e i3 N 000
fpst (1 Nist ) 100%
where Nyg ;.o = number of fastener type-sizes;
Nyg = total number of fasteners in the product

(b) Standardizotion

Standardization is the regulation of the designs and type-sizes of
components (fasteners, bushes, pipe fittings, unions, nipples, oilers,
seals, control elements, such as handles, levers, knobs, wheels, ete.)
and units and devices (couplings, cocks, shutters and gates, lubri-
cating devices, pumps, filters, pressure reducing valves, air- and
fluid-actuated units, etc.) which are widely used in-mechanical
engineering. ‘

All existing industrial standards are classified as National, branch
{pertaining to individual industries) and departmental. Nearly every
specialized design organization standardizes parts and units which
are typical of a given branch of mechanical engineering.

Standardization hastens the design work, facilitates the production,
operation and repairs of machines. A correct choice of the design of
the standardized parts increases the machine’s reliability.

Standardization produces the greatest effect when the number of
normally applicable standard sizes and types is reduced, in other
words, in the case of their unification. The design organizations
practically solve this problem by issuing the so-called limiting
lists covering the minimum range of standard items, which satisfies
the needs of the given class of machines.

The advantages of standardization are fully realized when the
standard parts are manufactured in a centralized fashion at speciali-
zed factories. This relieves machine-building plants of the laborious
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work of manufacturing standard parts and simplifies the supply of
spares o repair enterprises.
The degree of standardization Is evaluated by the factor

N
MNstand = ——‘sj-\%—’%ﬁ- -100%

where Nstwd = number of standard parts;
== total number of parts in the product

For the successful accomplishment of standardization the stan-
dard parts must be of high quality. Furthermore, the application
of standard parts should in no way restrict the ct:eative initiative of
the designer and prevent him from finding better, more rational
solutions. The designer should not refrain from the application of
new solutions in the fields already covered by standardization, pro-
vided that these solutions have obvious advantages over the emstmg
standards,

1.6. Building up Machines Derivatives
on the Basis of Unification

Unification is an effective and economical means for building
up on the bhasis of an original model a number of machines of the
same purpose, but having different characteristics as to their power
capacity, productivity, etc., or machines of different purposes,
performing gqualitatively different operations, and also those inten-
ded to turn out other products.

At present this problem is solved in several ways not all of which
are universal. In most cases each method is applicable only to cer-
fain machines categories, the economic effects of these methods being
also different.

The classification of the methods for building up unified raachi-
nes derivatives, given below, is arbitrary. Some of the listed methods
are so close toge’cher that it is rather difficult to draw a clear demar-
cation line between them.

A combined and parallel use of two or more methods are also
possible,

() Sectionalization

This method consists in dividing a machine into identical sections
and building up machines derivatives by stacking the required num-
ber of the unified sections.

Sectionalization is applicable to many types of materials handling
machinery (belt, scraper and chain conveyers). Sectionalization in
this case comes to building up machine frameworks from unified

sections and making machines of various lengths with a new carrying
belt,



62 Chapter 1. Principles of Machine Design

Particularly easy to sectionalize are machines with a link-type
carrying belt (bucket elevators, platform conveyers with roller
chains) in which the length of the belt can be varied by removing or
adding links.

The economic efficiency of this method is little affected by the
need for introducing some non-standard sections which may become
necessary to make the machine length suit local conditions.

Suitable for sectionalization are also plate filters, plate heat-
exchangers, and centrifugal, vortex and axial hydraulic pumps.
In the latter case, by stacking different numbers of sections one can
obtain a series of multi-stage pumps rated for different pressures,
with their main working members being unified.

(b) Method of Changing the Linear Dimensions

This method enables the productive capacity of machines and
units to be changed by varying their length without changing the
cross-sectional shape. The method is applicable to a limited class
of machines (mostly of the rotary type) whose capacity is propor-
tional to the length of their rotors {gear, rotary and vane pumps,
Ruth’s compressors, agitators, etc.).

With this method the degree of unification is rather moderate
because subject to unification are only the end plates of housings
and some auxiliaries. The main economic gain is due to the fact that
the basic equipment for machining the rotors and interiors of the
housings remaing unchanged. ' '

Increasing the capacity of gear trains, speed reducers and gear-
boxes by extending the tooth length of the gears without changing
their module is a-particular case of the application of this method.

(¢) Method of Basic Unit

This method enables machines of various purposes to be obtained
from one basic unit to which speeial equipment is attached to suit a
particular task. I%is most popular in the consiruction of road-build-
ing machines, mobile cranes, loaders, pilers, snow-removing machi-
nes and alse special-purpose self-propelled vehicles. In this case the
basic unit is a mass-produced automobile or tractor chassis. Machi-
nes for different purposes are obtained by mounting auxiliary equip-
ment on the chassi .

The basic unit method is extensively used in the manufacture of
agricultural machinery.

The mounting of auxiliary equipment necessitates the develop-
ment of additional devices and attachment mechanisms (power take-
off boxes, hoisting and swivelling mechanisms, winches, reversing



1.5, Building up Machines on the Basis of Unification 63

and friction gears, brakes, control mechanisms, cabs, ete.). These
additional mechanisms may, in their turn, also be unified consi-
derably.

(d) Conversion

With the conversion method the basic machine or-its prineipal
elements are used to make different-purpose units, sometimes alike
and sometimes different ag to their working process.

As an example may serve the conversion of internal combustion
engines from one kind of fuel to another, or from one type of the
ignition process to ancther (from spark-ignition to compression-
ignition). '

Petrol engines are comparatively easy to convert into gas engines.
This is achieved by replacing the carburettor with a mixer, changing
the compression ratio (this is most readily done by changing the
height of the pistons), and making seme minor constructional alte-
rations. The engine by and large remains the same.

Converting a petrol or gas engine to a diesel is a much more diffi-
cult job, chiefly because of the higher operating forces inherent in
the diesel engines due to their high compression ratio and enormouns
ignition pressure. Consequently, the engine to be converted must
possess significant safety factors. Conversion in this ease eonsists in
replacing the carburettor by an injection pump and injectors (or
pump and injector units) and changing the compression ratio (repla-
cing eylinder heads, increasing piston height or altering the cenfi-
guration of piston heads).

Still another example of conversion is the change-over of piston
air compressors to some other working fluid (gas, ammonia, Freon).
Here account should be taken of the different physical and chemical
properties of the new working fluids and select the materials for the
working members accordingly.

A radical conversion is iliustrated by the change of an internal
combustion engine to a piston compressor. In this case the cylinder
keads are replaced by valve boxes, which requires corresponding
changes in the timing gear, thereby invelving many alterations.

{e) Compounding

The method of compounding (parallel combination) consists in
combining machines or units in parallel with a view to increasing the
total power or capacity of the installation.

The machines to be combined can either be placed side by side,
as self-contained wunits, or linked by synchronizing, transporting or
other devices, or else designed as one integral unit.

An example of the combination of the first type is a twin-engine
ship propulsion system with each engine driving its own serew, or
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a twin- or multiple-mounted engines in aircraft wings. Apart from
increasing the total power output (when it is difficult to build one
engine of a suificient power capacity), this method occasionally helps
successively solve other problems. Thus, parallel-mounted engines
in a ship add fo its manoceuvrebility, particularly at low speeds.

Installation of several engives on aircraff contributes to better
banking and steering. Several engines also enhance aircarft reliabi-
lity: if an engine should fail the aircraft will still be capable of fly-
ing, although at a lower speed. '

An example of the combination ol the second type is a parallel
(bank) installation of machine tools in groups, 2-3 pieces in each.
Such installation is practised in transfer machines (lines), when the
productive capacity of one machine in the flow line is considerably
inferior to that of the whole line. In this case the component flow
is divided into two or more streams (to suit the number of the machi-
nes installed in parallel) which are then again combined into a sin-
gle flow.

An example of the combination of the third type is the doubling
or trebling of the line-type machine tools, i.e., combining of several
working routes on a single stand. As a result, there is a multi-line
parallel-flow machine with its productivity increased in direct
proportion to the number of the routes.

('f) Modification

Modification implies an alteration of a machine with a view to

adapting it to other operating conditions, or other operations or
“kinds of products without changing its basic design*.

An example of modification is the adaptation of a machine for
work in various climatic conditions. In this case required modifi-
cation comes mainly to a change of materials., Corrosion-resistant
materials are used in machines operating in humid tropical condi-
tions while the machines intended for use in regions of severe cold
are made of cold-resistant materials, with their lubrication systems
being specially designed to assure trouble-free operation.

Another example is the modification of engines for use on marine
transport. Here the task is to make the engine as lightweight as
possible by replacing heavy alloys (cast iron) by light ones (alumi-
nium alloys) and by introducing materials that will resist the corro-
sive action of sea water and air.

The modification of the machines intended for work in close con-
tact with active chemical agents consigts in protecting them against
the adverse effects by introducing heavy-duty seals and using chemi-
cally-resistant materials.

* Qccasionally the term modification may imply modernization of machines
and improvement of their characteristics.
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Modification is much more difficult when the machine has to be
adapted to different operations or kinds of products. In this case
the modification method comes very close to the multi-station ma-
chine system.

(g) Multi-Station Machine System

This method consists in building machines out of a varying number
of standard self-contained wumnits, or combinations of such units,
which are mounted on a common hase.

This principle is most fully embodied in the design of multihead”
metal-cutting machines. Such machines arve built up of individual
unified assemblies and elements {machining wunits, combinatioh
housings, synchronizing mechanisms, rotary tables, general-purpose
- housings, beds, pedestals, auxiliary units, coolant systems, electri-
¢al eontrols, hyérauhc drives, ete.).

In the course of machining the workpiece generally remains sta-
tionary and the machining units are brought to it so that the machi-
ning takes place simultaneously on all sides, thus considerably speed-
ing up the entire working process.

The chief advantages of the multi-station machine system consist
in that it reduces the time and cost of the d951gn and manufacture of
machines, simplifies their servicing and repairs, and allows them
to be easily reset for processing various components. :

'Iihe method is rather promising and applicable to other machine
tools.

A partial implementation of this method comprises the use of
mass-produced standardized units (speed reducers, pumps, compres-
5018}, or the adoption of unite and assemblies of serially-manufacty-
red machines (gearboxes, differential gears, shifting mechamsms
clutches, friction couplings, ete.).

() Integrated Standardization

The method of integrated standardization is close to the previous
one, It is successiully applied to simple units {vessels, settling tanks,
evaporators, and mixture-preparing units which are extensively used
in the chemical and food industries).

The structural simplicity of the above listed units enables all or
nearly all of the elements of their design to be standardized. Suitable
for standardization as to their sizes and types are the shells of tanks,
bottoms, covers, manholes, hatches, fittings (valves, gates and shut.
ters), fastening feet, stands. Subject to standardization are also
whole assemblies (heat exchangers, agitator drives, metering devi-
ces, etc.).
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Ner Engine type 1‘2‘;‘5‘53&&2" No Engine type - oylinders
I | Single-row 2 XIV | Four-row, twin crankshaft 24 (16)
IL | Same 4 XV | Same 2 (16)
III | Same 6 XVI | Six-row, twin crankshaft 36 (24)
IV { Same 8 XVII | Single-row, radial cylinder 3
V | Double-row, V-type "8 XVII | Same 5
VI { Broad-arrow, W-type 12 X1X | Same 7
VII { Four-row, X-type 16 XX | Same 9
VIiI | Double-row, opposed cylinder 12 (8) XXI | Double-row, radial, staggered eylin- 14
) der
IX { Double-row, V.type 12 _
) ) XXII | Same 18
X | Broad-arrow, W-type 18
XXIII | Row, c¢ross-type 24 (18)
XI | Same 18 o o
‘ XXIV | Bow, radial eylinder 36 (24)
" XIT' | Four-row, X-type 24 (16) T o
“xtir | Double-row, twin crankshaft 12 (8)
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A specific feature of such apparatus is the wide use therein of
purchased auxiliary equipment (pumps, vacuum pumps, filters,
condensate traps, instruments and controls, automation means).

By using standard parts, unified assemblies, and purchased equip-
ment one ean build up:

apparatus with the same working process, but differmg in size
and productive capacity;

apparatus of the same puarpose, but rated for different parameters
of the working process (pressure, vacuum, temperature);

apparatus differing both in the purpose and working process.

(1) Unified  Series of Machines

In some instances it is possible to form a series of machines deriva-
tives of different power or productive capacities by changing the
number of their main working members and using them in various
combinations. Such a series is called a family, a range or just a geries
of machines. The method is applicable to machines whose power or
productive capacity is directly proportional to the number of the
working members.

The method provides the following technglogxcal and operational
advantages:

‘simplification, acceleration and cheapening of the machine design
and manufacturing processes;

possibility of applying highly efficient methods of machining
unified parts;

shortening of the time requn’ed for testing and refining experi-
mental models (because the main components have already been
tested);

simplification of operation;

reduction of the training periods for specialists, shortening of
repair times, and simplification of spares problem.

A classical example of the development of unified machines is the
formation of series of four-stroke internsal combustion engines on the
basis of a unified cylinder assembly and partially unified rod-and-
piston assembly.

The number of possible cylinder combinations is limited because
of the need to have balanced inertia forces due %o reciprocating mas-
ses:and a regular flrmg The combinations that meet these require-
ments are presented in Table 3.

A grehter degree of unification is characteristic of the twin crank-
shatt eﬁ%’{mes (X1I1-XVI) which have their rod-and-piston assembly
and erankshafts fully unified, as well as the cylinder assembly. .

Since4he power output of an engine is proportional fo the number
of its cyhnders the illustrated series of engines enables, in prin-
cttple a family of engines to be obtained which offers a very wide
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range of power outputs. For instance, if the power output of one
cylinder is 100 hp, the obtainable range of the series then will be
200-3000 hp.

However, out of the large number of schemes shown in Table 3
comparatively few are employed in practice.

Engines with a limited number of cylinders {(<4) are notable for
their irregular torque and bad balance.

Engines with a large number of cylinders (>>24) are rarely used
because of the difficulty of maintenanee and greater liability to
troubles.

Row engines with a small angle between cylinders {VII) are inac-
ceptable because of the difficulty of arranging the inlet and outlet
pipes between the cylinders,

In the category of low- and medium-power engines (auiomobile,
tractor and other transport engines) use is mostly made of schemes 11,
111, IV and V, while in that of high-power engines (ship engines)-—
s¢hemes IX, X1, and more rarely, XXIII and XXIV.

The radial schemes {XVII-XXII) were extensively used for air-
cooled aero-engines.

Another application field for the method of unified machines
series is represented by rofary machine tools. Since the produetivity
of rotary machines is directly proportional to the number of opera-
tional units installed thereon, itis possible to form a series of machi-
nes of different productive capacities by using various combinations
of unified operational units. In contrast to piston engines the number
of operational units which can be installed on a rotary machine is
practically limitless and depends only on the required productive
capacity of the machine.

Besides changing the number of the operating units on rotary
machines, it is also possible to change the units themselves, thus
adapting the machines for performing various functions. This is an
example of combining the unified series method with conversion or
multi-station machine system.

Limitation of the method. The methods of developing machines
derivatives on the basis of unification cannot be regarded as univer-
sal and fully comprehensive. Each of these methodsis applicable only
to a limited category of machines. Many machines (steam and gas
turbines) do not permit the development of machines derivatives be-
cause of their design features. Also, it is not possible or advisable to
- develop derivative series for special-purpose machines, high-power
machines, etc., which remain in the category of individually pro-
jected devices. ‘

Not unecommonly unification worsens the product quality, parti-
cularly in the case of derivative series having extensive ranges. The
extreme members of these series are generally inferior to specially
made machines as to their size, specific metalwork weight, specific
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gravity and operational characteristics. Such an impairment is tole-
rable when unification provides for a greater economy and the size
and weight are only of secondary importance.
* The method is readily applicable to general-purpose machines, but
has a limited application, and often inapplicable at all, to machines
whose overall dimensions and weight must be kept to a minimum,
In the category of high-class machines one often has to refuse unifi-
cation and follow the path of individual design. :
“In this connection it is necessary to say a few words about the
technological trend in designing wherein emphasis is placed upon
processing aspects and particular attention is paid to the methods of
unification and development of machines derivatives series, which
are considered almost the main principle of rational design.

The chief merit of this trend is that it establisbes close links be-
tween design and production. The suitability of a design for industri-
al production should be achieved not by a series of subsequent amend-
ments, but through planned designing.

However, the suitability of the design for industrial production
cannot be the main aim of designing.

The main trend in the machine design is the enhancement of the
quality, reliability, durability and efficiency of machines. Production
engineering must use all its means to help solve all these basic pro-
blems, but not determine the design trend.

Also, one must not overestimate the role of the development of
machines derivatives and their series as a means for reducing the
cost of machines. These methods have a limited application and
their efficiency is inferior to that of other methods such as the auto-
mation and mechanization of production, reduction of the nurmber of
type-sizes of machines, etc.

It is wrong to consider the suitability of a machine for the forma-
tion on its basis of machines derivatives and their series to be an
indication of the suitability of its design for industrial production
even because this method cannot be applied to all machines. It would
be very strange to regard, for instance, the design of a huge heat
machine (e.g., a powerful steam turbine) as being unsuitable for
industrial production on the grounds that no series of machines deri-
vatives can be built up on the basis of it.

1.7. Reduction of Product Range

Decreasing the range of products on the basis of a rational selec-
tion of their types facilitates their serial manufacture, mechaniza-
tion and automation of the production and introduction of progressi-
ve techniques, thus increasing the products output, cutting down
their cost and improving their guality. In this way the scattering
of capital in producing machines in small lots is eliminated, the



1.7. Reduction of Product Range 71

operation, maintenanes and repairs of the machines are made easier,
and good opportunities for a profitable manufacture of spare parts
are provided.

The problem of decreasing the range of products is solved in the
following three ways:

by developing parametric series of machines with rationally
chosen design parameter intervals between the adjacent machines
in the series;

by improving the versatility of machines, i.e., by widening their
operational range;

by providing the machine designs with reserves for further deve-
lopment and subsequently using these reserves as the demands of the
national economy grow higher.

All these methods can be combined one with another and with
unification methods as well. For instance, it is possible to simulta-
neously develop unified and parametric series of piston engines.
In this case the unified series comprise engines using the same cy-
linders, but differing in the ¢ylinder number and arrangement, where-
as the parametric series include engines having the same nurmber
and arrangement of cylinders, but differing in the cylinder diameter.

(¢) Parametric Series

Parametric series are series of machines of the same purpose, with
their design and characteristics being regulated as well as the diffe-
rences in the characteristics {gradations) between the adjacent machi-
nes in the series.

In many cases it is advisable to base a series upon a single machine
type, establishing the required differences in the characteristics of
the machines in the series by changing the dimensions of the original
machine while preserving the geometric similarity of the machines,
Such series are called size-similar or simply size series.

In other instances it is advisable to establish for each range of
characieristics its own machine type with its own dimensions. Such
series are called type-size series.

Thig can be exemplified by ship engines. For low power ratings it
is advisable to employ four-stroke internal combustion engines,
while for medium and high power ratings it is more advantageous to
use two-stroke engines as they feature smaller dimensions and weight
for the same power output, or gas-turbine engines which are capable
of a still greater eoncentration of power.

Combined series are occasionally used: some of the machine modi-
fications in the series are of the same type and have similar geomet-
ries, while others are developed ox the basis of other machine types.

The use of different machins types (as in the case of type-size and
combined series} in no way affects the efficiency of the parametric
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series method since the economic advantage of such series results
from the reduction of the number of models. The technological gain
is a centralized and hence, highly productive machine manufacture
stemming from the increase in the number of each machine modsel
produced. o

The parametric series method has its maximum effect when pro-
ducing machines for mass application, for such machines generally
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Fig. 14, Frequency of use
I — arithmetic series; II — georaetric series; 111 — series correlated with frequency of use

have extensively ranging characteristics (internal combustion engi-
pes, electric motors, machine tools, pumps, compressors, speed redu-
cers, etc.).

The most important factor when developing a parametric series is a
correct selection of the machine types, the number of the members
in the series, and the intervals between the members. When deciding
upon these matters it is necessary to consider the frequency of use of
various members within the series, operating conditions likely to be
met with in actual service,. the flexibility and adaptability of the
machines of the given class (i.e., feasibility of varying their opera-
tional parameters), and posgibilities for their modification and deve-
loping additional machines derivatives on their basis.

It is advigable to increase the number of the members of the series
in the range of the most frequently used parameters and have larger

intervals between the members in the range of parameters which are
seldom required. '
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Let us copsider the case of three-phase eleciric motors. Let the
curve expressing the frequency of use of these motors be such as
shown in Fig. 11. The scales in the lower part of the graph show sche-
matically the motor power rating gradations obtained when deve-
loping parametric series of the motors to an arithmetic (I) and geo-
metric {I1) progressions. It ig quite obvieus that both these series do
not accord with the curve of the frequency of use. The density of the
distribution of members in the arithmetic series is the same both in
the range of low and high frequency of use, which is clearly irration-
al. The density of the distribution of members in the geometric
geries is too high in the range of small power ratings and too low in
the range of the maximum frequency of use.

A good compromise is presented by a rationally developed se-
ries (I11). Here the members are arranged more densely in the regi-
on of the highest frequency of use and more sparsely in the region
of the lowest frequency of use, Such a distribution makes it possible
to satisfy more fully the requirements of the majority of consu-
mers.

To realize fully the economic effect of parametric series, it is
necessary that they be in use for a sufficiently long period of time.
Therefore when developing a parametric series of machines account
must be taken not only of the contemperaneous conditions, but also
of the prospects of the development of the branches of industry for
which the series is intended,

(b) Size-Similar Series

The designing of size-similar machines has its own particular
features, the main one being that the output parameters of such
machines depend not only on their geometrical dimensions, but
also on the parameters of their working processes.

To maintain full similarity of the machines of different dimensions
it is necessary fo emsure, firstly, their geometrical similitude and,
secondly, the similarity of their working processes, i.e., to make the.
thermal and mechanical stresses developing in the machines as a
whole and in their individual parts equal for all the machines in a
given series.

Similarity criteria are formuiated for most machines and working
processes. For instance, internal combustion engines (Fig. 12) have
the following two similarity criteria:

(1) equality of mean effective pressure Pe depending on the pres-
sure and femperature of the mixture at the inlet; '

(2) equality of mean piston speed vp = %% (s — piston stroke,

n—engine revolutions per minute), or equality of the pro-duct
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D -w (D—cylinder diameter which in geometrically similar engines
is related to the piston stroke by the reiation—g—ﬂconst).
In a generzl form
f (pey Dh) =const : (1.21)

Should this criterion be the same, then all the geometrically simi-
lar engines will have the following identical parameters: thermody-
namic efficiency, mechanical efficiency, actual efficiency (hence, the

Fig. 12. Size-similar series of internal combustion engines

same specific fuel consumption in terms of gfe.h.p-h), thermal load
(heat transfer per unit cooling surface), specific power, stresses due
to gas pressure and inertia forces, specific bearing loads and con-
structional weight (weight related to the sum of the squares of the
cylinder diameters).

It is clear from Eq. (1.21) that to ensure the constancy of the above
listed parameters whenever the cylinder diameter ig increased it is
necessary o reduce either the engine revolutions per minute or the
mean effective pressure. Therefore, the effective engine power is
proportional to the square and not to the cube of the eylinder diame-
ter. The litre power (power referred to the swept volume) decreases
proportionally to the cylinder diameter, but the engine weight per
effective horsepower rises in direct proportion to the cylinder diame-
ter. The greater the cylinder diameter, the weaker the resistance to
bending of the engine parts and the engine as a whole.

It is necessary to say that striet adherence to geometrical simili-
tude in the. region of small cylinder diameters is impracticable be-
cause of manufacturing difficulties. The minimum eross-sectional di-
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mensions of the engine components are limited because of the need to
make them sufficiently rigid to withstand machining (e.g., turning),
assembly and transportation. This is why quite a large number of
components of small-size machines are made larger than required
if the conditions of geometric similitude are met. Therefore, small-
cylinder engines have a greater weight per effective horsepower, but
are more reliable, strong and rigid, and are capable of being super-
charged and operated at increased speeds.

The above illustrated example of internal combustion engines is
a particular case of an extensive category of machines in which the
stresses developing in the parts depend upon the operating pressures
and speeds. A general law for the machines of this class may be for-
mulated as follows: the stresses developing in geometrically similar
constructions working under similar pressures and speeds are iden-
tical.

From the above one can draw the following conclusions.

Size-similar series should be developed on the basis of the output
characteristics (power, productivity, etec.) of the machines and not
on their geometrical parameters (displacement, cylinder diameter,
size of rotors in rotary machines) because, due to the inherent laws of
similarity, the output characteristics follow a regularity which
differs from that of the change of the geometrical characteristics;
the latter are obtained as derivatives,

It is necessary to consider the changes in specific parameters (e.g.,
weight per horsepower, litre power) and mechanical properties (e.g.,
flexural rigidity) which are inevitable in geometrically similar
machines.

{¢) Universalizing of Machines

The universalizing of machines is aimed at expanding their func-
tional potentialities and operational range, and widening the range
of components machined with them. It improves the adaptability of
the machines to the production requirements and increases their use
factor. The chief economic gain from universalizing is that it enables
the number of manufacturing units to be reduced: one universal
machine is equivalent to a number of specialized machines which
perform specific operations.

Widening the functions and application areas of machines can be
attained by the following methods: introducing additional opera-
ting members and replacement equipment, providing built-in adjust-
ments with a view to widening the range of the produets machined,
and )controiling the output characteristics (speed, power, producti-
vity). -

Universalizing may be illustrated by plano-milling machines,
which combine planing and milling operations, or by slabbing-bloo-
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ming mills designed for turning out both blooms (billets for rolling
section steel) and slabs (billets for rolling sheet steel).

Many agricultural machines are readily adaptable to universali-
zing. By providing a basic machine with auxiliary equipment, trailed
or mounted, a multi-function machine with an extended seasonal
employment interval can be readily obtained.

Universalizing techniques may be illustrated by using as an exam-
ple automatic rotary filling machines intended for filling up contai-
ners of various capacities.

The first condition for universalizing a piston-type filling machine
is the provision of a metering mechanism which can meter out bat-
ches within broad limits. Such a mechanism can be made in the form
of a swash plate whose inelination can be changed by means of an
adjusting screw. On the turnplate of the machine there are several
metering oylinders with their piston rods sliding over the plate as
~ the turntable rotates. The inclination of the swash plate determines
the length of the piston stroke and, eonsequently, the size of the
batch being metered out. The adjustment of the swash plate inclina-
tion -is stepless. :

The problem of handling containers of various diameters is solved
by using adjustable container guideways or changeable container-
feed mechanisms which deliver empty containers to the turntable
for filling and then remove the filled ones. For bandling containers
of different heights, either the vertical position of the turnplate with
the metering eylinders is changed, or that of the container-carrying
turntable.

The time needed to fill a container is proportional to its capacity.
Therefore, a gearbox, or a stepless speed variator is added to the
filling machine to adjust the turntable rotary speed.

It is important to set reasonable limits to the degree of univer-
sality. Universal machines designed to suit too extensive a list of
;)I'oducts or operational range are complex, heavy, cumbersome and
inconvenient in use. It is sometimes more advisable to design a series
of moderately universalized machines so that the complete series
will provide for the required degree of universality.

In other eases universal machines may be supplemented with two
or three special machines designed for parts sharply differing in size
or configuration from the basic component type.

(d) Consecutive Machine Development

'1I'he resources for future development, incorporated into a machi-
ne's design, allow the machine to be systematically improved so as to
keep its characteristics in line with the ever-growing demands of the
national economy. Such a development method eliminates the perio-
dic replacement of obsolete machines, assures a stable production of
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machines of the same basic design over many years, and, being one of
the main ways of lowering the cost of machine products, it yields
a great ecopomic gain. '

The resources embodied in the design of a machine depend on the
purpose of the latter. Thus, in heat engines the original model must
Possess ample working wvolume (displacement) reserves and allow
increases in rotational speeds and improvements in the thermal
processes to be effected. Machine tools, for which productive capa-
city is of prime importance, must permit increasing their speed and
Tange of operations.

In all instances the initial model must have adequate strength and
rigidity margins. This, however, does not mean that the basic model
must be overweight. It is important to make stronger the most heavi-
1y stressed parts and units which may become deterrents to the inten-
sification of the machine operation.

Immensely important is the efficiency of the kinematic scheme of
the machine which predetermines the general capabilities of inten-
sified operation inherent in the machiné’s design.

Not uncommonly the improvement of machines involves subse-
quent introduction of additional umnits.(speed reducers, gearboxes,
auntomation meang). Their instaliation should not interfere with the
basic design of the machine, therefore the latter must be provided
with already machined seating surfaces and fastening points.

Along with the use of the original resources, the machine should be
continuously improved by utilizing newly developed production
and design techniques with a view to lowering the machine weight,
increasing its power capacity and degree of automation, and impro-
ving its durability, reliability and maintainability.

A striking example of the above trend is the history of the Soviet
aireraft engine model AM-34 which lasted for 15 years in all and,
thanks to the continuous development, remained in each of its
stages the best in the world of aviation. During this period its power
was raised from 800 to 1800 hp through supercharging, increasing the
speed and uging a high-octane antiknock fuel. Engine service life
rose from 200 to 1000 h. Thanks to the improvement, the engine of
the last model maintained its power rating at high altitudes (up 10
6000 m). The efficiency of the propeller unit was increased by using
a speed reducer and a variable-piteh propeller. Though the total
weight of the engine had somewhat increased {because of the addi-
tional built-in units, namely, the supercharger and reducer), its
weight per horsepowar was almost halved (from 0.9 to 0.5 kg/e.h.p.).

This progress was made owing to the built-in displacement reserves
of the original model and systematic development of the engine with-
out changing the basic. design and initial geometry.

Machine tools may serve as another example of the advisability of
providing the initial design with future development reserves.
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Machine tools with increased strength, rigidity and resistance to
vibration proved to be capable of being used (without alterations)
for high-speed high-force cutting, while those of lower rigidity had
to be reconstructed to suit the new, heavier operating conditions.

It should be emphasized that unlike other methods of cutting down
the cost of machine products, which have been described above, the
method of consecutive machine development is universal and appli-
cable to all categories and classes of machines, including unique
machines.

1.8. Preferred Numbers and Their Use in Designing

Standardization in mechanical engineering is based on series of
numbers obeying definite regularities. Up to recent years broad
use has been made of arithmetic series in which each term, after
the first, is derived by adding to the preceding one a constant quan-
tity (the common difference, or constant). With the common diffe-
rence being egual to 10, an arithmetic series of diameters (from 10
to 200 mm), most popular in mechanical engineering, is as follows

10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 420,
130, 140, 150, 160, 170, 180, 190, 200

Arithmetic series are noted for their relative non-uniformity, Their
higher regions are more densely filled with dimensional gradations
than the lower ones.

The ratio of each member of an arithmetic series to the preceding
one 1is o e

A
p=1-4—

where 4 = commmon difference (in the case under consideration
A = 10);
n = pumerical value of the preceding term

This ratio sharply decreases with the growth of the number of
terms in the series, Thus, in the above series the ratio of the second
ferm to the first one is @ = 2; fifth to fourth, @ = 1.25; tenth to
ninth, ¢ = 1.1; twentieth to nineteenth, ¢ = 1.05.

The nonuniformity may be partially corrected by changing the
value of 4 for different regions of the series. Thus, for the case under
consideration, within the regions D <C 50, D = 50-100.and D >
= 100, A can be taken at 5, 10 and 20, respectively.

As a result, the following series is obtained

10, 15, 20, 25, 80, 35, 40, 45, 50, 60, 70, 80, 90, 100,
120, 140, 160, 180, 200
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‘This seriés is more uniform, though with a stepwise change of the
size gradations.

More rational are series developed on the prmclple of the geometrie
progression in which each term, after the first, is derived by multi-
plying the preceding one by a constant value @ (the constant ratio).

(a) Basic Preferred Numbers Series

The USSR State Standard T'OCT 8032-56 stipulates four series of
preferred numbers with different values of

o= L (1.22)

where ¢ and [ are the first and the last terms of a series, respective-
ly. In the standard series ~ == 10. Then, Eq. (1.22) becomes

=/ 10
The index n of the radical is taken at b, 10, 20 and 40. These figu-

res preceded by the letter B make up the designation of a series.
In this way series R5, R10, R20 and R40 are obtained, for which
the value of @is ) 10~ 1.6, Y/ 10~ 1.25,3 10~ 1.12and %/ 10 ~
~ 1.08, respectively.
Any term in a series is
ap = G{Pk

where % = serial number of the term;
a == the first term of the series, to which the zero serial num-
ber is assigned
With a decrease in the value of @ the intervals between the terms
in & series become shorter, the total number of the terms grows lar-
ger, and the series itgelf becomes more fractional. As an exception,

the use of the very fractional series R 80 with ¢ == SV 10 ~ 1.08 is
permissible.

According to the USSR State Standard TOCT 8032-56 the basic
series of preferred numbers in the range of 1410 are as follows

R5: 1; 1.8; 2.5; 4 6.3; 10

R10: 4; 1.25; 1.6; 2; 2.5; 3.45; 4; 5; 6.3; 8; 10

R20: 1; 1.42; 1.25; 1.4; 1.8; 1.8; 2; 2.24; 2.5; 2.8; 3.15; 4;
4.5; 5y 5.6; 6.3; T.1: 8 9; 10

R40: 1; 1.06; 1.42; 1.18; 1.25; 1.32; 1.4; 1.5; 1.6; 1.7; 1.8;
1.9; 25 2.42; 2.24; 2.36; 2.5; 2.65; 2.8; 3; 3.15; 3.35; 3.55; &
4.95; 4.5; 4,75; 5; 5.3; 5.6; 6; 6.3; 6.7; 7.1; 7.5; 8; 8.5; 9; 9.5; 10
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The numerical values of the terms of all series are rounded off to
within =19%. Fach subsequent lower series is obtained by deleting
oven terms from the preceding higher series.

An additional series with the common ratio ¢ = 1.03 is

R80: 1; 1.03: 1.06; 1.12; 1.15; ete.

(b) Derived Series (Subseries)

From the basic series one can obtain geometric series for any range
of numbers, i.e., with any value of the first and the last terms. In
accordance thh the basic law governing the development of geo-
metric progressions, derived series are obtained by multiplying
successively the first term of a new series by the terms of any basic
series (RB, R10, ete.) until the quantity 10¢ is obtained, whieh, in
its turn, is multiplied by the terms of the same basic series, etc.

Let us cite as an example a series of numbers ranging from 1 to
1000, derived on the basis of the R5 series

1; 1.6; 2.5; 4; 6.3; 10; 16; 25; 40; 63; 100; 160; 250,
400; 630; 1600

Series developed on the basis of geometric progression can be made
sparser by selecting the mth terms (m——a serial number multxple
of any integer). As a result, a new series with a common ratio o™ is
obtained, Examples of such a thinning out are, in fact, the basie se-
ries of preferred numbers,

The series R20 (pm = 1.06% = 1.12), R10 (9™ = 1.06* = 1.25)
and RS (g™ = 1.06% = 1.6) are obtained by. seleotmg from the R40
serios (@ == 1.06) all the terms whose serial numbers are multiples
of 2, 4 and 8, respectively. By selecting from the R40 series the
ferms whose serial numbers are multiples of 3, 6 and 9 it is possible
to obtain accordingly series with the following common ratios

" =1.060=1.19; ¢"=1.060=1.41; and @"=1.06%=1.68

Derived series can also be obtained by other methods. Razsmg
the terms of a geometric progression to any power gives a new pro-
gression with a new common ratio. Thus, when terms of the Rb
series are squared, the following progressmn with a common ratio
of 2.56 is obtained

1; 2.56; 6.25; 16; 39.7; 1000

Thusg, if the linear dimensions of a series of parts from a geo-
metric progression, the magnitudes of their cross sections, volumes,
weights, resisting moments, and moments of inertia of sections then
also form geometric progressions, but with other common ra’cios any
different first and last terms.
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" From the ability of the cross sections, resisting moments and mo-
ments of inertia to form geometric progressions it cannot be conclu-
ded that all the parts whose linear dimensions follow the order ofa
geometric progression display the properties of equal stremgth and
equal rigidity. For this to be true the acting loads should be propor-
tional to the square of the linear dimensions of the parts, a case very
seldom met with in practice.

(¢) Standard Linear Dimensions

On the grounds of the basic series of preferred numbers there have
been developed Series of standard linear dimensions (USSR Siate
Standard I'OCT 6636-60) differing from the basic series in that their
numbers are rounded off more roughly. The series of standard linear
dimensions are designated as RaB, Ral0, Ra20, and Ra40.

40 1§655: 0.4; 0.16; 0.25; 0.4; 0.6; 1; 1.16; 2.5; 4; 6; 10; 16; 25;

REal0: 0.4; 0.42; 0.16; 0.2; 0.25; 6.32; 0.4; 0.5; 0.6; 0.8; {;
1.2; 1.6; 2; 2.5; 3; 4; b; 6; 8; 10; 12; 16; 20; 25; 32; 40; 50;
60; 80 _

Ea2d: 0.4; 0.44; 0.12; 0.44; 0.16; 0.18; 0.2: 0.22; 0.25; 0.28;
0.32; 0.36; 0.4; 0.45; 0.5; 0.55; 0.6; 0.7, 0.8; 0.9; 1: 1.1; 1.2
1.4; 1.6; 1.8; 2; 2.2; 2.5; 2.8; 3; 3.6; 4; 4.5; 5; 5.5; 6; 7; 8; &
10; 11y 12; 14; 16; 18;.20; 22; 25; 28; 32; 36; 40; 45; 50; 55;
60; 70; 80; 90 .

Rai0: 0.1; 0.405; 0.44; 0.115; 0.412; 0.13; 0.14; 0.15; 0.16;
0.17; 0.18; 0.49; 0.20; 0.21; 0.22; 0.24; 0.25; 0.28; 0.28; 0.3
032 0.34; 0.36; 0.38; 0.4; 042 045 048 05 052 055 06,

65, 0.7, 075 0.8; 083 0.9; 095 1 105 11 115,12,
1.5; 617 18 19221 22 2.4; 25 26 2.8; 3:
gﬁ 5; &;

“{'JO
O

-

3 *

o i

; 1. 1

s 3.4 3.8; 4 4.2; 4.5; 4.8; Y 5.2; 6; 6.3; 6.5; 7; 7.
i 9 9.5; 10 10.5; i1; 41.5; 12; 13; 14; 15; 16; 17; 18; ’19;
0; 24; 22; 24; 29; 28; 28; 30; 32; 34; 36; 38; 40; 42; 45; 48;
50 52; 55; 60; 63; 65; 70; 75; 80; 85; 90; 95

The T'OCT 6636-60 Standard covers dimensionsup to 95 mm. When
necessary, these series can be continued by following the principle
of geometric progression while keeping the common ratio unchanged.

For instance, for the range of 100-250 we have

Rab: 100; 160; 250

Eal16: 100; 120; 160; 200; 250

Ra20: 100; 110; 120; 140; 160; 180; 200; 220; 250

Ra40: 100; 105; 110; 115; 120; 130; 140 150; 160 170 180
190, 200, 2&0 220 240 950

6--0139%



82 Chapter 1. Principles of Machine Design

The application of the standard linear dimensions is advisable
for surfaces subjeet to an aceurate machining, especially for connee-
tion joints®. This helps standardize cutting, checking and measuring
tools, and facilitates the setting up of machine tools.

The greatest economic gain is obtained when reducing the number
of the terms in a series, i.e., when using in each individual case the
lowest series providing for the necessary size range.

Standard dimensions which are referred to surfaces not involving
precise co-ordination are of less importance.

The series of the diameters of wire and bar-steel rolled stock,
thickness of sheet-steel rolled stock, linear cross-sectional dimen-
sions of shape-steel rolled stock—all ave based on the standard linear
dimensions.

The series of round rolled stock must be congistent with the series
of machined diameters, so fhat adequate machining allowances are
given, providing for the minimum waste of metal in the form of
chips.

If the Ral0 series containing dimensions 10, 12, 16, 20, 25, . . .,
is taken as the basic one for machining purposes, then for the blanks
it is more advisable to take a modified Ra20 series obtained by
selecting from the latter series only those dimensions which are
shifted by one serial number relative to the dimensions of the basic
Rat0 series. Thus, one may obtain the following series:

Diameters of machined work-
pleces, mm . . . .4 . . . .. 10 12 16 20 25 32 40 50 60 8C
Diameters of blanks, mm . .41 44 18 .22 28 36 45 585 70 90

The setting up of the diameters series for blanks and machined
workpieces by following the same principle and with the same com-
mon ratio can lead to a greater waste of metal in the form of chips.

It is irrational to use tbe series of preferred dimensions for surfa-
ces not subject to machining (castings, forgings). In such instances
even a partial standardization of dimensions has no actual advanta-
]%es fmd only makes the process of design and manufacture more aif-

icult. .

Series of preferred numbers used in designing. The significance of
preferred numbers used in designing should not be overestimated.
Some authors are of the opinion that the series of preferred numbers
must be used not only for the purposes of standardization, but also
for all the spheres of designing. They are wrong.

* The USSR State Standards pertaining to the tolerances and fits for general-
purpose joints, as well as antifriction bearings, are not yet brought in line with
the preferred numbers series.
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The use of preferred numbers series is advisable when it is neces-
sary to establish a sequence of gradations of some parameter, the
gradations being uniformly distributed throughout the entire range
of the series (e.g., gear ratios in speed and feed boxes of metal-cut-
ting machine tools). : :

However, such a uniform distribution of gradations is not always
the mogt rational. It would be more correet, in principle, to pro-
ceed from the density of distribution of the frequency of use of a
given parameter. : : -

As an example, the graph in Fig. 13 shows the frequency of use of
gear modules in general mechanical engineering. It is obvious that
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Fig. 13. Frequency of use of gear modules in general mechanichal engineering

90% of all the gears used have their modules lying within the range
of m == 1.5, The maximum application find gears with modules
m = 2-3. Thus, it is reasonable $o increase the number of gradations
in the range of the highest frequency of use and reduce it in the re-
gion of the least popular modules. In other mechanical engineering
branches (instrument-making, heavy machine-building) relations
may be different. In eack of such hranches it is possible to determine
the density of distribution of the frequency of use and then select
aceordingly the standard module gradations. In essence, such a diffe-
rentiated approach to standardizaticn is also pecessary in the cage
of other mechanical engineering parameters (sizes of fitting diame-
ters, threads, etc.). '

The series of preferred numbers are inapplicable when developing
unified series of machines with repeatedly used working members,
Parameters of unified series follow other laws, which are dependent
on the feasibility of combining unified members and conditions of
the technical application of the members of the series, and cannot be
arranged in the order of a geometric progression.

6*
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When setting up a parametric series due account must be taken of
the frequency of use of different machine categories, their flexibili-
ty, etc. Formal application of geometric progressions may lead to
serious errors.

The series of preferred numbers are also inapplicable to the deter-
mination of the parameters of progressively developed and moder-
nized machines whose characteristics at each development stage
depend on the technical capabilities and requirements of the corres-
ponding branchesof industry. Thus, the power capacity of heat engines
is dependent on their original parameters (pressure and temperature)
and speed. Not one of these parameters can be arbitrarily increased.
In some cases they have an optimum value (e.g., the degree of com-
pression in gas turbines), whose changes worsen the machine chara-
cteristics. Inereasing the temperature and speed can only be done on
the basis of technical improvements (increasing the heat resistance
of materials, improving the cooling of thermally stressed parts).
The results of such investigations cannot be kept within preferred
pumbers series.

1.9. General Design Rules

When designing a machine, if isTecommended to keep to the follo-
wing basic rules:

design the machine with a view to enhancing the econcmic effect
which is primarily dependent on the efficiency and durability of the
machine and its maintenance costs thmughout the entire service life;

achieve a maximum output by increasing the productive eapacity
of the machine and extending its range of operations;

take all measures to lower operational expenditures by decreasmg
the power consumption and costs of servicing and repairs;

automate the machine as fully as possible with the aim of increa-
sing its produetivity and the product quality and redueing labour
costs;

increase the machine’s durability as much as possible in order to
enlarge the actual fleet of machines and raise their total output

minimize the risks of obsolescence by endowing the machine with
high initial parameters and reserves for future development and
improvement;

malke the machine capable of being intengively operated by impro-
ving its reliability and versatility:

provide possibilities for manufacturing derivatives on the bams
of the original model; '

reduce the number of the type-sizes of machines as much as possib-
le and improve their operational flexibility; _

strive to satisfy the needs of the national economy not by produ-
¢ing more machines but by increasing their output and durability;
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design the machine so as to assure its repairless operation with
the complete exclusion of capital repairs and reduction of all other
repairs to unit replacement;

avoid the design of rubbing surfaces directly on housings or machi-
ne bodies; to facilitate repairs of such rubbing surfaces design them
on individual and easily changeable parts;

follow consistently the unit design principle (multi-station machi-
ne system); construct machine assemblies as seli-contained units;

exclude special selection and matehing of parts during their assem-
bly; make them fully interchangeable;

exclude the alignment and adjustment of parts and units during
assembly; provide the necessary locating elements that enable cor-
rect mounting of the parts and units;

impart high strength to machine parts and to the machine as a
whole without increasing their weight (use the most rational shapes
providing for the best utilization of the properties of materials, employ
high-strength materials, introduce hardening treatment, ete.);

pay particular attention to increasing the cyclic strengths of parts;
use shapes providing for a high fatigue strength; eliminate stress
concentrations; introduce treatment improving the fatigue strength
(induction hardening, nitriding, shot-blast work hardening,
ete.);

in machines, units and mechanisms, operating under cyclic or
dynamic loads, introduce resilient elements which dampen impacts
and load fluctuations;

make constructions highly rigid without increasing their weight
(use hollow and shell-type constructions; avoid deformation with
the aid of diagonal and transverse braces; select rational positions
for supports and stiffening elements);

increase operational reliability in every way possible, thus making
the operation of the machine wholly trouble-free; :

make machines as simple t¢ maintain as possible; reduce the scope
of maintenance; eliminate periodic adjustments; make mechanisms
as seif-servicing units;

prevent the overloading of the machine during operation; intro-
duce automatic monitors, protection and limiting devices that should
prevent the machine from working under dangerous conditions;

exclude failures and accidents ensuing from unskilled and careless
attendance; introduce interlocking devices which should exclude
wrong manipulation of controls; make the machine control as auto-
matic as possible;

exclgde any possibility for an incorrect assembly of machine parts
and units requiring precise coordination with respect to one another;
introduce interlecks which should only permit correct assembly;

eliminate periodic lubrication; ensure an automatic and conti-
nuous feed of the lubricant to rubbing surfaces;
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avoid open mechanisms and devices; enclose all mechanisms in
housings which should prevent duss, dirt and moisture from getting
onto rubbing surfaces and allow a continuous lubrication to be ef-
focted;

assure a reliable locking of screwed connections to prevent them
from self-loosening, lock internal connections by positive methods
{apply cotters, keys, tab washers, ete.); . .

prevent corrosion of parts, partieularly in machines operating in
the open air or coming into close contact with chemically aggressive
media, by applying chemically stable coatings, in the form of either
paints and varnishes or electroplates, and also by manufacturing
the parts of corrosion-resistant materials;

cut down the cost of the machine by making its design suitable for
industrial production, and also through unification, standardiza-
tion, decreasing the specific metalwork weight and redueing the num-
ber of the machine type-sizes;

reduce the weight of the machine by making it more compact and
also by applying rational kinematic and loading schemes, elimina-
ting unfavourable kinds of loading, changing bending stresses to
tensile or compressive siresses and using light alloys and non-me-
tallic materials:

make the machine design as simple as possible; avoid complex
multi-component constructions; ‘

wherever possible change mechanisms with a rectilinear reciprocal
motion to the more advantageous votary mechanisros;
assure the maximum suitability of parts, units and the machine
as-a whole for industrial production by building into its design
preconditions for the most efficient manufacture and assemdly;

reduce machining operations; anticipate the manufacture of parts
from blanks whose shape is cloge to that of the finished parts; change
the machining to other more productive methods which do not invol-
ve metal cutting: .

implement the maximum wunification of constructional elements
with a view to reducing the cost of the machine, shortening the time
of its manufacture and facilitating its operation and repalrs;

broaden the use of standard parts; adhere to the national and
local standards in force;

never use specially designed parts or units when it is possible to
employ standard, unified, adopted and purchased parts and units;

economize on expensive materials and materials in short supply by
replacing them with equally good substitutes; if the use of the mate-
rials in short supply cannot be avoided, keep their consumption to
the minimum; : '

cheapen the production but do not lirmit expenses on the manufac-
ture of vital parts determining the machine’s durability and reliabi-
lity; produce such parts from high-grade materials and use modern
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production processes providing for increased reliability and service
life;

impart to the machine simple and smooth shapes which should
facilitate keeping it in neat and tidy condition;

pay proper attention to the industrial design requirements, make
the machine well-proportioned and provide good external finishes;

wherever possible concentrate controls in a single place convenen ¢
for manipulation and observation;

make the machine units and mechanism which require periodic
inspection easily accessible;

ensure safety of attending personnel; preclude accidents by making
the operation of the machine as fully automatic as possible, by intro-
ducing interlocks, enclosing mechanisms and by providing guards;

in machine-tools and aufomatic machines provide devices that
should enable the adjustment and setting-up to be carried out while
driving the machine manually; provide the possibility for the machi-
ne to be slowly driven from the drive motor (with reverse, when
required for the machine setting-up);

in machines having electric motor drives consider the possibilities
of wrong switchings, while in those driven from internal combustion
engines take precautions to avoid the back-firing of the engine; pro-
vide reversible drives or introduce safety devices (e.g., overrunning
clutches); _

carefully study the experience gained in yunning the machines:
eliminate without delay all defects discovered during use; remember,
that studies into the operation of machines are the best means of
improving and refining them and an effective method of improving
the skill of the designer; ,

continuously improve the design of machines which are being
produced on a mass scale so as to keep them in line with the ever-
growing industrial demands;

anticipate new designs, thus preparing in advance for the produc-
tion of new, more perfect machines to replace obsolete models;

when developing new designs, as well as machines intended for new
technological processes, check all new elements by experiment, simu-
lated processes, test runs, ete.:

make wider use of known designs; use the experience gained in
the‘aiiie.d and, if necessary, more remote branches of mechanical
engineering. :



Chapter 2

Design methods

The starting material for designing may be the following:

a technical assignment worked out by a planning organization
or customer; such an assignment generally specifies the required
parameters of the machine, and the field and conditions of its use;

a technical suggestion initiated by a designing organization or a
group of designers;

a research work or an experimental model based on the re-
search;

an invention proposition or an invention prototype;

a machine prototype of foreign make which has to be reproduced

with modifications and alterations.
The first case is more general and most convenient to following

the design processes.

It is necessary to approach any technical assignment critically.
The designer must well know the branch of industry for which the
machine is intended. He must verify the assignment -and, when ne-
cessary, prove the need for corrections.

A critical approach is particularly necessary when the customer is
an individual factory or branch of mdustry In the latier case the
designer must not only satisfy the customer's requirements but also
consider that it is possible for the machine to be used at other facto-
ries and in the allied branches of industry. ‘

A circumstance not always considered is the fact that from the
moment of the inception of designing to the introduction of the
machine into production a time period elapses, which is the longer
the more complex the machine. This peried includes the following
stages: design, manufacture, finishing and adjustment of the proto-
type, industrial testing, mtroducmon of necessary alterations to
eliminate defects found when testing, State Acceptance Tests and,
finally, acceptance of the prototype. This is followed by the prepa-
ration of technical decuments for the initial production series, its
manufacture, and industrial tests, after which documents for mass
production are prepared, the production processes modified to suit
mass production, and then the production is started.
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Under the most favourable conditions when there are no large
troubles or complications this process takes about a year and a half
or two years. Sometimes from the beginning of designing to the
beginning of mass production two or three, or even more years elap-
se. With the modern tempo of the technological progress in the me-
chanical engineering this seems a long time.

Machines with incorrecily chosen, underestimated parameters,
based on trite solutions, not assuring technical progress and incom-
patible with new ideas about the import of gquality, reliability and
durability, become obsolete even hefore the initiation of mass pro-
duction. Then, the whole time spent on designing, manufacture and
tests will be vain and the industry will still lack the machine i%
needs.

2.4. Design Succession

Succession in design implies the use during designing of the pre~
vious experience gained in the given branch of mechanical engine-
ering, as well as in the allied branches, and introduetion into the
projected unit all the useful features of the existing machines*.

Nearly every modern machine is the result of the work of several
generations of designers. The original medel of a machine is gradual-
ly improved, equipped with new units and mechanisms, and made
more perfect as a result of new constructional solutions, fruits of the
creative efforts of many people. Some design solutions die due to the
development of more rational ones, new technological procedures or
higher operational demands, while some, proved exceptional, remain
?l (fierce for very long periods, although at times being slightly modi-
ied.

In the course of time, machine specifications, both technical and
economic, are made. higher, their power and productive capacities
are enhanced, automation is more extensively introduced, reliability
and durability are bettered. Alongside the improvements to existing
machines new machines of identical purpose are devised, which are
principally based on other design schemes. In competition more pro-
gressive and viable designs win.

When reviewing the history of mechanical engineering it is seen
that a huge number of miscellaneous design schemes were tried be-
fore. Many of them disappeared and became completely forgotten,
were revived after tems of years on a new technological basis, and
again returned to use. Thus historical reviews help the designer to
avoid errors and the repetitions of the stages traversed, and allow
him to choose more prospective methods of machine development..

* * Some authors use the design succession concept to denote the general ten~
dency of typification, unification, development of standard series, etc. Such
use of the term does not correspond to the sense of its content. :
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It is useful to plot graphs showing the changes of basic machine
parameters over the years. Tendencies of constructional forms are
well expressed by graphs showing as percentages the occurrence of
various designs. An analysis of such graphs and their extrapolation
make it possible for a clear picture to be drawn of future machine
parameters and design trends.

Of particular importanee is the study of the starting data when
working on a new design. Here the main task is to choose machine’
parameters correctly. Partial design errors can be eliminated during
1machine manufacture and tests, but errors in basic parameters are
often irrepairable and may lead to failure of the design. Therefore,
at this stage neither time nor effort on investigations should be
spared. Here, more than anywhere, the proverb “look before you
leap” is valid.

The selection of parameters must be preceded by a comprehensive
study of all factors determining the machine's life. It is necessary to
carefully study the experience gained in the operation of foreign
and domestic machines, correctly analyse their advantages and disad-
vantages, choose a correct prototype, and make clear the tendencies
of the development and requirements of the branch of engineering
for which the machine is intended.

Ap important prerequisite for correct design is the availability
of pertinent references on constructional materials. Apart from archi-
ves of their own products, design organizations should have at their
disposal design catalogues from neighbouring organizations.

It is necessary to undertake systematic studies of paients and
periodicals, both foreign and domestie.

Owing to the general tendency of capitalist firms to keep their
novel technicalities secret, publications are often .camouflaged.
Therefore the designer must he able to read between the lines because
sometimes a brief information may conceal an important innovation
in a given branch of engineering.

In his particular sphere the designer durmg the course of his
searches must process the scientific investigations of research insti-
tutions.

In addition to the researches carried out in its own branch, the
design organization should make wide use of the experiences of other,
sometimes rather alien branches of mechanical engineering. This
widens the outlook of the designer and enriches his store of con-
struetional means and devices.

It is especially useful to study the experience of advanced branches
of engineering, in which the design and techmnological concepts,
forced by the high demands for the product quality (aviation} and
mass production (automotive industry), continuvously develop new
designs, methods of increasing strength, reliability and durability,
and better production techniques.
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The use of the experience already gained often helps solve partial
problems arising during designing. Sometimes the designer wrestles
over the development of a specialized wunit or assembly new for
the given machine, but which has long ago been developed and
proved in other branches of engineering.

The concept of design succession does not mean limitation of
initiative. The designing of any machine presents an unlimited field
of activity to the designer. He must not invent anything already
invented and must not forget the rule formulated early in the 20th
century by Giildner: “weniger erfinden, mehr konstruiren” (invent less,
design more).

The process of continuous machine improvement, caused by the
ever-growing demands of the industry and national economy, results
in the development of the design school and the cast of the design
thought. The striving for a perfect design penetrates the flesh and -
blood of the designer, becomes his life. A genuine designer is per-
petually charged with vigour to wrestle with any difficulties. He
will feel fully satisfied only when his numerous relentless efforts,
failures and errors are finally crowned with the finding of a most
perfect solution promoting the progress in a given branch of engi-
neering.

The designer must constantly improve and envich his store of

design solutions. An experienced designer will invariably note and
menﬁ;ally “spapshot” interesting solutions, even in machines “foreign”
"~ to him.
- The designer must always be aware of all the latest technological
processes, including physical, electrophysical and electrochemical
methods of processing (spark-erosion, electron-beam, laser, ultrason-
i¢, dimensional electrochemical etching, processing with blast,
electrohydraulic impact, electromagnetic impulses, etc.). Otherwise
he will be rather restricted in his choice of the most rational shapes
for parts and unable to build into the design the conditions for
productive manufacture.

2.2, Study of Machine Application Field

The progress in mechanical engineering is inextricably linked
with the development of the different branches of industry and
‘national economy, appearing as the machine users. Industrial
development is accomplished by continuous improvements, includ-
ing: growth of productivity; decrease of operational cycle; develop-
ment of new technological processes; rearrangement of production
lines; change in equipment layout; continuous expansion of mechan-
ization and automation of produciion. This accordingly results in
higher requirements for machine parameters, their productivity
and level of automation. As new technological processes come into
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being, some machines become obsolete. The necessity arises for new
machines or for modification of the old.

Qccasionally such modifications may be very extensive and affect
large categories of machines. Thus, the introduction of the continu-
ous steel casting process means the death or, in any case, reduction
in the manufacture of such complex and large machines as blooming
and slabbing mills, Production of steel in oxygen blast converters
will reduce the use of open-hearth furnaces unless they are radically
improved. The introduction of magnetogasdynamic generators,
enabling thermal energy to be directly converted into electrical
energy, will cause die-out of electric generators and considerable
reductions in the employment of heat engines.

Before designing machines intended for a specific branch of indu-
stry, it is necessary to examine carefully the dynamics of the quan-
titative and qualitative development of that particular branch,
the requirements for the given machine category and the possibility
of the development of new technological processes and new methods
of production.

The designer must be well acquainted with the partieular charac-
teristics of that braneh of industry and theé working conditions of
the machine. The best designers, from the author’s observations,
are those who have been practical engineers and combine their design
aptitudes with knowledge of running conditions for the machines
being designeéd.

When choosing machine parameters it is necessary to consider
actual working conditions. For instance, the productivity of a ma-
chine mustnot be arbitrarily increased without considering production
requirements for which the machine is intended and without con-
sidering the needs of adjacent machines. Under certain conditions
machines with higher productivity may operate underloaded and
be more idle than at work. This lowers the degree of their use and
lessens the economic advantages.

2.3, Choice of Design

When choesing the parameters of a machine, its basic scheme and
type of construction, attention must be given to the factors deter-
mining its economic efficiency, i.e., high output, low energy con-
sumption, low maintenance and operation expenditures, long service.

Generally, the final machine version is chosen from several, which
have been carefully evaluated and compared from all sides of con-
structional expediences, perfection of kinematic and force schemes,
cost of manufacture, energy consumption, cost of labour, reliable ope-
ration, size, metal content, weight, suitability for industrial produc-
fion, unitizing, servicing, assembly-disassembly, inspection, seti-
ing and adjustment.
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It must be made clear to what degree the original design assures
future development, forced working and subsequent improvement,
forming on its basis of machines derivatives and modified versions.

Not always, even during the most careful search, is a sucecessful
solution found, which fully answers the posed demands. Exceptional
in constructional practice is a variant being a success in all res-
pects. The matter is sometimes not the lack of inventiveness, but
rather conflicting requirements being imposed. Under such cir-
cumstances it is neecessary to find a compromise solution, waiving
some requirements which are not of prime importance in the given
conditions of the machine application. Often a variant is chosen not
because it incorporates more advantages, but rather because it has
less disadvantages in comparison with others.

After gelecting the scheme and basie parameters of the machine,
a sketch is made, and then a general arrangement drawing, on the
basis of which are composed the initial, technical and working
designs.

2.4, Development of Design Versions

The development of design versions is not a matter of individual
habits or leanings of the designer, but a regular design method aimed
at seeking the most rational solution.

As an example of the development and comparative analysis of
design versions, let us consider a bevel reduction gear unit (Fig. 14)
which is very often used in mechanical engineering.

To simplify the example we will not consider constructional
variants of power input and take-off, types of supports, methods of
fixing the axial position of gears. We shall examine only the working
arrangement of the drives, casing construction and spacing of sup-
ports.

Widely used in practice are reduction gear units which have can-
tilevered gears mounted inside a common casing (Fig. 14a). The
popularity of this design is due to its undoubted advantages. Gear
shafts are located inside a single casing enabling a highly accurate
mutual positioning of gears to be attained during manufacture. Free
access is effected through an inspection hole provided with a detach-
able cover. The entire mechanism can easily be inspected when
assembled.

Gear mesh is controlled by spacing washers m whose installation
requires the disassembly of the gear mounting unit.

Generally, the reduction gear unit is held in position by lugs.
For assembly purposes the outer diameter of the pinion must be less
than that of the holes holding the shaft bearings.

In another alternative (Fig. 14b) the shaft bearings are mounted
in intermediate sleeves, thus enabling the pinion diameter, admis-
sible from the standpoint of assembly conditions, to be slightly
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inereased. This facilitates the adjustment of the mmesh, as in this
case it is not necessary to dismantle each gear, but merely change
spacing washers m placed under the flanges of the intermediate
sleeves. This is particularly easy if the spacer washers mare made .
as half-rings locked in place by belts (Fig. 14b, lower part). To
change the washers the bolts are unserewed and the intermsediate
sleeve shifted to suit the new washer. =~ -

In the construction illustrated in Fxg 14c. the gears are mstalled
inside detachable casings. This version preserves the advantages
of Fig. 14b but the rigidity of the main casing is worse. This means
that the alignment of centering shoulders and seating surfaces of
bearings must be kept to extremely close tolerances when manufac-
turing the casing. According to its design features this reduction
unit is more suitable for suspension-type mounting, although it
can also be mounted on feet (cast integral with the lower
sover),

The design iz worse, if the gear shank is exiended upward
(Fig. 14d). Now the mechanism cannot be inspected when assembled
and the removal of the gear casing disturbs the entire unit.

Gear mesh can be controlled only by blacking-in, which means
dismantling and refitting the gear many times. In order to inspect
the reduction unit interior it is necessary to disconnect the gear
drive shaff.

In the design shown in Fig. i4e the gears are installed inside
a split casing (the split line runs along the pinion axis). The design
is simple to assemble and easy to mspect Inspec’mon of gear engage-
ment can only be domiplete when the pinion shaft in sssembly with
the bearings is pressed against the lower bearing seatings.

Machining of a split casing is more difficult. First, it is necessary
to finely machine the joint surfaces, connect two hakves by locating
dowels and machine the bearing seats after assembly. The joint
surfaces must be lapped. Joint seals cannot be used, as their use
spoils the true oylindrical shape of the bearing seats.

The remaining variants have the aim of reducing overall size
by bringing the supports into the casing interior.

in the design in Fig. 14f the gear shaft is mounted in two sup-
poris, one of which is inside the casing, and the other, in the cover.
Here the distance between the supports is increased and bearing
loads are less than in the cantilever design. The chief disadvantage
of this construction is the diﬁiculty of inspection and adjustment
of the mechanism. When casing cover is removed, the geay shaft
is held by the lower support only and becausge of this freedom the
mesh accuracy cannot be checked. Furthermore, since the bearings
are located in different casing sections, the shaft alignment is worse.
The necessity of machining the bearing seats in the assembly of the
casing and cover comphcates the process techuology.
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The more compact design illustrated in Fig. 14g proves unsatis-
factory when examined closely. Here it is practically impossible
to inspect the mechanism. The removal of the gear is only possible
after the cover and pinion have been dismantled, consequently,
the mechanism must be fully disassembled.

A more preferable design is shown in Fig. 14A, in which the gear
shaft is mounted inside the casing. Here the entire mechanism is
accessible through the hottom eover. The design is suitable only
when suspension-mounted and cannot be used if installed upon
a stand by its bottom, as it would be necessary to detach the entire
reduction unit in order to inspect it. The advantage of this design
is the possibility of taking power from the upper end of the gear
shaft for which it is sufficient to extend the shaft through the upper
cover.

A similar design is given in Fig. 14i. To inspect the mechanism
it is necessary to disconnect the gear drive. The meshing portion
is viewed from the end face.

The size of the transmission can be decreased by bringing one
of the pinion shaft bearings into the casing {(Fig. 14j). The bearing
is installed in partition » cast integral with the casing sides. This
design is suitable for both suspension and installation by its base.
The mechanism is inspected through the non-bearing cover; the
drive shafts remain connected. The disadvantage of this design
is in that the inspection of the meshing portion, screened by par-
tition n, is rather difficult.

In the alternative illustrated in Fig. 14k the internal pinion
shaft bearing is transferred to the opposite casing wall. The design
features well-spaced supports and convenience of the mechanism
inspection obviating the necessity to disconnect the drive shafis.
Power take-off from the pinion shaft is possible.

The disadvantage: the gears cannot be dismantled separately;
to dismantle the gear it is necessary first o dismantle the
pinion.

From the dimensional viewpoint the most preferable designs are
those in which the gear and pinion bearings are accommodated inside
the casing (Fig. 14l, 0).

In the design shown in Fig. 14l the bearings of the gear shaft
are mounted in an integrally cast hub. The inside pinion bearing
is accommodated in the side hole of the hub. The gear is mounted
through the lower non-bearing cover, which is also an access for
inspecting the mechanism. Gear mesh is viewed from the end face.
This design is only suitable for suspension mounting.

Figure 14m shows another type of reduction unit with the output
efand of the gear shaft upward. The unit is mounted by its lower sur-
ace.

T-01385
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The disadvantage of the alternatives in Fig. 141, m is that the gear
drive shaft must be disconnected before the ingpection cover can

be removed.
The variant illusirated in Fig. 14n enables mspectwn without .

the disconnection of the drive.

Another alternative, featuring reduced casing helght and a iarge—
f?lze moulded lid, contnbu’smg to easier mspectmn is shown in

ig. 14o.

The final choice of a reduction unit design depends on its installa-
tion and application. For general use the best designs are those in
Fig. 14a, ¢, If it is necessary to reduce size and weight, the compact

designs shown in Fig. 14l-0 are preferable.

2.5. Method of Tnversion

Among the large number of methods devised to facilitate the
degign there is the method of inversion. Its essence consists in invert-
ing the function, shape and position of parts. In assemblies it is
occasionally preferable te invert the functions of parts, e.g., to
turn a driving element into a driven one, to turn a leader into a fol-
lower, to make a female component out of 5 male one, to convert
a stationary part into a movable element, etc.

Scmetimes it becomes advisable to invert shapes of paris, e.g.,
to change a female taper to a male one, a convex spherical surface
to a concave one. In other cases it may bé more suitable to shift
some elements from one part to another, for instance, to move a key
from a shaft to a boss, or a striker from a lever to & pusher...

Each time the demgn will acquire new qualities. The deSLgner
must carefully evaluate all the advantages and drawbacks of the
original and inverted alternatives, taking into account durability,
size, suitability for industrial production and convenience of ope-
ration, and then choose the most suitable wversion.

The method of inversion is an inalienable instrument of thought
for every experienced designer. It significantly lightens the search
for solutions as a result of which a rational construction is found.

Some typical examples of inversion in mechanical engineermg
are shown in Fig. 15,

Rod drive (F1g 18a). In sketeh I the vod is actuated by a fork
lever aotmg through the agency of the tod pin. In the inverted design
IT the pin is transferred to the lever. This results in a reduced trans-
verse force acting on the rod. However, the design shown in sketch
has smaller sizes.

Tappet drive (Fig. 15b). In design I the striker of the rocker arm
is flat and the tappet fplate-ﬂsphencal In the inverted scheme IS
the rocker arm is spherical and the tappet plate—flat. The result
is reduced fransverse forces acting upon the tappet. Moreover, the
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gtriker can bhe made cylindrical, thus assuring a linear comtaci in
the joint, whereas in design I the contact is point.

Connecting rod and gudgeon pin (Fig. 15¢). In scheme I the gnd-
geon pin is secured to the connecting rod and runs in the fork bear-
ings; in the inverted design I7 the pin is fixed to the fork and the
bearing is in the connecting rod. In this case the inversion reduces
overall dimensions and lightens the work of the bedring acquiring
greater rigidity.

Nipple unions. In sketch I (Fig, 15d) the nipple is tightened by
an internal captive nut, but in the inverted version I an external
put is used. As a result, axiagl dimensionsiare decreased, and the
radial ones increased. The alternative shown in sketeh I7 is more
convenient to tighten.

In the nipple union presented in Fig. 1Be¢ the female taper on
the nipple (version I) has been changed to a male taper {version 17},
thus reducing the overall dimensiong,

Spherical pipe joint (Fig. 15f). The spherical surface of the joint
{version I) can be substituted by two such surfaces (version II);
advantages: smaller dimensions and lighter weight. However, the
manufacture of such a joint is more complicated, because it is neces-
sary fo make the two spherical surfaces truly concentric.

Fixing a turbine blade (Fig. 15g). Changing the female fork blade
fixing on the T-shaped male tenon of the rotor (scheme I) to a female
tenon in the rotor and male tenon on the blade {scheme IT) lessens
the weight, gives a greater rigidity and eases the manufacture of
the blade base. ‘

By-pass valve (Fig. 15h). Better precisior is obtained if the valve
is piloted not by a rod press-fitted into the valve body (scheme I,
but By a shank sliding in the valve body hole (scheme J7). This is
because the pilot hole and valve seat can be machined in one setting
and with better concentricity. _

Self-aligning thrust bearing (Fig. 15i). In the bearing shown in
sketch I' the thrust journal runs on a spherical surface, and in
sketch J7-on flat surface, which is more advisable. The two schemes
differ also in the position of self-alignment centres.

Rocker drive:(Fig. 15j). Transferring the spherical surface from
the rod (scheme 1) to the striker (scheme II) improves lubrication,
as the oil from the mechanism’s interior will collect in the cup-
shaped tip of the rod. In version I pemetration of oil into the joint
is almost excluded. : _

Vee way (Fig. 15k). The design given in sketeh 7 is more advan-
tageous as far as lubrication is concerned. The groove will retain
lubricant, thus adding to the machine’s durability and aecuracy
of movement, |

Spring (Fig. 150). In scheme IT the tension spring is changed
to a compression spring with a reverse. The compression spring is

TF
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Fig. 15. Inversion of units (cont’d)

stronger and longer lasting than the tension spring in which
the tug ends are often stretched. The inverted design is muore reli-
able, but is'more complex and heavy than -the conventional design
(scheme ). :

Turnbuckle (Fig. 15m). This can be made in the form of an exter-
nally threaded rod (version I) or as a threaded sleeve {version IT).
In the latter case the overall dimensions are reduced by the hexa-
hedron length which in scheme I is longer.

Stud securing boss (Fig. 15n). Version II is more advantageous
in terms of the screwed joint strength since the boss of enhanced
complianee distributes thread loads more uniformly. :

Guide key (Fig. 150). When secured in a hub {(scheme II), the
key will make the design more practical. The difficulty of mounting
a long key is avoided since it is easier to make a precision slot in
the shaft than fit a long key to the same tolerances.

Lifting screw (Fig. 15p). It is more advantageous technically
to cut a long thread on a rod (version I7) than in a nut {version I).
With the same thread diameter and conneciion length, the rod shown
in the second version will be stronger. ‘

Idle gear (Fig. 15¢). The arrangement presented in sketch IJ
is better as far as dimensions and manufacturing conditions are
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concerned. Thus, bearing operating conditions are improved as the
supports are more rigid. Furthermore, when the gear is installed
according to mode F, the shaft, affected by the drive, will be sub-
jected to a eyclic load, while in mode 17 this will he a static load.

"Should the gear be mounted in antifriction bearings (Fig. 15r)
then one must bear in mind that the bearings’ durability in scheme IT
(in which the outer race is rotating) will be worse than that of the
bearings in scheme I (in which the inner race runs).

Slider (Fig. 15s). In the first version slider I slides along a sta-
tionary rod, whereas in the inverted scheme II the slider is fixed
to the rod which moves in its guideways. This inversion gives improv-
ed directional movement.

Splined coupling (Fig. 15f). Scheme 77 is better than scheme I
in terms of axial dimensions and manufacture (internal splines are
usually broached). :

Actuation of rod by a disk master-form (Fig. 1bu). In version [
the rod is actuated by the two rollers 7 mounted on the rod, which
are rolling over master-form 2; in version J7—by one roller § posit-
ioned between two master-forms 4. The latter construction is more
compadct and eliminates the drive backlash as the clearance between
the master-forms and roller can be adjusted.

Suspended hook trolley (Fig. 150). In scheme I the trolley has
two pairs of rollers (the Figure shows only one pair) rolling on a
monerail. In the inverted scheme I7 one pair of rollers travel bet-
ween two rails. The second scheme is more compact, but requires
two rails.

Hydraulic ecylinder (Fig. 15w). In design T the cylinder is station-
ary, and its piston and drive rod move. In the inverted design IT
the piston and rod remain stationary, and the cylinder fitted
with a driving fork moves over them. The advantage of scheme I]:
drive can be effected from any point along the cylinder.

2.6. Composition Methods

Generally composition has two stages: draft and operational.
During the draft composition the main arrangement and general
design of a given unit are elaborated (sometimes several versions).
After discussing the draft the working scheme is composed, defining
more accurately the design of the unit and serving as the initial
material for furthering the project.

During composition it is important to separate the main items
from the secondary and, accordingly, establish the correct order ~
of development and construction. ‘

An attempt to compose all elements of a design at a time is a
typical error characteristic of young designers. Having received
the assignment presenting fully the purposes and parameters of
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the projected design, the designer often begins at once to draw the
complete design in all its defails, depicts all the design elements
to compose & picture as if it were an assembly drawing, a technical
or working specification of the project. Such a method makes the
design an irrational one, as it forms 2 mechanical string of construc- -
tional elements and units, poorly arranged as is well ‘known.

It is necessary to begin the composition with the solution of the
main design problems, i.e., selection of rational kinematic and
power schemes and correct sizes and shapes of parts and determin-
ation of their most suitable relative positions. Any attempt to fully
describe parts at this stage of design is not only useless, but harmful
as it draws the attention from the main problems of the composition
and confuses the logical course of developing the design.

Another fundamental rule of composition—parallel development

of several design alternatives, their analysis and selection of the
best version. It is a mistake if the designer at once sets the direction
of designing by choosing the first type of design which oceurred to
him, or a commonplace alternative. The designer must analyse
carefully all feasible versions and choose the one most suitable for
the given conditions. This requires much work and the problem is
not at once solved, and sometimes only after Iong investiga-
tions. .
Full development of each alternative is not necessary. Usually
hand pencil sketches are sufficient to get an idea of the prospects
of the variant and decide on the question of whether it is advisable
to continue with this particular alternative.

Composition must always be accompanied with calculations, if
only tentative approximations. Main design. components should
be calculated not only for strength, but also for rigidity.

Never rely on the eye when selecting dimensions and shape of
parts. Of course, there are very skillful designers whe almost with-
out mistakes can establish sizes and cross-sections assuring stress
levels acceptable for the given branch of engineering, but this is
a doubtful virtue. Copying trite shapes and keeping to traditional
stress levels, one cannot create progressive designs.

To wholly depend upon calculations is wrong. In the first piace
the existing techniques of strength calculations do not consider
many factors influencing the fitness of the design and secondly,
there are some parts {(e.g., housings) which cannot be calculated
at all. Thirdly, other factors besides strength affect the sizes of
parts. For example, the design of cast parts in the first place depends
on casting technology. For parts being mechanically machined it
i3 necessary to consider their resistance to cutting forces and give
them'a certain rigidity. Heat treated parts should be large enough
to avoid buckling. Dimensions of controls components should be
chosen so as to ensure manipulation convenience.
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Thus, alongside caleulations, the designer must refer to existing
designs and introduce, if necessary, well-founded corrections. '

Another prerequisite for correct designing is a continuous con-
sideration of the manufacturing problems; at the very beginning
the component should be given a technologically rational shape.
A skilied designer composing a part at once makes it easy to produce.
Young designers should constantly consult production engineers.

Composition must be carried out on the basis of standard dimen-
sions (fitting diameters, sizes of keyed and splined connections,
diameters of threads, etc.). This is particularly important when
composing units with several concentric fitting surfaces, as well
as stepped parts, whose shape to a large extent depends on the gra-
dation of diameters.

At the same time maximum unification of standard elements
should be sought for. Chosen elements upavoidable in the design
of main parts and units should be utilized in the remaining parts
of the design as much as possible, .

In the process of composition the designer must take into account
all the conditions defining the operability of the machine, develop
the systems of lubrieation and cooling, assembly and disassembly,
and attachment of adjacent parts (drive shafts, pipings, electric
wires, ete.); provide for convenient maintenance, inspection and
adjustment of the mechanism; choose correct materials for the main
components; think out methods for improving the machine's dura-
bility and wear-resistance of rubbing surfaces, and methods of
corrosion protection; investigate and determine the limits of the
machine when operating under forced conditions.

Composition does not always proceed smoothly. Often during
designing some small defects, overlooked in the first estimates, are
revealed. For their elimination it sometimes turns out necessary
to return to schemes rejected earlier or to develop new ones.

Some units are not always successfully designed from the first.
This should not discourage the designer—he has to devise some
“tentative” alternatives and raise the design to the required level
in the proecess of further activities. In such cases it is useful, as
{talians say “dare al tempo il tempd” (to give.time to time), i.e.,
to take a breathing space, affer which, as a result of subconscious
thought, the problem is often solved. After a while the designer
looks at the outline drawing in another light, and sees the mistakes
made at the first stage of the development of the main design idea.

Sometimes the designer unintentiomally loses his objectiveness
and does not see the drawbacks of his favourite variant or the poten-
tialities of other versioms. In such cases impartial opinions of out-
siders, the advice of elders and co-workers, and even their fault-
finding criticism turn out to be most opportune. Moreover, the sharper
the eriticism, the greater is the benefit derived by the designer.
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At all stages of the compesition manufacturers and operators
should be consulted.

A geperal rule is such: the wider the discussion of the composi-
tion and the more attention the designer pays to useful advice, the
better becomes the composition and the more perfect the design.

Do not spare time or effort on working up the design. The cost
of designing is only a small portion of the machine manufacturing
expenditures (excluding machines produced individually or on -
a small-batch production basis). In the final analysis, the greater
the development work on the design; the more ave the savings in the
" machine cost, iime of manufacture and finishing, the better its
quality and the greater the economic gains over the machine’s
service life.

2.7, Compoesition Procedures

If the overall dimensions of a project allow, its composition is
best of all drawn to a 1 1 1 scale. This facilitates selection of required
dimensions and sections and énables a realistic presentation of machine
part proportions, their strength and rigidity, to be individually
and as a whole obtained. In addition such a scale obviates the neces-
sity for a large number of dimensional specifications and simplifies
subsequent stages of design, in particular detail drawings, since
such dimensions car be taken directly from the drawing.

Tracing to a reduced scale, particularly at reductions exceeding
1 : 2, strongly obstructs the composition process, distorts proportions
and clarity of the drawing representation.

1f the dimeunsions of -design deny the wse of a 1.:1 scale, then at

least individual units and groups should be composed to natural size.

- Composition of simple components may bhe developed in one
projection if the drawing explains it sufficiently well and clearly.
The form of the construction in a cross-sectional plane will be filled
by a three-dimensional imagination. However, when applied to
more sophisticated compositions, this method may cause serious
errors; therefore, the design must be developed in all necessary
projections and ¢ross sections. :

The fulfilment of an arrangement drawing is, a continuous process
of research, trial, approximation, development of alternatives, their
comparison and rejection of unsuitable versions. Sketches should
be lightly traced with a pencil during the composition corrections,
follow one another, which means that a rubber is applied more
often than a pencil. ' -

Cross sections can be left unhatched, but if hatched, then only
by hand. Do not waste time on drawing parts. Typical components
and units (fasteners, packing, springs, antifriction bearings, ete.)
should be simply depicted, examples of this are shown in Fig. 16,
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Contour outlining, hatching, provision of a legend and particulars
of small parts ave made at the final composition stage, when the
arrangement is ready for discussion.

There is a school for making hand-drawn compositions, the design
is drawn with a pencil on a sheet of squared paper. The author
always used this method, and considered that such composition
had great advantages as to capacity, flexibility and easiness of
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Fig. 16. Simpilified sketches of common parts as used on general arrangement
drawings

introducing ecorrections. The method almost practically exeludes
any errors in connecting dimensions and ensures comprehension
of the part sizes. '

- This method is especially useful for showing smooth outlines
characteristic of modern designs.

The method is convenient for designers having certain aptitudes
for drawing. Some designers are capable, when applying this method,
of preparing in a few hours complete arrangements, which can be
handed over for detailing.

2.8. Design Example

To illustrate the technique of composition let us consider the
design of a centrifugal water pump. This device has certain specific
features, which influence the techniques and sequence of compo-
sition. In the case under consideration there will be rather a stable
original basis in the form of a sketch, prepared by the draft design
department, describing the hydraulic parts of the pump. It remains
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for the designer to embody the draft design in metal. Very often
the designer is given only a most general seheme of the machine
without basic sizes. Sometimes the designer begins his work with
knowledge of only the purpose and specifications of the machine
without even a seheme of its future construction. Under sueh cix-
cumstances he has to begin with thinking over the main concept
of the design and investigate versions of design schemes. Only after
this does the composition take shape. -~ - A

The technique of composition described below is not the only
one possible. Like any other creative process the process of arran-
gement composition is subject to and in many instances is largely
dependent on the experience, skill and aptitudes of the designer.
There may be different ways in composition, sequence of developing
the design and alse solutions to the problems occurring during
design. The technique, illustrated below, is for example only
and is intended to illustrate the basic regularities to this or that
degree inherent in any composition process, These are:

sequence of development, revelation at the first design stage
of the basic constructional elements ignoring details of construc-
tion;

consideration of several alternatives, choosing the best on the
basis of comparison of technology and operational practice;

parallel with designing, tentative calculations for strength, rigi-
dity and durability;

building-in at the Iirst composition stages machine reserves for
future development and the limits of its operation in a forced regime;

making the design suitable for industrial production, implementing
suceéssively unification and standardization; :

developing practicable assembly and disassembly schemes;

careful examination of machine parts and units for durability
~and operational reliability.

In the next example the results of each composition stage are
given as separate drawings. A young designer may have the impres-
sion that the composition process consists of the successive prepa-
ration of such drawings. In actual fact, it is one and the very same
composition drawing which is continuously being amplified and
clarified as the development proceeds until it gains finality.

In the interests of better representation in the drawings below
small d_etails are presented (not always) in full. In reality in the
composition process they are represented simply by conventional
symbols and sometimes not at all. ‘

In the book a full account of the variants has to be drawn so
that detailed explanation may be given when comparing the advan-
tages and disadvantages of the different constructional sclutions.
During design the greater part of the variants are thoughtfully
compared by the designer who at once rejects unsuitable solutions
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and only somelimes sketches by hand other variants without even
observing scales,

Sometimes the designer cannot explain why he chose or rejected
one of the design solutions and only limits his remarks by laconically
saying: “I like (or dislike) it”. Thus what appears to be tasteful
justification to an experienced designer, in faci, conceals an intui-
tively correct appraisal of the instructional, operational and other
complications, which he carries out when rejecting certain lines
of thought.

However, the process of comparison and selection of alternate
designs progresses much more rapidly than it may seem from the
descriptions and illustrations given below.

Much time has to be spent on the solution of complex or new design
problems whieh may occur in a designer’s work requiring creative
work searches for similar supporting examples from varions engi-
neering branches and sometimes the organization of experiments,
which, depending on the allotted design time, are carried out
quickly or to the dictated circumstances.

(z) Initial Data

The starting material for designing the pump is a sketeh of the
pump hydraulie cavity, with basic dimensions (Fig. 17). This must

e 1
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Fig. 17. Sketch of pumyp hydraulic cavity

be a single-stage pump with an axial inlet and cantilevered impeller.
In the intake pipe is fitted a guiding device assuring axial flow of
the water stream to the impelier. :
The pump is driven by ap induction motor (n = 2950 rpm).
The impeller peripheral speed is 35.5 m/s, the design head, 50 m
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WG, and the pumyp delivery, 40 l/s. The pump has two symmetri-
cally arranged discharge pipes, each 40 cm® in cross-sectional
area.
The calculations supplied with the sketch give the number and
arrangement of vanes {eight vanes curved to suif direction of impeller
rotation), the profile of the impeller flow portion, cross sections
of discharge volutes at circumferential angular positions. The pump
service life is preset 10 years of operation to a double-shift schedule).
The caleulated pump durability is equal to the product of the
pump service life in hours and the shift and off-days factors (mo
factor for repair downtimes is introduced as a repairless operation
is assumed). Hence,

h="Nsnist Nops-a  H

where H ==10.365.24 = 87 600 h is the nominal service life;
fisnise = shift factor (&0.6 for double-shift operation);
Nots-d = 0.8 is the off-days factor
The caleulated durability

h=0.6.0.8-87 600 =~ 40000 b

(b) Shaft Supports

It is advisable to begin with selection of the type, dimensions
and arrangement of impeller shaft supports. The latfer are assumed
to be ball bearings which advantageously differ from plain bearings,
as the lubrication of the former is much simpler.” ~ =

The radial load upon the bearings is established from the weights
of the impeller and shaft and the centrifugal load due to incomplete
gtatic balance of the impeller. In addition, the supports withstand
the axial pressure from the operating fluid on the impeller.

On the basgis of the preliminary rough estimates assume that
imopeller weight Gipp = 4 kgf (with a margin), the weight of shaft
and connected parts (bearing inner races, drive flange, clamping
nuts) Gipgpt = 2 kol .

The unbalanced centrifugal force of the impeller may be found
from the magnitude of the static unbalance. Assume that the value
of the static unbalance at the impeller periphery is 5 kgf. Then, the
maximum possible unbalanced centrifugal force will be

0.00562R _ 0.005-310%.0.115
Perig=—5gr— = 9.8% =55 kel

The maximum radial force acting upon the impeller in the plane
of its centre of gravity will be ‘

P = Gimp+ Poygg=4+5.5=19.5 kgl
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The lead R, on the bearing nearest to the impeller is
I
R =P (i -{-_T) (2.4)

where [ = distance from the impeller centre of gravity to the front
support;
L = distance between the supports
The load R, on the second bhearing will he

Ry=R,—P=P—~ (2.2)

As is well known the best ratio L/ lies within the range of 1.5-2
(see Fig. 125). Below these values the forces Ry and R, sharply in-
crease; increasing the L/ ratio in excess of 2 does not significantly
reduce these forces, but only leads to increases in the axial dimen-
sions of the wunit.

Assume L/l = 1.5.

Then, according to Eqgs. (2.4) and (2.2)

Ry=1.66P =1.66-9.5= 16 kgt
Ry=0.66P =0.66.9.5 = 6.3 kgt

To these values it is necessary to add the shaft weight Gepopr =
2 kgt which is distributed almost equally between the two bearings.

Thus,
Ry=16-1==147 kgt

Ry=6.3-+1=17.3 ket

For the sake of unification assume the two bearings to be of the
same type. As the rear bearing bears a lighter load, it is better to
make this bearing fixed, so that it may take up axial forces.

(¢} Counterbalancing of Impeller Azial Force

The rear faces of open impellers receive the full force of the hyd-
rostatic pressure, being built up at the discharge outlet {in our case
p = 5 kgt/cm®). The force, acting in the opposite direction, is sub-
stantially less, because the pressure upon the impeller disk from the
vane side changes to a square law, beginning from vacuum in the
intake pipe up to 5 kgf/em® at the impeller discharge point. As
a result, an axial suction force, directed to suctiom, oecurs, which
in the considered case reaches approximately 1000 kgf. This force
can be eliminated by employing an enclosed double-disk impeller
with a bilateral seal, and by introducing bleed holes in-between
suction and pressure cavities (Fig. 18). Such a system fully counter-
balances the hydrostatic pressure upon the impeller as it is subjected
to identical pressures (5 kgf/em?) on both sides.
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Apart from hydrostatic forces the impeller is affected also by the
reactive force of the jet, which, at the intake, is directed against the
suction. However, this foree is not large and can therefore be neglected.

The conditicn for hydrostatic balance requires that both seal
diameters be the same and the total area of bleed holes be at least
: equal to the circular elearance in the

seal, ) '

Assuming that seal diameters D .0 ==
130 mom, radial clearance s = 0.4 mm,
number of the bleed holes n = 8 (equal
to the number of the vanes), we obtain

2
n"_ﬂ“z’;‘;o‘iﬂl)seal

J— [l /z,::?_.\\

- ]
El.ﬂ:&\'\\‘\\{?\\w%f//"% \\\\

o

hence
2 4>V 0050025 mm

With some margin we take the value
of d at b mm.

The seals are made in the form of cylin-
drical bosses on the impeller disks and
fit, with clearance, into rings press-fitted
into the pump casing. To allow for pos-
sible touching of sealing surfaces the
rings are made of an antifriction mate-
rial (soft bronze, grade Bp. OIIC).
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Fig. 18. Impeller with cou- The seals can also be made of fluoro-
aterbalanced axial force of carbon or silicone plastics, which do not
hydrostatic pressure swell in water. However, the high cost

of these materials should be kept in
mind and their high coefficient of linear expansion makes the
problem of ring fixture in the casing much more complex.

(d) Durability bf Supports

Tentatively assume that the impeller shaft diameter d = 40 mom
and that the supports are, in effect, single-row ball bearings (light
series) whose work capacity coefficient C = 39 000.

The work capacity coefficient providing for the required pump
durability

C = Rkq (nh)"?

where R = load on bearing (in this case the greatest bearing load
R = 17 kgf)
ks = bearing duty factor (assume kg = 1.5)
n = shaft speed, rpm (n = 2950 rpm)
h = given durability (k = 40 000 h)
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Consequently, C = 47.1.5 (2050.40 000) ©% = 6800.- Thus, the
selected bearings will satisfy (with an ample safety factor) the pump
durability period and enable larger loads and increased speeds to
be used in the event, of forced working.

To consider bearings for durability alone is not sufficient, as the
caleulations assumed nermal working conditions for the bearings.
Mistakes in assembly, toolittle
or too much hibrication may
bring all caleulations to
nought and cause premature
wear or even failure long before
their service life hag expired.

(e) Spacing of Supports

Whith the chosen ratio L/l=
1.5 the spacing between the
supports will entirely depend
on the overhang wvalue [ of
the centre of gravity of the
impeller relative to the fromt . '
support. The latter value is de- Fig. 19, Arrangementtof impeller shaft
termined by the arrangement Supposts
of the seal between the front bearing and the pump hydraulic cavity.

On the basis of the preliminary estimates assume that the seal
length is 45 mm and the distance between the front seal face and
the impeller eentre of gravity, 10 mm. The bearing width is 18 mm.
Hence, the total length of the overhang

1=45+4+10+9=064 mm
and the distance between the supports
TLrw=4.51.] 2 100 mm

This gtage of the pump design ends with the drawing of a sketch
of the impeller shaft, which also illustrates the support spacing
(Fig. 19).

(fy Discharge Volutes

The cross sections of volutes can be positioned so that the extreme
internal points of the sections are equispaced about the impeller
circumierence,

Then the centres of the cross- -sections are arranged along a spiral
described by the equation

amp

- 90"
st 2 180°

§—-04395
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and the extreme external points of the cross-sections will follow
the "spiral described by the equation

. —
e

where D, = diameter of impeller; . _
s = distance at which the internal points of the cross-
sections are located from the imipeller circumference;
dy = diameter of the volute discharge eross-section;
o, p' and ¢ = current coordinates

Fig. 20. Design variants of pump discharge volutes

Such a spiral volute with a split symmetricaily along the cross-
section (Fig: 20a) ensures simple coreless moulding and enables
easy cleaning of the volute cavity.

Disadvantages: :

the split plane intersects the volute discharge pipes; as a result,
a T-joint very difficult to seal is formed in the discharge pipe flanges
and in outlet pipe joints associated;
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the volute halves can be fixed relative to each other by fitted

dowel pins only; centring with the aid of a cylindrical spigot is
- excluded;

the volute radial dimensions are too large (when s = 20 mm,
the maximum size, without discharge pipes, will be 470 mm)..

In the design shown in Fig. 200 the volute is a complete casting.
The impeller is assembled through detachable cover. The discharge
pipes are one piece. The cover is centred relative to the casing by
a locating spigot diameter. The volute size is somewhat reduced due
to elimination of the peripheral ﬂange (maximumsize is now 422 mm).
The impeller hydraulic cavity is enclosed and shaped, during
pouring, by moulding cores. The cavity can be cleaned only
by hydropolishing (water jet containing suspended abrasive
particles).

In the design in Fig. 20¢ the external pomts of eross-gsections are
spaced over the circumference whose radius is equal to the minimum
initial radius of the volute. Qutwardly the centres of cross-sections
are gradually shifted towards the pump axis, following a spiral
pattern described by the equation

p= (Do~ d“]/- T80°

where D, = volute outer diameter;
d, = diameter of the volute discharge ecross-section

In the last portions of the volute the impeller, together with
the walls binding it to the casing, penetrate into the volute section.
The overall size of volute is sharply decreased (370 mm). The joint
line is along the volute cross-section plane of symmetry. The volute
halves are positioned by a locating spigot diameter (interrupted
in the discharge pipe areas). The discharge pipes are intersected by
the split plane,

The design disadvantage is that the water, as it flows to the out-
put from the impeller, bifurcates forming in the exit part of the
volute two spiral vortices causing greater hydrauhc losses.

The discharge pipes can be made in one piece if the volute section
is offset from the axis of impeller symmetry (Fig. 20d). In this case
the impeller mounting is accoraplished through a cover. The eli-
mination of the peripheral flange decreases the volute size still more
(the maximum size is 330 im).

Offsetting the volute sections will cause a water vortex but
%ydrgglic losses will be less here than in the design displayed in

ig. 20¢.

Fipally, cemparison of the schemes preliminarily establishes that
the best design is given in Fig. 205, as it possesses significantly fewer
drawbacks and a comparatively larger number of advantages. '

B
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(g) Hydraulic Cavity

An arrangement drawing of the pump hydraulic cavity consisting

of ‘volutes, cover and intake pipe guiding device, is presented in
- Fig. 21. The guiding device consists of radial vanes cast on to the
: : pipe walls and to a streamlined
shaped central boss which assures
a smooth water approach to the

impeller, -
The cover-to-volute joint is
= } lined with rubber cord ¢ placed
. into a ring-shaped recess cutl in

the centring spigot. Cover dis-

2

Fig. 21. General arrangement drawing Fig. 22, Guide device variants
of puinp hydraulic cavity e

mantling is simplified by recesses b, provided for insertion of dis-
mantling .instruments, which are disposed in-between stud bosses of
the casing.

During development of the prototype pumps with detachable
guiding device can be made to help manufacture (Fig. 22a), but for
mass production the simpler version, shown in Fig. 22b, is preferred.

A filter should be provided when the pump is expected to work
in coptaminated waters (Fig. 225). A tapered threaded drainage plug
should.be located below the volute in the longitudinal plane of
volute symmetry (Fig. 21).
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Water drainage can be automated by elosing the drain hole with
a spring-loaded valve. As the pump is started, the valve is closed
by the pressure-of water in the volute; as soon as the pump is stop-

ped, water pressure drops and the
spring again opens the valve,
thus connecting the volute direct-
Iy to drainage piping. The possi-
bility of introducing such a de-
vice should be noted and drawn
(Fig. 23) and later discussed at
the final development stage.

The remaining pump eiements
(design of discharge pipes, lugs
separating discharge pipes from
volutes, ete.) which seem rather
simple will be considered at the
stage of their design,
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Fig. 23. Automatic drainage devies

(h) Hydraulic Cavity Sealing .

The seal separating the hydraulic cavity from the bearing is
a very important unit on which to a significant degree depends the
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Fig. 24. Bevanite seal

operational reliability and dura-
bility of the pump.

To fully exclude ingress of
water from the hydraulic cavity
into the oil space, it is better to
seal in two stages, positioning
one -seal on the waler side and
one on the oil side with an open
space between, having Dbleed
holes open to atmosphere.

The water stage, for the most
effective sealing, must be packed
with a face seal since it possesses
the property of self-running-in in
contrast to conventional packing
glands -which require periodie
retightening. The oil side should
be packed with a sevanite cup
seal held in position by a bra-
celet spring (Fig. 24). ‘

In the first sketch (Fig. 25a) the
face seal is disk 7 carrying seva~

nite seal 8. The disk face is, in effect, the sealing surface, The
seal movable part comprises washer 2 rotated by a toothed rim
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cut on the inside of the impeller relief packing ring. The washer is
constantly pressed to the non-votating disk by the action of a spring
resting against the impeller face. The secondary seal, which prevents
water from leaking along the impeller shaft space bush 3, is made

A
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(a) Howey
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PFig. 25. Design versions of end face seals

in the form of rubber cup 4 tightly encircling the surface of the
distance piece. The cup collar is pressed to washer 2 by the
same spring acting through steel sleeve 5. Infiltration of water
_through the joint between the impeller and distance piece is preclu-
ded by ring gasket 6 mounted at the joint. L

. The intermediate space is formed by cavity 7 between the sevanite
-8eal '8 and wall of disk J and is connected by radial hole 9in the disk
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flange with the radially drilled hole 10 in -the casing which, in
its turn, communicates with atmosphere through hole 71. For con-
venience of inspections, viewing condition of packing (Water leak-
age), hole 77 is extended sideways by a pipe fitted in the casing wall.

Dlsadvantage of the design: when dismantling the impeller the
spring forces sealing washer £ out of engagement with the impeller
and pushes rubber cup 4, consequently the seal disintegrates. Reas-
sembly of the impeller and seal is rendered difficult for the same
Teasons. '

In the design shown in Fig. 250 sealing washer 2 is fixed axially
in the impelier with the aid of split spring ring 72 mounted on the
toothed rim of the impeller with clearance n assuring axial displa-
cement of washer 2, thus compensating wear of sealing surfaces.
The secondary cup seal is fixed on the cylindrical extension of
washer 2. During dismantling the movable sealing unit slips off,
as a whole, together with the impeller. Assembly is also easier
since the above units can be freely slipped onto the shaft.

In another design (Fig. 25¢) the secondary cup seal is installed
or the coylindrical extension of the impeller hub. The design is
better in that the impeller centring on the shaft is more precise.

In both of the cases (Fig. 26b and ¢) it is not necessary to provide
an additional sealing gasket between the impeller hub and distance
piece (Fig. 25z, gasket 6)

The final alternative is shown in Fig. 25d. Here in the rotating
seal washer £ is made to move by splines cut on the impeller hub,
making also a more compact design.

The possibility of water penetration along the splines is averted
by tightening the impeller on the shaft by a captive nut with a

sealing gasket between the nut and the impeller hub end faces.
- With a unit pressure of 2 kgf/mm? on the seal working surfaces
the axial force developed by the spring is negligible and can be
&1sregarded when calculating acceptable loads) on the fixed
bearing. -

(i) Mounting of Bearings and Impeller on the Shaft

The first design sketch of the shaft with bearings, impeller and
drive flange assembled is shown in Fig. 26.

The main requirement for reliable mounting of bearings on a
shaft is their adequate tightening in the axial direction. Prelimi-
. narily we apply the following procedure for {astening the bearings
on the shaft: the front (right-hand) bearing is tightened by the cap-
tive nut which secures the impeller, pressing the bearing against
the shaft shoulder through a distance piece. The rear bearing is
tightened through the drive flange hub by the nut which secures
the flange.
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The drive flange hub shoud be long enough to accommodate the
external shaft seal. For the sake of unification we also use a sevanite
seal here similar to that in the shaft face assembly. The length of
the drive flange hub should also suit dismantling tool lugs to be pug
behind the flange. An acceptable hub length in the first instance -
appears to be 25 mm. .

The impeller and drive flange are spline-mounted. For the sake
of unification the splines of the impeller and drive flange, as well

280
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Fig. 26. Shaft, impeller and bearings aszembled {general arrangement drawing)

as the threads of the fastening nuts, are similar. The splined con-
nection is agsembled by a wringing fit and is centred on the external

. . . . L. A Us
spline diameter and the sx_de faces of the splines (flt “WEEW) .

The torgue from the electric. motor shaft is transmitted to the
drive flange by involute splines cut in the flange periphery (spline
ring width 15 mm, diameter 80 mm).

A gimilar flange is mounted on the electric motor drive shaift.
The flanges are then joined by splined sleeve 7 which is loosely fit
on the splines of the two flanges and held in place axially with
a split ring. This coupling transmits high torques with small axial
dimensions and enables shaft misalignments to be compensated.
- We now introduce improvements: an internal thread 4 is cut in
the impeller hub to receive an exiractor and washer 2 is installed
between the impeller hub and the distance piece for axial adjust-
ment of the impeller inside the casing.
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The captive nut is locked by tab washer 3, whose tabs on one side
are bent into slots in the impeller hub and on the other side into
glots cut in the edge of the captive nut. The tab washer is made of
annealled stainless steel, grade 1X18H9, which also allows the
washer to be used as a sealing gasket, preventing infiltration of
water into the splines, as well as the nut and extractor threads.

(/) Assembly and Disassembly

The order of assembly and disassembly is closely linked with
the system of installing the bearings on the shaft and in the casing.
In principle, two assembly-dismantling techniques are fea-
sible

When applying the first techmnique, the bearings are installed in
the ecasing by an interference fit, and on the shaft, by a centring
or wringing fit. The dismantling procedure will be as follows. First,
remove the drive flange, then, moving the shaft to the right, extract
it together with the impeller out of the bearings bores (Fig. 27a).

Another order of dismantling is possible: first remove the impeller
and then, extract the shaft out of the hearings by moving it to the
left by the drive flange (Fig. 27b).

The above-described procedure avoids the tightening of bearings
against the shaft shoulders but requires installation of a distance
piece I between the bearings. Under such circumstances the impeller
must be fixed axially on the shaft by pushing it against the spline
step 2. Both bearings are tightened against the impeller end face
by means of the drive flange fastening nut. The tightening force in
this case is transmitted to the first (right-hand) bearing through
the distance piece. '

Disadvantages of the scheme are the following:

after the shaft extraction, the distance piece remains in the pump
casing; this makes assembly of the shaft more difficult;

the shaft fitting surface under one of the bearings, as the shait
is being extracted, may be damaged by the inner race of the
other hearing.

The worst feature of the arrangement is that the inner races are
not interference fitted to the shaft. During long-time operation the
fitting surfaces may become worn under the action of radial forces.
In principle it is more advizable for slide fits to be used on the outer
i:laci% diameter where the unit pressures are much less (in this case

alf). .
In the second assembly scheme (Fig. 27¢) the bearings are fitted
on the shaft with interference and are extracted together with the
shaft during dismantling. In this event bearings can be tightened
against shoulders machined on the shaft. The bearings are indivi-
dually secured: the front bearing is tightened through the distance
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piece by the impeller captive nut; the rear bearing is held in place
by the drive flange locking nut.

@ .
Fig. 27. Dismaniling schemaes
{ (@) and (5} interference fit of bearings in casing; {c) interference fit of bearings on shaft

It is better to mount the bearings inside the casing in reducing
sleeves; in doing so, the rear, fixed bearing should be installed in
the sleeve with an interference, but the sleeve in the pump casing,
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by a slide fit. The front bearing also should be installed in a reducing
sleeve by a slide fit. The sleeve, integral with the front seal hous-
ing, isinstalled inside the pump casing by a wringing fit and bolted.

The dismantling procedure is as follows. Defach the impeller
from the shaft, undo the bolts fastening the rear seal housing and
with the movement to the left extract the shaft together with bearings,
The rear bearing is removed out of the casing together with its
sleeve and sevanite seal housing. The front bearing seal remains
in the pump casing. As the shaft is being extracted, the front bearing
freely passes through the enlarged fitting hole of the rear bearing.

When completely dismantling, the bearings are pressed off the
shaft, this being easier than extracting bearings from the casing
(as in the first scheme).

Comparative analysis of the two schemes shows that the second
one is preferable. Therefore the second scheme is taken as the basic
one.

(k)Y Lubrication System

Generally, the pump bearings run under light loads and com-
paratively high speeds. The walls of oil retaining housings are
very well cooled owing to the proximity of the water flow inside the
hydraulic cavity. Under such circumstances splash lubrication is
reasonable, employing a low viscosity oil with a gently sloping
viscosity-temperature characteristic. A suitable grade is industrial
oil grade 42, 12 ¢St at bH0O°C.

When composing the lubricating system the following problems
have to be solved:

‘prevent bubbling and frothing of oil which causes excessive heat-
ing and accelerates thermal degeneration;

provide ample oil reserves for prolonged running;

assure a moderate and regular supply of oil to bearings;

avoid excessive bearing lubrication and prevent balls and cages
from oil splashes;

provide ventilation of the oil cavity to avoid eavity pressure rise
and forcing of oil through seals during warming (starting) periods
and formation of vacuum when cooling (stoppage periods);

provide oil drainage and filling facilities;

provide a convenient means for controlling oil level.

The first two of the above-listed problems may in the main be
solved by providing a large oil sump in the lower part of the pump
casing {Fig. 28). If the sump capacity is insufficient and its size
cannot be increased in the axial direction then it may be increased
by expanding it laterally.

Protection of bearings from too much oil ig achieved by special
anti-splash disks 2 installed inside the oil eavity at the bearing
side faces.
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In the design under consideration a regular supply of oil to bearings
is somewhat difficult to maintain. Often an oil bath system filled
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Fig. 28. Pump with oil cavity (general arrapge ment drawing)

to the Ievel of the lower balls does not solve the problem, as the oil

level lowers (due to evaporation of volatiles) and the bearings lack
lubrication long before the oil

" becomes fully exhausted compel-
ling also frequent addition of
oil.

A conventional oil ring, loosely
riding on the shaft, canmot be
used due to mounting conditions
and such a ring would hamper
shaft extraction from the casing.
Introduction of a simply driven
oil pump is connected with the
appearance of excessive rubbing
parts. Besides, the pump drive

Fig. 29. Oil atomizer would hamper the dismantling
procedure. :
A reasonable way out is mounting upon the shaft a folding spring-
loaded oil atomizer.
The atomizer (Fig. 29) is the lever 8 made of thin-sheet steel
and fixed to the front bearing anti-splash disk. Spring 7 holds the
lever against the shaft. The action of centrifugal force on the lever
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overcomes spring tension, the lever swings out radially and dips
into the oil sump. As the pump stops, the spring returns the lever
to its initial position back to stop 2. The shaft may then be easily
extracted from the - casing.

The slight outbalance arigsing from the swinging lever is easily
eliminated with the aid of & small counterweight 4, secured on the
anti-gplash disk. - ‘

Since the oil atomizer is a self-adjustable device, the amount of
oil is automatically supplied at approximately the same rate regard-
less of sump oil level. When striking the oil surface, the atomizer
is deflected in a direction opposite to shaft rotation, catching each
time a small portion of oil, thus precluding excessive bubbling.

The upper oil level in the sump is in line with the lowest polnts
of the ball bearings. With the selected dimensions the total gquantity
of 0il held by the oil sump is approximately 1.3 litre and the work-
ing volume, being determined from the atomizer immersion depth
{(its most advanced position), is about 1 litre. This enables the pump
to be run for a long period of time without the addition of fresh
oil. '

To ventilate the oil cavity a breather is installed, which is also
used for oil filling. The most rational place to mount the breather
is close to the rear bearing in plane A-4 (see Fig. 28), far away from
the operation zone of the atomizer. For stable readings an oil gauge
should also be installed in the same zone.

The breather consists of housing 70 with extension sleeve 3,
which protects the breather from oil splashes. In the housing a long
eylindrical gauze filter 4 is placed so that oil can be poured in through
a large-size funnel.

The filter is secured to the housing shoulder by washer § sliding
along red 7 which, in its turn, is fixed inside breather cap 9 and
loaded by spring 6. On the breather housing the cap ig fastened by
a bayonet lock and held in position by the same spring 6.

An assembly of washers 5 mounted on extension of the rod 7,
preclude the throw-out of oil droplets through the breather, When
the cap is removed, washer 8 sits on the shoulder of rod 7 and at
the same time the washer assembly 5 is taken out, exposing the filter
ready for filling. '

An oil gauge glass is set on the same side as the breather. This
enables the oil level %o be controlled during filling. Directly behind
the glass with a small space between a white plastic screen is fitted,
having holes top and bettom which communicate with the oil sump.
The screen has two functions: it shows the oil level and protects the
oil gauge glass from splashes, when filling or running.

For the oil cavity to be viewed from the opposite side to the oil
gauége a hatch provided with an easily-detachable lid should be
made.
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To fasten the pump to its mounting frame four screwed holes
should be provided: two (g) in the breather location plane A—A,
and the other two—near the discharge volute. .
Thus from this stage of design the general arrangement ‘of the
pump is drawn (Fig. 30).

The oil drain hole a must be positioned in the slopmg chdnnél
of the oil cavity. To avoid mixing of oil sediments we separate the -
channel from the atomizing zome by a baffle plate. The drainage

™

Fig. 30, General view of pump (general arrangement drawing)

tube should be on the same side as the breather and oil gauge glass.
The seal drainage tube should alse be brought to the same side.

Drainage is effected through tube b screwed into the front bearing
boss. The opposite end of the tube is flared to fit the casing wall.

(l) Alternative Design. Smaller-Size Volute

Sketch the pump with the smallest radial sizes, according to
Fig. 20d. This time the impeller is given a conical form (Fig. 31)
and the volute is offset to bring it closer to the pump casing.

The drainage channel of the face seal must be inclined and also
shifted to the side to bypass the volutes:

In this version it is beiter to fasten the pump directly to the hous-
ing of the flange-mounted drive electric motor using adapter I.
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- With such a fastening it is no longer necessary to install the pump
on a frame. In addition, the drive cluteh will be totally enclosed by
the adapter casing, ’chus the mstailat;on as a whole will be more
compact and lighter.

The design is quite suitable for fitting to a flange-mounted elec-
tric motor. The addition of fastening holes in the pump base for
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Fig. 31. Pump with smaller volufes (general arrangement drawing)

attachment to a frame, if necessary, will make the fagtening still
more universal.

I so, the front fastening holes should be made in the pump casing
flange (plane @) leaving the back holes {2) in place,

Considering the smaller-size volutes as a positive advantage of
the construction we establish this as the main variant. The initial
version (see Fig. 30) is also brought forward for discussion, as well
as the individual pump units sketehed during the composition.
{e.g., automatic water discharge unit, Fig. 23, which may not be
necessary).

(m) Durability

In addition to the measures accepted earlier, assuring bearing -
durability, we introduce induction hardening of the shaft surfaces
where the bearings. are fitted, making the hardness of these surfaces.
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not less than 50 Re. Finally rolling with hardened rolls to still
further improve the hardness. The shaft is made of steel grade 4b.

To prolong service life of the lubricant and hearings, oil stipulated
in specifications and containing stabilizing additives is used (e.g.,
complex additives IHATHUM-330, ABHIII-8).

Pump durability depends primarily on the service life of face
seals and the corrosion-resistance of the impeller, the pump casmg_
and other parts in contact with water.

Seal durability is determined by the material of the rubbmg :
surfaces. The stationary casing seals are made of stainless steel
grade 4X43, improved by nitriding (700-800 VPH). The rotating
disk seal is made from fthe same steel but its working surface is
coated with a composite layer of cermet bronze-graphite, impreg-
nated also with silicone plastie.

The {ollowing materials are suitable for manufacture of the impel-
ler and casing:

high-strength grey cast iron grade CY 28-48. The strength (in wmodi-
fied state) o, = 26-30 kgf/mm? hardness, 180-250 BH, specific
weight, 7.2 kgf/dm®. The material casts well. Its disadvantages are
brittleness (elongation § << 0.3 per cent) and comparatively low
corrosion resistance in water;

corrosion-resistant cast iron grade HT'IHJ X 15-71-2 (N z—resast)
Tensile strength o, = 25 kgf/mm?, hardness, 150-170 BH, specific
weight, 7.6 kef/dm?®. This material advantageously differs from grey
iron by a higher plasticity {8 = 3 16 4 per cent) and i%s corrosion
resisiance in water iz 15-20 times higher;

silumin grade AJ4 (3-109% Si; 0.4% Mn; 0.25% Mg; balance-—Al).
Its strength (in modified state) o, = 1525 kgf/ mm?, hardness,
70-80 BH, elongation 8 = 2-3 per cent, specific weight, 2. 85 kgf;’dm
The matemal has good casting properties. Its corrosion resistancein
fresh water lies between those of grey cast iron and Ni-resist.

The main advantage of silumin is its low specifie weight which
offers (with equal sized sections) sharp decrease in stresses (almost
three times) whén under the action of centrifugal forces in compa-
rison with the other listed materials. However, one should always
remember of its lower resistance to abrasion, which is the result
of its low hardness, This disadvantage is critical for an impeller
subjected to the action of rapid water flows and moving with
even greater speed relative to the water layers in the gaps between
the casing walls and impeller disks.

From the comparative analysis of the listed materials it is clear
that it is better to choose silumin for the casing and Ni-resist for
the impeller. The higher price of the latter is repaid in higher dura-
bility amd rehabﬂxty

When building the pump casing of s11um1n, the softness and plas—
ticity of this material should be kept in mind. Studs should be
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used as fasteners and nuts provided with washers. The holes for
a drainage plug and pump fastening bolts must have reinforcing
threaded steel bushes. Owing to the Jow rigidity of silumin, casing
walls must be at least 8 mm
thick and be properly ribbed.

To further corrosion protection
of the water cavity walls a zinc

protector I (Fig, 32) isintroduced
at the hub of the stationary vane
apparatus.

All other parts coming info
contact with water {some sealing
details, impeller captive nut,
drainage plug, ete.) are made of
stainless steels: the sealing
spring, fastening elements, nuts
and drainage plug — from heat-
treated steel grade 4X13 and
stoppers — from mild stainless
Steﬁ;?g:f itﬁiﬁ?& ods applied Fig. 32, Ipstallation of zinc protec_tor.
to enhance durability and reli-
ability is the heai-treatment of shaft splines, as well as all fastening
elements. The splined rim of the drive flange should have a hardness
of not below 556 Re which can be achieved by induction hardening.
The surfaces on which the sevanite sealing eups work must have
a hardness of not lower than 45 Re and a surface finish not worse
than class 10.

Nuts of internal fastening elements zaust be locked p051t1Vely
{e.g., by tab washers),

(n) W”orking Arrangement
, After dlsc“assxon the final design is chosen and the workmg arran-
gement drawn, which is then used - for de31gnmg the Gompo-
nents.

The drawing of the working arrangement of the pump, (see
Fig. 38) should contain the main coordination, coupling and overall
dimensions, as well as the dimensions of connection and locating
joints, classes of fits and grades of accuracy, and codé numbers of
bearings. The maximum and minimum sump oil levels and sump
capacity szhould also be specified.

The drawing should also indicate the main specifications of the
pump (capacity, head, speed, rotation direction, power consumption,
9-01395
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Fig. 83, General view of pump (design drawing)

type of electric motor) and technical requirements (hydraulic pres-
sure testing of water cavities, overspeed test of impeller).
On the basis of the working arrangement check calculations of

strength are carried out.



Chapter 3

Weight and metal content

Weight is an imporient machine parameter, especially in trans-
port and, even the more so, in aviation, where each kﬂogramme of
excess welght lessens the payload speed and cruising range. In
general engineering a reduced weight of machines means metal ecaw
nomy and cheaper production.

The reduction of weight becomes a particularly 1mport&nt factor
under mass production conditions, as it enables metal to be saved
on a national scale. This in no way relieves us of the necessity for
reducing the weight of individually produced machines or those
produced in small quantities as their total output makes up in
general & considerable fraction of all machine production.

Of course, weight reduction is by no means the end in itself. The
cost of material is an inappreciable part of the total sum of expen~
" ditures spent during machine exploitation, as expenditure depends
primarily on machine reliability and durability. The tendency to
reduced weight should be rejected without hesitation if it degrades
such machine parameters as strength, rigidity or reliability, espe-
cially so in general engineering. It is better to have a somewhat
heavier machine than a lighter one possessing worvse reliability
characteristics and durability.

Comparative weight characteristics of machines of similar pur-
poses are assessed by their welght factor which is the quotient of
the machine weight & by the main machine parameter.

For machine power generators such a main parameter is their
power V. The weight-to-power ratio of such a machine will be

G
g=5

This characteristic accounts for the design perfection of a machine,
as well as the use of light alloys and non-metallics.

For various types of internal combustion engines the weight~
“to-power ratios are as follows:
 stationary, 8-15; ship, 3-8; automobile, 2-5; aijreraft, 0.5-
0.8 kgf/e.h.p.

O
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In transport the weight factor is expressed as the ratio between
“the total machine weight and the payload, and has the following
walues: for ship tramsport, 20-30; railway tramsport, 10-20; automeo-
bile transport, 3-5; aircraft, 1.2- '9.5.

The guality of metal—cuttmg machines in these terms is assessed
as the ratio between the machine weight and the nominal power
of its drive motor (this is not expressive as it neglects the degree .
to which the nominal power is utilized and, also, the machine pro-
ductivity). '

The design perfection of speed reduction units is evaluated by
the weight-to-torque ratio or by the ratio between their weight
and the product of the transmitted power and the gear ratio (reduc-
tion ratio).

The notion of the metal content must be differentiated from that
of the weight. These are not equivalent.

Let us explain this by an example. Assume that two machines
have identical dimensions and parameters but one of them is made
mostly of heavy metals (steel and cagt iron) and the other, of light
alloys (e. g aluminivm). It is clear that the weight of the second
machine is 1ess than the weight of the first, as the specific weight
of the heavier material is.approximately twice that of the light alloy,
but the metal content, which represents the amount of the metal
used, is the same for both machines.

Metal content can best of all be expressed by the volume of metallic
‘parts making np the machine. Then, along with the weight factor,
it is possible to introduce an index of the specific metal content
(specific volume), expressed as the quotient of the volume of the
metal parts by the machine main parameter,

Thisindex will allow the evaluation of first, the economy of metal
achwved in a given machine, and second, the quahty of the design,

, the Tationality of the deszgn scheme and the form perfection
‘of 1§1e components regardless of the specific weights of the materials
RIET
" As michines are generally manufactured of metals with different
specific weights, then, in a general case, the index of the: specﬁm
metal content W111 he

Se, Ner, , Fom

]

S A V2 Yo
IR P N ) N
where. NGy, . .., sz == total weight of componenis made from
- _ ~ materials with respectlve specific Welghts
RCERI ' Y10 o - =50 Ym

N = machme main parameter
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The reciprocal N/V can be defined as the volume utilization
factor,

A reduction in weight along with a decrease in the metal content
may be obtained by giving parts rational cross-sections and shapes,
by reasonably utilizing the strength characteristics of materials,
by making use of stronger materials and rational design schemes,
by eliminating excessive safety margins and substituting nen-
metallics for metals.

3.£. Rational Sections

Maximum reduction in weight can be achieved by giving machine
elements complete equal strengths. The ideal case is when the longi-
tudinal stresses are distributed equally in every cross-section and
at every point in the cross-section. This ig the condition when equal
strength is most fully expressed. Here, the material is used to its
best possible advantage, and the weight of a part, for the designed
stress level, is the minimum obtainable. In prineiple, such a case
is possible only for a few types of loading when the load is taken by
all cross-sections of a part, that is in tension and compression and,
partially, ip shear. '

In flexure, torsion and in complex states of stress the stresses
along the section are distributed unevenly. They achieve their
maximum at the extreme points of the section and at other positions
may fall to zero (e.g., on the neutral axis of a section subjected to
flexure}. In these cases it is only possible to approximate conditions
of equal strength by equalizing the stresses over the entire section,
removing metal from the less loaded portions and adding it at the
most loaded points, i.e., at the periphery.

Let us take, for example, a cylindrical component subjected to
flexure or torsion (Fig. 34). :

- The stresses in a solid component part having a continuous round
section (implied here are ordinary bending stresses and torsional
shear stresses) are distributed according to the law of a straight line
(Fig. 34{1) passing through the section centre (in the Figure the
stress diagram pertaining to the case of flexure is turned through
90° from its true direction).
‘ Removal of metal from the weakly loaded centre zone, i.e., making
it tube-shaped, assures a more equal stress distribution in the remain-
ing zones (Fig. 34b). The thinner the wall, i.e., the greater the
d/D ratio, the more regular is the stress distribution. Keeping
the externafl diameter constant causes the wall stress level to rise;
However, increasing. the outside diameter easily reduces the stress
%(;v?ll?.to tglz d};revieus values (Fig. 34¢) or even significantly decreases
1. . [ .
. This principle, which can be defined as the principle of equally
stressed sections, may be applied to sections of any shape. ':
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The weight savings obtainable under suech. circumstances are
illustrated in Fig. 35. The latter shows a number of profiles with
identical cross-sectional areas and, consequently, with equal weight

[

Fig. 34. Distribution of stresses over sectiome of solid and hollow eylindrical
components (in flexure and torsion)

per unit metre, in the order of decreasing metal thickness over the
periphery. The most rational forms of sections (hollow and rolled
steel sections) are noted for high strength and rigidity. The advant-

-mr///

w=1 W=116 W=18 J '
n =1 =1, W=32 C W=4, a
=1 Js=ig [=19 [=48 1:9.3? }4/3%2

'Fig. 35. Resisting moment W and moment of inertia f for sclid and hollow stock
having identical cross-sectional areas (in flexure) ‘

ages inerease with symmetrical shapes proportionally to the increase
in radial dimensions entailing under the given conditions (F =
=~ const) wall thinning, but with asymmetric profiles more
according to the metal mass concentration in the area of the greatest
acting normal stresses {e.g., in rolled section profiles with an
increase in the thicknesses and widths of flanges).



3.1, Rational Sections 135

(a) Strength and Rigidity Indices of Profiles
The relative weight advantage of a profile subjected to bending

is characterized by the quantities I% and -{- (reduced profile strength

and rigidity). The reclprocals and & 7 are defined accordingly as
the reduced profile weight in terms of strength and rigidity.

These indices have linear dimensions (-P;:_ cm, -f;;- cmz) and fotally
define the profile's advantage in shape and linear dimensions.

If the denominator in the expression (_“P;;’_ cm“"/cm“) is raised to

3 I
the power %/, 'EE&%WZ 1] and in the expression ('IT cm‘-"/cmz),,
to the power 2 [("6:?2')5 = 1],, we shall obtain the following dimen-

sionless expressions
‘ W :

1= ‘f«f‘ (3.2)

which define the degree of rationality of the profile shape regardless
of its absolute dimensions. Although rather approximate repre-
sentations, the expressions (3.1) and;(3.2){enable one to have a suf-
ficiently clear impression of the welght advantage.

The dimensionless reciprocals characterize the profile weight

F3/2
o=t (3-4)

With equal success we may use the following dimensionless
indices

2/3
wt =2 (3.5)
o= VL (3.6)
or
’ F
gw = W (3.7)
g1= —ﬁ . (3.8)

Some actual values for the indices w and i, calculated from for-
mulae (3.1) and (3.2) for the most widely used profiles (flexure in
the vertical plane), are given in Table 4 ‘
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(b) Strength and Rigidity of Round Hollow Profiles

Round profiles {(shafts, axles, etc.) are of particular importance
iin mechanical engineering. Let us consider some typical eases which
illustrate the advantage of hollow profiles under conditions of flexure
and torsion. o
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‘Fig. 36. Change of resisting moment W, inertia moment I and weight G of

-¢ylindrieal components as a function of ¢ = % with D = const (in flexure and

torsion)

i Case 1. Given: outside diameter of a component part (D = const).
For such a case the following relations are valid:
relative strength and rigidity

e == e g
0 Iy
relative weight
¢ F .2
Pty bl

In these formulae the subscript O refers to a solid round section,
and the valus ¢ is the ratio between the hole diameter 4 and the

outer diameter D of the part ( = %—) .

Assume W, I, and G, of a solid part to be equal to unity. Then
‘in Fig. 36 we can show changes in the resisting moment, moment
«of inertia and weight of the part with the increase of the ratio a.

From this figure we see that:

. seall-diameter holes (4 << 0.2D) hardly affect the strength,
rigidity and weight of the part;

when @ = 0.3-0.6 a significant reduction in the weight with
a simultaneous reduction of the strength and rigidity are observed
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{when ¢ = 0.6 the weight of the part is almost 40% less, whils the

strength and rigidity arve only worse by approximately 10%).
Thus, in the case being considered it is possible to introduce

holes with diameter d = 0.6D and obtain a large weight reduction

with an inappreciable reduction in the strength. Increasing ‘the
values of d in excess of 0.6D

considerably lowers the strength. T [ | 7
Case 2. Given: the shaft T
strength (W = const). The outside ;2 3( E)
diameter of the part changes. | | >
For this case the following I e Y
relationships are valid 08 :
0 s
D 1 ' TN
—DT_— lyiwa‘l a4 g "\.
G F_De-l" {—a? 0z X
Go Fo  D§ (1—at)?? 07 02 03 0% 05 08 D7 08 2354,
I {-qt 1
To " Umat)t? P iat % @ @i © @ O

Figure 37, plotted on the basis F1g 37. Change of inertia moment J,

of these relations, shows the rigi-
dity and  weight indices of a
part as a function of ¢ = d/D.

With d/D and D increasing
simultaneously, the weight and

outside diameter D and weight & of
cylindrical components as a function

of g = 5 with W = const (in flexure
and torsion)

rigidity characteristics of a part continuously improve. The enlarge-
ment of the outside diameter, a condition for equistrength, is hardly
noticeable at the beginning. Even when 4/D = 0.7, the O0.D. of
a part must only be increased by 10%, then the weight is lowered
by 40% . The moment of inertia will mcrease with the same regu-
larity as the outside diameter.

The regularities shown in Fig. 37 are further expressed in Fig. 38,
where eylindrical eomponents having equal strength in flexure and
torsion with progressively ascending d/D ratios are shown.

After a certain point the d/D ratio cannot be increased as the
wall thinning may result in local deformation, particularly in
areas where loads are applied, making difficult also the use of such
design elements as keyways, recesses, threads, ete. Actually d/D >
> 0.7 is very rarely wused. Parts in which d/D = 0.8-0.95 refer to
pipes, tubes and shells.

Thin-walled tubes, having walls 1-2 mm thick, can be used to
good advantage for torque transmission, provided significant longi-
tudinal and transverse loads are absent. The design elements which
take up torque are welded to gimbal drives of the tubes. Auto-
mobile cardan shafts are such examples.
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At large d/D ratios the saving in weight may be eonsiderable;
e.g., when d/D = 0.95 the weight of a tube is as small as 20% of
an equally strong solid shaft and its torsional rigidity is almost
twice as high as that of the solid shaft.
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Fig. 38. Cylindricél components of equal strepgth in flexure and torsion,
' ' - ‘having different ratios « =

Case 3. Given: the shaft weight (G = const).
The calculation formulae for this case are

D 1
o TYisa
m_ {—at
Wo ™ (1—a2)®2
I {—qgt

To T A

The values of D/Dy, calculated by these formulae, are illustrated
in Fig. 39 as a fupction of ¢ = d/D.

The graph illustrates the advantages of hollow thin-walled sec-
tions. When d/D == 0.9 the resisting moment and the moment of
inertia are increased 4.5 and 10 times respectively, and when d/D =
== 0.95—6 and 20 times respectively when compared with a solid
part of the same weight.

Increasing the relative sizes of the outside diameter in parallel
with the simultaneous introduction of hollow shell sections and
holes leads to a sharp increase in the strength and rigidity indices,
which is also accompanied by reduction of weight, giving improved
operational characteristics to shafts and parts associated with them
as well as providing safe margins which allow machine power and
speed to be enhanced. ‘ '



3.1. Rational Sections : 141

In modern high class machines solid shafts are almost always
replaced by hollow ones.

The regularities considered in this section underlie the modern
mechanical engineering trend to applying, whenever possible, thin-
walled, tubular and shell constructions for componenis when extre-
mely high strength and rigidity in conjunction with minimum
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Fig. 39. Change of resisting moment Fig. 40. Shell-type components
W, inertia moment I and outside dia- (6) gear; (b) strut
meter D of cylindrical components as '

a functior of a = 5 with @ = const
(in flexure)

weight are required. Dangerous loss of local stability due to the
influence of working loads is prevented by inereasing local rigidity
at critical points by using tension-compression braces.

Examples of shell-like structures incorporating tubular elements
are shown in Fig. 40a and b. These structures are welded to the
solid elements.

{¢) Designs of Equal Strengih

In the case of forsion, bending and complex state of stress,
when the eguality of stresses throughout the cross-section is, in
prineiple, unobtainable, components considered equaily strong
are those which have identical maximum stresses in each section
along the axis.

In bending, a design is considered to be equistrong if the ratios
of the bending moment acting at each given section to the
resisting moment of the given ssection are identical. For torsion
this condition consists in the equality of the torsional resisting mo-
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ments of resistance aeross each given section, and in cases of com-
plex states of stress, in the equality of the safety factors.

The concept of an equistrong design is applicable both to some
parts and to a machine as a whole. Of equal strength are those con-
structions in which the parts have identical safety factors with
respect to the loads acting on them. Thisrule can be applied to parts
made of different materials. Thus, a steel part with stress 20 kgf/mm? .
and yield limit ¢4.4 = 60 kgf/mm?® will be equistrong with an alu~
minium part having stress level equal to 10 kgf/mm?® and yield
limit ¢4., = 30 kgifmm?®. In both these cases the safety factor is 3.
This implies that the two parts will succumb fo plastic deformation
as soon as the loads acting upon them are tripled. Independent
of this, each of the parts being compared may still possess equal
strength in the above-said meaning, i.e., have identical stress levels
along their entire length.

The value of the working loads and stress levels at various sections
of a part are found by calculation. A part already calculated as
equistrong, will indeed be equistrong if the calculations correctly
determine the true values and stress distribution along the part
axis, which is not often the case.

Shapes required by equal strength conditions are sometimes tech-
nically difficult to obtain and must be simplified. Additional ele-
ments on almost all parts are unaveidable  (frunnions, shoulders,
grooves, recesses, threads, ete.); sometimes they cause local streng-
thening, but more often, stress concentrations and weakening of the
part which also means the introduction of corrections for a true
stress distribution along the part.

For all these reasons the concept of equal strength is rather rela-
tive. In practice design of an equistrong part amoeunts to an appro-
ximate shape reproduction, dictated by equistrength requirements.,
with necessary measures taken to reduce sources of local stress ¢on-
centrations.

Weight savings from the application of the equal strength prin-
ciple mostly depend on the type of loading and the method of accom-
plishing equal strength. Some idea of the weight saving can be
conceive from the example below where a cylindrical part, to be of
equal strength when supported at its ends, is subjected to flexure by

a centrally apphed transversely acting load (Fig. 41)..

Case 1. The part is made equistrong by changing its external shape

Maximum nermal stress in the central section of the omgmal cylin-
drical part 1 (Fig. 4ia)

My
0.103

where M, is the bending moment at the beam centre, equai to the
product of the end reaction and the distance /2 from the central
section to the reaction plane ‘

g == e
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Stress in any arbitrary section
M

O =5 e

0.4D% :
where M == Mﬂ%{ is the bending moment in the given section;

[ = distance from the given section to the end reaction
Consequently o
_aMy
TLODs

The maximum stress in any section of an equistrong designed part.
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Fig. 41. Methods of imparting equal strength properties to ¢ylindrical parts {in.
lateral flexure} : L

{a) original shapes; (b} shapes of equally strcﬁmg parts; (¢} dasign versions of equally strong
parts

must be constant and equal to . : »
My = oM
=00 = 5Tip% = Lg.10e — const
hence, the diameter for an equistrongl part should be
3
2l

Dﬂ.Do "—L‘-‘

The profile of the equistrong part 7 is shown in Fig. 41b. Figu-
re 41¢ illustrates a design of equistrong part 7 for a gear] made inte-
gral with a shaft mounted in antifriction bearings.
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The equistrong shapes are more simple. The simplified shaft has
bearing journals at its ends.

Case 2. Part 2 is made equistrong by removing internal mstal
from the shaft while keeping the outside diameter unchanged

The equistrength requirement

M, oMyl

G == 0y= 5408 = LO DI i—a%) =congt

where ¢ is the ratio between the varying d1ameter d of the inter-
hal lightening recess and the constant outside diameter D,.
Hence, the current internal diameter will be

i=0, Y 1—-Z

The profile of the equistrong part 2 in this case is as shownin
Fig. 415, and its design, in Fig. 4lc.

The hxgh weight saving (weight of the equistrong parf. is one
third of that of the original) is the result of applying not only
the equistrength principle, but also the principle of equal cross-
sectional stress.

However, it should be noted that this method of 1mpartmg equal
gtrength means enlargement of the bearing support diameters which
naturally decreases somewhat the resultant weight savzng

Case 3. Equal strength of a hollow part 3 (Fig. 41) is obtained by
changing its outer configuration.

The equistrength requirements for this case are expressed by the
follomng formula for determmmg the varymg outer diameter:

D=D, 1/1“‘“

where 4y = do/D, is the initial ratio between the hole and outside
part diameters;
. a == current value of dy/D for the equistrong part

With moderate values of g, the weight saved in this case will be
close to that in the case of part I1..

Case 4. Equal strength of hollow part 4 (Fig. 41) is achmved by
changing its internal shape.

The value of the varying diameter of the internal cavity
satisfying the equal strength requirements is “

a=D, )t —Z (1—a

where aa =d¢/Dy is the ratio between the hole size and the out51de
diameter of the original part
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The weight saved in this case is similar to that in the Case 2.

It should be emphasized that other conditions being equal the
rigidity of a part having equal strength is inferior to the rigidity of
parts which have even locally improved safety factors.

In those cases when the rigidity of a part is important lowering
of its value can be averted by lowering the stresses (which, natural-
ly, lowers the weight saving) or by applying in each separate case
a rational method of achieving equal strength.

Thus, the equistrong component 2 (Fig. 415) achieved by remov-
ing internal metal, is much more rigid than part 7 (Fig. 415), al-

"flllll{lll}’
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© Fig. 42. Imparting equal strength properties to parts

‘nhough it is lower in rigidity than the original solid cylindrical part

2 (Fig. 41a).

Some examples of imparting equal strength properties to parts are
illustrated in Fig. 42.

Flanged shaft I {Fig. 42a) loaded by a constant torque has unequal
strength between the splines and flange. The maximum stresses occur
on the splined portion, while between the splines and flange, where
the shaft diameter is enlarged, the stresses are consuiezably less. The
equistrong {stress-balanced) design, I7, given in Fig, 42a, has been
obtained by calculations, based on the eonstancy of the torszonal
resisting moment across any section of the shaft.

10—01395
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The design of pinion-shaft I (Fig. 42b) with a through hole of con-
stant diameter is of unequal strength in spite of its simplicity and
technological effectiveness. Shaft IT with stepped~turned portions
is approximately of equal strength Design I11 is a carefully consi-
dered design aimed at improving Iatigue strength and baving a
smooth shape of the internal recesses.

Shafts IT and, particularly, IIT are much more expensive to manu-
facture. Nevertheless, the necessity for lightness and higher fatigue
strength often justifies more complicated and expensive production.

A lighter design is exemplified by the terminal gear made integral
with the shaft (Fig. 42¢).

Here, in order to obtain the shape, which approximately meeis
the equal strength requirements, upsetting is first used followed
by machining (variant IV).

It is especially important to observe equal strength requirements
in discs which rotate at high speeds (turbine rotors, centrifugal
and axial compressors). The centrifugal forces developing in such
components cause stresses increasing in the inward radial direction
(towards the hub) as a result of the summation of centrifugal forces
occurring in each radial layer of metal from the periphery to the dise
centre. The conditions for equal strength in this case require the dise
to be tapered becoming thinner towards the periphery. This measure
lightens the disk as a result of removing metal from the periphery
and contribute to lesser hub stresses.

Equal strength caleulations for rapidly rotating disks are complex
since in a number of cases thermal stresses must be considered.
These stresses appear as a result of temperature variations over
the disk body. In many cases the picture is complicated by the effect
of thermal shock produced under certain operating conditions by
unstable heat fluxes flowing inwardly or outwardly.

(d) Equal Strength of Units and Connections

Implementation of the equal strength prinmciple, as applied to
units and joints, we consider by examples.

Figure 43a shows a turnbuckle tightening two screwed rods.
Design I cannot be regarded as of equal strength, since elementary
calculations prove that the tensile stresses in the tubular section
are three tirnes less than those in the rods.

In the equal strength design I7 the turnbuckle cross-section has
been reduced. . ‘

As a general remark to this example, we should say that circular
sections are deceptive when their strength is evaluated visually.
The sectional strength of sueh components is proportional to the
square of their diameter the resisting moment and torsion, to the cube,
and the moment of inertia, to the fourth power. These conditions are
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not always taken inte account when designing such components.
When evaluating tensile or compressive strengths and also rigidity
of round parts the designer generally makes the mistake of exagge-
rating their sizes.

The design (Fig. 43b) of chain conveyer link joints with lugs of
the same width is not equistrong for the following three reasons:

the tensile safety margin at the base of the lugs in the upper
link is 3/2 times less than that in the lower link (the figure shows
the ratio between the numbers of lugs in the upper and lower links);

/4 *

Fig. 43. Imparting equal strength properties to units

the shear safety margin for the pin stud is half the tensile safety
margin of the lower link lugs;

the tensile safety margin of the lug heads across section g-a,
with head wall thickness equal to the lug base thickness, is twice
that of the lug bases. : ,

In other words, the lugs of the upper link are weaker than their
lower counterparts, and the pin strength is less than that of the
whole link. The lug head walls are also too thick.

In the equistrong design IT the total lug width in the lower and
upper links is the same, which assures the given equality of stresses’in
the lugs. The pin diameter is accordingly enlarged; and the Tag
wall heads thinned to suit. * -

In the construction JIT equal strength of the pin has been obtained
by ipereasing the number of lugs (seven in place of five in the
previous example). In this way the pin diameter can be decrea-
sed by V'2/3 times as compared to that in version 77,

10*
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3.2. Lightening of Parts

Very often equal strength requirements cannot be met either due
to the complex configuration of a part or because of the indetermi-
nancy of the acting stresses which develop in it. Under such circum-
stances the weight of a part is reduced by removing metal from the
less stressed areas.

"Examples of part lightening are presented in Figs. 44-47 and in
Table 5.

Figure 44a shows how the weight of the crankshaft webs can be
reduced. The outside corners of webs I are not involved in transmit-

! (e

Fig. 44. Examples of lightening parts and joints

{a) crankshaftx {B) flangad shaft; (¢) clamp conneotion; {d)} bevel gear; I — original desxgn.
TE-TE reduced-weight designs

ting forces from crank necks fo the crankshaft. Elimination of these
web corners (version [I) substantially reduces the weight withous
reducing the strength.
. The bevel gear (Fig. 44d) can be hghtened by removing all non-
usable teeth portions over the minor diameter. Apart from the weight
saved, the shortened teeth assure a more uniform pressure distribu-
tion over the tooth length and lessens tooth loads due to the in-
crease in the average piteh diameter.

In flange-type components a substantial reduction of weighi can
'be achieved by changing the flange outside contour (Fig. 45) The
radxus of the fastening holes cenires circle is assumed o be the same

in all cases. The Weight of the round flange is assumed to be equal
to unity.
}‘_ .
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The possibility of lightening a part by removing surplus metal
must never be neglected, no matter how small the amounts may be
(Fig. 48). Although weight savings in each separate case may be
small the total effect from many similar components may be quite
considerable.

&=086 £=078
Fig. 45. Effect of shape on flange weight

Particular attention should be paid to decreasing the weight of

fastening elements, as this results in an appreciable reduction
of the total machine weight. Besides, the use of rationally shaped

@@ 5

Fig. 46. Methods of lightening a grooved drive plate

fastening elements is accompanied further by strength and technolo-
gical advantages. Let us take, for example, the tie bolt shown in
Fig. 48j. The reduced-weight design, given in sketch 77, is not only
lighter in weight, but alse possesses higher resistance to cyclic loads,
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Methods of Lightening a Planetary” Carvier
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£
.|
-
izt

.
N

B
N
N

N

Method of Method of

Sheteh Hightening Sketeh lightening Sketch lightening
Original design Thinning  of Fixing flange

disk strengthened

Round and elon-
gated through
holes -

Annular recess
between hudb
and stud fixing
holes

Thinning as
ahove and sha-
ped recesses he-
tween  fixing
holes

To increafse i~
gidity  fixing
hole hubs have
strengthening
rib

by two annulay
ribs

Stud hubs and
sateflite holder
connected by
radial ribs

As above and
shaped recess
bhetween  stud
hubs




Annular recess
as above and
extra  through
holes  between
fixing holes

Annular recess
as shove and
shaped  recess
between fixing
holes

Fixing hole
abs have rein-
forced with
strengthening
internal annular
rib

As above and
shaped  recess
between fixing
holes

As above and
lightening holes
in disk

Stud hubs
strengtliened
with peripheral
ribs

Peripheral ribs
and Hghtening
holes in disk




Fig. 47, Lightening of levers

(@), (c) original designs; (&), {d) reduced-weight versions
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Fig. 48. Methods of lightening component elements

(@) shaft collar; (b} thrust shoulder in
(&) threaded shaft end; (f) nut; (g) 1
(&) locating bholt, I — original designs; 1

ng nut; ()

a hole; (¢) fange; (d) disk- and bush-type components;
(i) screwed piugs and stoppers;
and II@ = reduced-weight versions

i} bolt;
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particularly if the thread is rolled and the stem coined on a rota-
ry-forging machine.

For the fitted bolt (Fig. 48%) the reduced stem diameter will mean
less precise machining.

In light-weight machines, where lowered weight plays an impor-
tant role, the use of reduced-

weight nuts and bolts is obli- 4 J»‘
gatory. 5
S /@::

{a) Effect of Diameter on the Z
Effectiveness of Lightening Z

¥

When lightening cylindrical .
components, disks, wheels, rings, e S Jorr e J =
as well as parts with figured 5 ;
outlines, e.g., polygons, it should - % —
be borne in mind that the great-
est effect is achieved when remo-
ving material from the periphery %::"- =
and comparatively lesser effect, iay ) ()
from parts close to the centre. ,

In the general case the weight Fig. 49. The weight of part as in-

saving is proportional to the fluenced by:
i {a} reduction of axial dimensions in centre
square of the diameter. . :m)d on periphery; (&) removal of annalar
Let us compare the effective- volumes in centre and on periphery

ness of the weight reduction
when decreasing axial dimensions on different diameters.

Fig. 49a¢ depicts a disk with a rim and a hub. Let us determine
the saving in weight, obtained by removing metal of indentical
thickness b from the rim and hub (black portions).

The volume of metal removed from the rim

s L 2 1 o Di 2
Vi= T (Di— D} b= D3 [1 (7) ]
The volume of metal removed from the hub
dp \8
Vo= (@2—d)b=-F-bd2[ 1 ~ ()]

dy
The ratio
Dy \2
w_n () 3.9)
Vo a2 1_(&)2 .
ds

obeys a square relation, relaxed by the effect of the ratie between
the outside and inside diameters of the rim and hub.

Assume that the wall thicknesses of the rim and hub are the same
and D/D, =0.8. With the relations given in Fig. 4% the value of
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d)/d, = 0.5 and Eq. (3.9) becomes .
V. DE 1064 Dy \2 '
7= =g =05 () (3.10)

With D,/d, = 3.

Vi
'ﬂ“ wnen 4-5
s Di di - s '
In a particular case, when 5, =3 ° perfect square relation is
obtained
b
Vo di

Figure 4956 illustrates weight reduction by removing annular velu-
mes of the same thickness a from different diameters.
In this case the volume of metal removed from the rim will be

V, az alal
The volume removed from the hub
Vo & ndal
The relation
¥y b
=T (3.11)

i.e., it is directly proportional to the ratio of the diameters.

Thus, the comparative saving in weight, obtained by removing
metal from different diameters, depends on the mode of relieving
and the part shape. Its dependence on the diameter fluctuates within
the limits from D/d to (D/d)%

Radial thinning towards the periphery of disks, flanges, covers,
etc., is widely applied, the more so as this shape often conforms
to the law of radial stress variation {(covers loaded centrally by a
transverse force; flanges loaded with a torsional or tilting moment;
disks subjeeted to centrifugal forces, ete.).

The weight saving obtained by thinning disks in the peripheral
direction can be evaluated for a most simple case of changing a
disk of a rectangular profile (in the meridional section) fo most
a irapezoidal profile (Fig. 50).

The volume of the square-section disk

02
Vo= 5—B. (3.12)
The volume of the trapezoidal-section disk
b
1425
V=FS§=""p 1L (3.13)
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The relation between weight G of the trapezoidal-section disk
and weight G, of the rectapngular-section disk will be

ua.;ﬂwﬂ__r.mg..ﬂé_%g, (3.14)

&,
1.0

19
8
07
26
a5
oy —d
4.3

GI.?g 02 04

L.

(@) bz (&) z]

Fig. 50. Relative weight of tapering Fig. 51. Tapering of flange towards
disks as a funetion of /B periphery

When b/B == 0 (the case of a triangular profile) the disk will be

. three times lighter than the rectangular-section disk. For the most

widely used ratio &/B = (.3-0.5,
trapezoidal-section disk We1ghts % '

will be 0.5-0.85 times less % ﬁ
than those of rectangular disks. 2= :

- A flange thinped fowards the -
periphery is shown in Fig. 51g, b. (a}
To impart better rigidity and ' ‘
stability in cross-sectional pla-
nes, the lightened flanges are T
often made conical (Fig. 51c). ﬁL:f}

Removal of metal from the lar- )]
ger [diameters when lightenin . . .
even{ small components s%ould b§ Fig. 52. Centring of spring

: s (a) from outside diameter; (?) from inside
kept in mind. ) Liameter; (3)
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For instance, springs should be centred from their inner diameter
(Fig. 52b} and not from their outside diameter (Fig. 52a): this auto-
matically saves weight.

Spacer bushes are better lightened by an external recess (Fig. 53b)
and not by an internal one (Fig. 53a). The we1ght ratio of the former
to the latter (with identical wall thicknesses) is:

L L %

o //////z/// A

\\\\\'\\\\\\\\\Q\\\\\\\\\\
7

{ Fig. 53. Lightening of bushes
{a) on outside diametez; {(b) on inside diameter

for the external spacer bush

Gy __ D+ Dy
G DpDy
for the internal spacer bush
gi _ Gatdy
“dytds

and for the relationships given in the Figure, this ratio for the exter-
nal spacer bush is %1 = (0,92 and for the internal spacer bush:
2

8L o (0.88. However, although this is a comparatively small weight

2
saving (8-12%), it should not be neglected, if one considers the large
numbers of such parts used in mechanical engineering.

{(b) Effect of Fillets, Chamfers and Tapers

The weight of parts can mgmhcantly be lowered by increasing
wall conjugation radii, i.e., by giving the walls more smooth outli-
nes. The weight savings obtained when changing a right-angle con-
gucratmn of walls to a smooth conjugation of radius R and when
inereasing this radius can be evaluated by the following figures.
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Case I. Conjugation of two flat walls at an angle (Fig. Bda). The
weight saved by enlarging the fillet radius is easily deduced from
Fig. B4a by the relation

G = 1
Gy 4 r e
% F)
where r and R = are respectively the original and increased fillet
' radii;

G and G, = respective weights of conjugated portions
* From this expression it is clear that the weight saving increases
with the increase of R. For a right-angle conjugsation {r = Q).

G F11
== 0.785 ,

Gy
i.e., the weight saved with respect to any right-angle conjugaiion
of the same length approximately equals 20%. ‘

d

(¢l @ (e)
Fig. 54. Lightening of conjugations

Economy of the same order can be obtained by making the wall
conjugation skew (Fig. 54b). The ratio between weight G of the
skew conjugation and right-angle joini weight G, is

L
Gy sine-cosa

This expression has its minimum when o = 45°

G 1
w(“}“(_d;_313145"~~11—cos 45° =0.74 _

Thus, the weight saved, relative to the right-angle joint, is appro-
ximately 30%. Co
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Case 2. Conjugation of three mutually perpendicular flat walls.
Increasing the spherical fillet radius from r to R gives

]

For a conjugation at a right solid angle (r = 0)

i.e., the weight reduction iz 48%.
Tor the spatial conjugation of three mutually perpendicular walls,
skewed at 45°
G sin 60°
Gy Bain2 450 =0.57

i.e., the weight saving equals 43%.

It should be emphasized, however, that considered here is only
the weight reduction of the conjugated section. The weight saved
in terms of the part as a whole will naturally depend on the correla-
tion between the weight of the relevant conjugation and that of the
complete part.

The examples illustrated in Fig. B4c-¢ show methods of lightening
cylindrical bodies consisting of a flat wall and a rim by introdueing
fillets and tapers in the conjugation section and by replacing
the flat wall with a tapered one.

The we;ght savmg achieved With the flliet (F1g B4e)

' 7 (1— R/D)

'é'é“"“ Z@—E/D)
where D is the diameter of the rim.
For a right-angle conjugation (R = O

G 7
wET 0.785
Consequently the weight saving obtained with the filletted
conjugation Iis approximately 20%.
The weight reduction due to the tapers (Fig. 54d and e) is given by

G i[

[

cos cc-§— sino

1+d/D
The G/G, ratio is graphically shown in Fig. 55 as a funetion of
angle o for different d/D values.
It is evident from the graph that an angle of 60° givesthe most
substantial weight saving.
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The lowering of the weight in the considered case is in the main due
to the shortening of the rim length by m (see Fig. 54¢). In the event
of a preset rim length, the .
conical form will increase the 7,
wall weight in the ratio

el 1 728
G T coso

B Sl g onl::’[R‘

\
WA

The inerease in the weight @4 N
is insignificant, approaching \
4% when o = 15° and 6% g7
when o = 20°. This is why %
weight is often recon(iiled lto r
the fact that conical walls * N
strongly improve rigidity of . \Ft
a part, & 5 a4 7o
Conical shapes are mnot re- o«
commended for high-speed Fig. 55. Relation between the weight of
rotating parts since for the conically con]ug&ated lcyhn'ér:cai parts
given examples the centrifugal fnd angle @
forces will cause a complex three dimensional . flexure, tending
to reduce the cone t¢ a flat disk.

7
AN

{¢) Consiructions from Pressed Sheet Metal
One effective way to save weight isto use pressed metal com~
ponents (Fig. 56).
The parts, made in the form of solids of rotation and shown in
Fig. 56, are manufactured by spinning on lathes (individual or

=

(e}

T

b
=

Fig. 56. Substitution of stampings for cast parts
(z~b) bearing unit cover; {¢-h) V-belt pulley
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-small-lot production) or by pressing. In mass production, when
the output scale repays the cost of press tool manufacture, it is cer-

Fig. 57, (Gears (shell-type design)

tainly economical to produce
large-size sheet metal components
by pressing (dashes, panels, cases,
enclosures, diaphragms, fairings,
linings, ete.).

The lower strength and rigidity
of thin-sheet parts are compensa-
ted for by making them of a
shell or arched forra, by corru-

- gation and flanging, by introdu-

cing ties, braces, and welded stif-
feners, ete.

Parts made from plagtic metals
(low-carbon steels, duraluminum
in its annealed or freshly har-
dened state) with sheet thickness
no greater than 3-4 mm are pro-
duced by cold stamping, and in
the case of deep drawing, in
several operations, with inter-

mediate annealing stages. Hot stamping is employed when dealing
with sheets thicker than 4 mm.
Some examples of welded thin-walled components are illustrated

in Fig. 57.

Fig. 58. Table of a housing component
{a) one-piece cast structure; (b-d) skelefon structures with a thin-sheet skin

In a series of cases substantial reductions in the weight of casings
is achieved by using skeleton-comstructions (Fig. 58). Elements of
parts which must have accurate mutual positions are cast and later
connected by lightweight ties. The formed skeleton is then faced

with sheet materials.
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The original fully-cast structure is shown in Fig. 58a. The alterna-
tive depicted in Fig, 58b shows the first lightening step: the casting
is made smaller and the outer, functionally necessary surface, is
formed by the thin-sheet facing 7.

A

[ N

ELy

5

Fig. 59. Methods of securing sheei-metal skin to cast housing components
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Fig. 60. Reduced-weight shapes

In Fig. 58, the skeleton casting has an open lattice form, which
interconnects the central and peripheral bosses; the lattice is cove-
red with a thin-sheet facing.

11061395



162 Chapter 8. Weight and Metal Content

In another form of skeleton construction, Fig. 58, the central
and peripheral bosses are linked together by T-section ribs.

A method of securing steel facings without external fastening
elements is shown in Fig. 59a. Internally threaded bosses I are spot-
welded to the facing and afterwards tightly bolted to the casting
skeleton.

If the design uses removable bushes, the facing can be secured by
tightening the bush flange (Fig. 595) '

In particular instances casing components can advantageousiy
be manufactured by welding steel sheets. Such fabrication technique
can be applied to simple box-section paris, e.g., gearbox casings.
Sheet welded components are much stronger than similar parts made
of cast iron. It is not profitable to make intricate casings this way
because very many blanks are necessary and aj large volume of
welding operations.

To save weight frame and girder structures can be replaced teo
a large extent by sheet steel cold-formed profiles (Fig. 60). Such
profiles are generally produced on roll-forming and bhending -
machines,

(d) Extrusion

A very good way of reducing weight is given by the extrusion pro-
cess (forcing of a metal, heated to a plastic state, through a die}
used these days not only for light alloys but also for steels. ‘

Extruded products can be made of virtually any complex shape
to suit a component’s function by introducing form mandrels into
the die holes. In particular it is possible to obtain profiles rationali-
zed in strength and rigidity with, for instance, internal ribs (Fig. 6ia,
{1, partitions (Fig. 61b, ¢), diagonal ties (Fig. 61¢), cellular and
honeycomb sections (Fig. 64d, g, h).

Of interest is the possibility of obtaining components which have
changing profiles along their length. Such shapes are formed by
a programmed displacement of the form mandrels relative to the
dies due to which the size and contour of the profiting section,
through which metal flows out, changes.

When pressing tubes it is possible, by using a stepped mandrel
reciprocating to a preset programme, to obtain extended tubes with
changing wall thicknesses (Fig. 617), with thicker ends (Fig. 61}, &),
with internal circular ribs (Fig. 611), with wafer ribs (Fig. 61m) and
even partitions (Fig. 61n). Internal helical ribs can be obtained by
making the mandrel rotate during extrusion process.

The method is suitable for producing plates with var ymg thick-
nesses and rib depths (Fig.. 610) ’ . .



BA8

{a)

()

Fig. 61. Extruded s‘h&pés - | :

14%



164 Chapter 3. Weight and Metal Content

‘ (&) Effeéi of Type of Loading

Rational loading of parts, with the greatest use of the material,
is one of the ways of reducing the weight of construction.

Fig. 62 illustrates various ways of loading a round bar. Stress
;alues are shown conventionally by the thicknesses of the full black
ines.

In bending (Fig. 62a) the most affected portions of the section are
found at the section extreme points in the acting force plane. As the
stresses approach the neutral axis they become proportionally less

“(a} : ) (c)
Fig. 62. Stress distribution over the cross-section of & cylindrical part under diffe-
rent loading conditions
(a) flexure; {(b) torsion; (c) tension-compression

and are zero at the centre. In torsion (Fig. 62b) all peripheral points
have identical loads. But the annular stress values decrease and at
the centre they are zero. : _

The most advantageous case is when the material is in tension-
comprossion (Fig. 62¢) whexn all points in the cross-section have iden-
tical stresses and thus the material is used to its utmost.

Where possible, avoid bending and change to tension-compression
stress. The most advantageous constructions as to weight and rigidity
are those whose elements work mainly in tension-compression {e.g.,
girder and rod systems}). ,

If flexure is still unavoidable, for instance, on functional grounds,
its megative effects should be suppressed by the following measures:

use rational sections in which the material flow lines are distri-
buted along the lines of maximum stresses (i.e., sections with uniform-
1y distributed stresses);

reduce the bending moment by shortening its bending Hforce arm,
i.e., decrease spans, position supports ratiopally and eliminate
cantilever loads which give higher siresses and strains.

Often bending stresses, occurring in a tensile-compression system,
are due to asymmetry of sections, off-centre loads or curvilinearity
in the shape of the part.
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Let us consider an exampie showing how an eccentrically applied
load affects the stresses in a part.

Figure 63a depicts a rectangular beam (width « ‘and thickness b)
subjected to temsile force P. On one side of the beam there is a recess
of width an (n = 0-1). The influence of the recess causes a bending
moment equal to the product of force P and the arm 0.5an.

D p P
aff~n) H_ aft-n) an )
an 05a {1-n} . aft-2n)
0.5ar GSa(1-n)
il o] .
p . I p
(a) (5) (c}

Fig. 63. Determination of stresses for off-centre tension

The maximum tensile stress ¢ in the beam centre section will
equal the sum of the tensile stresses caused by the action of force P
and moment 0.5Pan ‘

P 0.5-6Pan ;
ab (1—n) + ba2 (1—n)2 (3.15)

g ==

Assume that the force P is applied at the middle section centre
{Fig. 63b). In shis case the tensile stress in the mid-section will be

_ P
U=y (3.16)

Dividing Eq. {3.15) by (3.16), we get
0'1 _1 +

In Fig. 64 the o/0, Tatio is shown as a function of . From the cur-
ve it is clear that the eccentric application of force P increases ten-
sile stresses, their value being directly proportional to the eccentri-
city. Thus, when n = 0.25 the stress is twice as high as in the case
when the load is applied at the centre. Hence, such a simple measure
as shifting the application point of force P to the centre (in this case
by 0.125a) will reduce the beam stress by half.

’,l—-n
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. ‘Another method of strengthening is the addition of a symmetri-
cally made recess on the opposite side of the beam (Fig. 63¢), Despite
the reduced cross section, the stresses are less due to the elimination
of the bending moment. The stress in this case is

P .
G’zﬂm (3-17)
Dividing Eq. {3.15) by (3.17) we obtain
o 1—2n 4+ 3n(1—2n} (3.18}

Gy {-rn (4 —n)2

The curve in Fig. 64 plotted on the basis of Eq. (3.18) shows the
d/o, values as a function of n. The introduction of a symmetric bila-
teral recess with an n vaiue of 0-0.4 ensures a certain gain in
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Fig. 64. Stress ratios as a function of  Fig. 63. Relieving connecting Tod from
recess width n bending stresses

strongth. When »=0.25 and cr/o‘zmmax the gain will equal 25%.
When » == 0.4 the strengths’ of umlaterally and bllateraﬂy recessed
beams are equal. .

A connecting rod subjected to a compressive load is shown'in Fig. 65.
A eccentrically applied load (Fig. 65a) produces additional flexu-
ral stresses in the rod stem. To sustain these additional stresses the
designer has to enlarge the s’cem section, which, consequently, in-~
creases the weight of the unit:"
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The same drawback, though somewhat less, is encountered in
the alternative presented in Fig. 65b, where an out-of-centre flexure
occurs as a result of the connecting rod stem sectional asymmetry
with reference to the direction of the loading force.

A more rational design is given in Fig. 65¢, in which sections are
symmetriec in respect to the applied loads. In this case the load is
purely compressive. Other conditions being equal, the latter design
ensures minimum weight.

F1g 66. Shapes of eross-sectiops causing additional torsion when bending the
part by force P

In a part subjected to flexure asymmetrical sections cause torsion
(Fig. 66) and excessive shear stresses which are summed up with
those of flexure,

Another example shows a lever (Fig. 67) with forces apphed {0
its ends in the plane 4-4. Owing to the displacement of the acting
force plane relative to the stem of the lever, the latter is subjecteci
to torsion (Fig. 67a, b). The correctly designed version, in which
the sections are arranged symmetrically relative to the actmo for-
ces, is shown in Fig. 67c.

When parts are subjected to pure bending, it is advizable to make
their sections slightly asymmetric to reduce the tensile stresses
on the account of increased compressive stresses,

Most structural materials have better resistance to compression
than to tension. Failures almost always begin in those parts of a com-
ponent which are in tension and not in compression, since the tensile
stresses are the first to reveal the internal material defects (micro-
cracks, microflaws, microvoids, efc.). The compressive siresses,
on the other hand, make for the closure of microdefects. -

This property is very sharply expressed in plastic metals. Figu-
re 68 illustrates tension and compression curves of low carbon steels.
Steels under tension pass through the well-known stages: after elas-
tic deformation the metal begins to yield (portion m) and, as a result
of cold working, hardens (pertion n). Upon reaching the uliimate
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stress limit, a neck begins to form, which terminates in brittle
failure of the specimen.

The picture is quite different when the material is subjected to
compression. After the elastic deformation period the material
continually becomes sironger as a result of both the cold working

o
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Fig. 67. Elimination of torsion in a Fig. 68. Loading curves for a cons-
lever tant-diameter specimen made of

plastic steel (grade 20) in tension

and compression” 7

and transverse expansion of the specimen (cambering). No plastic
material can be brought to failure.

In brittle materials (e.g., cast iron) compression results in brittle
failure, starting with formation of cracks and terminating in fis-
sion. However, such materials display sharp anisotropy of mechani-
cal properties under the effect of tensile and compressive stresses.
For instance, the ultimate compressive strength of cast iron is
2.5-4 times greater than tensile strength.

Metals having plasticity somewhere midway between the above
described extremes, as a rule offer, better resistance to compressive
stresses than to tensile ones. Thus, the ultimate compressive strength
of steel grade 45 (hardened and tempered at 100°C), duralumin grade
J16 (after hardening and ageing) and hard brass grade JI-O70-1
exceeds their tensile stremgth by 1.3-1.5; 1.6-1.8 and 2-2.2 times,
respectively.

Exceptions from this general rule are magnesium alloys which,
contrary to the above, show better resistance to tensile stresses.
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Examples of good and bad loading methods for materials in bend-
ing are given in Fig. 69. The lowered level of tensile stresses (Fig. 690,
d) improves part streagth (despite the simulfaneous increase of com-
pressive stresses).

Compression Cormpression
‘ C% Comyprassion Compression
Tersion Terséon Tension Tension
@) (] @ @

Fig. 89. Loading schemes for asymmetric shapes (stress diagrams are given in
the plane of the Figure)
{a), {(e) inadvigable; (b}, (d) agvisable

In the constructions presented in Fig. 69a, & the correlation be-
tween maximum compressive and tensile stresses is predetermined
by the profile shape and is not always the optimal one.

AT
R AR AN,

(@) (5)
Fig. 70. Reinforcement of sections  Fig. 71, Design versions of a cast iron
subjected {0 tensile stresses bracket

e} pocr; (b) satisfactory

On the average, the ratio between the admissible compréssive and
tensile stresses lies in the range of (1.2-1.5) : 1. To utilize this rela-
tionship it is better to use slightly asymmetrical profiles, similar
to that shown in Fig. 70a. The segments subjected to tensile stres-
ses are preferably reinforced with straps made from a material
that is stronger than that of the basic part (Fig. 70b).

For materials having highly asymmetric strength properties (e.g.,
grey iron and plastics) with a better resistance to compression, the
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relationship between the maximum compressive and tensile stresses
is advisably increased in the ratio of their ultimate strengths.

Figure 71 shows irrational and rational designs of a grey iron
casting subjected to bending.

3.3. Rational Design Schemes

The greatest possibilities for reducing weight lie in the application
of rational design schemes having the least number of parts and
the smoothest power arrange-
ment assuring compactness
and small constructional sizes.

(@) Reduction of the Number
© of Links

Biimination of unnecessary
mechanism links significantly
helps to lower a' device's

weight. An instance of this is
exemplified by the elimination

of a crosshead (Fig. 72a) in

; piston engines formerly instal-
\ M led to relieve cylinder walls

umﬁﬁﬂ |

from Jateral forces caused by

' the connecting rod inclination
[ during the crank rotation. 1t
¢ was proved that the crosshead
- funection could be fulfilled by
the piston, if its height were
/ " increased and lubrication were
‘ f ) better. The height of the
é . trunk piston engines (Fig. 725)
t has been reduced nearly by
: g half, thanks to the elimination
“~"(5)  of the crosshead.
Fig. 72. Elimination of supérfluous links A cam drive mechanism is
in a piston engine A another example (Fig. 73a, b).
Ix the design shown in Fig. 73a
the cam actuates the rocker drm through a tappet. In a number of
cases it is more rational to let the cam act directly on the rocker arm
(Fig. 73b). Apart from the lesser number of parts and smaller overall
sizes, this scheme brings the acting forces closer together. In the
first version the forces are balanced over the casing section %, which
means that the casing must be strong enough to withstand the
operating forces. In the second version the length of the loaded
section %, is much less, this enabling a further reduction of the weight.



~ Fig. 74. Elimination of superfluous links in an angle drive
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In the unit driving two shafts through a system of bevel gears
(f'ig. 74) the elimination of superfluous members will lessen the
weight of the construction and reduce the number of the gear types
from 4 (Fig. T4a) to 1 (Fig. 74b).

(b Compactness of Constructions

Substantial reduction of weight can be reaci}ed through rational
arrangement of parts and mechanisms which decreases overall size.
This is demonstrated by the double-reduction unit in Fig. 75.

ML

|

@

|t

)]
)
Fig. 75. Reduction of the weight of a double reduction gear

The original design containing a conventional compounded train
of gears (Fig. 75a) may be made more compact and lighter by moun-
ting the final gear 4 of the train coaxially with gear 7 (Fig. 755).



) 7 {c)

fa) (8) (c} ()
Fig. 78. Rational use of material in a centrifugal frietion clutch
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Apart from the reduction of the weight and size, such an arrange-
rment of gears 7 and 4 will considerably lower the forces acting upon
intermediate gears & and 8 and determining the bearing loads, and
the loads on the casing walls. In Fig. 7ba the forces P, and P, of
the drive from the first and the last gears ave directed to one and the
same side so that the resultant R has rather a large magnitude. In
the design shown in Fig. 75b the forces actin opposite directions,
as a result of which the resultant B’ has a miuch lesser value.

A further reduction of weight and size are obtained by reducing
gear diameters (Fig. 75¢). Tnereased peripheral forces can be counter-
acted by increasing the tooth face width, substitution of helical
or herring-hone gears for spur gears, use of harder and stronger mate-
rials and application of a rationalized lubrication system.

The overall casing size should be utilized to its maximum so that
it will accommodate as many operative elements as possible. This
principle, which can be described as the principle of close packing,
allows significant weight savings to be obtained.

The flexible coupling illustrated in Fig. 76z transmits torque
through six stacks of washers made from an elastic material. Within
the same overall sizes eight stacks of washers can be accommodated
(Fig. 76b) thus increasing the transmitted torque 1.53 times. Conse-
quently, for a given torque the coupling can also bereduced in weight
and size.

A free-wheeling (overrunning) clutch of simple design (Fig. 77a)
consists of three balls placed into angular cutouts in the driving plate
and forced by springs into a jammed position.

The carrying capacity of the clutch can he substantlally raised
by replacing the balls by rollexs (Fig. 778) and increasing then num-
ber.

In a still more closely packed constructlon (F1g 71¢) the elements
transmitting the torque are in the form of prismsinclinedrelative
to the radial direction at an angle smaller that the friction angle.
The tightening split spring ring 7 continuously turns the prisms to
a jammed position. In this case the torque is being transmitted
by practically the entire pel‘lphel‘Y of the driving plate. The carrying
capacity of such a design is tens times that of the orlgmai ver-
sion,

An example illustrating a rational material utilization is gnen
in Fig. 78 which depicts a centmfugal friction clutch. Accordlﬂg
to the design alternative shown in Fig. 78a, the drwmg element is
a set of annular bronze segments I connected by pins 2 with a driver
{(not shown in the F1gure)

The driving force is equal -to- the.product of the total segment
centrifugal force P, ; and the coefficient f of friction between the
segments and friction surfaces of the driven plate, and is also pro-
portional to the square of the driver's rotational speed (in rpm).
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The ‘torque transmitfed by the clutch

G

M==P, ;fR= -g—wgpr

where G = total weight of segments, kgf;
g = gravitational comstant (g = 981 cm/s%);
o = angular velocity, rad/s;
p = distance from the axis of rotation to the cenire of
gravity of segments, cm;
R = radius. of friction surface (friction radius), em
In the design presented in Fig. 78 b the bronze pieces have a trape-
zoidal section and are placed in a biconical recess of the driven com-
ponent, In contrast to the previous wversion, which has only one
friction surface (cylindrical), the second design has two conical
friction surfaces.
Owing to the wedge shape of the bronze pieces, the torque trans-
nitted by the clutch, other conditions being equal (i.e., the mass of the

pieces and radius p remaining the same), will be increased ! R

sin @/2 "R,
times, where Ry is the new value of the friction radius,
Let us designate the torques transmitted by the friction clutches
shown in Fig. 78a, b as My and My, respectively.
For the relations presented in Fig. 785
My 1 R 1
Wt T sinef2’ Ry sin20° 0.9=2.7
Thus, the torque, transmitted by the clutch, with the weight
of the bronze pieces remaining the same, will he increased nearly 3
times as compared with the original design presented in Fig. 78a.
In the design displayed in Fig, 78¢ each piece is divided into three
parts: one internal (trapezoidal) and two lateral (triangular). The
centrifugal force of such a composite piece, acting on the cylindrical
friction surface of the driven component is equal (provided the total
mass of the pieces and radius o are the same) to the centrifugal force
developing in the first design (Fig. 782). At the same time, the inter-
nal trapezoidal element acts upon the lateral elements in a wedge-
Pet
tan af2
(P s— centrifugal force of the internal element) which are taken
up by the cheeks of the driven component. ‘
In this case there are three surfaces of {riction: one cylindrical and
two plane. . :
The additional torgue

like manner, thus causing additional transverse forces

4 1 B
Moga=Mr 5 53 s R
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where G'/G == weight ratio between the trapezoidal internal ele-
ments and complete pieces;
R, == friction radius on the driven component cheeks
The relation between the total torque Mip transmitted by the
clutch and the torque My of the initial design will be

Moz G
wMT i _%— tan /2 Ry

For the relations given in Fig. ’78c

Mgy
= 14 0.6 —5s

Thus, the separation of ingert pieces without increasing their
weight will increase the transmitted torque 2.5 times as compared
with the original design.

[f the design is changed to two rows of trapezoidal-section insert
pieces (Fig. 78d), then each of them will act upon two surfaces, na-
mely: conical (cheek) and plane (central disk of the driven compo-
nent). All in all there will be four frictional surfaces in the cluteh.
Provided the total weight of the insert pieces and distance p are the
samoe, the torque transmitied by this clutch will exceed that of the
original one in the ratio
My 4 1 Ej
My = (sinoc,n'E + tan a/2 )*ﬁr

For the relations given in Fig. 784

My 1 1 .
, My -ﬁ-( smaor  Tam 202 ) 0_‘9 =5.2

The inereased torque in this case has been achieved mostly by
halving the wedge angle of the insert pleces in comparison to the
design shown in Fig. 785, However, a similar resull can be achieved
also in the design of Fig. 786 by decreasing the insert piece wedge
angle from o = 40° to o == 20° but the specific loads on the fric-
tion surfaces in this case will be twice those in Fig. 78d.

Thus, for the same weight of the driving elements the transmitted
torque can be increased five times by imparting to the clutch a more
rational design, or, conversely, for the same initial value of the tor-
que the weight and overall dimensions of the clutch can be substan-
tially reduced by the same design measures.

g 0.9 =2.5

(¢) Effect of Power Schemes

The weight of a unit to a large extent is dependent vwpon the power
scheme, i.e., on how the main acting foreces in the construction
are taken up and balanced. The power arrangement is considered ra-
tional if the acting forces are balanced over a short section by means
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of elements which operate preferably in tension or compression. To use
the existing elements of a structure is better since the introduction
of special elements is accompanied by an increase in the weight.

It is unreasonable to effect & machine drive by means of a chain
drive from an electric motor through a reduction gear unit (Fig. 79a),
as this causes transversely acting forces on the machine and reducer
driving sprockets and produces additional loads upon the shafts and
casings. The installption is distinguished by its large overall sizes.
A more preferable drive is obtained from a flange-mounted motor
through a co-axial reducer directly connected to the machine (Fig.
79b). In this case the reaction forces of the drive will be counterba-
lanced over the shortest path in the reducer casing, not bringing
additional loads onto the system’s elements. The overall dimensions
of the entire installation are sharply decreased. In addition, all the
driving mechanisms are enclosed, which facilitates lubrication.

Mustrated in Fig. 79¢-¢ are typical schemes of power distribution
applied in modern designs of internal combustion engines with de-
tachable cylinder blocks.

Three ways of transferring the flash impacts to the crankcase are
possible: through cylinder jackets (Fig. 79¢), via cylinders (Fig. 794)
or through tie studs (Fig. 7Y), named Dbearing jackets, beaving
cylinders and bearing studs, respectively.

The disadvantage of the first system is that flash impacts are taken
up by the cast jacket walls possessing lowered strength. Conse-
quently, wall sections have to be thickened.

In Fig. 79d, the flash impacts are taking up by steel cylinder
walls. The latter, due to manufacturing reasons, must have a cer-
tain minimum thickness. Therefore they generally have an ample
safety margin, which allows them to withstand the action of gas
pressure forces. Hence, they can be loaded by tightening without
inecreasing their sections. This makes the bearing cylinder system
principally the lightest one.

The version iltustrated in Fig. 79 is heavier than the previous two
because of the tie studs, the role of which in the first two cases
- were fulfilled by the existing elements: jacket (Fig. 79¢) and cylin-
ders (Fig. 79d).

F1gure 80 shows power arrangements of turbine rotors fitted with
a series of blades.

The one-piece forged massive rotor 7 is quite unsuitable because
of its weight. The second design 2 is somewhat better as it hags lighten-
ing recesses at the ends.

The drum-like hollow rotor & has a small weight, but its strength
and rigidity are ingufficient to withstand the action of the blade
centrifugal forces.

In the versions 4, § and 6 the drum-shaped rotor is strengthened
internally against bow by ribs. ‘
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In the strongest and lightest designs 7 to 72 the blade centrifugal
forces are taken up by disks working in tension.
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Fig. 80. Power schemes of turbine rotors with ipsert blades

The disks can be united into a single unit on a eentral shaft
(rotors 7-9), clamped by means of peripheral holts (rotor 7)) or wel-
ded (rotors 17-12),

12%
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In design 7 the disks are tightened on the central shait against
a hub, which causes undesirable bending stresses. This draw-
back is eliminated in design & where the disks are tightened at the
rims.

In an original rotor design 9 the disks are positioned between
the blades, this facilitating manufacture of slots and blade assembly.
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Fig. 81. Diagrams of gear drives with an intermediate gear

Welded constrictions have two forms: in the first (rotor 17) the
disks during welding are centred ome relative to another with the
aid of a false-arbor inserted through centring disk bores which lower
the disk strength. '

Iv version Z2 the disks are centred on spigot diamsters near the
rims. This enables the disks to be made as a continuous asserobly.

An example of improved power distribution scheme in a gearing
unit incorporating an intermediate gear is depicted in Fig. 81.
The arrangement of the intermediate gear greatly affects the amount
of load acting upon the gear supports.

Let the small gear 7 be the driving pinion running clockwise. It
is not wise to position the intermediate gear to the right of the drive
axis (scheme I), because the drive forces P acting upon intermediate
gear 2 add vecterially and produce a substantial forece B which
loads the gear supports.

It is more advantagecus 1o position the intermediate gear to the
left (scheme II). In this case forces P when vectorially added will fo
a significant degree neutralize each other and the resultant force R
loading the supports of gear 2 will be considerably less.
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The magnitude of the resultant force R will depend, in both cases,
upon angle ¢ between the axes 2-3 and 2-7 of the gear centres.
For scheme 7

R=2Psin (p/2+a) (3.19)

For scheme IJ
R == 2P sin (p/2—a), (3.20)

where P == driving pinion peripheral force;
o = pressure angle {(in standard gears o=20°)

Figure 81 shows variation of force R as a function of angle ¢. The
value of force R for the most disadvantageous case, i.e., when the
intermediate gear is on to the right and ¢ == 140° [R = 2P sin
(70° 4+ 20°) = 2P] is taken as a unit force.

From the graph, the magm’f.ude of force R in scheme I with the
same values of angle ¢ is much less than that in scheme I. For exam-
ple, when ¢ = 100° the resultant force in scheme I/7 (R = 0.D) is
nearly balf that in scheme 7 (R = 0.95).

Henee, such a simple constructional measure as the repositioning
of the intermediate gear from one side to the other can assure
a significant advantage in the power arrangement and considerably
lower the level of the acting forces.

When ¢ = 40° in scheme I7 R=0, Actually this is an unreal con-
dition since the intermediate gear would requirve an enormousdiame-
ter. The least real values of angle ¢ are 80-60°.

However, should the rotational direction of pinion 7 be changed
from that in the Figure it will be more profitable to position the
intermediate gear to the right. The same will be true if, with the
given direction of running, the driving gear is the large
gear 3,

The position of the intermediate gear may be declded by a general
rule: the best position for the intermediate gear is on the side where
the force of the driving gear seems to push it into engagement.
The most disadvantageous position is when the driver tends to force
the intermediate gear out of engagement.

(d) Multi-Limb Power Schemes

Considerable weight savings can be achieved by the application
of multi-limb power schemes,i.e., by distributing’the power through
several parallel channels, The transmission of torque throngh
the agency of several, paraﬂel working gears (stage gearings, multi-
satellite planetary gearings, ete.) is an example.

Figure 82 illustrates the overall dimensions of two different gear
systems: a single-limb (Fig. 82¢) and a four-satellite planetary mul-
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ti-limb system (Fig. 825) with identical gear ratios. A comparison
of the overall dimensions clearly shows the advantage of the multi-
Timb version.
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Fig. 82. Comparative sizes of (a) single- and (b) milti-limb trangmissions

{¢) Rational Selection of Machine Parameters

Significant savings may also be attained by a rational selection
of machine parameters. As an example Fig. 83 shows two internal
combustion engines of equal power with stroke-to-diameter ratios
of §/D = 1.6 (Fig. 83a) and S/D = 1 (Fig. 83b).

The small height, typical of short-stroke machines can be reduced
still more by reducing the height H of the piston (in Fig. 83b, H =
= 0.75D; in Fig. 83a, H = D), or by decreasing the ratio of the con-
necting rod length L to the crank radius R (in Fig. 83b, L = 3.2R;
in Fig. 83a, L = 3.8R). Combination of these two measures enable
the sizes and weight of the machine to be substantially reduced.
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It is necessary to stipulate the increase in piston force carrying capa-
city because reducing piston height and the L/R ratio leads to a spe-
cific pressure increase on cylinder walls.

In some categories of fluid- or gas-operated machines (hydraulic
presses, air- and steam-operated hammers, air- and hydraulically-
operated drives) a significant
reduction in size and weight -
can be accomplished by increas-  §-
ing working pressures of
liquids (gas). Up to certain
limits the same is applicable
to internal combustion engi-
nes (supercharging and higher
compression ratios), which
allows the displacement to be
decreased or, for the same
displacement, the power to be
raised.

Occasionally, for example,
in some machine power gene-
rators, it is possible to reduece
the weight by increasing the
rotational speeds.

This method has its limita- fig. 83. Comparative sizes of () long-
tions. In internal combustion and () short-stroke piston engines
engines increasing the number
of revolutions per minute is limited by gas suction speeds accom-
panied, in turn, by insufficient filling of cylinders and less litre
power. In steam and gas turbines increased revolutions mean .
a corresponding rise of fluid through rates, causing a rise in inter-
nal losses.

Furthermore, higher speeds increase dynamic loads and wear.

It is also necessary %o consider the characteristies of machine-
consumers of energy. If the reveolutions of 2 machine-energy consu-
mer are stipulated, then, increasing the revolutions of a machine-
generator will require the use of a reduction unit or a greater degree
of reduction in the existing reducer which increases the weight of
the installation.

Thus, careful consideration must be given 1o the positive and nega-
tive 31des of the argument when higher rotational speeds are used as
a means of saving weight.

High weight reductions can be obtained by the transfer to prinei-
pally new designs and processes. Thus, steam engines were replaced
by steam turbines as the latler have much higher power/weight
ratios. High-power internal combustion piston engines are heing
ousted by gas turbines, Steam turbines apparently in time will give

e
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way to gas turbines which do not require large auxiliaries (boilers,
condensers). In the field of electrical energy installations the root
of the change will be brought about by MHD generators which
directly convert thermal energy into electrical energy.

3.4. Correction of Design Stresses

General calculation methods allow stress determinations to a satis~
fying degree of accuracy only for a comparatively small number of
gsimple loading schemes. In several cases the magnitude and distri-
bution of stresses inside the body of a component part cannot be
caloulated. The majority of casings, mounting frames, beds, crank-
cases helong to the incalculable category.

The effectiveness of the method of correcting design stresses and
lowering strength reserves as a means of lowering the total machine
weight depends on the weight corzrelatmn of the caleulable and in-
caleulable parts.

Returning to the calculable parts, it must be pointed out that
caleulations are based on simplifications not. always holding true
in real conditions.

The most important factors determining the deviations of the
actual values of stresses and strength reserve from the calculated
ones are as follows:

scatter of material strength characteristics (ultimate strength,
yield and fatigue) from their rated values which are averaged sta-
tistically from a series of tested specimens:

heterogeneity of material;. scatter of strength characteristics in
different parts and different points of sections;

chinges of materials strength as a function of the loading chara-
cter (rate of loading); -

deviation of the design loading scheme from actual loading con-
ditions;

ilematlon of actual acting force magnitudes from their nommal
values;

deviation of actual stresses from nominal stresses caused by the
system’s resilience;

disregard of strength and rigidity characteristics of paris adjacent
to the part being calculated;

formation of local stresses at the comporent fixing points and the
points of force application;

formation of additional forces and stresses, caused by inaccurate
manufacture, assembly and installation (e.g., high edge pressure due
to a mlsahvnment or distortion of supports)

overloads in operation;

internal stresses originating during the manufacture owing to
macro- and miero-heterogeneities of the material.
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(@) Local Stresses

Machine elements arve usually rather short and the loads are applied
relatively close to each other.

Local stresses occurring at the spots where forces are applied, as
well as in supports and fixing points, propagate into the depth of

.material, at times throughout the entire length of the part. Con-
sequently, the actual magnitudes of stresses and character of their
distribution differ strongly from the calculated values.

Another feature typical of engineering components is the comple-
xity of their forms and change in sections. At section transition
points stress concentrations occur.

Thus, in machine components a very large role is played by 10031
stresses which at times are the deciding strength criteria.

For example: in the conred of a piston engine {a compressor or
internal combustion engine) its stresses formally determined by
caleulation from the action of gases and inertia forces have a value
close to the actual stress value only at the section midway along the
length of the conrod guite far from the big and small ends. The stres-
ses prevailing in the conrod ends and in the points where the ends
are mated with the rod, are very complicated, partievlarly, in the
conrod split big end or when knuckle conrods are invoived (V- and
W-type machines). The type of stressed state, as well as the mag-
nitude and distribution of stresses in the conrod end are influenced
by many factors, in particular by the tightening forces and resilien-
ce of conrod bolts, configuration and rigidity of the end, and by the
crankshaft rigidity where the crank neck joins the conrod.

To account for all these factors is difficult. True stress values are
often only defined by analyzing fractures, cracks and breaks which
appear after the conrod has run in the machine.

When a hollow eylindrical shaft supported at the ends is subjec-
ted to bending, a simplified calculation scheme is used assuming that
the load is concentrated in the centre, halfway between the bearing
surfaces (Fig. 844), or that it is uniformly distributed thronghout
their length in the plane of acting forces (Fig. 84b), and the stresses
are determined from a simply supported beam. The schemes do not
consider the actual force distribution along the length and circum-
ference of the supports or the influence of transverse load components
on the strength and rigidity of the part, nor the influence of support
rigidities on the load distribution or even the values of edge pressures
and local stresges in the loaded areas.

if a part is interference mounted in its supports, then additional
compressive and crushing stresses oceur in the seating areas. If the
mounting has a loose fit, shocks will accompany any aiternating or
pulsating loads, causing additional stresses.
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A true loading picture can be imagined (with a sufficient degree
of confidence) for a particular case if we assume that the part is
mounted in plain liguid-friction bearings and that the trausversely
acting force is taken up by a plain bearing (e.g., a floating gudgeon
pin of a crank and conrod assembly). ' :

It is well known that the pressure distributed along the bearing
oil layer changes in accord with a parabolic curve whose maximum

Fig. 84. Loading schemes for an axle supported at two poiats

ordinate is 2.5-3 times greater than the mean specific pressure
k (k =%‘§) In the transverse section the pressure is distributed over
an are of 90-120° (Fig. 84¢). T

- From a comparison of formal loading schemes (see Fig. 84a, b)
it becomes obvious that the first scheme overestimates the stresses
cecurring in the eritical section of the part, and the second scheme
underestimates these stresses; neither of these schemes congiders the
fransversely acting components of the load and the stresses and’
strains produced by these components.

The load distribution picture over the oil bearing layer depicted
in Fig. 84c is closer to the actual condition. However this picture
may substantially change owing to the elastic deformations of the
shaft and bearings, the emergence of increased edge pressures, etc.

The local stresses and strains, in the areas of force application,
can reach signifieant values and decisively affect the serviceability
of a part.

Let us consider a typical practical case.

The end of a crankshaft mounted in plain bearings was loaded with
a comparatively modest load P from a gear positioned between the
supports. Usual strength calculations for the crankshaft with per-
mitted stress values of 20 kgf/mm? led to the shaft end configuration
shown in Fig. 85e¢. The recurring front bearing failures made the
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designers examine the unit more carefully. When the crankshaft
was bench-tested andsubjected to an acting force equal to the design-
ed one, it was] proved that the shaft end deformed, acquiring an
elliptical cross section whose major axis exceeded the bearing diame-
ter by 0.2 mm. Meanwhile, with a diametral clearance of 0.1 mm an
ellipticity amount of only 0.05 mm eliminates completely the
wedge shape of the oil layer in the zone of the maximum closeness
between the shaft and bearing, which is indispensible for the
correct functioning of the bearing.

(b) %
Fig. 85, Increasing tke rigidity of a crankshaft by pressed-in plug

This defect was rectified very simply without serious weight
penalty. A plug press-fitted into the shaft end (Fig. 85b) greatly
increased the rigidity of the part and enabled the true cylindricity
of the shaft to be kept.

The arbitrariness of strength caleulations can be illustrated by an
example of pure shear. With usual stress calculations it is generally
assumed that a part operates over its full section and that shearing
stresses are the same throughout the entire section and equal to the
guotient obtained from the division of shear loads by the area of the
section.

However, the actual picture of the stress distribution sharply dif-
fers from the described scheme. The mechanism of shear has been well
studied on the punching of sheet materials. Along its contour the
sheared section is subjected to high crushing and shearing stresses
under the action of which in the material there occur, at first not
deep, microflaws and plastic shear before the bullk of the material
begins to respond.

With reference to common engineering parts this means that the
serviceability of parts is disturbed long before the shear stresses in
the section attain dangerous values. In fact, the part fails as a result
of stress concentrations in the surface layer, accompanied by local
crushing and plastic deformation at the place where the shear force
is applied. This phenomenon is sharply expressed in the shear of
cylindrical parts, when the stresses are concentrated over a small arc
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of the surface close to the acting force. The softer the material of the
part being sheared in comparison to the punch and the higher the
punch rigidity, the greater the crushing.

After crushing the surface layer of a part becomes stronger due to
work hardening and the bulk of the metal entering the action. The
joint, however, is proved spoilt due, in the first instance, to the
sharp drop in stxex;gth from local cracks and flaws which become
stress concentrators with successive load applications and, secondly,
to the disturbed joint geometry caused by the onset of crushing.

From the above discussion we may derive the following important
rule for designing connections working in shear: the hardness of
the cutting material and the material being cut must be as equal as
possible; the greater the surface hardmess of the parts, the more
reliable the insurance of the connections against fracture.

The complexity of shear stress distributions cannot be accounted
for by elementary caleulations. Such an important factor as the sur-
face hardness of a2 material, which determines the connection’s servi-
ceability, is also mneglected.

(b) Effect of the Resilience of Sysiem

Formal calculations do not usually account for resilience charac-
teristics of a constructional system, which in practice have a great
effect on the true stress values.

As an example we consider a shaft, a component widely used in
machine building, supported by itz ends and subjected to a bending
Ioad in the centre from a connecting rod. For the sake of simplifi-
cation we neglect the influence of transverse load components,
as well as support reactions, keeping during the calculations to the
standard schemes of load distribution along the axis of the part.

. If the rigid sections are assumed to be at the connecting rod centre
and at the edges of the supports (scheme 1, Table 6), then it is possi-
ble to consider that the shaft is acted upon by concentrated force P
at the centre and that the bearing reactions are applied at the extreme
shaft points separated by span [. -

With this loading scheme the gtresses in ‘the critical seetion in the

shaft are
Pl
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where W is the resisting moment of the shaft gection

The maximum flexure of the ghafi
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where ] == moment of inertia of the shaft section;
E = Young's modulus for the shaft material

0‘1;



L.oad Distribution Schemeé

Table €

Schem
N

g

o Load distribution skgtch o i
o518 p
N&\;W
1 1 {
fm& W% 2k . _IP/z
i
P
s {
5 ) . 0.75 | 0.42
AP %L—aﬁ'ﬂ—JP/z
DN AT,
3 0.5 | 0.37
SSSNEE W, W
LN i
4 ] - 0.5 | o0.27
. O we ), e '_
P
Sh
5 0.5 . | 0.495
% SRS Laﬂ—ﬁ‘%
8 ) . 0.25 | 0.077
_h i/ Yegsi—#s
IS e d
- i ’ 0.25 | 0.015

S,




Continued

S"ﬁﬁ’f“e Load distribution sketch o 4
a5t P
-’ u ¥y
8 - - 0.25 | 0.0%4
| S A 051 7
{ : L
zgizks‘\\ N i
9 : . A - 0.2 0.024
777777 A
NN e
%{\\ N ¥ 7
10 ' 0.187 | 0.0157
AN iz Lﬁ—~a55_%j &
14 ) ) 0.04 | 0.0035
IS 7
%Z%%ﬂéé;gggggﬁif 4 AT,
12 - 0.5 0.125
VASSSN 7
7 A gs1
A«\&WV NN 222
13 0.25 | 0.077
S Agstad
W%l\\\ N B
14 ' 0.08 | 0.012
LTI

PN~

a5l




8.4, Correction of Design Stresses 191

Assuming these values of o and f to be equal to unity, we consider
how the strength and rigidity of the system are changed with the
loading schemes.

In the designs where the rigid sections of the supports are at their
centre it is possible to assume the following probable schemes of
the acting forces: bending by the point load P with a span equal to
0.750 (scheme 2), and bending by a load distributed parabolically
(scheme 3).

Under such circumstances we shall obtain respectively

62w07501, f2= G-42f1
and ‘
63 B 0:56(}'1; fa = 0037f1

The uniformity of the load distribution is improved with an
increase in the rigidity of the connecting rod and supports (scheme 4).
In this case

0= 0.50’1; f4=027f,

The strength and rigidity of the design can further be enhanced
by transferring the rigid sections to the supports inner ends (schemes
5, 6 and 7). Depending on the connecting rod rigidity and on the
assumed scheme of load distribution, we obtain the following stress
and flexure values

o7 2= (0.5 to 0.25) oy
for=(0.125 to 0.045) f,

The strength and rigidity will grow still more (schemes 8§ to 11)
with encastre ends (without clearance or with an interference).
Depending on the connecting rod rigidity and the law of load distri-
bution, the values of ¢ and f will vary within the following limits:

Ogoqq == (0-25 to 0-0‘4) Oy
fs_ig == (0.031 to 0-0035) fi

With fixed mounting in the rod (also without any clearance
or with an interference), when the shaft ends are cantilevered
{illustrated in schemes 12, 13, and 14) the gains in strength and
rigidity are less. This is atiributable to the inferior strength and
rigidity characteristics inherent in cantilévered systems in general.
In this case the magnitudes of ¢ and f are

05244 == (0.5 to 0.08) ¢,
Fro1a=1(0.125 to 0.042) f,

The general conclusion, that can be drawn from the above review,
says that the resilience of a system and the manner in which loads
are distributed have immense influence upon strength and rigidity.
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Within the range of the above described schemes, the stress value
can be 25 times and flexure, approximately 300 times (scheme 11)
less than those in the original scheme 1.

The gain due to the system s resilience can be realized by making
the design as ratiopal in shape as possible. However, it should be
noted that any assessment of the system charactenstlcs, particularly,
the law of load distribution along the axis of a part, is unavoidably
somewhat arbitrary. Hence, the above-listed relabmnshlps are rather

Il
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Fig. 86. Leading schemes for a pin supported at two points

construction recommendations. Their value as to the calculation
aceuracy is relative because they only indicate probabilities for the
given form of load distribution.

It should also be noted that the loading scheme and law of the
load distribution are dependent not only upon the design of the unit,
but also on its deformability which is determined by the level of the
acting stresses, the material of the part (Young’s modulus), etc. With
the given d631gn of the unit the loading scheme sets in on its own
accord as a result of the interaction of the l6ads and deformation
developing in the unit.

We can explain this by the same example of bending a simply sup-
ported shaft which has its fixed section at the centre between the
supports (Fig. 86). The loading scheme illustrated in Fig. 86a is
possible with small loads or with a high rigidity of the system Ag
the force grows (or section rigidity lowers) the system. is deformed,
as shown in somewhat exaggerated manner in Fig. 865 (for the sake
of simplicity only the shaft deformation is shewu) The deformation
acts as a strengthening’agent causing load concentration on the edges
of the support surfaces. As a result a new system of acting forces
arises, which follows a triangular law or (as shown in the qure)
a parabolic one. In this case the stresses are sharply lowered, and
still more sharply decreases the deformation.

As the loads increase (or the section rigidity falls) the scheme appro-
aches that of pure shear (Fig. 86¢), which lowers stresses and deforma-
tion even. more.

Thus, the load increase is accompanied by a self-strengthening
process caused by the development of deformation which contributes
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to a more favourable load distribution. However, the deformation
simultaneously increases the system rigidity acting reversely and
at a certain stage equilibrium is reached, fixing the load distribution
and defining the true values of stresses and sirains occurring under
the loads. The actual instantaneous strength and rigidity of the sys-
tem are fully dependent upon the magnitudes of the loads and rigi-
dity of the areas which transfer and take up the loads. In most cases

1 e
= 2 =
\ A
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Fig. 87. Load distribution along a gear tooth for differently designed gears

the fashion of loading cannot be established by calculation. Thus
it is clear that a system, self-adapting to load conditions, arrives
at a state intermediate between the extremes depicted in Fig. 806a, ¢.

Let us consider one more example of the effect of rigidity on stress
values: the load distribution over the tooth length of two gears in
mesh {(Fig. 87); The character of load distribution and its maximum
value depend on the relative position of gear webs. If the webs are
located in the same plane close to the end face of the gear (Fig. 87a),
then the load is concentratéd wmiostly at the rigidity node, i.e.,
in the plane of the webs. The remaining parts of teeth positioned on
a relatively elastic rim are loaded less. The probable load distribu-
tion in this ease is shown by the triangle, with its apex found in the
plane of the webs. Maximum lead on a unit length tooth equals 2p,
where p—average load, with the usual assumption that the load is
uniformly distributed over. the entire tooth length:

If the webs are positioned in the plané of engagement symmetry
(Fig. 87b), then the picture of load distribution is expressed by the
triangle having its apex inthe plane of symmetry. Maximum load
as in the previous case is equal also to 2p.

The load on the teeth will be distributed more evenly when the
webs are arranged on different sides relatlve to the plane of enrrage—
ment symmetry (Fig. 87¢).- .

1381395
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(¢) Effect of the Strength of Mating Paris

In practical ealculations the strength of parts (hubs, bushes, sup-
ports, etc.) mating with the designed part is often neglected. The part
being designed is generally treated in isolation and the effects of
adjacent parts, which transmit or accept the load, are considered
(and not always) in the design scheme of the load distribution along
the part. This is admissible only when the length of a mated piece
is small in comparison with the length of a part being designed, or
if these two parts are mated
with clearance. If the length
of the mated part is com-
mensurable with that of
the part being designed
(especially when the fit is
without clearance or with
interference) any disregard
of the mating part can result
in quite sizable errors.

Let us again consider the
same case of a simply sup-
ported axle loaded with
transverse force P. In
Fig. 88 (in a force-deflec-
tion coordinate system) are

1500 ,/ 5
AL
0060 7/ | .
Ry
% bazstot shown the results of testing
il T three specimens made from

0.5 R 2. ST gteel grade ¥ 8A heat-treated

Fig. 88. Effect of conjugated parts upen %{;e‘?imliir%nggsa 2?,&4150 rlifn

strength and rigidity diameter and 80 mm long.

Specimen 2 is a similar

rod upon which three bushes are slide-fitted, each bush being 18 mm

in diameter. The two bushes at the rod ends imitate support bushes,

while the middle one imitates the bush of a conrod. Specimen &

{a reference specimen) is a rod 18 mm in diameter with two annular

grooves corresponding to the end clearances between the bushes in
specimen 2.

The specimens were tested to failure. Specimen 7 failed at am
800-kgf load and a deflection of 1 mm; specimen 2, at 2900 kgf and
2.2 mm. The composite specimen £ proved stronger than the large
solid specimen 3 having the same configuration, which failed at a
load of 1700 kgf and 1.5-mm deflection. This can he explained by
stress concentrations at the undercuts. '

With similar straing the composite specimen proved to be appro-
ximately twice as strong, and with similar loads, 3-5 times more rigid
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than the plain one and as to the failure load, 3.7 times stronger.

The obtained values refer to the region of plastic deformations.
Nevertheless they illustrate the fact that calculations which disreg-
ard the effect of mating parts are only very approximate.

{d) Deviation of Acting Forces from Nominal Values

Another reason for calculation inaccuracy is the difficulty of
defining in a number of instances the actual values of the acting
{oads. This is particularly true of changing, pulsating and impact
oads,

Let us take for example, a well investigated mechanism, a crank-
and-connecting-rod assembly. In internal combustion engines the
initial data for the strength calculations is the maximum gas pres-
sure forces acting on the piston. It would seem that in determining
of these forces there can be no mistake. However in practice the
value of these forces and the stresses caused by them in the links
of the mechanism depend upon many factors, but most of all, on
the resilience and mass of the links.

Some of the flash energy is spent on the work of the resilient ex-
tension of cylinder walls, fixing studs and crankcase (within the
limits of elastic straing). Another part of the energy is consumed in
compressive deformationg of the piston and connecting rod and also
in the bending of the gudgeon pin, bending and torsion of the crank-
shaft, and expulsion of the oil layer from the clearances between the
mating parts. A substantial portion of energy is spent on accelerat-
ion of reciprocating and rotating members. The largest part of the
energy is returned and recovered at later stages in the cycle but ener-
gy is wasted on work of viscous shear, expulsion of oil layers from
clearance gaps and hysteresis during elastxc strain.

The greater the resilience of the system (i.e., the longer are the
fastening studs, the more yielding is the crankshaft, the lesser are
the cross sections and inertia moments of the parts, as well as the
modulus of elasticity of the material), the smaller is the actual force
stressing the parts and the weaker the forces reaching the final links
of the mechanism. The introduction of resilient connections inte
the system, e.g., provision of spring couplings between the shaft and
the final member (flywheel, secrew propeller, gemerator, reducer),
elastic torsion-bar suspension of the motor, etc., will sharply decrease
maximum stresses in the system.

Any incresse in the mass of intermediate links increases the in-
stantaneous value of maximum forces acting upon preceding links,
and lessens the forces acting on the subsequent links. The action of
the enlarged mass of intermediate links is similar to_that of an anvil,
which absorbs the energy of an impact and protects other parts from
higher stresses.

13%
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Of certain importance is the rate at which the pressure of operating
gases is built up at the moment of ignition. The greater this rate,
f.e., the closer the load approximates an impact one, the greater are
the stresses in the system. However, the strength of the material
increases with the increase in the 1oad1ng rate.

(¢) Internal Stresses

Internal stresses, which are inherent in any material, arise during
manufacture and operation. The actual strength of a part depends on -
the interaction befween internal stresses and stresses caused by exter-
pal loads.

When establishing admissible stress values the previous history
of the part is often neglected, as well as its future history, i.e., the
gradual changes of mechanical properties of the part material
during machine operation. Such changes can both weaken and streng-
then the material. The weakening factors include corrosion, wear
and damage of part surfaces; accumulation of microdamages as a
result of multiple-repetitive loads; local tempering, which follows
the heating brought about by cyclic loads.

The strengthening factors include the so-called material “training”
processes caused by short-time stresses which exceed the yield
limit; deformation strengthening caused by the structural changes
in the stressed microvoiumes of the material; spontaneously deve-
loping ageing processes accompanied by recrystallization and spread
of internal stresses. Positive effecis are felt from the design’s adap-
tability, i.e., total or local plastic deformations, arising under the
effect of overloads and causing load redistribution. A definite strengt-
hening effect is obtained at the first wear stage (smoothing of sur-
face microirregularities), favouring an increase in actual contacting
surface areas, lowering the pressure peaks and levelling out the load
on the surfaces.

It is generally accepted that defects appearing during the manufac-

“ture and use of a part are mostly random ones. This circumstance
partly explained by the dispersion in the strengths characteristics
of parts, a fact which is well known. Amongst components in one
and the same batch, all of which were subjected to similar processing,
some have high durability, while others will fail within quite a
short pes:iod of use as a result of unnoticed initial defects or defects
oceurring in use.

Tnternal stresses are generally divided into the following three
categories:

the firsi--those developing in a substantial volume of the part
due. to the heterogeneity of the metal’s macrostruc’cure (some-
tlmes arbitrarily called macrostresses); o
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the second—those developing in the volume of the crystallites or
in a group of crystallites due to the heterogeneity of the crystallite
metal structure (sometimes arbitrarily called microstresses);

the third—those developing in the submicroscopic volumes due
to defects and digtortions in the atomic- crystaihne lattme (sometimes
arbitrarily called submicrostresses).

Stresses of the first group are often the result of technological
processes which the component undergoes during forming operations.
Since such technological treatment is a meny-stage process, the
stresses existing in the finished component are the result of accumulat-
ed and interacting stresses arising at each stage of the process. Hete-
rogeneities of an ingot pass to the forging (or rolled stock}; hot-pres-
sure processing introduces new heterogeneities. Machining opera-
tions although eliminating the nonuniformity present in the cut-off
metal, causes redistribution of the stresses which had been intro-
duced at the earlier stages, leading to new additieonal stresses at
surface layers. Heat treatment partially eliminates stresses, from
the earlier stages, but at the same time it creates stresses of its
own.

The internal stresses appearing in castings are generally the
result of a non-uniform crystallization in foundsy and shrinkage of
material when cooling. As a rule, the stresses are concentrated around
extrusion defects, shrink voids, pores, etc., often obtaining large
values and inviting fractures, local eracks and general fissuredness
of the casting. Other defects, often found in castings, are burnt spots,
entrapped slag, spalled particles of the mould, oxide inclusions,
sulfides and silicides, local liquation and local dendricity.

The main source of internal stressés when hot working by pressure
is the uneven metal flow through sections oriented differently to
the action of the deforming fool. Especially often irregularities
occur at points of discontinuity, at conjugation zones of different
section thickness, at exterior and interior corners. Other defects in-
clude shearing of material, folding, spalling, overlaps, bair cracks.

Lemon spots or flakes as they are usually termed in the parlance
of iron and steel manufacture (which are in fact non-welded hydro-
gen bubbles) are rather common defects in alloy steel.

High residual stresses occur during heat treatment, particularly
when hardening is followed by rapid guenching. Because of the
non-uniform removal of heat from surfaces and inner layers of metal,
as well as from changing sections, zones of high stresses are formed,
somefimes leading to quenching cracks. In materials with low har-
denability the phenomenon is aggravated by the interaction between
hardened and soft zones. The martensite zones which have the larg-
est specific volume are subjected to compression by the action of the
adjacent denser layers of troostite, sorbite or perlite structures in
which reactive tension siresses arise.
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Bubstantial stresses occur in surface layers in the process of machin-
ing. Plastic shear and destruction of metal in the cutting process are
accompanied by residual tensile stresses arising in neighbouring
layers. The rougher the machining (i.e., the thicker the cut-off layer
and the greater the applied cutting force), the higher the residual
stresses (e.g., in rough-turning steel residual tensile stresses reach
80-100 kgf/mm?¥. The mechanical siresses are added to thermal stres-
ses appearing in the zone of cutiing as a result of heat liberation,
as well as to stresses forming from the structural and phase trans-
formations in the zones of intensive heat liberation.

Even fine machine operations, such as, for example, grinding, are
accompanied by residual tensile stresses reaching 20-40 kgf/mm?.
The greatest particular defect in grinding is a burnt spot, which
causes local tempering in chilled steels and the development of sofs
spots of troostite or sorbite. Conversely, normalized or structurally
improved steels, when subjected to a high temperature and emulsion
cooling, can harden and form hard spots of martensite.

High local streases can also originate during welding from the
local heating up to amelt-point temperature and subsequent cooling
accompanied by material elongation in the weld seam. Local
stresses also arise in the zones of weld defects (incomplete penefra-
tion, poor fusion, loose areas, oxide and slag inclusions, etc.).

Stresses of the seeond group arise in the main because of the metal
crystalline structure heterogeneity and due to differencies in phy-
sical and mechanical properties of the alloys phases and structures.
Phases (e.g., ferrite, austenite, cementite and graphite in ferrous
metals) bave different crystal lattices, thereby their density, strength
and resilience, as well as thermal conductivity, thermal capacity
and thermal expansion characteristics are also different. Structures
appearing as phase mixtures (e.g., perlife in steels) or hardened
gtructures possess, in turn, such properties which make them differ-
ent from neighbouring structures. Variations in crystalline orienta-
tion of metal grains cause anisotropy of the physical and mechanical
properties in the microvolumes of metal. As a result of the combined
action of these factors both infra- and inter-granular stresses come
into existence, siariing from original crystallization and following
subgequent transformations in the process of cooling. At high tem-
peratures the stresses are counterbalanced by the plasticity of mate-
rial. However, they develop in low-temperature areas as a result of
phase recrystallization and drop out of secondary phases (phase cold-
hardening); with every total or local rise of temperature {due to the
difference between heat conductivity and coefficient of linear expan-
sion of structural components); due to the application of external
loads (becaunse of difference and anisotropy of mechanical properties);
and also as a result of cold hardening, which follows total or local
transition of stresses beyond the material yield limits.
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Amidst other sources of the second group stresses are intra- and
inter-granular foreign inclusions, microporosity, segregates, residual
austenite (in chilled steels).

Stresses of the third group are due to numerous submicrodefects
{dislocations) inherent in atomic-crystalline metal lattices. The
fields of elastic stresses, forming around dislocations, can break the
interatomic bonds, i.e., cause plastic deformation.

The third group includes also stresses which develop at the phase
boundaries of phases with different erystal lattices {e.g., cementite
and ferrite in Fe — C alloys, cuprous, magnesian and ferrous phases
in Al alloys). Belonging to the same group are also the stresses occurr-
ing at the boundaries of subgrains (crystalline blocks) as a result of
reorientation of the latter either due to heat treatment, or under
the action of external loads, or else caused by cold hardening.

Occasionally submicrostresses can encompass exiensive regions
and turn into microstresses {for example, this is the case, when such
stresses develop at grains boundaries owing to the difference
between crystal lattices of grains and interlayers of the mate-
rial},

Multiple distortions of crystal lattices, developing throughout
extensive areas of material, can cause macrostresses, which will
encompass a number of layers or the entire thickness of material
{such are, for instance, the stresses occurring in macrovolumes dus
to the total plastic deformation of metal).

Numerous microstresses eventually turn into macrostresses co-
vering extensive areas of metal or the whole metal volume. This
can be illustrated by phase cold hardening, but it should be emphasi-
zed that phase cold hardening will lead to a higher dislocation den-
sity, as well as to distortions of crystal lattices and crystal blocks
boundaries, thus producing submicrostresses throughout the entire
metal volume.

It is obvious that classification of internal stresses into the three
groups is rather arbitrary since all of these stresses are intermixed
and may be of a local, regional or general nature.

Of significance from the practical point of view is that internal
stresses can act either as weakening or as strengthening factors. One
must bear in mind that internal stresses, whose sign coincides with
that of the working stresses, are hazardous {e.g., tension-tension pair
of stresses). Conversely, should the sign of internal stresses be oppos-
ite to that of the working stresses, the situation is favourable (e.g.,
tension-compression pair of stresses). Furthermors, it is noteworthy
that internal stresses of the same sign are always accompanied by
counterbalancing stresses of opposite sign in the neighbouring volu-
mes. The relative value of oppositely-signed stresses depends on
the extent of the material volumes in which these stresses are
‘predominant. Thus, we may conclude that the critical factors deter-
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mining the strength parameter are: first, the position and orientation
of the stressed volumes relative to the acting working stresses; and,
second, the magnifude of the internal stresses whose sign and direct-
ion coincide with those of the working stresses. The heterogeneities
which produce areas of high tensile stresses, break the continuity of
metal, and cause flaws and local plastic shear ave, in effect, metal
defects The heterogeneities, which produce extensive zones of COonL-
pressive stresses, contribute to metal consolidation and prevent the
inception and wpropagation of plastic shear are, in fact, strengi-
hening factors. They can be utilized to enhance the resistance of
material to working loads.

Out of the weakening factors the most dangerous are macrodefects,
as they create regions in which tensile stresses of the first group
oceur. Moreover, when working loads are applied, the macrodefects
behave as stress concentrators, thus increasing still more the high
level stresses.

Modern technology possesses efficient means of preventing and
reetifying macrodefects,

Thus, the defects forming at the primary stage, during melting,
1o a signiﬁcan'& degree are eliminated by melting in vacuum, in elec-
tric or electron-beam furnaces, by refining of steel, by electrosiag
remelting, ete. Ingot defects are lessened by vacwum casting, by
assuring uniform crystallization of ingots, and also by using conti-
nuous-casting techniques.

Casting defects are eliminated by imparting rational shapes to
castings, which assure more uniform crystallization and paralyze
shrmkage effects; by properly chosen  sand; by. vacuum and die
casting, ete.

Many types of microstresses are successfully sliminated by stabi-
lizing heat-treatment. Crystal-structural defects of blanks, produced
by hot plastic working, are eliminated by recrystallization annealing.
Internal stresses in castings can be removed by low-temperature
annealing (ageing).

Iiardemno stresses. are reduced by special processes (step by-
step haldenmg, isothermal hardening, etc.). The stresses liable
to appear because of limited hardenability are evadicated by the
introduction of alloying elements (nickel, chrome, molybdenum
and, particularly, beron).

The stresses, being caused by maohmm are eliminated by proper
selection of cut’amcr conditions and removal of damaged layers by
finishing operations (fine grinding, honing, super-finishing, power
pollsmn ate.).

In gencral the main task is to choose the most optimum production
technique and observe the established production processes.

Macrodefects stealing in despite all the precautions should be
discovered through careful inspection of all hlanks at all stages of
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their production by the application of high-sensitive methods (X-ray,
magnetic and ultrasonic defectoscopy).

Deep crystal-structural defects are detected only by cutting micro-
sections, i.e., through destruction of a part. In practice thiz method
is applied on the basis of random sample testing.

The stresses of the second and particularly of the third group are,
in effect, unavoidable. Here, the primary aim is not to eradicate

“the stresses (which would be impracticable), but rather to control

their behaviour and utilize them for stremgthening the material.
Thus is the subject of the so-called strengthening technigue which.
has extreme practical value.

(f) Ezperimental Determination of Stresses

Limitations and drawbacks of calculations compel the designer
to determine stress values through experiments.

For the investigation of stresses the optical-polarization technigque
is of value. The method is based on the ability of certain transparent.
elastic materials to change their optical properties when acted upon
by stresses.

The stresses in flat specimens are easler to determine. A specimen
made of an optically-active material (generally organic glass), iz
placed in a beam of monochromatic polarized light and viewed thro-
ugh a second polarizer, whose light path intersects that of the first
polarizer. Should the specimen be free of stresses, the second pola-
rizer will extinguish the light beams that have passed through the
first polarizer, and the specimen appears dark.

However, when subjected to a load, the specimen maaerxal w111
acquire a quality to divert the plane of polarization through an
angle which is proporticnal to the magnitude of existing stresses.
A part of polarized light passes through the spscimen, which, owing
to the interference of light beams, will be seen as streaks of altern-
ate light and dark bands. The intensity and position of these bands
will characterize the magnitude and direction of the existing stress-
es. When exposed to a beam of white light, the specimen will show
coloured bands with continuously changing colowrs.

Suech a method is applied when examining the distribution of
stresses in regions with concenirated loads or in areas with stress
concentrators (local weaknesses, sharp transitions, etc.).

Employment of this method for determining spatial distribution
of stresses 1s very complex, which limits its value.

In recent years for experimental researches of surface stresses wide
use has been made of strain gauges.

A strain gauge is a wire element which registers change of distance
between two points on the specimen when the latter is affected by
some load, The magnitude of the stress is determined indirectly from
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the deformation on the basis of Hooke’s law. Of the numerous types
of strain ‘gauges those most convenient and mostly used in practice
are electrical resistance ones made as loops of wire or foil (Fig. 89a, &)
.01 to 0.03 mm thick, glued to a strip of tough paper. The strain
gauge is then glued upon the surface of the part to be tested in such
a way that the length of its loops coincides with the direction of

the expected deformation. :
The measuring device consists of a current source, a galvanometer
and a bridge comprising four equibalanced resistors, one of
which is the strain gaugs

g (Fig. 89¢).

Pransdcer, The equation of balance is
Ri _ R.‘)’
B - R,

Usually the R, resistor is
also a sensor similar to Ry,
and the A, and R, resistors
are equalized, and the gal-
vanometer set Lo zero. Any

&
<

a . )

@ length change in the speci-
Fig. 89. Electric tensometers men changes the length of

{e) wire strain gauge; () foil strain gauge; the strain gange wire, thus

() measuring bridge altering its electrical resi-

stance and causing a cur-

rent, which is proportional to the strain, to flow through the

galvanometer circuit. To exclude. the effects of temperature the
.gauges should be made of elinvar or constantan.

1f the deformation direction is unknown, it is advisable to position
a number of strain gauges at 45° to one another. This will allow

hoth the direction and value of deformation to be determined.

The base length of a strain gauge (i.e., the length of loops) is gene-
rally 20 mm. Yeét, strain gauges with 3-5-mm hases are made to enab-
le differential investigations of strains on intricately shaped com-
ponents over {iny areas of surface to be carried out.

When studying quickly changing deformations (e.g., in the event
of cyclic loads), an amplifier is introduced into the circuit and the
deformations recorded by means of an oscillograph. This method
is applied when testing pulsations. The specimen is installed on a
test bench and subjected to vibrations which simulate working loads.
The same method can be used to study deformation of parts on a
running wachine.

The strain gauge indications reveal the surfaces withstanding the
highest tensile stresses, which consequently need strengthening.
Bmall values or complete ahsence of stresses shows it is possible to
lighten the part at these sections.
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Internal stresses in the material are exposed in the following way:
a strain gauge (sensor) of a measuring instrument is glued upon the
gsurface area to be examined and the Instrument set to zero; the sec-
-tion of metal to be tested is cut out and the internal stresses deduced
from its size change.

Recently strain gauges with a base length of 0.5 mm have been
manufactured. Also produced are semiconductor (silicon) strain
gauges, whose sensitivity factor is 100-200 times higher than that of
the constantan sensors and which have an elastic-plastic measuring
range of up to 20%.

Fatigue tests are conducted with the aid of multichannel in-
stroments which enable meagurements to be taken simultaneously
at many (up to 200) points. The cyclic stresses occurring at these
points and varying between 50 to 50 000 Hz are recorded in digital
or coded form on a film or tape. The obtained data can also be trans-
mitted over a distance to an illuminated display, where the data
is presented in the form of stress curves.

Temperature-compensated strain gauges employed for strain mea-
surements under high temperatures exclude the effects of the apparent
gtraing due to the thermal surface expansion. Such compensated
constantan wire gauges allow temperatures up to 300°C to be mea-
sured, those of nichrome wire, up to 750°C and of platinum wire, up
to 1100°C. High-temperature strain gauges are fixed on the tested
surface by means of a ceramic cement.

The lacquer-coating method has the sdvantages of simplicity and
visuality., The surface to be fested is coated with a thin film of lac-
guer. After a load has been applied to the specimen, in the zones of
high strain in the lacquer coating there will form cracks perpendicular
to the direction of tensile stresses. This enables stress directions to
be defined. 1f loads are applied gradually and the ultimate strength
of the lacquer is a strain function known, then from the appearance
of thg first cracks the deformation (and stresses) may be deter-
mined.

As the load increases, the cracks widen and, at the same time, new
cracks appear in the regions where stresses begin to exceed the
ultimate strength of the lacquer film. The final pattern of the cracks
show the tensile stress distribution over the area being researched.

In compression zones the orientation and magnitude of compres-
sive stresses can also be deduced from the wrinkles and creases
occurring in the lacguer film. Further compressive stress increases
turn these wrinkles and creases into cracks.

One of the simplest formulae of the lacquer composition reads:
60 g resin and 10 g celluloid dissolved in 100 g acetone. By varying
the composition a spectrum of lacquers with different strength cha-
racteristics may be obtained, thus increasing the application and
accuracy of the method.
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Surface strains occurring under high temperatures can be deter-
mined through the sgency of brittle ceramic coatings deposited by
hotpulverization upon the surface to be tested.

The low sensitivity and the impossibility of quantitatively measur-
ing stress values are disadvantages of the film technique: films crack
‘only under gizable straing, which belong to the category of plastic
deformations. To observe elastic deformation by the method is dif-
ficult. The film-coating method by no means can replace other,
more exact methods of stress measurement, for example, strain
gauges. However, this simple method does allow the general charac-
ter of the stress distribution to be quickly seen and, with some sgkill,
weak and nenrigid sections to be faultlessly located and, if necessary,
gtrengthened.

Moreover, it is a valuable aid when applying and positioning
gtrain gauges, since it allows the stressed areas to be preliminarily
selected.

The film method is used for studying stresses on a working ma-
chine. Like strain gauges, it only defines the samount of stresses on
the specimen surface, which, in most cases, are of decisive impor-
tance for the component’s strength.

The most simplest method of checking parts for strength and
rigidity is by bench tests under a static load and conditions appro-
ximating most clogely the working ones. The resultant deformations
are measured by indicators or strain gauges.

Bench tesis provide best results when checking such parts as
high-speed rotors, e.g., rotating discs of centrifugal or axial com-
pressors undergoing mostly centrifugal.loads. The speed of the
part being tested is gradually increased to a wvalue, which ex-
ceeds by 20-40% its working speed (correspondingly increasing
stress values 40-100% in excess of design stresses). Such tests
enable actual loads to be simulated (except thermal stresses which
develop in heat engine rotors).

To determine safety marging tests are sometimes carrier to
overspeed limits, i.e., to complete failure.

The most trustwoxthy, although the most expensive way of test-
ing, is a complex check of the machine as a whole. Such a testing
inciudes a long-time trial running of the machine under severe work-
ing conditions, either on a bench or in the field. At definite inter-
vals of time the machine is partially or completely dismantled and
the conditions of parts evaluated with the aim of forecasting forth-
coming failures. This method jointly reveals the machine elements
which are inferior not only in respect of their strength, but alse in
wear-resistance. Reliability of parts is only established indirectly,
namely, on their good condition after prolonged operation.
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(¢) Raisirg the Design Stresses

Decreases in the weight of a part can ornly be achieved by increas-
ing the design stresses and decreasing the safety margins.

First an essential stipulation. We speak here about an actual safety
margin decrease consisting in the increase of the actual stresses and
reduction of the part’s cross section. A formal decrease in the safety
margin, obtained only as a result of correcting the stress values is
another matter.

Let us explain it by an example.

The safety margin

e O | (3.21)

where o, = breaking stress;
o = design stress
. For the simplest case of a cylindrical part in flexure the design
stress will be
M
0= 3108
where M = bending moment acting upon the part;
' D = diameter of the part
Substituting this expression into Eg. (3.21), we get
_ opl.1D3
M

The actual lowermg of the safety margin will only occur if the
part diameter is decreased. Let the shaft diameter be decreased by
109%. Then the new safety margin will be

n=n-0.9=0.74n
and the new value of the design stress

019) —1.350

With the formal correctmn of the éemgn stress value Eq. (3.21)
will have the form

CT——O’(

e OB
ag

where a is a factor accounting for higher stresses when correcting
the design stresses (for exampie when considering stress concen-
trations).
_ Let o be equal to 2. Then, the safety margin is halved, but this,
however, does not indicate any actual drop in the strength or rise
in the stresses. One and the same part, caleulated in-different ways,
may have different safety margins, but nevertheless fail under the
same breaking load, regardless of the design safety margin.
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Beduction of weight through a decrease in the safety margin de-
pends on the character of loading. The largest weight savings are
obtained in the simple temsion-compression case. The dependence
of weight on stress is expressed by the formula

G __ Gy
G o
where G,
and 6, = original weight and stress, respectlvely,
G = weight at the increased des1gn stress ¢
In flexure and torsion the relationship between weight and stress

is less strong
G {9 2/3
G (’c-)

It should be borne in mind that ipcreasing design stresses wit-
hout changing the part shape is always accompanied by lower rigi-
dity, which in many cases defines the serviceability of the part.

In terms of effectiveness, the method of increasing the stress
level concedes to other ways of decreasing weight.

Let us consider it by an example. Assume that a shaft is loaded
with a transverse flexural force or torsional moment. If the design

stress is significantly increased (for instance, 1.5 times) the shaft
H
outside diameter can be decreased in the ratio of 1.57 3 =20.87. In

doing 50, the shaft weight is reduced in the ratio of 1.5 3= 0.75
(i.e., 1t is decreased by 25% only), and its rigidity, _m the ratm of

1.57 3%057 (by 43%).

- Such a weight reduction can be obtained by drilling in the shalt
an axial hole whose bore is 0.5 that of the outside diameter. In
{,)hisﬁc;se the stresses will rise by only 6% and the rigidity, fall also

M o .

A weight saving of 25% at the same stress level with rigidity in-
creased by 5% can be obtained by enlarging the shaft outside dia-
meter by as little as 5% and simultaneously increasing the bore
diameter by 10%.

Thus, we conclude that, giving rational forms to compouents
is a much more effective and advisable way of reducing weight than
enhancement of stress levels.

In most engineering constructions increasing siress has an insigni-
ficant effect because of the limited number of the calculable parts,
whose weight is generally only a small fraction of the total con-
struction’s weight. The overwhelming part of constructions are
incalculable parts. For the majority of machine classes (piston
engines, compressors, turbines, pumps, machine tools, ete.} the
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weight of the housings (genmerally castings) generally makes up
60-80% of the total machine’s weight, and the calculable parts share
10-20%. If we take into account the fact that housings have high
safety factors {due to manufacturing techunology), then it will be
quite obvious that the main potentialities for weight reduction are
in these parts.

Assume that in a 5-t machine the cast housing components make
up 70% of the weight and that the average wall thickness is 12 mm.
Even if we reduce the wall thickness by 1 mm only, it will give us
a weight-saving of approxithately 300 kg, This result is unattainable
even through the most scrupulous design calculatwns aimed at
saving weight.

Naturally, lowering the weight of housings must not lower their
strength, rigidity and stability. Reduction of cross-sections must
be compensated for by improved casting technology, increased wall
gtrength, elimination of casting defects, etc. Purely design techni-
ques, which enable housing components to be lightened without
deteriorating their strength and rigidity, include:

smoothing cutlines; rounding corners and removing sharp edges;
using sheli-shaped and arched structures; proper ribbing pentroding;
braces, struts, trusses, stays and other ties, binding the elements of
a structure: using rational power schemes.

There are, however, some structures, in which caleulable parts
account for a comparatively large portion of the total weight. These -
include: machines, in which metal frameworks are predomimant
(jibs, gantry cranes, derricks); aircraft hull and wing structures
with extensive carrying framework elements; frame constructions
for various applications {support structures, uprights, towers, poles,
etc.). For machines and structures of these types, refined calcula-
tions and reasonable safety factors give substantial weight savings.

(h) Design Stresses and Safety Margins

Thers are two main ways of selecting the design stresses and
safety margins.

The firgt method (now rather obsolete) consists in the preliminary
choice of the safety factor and the establishment of the design stres-
ses on its bases, determining cross-sections and inertia moments
from strength of material and theory of elasticity formulae account-
ing for the main loads in the design scheme (usually, maximum power
or maximum revelutions).

The method is also applied in the reverse sequence: first the part
sizes are roughly specified, then the stresses acting at critical sec-
tions are caleunlated, and finally the safety factor found. If the
latter corresponds with established traditional values, the de-
sign is considered complete; if no, the part dimensions are correcied.
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In this method, all factors determining deviations of true stress
values from the designed ones are summarily inserted into the sa-
fety factor which consequently acquires a large value (5-10).

The second, modern way is aimed af complete and exact explana-
tion for the actual streszes existing in the part. To help the analytical
stress determination experimental methods are enlisted, Combina-
tion of the analytical and experimental methods establishes a more
accurate siress distribution and determines stress values closer to
the true maximum ones. With the improvement and refinements in
the caleulation methods the number of unknown factors reduces and
the number of defined factors increases.

Indeterminate factors include internal stresses caused by macro-
and micro-structural defscts, and also the stresses due to imperiect
manufacture and assembly. I{ is necessary to consider these factors
when defining safety margins.

Furthermore, the safety margin must reflect the importance of the

component part and possible consequence of its failure. If the fail-
ure of the part is likely to cause complete machine failure, then the
safety margins must be increased.
- The method of ascertaining stress values and putting into the
safety factor a few random and unaccounted for factors is most cor-
rect. Naturally with such a refined method the safety factor may
be lowered on average 1.5-3 times.

However, accurate computing methods are drawn up only for a
limited number of loading cases and types of parte.

The third intermediate way tries to make up for deficiencies of mo-
dern design techniques by transierring unknown values into the mar-
gin of safety, bt oniy in a differentiated form. -

The margin of safety is generally expressed as the product of a num-
ber of individual factors, each representing some indeterminancy. The
safety factor is often determined as

1= Ny el

where n; = factor accounting for the difference between the values
of the actual and theoretical loads, as well as the diffe-
rence between the actual and theoremcal stresses (due
t0 errors in formulae);

n, = factor accounting for the heterogeneity of material, as
well as for the influence of macro- and miero- defects
and residual stresses in the material;

ns = factor accounting for the importance of the part and
the reliability 1equ1rements for the part during opera-

© tlon
Some of the authors differentiate still more, asserting that the
safety margin should be expressed as the product of many indivi-
dual factors (ten and even more), thus encompassing all or:nearly all
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the indeterminate factors listed above (see p. 184). Then they give
recommendations on the choice of numerical values of each of these
factors, depending on the authenticity of caleulations, guality
of manufacture, complexity of the parts shape, etc.

It is evident that thissystem is similar in principle to the old sys-
tem of gross safety factor. The difference is that when applying the
former systerm the designer commits one gross error in the choice
of the safety margin but applying the differentiated system he makes
a few small mistakes which superimpose one upon another.

Obviously, the evaluation of the indeterminate factors by this
method is hypothetical, causing, for example, a doubt factor as to
the degree of caloulation accuracy. The numerical evaluation of
this factor presumes the existence of an absclutely true calculation
allowing true stress values to be defined. Then there is no need for
a correction factor: it is sufficient to introduce the true stress values
into the caleulations.

Furthermore, it is a well established fact that numerical values
of correction factors, belonging to sharply different categories, as, for
example, accuracy of calculation and perfection of technological
processes, are incompatible.

In practice, however, with such caleculations the use of the differ-
entiated factor system often leads to adjustment of their numerical
values in order to obtain admissible values of the total safety factor
in the former conception of the term.

Thus, one may state that at present this problem has yet to be
solved. The old methods are obsolete, and the new methods are not
everywhere fully developed. Whenever exact experimentally proved
methods of stress calculations are available, it is better to usze the
second method, and introduce into the safety factor only actual in> -
determinate factors.

When it is essential to use simplified methods of calculation
they must be supported by experience of similar constructions al-
ready in operation.

Long trouble-free running of a machine is the best indicator that
the stresses in the machine parts are acceptable (although it does
not imply that these stresses cannot be decreased). Preservation of
geometrical similarity between the part being designed and its pro-
totype and selection of its absolute sizes from conditions of stress
similarity from the main acting loads and perhaps of slightly high-
er stresses almost faultlessly lead to the development of a du-
rable component part,

As a general rule, great care must be taken when decreasing
safety factors. In most cases, the saving of weight at the expense of
increaged stresses is not great because of the relatively low weight
of calculable parts in the structure of the majority of machines.
The risk is great as in the first place the rigidity of parts is lowered

16012395
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which in many cases determines the machines durability. Reduced
rigidity may cause the appearance of supplementory, difficult to
consider loads, which worsen working conditions for the parts.
That is why when increasing design siresses it is obligatory to ana-
Iytically or experimentally check the degree of reduced rigidity.
It is better to combine increased design stresses with constructive
methods of improving rigidity by giving parts rational forms.

. An indispensible condition for the immediate comparison of safe-
ty factors accepted in different mechanical engineering branches
is that identical calculation methods and identical strength of mate-
rial theories must be assumed as the calculation base for complex
stressed states.

It is also necessary to consider the specific branch of engineering.
High-class machines manufactured under conditions of a strict
technological discipline with carefully formulated gquality control
eliminating the possibility of defective material being passed for
assembly may have lower safety factors. To mechanically give
such low safety factors to other machines produced in less strict
conditions would be a mistake, ‘

In aircraft constructions the margins of safety related to the
stresses which have been carefully computed by special methods
and tested experimentally come to 20-30%. Obviously, such safe-
ty factor values are unacceptable for parts designed by routine
simplified methods, manufactured and inspected less rigorously,
and intended for a much longer working life than that in aviation.

- {§) -Design Operating Conditions

A mandatory condition for a correct design is the refmmg of the
design operating conditions by a careful study of possible overloads
which may oceur during operation. The design operating conditions
do not always coincide with those of the maximum power or speed.
They may, for instance, include starting conditions, when some
machines {(ac squirrel-cage motors or d-¢ series-field motors) develop
increased torgues, or the conditions of braking, stopping, reversing,
speed or load changing, or, finally, those of an abrupt load drop
when the machine begins to overspeed.

In a machine whose drive incorporates an irreversible mechanism
(worm gearings) higher stresses occur during stopping, when the ro-
tating and rectilinearly moving driven links, owing to the stored
energy, become driving elements in respect to the dirreversible
mechanism.

In crankshafts of internal combustion engines maximum stresses
arise during torsional vibrations, while in  flexible ‘turbine
shafts they occur when passmg through the critical rotatmnal
range. ‘ : .
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In many cases overloads can be eliminated or materially lessened
through appropriate design modifications, e.g., by introducing
regulators or speed limiters, limit speed monitors or clutches, vi-
bration dampers, etc.

Under certain conditions overloads during machine operation are
inevitable. This is the case, for example, in road-building machines,
used on heavy or rocky terrains, damp soils, slopes, side banks, ete.
For processing machines, variations in the guality of raw materials
being handled is of great importance.

All these factors should be carefully studied from the standpoint
of their influence upon strength before finally selecting the design
scheme,

3.5, Materials of Improved Strength

An effective means of lowering a construction’s weight is to use
stronger materials. In contrast to the increased stress method, ac-
complished by lowering the safety factor with the risk of weakening
the part, reliability in thie instance is not impaired (if the same
value for the safety factor is preserved). Another dif erence is that
the improved material strength method can be applied to all parts
without exception while the increased stress method is valid only
for caleulable parts.

The principal methods which enable materials to be strengthen-
ed include: hot working, alloying, thermal and thermal-chemical
treatment, cold working.

Hot working under pressure. Strengthening of metals through hot
working occurs due to the conversion of a loose ingot structure into
a compact one with oriented crystallites. As the liquid metal cools,
voids appear at the boundaries of the forming crystals, The voids are
caused by metal contraction in the transfer from the liquid to the
solid state, by the evolution of gas bubbles as the solubility of gases
in metal decreases with decreasing temperature, etc.

As crystals are growing, the impurities, which are 1nev1tab1y pre-
sent in metal, are e]ected and accumulated at the grain boundaries,
where crystalhzat}.on is completed. Because of this cast structure,
insufficient bond between grains is inherent causing the lowered
strength and toughness of cast metals. In the course of hot work-
ing (by pressure) the voids amidst crystallites are reduced and welded,
“while interlayers of impurities between crystals are crushed and,
under the effect of high temperature and pressure, pass into metal.

For improving metal strength the recrystallization process is of
great value. Recrystallization takes place during metal cooling
within definite temperature interval (450-700°C for steels). From the
crystals fragments, which are crushed and deformed durmg reduction,
are formed new fmely—sxzed grains and the impurities in the growing
recrystallized grains remam abgorbed. For this reason the strueture

14%
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of forged metals consists typically of [ine rounded grains closely asso-
clated with one another, which aceounts for the increased strength
and toughness of forged metals.

Forged and, particularly, rolled metals show anisotropy of mechan-
ical properties along and across the grain. Toughness is especially
influenced by the direction of metal fibres (Fig. 90}.

The direction of metal fibres in forged and stamped parts should
agres with the configuration of the part and the direction of acting

loads. Crankshafts, forged or

stamped in geveral passes, with

“fibres following the throw con-

6 | §% | oo figuration (Fig. 91b), possessmuch

higher strength than crankshafts,
made of prismatic blanks, with
| sheared fibres (Fig. 9ia). The
1z) gear produced by hot rolling plus

Fig. 90. Ultimate tensile strength oy, Fig. 94, Orientation of fibres
slongation 8 and specific toughness oy
of steel as influenced by orientation

of fibres

cold! sizing will have correct grain orientation with respect to -the
loads acting on the gear teeth (Fig. 91d). _

Alloying has various aims: to improve corrosion resistance and
heat resistance; to give better welding properties and special phys-
jcal characteristics. The main purpose of the alloying process is to
improve strength with a differentiated improvement in other par-
ticular characteristics of the strength, toughness, plasticity, elasti-
city and wear resistance. Addition of certain eiements. may improve
‘hardenability of steels, thus allowing better mechanical properties
throughout the entire cross section of a part to be obtained. =
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The best all-in-all strength characteristics are possessed by ¢hrome-
nickel steels, particularly polyalloy chrome-nickel-tungsten and
chrome-nickel-vanadium steels.

To acguire good mechanical properties it is necessary to comple-
ment alloying with thermal treatment.

The comparative characteristics of alloy and carbon steels are
given in Table 7.

Table 7

Average Strength Characteristics of Carbon and Alloy Steels
(with optimum heat-treatment)

Tensile Yield o Tmpact
Steels strength, | Limit, EL%? it hflneﬁlg(uﬁt, strength O
kgf/x?r;mﬂ kgf?i%;nﬁ length, &, % kgl/mms kgt -m/cm?
Low carbon 35-50 25 25 20 3-6
Medium ecarhon 80-80 4£0-50 12 25-20 4-8 .
High-strength, 100-180 | 160-150 6-8 60-100 6-10
alloy

Strengthening thermal treatment (hardening with high, medivm
and low tempering, isothermal hardening) causes the formation of
unbalanced structures with strongly deformed crystal lattices {(sor-
bite, troostite, martensite, bainite). _

The composition of these structures, the sizes and shapes of grains,
as well as different mechanical properties are obtainable by regulating
the conditions of heat treatment. For constructional steels the ap-
plication of gquenching and tempering heat treatment (hardening .
with high tempering) assures the most favourable combination of
strengih, toughness and plasticity.

In recent years the induction hardening process has become very
popular, which consists in heating a component’s surface layers with
high-frequency currents. Besides its purely technological advantages
(economy, high productivity) this kind of heat treatment has a sig-
nificant strengthening effect resulting from residual compression
stresses in the hardened surface layer.

Chemical-thermal treatment consists in saturating the surface
layer with carbon (carbonizing), or nitrogen (nitriding, cyaniding),
with the formation in the latter case of Fe-nitrides and alloy ele-
ments. These kinds of heat-treatment are aimed at making the sur-
face hard and wear-resistant. At the same time they increase strength
{particularly under the conrditions of eyclic loads) owing to the for-
mation of a compression stressed state in the surface layer.

"
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Cold working (shot blasting, rolling, coining, cold reduction and
sizing) promotes the development of compressive stresses in the
surface layer and enhances the fatigue strength.

(a) High-Strength Cast Irons

Grey cast irons are one of the most widely used constructional
materials. Cheapness, good castability, high. resistance to eyclic
loads—these qualities ensure wide application of grey cast irons
in the manufacture of housing components (castings) of stationary
and transport machines when weight considerations are of secondary
importance.

Disadvantages of grey cast irons are their low strength, low im-~
pact toughness and brittleness.

Modification is the first measure in improving the stremgth of
cast irons. This means adding small amounts of inoculants (cal-
cium-silicon, ferrosilicon, graphite powder) to the liquid iron before
casting. These inoculants (additives) improve cast iron properties
and promote homogeneity of the cast structure in all sections. Gra-
phitizing modification stops the formation of graphite flakes so
that the latter are present as nodules preventing chilling and giving
a pearlite structure, this being more favourable for the strength of
this material. The inoculated irons have a strength level 30-30%
higher than that of grey irons.

1o recent years methods have been developed which produce
high-strength irons, i.e., alloy cast irons {containing Mg, Mn, Gr
and some other elements), heat-treatad to give gt‘anuiar pearhte
with globular-shaped graphite inclusions. The process is called sphe-
roidizing modification (inoculants: Mg, Cr or alloys of these metals
with Cu and Ni). A typical chemical composition of a high-strength
alloy cast iron is: 3.4-3.6% C; 2-2.2% Si; 0.03-0.06% Mg; 0.15-
0.25% Cr; 1.15-1.3% Mn; not more than 0.005% S and 0.12% P.

The heat treatment includes: normalizing at 950°C for 6-8 h
with subsequent cooling at a rate of 30-60°C/min, then temper-
ing by heating to 700-720°C for 8 h with subsequent coolmg
in air.

High—strength cast irons have better mechanical properties than
grey cast irons (see Table 8), approaching, in this respect, steels.
These high-strength cast irons are used for manufacturing heavily
loaded housings with complicated configurations. They can be
processed by induction hardenmg, 'shot-blasting and nitriding.
High-strength nitrided cast irons (with admixture of Al) possess
a hardness of about 900 VPEH.

Nowadays, important heavily loaded parts are made from high-
strength cast iroms, e.g., crankshafts, which successfully compete
in strength with fcrged and moulded shats of carbon and low-alloy
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Table 8
Characteristics of High-Strength and Grey Cast Irens
Irons
Characteristic
grey high-strength
Uliimate strength, kgf/mm?2: .

tensile op 15-30 45-80
flexural oy 30-45 50-280
Yield strength op.0, kef/mm?2 10-20 40-50
Fatigue strength o_y, kgf/mm? 6-15 15-25
Elongation per umnit length &, % < 0.3 2-40
Impact strength ap, kgf-mfem? 0.2-0.4 1.5-3
Elastic moduius £, kgi/mm2 8000 15000

steels and even exceed the latter in respect of wear-resistance, Fur-
thermore, the manufacturing costs of cast iron shafts are many
times less than those of forged steel shafts.

Castability (casting properties) of high-sirength cast irons is
worse than that of grey cast irons (shrinkage of grey cast irons is
(0.8-1.2% and of high-strength cast irons, 1.3-1.8%). However high-
strength cast irons cast better than casting steels. Particular atten-
tion should be paid to desulfurization of cast irons, otherwise mag-
nesium sulfides will occur in castings (in the form of the so-called
black spots), which will cause local softening of castings.

It is noteworthy that in respect of cyclic toughness the high-
strength cast irons are much more inferior to the grey cast
irons.

By cyelic toughness is meant the property of metals to partially
transform the energy of elastic strain into heat as a result of inter-
nal losses due to friction. The higher the cyclic toughness, the bet-
ter the metal property to dampen vibrations when subjected to eyelic
loads. Grey cast irons possess the highest cyclic toughness.

The value of cyelic toughness is given by the hysteres1s coef-
ficient ¥ (percentage ratio of energy loss v per strain cycle to the
full strain emergy w):

L /AN
w

Figure 92 gives hysteresis coefficient values for cast irons and
steels as. a function of amplitude + of siress variations per strain
cycle. As evident from the diagram, the cyclic toughness of grey
cast irons is 5-G times that of carbon steels and 10-20 times that of
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alloy steels. High-strength cast irons approximate steels in terms
of eyclic toughness and inoculated cast irons are midway between
the grey and high-strength
i % cast irons.

f The cyelic toughness of
7 non-ferrous metals is exire-
2 7 mely low, except magnesium
7 alloys which approximate car-
bon steels in their cyclic tou-

ghness.

1§

(b) Extra-High Tensile Sieels

[V cAmp The development of super-

4 4P 1 LA strong materials {s based on the
AT L modern  concept of d'isloca-
=== 7 tions (i.e., local distortions of

04 & 12 16 tkpimme  atomic-crystalline space lat-
Fig. 92. Hysteresis coefficient ¥ as a ;mesil) i Wh}ch arl‘e conmde%’eg.te
fupction of stress amplitude T per defor-~ D€ the original cause ol dis-

mation cycle crepancy between the actual

1 — grey castd 1rg§ 2 — ino?ulateg. cast iron;  Strength of metals and the
3 - 3teel grade £ — gtee ade 45, § — i i

hxghvstrenggth cast  iron; 6 ——g];u,el casting; theoreupal Va}ue’ Predwted (.m

7 — steel gfade 40X the basis of atomic bonds in

crystalline lattices. The theo-
retically inferred strength value amounts approximately to
{0.1-0. 15) E, where E is the Young's modulus. Yet, the actual
strength is tens, and occasionally hundreds times less than theorét-
ical values. In other words, in modern metals only a very small por-
tion of their potential strength is utilized.

Up till recently it has been a generally accepted consideration
that the process of plastic strain consists in simultaneous shear of
crystal planes one relative to another. However, such a concept ig
inconsistent with the magnitude of those forces which are needed to
overcome the strength of atomic bonds at the slip planes. Now it is
generally considered that the shear occurs not at onece, but in sub-
sequent stages.

In the areas of dislocations, as a result of erystal lattices distortion,
there are formed plateaus of easy slip, so that a comparatsveiy small
shearing force will suffice to displace crystal planes in the area over
an interatomic distance.

Such a. displacement will result in a corresponding shift of the
plateau along or opposite to the direction of the acting force. In
the new location of the plateau another displacement over an inter-
atomic distance will oceur, tms being, in turn, followed by a new
shift of the plateau. ’
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In this way the plateau will successively move in the direction
of the acting force, making, in doing so, the entire crystal plane shift
over an interatomic distance. Should the force be continued, the
action will keep on repeating many times so that a macroshift of
crystal planes will take place.

Obviously, successive shearing, which requires only a local rup-
ture of atomic bonds, will be actuated by such a foree that is many
times less than that necessary to simultaneously displace the entire
crystal plane.

It is the mechanics of the described shift which is mostly re-
sponsible for the lowered actual metal strength when compared with
theoretical values.

The displacement of ready-to-slip platean will continue until the
dislocation has! emerged onto the surface of a crystal block or
encountersd some obstacle (e.g., foreign interstitial solute, perpendi-
cular dislocation, similar dislocation but of the opposite sign,
etc.). Dislocations of opposite signs mutually cancel each other.

Thus, we may conclude that increasing heterogeneities, i.e.,
enlarging the amount of admixtures and the number of crystal lat-
tice distortions, as well as comminuting crystal blocks, will make me-
tals stronger owing to impeded and locked dislocations.

Dislocations inevitably occur in huge quantities in all metals.
For instance, the average density eof their distribution in steels
reaches 108101 cm ¥,

Dislocations arise due to many reasoms: superfluous intepstitial ™
crystal layvers, the so-called extraplanes (line dislocation), spiralk
digplacement of crystal planes relative to each other (screw dislo-
cation). An slternative of dislocations is a vacancy, i.e., absence of
atoms in the nodes of erystal lattices, as well as fofeign atoms inocu-
lated into interstices. Local distortions in lattices occur under appli-
cation of external loads and also in the zones where internal stres-
ses act.

The existing dislocation may cause new dislocations in adjacent
areas. There are sources of sponianecus dislocations: two superim-
posed line dislocations will form a continuously acting generator of
dislocations (Frank-Read sources).

There are two main methods of increasing strength of metals:

(1) elimination or reduction of the number of dislocations {(pro-
duction of metals possessing homogeneous and regular crystalline
structure)

{2) increasing the number of heterogeneities (crea‘czon of obstacles
that will check the development and propagation of disloca-
tions).

The potentialities of the first method are rather limited, since a
defectless structure can only be obtained for extremely pure mate-
rials and in very small volumes, which would exclude the inception
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and development of dislocations. Exceedingly thin whisker crystals
have been prepared under laboratory conditions. Such a whisker crys-
tal (several millimetres long and 0.05-2 um thick) has a tensile
strength of 1350 kgf/mm?, this being approximately 100 times that of
conventional commercial iron and 10 times that of high-grade alloy
steels. Alongside such a high tensile strength the whiskers pos-
sess good elasticity characteristics.
Thus, the elastic elongation of whis--

Cbkglfmim? kers reaches 5%, while the same para-
1400 meter offered by conventional iron
does not exceed 0.01%.
1200 Fohanced strength and elasticity
of single crystal whigkers are obtain-
1600 od owing to extreme purity of their
materials and regularity of crystal
800 structure. The development of dislo-
cations in whiskers is practically
impossible, since the diameter of
a0 { a whisker is less than the average
\ extension of a dislocation. With an
400 z inerease in diameter the strength of
N crystal whiskers sharply falls (Fig.93)
200 N because of dislocations.
i S The whiskers are also produced
" ! from non-metallics (graphite alumi-

0 4 8 12 16 am pium oxide Al,Qj, silicon oxide Si0,,
Tig. 93, Strength of iron whis. Silicon carbide Slc')* ‘the strength of
kers (kgf/mm?®) as a function of Don-metallic whiskers is higher than
diameter (pm) that of their metallic counterparts
(Fig. 94).

The actual strength of whiskersis 50-60% of the theoretical values.
The tiny dimensions hamper, however, their technical application.
Perbaps, the only real way of whiskers utilization is their employ-
ment in the manufacture of composite materials, comprising single
crystal whiskers, laid in a definitely orienfed pattern within a me-
tallic (e.g., alumininm) or plastic matrix. If the whisker has suffi-
eient length to ensure a good bond with the matrix (along its
side surfaces) ity strength will be successfully wused. It is
noteworthy that the strength of composite materials, which contain
40-50% (by weight) of whiskers, attain approximately 30% of the
latter’s strength. Thus, a composition of sapphire single crystal
whiskers (Al,0,) and metallic aluminium has a strength 800-

600 kgi/mms?,
Naturally, such materials are very expensive (their cost nearly
equals that of platinum); for this reason, their application is limited
to only special constructions. ‘
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The second method seems more promising, tending to increase the
degree and number of heterogeneities. The first step is alloying .
and heat treatmen$, whose strengthening effect, in essence, amounts
$o an increase in the density of dislocations.

Further achievements in the development of high-tensile steels are
based on the fact that in some multi-component alloy steels (com-
prising a relatively low percentage of alloying elements) the process

oy, kgt/mm®

L7/ -
4800}
4400 +
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3600 ¢
3200
2800

Alyly
2400+ -

Fe
2000}
1600
1260 7

800 + Cit

High-strengt; sz‘EEZ

400 +

ie Alloy stesl

Fig. 94. Theoretical strength of materials (unshaded rectangles), stremgth of
whiskers (shaded rectangles) and actual technical strength (black rectangles)

of cooling, starting from the temperature of austenitic transforma-
tion within a certain range of temperatures (450-550°C), is not accom-
panied by decomposition of austenite (it should be pointed out that
such a decomposition is inevitably followed by the formation of
hard ferrite-cementite mixtures). Consequently, within this range
of temperatures steels can remain plastie for an unlimited period of
time and be ready for forging, stamping and rolling.
Thus begins the thermomechanical processing method combining,
in fact, the processes of thermal treatment and plastic deformation.
Low-temperature thermomechanical processing (LTTP) is an inten- -
“sive plastic deformation of steel within the temperature range of
‘the stable austenitic state.
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The process (Fig. 954); heating to 900-1000°C; rapid cooling down
to 450°-550°C; multiple plastic deformation at this temperature
with a high degree of deformation (30%); martempering (to produce
a fully martensitic structure); and final tempering at 250-400°C.

The low-temperature thermomechanical treatment can readily
be applied to steels having the following approximate chemical com-
position: 0.4-0.6% C; 1-1.5% Ni; 0.7-1.5% Mn; 1-1.5% 8i; 1-3% Cr
and 0.5-1.5% Mo. The steels of such a composition have the stable
austenitic state within the above-mentioned range of tempera-
tures. :

‘The LTTP assures a significant increase in the material strength
{tensile strength o, == 320-350 kef/mm?® yield limit o©4., =
= 280-300 Lkgf/mm* with elongation § = 8-12%). This is
about twice the strength indices of the best modern alloy steels. Of
greatl significance is the fact that the LTTP sharply increases fatigue
strength. ,

The enhancement of strength attained by LTTP is attributed, in
the main, to the substantial destruction of the crystalline structure as
a result of semi-plastic deformation, which is accompanied by com-
minution of crystalline groups (blocks) down to a fourth-fifth frac-
tion of crystalline groups obtainable by conventional heat treat-
ment.

The shortcoming of the LTTP lies in that the treated parts cannot
be subjected to high temperatures because the steel will lose in this
event that hardness which it has acquired before. Hence, the LTTP-
treated parts forbid welding.

The process is applicable for rolled stock and parts of simple form.
Intricately-shaped components will not yield good results when sub-
jected to the L'TTP, as it is impossible to obtain uniform deformation
and homogeneity of metal properties throughout the entire compo-
nent. :

Another disadvantage is the necessity for increased forces which
are needed to deform the material in its semiplastic state.

To avoid this disadvantage use is made of the high-temperature
thermomechanical processing (HTTP), by means of which (Fig. 95b)
the material is deformed in the range of temperatures between 800-
900°C, with the deformation degree reaching 20-30%. Afterwards
the component is martempered and after-hardened. Occasionally
heat treatment for bainite takes place {Fig. 95¢).

The HTTP method brings about a lesser accretion in strength as
compared with the above described method (LTTP): the strength
level is raised to 220-280 kgf/mm?, yet it is still1.5-2 times that
obtained by applying separately pressure working and heat
-treatment. Furthermore, the HTTP technique betters plasticity and
impact toughness in parallel with reducing the sensitivity of steel
‘to stress concentrations.
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The HTTP treatment may be applied, though with poorer strength
results, to conventional medium earbon steels. Thus, high tempera-
ture thermomechanical processing increases the ultimate strength
of steel grade 45 to 180-200 kgf/mm?.

When combined, the LTTP and HTTP treatments (Fig. 95d)
will produce a tensile strength increment of 15-20%.

Still another method of material hardening is based on martensite
strain ageing (MSA). In this case (F'ig. 95¢) the steel is first subjected-
to the usual heat treatment (hardening plus tempering at 250-400°C)
and afterwards deformed in a cold state, the deformation degree
being 1-3% . Then follows ageing for 1-2 h at a temperature which ex-
ceeds by approximately 100°C the tempering temperature. In the
process of ageing the steel tensile strength rises to 200-250 kef/mm?.
It is significant that the ratio between the vield limit and ultimate

tensile strength (%f becomes approximately equal o 1. Owing tfo

this the strain-aged steels, as regards their yield limit value which
iz the main strength characteristic of the material, are close to steels
which have been strengthened by more complicated methods (such
as those described above).

Deformation can be performed by any method: reduction, exten-
sion, torsion, stamping, rolling, ete. Intricately-shaped components
are deformed by applying loads, which simulate the working ones.
Thus, storage vessels are hardened by applying high internal pres-
sure with subsequent ageing.

Increased hardness in the course of strain ageing is obtained om
account of two simultaneously acting factors: cold working (i.e., higher
density of dislocations) plus comminution of martensite blocks.

An alternative to this method is bainite hardening followed by
strain ageing (Fig. 95f) SBatisfactory results are obiained also by
combining strain ageing with LTTP (Fig. 95¢) and HTTP
(Fig. 954, i).

In recent times a hardening process has been suggested which is
based on the ageing of carhonless alloy martensite. This method can
be applied to carbonless («<0.01% C} alloys Fe — Ni -~ Co — Mo,
containing 18-20% Ni; 7-40% Co and 3-5% Mo with obligatory ad-
mixtures of Ti (0.3-1. 5%) and Al (0.1-0.3%), which are, in fact, the
primary hardening elements. s

These alloys are heat-ireated by martempering, which, in con-
trast to conventional tempering of alioy steels, does not requu’e high
coelmg rates and proceeds as the steel is hemg cooled down in open
still air from 800-1000°C (generally alloys are hardened from forging
temperature). This hardening will result in soft martensite (10-15 Re),
which readily yaelds to deformation in the cold state.

The material is then subjected to ageing, keeping it at 400- 500°C
for approximately 3 h. After ageing the ultimate tensile strength
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increases to 210-250 kgf/mm? (with %f ~ 1); the martensite hard-

ness is raised to 50 Re, keeping its high plasticity (6 = 10-12%)
and toughness (g = 8-12 kgf/em?). The strengthening effect is
attained mainly due to segregation of intermetallics, such as
Ni (Ti, Al) and Ni; (Ti, Al, Mo).

Martensitic-ageing alloys have good technological characteristics.
Ageing does not distort the part, this treatment can be used at the
final manufacture stage. Such alloys can be worked through hot
plastic deformation of any kind (forging, rolling). In a hardened
state (prior to ageing) these alloys can be worked by pressure
(deep drawing, spinning operations, ete.). The alloys have good
machining and satisfactory welding qualities after hardening and
after ageing. Softening in the weld zone (when welding in aged
state) is eliminated by resgeing.

The disadvantage of the martensitic-ageing alloys is the increased
content of expensive Ni and Mo. Ample tensile strength and good
toughness can be obtained by introducing 1.5-2% Mn, the Ni content
not exceeding &-12%.

Soviet scientists have developed a method which enables Tow-
carbon steels to be stremgthened by multiple thermomechanical
processing (MTMP). It is in deforming & specimen 5-6 times, each
deformation stage corresponding to the yield plateau length on the
stress-relative elongation diagram (total deformation reaching 6-8
per cent} until the yield plateau fully vanishes. This is followed by
ageing at 100-200°C for 10-20 h. The processing allows the yield
limit to be raised by 25-30% (nearly approaching the ultimate
strength) and the fatigue limit by 30-50%,

Recently, along with the thermomechanical processing, additional
strength is obtained by applying a magnetic field which en the
strength of the well-known magnetostriction phenomenon changes
crystal sizes, The stresses caused by magnetostriction will be added
to the stresses produced during the previous thermemechanical pro-
cess, this strengthening the steel still further (approximately by
10-15% when compared with the original strength). This is called
the thermo-mechano-magnetic processing method (TMMP).

Samples of super-high strength steels have heen produced under
laboratory conditions. These samples have ultimate tensile strength
as high as 400-500 kgf/mm?, i.e., ten times that of carbon steels and
3-4 times that of modern alloy steels, ‘

With the appearance of high-strength steels arises a series of new
design problems since parts made from the stronger metals are less
rigid, This is because the modulus of elasticity of each metal has
a stable value and only slightly depends on heat treatment and con-
tents (in normial quantities) of alloying elements.- Since “elastic
strains are proportional to the ratio between the stress and elasti-
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city modulus, then with increased stress values (which is the reason
for the application of high-tensile materials) the strains will also
increase proportionally and the rigidity will fall inversely propor-

tionally. '

This will be true only if the length of parts is assumed unchanged
{the case of most applications). The linear dimensions of a con-
struction are generally chosen fo suit machine operational condi-
tions. Thus, in power generators and converters these dimensions
depend on the working capacities and specifications, e.g., in internal
combustion engines these dimensions depend upon cylinder size,
which is, in turn, dependent upon the gas operating pressure; in
machine tools, on the workpiece size to be machined; in metallic
frameworks, upon the length and the height of the construction.
In all these cases the uge of high-strength materials will affect only
the cross section and not the length of a part.

A geries of machines exist whose linear dimensions are dependent
only on the strength of materials. To such machines are referred
reduction gear units. In this instance the application of high-strength
materials allows not only ¢ross sections to be decreased, but also
a proportional reduction in the length of separate parts and the
overall unit dimensions as a whole to be obtained. In these cases
the introduction of high-tensile materials does not lower construc-
tion rigidity.

Let us consider a case when the linear dimensions of a part arve
unchanged. Assume, there are two equallystrong (in tengion) bars
of the same length--one from carbon stes] grade 45, with on ultimate
tensile strength 50 of kgi/mm?, and the other from a high-strength
steel with an ultimate strength 500 kgf/mm?. The rigidity of the
latter bar is obviously 10 times less than thaf of the former.

Now let us evaluate the absolute deformation values.

Take as an example a connecting rod, length L = 400 mm, of an
internal combustion engine. If the compressive stress developed in
a conventional steel rod is 20 kgi/mm? the elastic deformation will.
be

i)
“’E‘L”‘zmoo 400 0.4 mm

Now, if we compare it with the compressive deformation in a
connecting rod from the high-strength steel with a proportionally

less cross-sectional ares (for the equistrong conditions), we shall
find that the deformation is much greater

A==4 mm

in the tension-compression case no means exist of fighting rigidity
reduction because with the given values of o and E the deformation
depends only on thé cross-sectional area and is quite independent
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of its shape In flexure, torsion and longitudinal bending the rigid-
ity reduction is greater, but in the given case there are some means
of fighting this phenomenon.

Assume two equistrong bars of equal length and similar cross-
sectional profiles made from the same steels as in the above example
and subjected to flexure or torsion. Then, for the above case the
rigidity of the bar made from high-strength steel will be less by
10Ys = 21.5 times.

Let us consider a numerical example. Assume a shaft 60 mm in
diameter and 400 mm long, supported at its ends and loaded in the
centre with a force P.

The maximum deflection of the shaft under the action of flexural
moment (Mo = PLI4)

o PD_ Mpel®
T RET T T12ET

As Ime%-, then

= e — e

if the bending stress in the carbon steel is 20 kgffmmz, then

20 . 4002
f=g1505 " 5a0 ~ 040 mm

The deflection of the high-strength steel shaft with its proportion-
ally less section will have a very large value

f=24.5-0.45 ~ 10 mm

Thus, the application of high-strength materials with full use
of their strength reserves and reduction of cross section without a
corresponding decrease in length may lead to a catastrophic drop in
rigidity,

Generally the rigidity characteristic is improved by increasing
diametral sizes of the part and making simultaneously its walls
thinner. However, in the case under consideration, this would be
useless: with the increased moments of inertia the resisting moments
of the part are simultaneously increased and this is accompanied
by decreased stresses. Consequently, this method lowers the level
of stresses which conceals the main advantage of high-strength ma-
terials, namely, the possibility of raising design stress to obtain
a corresponding weight saving. The advantage is only partly realiz-
ed with a very large reduction of wall thickness (in general mechanie-
al engineering the wall thickness would only be 1-2 mm), 1. e., this
means a switch over to shell-like components. ‘

1501395
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For some engineering components (disks, containers, gears, con-
necting rods, levers, shafts, etc.) the shell-like shapes are practicable,
although they require radical changes in design and manufacturing
processes. Therefore, along with the increase in inertia moments
it is necessary fo apply other methods of lessening deformations,
such as shortening the length of parts, closer arrangement of sup-
ports, stc.

In all cases the employment of high-sirength materials puts new
problems before designers and technologists, the solving of which
requires a lot of creative and original thought.

A positive feature of parts made from high-strength steels is
their extraordinary high capability of withstanding impact loads
being accounted for by the large elasiic deformation values. The
resistance to impact loads is approximately proportional to the

ratio (i%iz— [see Eq. (3.33)], where gy, , is the yield limit and E, Young's

modulus. Should the yield limit be considered as proportional te
ultimate strength, then the resistance of high-strength steels to im-
pact loads will be greater than that of conventional steels in the

ratio
oy, 2
( 573 )

where oy, and ¢, are the witimate tensile strengths of the high-strength
and conventional steels, respectively.

’

When % = 10 the resistance of high-sirength steels to 1mpact
loads will be 100 times that of conventwnal steels.

8.6. Light Alloys

The use of materials with low specific weights is a significant way
of lowering the weight of constructions. However, real weight
savings not only depend on the value of the specific weight; they also
depend on the material strength. The lower strength and rigidity of
the light materials may in a series of cases reduee to tought the
weight savings.

Additional factors limiting the application of 11ght~we1ght mate-
rials are: low hardness, insufficient resistance to corrosion, low heat-
and cold-resistance, high sensitivity to stress concentrations. Finally,
it is necessary to consider cost and availability of these materials
or components made of them.

‘Some of the light-weight materials bemg applied in general engi-

neermg are:
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v in kgt/dms

aluminium alloys ., . . . 2.6-3.2
magnesium alloys ., . . . 1.8
titanium alleys . . . . . 4.5
plasties . . ... .. .. 1-1.8
improved wood . . . .. 1.3-1.8
ceramic materials . ., . . 2.2-3.2

(a) Aluminium Alloys

Aluminitim alloys are the most widely used light alloys. They
are noled for their low specific weight (y =~ 3 kgf/dm?®), high heat-
conduetivity (A = 100-150 cal/m -h.°C), satisfactory strength and
plasticity and are easily machined. Many of them can be welded
by the argon-arc method when using non-consumable tungsten, elec-
trodes or by hydrogen-arc welding. Use can be made of gas submerged
welding (LiCl, NaCl, KCi, KF). Sheet materials are resistance-
welded.

Alyminivm alloys withstand corrosion in dry atmospheres are
resistant to the influence of alkalies and weak aeid solutions, but
corrode in hemid (especially sea) air and are non-resistant to strong
acids and rather soft (their hardness varies within 60-130 BH) Coef-
ficient of linear expansion a = (20 to 26)-10-6°C-*, Young's modu-
lus £ = 7000-7500 kgf/mm?

The strength of aluminium alloys rapidly decreases with the
increase of temperature. There are, however, some alloys which
retain satisfactory mechanical properties up to 250-300°C. i

Aluminium alloys are divided into two main categories: casiable
and wrought (i.e., worked by forging, stamping, rolling).

- Castable alloys (Table 9} by their chemical composition are sub-
divided into aluminivm-copper, aluminium-magnesium, aluminium-
zinc, and also aluminium-zine-silicon, aluminium-copper-silicon,
aluminium-silicon and composite (with admixtures of Ni, Ce,
ete.). |
The highest combined characteristics belong to the aluminivm-
silicon alloys (silumins), distinguished for their low specific weight
y = 2.6-2.7 kgf/dm®), good casting and welding qualities and
high corrosion resistance. Silumins can be used to particularly good
advantage for casting thin-walled intricately shaped components.
To enhance their mechanical properties silumins are generally inoce-
ulated before casting (with metallic sedium, Na and K fluorides),
owing to which the silicon mcluszons acquire a grain-like structure
favourable to sirength.

Aluminium alloys are often used for casting bases and housings.
The low strength and rigidity of aluminium alloys are compensated
for by increasing cross-sections, moments of inertia and resisting.

15*



Chemical Composition and Mechanical Properties of the Main Castable Aluminium Afloys

Table 9

Chemics) « omposition, % Mechanical properties
Aflos’ - Titimate ten-
Alloys grade on Me Mn s %n Sé: i*g‘}‘}’;f,ﬁ,hz’ Elong%/f;ien, &,
ANT 4-5 - — — - a0 6
Al—Cu AT19 | 4.5-5.3 6-1.0 — —_ — 30 8
Al—Mg AlIB — _ 9.5-11.5 - — 29 9
Al—7n—8i ATl — - 0.1-0.3 8-8 7.42 18-25 1.5-2
. AlS 1-1.5 — 0.35-0.6 4.5-5.5 —_ 16-23 0.5-1
Al—Cu—8i | ape 2-3 — — 4.5-6 — 15 1
Al—Si Al —_ —_ —_ 10-18 { — 14-18 1-4
AJI4 — ¢.2-0.5° | 0.17-0.3 8-40.5 —_ 15-24 1.5-8




Chemical Composition and Mechanical Properties of Some Wrought Aluminium Alleys

Table 10

Chemical composition, %

Mechanical properties

Ultimate .
0 tensile Yield |Endurance| Elonga-
AT G Mg Mn i Fe si cloments strength, ’é?;t gﬁ‘;’ Hagy &
ket h{ﬁmz kgf/mm? | kef/mmse
a1 3.8-4.9 ) 0.4-0.8 | 0.4-0.8 — — - - 40-45 25-30 10-12 10-12
J16 3.8-4.9 | 0.3-0.1 | 1.2-1.8 — — — — 45-50 25-35 12-15 8-10
BYS 1.4-2.010.2-0.4 | 1.8-2.8 e - — 5-TZn 50-60 40-50 12-15 5-7
0.1-0.25Cr
AR2 3.5-4.5{ 0.4-0.8 — 0.8-1.3 ] 6.8-1.3 | 0.5-1.2 — 40-45 25-30 10-12 4-5
AR4 1.9-2.5 e 1.4-1.8 1-1.514.2-1.5{ 0.5-1 — 35-40 20-25 8-10 6-8
AKS 1.8-2.6 | 0.4-0.8 | 0.4-0.8 e e 0.7-1.2 — 35-40 8-10 5-6

20-25
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Despite this the employment of aluminium alloys gives signifi-
-cant weight savings.

~ Components made from aluminium alloys which require sealing
{e.g., sumps, oil-casings, boxes, ete.) are impregnated with synthetic
‘thermosetting compounds (often with bakelite) and are then heated
to the bakelite setting temperature (140-160°C).

. The most popular in the family of wrought alloys (Table 10) is
duralumin, which is, in fact, an Al — Cu — Mg alloy. Also widely
applied are alloys with admixtures of Mn, i, Fe and Cr.

The duralumin-type alloys ({1, [116, B95) are heat-treated to ob-
tain the highest mechanical properties. The heat treatment con-
sists in water-quenching from a temperature of 500-520°C with sub-
sequent ageing at room temperature for 75-100 h (natural ageing) or
at 175-150°C for 1-2 h (artificial ageing). Duralumins are most com-
monly used in production of sheet and rolled shapes.

To prevent corrosion the rolled stock of aluminium alloys is an-
odized. The process comprises an.-electrolytic treatment in a bath
of a 20% solution of H,S0, at a current density of 1-2 A/dm? and
tension of 10-12 V. The component serves as an anode and the cathodes
are made in the form of lead plates. As a result of the process the
component surface is coated with a film of aluminium oxide Al,Oy,
which effectively protects the metal from corrosion and adds better
hardness and abrasion-resistance to the surface. To enhance the
stability of the coating it is then treated with a hot 10% solution
of potassium bichromate (K Cr,04).

The sheet rolled stock of aluminium alloys is protected by clad-
ding, i.e., applying upon the surface some layers of pure aluminium.

The AK-type alloys are utilized for forging and stamping of parts
(connecting rods of high-speed engines, disks of centrifugal and axial
compressors, blades of axial compressors, etc.). The AK4 heat-resi-
stant alloy is used for the manufacture of internal combustion engine
pistons and cylinder heads of air-cooled engines,

The wrought aluminium alloys possess satisfactory antifrietion
properties. The Ni-doped alloys are used in production of plain
bearing bushes. An ample circulating supply of lubricating oil for
such bearings must be assured for their good serviceability. As for
shafts, they must possess increased hardness (45 > Rec).

(b) Magnesium Alloys

The magnesium alloys consist of Mg (90% or more) and of alloying
‘slements (Al, Zn, Ma, Ti, etc.} They have low specific weight (y &
2z 1.8 kgt/dm?), low elasticity values (£ = 4200-4500 kgf/mam?)
and low hardness (60-80 BH). The coefficient of linear expansion of
these alloys is very large: o = (27 to 30)-10-%°C-%, and the heat con-
ductivity varies between 60 and 70 cal/m .h.°C,
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The strength of magnesium alloys is lower than that of aluminivum
ones and rapidly drops with rise in temperature. The magnesium
alloys are sensitive to stress concentrations. They are easily machined
‘but precautions must be taken to avoid ignition of chips.

- The magnesium alloys are subdivided into castable and wrought
{Table 11).

The worst disadvantage of magnesium alloys is their low corrosion
resistance, particularly in humid atmosphere. Therefore, all parts
made of magnesium alloys should be adequately protected against
corrosion.

Generally this is achieved by dichromizing-a process during
‘which a stable anticorrosion film is formed on the metal surface
{the film is composed of magnesium chrome salts). :

Fable 11
Chemical Composition and Mechanical Properties of Basie Magnesiom Alloys
Chemical composition, % Mechanical properties
Ultimmate
Alloy tensil Yield §Endurancej
Alloys | grage | m A stfg,fgﬁl zé:;u;’, lém:;: Elonga-
kgf/mm? | kgt/mret | ketfmms | %
Coap. [M2] — | 12 | 89 | 56 | 34 | 2.5
"flt' M4 | 57 | 2-3 |0.45-0.5| 14-18 | 912 | 67 | 2.5-3
able M5 | 7.5-9 10.2-0.8]0.45-0.5| 12.15 9-12 3-7 1.5-2
W MA1 e o 1.3-2.5 | 16-18 | 10-12 6-9 1.5-2
r}‘}’t‘" MAZ | 3-4 [0.2-0.80.45-0.5 | 24-26 | 14-18 | 10-12 3-5
g MAS j7.8-$.210.2-0.8|0,45-0.5 | 28-30 | 18-20 12-14 6-8

The dichromizing process comprises several stages. First of all
the part is treated with a cold 20% solution of chremic anhydride
CrO; to remove oxide films. Then an electrolytic treatment follows.
This is carried out in a bath filled with an acidified aqueous solution
of potassium bichromate (K,Cr,0;) and ammonium persulphate
(NH,),80,. Finally the surface is treated with a hot 10% solution
of chromium anhydride. :

Recently selenium treatment has been applied in which the part
is treated with a 20% solution of selenium acid (H,Se0;) containing
a small addition of potassium bichromate. '

The part should at least be treated twice: first in the as-cast
{as-stamped) condition and then after machining.

Direct contact should be avoided between parts made of magriesi-
um alloys and those made of metals, whose electrochemical poten-
tial is higher than that of magnesium (steel, copper alloys, nickel
alloys). In this case the parts muist be either zinc- or cadmium-plat-
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ed. To protect components operating in humid atmosphers (par-
ticularly in sea air} the use of zinc or cadmium protectors is recom-
mended.

Magnesium alloys are cast in a protective atmosphere {e.g., in an
atmosphere of sulphur dioxide gas produced by powdering the
mould interior with sublimed flower of sulphur). However, it is
still rather difficult to produce a sound casting with uniform mechan-
ical properties, especially when the casting is large.

Cast magnesium alloys (MJI4, MJIB) are strengthened by means
of a proper heat treatment (heating to 380-410°C for 10-18 h, cooling
in air and ageing at 175°C for 16-18 h).

In general, magnesium alloys are used for non-power components
(non-bearing casings, covers, enmgine sumps). In particular instances,

{a)

. Connection of light-alloy Fig. 97. Reinforcement of light-
parts alioy parts

{a} split spring ting seal; (b) installation
of antifriction bearing in intermediate bush
in housmg

however, these alloys are used to manufacture some important hous-
ings. Wrought magnesivum alloys are often used for parts subjected
to centrifugal loads.

The disadvantages of magnesium alloys, partmuially their poor
corrosion-resistance, restrict their application to the cases when eight
weight saving is the chief factor.

Particular features of parts made from light alloys. When produc-
ing parts from aluminium and magnesium alloys it is necessary to
consider their characteristics. Thus, it is possible to compensate for
the low strength and rigidity of these alloys by increasing their cross
sections and of resisting and inertia moments, by giving the construc-
tion a rational form which assures maximum strength and rigidity,
and also by suitable ribbing.

The softness and low tensile strength of light alloys forbid the
employment of screwed-in fixing bolts (Fig. 96a). Should the latter
be absolutely necessary for some design reasons, then the holes for
tapping must be reinforced with steel bushings (Fig. 965). The best
fastenings are studs (Fig. 36¢) or bolis (Fig. 96d) with large steel
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washers placed in-between the bolt head and/or nut and the part
surface, otherwise, the supporting surfaces are crushed and wear
down as the nut is screwed tight.

Friction surfaces in parts made from light alloys should be rein-
forced with bushes of some hard metal (Fig. 97a); antifriction hear-
ings must be mounted in intermediate steel sleeves (Fig. 97b).

Light alloy surfaces should never be used for supporting springs,
ospecially when the latter operate under cyclic loads. In suek cases
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Fig, 98, SpIine—fittixil‘g of a Light-alloy Fig. 99, Composite structures
part
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“

it is necessary to apply bearing washers, made of some hard metal,
so that abrasion of bearing surfaces under the action of muliiple
repetitive loads is prevented,

Transmission of torque through the agency of keyed or splined
connections made directly in a light alloy component is not recom-
mended (Fig. 98a). It is better to reinforce the fitting surfaces
w;th' steel bu.shes or transmit torque with the aid of locating screws
or pins, spacing them over the radius as much as possible (Fig. 98b).

When matching light alloy parts to steel parts make due account
for the difference between the linear expansion coefficients of these
materials, Eigh thermal stresses can occur in fixed joints, in which
the expansion of parts made of light alloys is restricted (locked up)
by steel parts. In movable joints, where the male part is made of
some light alloy, and its female—from steel (e.g., a cylinder of an.
internal combustion engine with an aluminium piston) inereased
clearances should be given so that piston seizure at high temperatures.
is avoided. _ : ‘

Iﬁ & part must possess certain qualities (e.g., high hardness, wear
resistance, etc.), which light alloys cannot provide, then to make
the part lighter use is made of composite constructions. The non-
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working portion of a part can be made of light alloy and to this
correctly fastened the operative portions which are manufactured
from materials having the necessary qualities (Fig. 99). Figure 9%a
shows a compeosite construction, a cam plate, whose body is made
-of light alloy whereas the cam rim and the internal drive gear are
made of hardened steel. The rim is riveted to the body. Shown in
Fig. 995, is an aluminium alloy impeller of a centrifugal compressor;
the impeller is reinforced with a steel bush, which has internal driv--
ing splines,

(&) Titarium Alloys

Titanium alloyed with Al, Cr, Mn, Mo, Fe and Si is often used in
:general engineering. The average specific weight of these alloys
is about 4.5 kgf/dm?, coefficient of linear expansion a == 8.5.107%°C1,
thermal conductivity, &7 cal/m -h.°C, :

The main advantages of titanium alloys are: combination of high
strength with low specific weight; high heat and corrosion resistance.
"The strength of titanium alloys rivals that of alloy steels, and their

Table 12
Mechanical Properties of Titanium Alloys
Alloy grads Ultimate strength, keffmm? | Egﬂ %r;g ;,ﬂ gn f;jggggs
tensile, o, | vield, o, |fatigue, o_j, | 1en8th, %

BT-3 (95-115 | 85-105 40-55 10-18 | 285-320
BT«; 80-90 70-80 35-40 15-20) 285
BT-5 80-95 70-85 3545 12-25 285-340
BT-6 | 90-100 80-90 40-50 8-13 320-360
.BT«S 105-118 95-110 45-55 6-12 320-380

anticorrosion qualities are better than those of stainless steels. The
titanium alloys (Table 12) maintain their high strength within a
broad range of temperatures {from minus 200 to plus 600°C). They
possess excellent punching and forging characteristics. These alloys
are more difficult to machine than steels and require more powerful
4ools for the purpose. It should be emphasized that under high-speed
cutting conditions titaninm chips can ignite and the dust is explosive.
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To cast titanium is difficult because of the high chemical reactivity
of this metal, and for it easily interacts with the moulding materials,
as well as the gases given out during casting. _

Many titanium alloys can be resistance- and atgon-arc welded.
Titanium alloys can be subjected to beat treatment (hardening, tem-
pering), chemical-thermal treatment (case hardening, nitriding) and
‘thermal-mechanical treatment.

They can also be improved by 3y, kglf mm®
cold working.

Antifriction properties of tita- 150
nium alloys are not high. Tita- S
‘mium parts, operating under high 130 <
friction conditions are nitrided <
and hardened to 900-1000, VPH. 10 N
Wear-resistance of titanivm parts - ‘\
can also be enhanced through 90
“diffusional saturation with cop- N\
per, tellurium and selenium. 70 N,

Titanium alloys are exten- \
sively used in the aircraft and 5
rocket industries, when the com-
bination of high strength and 0 200 400 00 8B0 %
low specific weight is important. Fig.100. Ultimate tensile strength of
These alloys are indispensable titanium alloy grade T42 versus tem-
for the manufacture of parts perature
subjected to high inertia loads,
in particular, high-speed rotors, in which the stresses are directly
proportional to the material’s specific weight.

High heat resistance (Fig. 100) and stability against hot corrosion
make titanium alloys suitable for the manufacture of parts working
under high temperatures and loads (gas turbine blades). The good
eorrosion-resistance of titanium ensures its application in the chemi-
cal industries.

3.7. Non-Metallic Materials

(a) Plastics

Plastics (polymers) are, in fact, synthetic high-molecular com-
pounds produced by polymerization or condensation-polymerization of
monomers—substances comprising of simple molecules having small
molecular weights. Nowadays, we have a wide assortment of plas-
tics, possessing different physical and mechanical properties. The
most important features of plastics, when they are used as structural
materials, are:
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low strength (10-30 times less than that of steels);

low rigidity (20-210 times less than that of steels);

low impact strength (20-50 times legs than that of steels);

low hardness {10-100 times less than that of steels);

low heat resistance (100-250°C); A

low heat conduectivity (100-400 times less than that of steels);

low stah:ahty of form, owing to low rigidity, hygroscopicity, creep
(inherent in many plastzcs) and high coefflclent of linear expansion .
(5-20 times that of steel);

low stability of properties; embrittlement when subjected to the
prolonged influence of changing femperatures.

Plastics possess excellent dielectric properties and high chemical
gtability.

Plastics are most commonly applied in electrical engineering,
electrical- and radio-instrument industry and chemical engineering.
In mechanical engineering plastics are used generally for the pro-
duction of light-weight housings, covers, panels, controls, decorative
elements. Elastic plasties {e.g., PVC, polyolefines, etc.) are widely
applied for the manufacture of flexible hoses, sleeves, collars and
gealing elements. .

Certain plastics (such as, polyamides and fluoroplastics) possess
high wear resistance and a low friction coefficient, making them
valuable materials for the production of plain bearing sleeves and
silent gears.

For load-carrying structures plastics remforceé with fibre-glass
and glassfabric are often applied. Glass-fibre moulding materials
are employed for the manufacture of beat hulls, fairings, car bodies
and other components of shell-type constructions which successfully

7 ' Table 13
Valuves of C for Metals and Plastics and the Ratio Cpigse/Ometar
‘ Amino vini | o Prelass ) o oxt Fluoro-
Materials plastice, | plastics, | GE3Y r%%%éé{%, 1306 | Pasties,
‘Cplastllcmeta,l
Steels:
earbon 8.3 i2.6 17.5 50 85 1660
(C =143.5)
alloy (C==12) 10.5 14 19.5 56 140 1850
stainless 2.5 3.4 &7 13.5 26 440
(€=50) |
Aluminium alloys 3.3 4.5 6.5 | 18 35 600
(C=37)
Bronzes (€ =110) 1.8 1.5 2.2 6 12 200
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compete in strength with similar metallic parts. Insufficient rigidity
is compensated for by increased thickness and sections.

Tt should be noted that plastics constructions for a time remain
more expensive than metal ones.

Relative costs of materials are given in terms of specific cost in
Table 13, which shows the cost of equal-strength components made
from different materials

= B
"oy

where P == price per ton of material in roubles;
v == gpecific weight of material, kgf/dm?;
g, = ultimate tensile strength of material, kgf/mm?

(b) Reinforced Wood

Wood materials applied in mechanical engineering are generally
impregnated with synthetic resins and pressed under high temperatur-
es. The most used are wood-laminated plastics made from the best
bireh veneer 0.3-1.5 mm thick. The veneer is impregnated with raw
bakelite (resol or phenolformaldehyde resin), placed into metal
moulds and subjected to a hydraulic pressure of 300-500 kgf/cm?® at
the bakelite setting temperature (160-180°C). ‘

Reinforced wood (delta-wood, laminated birchwood) has ultimate
tensile strength (along layers) o, == 15-20 kgf/mm?® and compres-
sive strength (across layers) ooompr = 25-35 kgf/mm? specific
weight 1.2-1.4 kgf/dm?; the mechanical properties, shown for tension
across the layers and compression with the layers are 30-40 per
cent lower.

Balinite (a wood-resin laminate) is prepared by the same method
except that the wood is treated with a 5% NaOH solution prior to
impregnation. The mschanical properties of balinife are somewhat
higher than those of delta~-wood.

Sheets and plates of wood-laminated plastics are widely used for
manufacture of panels and various facing pieces. Products from
wood-laminated plastics can be moulded into the required shapes.

Lignostone {a kind of laminated wood) is birchwood, bakelite-
impregnated and pressed into blocks. This material is used mostly
for the manufacture of segment-shaped bearings intended to be oper-
ated with water lubrication.

Bushes, gears and other parts are made of birchwood sawdust
impregnated with bakelite and then formed under pressure into
the required shapes. Wooden gears work well under smooth (impact-
free) loads at pressures not exceeding 30-50 kgf per 1 cm of gear
tooth width. Wooden gears show high wear resistance when meshed
with metal gears. :
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(¢) Glassceramics (Sitalls) ’

'Sitalls {glassceramics) are a silicate glass, possessing a fine-crystal-
line structure changing radically material properties. They possess
improved strength, lack of blittleness and thermofragility inherent in
glass and can withstand impact loads successfully.

In eontrast to usual glass, which becomes softer with the rise of
temperature, sitalls keep their hardness and strength up to 600°C.
Like metals, glassceramic materials have a definite melting point,
which varies between 1200 and 1400°C depending on the grade.

Their ultimate tensile strength o = 40-80 kgf/mm?2, approximates
that of carbon steels and high-strength cast irons. In the laboratory
sitalls have been obtained with ultimate tensile and compressive
strengths of 100 kef/mm?® and 150 kgf/mm®, respectively.

Glassceramics are excellent dielectrics and display high resistance
to aggressive chemicals surpassing in this respect plastics, stainless
steel and titanivm alloys. They also successfully resist the attack of
the strongest acids and alkali (except hydrofluorie acid).

Specifications: specific weight 2.2-2.3 kgf/dm?; thermal capacity
0.2 ¢al/kg°C; average thermal conductivity 2-4 cal/m -h.°C. Modulus
of normal elasticity from 10 000 to 15 000 kgf/mm?.

An interesting feature of sitalls is possibility of regulating within
wide limits their linear expansion coefficient. Depending on the
chemical composition and structure of a sitall, its linear expansion
coefficient can vary from 20.10-%°C-! 10 zero. Thus, the possibility
is provided of making parts which will not change their linear di-
mensions despite temperature variations and, hence, will be free of
thermal strains. Some sitalls have even negatwe coefficients of linear.
extension (o = — 2-40-%°C-Y), i.e., their sizes reduce with ‘the
rise of temperature.

Sitalls with low linear expansion coefhclents are noted for thelr
high thermomechanical stability {products of such sitalls even when
heated up to 800-800°C can safely be immersed into cold water). This
feature makes sitalls particularly valuable for the manufacture of
parts subjected to thermal shocks..

Outwardly, sitalls are glass materials, whose colouring, depend-
ing on the chemical composition and structure, can be white, cream,
grey, yellow-brownish, brown and dark, down to black. Some sitalls
are transparent, others—semitransparent with yellowish or brownish
hues.

The main advantage of the glassceramic material is its cheapness
and practically inexhaustable raw material reserves. Sitalls are
produced from roek minerals: magnesium-alumosilicates, calcium-~
alumosilicates, calcium-magnesivm-alumosilicates (peirositalls) or
metallurgical slags and cinder (slagsitalls).

The process of manufacturing products from sitalls is as foliows
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From a charge of the required composition a glass is made from
which in the liquid or plastic state the product is formed either by
casting or extruding. The obtained products are heat-treated in
steps (first step, at 500-700°C and the second, at 900-1100°C) after
which they acquire a erystalline gtructure. .

Nucleaiors are introduced inte the glass compesition which are
substanees forming centres of crystallization. Earlier, colloidal
particles of Cu, Ag and Au were used as nucleators, which became
actually nuclei (seeds) of crystallization as a result of product
irradiation by penetrating radiation (phofocerams).

Nowadays the expensive photochemical process is excluded; as
the nucleators now used are iron sulfides, titanium oxides, fluorides
and phosphides of alkali and alkali-earth metals (Na, Ca, Li).

At the last step of heai treatment products are upifermly crys-
tallized. The content of a crystalline phase reaches 95% and crystal
sizes are rather fine (up to 0.05 um), i.e., hundreds of times less than
those in fine-grained steels. Dimensional changes of a product in the
course of crystallization does not exceed 2%,

Crystallized products can be machined by carbide, boron and dia-
mond tools, as well as by ultrasonic technigue.

The combination of high strength, toughness, hardness, thermal
and chemical resistance, low specific weight and good formability
with the use of the most efficient forming techniques make sitalls &
promising construction material.

From sitalls are prepared parts for chemical equipment, pumps,

hedat-exchangers, pipes, vessels, reservoirs, male and female parts
of dies, draw plates, parts for radio receivers, electrical machines and
instroments.
- In c¢ivil and industrial construction work sitalls are extensively
used ag a facing material possesging high strength, durability, ab-
rasion resistance, good heat-insulating properties and complete
moisture resistance; furthermore, they resist well the influence of
high temperatures, thermal shocks and gas erosion.

Sitalls are also used in the manufacture of thermally stressed parts.
Sitall slide bearings can run without lubricant under moderate loads
and rotational speeds at temperatures up to B00°C.

Mﬁtny structural components in general machines may be made of
sitalls.

(&) Reinforced Concrete

In some branches of machine building the use of reinforced con-
crete structures is promising. It is good practice to prepare from rein-
forced conerete large-sized housings and basic parts of heavy machines
(e.g., beds of unique metal-cutting machines, presses, hammer an-
vils, etc.). In this case the metal volume is sharply reduced with
large savings in manufacturing costs.
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For reinforced concrete structures only first-class portland-cement
is used, which is a finely powdered silicate mixture roasted before at
1500°C. The mixture is prepared from limestone, clay and quartz
sand. Generally, the composition of roasted cement includes: 65-70%
Ca0; 20-25% Si0y; 8-10% Al,O4 and 2-5% Fe,05. During interact-
ion with water the cement hardens and after a certain interval of
time turns into strong monolithic mass. Best hardening conditions
require a temperature not lower than 15-20°C and high humidity of
the ambient air. Hardening is slower at low temperatures and dis-
continues at minus temperatures; it accelerates when subjected to
heat and moisture treatment (wet steam heating).

The quality of portland-cement is dependent on its mineralogical
composition and the fineness of grinding: the finer the cement the
more quickly and fully it inferacts with water and the higher its
strength. Portland-cement usually sets in 4-1.5 h and completely
hardens in 10-42 h. With successive maturing the strength of cement
increases but after approximately 30 days the hardening process
becomes slower.

Portland-cement is produced in the following grades: 200, 250,
300, 400, 500 and 600. The figures indicate ultimate strength in
kgf/em® {cube strength), from compression testing a standard cub-
ical sample measuring 20.20.20 cm®, prepared from a mixture of
cement and quartz sand (vatio 4 : 3). Testing is carried out after a
28-day hardening period at 16-20°C and 90% relative humidity of
the ambient air. The volume weight of portland-cement is
3-3.2 kgi/dm?®, '

. Concrete is a hardening mass comprising a mixture of cement, fine
aggregate (quartz sand) and rough aggregate (gravel). The strength
of concrete depends on the quality of cement, as well as on the pro-
perties and granulometric composition of aggregates, percentage ratio
of cement and aggregates, hardening conditions (ambient tempera-
ture and humidity) and also on the method of placement and compac-
tion degree of the mixture.

The weight ratic of concrete constituents is expressed by the
following formula:

1im:y :—Eg—
where 1 = weight of cement, assumed equal to unity;

z = number of parts of sand by weight;
¥ == number of parts of gravel by weight;

W . .
& = Wwater-cement modulus, i.e., water-cement ratio

The lower the water-cement modulus, the stronger the concrete.
For normal hydration it is enough to introduce water in quantities

amounting to 20% of the cement woeight (-%—7- = 0.2). However, in
practice, this ratio is generally taken as equal to 0.3-0.5, because
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reduced water content 1mpa1rs “liveliness’ of the concrete mixture.
The usual concrete mix is: 4:1:2:0.5.

To produce a strong concrete use is made of a quartz or granite sand
whose partxcles measure within 0.2-0.4 mm; chippings of approx-
imate size 20-30 mm from hard crystalline rocks {granite, syenite, dia-
base, basalt). Thin-walled concrete products, walls 30-40 mm thick,
are made of cement-sand or cement-chippings mixtures. The chipping
size in this cage should not exceed 0.25 of the wall thickness.

The strength of concretes is taken as equal to the ultimate compres-
sive strength of the standard cubical sample. As & rule, this cube
strength reaches 500-600 kgf/ecm?®. When steel chips ave utilized as
reinforcement (steel reinforced concrete) the cube strength ean be
as high as 1000 kgf/cm?.

The volumetric weight of concrete depends on its composition and
aggregates. Concrete of the above compositions have volume weights
which vary within 2.2-2.7 kgf/dm?®.

Light concretes (volume weight < 1.5 kgf/dms) are obtained by
employing light sedimentary rocks as aggregates (pumica, tuff,
shell rock), as well as cinder or metallurgical slags. Although inferior
in strength, light concretes have excellent heat- and sound-proof pro-
perties.

Honeycomb and foamy concretes with a volume weight of about
0.2 kgf/dm?® also possess good heat- and sound-proof gualities.

From the viewpoint of a structural material, concretes display
brittleness and sharp anisoiropy of mechanical properties. Con-
crete strength in tension is worse than thai in compression and it
shows propensity for brittle cracking even when subjected to slight
tensile stresses. Its ultimate tensile strength is 10-20 times less
than its ultimate compressive strength.

Concretes possess yielding properties. Under compresswe 1oaeis,
exceeding 0.3-0.5 of the cube strength, coneretes acquire a yield
state and their dimensions spontaneously change which means limit-
ing design compressive stresses to rather low values (150-250 kgf/cm?
for concretes with a cube strength of 500-600 kgf/cm?).

Another feature typical of concretes is their low elasticity modul-
us stipulating the poor rigidity of parts, For concretes the elasticity
modulus £ = 1500-4000 kgf/mm? (average value 3000 kgf/mm”),
being appreximately three times less than that of cast iron and -
seven times less than that of steel. The shear elasticity modulus

= 1400-1600 kgf/mm?

Goncrete has poor resistance to acids, alkali, machine oils and
cutting fluids. To protect concrete from the attack of such compounds
it is better employ components covered with a sheet metal skin.
Concrete resistance against aggressive chemical substances can be -
effectively lmproved by mtroducmg silicone-type polymers into the
mixture (polymerconcre’ces)

1601395
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The low shrinkage when hardening is a positive feature of con-
crete as a construction material.’ The linear shrinkage coefficient
of concrete averages 0.03% . This assures the dimensional siability
of conerete castings and accuracy of relative position of metallic
elements imbedded in the conerete mass. It also reduces machining
of metallic base parts of a manufactured product. There are conecretes
with practxcally no shrinkage (containing admixtures of gypsum,
ete.).
Reinforced concrete, i.e., a concrete with 1mhedded steel rods,
network or lattices, ig almost exclusively employed for structures
imc}iergoing tensile stresses, as well as dynamie and alternating

oads.

The concrete coefficient of linear expansion (o = 12.4075°C-%)
approaches that of steel, thus ensuring good bond between the con-
crete and reinforcing elements duoring temperature fluctuations.

Prestressed reinforced concrete is obtained when the reinforcing
elements are subjected to tension during forming process (pretension
by jacks or by induction heating), imparting to the concretes
higher tensile strength. The weight of steel reinforeement is general-
Iy 15-30% of the total weight of reinforced concrete.

Preliminary tensile stresses in the steel reinforcement amount to
150-250 kgi/em®. Admissible tensile stresses in the prestressed rein-
forced concrete average 100-150 kgt/em? and admissible compressive
stresses from 300 to 500 kgf/cm?.

BReinforced concrete possesses an extremely high cyelic toughness,
namely, approximately double that of grey cast iron. This feature
‘contribuies to the high antivibration properties of concrete products.

It is ohvious from the above that reinforced concrete, when used -
as a structural material, will be inferior to metals in relative strength
and rigidity. Permitted tensile and compressive stresses in reinforced
concrete are approximately three times legs than in grey cast iron.
To obtain reinforced comcrete structures, equal in strength to the
cast iron ones, it is necessary to increase accordingly cross sections
and resisting moments. A rule, kept in practice, saysthat therein-
forced concrete products cross sections must be three times greater
than those of the cast iron counterparts for the same sirength to be
achieved. Since the elasticity modulus for reinforced concrete is
approximately 1/3 that of cast iron, then increasing reinforced con-
crete products cross section in the same ratio will bring the rigidity
of the latter, when under tension-compression leading, up to the
level of the cast iron products.

In practice the rigidity of reinforced comcrete structures subjected
to tensile-compressive stresses is calculated in terms of the reduced
cross secuon :

Fred’*“Fc'i’“Fr%z“
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where F, and F, = areas occupied in the calculated cross-section
by concrete and reinforcement, respectively
E,and E, = Young's medulus for concrete ami reinforcement,
respectwely
Assuming Young’s modulus of concrete E, = 3000 kgf/mm® and
that of reinforcement £, = 21 000 1<:gf/mn:12 we obtain

Fred%Fc+7Fr

sec )

where F,,. is the total cross-sectional area subjected to tensile and
compressive stresses.
Similarly, when calculating reinforced concrete components subj-
ected to bending, use is made of the reduced resisting moment

simplifying

FredWFsec(1+7

Wredmw,,+w,%% W, 4 TW,

where W,
and W, are the resisting moments across cross-sections
oceupied respectively by concrete and reinforcement

relative fo the neutral axis of the cross-section.
Or

Wrea=Weo (147 57)

where W,.. is the moment of inertia across the entire section of part.

In respeet of the weight reinforced concrete copstruetions give
way to cast iron ones {of the same strength}. The specific weight
of reinforced comncrete varies within 3-4 kef/dm® depending on the
weight of reinforcement. For the increase in the cross-section be only
thrice in comparison with the eguistrong cast iron part (cast iron
specific weight 7.2 kegf/dm®), the resultant weight of the reinforced
concrete components will be ¢ t;’ ? 3 1.3-1.7 times greater than
that of cast iron parts.

Thus, the chief gain obtained from the employment of remforced
concrete components is due to decreased metal volume (3-4 times on
average) and cheaper production cost. Additional advantages are
obtained from simpler production techniques as requirements. for.
pattern-making, moulding and heat treatment of castings are obvi-
ated. With correct management of the pourmg axxd hardemng pro-
ceses waste is practically eliminated.

16*
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Howsever,» the manufacturing process of machine engineering
remforoed concrete components means more manual labour (assembly
of moulds, particularly those of metal, positioning and alignment of
metallic part locations, placement and tensioning of reinforcement).
Another shortcoming is the long production c¢ycle and the necessity
to keep the reinforced concrete castings under controlled conditions
of temperature and humidity for 15-20 days. The latter disadvantage
is eliminated by wet-heat treatment, after which the reinforeed con-
crete attains 70 % of its designed strength within 6-8 h.

Use of reinforced concrete is justified in the manufacture of spe-
cially designed and individually produced large-size machines and
assemblies, Casting base parts for such machines from cast iron
presents formidable difficulties. In some cases (when lacking sui-
ficlently powerful casting machines) the employment of reinforced
concrete structures is the only practical solution.

In general machine building, as 4 means of increasing strength
and rigidity, the conerete material can be used to fill hollow spaces
in hollow parts. In other instances it is advisable to fill tubular or
box-shaped components (uprights, columns, pedestal legs brackets,
beams,¥etc.) with concrete.

Machine building structures of reinforced conerete. Reinforced
structures applied in machine building are essentially frame-
reinforced castings, into which steel or cast iron elements are imbed-
ded {pilot bushes, inserts, locating plates, pedestals, uprights, bra-
ckets, etc.) to suit the expected purpose of a structure.

There are two principal manufacturing technigues.

The first method: reinforced concrete compomnents are cast in
wooden frames which are removed after the concrete has set. The
second method: concrete components arve cast in welded thin-sheet
skins (moulds) 1.5-2 mm thick, internally reinforced with longitudi-
nal and transverse braces (named permanent metallic framings). To
avoid bulging from the hydrostatic action of the liguid concrete
when pouring the shell is additionally strengtheped on the outside
with removable wooden sections. Holes provided in the shells for
risers and gates are welded after the casting has set.

The second method is more perfect, as the metal shell isolates the
concrete from the influence of external medii {namely, lubricating
oils, lubricating and cooling fluids) and protects it from chance
mechamcal damage, spalling and shear. However, this method is
mueh more expensive and requires more labour than the first one.

Of utmost importance for the casting strength is the uniformity
and compactness of the mould filling. It is obligatory to vibrate the
mould at a frequency of 1000-3000 oscillations per minute for 5-10
minutes when filling. ,

The best results are obtained -when the mould is ingtalled and
shaken in a vibrostand. When manufacturing large-size components
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consolidation is effected from the surface with the aid of plate and
rake vibrators. When compacting difficult-to-reach areas depth vi-
brators are used. :

If casting is performed in wooden or open metallic moulds, ’d@ae
humidity of ambient air in the shop should be maintained within
80-90% . To avoid too quick drying open sections should be moistened.
After the casting has been freed from its mould (usually in 10-12 days)
it must be covered with damp sawdust. These requirements are
less rigorous when casting is domne in metallic moulds as sufficient
moigture is inside the mould.

The density of finished castings is checked by X-ray and ultra-
sonic techniques. ‘

After seasoning the casting for 15-20 days, its metallic bearing
surfaces can be machined. This interval can be cut down to 1-2 days
if the casting has been subjected to steaming. S

Design rules, When designing reinforced comcrete castings the
following rules should be observed:

simplify in every possible way the shape of castings, particularly
when pouring into metallic shells (moulds), make casting elements
in the form of simple geometrical bodies (cylinders, tubes, cones,
prisms, etec.); :

make wall thicknesses not less than 30-40 mm;

assure smooth transitions from section to section; avoid, whenever
possible, difficult-to-fill cavities and pockets in which pits aad
voids may form; to fill such spaces properly, provide additional
risers and gates;

for complex configurations use a livelier concrete with an increas-
ed water-cement ratio (0.7-0.8); :

in the direction of tensioning forces arrange the load-carrying
metallic reinforcement; in zones subjected to bending concentrate
the reinforcement at the places where maximum tensile stresses act,

Large-size irregularly shaped components are better made in
separate parts. At butt jointing surfaces of parts connected by
bolting or welding, suitable metallic fastemers should be cast-
imbedded into the concrete. It should be taken into account,
however, that jointing lessens the rigidity of the construction, im-
pairs the accuracy of relative position of basic struetural surfaces,
furthermore, also means more machining. '

Constructions, as a whole, must possess a rigidity sufficient not
only for normal functioning in statiomary conditions but also for
transportation and installation in its place. Extensive constructions
must include sturdy longitudinal reinforcement elements made of
high-grade rolled stock.

Basic metallic components, being cast into the concrete, must
be reliably secured and relieved of stresses as much as possible. Such
components should not be employed as stiffening elements. Stiff-
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ness must be assured by internal reinforcement and suitably shaped
sections.

The adhesion strength of the metallic shell and concrete can be
enhanced by welding wire or plate anchors to the inside of facing
sheets,

3.8, Sisecific_‘lndices_ of Strength of Materials

The weight advantages of materials can he evaluated by specific.
indices characteristic of every type of loading:

Tension-compression. The weight of parts, subjected to feusion
or compression, other conditions being equal (identical lengths and
loads) is calculated by the formula

G = const Fy - (3.22)

where F = cross-sectional area of the part;
v == specific weight of the material
The cross-sectional area is mversely proportional to the acting
stress :
const
F oo —

For parts of equal strength (i.e., parts with equal safety
margins) the stress value o can be changed by the ultimate strength
value 0. In this case

‘ P const
Op

Insertmg thxs expressxon mto Eq. 3. 22), we obtain

G = const —- G

Gonsequently, the weight of equistrong paris subjected 10 tensile
or compressive stresses under other equal conditions iz determined
by the ratio between the material’s. ultimate streagth and specific
weight
Op

> (3.23)

This factor, termed speclfic strength, characterizes the weight
advantage of the material under tension or compression.

Modern design practice diverts from the evaluation of strength in
terms of oy, i.e., according to failure stresses. Much more ofien the
design caleulations pertaining to statically loaded parts are based
either on the proportionality limit g, (when this value is sharply ex-
pressed in the material) or on the yield limit ¢4, (i.e., the stress at
which the residual strain comprises 0.2 %).

When dealing with parts operating under cyelic loads the initial
value for the calculation is the fatigue limit op.
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~ The yield limit is not proportional to the ultimate strength. The
T,.5 value for different materials varies between 0.5 and 0.950,.
Therefore any calculations based on the ultimate strength, even

with large safety margins, may lead to gross
errors. ' oo ‘
As the ultimate strength belongs to the
most readily definable characteristics and
since a certain proportionality exists be-

tween o4, and o, for some groups of mate-

rials, the ¢, parameter is often taken as
the basic strength characteristic.

When calculating in fterms of the yield
Hmit 4.4, the specific strength factor will
be expressed as

Loz 3.24

: (8.24)

and when calculating in terms of the fa-
tigue limit '

Ip 3.25

> (3.25)

This factor is called the specific fatigue
limit when under tension or compression.

The specific strength indices can be il-
lustrated by the following.

v

.

AN

!
.

Fig. 101, Freely hanging
bar

Imagine a freely hanging bar of an arbitrary section. One end of
the bar is secured (Fig. 101) and the bar is, thus, loaded with its own
weight. The most dangerous section is ¢-g, upon which acts the full

weight
G=FLy

where F = area of cross-section; '
L = length of the bar;

(3.26)

v == specific weight of the bar material
The tensile stress across this section will be

G

0= F

or, taking into account Eq. (3.26), -
o ==Ly

(3.27)

Let the tensile stress attain the ultimate strength value (¢ == o).
This will occur when the bar has a certain length Ly, (i.e., breaking

length) which, according to Eq. (3.27), is

Ly = 22
Ty
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. Th(lgs Q\éelue coincides with the specmc strength of the material,
q
Should oy be expressed in kgf/mm2 and ¥y, in kgf/dm?, then
k dm? 4]
Lb,_fg =2 A mm—Lkm  (3.28)
, in this case the length Z,, will be expressed in kilometers.
Simllarly

. gpp ket dmd3 ‘
Ly—-—- 'Y mmz " kgf . (3.29)

expresses the length (in km) of a freely hanging bar, at which the
siresses across the critical section reach the yield limit.
The displacement of the bar free end (complete extension) as is
well known equals
Gl

f= 2EF
Since G = FIy and L = % then, when L = L, and ¢ = g,.,
2
g
fym—z—%j—kmmaoa 233-;‘; m (3.30)

where 0y, and £ are in kgf/mm?, and v, in kgf/dmS®.

The f, value defines the resilience and impact resistance of the
material.

Flexure ('nendmg} and torsion. For bending and torsion the weight
advantage of the material is compuied by the proportion

' g8 . R (3.31

. (3.31)

where o is the rupture stress for the given type of load (5, for fiex-
ure and 1, for torsiom).

This factor is known as the specific flexural (or torsional) strength.
If caleulations are carried out in terms of yield or fatigue limit, then
the numerical values of corresponding limits are substituted into the
nuwmerator of Eq. (3.34).

The weight advantage evaluation is only an approximation.
This is why the comparison of all types of leading is generally ac-
complished with the aid of such structurally simple factors as ?{?

0. . . .
and -2 pertinent to compressive-tensile loads.

Impaect loads. The ability to resist impact loadsis defined through
the work of recoverable strain. When tensioning a bar of constant
cross section F and length L

= P2L  G2FL
T U2EF T 2E
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The value of U at stress ¢ equal to proportionality limit o, shows
the material’s ability to withstand impact loads within the region
obeying Hooke's law :

o
U=—3g
Having divided this value by weight G = FLvy, we obtain

2
U Uy
Ly .

J“’LFLY =3By (3.32)
This factor is the specific impact strength, which characterizes

the material weight advantage under impact loads.
When approximate comparison will suffice, the limit of propor-
tionality ¢p can be changed to the yield limit 6,., (which is rather

close %o it). Then
9

90,2

, {7 == 72 ‘ (3.38)

This Equation is similar to Eq. (3.30) which pertains to the com-

plete extension f, of a freely bhanging bar of length L,, at which
the stresses in the critical eross section reach the yield limit.

{(a) Comparative Weight Evaluation
of Structural Materials

Table 14 cites average values of ¢y, 0y., 2and E, as well as specific
strength characteristics of structural materials. For certain specific
strength indices the upper values of 0, and v, , ave given.-

High-strength steels, whose specific strength, expressed in terms
of a breaking length (Fig. 102a) reaching 45 km, have the best weight
advantage. Next to these are glass-fiber anisotropic materials
(GFAM) with Ly, = 37 km (this value is valid only for those cases
when fibers are favourably oriented with respect to the loads). The
last place is occupied by grey cast irons (Lp, = 5 km).

Approximately the same order is preserved when classifying ma-

terials in terms of their specific strength c-%-? (Fig. 102b) and specific

2 . .
impaet strength g—é'—i (Fig. 102¢). In the latter case the extra-high-

strength steels are well ahead of the rest of materials, because their
specific impact strength is 2, 5 and 40 times better than that of titani-
um alloys, alloy and carbon steels, respectively.

It is necessary to say that the choice of a material is governed not
only by strength-weight characteristics, but also by the purpose and
operational conditions. When selecting a suitable material attention
is paid to such characteristics as rigidity, hardness, toughness, plas-



Specific Strength Chavaeteristies of Struetural Materials

Table 14

_ Specific indices
- 2 . s
B "8 o & é? g
Material EH e 28 B ik SIPF | E as
oS | 24w =g 2 @ A == | 23ffg
=i % - E -8 B %8 | ge
5% | EdE 24 Efet] 5 E g g . &
B:| B8R e S5 is 48 2
Carbon-stesls 35-80 24-48 10 6 7
Alloy steels 7.85 F 400-180 - 80-145- 24000 23 18.5 64
High-strength stesls 250-350 | 225-315 45 40 300
Grey cast irons 7.2 20-35 15-25 8000 5 3.5 5.5
High-strength cast irons 7.4 45-80 32-56 15 000 14 7.7 13
cast 18-25 - 43-17.5 9 6.5 8
- 2.8 72000
Aluminium alloys wronght 40-60 28-42 20.5 15 44
cast : 12-20 8-13 11 7 10.5
Magnesium alloys ol 1.8 4 500
wronght 25-30 . 16-20 ] 46.5 14 25
Structural brongze 8.8 40-60 32-48 11000 7 5.5 i2
Titaninm alloys 4.5 80-150 70-435 12 000 33 30 170
’ delta-wood | 4.4 115-20 (along - 5000, 13 i —
" layers) .
Structural plastics glass fibre | 1.6 92530 —_ 5000 19 — —
GFAM 1.9 070 (lalong — & 000 37 — —
the lay)
Sitalls |3 | 5080 45-79 15 000 27 24 58
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ticity, technelogical characteristics (machinability, punchability,
weldability), wear, corrosion and heat resistance, thermal stabil-
ity (the two latter terms are for parts working under high temperatu-
Tes). :
Of no less 1mp0rtanoe is the cost of a material, its short supply and
expensive and/or difficult-to-obtain components.

T-L& K

L2,
401013

31
3¢ 7ﬁ'é ‘
777

70 -

2

Fig. 102. Specific strength indices of materials

1 — exira-high-strength steels; 2 - alloy steels; § — carbon steels; ¢ ~ grey cast 1rons,

& — high-sizength casg irons; 6 - stzuetural bronzes ¥ - wrought aluminjum ailoys;

& w cast sluminium alloys; 9 -~ wrought magnesium alloys; 10 - cast magnesium alloys;

‘11 - titanium alloys; 12 — delta—wood Ii? ﬁ» GFAM,; 14 — glass-fibre materials; s —
Bitalis

F4The best universal properties with high strength-weight indices
belong to alloy steels. By introdueing alioymg elements and apply-
ing special heat-treatment processes, it is possible to change their
properties within wide limits adding, depending on the requirements,
hardness, heat and ecorrosion resistance, ete. This makes steel become
the most Wldely used and universal materxai for the manufacture
of load-carrying structures.

The same properties of rigidity and high strength—wmght mdices '
are possessed by titanium alloys,



Chapter 4

Rigidity of structures

Rigidity is one of the basic factors, which determine the work-
capahility of a design, and has the same, if not greater, effect on
reliability as the strength. ,

Inereased strains can disturb normal functioning of a construction
long bhefore stresses dangerous for strength appear. Disturbing the
uniform load distribution, they cause & conceniration of forces at
separate parts of the part, the result being local stress concentrations
far exceeding the nominal stress values.

Non-rigidity of housings spoils the arrangements of mechanisms
. installed inside and causes increased friction and wear of movable
joints; non-rigidity of shafts and gear-carrying supports disrupts
gear engagement leading to quicker gear tooth wear; non-rigidity of
trunnions and sliding bearing supports causes higher edge pressures,
appearance of local semi-liquid and semi-dry friction spots, overheat-
ing, seizure or shorter bearing life; non-rigidity of fixed joints sub-
jected to dynamie loads brings about fretting, galling and sticking.

In machines performiing acciurate operations,; for example, metal-
cutting machine tools, the rigidity of operative members as well
as their supports determine the dimensional accuracy of the finished
workpieces. :

Rigidity parameter is of the greatest importance for the lighter-
class machines (transport vehicles, aircraft and rockets). In pur-
suit of lighter constructions and maximum utilization of materials’
strength reserves the designer in given instance is compelled to raise
stress levels which leads to larger strains. Extensive employment of
equally strong constructions with the most favourable use of weight
in its turn causes grealer strains as the equistrong structures possess
less rigidity.

Particular attention is given to rigidity problems especially with
the appearance of high- and super-high tensile strength materials
whose application sharply increases the deformation of constructions.

Not uncommon are the cases when the magnitude of forces, affect-
ing the design, is underestimated. Very often during calculations
very low values of working forces are obtained while the actual loads
unexpectedly reach very high levels leading to partial or complete
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failure of a part. This may be caused by imperfect assembly, flexure
of insufficiently rigid constructional elements, residual strains, over-
tightening of fasteners, higher friction, distortion and seizure of
rubbing parts, loads ocewrring during transportation and installa-
tion of a machine and other factors not considered at the design stage.

Strain values can be caleulated only for the simplest cases, i.e.,
for ones, which can be solved through routine selutions based on the
strength of materials and elasticity theories. However, in practice,
the designer has to deal with *incalculable” parts for which it is
actually impossible to even approximate the amount of future strains.
 Under such circumstances the designer has to recourse to simulat-
ing techniques, experiments, including data on practical use of
similarly designed raachines in the field and sometimes depend on
his experience gained over many years. An experienced designer
knowing the direction and magnitude of acting forces evaluates
more or less correctly their direction and value, amount of future de-
formation, finds the weakest links and, applying various technigues,
increases rigidity, thus creating a rational design.

Conversely, constructions designed by beginners usually have
insufficient rigidity.

4.1. Rigidity Criteria

Rigidity is the capability of a gystem to resist the action of exter-
nal loads with the least deformation. In mechanical engineering
rigidity can be defined thus: rigidity is the capability of a system to
resigt the action of external loads with permitted deformations which
do not destroy the work-capability of the system. The inverse of
rigidity is elasticity, i.e., the property of a system to acquire com-
paratively large deformations under the action of externally applied
foads. In respect to machine-building the most important factor is
rigidity, however, in certain cases elasticity does play the major
role (springs, shock absorbers and other elastic parts).

The rigidity characteristic is evaluated by the coefficient of
rigidity (or stiffness), which is the ratio between the force P applied
to a systemn and the maximurm deformation f produced by the force.

In the simplest case of tension-compression of a beam of constant
cross-section within elastic limits the coefficient of rigidity, in
accordance with Hooke's law, will be

P EF .
Mensm“f“ = (4.1)
where £ = elasticity modulus of material;
F = cross-section of beam; -
! = beam length measured along action of force
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The inverse value :
{
b= = FF (42)
characterizing the elastic yielding capacity of the beam is called the
coefficient of elasticity.
Determined according to relative strain e = j/l the coefficient
of rigidity

htens== EF kol

indicates, in fact, the load in kgf causing relative sirain e == 1.
The corregponding coefficient of elasticity

(= e kigft

gives the relative strain under application of {-kgf load.

For a beam of congtant crogs section subjected to torsion, the
coefiieient of rigidity is the ratio between the applied torque moment
Mirqe and the angle ¢ through which the beam sections twist over
the iength l

.M GrI
Mors = _—(z‘ggi = \__lf_ (4.3)

where G = the shear modulus of material;
I, = polar moment of inertia of beam section

The coefficient. of rigidity for a beam of constant cross-section
upon which a flexural load acts, is given by

?\’flex = "3;:" =a 'I;ig]; (44)
where J/ = moment of inertia of beam section
I = length of beam
a = coefficient depending upon loading conditions

Pigure 103 illustrates values of the rigidity coefficient for some
forms of flexural loads. Taken ag unity is the A value which corres-
ponds to the flexure of asimply supported beam loaded by a concen-
trated force P at its midspan.

It is clear that the rigidity of the system depends on the loading
conditions. Thus, a beam having & uniformly distributed load
(Fig. 103b) has a rigidity 1.52 times greater than that of a beam
loaded with a concentrated force of the same total value (Fig. 103a).
The rigidity is affected still more by the type and arrangement of
supports. For instance, the rigidity of a simply supported beam with
encastre ends (Fig. 103¢, d) is 5-8 times greater than that of a beam
freely supported at its ends (Fig. 103¢, b). :
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The rigidity of a cantilevered beam loaded with a concentrated
load (Fig. 103¢) is only 0.063 of the rigidity of a simply supported
beam of the same length loaded with the same force at the midspan.

T g= p
»L AARARRATR1RY] ) 1 r/_+
B . ; Z N
‘ A= A= 157 ' A=4
) (a=48} ) {a=27} (@) 5, (2=102)
. g=51 o . og=fn
R SRR RAAREARARZ I Z l/ R AR LA RAARAR]
[ S _|_ V",» l - B
R — A | ] L N— ‘
A=g A=(0063 A=017
(&l fa=384) 18 . (a=3) ) fa=3)

Fig. 108. Rigidity coefficient y for different tlexure schemes

For given load values and linear dimensions.of a system the rigi-
dity is determined by the maximum deformation value f. The latter
is often employed for the practical evaluation of deformation in
geometrically similar - systems.

(a} Factors Determining the Rigidity of Constructions

The rigidity of constructions is governed by the following factors:

modulus of elasticity of the material (modulus of normal elasticity
E under tension-compression in bending and shear modulus G in
torsion);

the cross-section’s geometrical characteristics of the deformed body
(section F for tension-compression and moment of inertia [ in fle-
xure, the polar moment of inertia 7, in torsion);

linear dimensions of the body undergoing deformation (length I)

type of loading and type of supports {factor a in Eq. (4.4)].

The modulus of elasticity is an extremely stable characteristic
of metals and depends solely on the density (packing) of the atomic-
crystalline lattice, i.e., on the magnitude of the mean interatomic
distance. From all the commercial metals only three possess high
moduli of elasticity, namely: tungsten, molybdenum and berylliuvm
(E == 40 000, 35 000 and 31 000 kgi/mm?, respectively). -

The modulus of elasticity of practically all structural materials
being used varies from 22 000 .(steel) to 4500 kgf/mm? (magnesivm
alloys). However, actual application of a material will mostly depend
on operating conditions for the part. Therefore the main practical

.
L
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means of improving rigidity is by maneuvering the geometrical
parameters of the system,

The dimensional and sectional characteristics of a part also have
a strong bearing on rigidity. In the case of tensile-compressive loads
rigidity is proportional to the square of the cross-sectional sizes,
and for flexural loads, to the fourth power (in the direction of the
acting bending moment).

The effect of linear dimensions of a part is rather moderate for’
tension-compression cases {rigidity is inversely proportionai to the
first power of length), but very significant in flexure (rigidity is
inversely proportional to the third power of length).
=The design factors influencing the rigidity can be combined in
one factor {for a constant acting force P)-

in tension-compression

Dy ..*;’.. (4.5)
in flexure
, I
M= (4.8)
For a round heam:
in tensiongcompression
2 =0.785 -2 (4.7)
in flexure
Ay =6.25.107 2. (4.8)

Equal rigidity conditions for beams with different ! and d values
angi loaded with an identical force P are
in tension-compression

g2
T = ¢onst

in flexure :
ot -
yEl e == GODS]

The strength of the material indirectly influences the rigidity of
the construction.

The maximum deformation of a part can be expressed in the follow-
ing way:

in tension-compression

Pl ‘
fwwm%z | (4.9

where ¢ is the'tensile-compressive stress acting in the part;



4.7 Rigidity Criteria - 257

in flexure
PR Mﬂe,clz _ Cflegl® ‘
f=-%r oEF T aEW T abE (4-10)

where G, = maximum flexural stress acting in the system;
a = coefficient accounting for loading conditions;

b= % is a ratio constant for the given form of section

Thus, it is quite obvious that, other conditions being equal, defor-
mations are proportional to stresses. In practice the magnitude of the
siresses are generally assumed to be proportionai to the strength
characteristics of the material; the stresses are, in effect, the ratio
between the ultimate stress (or wltimate yield) and the safety factor
coefficient. Hence, the higher the strength of the material, the great-
er the values of stresses admitted and, other conditions being
equal, the larger the deformation of the system. Conversely, the
smaller the safety factor and the closer the gtresses acting in the
system to the ultimate strength, the larger the deformation and
the less the rigidity of the system. _

The simplest method of reducing deformation is to minimize
stresses. However, this way i¢ not rational as it entails penalty in
weight. In the case of flexure the rational way to decrease deforma-
tion is to select the best section shapes, loading conditions, types
and positioning of supports. As the influence of the linear parameters
in the system during {lexure is rather great [Eq. (4.8)], then for the
given case the designer uses a number of differsnt ways to enhance
rigidity which allow deformation to be lowered tens of times as
compared with the original design and sometimes to eliminate flex-
ure altogether.

In the torsional case the rigidity parameter can be efficiently
improved by decreasing the length of the part over the portion subjec-
ted to torsion and particularly by increasing the polar moment of
ineriia.

The improvement of rigidity is much more difficult in the tension-
cormapression case since the shape of the section does not play a large
role and the deformation depends oaly on the sectional area, which
is determined by the strength requirements. Here, the only way of
increasing rigidity is to shorten the length of the system. If the
%englth cannot be changed, there is no possibility of manoeuvring
urther,

In accordance with Hooke’s law, the deformations of a system
subjected to tensile-compressive loads are found by Eq. (4.9)

=g

and at given values of stress ¢ and length [, the deformations depend
only on the elagticity modulus.

17--043905
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The deformation value depends not only on the maximum ‘stress
acting within the system (across the critical cross-section), but also
on the law of stress distribution throughout all other sections, i.e.,
on the form along the length of the part. Equally strong parts (in
which stresses are identical across all sections and equal to the maxi-
mum) possess the least rigidity.

(by Rigidity Beyond Margins of Elastic Strains

In practice it is necessary to concede the possible occurrence of
plastic deformations. Bven in systems designed %o operate within
the marging of elasticity it ig not unusual to encounter local plastic

P
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Fig. 104. Loading curve of a plastic metal specimen in tension (¢) and effect
of the strength of steels on plastic deformations of paris (&)

deformations in the weakest links of the constructions, at stress con-
centration spots and in elements unfavourably positioned relative
to the acting forces, ete. General or zonal plastic deformations may
also oceur when operating at overloads,

The behaviour of material in these conditions can be followed from
the graph of force and relative extension for the simple tension case
(Fig. 104a). As long as the part operates within the elastic deforma-
tion region (Fig. 104a, with loads not exceeding 6 tf), the deformation
has an insignificant value (& == 0.2% on average); loading and unload-
ing take place along line ab; and when the load is removed the
system each time returns to its original state.
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If the acting force rises to a value, surpassing the elastic limit,
the deformation is sharply increased due to the appearance of resi-
dual strains. For example, with the load increased to 9 tf (point '),
the relative deformation reaches 2.5%. While removing the: load,
the unloading takes place along line d'a’. Evén with complete load
relief, the system will net return fully to its initial state but will
acquire some residual deformation, in this case equal to 2%. At
the same %ime the system attains greatér hardness owing to cold
working oceuring during the plastic flow of the material.

With repeated force applications loading occurs along line a’d’
and the system can sustain loads up to 9 tf without any additional
residual deformation. However, this lessens the reserves of plastic
load carrying capacity (the latter is the difference between the ulti-
mate force and the force corresponding to the elastic limit). If before
application of the force which caused the residual deformation the
reserves of load carrying capacity amounted to 9.5 — 6 = 3.5 tf,
now it ig reduced to 9.5 — 9 = 0.5 tf.

It is clear that the rigidity drop beyond the elasticity limit is
temporary (provided the overloading stress does not exceed the
ultimate strength of the material). Having sustained the residual
deformation, the system regains its initial state of resilience. The
behaviour of the system under repeiitive loads is determined by
laws of elastic deformation but only with new values of elastic limits
and new initial coordinates.

The appearance of moderate residual deformations does not present
danger if the load iz static and the deformations do not affect the
work of the unit and adjacent components. On the contrary, they
will help to strengthen the part. The degree of strengthening depends -
on the ratio between ultimate strength o, and ultimate elasticity
of the material (or, close to the latter, the yield limit ¢, ,). The
O,.0/0p ratio is small for soft and plastic materials (e.g., for low-
carbon steels o4 ,/05 = 0.5-0.8) and rises with the increase of
ultimate strength, reaching as much as 0.85-0.95 in high-strength
steels, Thus, the degree of strengthening can be substantial enly
for plastic materials; the possibility of strengthening high-tensile
steels by plastic deformation is not great.

Should residual strains impair the efficiency of a unit (such a case
may be encountered in accurate joints), then they must either be
eliminated completely, or reduced to very small values.

As evident from the above, the value of the deformation beyond the
elastic limits depends primarziy on the material’s strength and the
character of its changes in the plastic deformatzon area, i.e., on the
kind of loading curve.

The illustration in Fig. 104b shows comparatzve Values of plastic
deformation in parts made from three steels of. d1fferent strengths.
Assume, a part is acted upon by a 7.5-tf tensile force causing stresses

17%
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surpassing the elastic limit of all steels. The relative deformation ¢
under the action of this force (line aa) for steels 7 to 3 will respective-
Iy be equal to 0.5, 1 and 2.5%. Thereby, the deformation of a part
made from the strongest steel is 1/0.5 = 2 times less than that in
the case of steel 2 and 2.5/0.5 = 5 times less than that for steel 3.

The advantages of high-strength steels in the considered case can
be illustrated in some other way. Let the given limit relative defor-
mation & = 1% (line bb). The part made from the strongest steel 7
will have this deformation under a 9.5-tf load; from steel 2 - under
a 7.9-tf load, and from steel 3 — under a 6-tf load.

Thas, from the above it is clear that the rigidity of a system in the
%}I‘astic deformation area is determined mostly by the strength
actors.

(¢) Rigidity of Thin-Walled and Composite Structures

In thin-walled and particularly shell structures stability of the
system is of great importance. Constructions of such a nature arein
certain conditions at stresses which are safe from the viewpoint
of nominal strength and rigidity calculations prone to abrupt local
ot jgeneral deformations braring the character of collapse.

he main means in the battle against the loss of stability (apart
from improvement in material strength) is the reinforcement of easi-
Iy deformable sections in the system by the introduction of stiffen-
ing elements, or braces, between the deforming sections and rigid
units.

In composite structures (i.e., in systems, composed of several parts
by tight fits) the rigidity will depend also upon a fastor, sel-
dom considered, but having great practical significance, namely,
the rigidity of matched units. Presence of gaps or clearances in such
matched units often results in deformations which surpass many times
the natural {inherent) recoverable strains of the structural elements.
When dealing with such units special attention must be paid to
the rigidity of fastening and built-up parts.

Other efficient ways at enhancing the rigidity of composite systems
are dead tightening of joini wunits, interference fits, larger bearing
surfaces and providing greater rigidity at connection points.

4.2, Specific Rigidity Indices of Materials

To compare the indices of rigidity, strength and weight of parts
made from different materials, four main cases must be considered:

4. Parts identical in shapes (Wlth equal loads the parts have the
same stresses).

12, Parts of equal stszness (have ecguak deformatmns with different
sectxons and stresses).



4.2. Specific Rigidity-Indices of Materials . 261

3. Parts of equal strength (have identical safety factors, different
gections and stresses proportmnal to the ultimate strength of the
material).

4. Parts having identical weight.

The first case (changing the material of a part for another material
but leaving its geometrical dimensions the same) is encountered in
practice when the sectional sizes of the part are suited to the manu-
facturing conditions (e.g., cast housing components). It is the same
for parts not specially designed, with small or indeterminate stres-
ses.

The second and the third cases occur when not only the material
of a part but also its sectional sizes arve changed (designed parts in
which stresses and deformations are determined rather closely and
specified so as to make the maximum use of the material's
strength and I‘lgldlty)

The fourth case is when the wezght of a structure is determined
by its function and conditions of use. _

During the comparison of strength, weight and rigidity indices
of parts made from different materials, we assume that the parts
have equal length and their sections (for the last three cases) are
changed in a geometrically similar manner.

1. Paris of similar shapes (¢ = const). For tension-compression,
the rigidity coefficient

where F and [ = cross-sectional area and length respectlvely,
E = Young's modulus
Given: I == const, and F = const, hence

h=const £ o (4 11}

. the r;gldzty of parts in this case is dependent only on the value
of Young s modulus.
Safety factor
5

L e et

)

where ¢, = ultimate tensile strength;
¢ = acting stress in a part
Given: ¢ == const, hence

n == const oy (4.12)

The value n defines the maximum load which the part can sustain
Pmasc o nP
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In the case under consideration. the maximum load is determined
by the metal tensile strength o, and the weight of a part, only by
the material’s specific weight, i.e.,

G= consty ' {413

The correlations are absolutely gimilar for flexure and torsion, the

only difference being that in torsion the rigidity of a part is depen-
‘dent on the value of the shear modulus..

2. Equally rigid parts (A== const). The condmons for egual
rigidity m tensmn and compressmn

N lm—%}?—mconst

With 1dentical lengths Lo

const
. (4.14)

Consequently, the weight of equally rigid parts
G = Fy=const - (4.15)

E
Stresses

const
F

Taking into account Eq. (4.14)
' ¢ = const E
The safety factor (design redundancy)

% _ o .
7=~ =const— (4.16)

In flexure the weight of éqﬁaiiy rigid parts

G = Const —— ET/Z ‘ (4.17)

The safety factor (design redundancy)
== const—ghy (4.18)
3. Equistrong parts (n == const). Condltmns for equal strength in
tension and compression
n= %’- == CONSY

¢onst

As 0= %

n == const opF = const
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Hence, for equistrong parts

const
F= o (4.19)
and their weight
Gm'\]FZmGO‘HSt -C—r‘-'v; (‘-/!:.20)
The coefficient of rigidity is tension-compression
EF
| h=—-
Taking into account Eq. (4.19)
E ‘
. kwcwstm&? {(4.21)
In flexure the relations will be
G =const—rz (4.22)
3
E
- A =const pvE {4.23)
b

4. Parts of equal weight (G = const}). The conditions for equal
weight in tension-comypression

G = Fyl = const
leads to the relation
P o 00’1;51; : (4.24)
Stresses in a part |
o = c";m == const y
The safety factor (design redundancy) _
7= 2. = const 22 {4.29)
G ¥
The coeflicient of rigidity
K:%Pi:const £ : (4.26)
3 ¥
[o filexure
B= ,_;%%m (4.27)
=i (4.28)
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For the purpose of comparison use is made of the simplest equa-
tions pertaining to tension-compression.
For all the above analyzed cases, in tension and compression,
the indices of weight, rigidity and strength of parts made from diffe-
rent materialg are cited in Table 15. The last two bottom rows give

| Table 15
Characteristics of Weight, Rigidity and Strength
Parts
Parameter similar equal egual equal
shapes rigidity strength weight
Weight, & v E‘i t—:;— const
: E E
Rigidity, M E 1 s —
gidity cons o 7
Strength  (n; Tp Ty
L] —— t —_—
Prna) O T cons v
2 £
G ¥
Prnax i3
G

relative values of MG and Po./G; the first of these indicates the
weight advantage in terms of rigidity and the second — in terms
of strength.

From the Table it is seen that factor A/G, of the weight advantage
in terms of rigidity, is the same for all cases and equal to E/y. This
is called the specific rigidity for tension-compression; this factor
is the basic weight-rigidity characteristic of materials.

The specific rigidity in flexure

Ei/z

PRI

v
1n torsion

Gi,'z
¥

where G is the modulus of shear.
In all cases the weight advantage in terms of strength is defined
by the specific strength factor (failure length o5/y).
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The rigidity of equally strong parts is defined by the ratio E/g,
of the elasticity modulus to the ultimate tensile strength, termed the
rigidity factor of equistrong parts under tension-compression.

In flexure the rigidity factor is expressed as

£
gt /3

Table 16 and Fig, 105 describe the specific rigidity characteristics
of the principalstructural materials, defined in the Table according to
the maximum ultimate tensile strength values for the given material.

E 5
7Y £ _ g
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Fig. 105. Specific rigidity factors of materials
1 — guperhigh-strength steels; 2 -~ alley steels; 3 — carbon steels; 4 — grey casi irons;
5 — high-strength cast irons; ¢ — structural bronzes; 7 -— wrought aluminiuvm alioys;
§ — cast ajuminium alloys; ¢ - wrought magnesium alloys; 10 — cast magnesium alloys;

(11 — titanivm alloys; 12 — delta-wood; 18 — GFAM; 14 — glass-fibre materials; 15 —

sitalls - -

By the magnitude of the Z factor (Fig. 105a) the first place is

occupied by sitalls; these are followed by composite plastics, tita-
nium alloys and steels. By the magnitude of the Elg, factor (Fig. 105b)
the strongest materials ave found to occupy the last place.

The highest specific rigidity is shown by the beryllinm-aluminiom
alloys (24-38% Al, balance—DBe), being applied as yet on a reduced
scale. The specific weight of these alloys y = 2-2.1 kgf/dm?®, ultimate
tensile strength o, = 4580 kgi/mm®, Young's modulus E =
== (20-22)+10% kgf/mm?, relative elongation & = 5-8%. Specific
rigidity of these alloys —g— =28y 408, i.e., approximately
4 times that of steels. The failure length L;p;; = 60 : 2 = 30 km.

In the case of parts having similar shapes (Fig. 106a) the most
advantageous are steels for their rigidity (determined by E} and
strength (determined by o3), but in respect of weight (determined
by the specific weight of materials) steels, as well as bronzes and
cast irons are worse.
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Fig. 106. Influence of material on the weight, strength and rigidity of construc-
tions

() of similar configurations; (&) equirigid; (¢} eqguistrong, () of equal weight; I —
superhigh-sirength steels; 2 — alloy steels; & —carbon steels; 4 — grey cast irens; &5 —
hign-strength cast irons; § .. structural bronzes; ¥ — wrought aluminium alloys; & —
cast aluminjum alioys; # - wrought magnesium alloys; 7¢ — cast magnesium alloys;
i;”u— titanium alloys, 12 — delfa-wood; 73 -— GFAM,; 14— glass-fibre materials; I5—si-
alls
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Let us compare the rigidity, strength and weight of structures
when changing over from castings of pig iron to castings of alumi-
nium and carbon steels without altering the parts’ shape. Assuming
the rigidity, strength and weight of grey cast iron structures as
equal to unity, we obtain:

Aluminium Carbon

alloys . steel

Rigidity (B . . . 0.9 . 2.8
Strength (op) . . 0.72 2.3
Weight (v) . . . . 0.89 1.1

Thus, the transfer to aluminium alloy castings hardly affects
rigidity, somewhat lowers strength (approximately 30%) and sig-
nificantly reduces the weight of the structure (2.5 times). Changing
to steel castings increases rigidity and strength approximately
2.5 times and the weight is practically the same.

The above listed relations are based on the fact that Young's
modulus has a constant value and only slightly depends on the pre-
sence (in normal amounts) of alloying elements, heat treatment and
strength characteristics of alloys of the given metal. For example:
in respect to steels, beginning from low carbon and up to high-alloy
ones, Young’s modulus varies from 19 000 to 22 000 kgf/mm?, and
the shear modulus, from 7900 to 8200 kgf/mm? With regard to
aluminium alloys £==7000-7500 kgf/mm® and G==2400-2700 kgf/mam?2.

Consequently, for the manufacture of identically shaped compo-
nents when rigidity is the first requirement and the stress level is
low, the use of cheapest materials is recommended (low carbon gteels
instead of alloyed ones; simple aluminium alloys instead of complex
ones), This will not affect the rigidity of the construction but will
enable the cost of the latter to be reduced.

The above does not hold when the strength of the construction is as
important as the rigidity. Thus, for instance, identically shaped
structures, one made from low-carbon steel, and the other, from alloy
steel, will have the same rigidity but the load capacity of the first
structure will be as many times less as the tensile strength of carbon
steel is less than that of alloy steel.

For equally rigid parts (Fig. 1065) the greatest strength advantage
is with materials having the highest ¢,/E ratio (high-strength
steels, titanium alloys, GFAM and wrought aluminium alloys). In
terms of weight advantage (this is, in our case, proportional to the
v/E factor) the above-listed materials possess apprommately equi~
valent values. Worse weight characteristics are held by bronzes and
grey cast irons.

Now, let us compare the strength and weight characteristics of
equally rigid parts when changing from carbon steel to wrought
aluminium alloys, alloy steel and titanium alloys. Assuming the
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strength and weight of the carbon steel structures to be equal to
unity, we obtain:

Aluminium Alloy Titanium

alloys steel atloys
Strengik: () .. . 245 2.3 3.3
Weight (“"YE“) L. 1.05 0.43 1

Hence, for the equally rigid parts, the change from carbon stesl
to alloy steel, titanium and aluminium alloys is accompanied by
a substantial strength increase (from 2.15 to 3.3 times). The construe-
tion's weight is lowered 2.3 times when using alloy steels and practi-
cally remains the same with aluminivm and titanium alloys.

In the case of equally strong parts (Fig. 106¢) the weight of the
structure depends on the magnitude of factor 9/oy: in terms of weight
the advantages lie with the materials which have a low y/o, factor
(sitalls, GFAM, titanium alloys and high-tensile steels). Grey cast
irongs and bronzes have lower weight characteristics (advantages).

The rigidity of constructions in the considered case depends on the
rigidity factor E/op. The greatest rigidity advantages are possessed
by materials which have the highest values of this factor, i.e., the
less- strong materials (cast aluminium and magpesium alloys, car-
hon steels, grey cast irons) and the worst rigidity by the high-strength
materials (alloy steels, titanium alloys, extra-high tensile steels).

The meaning of these circumsiances must be evaluated correctly.
All the above is true only in assuming that the design stresses are
chosen proportionally to the material’s ultimate strength. In this
case the use of high-sirength materials for equal-strength construe-
tions definitely lowers their rigidity. _

Thug, with the same safely factor (k= 5) and admissible stresses
of 30 kgt/mm?2, the rigidity of alloy steel parts will be one third of
the rigidity of equal-strength parts made from carbon steels having
admissible stresses of 10 kgf/mm?® The rigidity of parts made from
extra-high-strength steels, admissible stresses 70 kgf/mm?, will be
2.5 times less than that of the rigidity of equal-strength alloy steel
parts and 7 times less than that of equally strong carbon steel parts.

The rigidity of structures made of high-strength materials may
be practically unreservedly increased by lowering design stresses,
but with detriment to the weight advantage of the structure and
incomplete utilization of the materials strength reserves.

Thus, we conclude that] when using high-strength materials in
equal-strength constructions it is necessary t oaccount for the fall in
rigidity and compensate for this effect by other design measures.

Let us compare the rigidity and weight of equally strong structures
when carbon steel is changed by wrought aluminium alloys, alloy steel
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and titanium alloys. Having assumed that the rigidity and weight
of carbon steel are equal to unity, we obtain:

Aluminium Alloy Tifanium
alioys sleel . alioys
Rigidity (%fg) ... 0.3 0.51 0.35
Weight (..3’_) ... 0.48 0.45 - 0.3
Gy

Thus, the transfer, in equally strong parts, to aluminium alloys,
alloy steel and titanium alloys causes an abrupt (2-3 times) drop of
- rigidity. Simultaneously, approximately in the same proportion,
the weight of eonstructions is reduced.

With respect to parts of equal weight (Fig. 1668d) the strength of
a structure is determined by the o,/y specific strength factor. Here
it is more advantageous to use materials with a high o,/yratio
(high-tensile steels, titanium alloys, GFAM and sitalls). In terms
of structural rigidity the above-listed materials are approximately
the same, except sitalls which have sharply increased rigidity.

Now, let us compare the strength and rigidity of structures hav-
ing the same weight, when changing from carbon steel to wrought
aluminivm alloys, alloy steel and titanium alloys. Assuming the stre-
ngth and rigidity of carbon steel to he equal to unity, we obtain:

Aluminium Alloy Titanium
alloys steal alloys
Strength (%ﬂ) CL.o2d 2.25 3.23
'Rigidity('-’?x—).'.. 1 SR iy

Hence, the change to aluminium and titanium alloys and alloy
steels leads to increased strength of equal—welgh% parts by 2-3 times
with rigidity unaffected.

{a) Generalized Index

As shown above the weight advantage of a material in terms of
strength is described by the factor ¢4/y (or 0,,2/Y), and the rigidity
advantage is expressed by the factor E/v Uniting these we obtain

a generalized strength-rigidity index 0942 (See Table 16), which

characterizes the capability of a material to sustain the highest
loads with the least deformations and least weight of a construction.

Finally, this is very important. Rigidity and strength are insepa-
rable. Rigidity, if taken solely by itself, has no practical value unless
the material is capable of sustaining high loads. A slender rod made
of soft carbon steel can easily be bent by hands. The rigidity of suech
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a rod is insignificant’ and its constructional value is zero. The same
rod produced from high-tensile heai-treated steel can carry consi-
derable loads. The rod will be “rigid” even though the elasticity
modulus of its material i3 the same.

Here is an example from mechanical engineering. A hoisting
crane manufactured from low-carbon raw steel will have the same
rigidity as a crane made from high-grade heat-treated steel, when
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Fig. 107.: Generalized strength-rigidity indices
I—superhigh-sirength steels; g-.alioy steels; F--carbon sieels, '4-.grey cast irons; S—hi-
gh-sirength cast uons 6-—structural bronves; 7—wrought aluminium alloys; &—cast alu-

minium allovs 9— wrouwht magnesim alloys; f0-—cast magnegivm alloys; II-—titanium
alleys: 12-sitalls

judged in terms of the material’s characteristics. Flowever, the former
crane will deform and settle under the action of high loads, which
in the latter crane only cause imsignificant elastic deformations.

According to the value of the generalized weight and strength-rigi-
dity factor (Fig. 107), the materials are divided into four rather pre-

cise groups: (1) extra-high-strength steels ((%3’? ~ 8 -105) s {2) alloy
steels, titanium alloys and sitalls [GG;‘E (3.5-4) - 105J i (3) carbon
steels, high-stzength cast irons and wrought aluminium alloys -

( qﬂf—E'z 1»105) ; (4) structural bronzes, wrought magnesium alloys,

A
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cast aluminium and magnesium alloys, grey cast irons
< 0.5.10%.

In practice, the choice of material is determined not only by the
strength-rigidity characteristics, but also by some other properties.
That is why preference is given to those design measures which
enable strength and mgldlty to be obhtained, even when applying

materials of 1ow strength and rigidity.

(2 <

4.3. Enhancing Rigidity at the Design Stage

The main constrectional methods of improving rigidity are:

do all that is possible to eliminate flexure which is unremunerative
from the viewpoint of rigidity and strength, changing it to compres-
slon and tension;

for parts working in flexure, position supports rationally, exclude
loads not advantageous 1o rlgldlty,

rationally increase section inertia moments, reinforce joints and
the parts transferring forces from one seetion to another, all without
causing weight increases;

for thm—waﬂed bomshaped parts, use shell, arched, vaulted,
spherical and oval (egg-shaped) forms.

{a) The Change of Flexure to Tension-Compression

The higher rigidity of parts, working in tension-compression is
due to the better use of the material with this form of loading. In
the case of flexure and torsion the most loaded fibres are at the cross-
sections extremes. Thus, the loading limit begins when the stresses
in these fibres reach dangerous values and the core remains under-
loaded. In tension-compression conditions the stresses are equally
distributed throughout the entire cross-section and the raaterial is
fully utilized. The ultimate level of loading arrives enly when the
stresses in all points of a section simultaneously approach, at least
theoretically, some critical level. In addition, the action of loading
under tensile-compressive forces is independent of the length of
a part; the deformations are proportional to the part length, whereas
in the case of flexure the action of load is dependent on the distance
" between the plane of acting flexural forces and the critical section;
deformations in this case are proportional to the third power of the
part length.

Let us compare a cantilevered beam of circular cross section
(Fig. 108a), loaded with a flexural force P, and an equivalent truss
system, comprised of bars having the same section as the heam. In
the latter case the upper bar under the action of force P works in
tension and the lower one in compression. From the relations
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presented in the figure, the stresses in the truss bars are 550 times
less than the maximum stresses in the beam and the maximum defor-
mation at the application point of forece P is 9000 times less.

If the maximum bending stresses in the beam (Fig. 1085) equal
the tensile-compressive stresses in the bars (equal-strength case of
both systems), the erogs-sectional area of the beam must be increased
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Fig. 108, Rigidity, strength and weight comparison of a truss system and cantile-
vered beam
{a)} with equal cross-gections of truss bars and beam; (b) with equal stresses; {¢) with egual
deficctions

60 times. In this case the weight of the beam, excluding the fixed
end, will be 20 times that of the truss system and the flexure of the
bheam in the plane of the applied load will be 3.3 times that of the
truss system. .

For equal maximum deformations in both systems (Fig. 108¢)
the beam cross-section must be inereased 110 times and its weight
will exceed that of the truss system 40 times. ,

The connection between flexure f, of the round cantilevered beam
(in the plane of applied force) and flexure 7y, of the truss system with
equal sections (Fig. 1084) may be. expressed by the approximate
1801395
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relation
e ! in?
ftr 105( ) sin® g cos o

where [ = span length;

d = beam and truss bars dismeter;

o = half-angle taken at the apex of the truss~formed tr1angle

The relation ; ? as a function of o angle is plotted to a semi-log,
ir

scale for different values efw(Fag 109) From thls graph, with equal
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Fig. 109. Ratio between the deflec- Fig. 110. Ratio between the stresses
tiopns of a beam and triangular truss in a beam and triangular truss system
system (as a function of angle ) (as a function of angle «)

sections, it is seen that the flexure of the cantilevered beam can be
hundreds and thousands times greater than that of the truss system,
the difference sharply inereasing with the enhancement of the l/d
ratio, i.e., with relative thinning of the beam and bars. Even for
the most rigid bars ({/d = 10) the difference remains in favour of
the trussed bar system.

The fu/fsr ratio reaches its highest value when o == - 45-680°. This
means that the truss shown in Fig, 108 possesses its maximum rigid-
ity when a == 45-60°,

Having plotted the dependence of the ratio of maximum ﬂexural
stress 05 in the beam to the stresses of tension-compression oy in
the truss bar system on angle ¢ (for various I/d values) (Fig. 110)
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it is possible to establish that the stresses in the beam are many
times those in the truss bars (e.g., when o =45°, 100-1000 times).

A cast bracket (Fig. 111a, b) is a structure similar to the systems
depicted in Fig. 108. The rigidity of the bar connecling units at
the bracket stays changes their operating conditions as compared
to the pure truss in which the bars are articulated; nevertheless, for
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Pig. 141. Designs of cast brackets

the truss-type bracket (Fig, 1115) the bars work mainly in tension-
compression, but the cantilevered form of bracket (Fig. 111a) will
he subjected to flexure,

The structure becomes stronger and more rigid if the bars are joined
together by a solid web converting the entire unit info completely
rigid system (Fig. 111e).

The truss-type bracket with the horizontal upper bar shown ir
Pig. 4114, is much less rigid than the bracket shown in Fig. 1115,
because the end of the horizontal bar, when subjected to loads,
is displaced approximately along the direction of the acting force
and its rigidity is not used for limiting deformations.

Design caleulations show that the best value of angle «, when
considering rigidity and weight, lies between 90 and 120°

In the short thin-walled cylinder carrying transverse load P
(Fig. 112a) all the sections, positioned along generatrices undergo
flexure. The loads are mainly taken up by the side walls (Fig. 1125}
which are parallel to the-bending moment action (blackened in the
Figure), since their rigidity in this direction is many times more than
the rigidity of the walls positioned perpendicularly to the plane
of the acting moment,

In the conical form (Fig. 112¢) approximating a truss-type con-
struction (Fig. 108) the walls positioned in the plane of the acting
bending moment work as follows: the upper wall in tension, the
lower wall resembling a strut in compression. The side walls mainly
undergo flexure and theirrigidity is commensurable with the rigidity
of the upper and lower walls. Congsequently, all walls of a conically
shaped component take part in the work and the strength and r1gzd1ty
of the construction is increased.

i8¢
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Connection between the tensioned and compressed walls is accom-
plished by a ring of stiffness m, set at the end of the unit. Apart from
acting as a load-closing element, this ring prevents the cone becom-
ing oval under the action of the load. Such rings are indispensable
for thin-wall hollow components to operate correctly.

%{P

{a) (z} (@)
v Fig. 112. Cantilevered thin-walled systems

Close 1o the conical components in terms of rigidity are sphermal
{Fig. 112d) and ether convex-shaped parts.

Another example of eliminating flexural stresses is given in
Fig. 113. Here, a simply-supported beam, subjected to Ilexure
{Fig. 113a) is changed to a much more acivantageous bar structure,
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S
. { |
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Fig. 113. Schemes
{a) freely supported beam; (¥) truss system; (¢) arched heam

whose elements work in compression (Fig. 1135). Close to this case
is the arched beam (Fig. 113c) working also mainly in compression.

- The relatmnshlp botween the flexure f, of the simply supported
beam in the plane of the actmg bending forces and the flexure 7;,
of the truss system "(Fig. 113b) is given apprommateiy by

e 13
e ftr
whpre [ = span of the beam;

. d = diameter of the beam (and bars of the truss system);

. o = gide angle of the truss triangle

" The fulfs ratio is plotted in the graph (Flg 114) as a function of
ancrle o for different values of I/d. -

L 3( )zsmzcxcoso&
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The graph indicates the large advantages of the gystem working
in compression over the system subjected to flexure. In the acting
load plane the beam flexure is hundreds and thousands of times grea-
ter than that noted for truss-type bar structures. Even with small
values of angle o (=~15°), the flexure of the truss-type structure, for
example, when I/d = 50, is 200 times less than that of the)beam
system subjected to flexure. i

As in the preceding case (see Fig. 108) the trussed bar system has
the highest rigidity when & = 45-60°. '
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Fig. 114. Deflections of a beam and  Fig. 115, 8tress in a beam and Tods
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From the graph (Fig. 115), showing the relation between the maxi-
mum flexural stress ¢, in a heam and compressive stress ¢z in a
trussed bar system as a function of angle o for various I/d values,
the stresses in the beam on average are 30-300 times larger than
those in the truogs system.

In rods having large //d ratios working in compression the danger
of buckling oceurs. This feature must be considered during design.

Figure 1162 shows loading of a cylinder. The force applied along
the cylinder axis causes flexure of the end faces, trapsferred to
the coarse through the connecting flange (the deformations are shown
by dashed lines). The system is not rigid. _

On changing the cylinder to a cone (Fig. 1165), by the main scheme
of taken-up forces, it approximates the case of the truss bar system
in Fig. 113b. The cone walls work mainly in compression, the role
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of the sides withstanding the thrust in this case is fulfilled by the
stiff circular sections of the body, thus limiting radial deformations
of the walls. The highest rigidity with lowest weight is possessed
by cones having vertex angles from 60 to 90°. : :
Improved rigidity is displayed by other components when their
shapes are similar to a cone, for example, spherical (Fig. 116¢),
sgg-shaped (Fig. 116d) constructions, ete..
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Fig. 416. Constructions operating in compression

As for the cone working in flexure, in order to improve the strength
and rigidity of thin-walled components it is essential to use stif-
fening eollars (Fig. 118e, f), of which the upper collar m takes up
sompressive loads and the lower one n—tensile loads. . . R

(b)Y Blocking the Deformations

When expressed in most general terms, the problem of improving
rigidity means finding the points of greatest deflection under the
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Fig. 117, Operation of diagonal struts

action of acting loads in the system and avoid these displacements
by introducing tension-compression elements arranged in the line
of the displacements. o

A classic example of solving this problem is the rigidity improve-
ment in frames and truss constructions by using diagomal struts.

Figure 117a, shows a bar frame subjected to shear forces P. The
insignificant rigidity of this frame system is determined only by
the flexural rigidity of vertical bars and the rigidity of the corner
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joints. After; some stiffening elements, for example, gussets, have
been introduced into the system (Fig. 1178), the working system
of the frame approximates that of the constrained beams and some-
what lessens the deformatmns
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Fig. 118, Flat trusses

The most efficient way, however, is the introduction of diagonal
struts, which work in tension or compression. A tensile strut
(Fig. 117¢), diagonally hnkmg the frame elements, muast extend
by.the value Al as shown in the Figure. Owing to the inherent fea-
tures of this form of loading, the small deformation values efficiently
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Fig. 119. Arresting deformations
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stop frame distortion. A compression strut (Flg 117d) will act simi-
larly, however, in this particulas case it is necessary to consider
possible })ucklmg of the compressed bar, which in this case makes
this  system less desirable.

If the loads ‘act alternately in both dwecmons Fig. 147¢, the
struts are either diagonally crossed or, Fig, M'Tf, in alternating
directions.

" Figure 118 shows various design schemes of simple trusses {girders)
in order of rising rigidity (Fig. 418a-h), and also composite simple
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trusses with stiffening elements preventing buckling and loss of bar
stability (Fig. 118i-1). .

The wall deformation of a cylindrical vesse!l under the aciion of
internal pressure is shown in Fig. 119a. Parts m having the greatest
deformations are advisably connected by tension . elements
(Fig. 1195): around the course by ring 7 and the end plates by anchor-
ing holt 2. :

(¢) Cantilevered and Double-Support Systems

Should Hexure for constructional and functional reasoms be un-
avoidable, the decrease of deformations and flexural stresses must
be the first task.
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Fig. 120. Loading scheres

Beam flexures, most commonly encountered in practice, are given
in Fig. 120: a cantilevered (overhanging) beam {Fig. 120a) a freely
supported beam (Fig. 1206) and a constrained beam (Fig. 120¢).

From the comparizson of the maximum bending moment and flex-
ures the advantages in rigidity and strength clearly lie with the
freely-supported beam, than with the cantilevered one. With iden-
tical loads, beam lengths and sections, the maximum bending
moment (and, hence, the maximum flexural stresses) with the simp-
ly-supported heam are four times, and with the constrained beam
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eight times less than that of the cantilever. Even greater is the advan-
tage in rigidity. The maximum flexure of the simply supported beam
is sizteen times and that of the constrained beam sixiy four times
less than that of the cantilever.

In practice the difference between the simply-supported and can-
tilevered beams is not ag sharp as illustrated. In comparable con-
gtructional variants of the cantilevered and simply-supported beam
the length of a cantilever rarely equals the beam span distance,
generally the caniilever length is very much less.

Let us consider a eantilevered {Fig. 120d) and simply-supported
(Fig. 120e, f) arrangement of a pinion shaft. In this particular case,
because of overall sizes, the span distance in the simply-supported
arrangement cannot be less than 2!, owing to which we have to com-
pare these two alternatives on the basis of different and not equal
lengths as in the preceding comparison.

The maximum bending moment for the simply-supported case is,
in accordance with Fig. 120e, half that of the cantilevered arrange-
ment. The gain in maximum flexural siresses is much greater since
the resisting moment at the dangerous section (i.e., in the plane
of the acting force P) of a simply-supported shaft is significantly
greater than the resisting moment at the same section (i.e., in
the plane of the leading bearing closest to the load) of the cantileve-
red shaft. For the relationships in Fig. 120, stresses in the critical
section of the simply-supported shaft are 5 times less than those of
the cantilevered shaft.

The maximum simply-supported shaft flexure is formally half
that of the cantilevered shaft, but if the large moment of inertia I”
of a simply-supported shaft, as compared to the moment of inertia I
in a cantilevered shaft is considered, flexure will be still less (for
the relationships in Fig. 120, the decrease will be 6.5 times).

The load on the bearmgs of the simply-supporied shaft is less
than the 10ad on the fromt bearing of the cantilevered shaft

P+ UL by 2( 4+ L) times.

The situation is better with the constrained shaft. The actu&l im-
provement in this case is obtained by increasing the rigidity of
supports, e.g., employing roller bearings and strengthening the
casing walls (Fig. 120f). Here the maximum bending moment is
one quarter that of the eantilevered shaft, and half, when compared
with the simply-supported shaft, mounted in ball bearings. The
maximum flexure of the shaft, installed in rigid supports, is corres- .
pondingly less by 8 and 4 times (without considering the difference
in I and I’ values).

However, it is necessary to note that short and rigid shafts increas-
ing support rigidity does not give practical advantage since the
rigidity washes out the difference hetween the freely supported and
constrained shafts,
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{d) Increasing Rigidity and Strength
of Cantilevered Constructions

If the use of a cantilevered component cannot be avoided, thew
its inherent disadvantages must be eradicated. First of all measures
must be taken to shorten cantilever overhang and increase rigidity
and strength of the comstruction’s cantilevered portion. ‘
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Fig. 121. Rational design of a canti- Fig. 122. Shapes of shoulders

lovered shaft

The example in Fig. 121 shows an improved design of the cantile-
vered shaft presented in Fig. 120d. The cantilever length has been
reduced to the limit permitted by the construction and the moments

Fig. '123. Constructional methods of reducing overhang in cantilevered bevel
gosar assemblies

of inertia and resistance at the most loaded areas increased. The
front bearing, accepting the highest load, is strengthened.

One of the commonest types of cantilevers, applied in mechanical
engineering, is the shoulder of a supporting bush for a cylindrical
component, Inthe incorrect design (Fig. 122a) the collar is excessive-
1y large. If the collar is reduced, for example, three times (Fig. 1220),
the stresses across the critical section are decreased in the same pro-
portion and the maximum deformations 27 times.
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In a number of cases it is possible to shorten the cantilever length
by altering the shape of the part.

Example: The overhang of the bevel gear (Fig. 1232) can be de-
creased by altering the position of the gear hub relative to the rim
(Fig. 123b) or by using a stem gear (Fig. 123¢).
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Fig. 124. Determining forces acting upon supports
(a) cantilevered skaft; (&) inverted cantilever
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The loads on the cantilevered shaft bearings depend wupon the
distance L between the supports and cantilever length ! (Fig. 124a).
Thus, the lead on the front bearing

1
Ny=F (1 + T)
and that on the rear bearing

i
Ny= P2

where P is the foree acting on the cantilever.

From the graph, showing the dimensionless ratioc N/P and N/P
as a function of L/! (Fig. 125a), it is seen that the bearing loads sharp-
by rise as the support span distance decreases.. With the indrease

in the «?m ratio the bearing loads fall; then N; asymptotically tends

to the P value and N,, to zero. When L/l > 2-2.5 the bearing load
becomes practically constant, bui when L/l <7 1it sharply rises.
Thus, the best recommended range for the L/ ratios is 1.5-2.5 {shown
hatched in Fig. 125q). ,

For a general rule it may be assumed that the distance between
the supports must be twice the cantilever length. Naturally, higher
L/l raties have the advantage of fixing the shaft more accurately.
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Figure 1254, shows as a function of L/I the lead ratios of the front
and rear bearings N /N , = 1 -+ L/, which can be used as a guide
when selecting bearings for those cases when their life expectancy
has} to besthe same. Thus, the recommended values are L/l = 2,
NN, =

Permissible loads on antifriction bearings are determined from
the formula

0= (nk) D ()0

where € == bearing work capacity coefficient;
n = speed, rpm;
B = hearing service life, h
Since n = const, and & = const, the work capacity coefflczents
of the front and rear bearings, when L/l = 2, will be within the
ratio €/C, = 3.
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Fig. 425. Loads on supports
(o) cantilevered shaft; (b) inversed cantilever

Often an inverted cantilever is employed. In this case (Fig. 12450},
the gear, so that load is applied in the span between the supports,
is given a bell-shaped form; it thus works as an inverted cantilever.

The values of the bearing loads are shown in the graph, Fig. 1258,
as dimensionless ratios N/P and N,/P against 4/L (A—distance
from the rear bearing to the plane of force P). The position of the
inverted cantilever must be within A/L = 0 to 1; if A/L > 1 the
system becomes a direct cantilever.

It is evident from the graph that the maximum values of IV, and
N,, in the region of the inverted cantilever, are equal to the acting
force P (IV,/P and N,/P ratios are equal to unity). Loads NV, and
N, have identical and equal values = 0.5P when 4/L = 0.5, when
the force plane lies midway between the supports,
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A second constructional example of an inverted cantilever is
fiostrated in Fig. 126q, &. ' '

To fully eliminate the cantilever, the part is mounted on a sta-
tionary support 7 {Fig. 126¢). Through this passes the flexure-relie-
ved driving shaft, which imparts to the part through a splined rim
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Fig, 126. Decreasing loads on cantilever supports

& pure torque moment. The bearings are loaded as in the simply-
supported shaft. However, their working conditions are less favou-
rable since the outer race rotates {and not the inner one as in the
simply-supported shaft), due to which their durability period is
shortened. :

The above-deseribed disadvantages of cantilevered systems by no
means deprive the designer of their use. Cantilever systems arve
fully lawful elements of the construction and they are widely applied
in practice. It is only necessary to know their peculiarities and eli-
minate the disadvantages by suitable design measures.

The use of cantilevers offen assures more simple, compact, tech-
nological convenient construction for assembly than the double-
supported shaft assemblies. Shown as an example in Fig. 127 are
the constructions of two centrifugal pumps: the first (Fig. 127a)
has the simply-supported shaft and the second (Fig. 127b) the can-
tilevered mounting. - ' : ‘ :

+ The cantilevered version simplifies assembly, provides easier
access to the vane and hydraulic cavity, betters the entry of operat-
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ing liguids to the impeller, eliminates one seal and improves shaft
alignment. Furthermore, shaft supports are accommodated inside
one housing and the bearing fitting holes can be machined at one
setting,

In the simply-supported arrangement the supports are aligned
to each other through the housing joint, the two halves of which

.

_ ]

Jt

(e (4}
Fig. 127. Centrifugal pump with (2) simply supported and (b} cantilevered shaft

are, owing to the unit’s design, fixed only by fitted dowels; in other
words, shaft fitting holes cannot be machined at a time.

Taken as a whole, the cantilevered design strongly gains in sim-
plicity, accuracy of manufacture, reliability and operation conve-
nience.

+ (¢) Rational Arrangement of Supports

The flexure of a simply-supported beam is proportional to the
third power of the span, therefore reducing span distance—an effec-
tive means of enhancing rigidity.

Figure 128 shows a simply-supported gear assembly. If the span
between the supports is reduced three times, then the maximum bend-
ing moment and stresses in the shaft are also reduced three times and
the maximum flexure by 27 times. When the shaft diameter d=
== 40 mm, length L == 200 mm and load P = 1000 kgf, the shaft
flexure, Fig. 128a, will attain a comparatively large value (of the
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order of (.1 mm), disadvantageous for gear operation. After decreas-
ing the span three times (Fig. 1285), the flexure reduces to a negli-
gible value (of the order of 0.604 mm).

Very often the rigidity of a system is improved by the introduction
of additional supports (Fig. 129).
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Fig. 128. Reducing span distance between supports

I

In the construction, shown in Fig. 1294, the crankshaft is mounted
in two bearings. The system has low rigidity; to increase its value
it is necessary to enlarge the web and neck sections of the shaft.

The rigidity characteristic can also be improved by means of an
additional central support (Fig. 1295) or, the more so, by several
supports (Fig. 129¢). The last version is now almost always used.

{a

Fig. 129. Arrangement of crankshaft supports

Figure 130 shows schematically methods of increasing rigidity and
strength of the fastening assembly of a ¢opnecting rod and fork.
Since the connecting rod generally oscillates about the fork end at
small swings it is possible to introduce additional supports which
practically eliminate flexure. .

The original, rather popular design, presented in Fig. 130«, pos-
sesses poor rigidity, since the pin here is subjected to flexure.

In the design, illustrated in Fig. 1305, the pin is relieved of {lexure
- owing to a thrust-pad, provided in the fork.

Flexure can be sharply decreased by increasing the length of the
connecting rod upper bearing surface (Fig. 130¢, d). Over section /
the pin works in compression. Since compressive deformations are
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infinitesimal in comparison to those in flexure, practically all the
load taken wup by the pin is a compressive one.

The designs, depicted in Fig. 130b-d, are suited for mestly unila-
teral loads, acting in the direction shown by an arrow. Moreover,
in these designs the amplitude of the connecting rod’s oscillations
about the fork is limited.

In the designs, intended for loads in both directions with large
oscillation amplitude, strengthening is obtained by increasing the
number of gupports and lessening span distince over which the
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Fig. 130. Increasing rigidity of a connecting rod and fork assembly

flexural loads are taken (Fig. 130¢). In this design in view of the
doubled shortening shoulders ! the force of the flexural stresses ave
also decreased by half, and the deformations, by eight times as
compared with the original design (Fig. 130a). o

With the increased number of supports (Fig. 130f), the loading
scheme approximates pure shear. Changing to shear and increasing
the number of thus loaded sections significantly adds to the strength
and rigidity of the assembly.

In some instances, when desling with unilateral loads, aeting
forces can be transmitted directly to the supports, fully relieving
the pin of load (Fig. 130g, #). The manufacture of such construec-
tions is more complex than the previous ones, since here it is neces-
sary to precision-machine the cylindrical bearing surfaces & coaxial-
Iy with the pin bearing surfaces. Otherwise, the scheme of applied
forces becomes indeterminate.

() Rational Sections

It is important that the increase in rigidity is not accomplished
by increasing weight of the detail. In the general form, the solution
to the problem means strengthening sections, which under the given
loads are subjected to the highest stresses, and removing weight



Table 17

Comparative Rigidity/Strength Charaeteristics of Differently Shaped
Sections Having the Same Weight

Section Ratios Ijf WiWe
— 1 1
a 0.8 2.1 1.7
5 0.8 4.5 2.7
0.9 10 41
- 1 1
r
ko
7 i %g 3.5 2.2
. 9 3.7
Z j 3.0 18 5.5
2
by
1.5 4.3 2.7
2.5 14.5 4.5
3.0 21.5 7.0

1961395
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from the unloaded or slightly loaded areas. In flexure the stressed
sections are those farthest from the neutral axis. In torsion the exter-
" nal fibres are mostly stressed; moving radially and inwards, the
stresses become weaker and at the centre are zero. Consequently,
for these cases it is more rational to concentrate material at the
peripheries and remove it from tha centre.

Generally the greatest rigidity and strength characteristics with
smallest weight are possessed by components with thin-walled see-
tions, i.¢., parts such as box sections, tubes and shells.
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Fig. 131 Effect of increase of shailt diameter upon the rigidity, strength and
weight of construction and durability of antifriction bearings

Table 17 gives rigidity and strength comparisons for differently-
shaped sections. The hase of the comparison depends upon similar
weight conditions of parts, expressed as similar cross-sectional areas.
The strength and rigidity improvements are obtained by successful
application of the material digtribution principle in the regions of
the highest acting stresses.

For ¢ylindrical sections the moment of inertia J, and the moment
of resistance W, of a solid round section are taken as the units of
comparison; with respect to the other parts, a solid square-shaped
section.

The dependence between weight, strength and rigidity of ¢ylindri-
cal shafts with different d/D ratios is described in a general form in
Figs. 36, 37 and 39.

A constructive example of a gear and integral shaft running in
antifriction bearings is given in Fig. 131. The parameters of rigidity 7,
strength W, weight G and durability % of bearings are given for
sucee)ssive increases of shaft diameters (and sizes of bearing sup-
ports).

Unit characteristics are those of the solid shaft (Fig. 131a).

() Improving Transverse Rigidity

Together with the increase in external sizes and thinner wall
sections it is necessary to increase rigidity in the transverse direction
of acting bending forces in order to avoid constructional stability

losses.
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Fig. 132. Metkods of increasing the radial rigidity of hollow components
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‘ Fig. 133. Increasing the rigidity of beams
(2} by stiffening partitions; (b) by stiffening hoxes; {¢) by semi-circular stiffening¥elements

Fig. 135, Increasing the rigidity of shapes ‘by local section stilfening
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For cylindrical shafts the problem is solved by using stiffening
collars and webs (Fig. 132a, b). Stiffening collars are advisably posi-
tioned in the plane of acting loads, on bearing, fixing areas and alse
at the free ends of a part (Fig. 132¢, d). - _

Figure 133 shows reinforcement of beams by transversal ribs and
stifféning boxes.

Snake-like diagonal stringers in the form of webs strongly improve
rigidity (Fig. 1344, b), and also local section stiffening (Fig. 135).
Thus, constructions with longitudinally formed stiffening rib angles
at the trangition points where vertical walls change to horizontal
ones (Fig. {35b) have greater rigidity than the original construction
(Fig. 135a) in spite of the formal lessening of irertia moment. The
rigidity parameter increases also when the longitudinal rib has
transverse stiffening ribs spaced over the part length (Fig. 135¢, d).

Table 18 illustrates how longitudinally arrdnged webs affect
the rigidity of profiles during flexure and torsion. Diagonal webs
have the strongest effect. One diagonal stringer will suffice; another
stringer will enhance the rigidity but to a small degree.

. Table 18
Increasing Rigidity of Seetions by Longitudinal Webs
- Factors

Profile Iﬂex l Tiors a Iféex Yiors
i 1 1 4 1
1.17 2.16 1.38 0.85 £.56
4.55 3 1.26 1.23 2.4
1.78 3.7 1.5 1.2 2.45
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() Ribbing

Ribbing finds wide application in improving rigidity, particular-
1y of cast housing-type components. Due care, however, should be .
exercised Y when employing this technique since wrongly related
ribbed sectlons and ribbed detaﬂs _may X weaken the part instead .of
strengthening it. -

If a part has externai ribs and is suhgecaed 10 ilexure acting in the
plane of ribs {Fig. 136¢), then considerable tensile stresses may occur

A097

€y @ (e

(a) (B) () @)
Fig. 136. Rib forms (in the order of increasing strength)

at the rib ridge, attributable to the comparatively small rib width
and cross sectional area. The sifuation is aggravated when thin
ribs, tapering to thelr tip, are used (Fig. 1365, ¢); the failure of
parts always begins at the rib tip. Strength is significantly increa-
sed when thickening the rib, particularly at the crmcal region, 1 e.,
the rib tip (Fig. 136d-g). .

.ba R i o &
Fig. 137. Eifect of ribs on the rigidity and strength of shapes

Weakening of details by ribs is formally expressed by the reduc~
tion of the details moment of resistance. Table 19 shows how stiffen-
ing ribs affect the moments of resistance and inertia of a rectangular
section. The moment of resistance of a non-ribbed rectangular sec~
tion is taken as unity.

The influence of relative height and width of ribs upon the rigidity
and strength of a part is easily expressed in a generalized form. Com-
pare the strength and . rigidity of a rectangular section profile
(Fig. 137a) with the similar profile provided with a rib (Fig. 137b).

Calculations show that correlation between the moment of iner-
tia I of a ribbed profile and the moment I, of the original profile
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is expressed by the relation

— 1+ \? '
/1, = 1+ 8n2 + 36n (i+sn)( e ) (4.29)
where 'q = h/hy == ratio of rib height % to original profile height &,
= b/b, = ratio of rib width b to original profile width b,
When related to sections with a series of parallel ribs (Fig. 1353)
the reciprocal of & will be the relative rib pitch iy, i.e., the ratio
of rib pitch to rib thickness

ty==byfb

In this case the value & can be termed as the density of rib spacing.
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Fig. 138, Rigidity and strength of ribbed sections as a function of relative rib
he1ght hih, for different values of relative rib width 5/8,

(o) rigidity, (o) strempgth

The correlation of moments of the compared profiles is equal to
W I 148

Wy~ Tp  itmFon

On the basis of formulae (4.29 and 4.30) are constructed the graphs
(Fig. 138), which show the relative influence of rib dimensions on .
strength and rigidity.

As evident from the graph (Fig. 138a), the introduction of ribs
in all cases enhances the moment of inertia of a section and, conse-
quently, the flexural rigidity of a part. The higher the rib and the
greater its relative thickness the better the rigidity.

The picture is quite different when dealing with the moments
of resistance (Fig. 1385). Introduction of ribs, whose section is small
in comparison with that of the part to be ribbed (small values of

(4.30)
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hiky and b/b,, large pitch), worsen the moment of resistance, i.e.
weakens the part. Under unfavourable conditions (h/h, = 2; b/b, =
= 0.01) the moment of resistance will drop to a third of that of the
original profile. ‘ '

The picture becomes more expressive if we plot the relative pitch
values £, on the abscissa and variations of the moment of resistance,
for different values of relative rib height A/h,, on the ordinate
(Fig. 139). The portions of curves, located below the line W/W, = 1,
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Fig. 139. Strength of ribbed sections as a function of relative rib pitch t, =
== b/b, for different values of relative rib height A/h,

describe relationships at which strength begins to fall (large relative
_ pitches 4, small relative rib thicknesses b/5,). The less the rib:height,
the sharper the weakening is expressed. :
Weaking may be prevented by increasing rib height. Ribs, wnose
relative height h/hy >> 7, will not worsen strength of parts up to the
1argesé:).values of relative pitch ‘encountered "in practice (f, =
= 100}. S L A - L
However, for cast components increases in rib height are limited
by the casting fechmique. In practice the relative height rarely
exceeds h/h, = 5. Casting technique also restrict ribthicknesses.
Generally thickness is kept within (0.6-0.8) A, o
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Actually the other way is to decrease relative pitch. When 7, > 6
weai});ening does not begin even with the smallest ribs (A/hy =
From the graph, plotted in Fig. 139, it is possible to find the pitch
values of different height ribs which do not weaken the part. These
values correspond to abscissas of points, in which curves %/%, inter-
sect the ordinate W/W, == 1.
- If relative pitches £, are expressed as a function of relative rib
height h/k,, then the curve W/W, = 1 (Fig. 140) will correspond to
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Fig. 140. Relative rib pitch #, as a function of relative rib height A/k, for diffe-
' rent ratios W/W,

the case when strength of a part is not affected by the increased
pumber of ribs and the curves W/W, = 1.5 and W/W, = 2 will
correspond to the cases, when strength of a part rises in proportion
to the increased number of ribs. : ‘

For practical determination the maximum allowable pitch is
found from the relation : : :

b n,. 2 ‘ ‘
| =<2 () (4:31)
expressed as the averaged t, values when
W W, =152
The maximum adwi--ible rib pitch ‘ :
: v A2 . .
t=2b (750') . (4.32)

where b is the rib thickness, mm. - e
Based on Eq. (4.32) a graph (Fig. 441) is constructed which allows
limiting ¢ values to be found for different rib parameters.
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I't should be noted that if stresses in a part are insignificant, usual-
ly the case in housing-type components, then the decrease in strength
due to the introduction of unfavourably shaped ribs is not dangerous.
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Fig. 144, Graph for determining the maximum admissible rib piteh -

In such cases the designer may freely apply ribs (including those,
working in tension), as a means of enhancing rigidity, without con-
sidering the lessening strength. '

For a heavily loaded part all the above recommendations remain
valid and are important for correct design practice.

Triangular ribs. Very often use is made of ribs, whose height dimi-
nishes in the plane of the bending moment (triangular-shaped ribs).
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With such rib forms whatever their initial height sections are ine-
vitable where weakening of the detail begins.

Figure 142 pictures typical shapesof triangularribs on a cylindrical
cantilevered part being bent by a force applied at the cantilever
end. Under each figure is shown a qualitative picture of changes
in the moment of resistance W and flexural stresses ¢ along the part
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Fig. 142, Influence of friangular ribs on the strength of a cantilevered part

axis. For the unit moment of resistance the moment of resistance
W, of a non-ribbed portion of a part is taken; for stresses, thé value
of the basic cantilever stress oy, i.¢., at the point where the ¢ylinder
joins the flange. Stress values for the non-ribbed part are indicated
by dashed lines.

For the rib form, shown in Fig. 142a¢, weakening begins at the
part m where the rib joins the cylmdrmal wall. Such a rib form is
particularly unfavourable as weakening occurs at the region of large
bending moment values and at the weakened part a sharp rise in
stresses takes place.

Somewhat better are long ribs (Fig. 142b). The weakened section m
is displaced to the region of smaller bending moment. Stresses at
the weakened section slightly exceed maximum stresses in the part.

The most advantageous case is when the rib extends to the canti-
lever end (Fig. 142c). Here the weakened area is at the region of
mllmmum bending moment and almost has no effect upon. stress
values

Ribs in compression. Internal ribbing. The relationships for ribs
undergoing tension during flexure (Fig. 137) formally hold for ribs:
working in compression during bending (Fig. 143). Ribs, subjected
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to compression, work in more favourable conditions sinee the majori-
ty of cast materials resist compression rather better than tension.
With the introduction of ribs the phenomenon of the fall in strength
working in’ compressxon has less significance than when working
in tengion, -

The better strength inherent in ribs working in compression as
well as the wide free choice of their parameters compels, in all cases,
the preference to return to ribe in compression than those injtension:

'

Pig. 143. {Flexure of a cantilevered . Fig. 144, Housing component
member with internal ribs workxng in {a) external ribe; (B) internal ribs
compression

This means that in housing-type components preference is given to
internal ribbing and not external ribbing.

For a housing, having external rlbbmg loaded with bending force P
(Fig. 144a) the main part of the load is taken by ribs m, positioned
away from the side of acting load, and also by the housing walls
(especially those portions parallel to the bending moment plane).
The o'ppo's;lbe ribs, which in accordance with the force scheme should
work in compression, hardly take part, because the load reaching
them is strongly reduced. Hence, in this loading mode the ribs work
largely in tension, i.e. unfavourably :

With internal ribbing (Fig. 144b) the ribs m positioned on the
side of the acting load work in compression. The opposite ribs, which
according to the loading scheme should work in tension, are practi-
cally free of load:

Apart from the improved rib strength the internal ribbing allows
the strength and rigidity of the housing as a whole to be sharply
increased, as the radial dimensions of the housing walls can be
increased. Within the same overall sizes (being determined by the
rib cutline for an externaﬂy ribbed housing) one can obtain' sub-
stantial improvement in the values of the moment of resmtance
and -the moment of inertia. .

The - mouldmg of ‘internal ribs is- sxmpler (particularly when the
part] interior is formed by cores), Furthermore, internal ribbing
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betters the outside appearance of the components. In general, inter-.
nal ribbing is preferred in all cases, except in special ones (when outer
fins, for example, are necessary for cooling purposes). _

Design Rules

When designing ribs it is necessary to observe the following basic
rules: '

avoid loading ribs in iension, apply in all cases, when permitted
by the design, ribs working in compression; ‘

for strength reasons be sure that the height of ribs, intended for
housing-type component; is not below (8-10) &, (h,—wall thickness),
if the ratio between ribs fotal
thickness and wall width is
small {i.e., of the order of
b/by == 0.01). Should such a
height be unobtainable, owing
to size or casting conditions,
then rib pitch must be incre-
ased according to Eq. (4.32);

ribs of triangular form must
extend to the plane of ‘acting
bending forces;

ribs must extend to rigidity
points, around fastening bolts
in particular (Fig. 145).

It is advisable to thicken rib.  Fig. 145, Arrangement of ribs on a part
ridges, because ribs with sharp used as a cover
tips invite higher stresses on (@) poor design; (b) good design
their edges, A

Occasionally it is most advantageous to obviate ribs at all: this
will even add to the part strength.

Ribbing of parts subjected to torsion. When loading cylindrical
parts, or other similar shapes, by a torique moment longitudinal
straight ribs insignificantly increase rigidity (Fig. 146a). Such ribs
quickly become harmful since they are subjected to flexure (in the
plane normal to the rib edge), which causes higher stresses in the
ribs.

During’ torsion it is more favourable to wuse diagonal ribbing
(Fig. 146b), which under the influence of the torsional moment work
in compression and substantially increase rigidity. The described
design is a particular case of applying the principle eof diagonal
stringers. ‘ '

The design, depicted in Fig. 1465, is calculated for a torque of ene
constant direction. For an alternating torque moment or a snake- -
like pattern (Fig. 146d) crossed ribs (Fig. 146c) are advisable.
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Diagonal and helical ribs are Jess prone to internal stresses, which
occur during casting shrinkage due to its non-uniform setting.

However, the moulding of diagonal ribs! on outer cylindrical,
conical and the like surfaces is difficult.
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Fig. 146. Rib forms on a cylindrical component working in torsion
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Therefore, when dealing with cylindrical and similar-shaped
components, working in torsion, it is advisable, as in the case of
flexure, to use internal ribhing. :
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Fig. 147. Cireular ribs on a disk subjected to flexure

Cireular ribs. Circular ribs, along with the usual straight ribs, are
used to enhance the rigidity of round components, such as disks,
cylinder ends, etc. o '

The mode of action of these ribs is peculiar. Let us assume for
example, that a round plate with a circular zib is bent by some axial.
force, applied in the centre (Fig. 147a). The ‘deformations of the
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plate are imparted to the circular rib; its walls tend to extend towards
the periphery (Fig. 147b). The tensﬂe stresses, arising in the ring,
check the plate flexure. ‘
The circular rib, facing the load (Fig. 147¢) will act in a similar
way, the dxffere.nce being that it is sub;ected to inward radial com-
pression. '
To impove r1g1d1ty it is recommended that the circular ribs be
made higher and positioned at the radius, where the sag angle of

T FFT T
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Fig. $48. Rib forms

the plate has its greatest value: for plates, resting on their rim, it
will be closer to the periphery and for plates with built-in rims, clo-
ser to their mean radius. Positioning ribs at relatively small distan-
ces from the plate centre is almost useless.

The most effective combination of circular and radial ribs are
shown in Fig. 147d-k.

Structural varieties of ribs. To 1mpart especlally high rigidity
the following types of ribs are employed: wafer (Fig. 148a), honey-
comb (Fig. 148b) and diamord (Fig. 148¢).

Often usge is made of hollow ribs (Fig. 149), open relief (1-9, 13)
or closed profile (70-712-714}. In contrast to conventional ribs hollow
ribs under all circumstances enhance the rigidity and strength of
constructions.

Closed ribs are more rigid than the open ones, but their moulding
is morve difficult. Practically the same results are obtained when
applying open ribs, strengthened by cross partitions (3, 6, 9 and 15).

Internal hollow ribs (I3, 74) are more preferable than external
ones. In the range, where rectangular-shaped internal closed ribs’
join each other, the most rigid and strongest double»-walled bhox-
section construction is obtained (75).
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Tig, 150, Influence of rib formas and pesition on component strength
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Structural Examples

Figure 150 shows examples of correct and incorrect rib design.

A housing-type component with a rib working in fension at the
transition point of two sections (Fig. 150a)} is not at all advantageous
to strength. Removal of the rib increases the housing strength
(Fig. 1508). When introducing a rib, it is better to make it T-shaped
(Fig. 150¢) or position it so that the rib works in compression
(Fig. 150d).

Figure 150e-j illustrates compartments of cylindrical housmg
with a partition (diaphragm), loaded with a transversal force P
or bending moment M. The short ribs (Fig. 150¢, f) weaken the
partition.

The best constructions have ribs of constant height (Fig. 150g)
or ribs which widen to the place of fixing (Fig. 150%).

The highest strength is possessed not by ribbed components but
by ones which have fluted partitions (Fig. 150i), or box sections
(Fig. 450j), especially when reinforced with inner transversal
ribs.

Depicted in Fig. 150k-p are spherical cantilevered housings. Some-
times such components are ribbed on the outside (Fig. 150k). If the
rib height is not great in relation to the wall thickness, the ribbing
weakens the component. Removal of the ribs (Fig. 1500) enhances
component strength. Still stronger components are obtained when
their walls are enlarged within the limits of the overall sizes
(Fig. 150m). Even farther increase in strength may be obtained by
providing the component with internal lengitudinal (Fig. 150n)
or wafer-like (Fig. 1500) ribs. High rigidity and strength are posses-
sed by components with fluted walls (Fig. 150p).

4.4, Improving the Rigidity of Machine Constructions

Ways of nnprovmg rigidity and strength of typlcal engineering
structures ave given in Table 20.

(@) Fizing of Cantilevers

The rigidity of cantilevered systems is strongly affected by the
method of fixing. Constructional measures can give a cantilever of
any rigidity, but these measures may be brought to nought if the
cantilever fixing is weak or if the cantilever is set into a non-rigid

component. Ways of improving the rigidity of cantilevered systems
are given in Table 21.

2001395
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Table 20
Rigidity improvements of Engineering Struetures
Original design Improvement Hssence of

improvement

Cantilever fastening of
a roller lever

2,

oy

T

Lever weak, roller
shaft fastening non-rigid

e st |

Cantilever span
is reduced. Lever,
shaft and assembly
strengthened

Cantilever elimi-
nated; roller shaft
mounted in two
supports in. lever
ork

Flat' bearing - washer
loaded in flexure by axial
force

N

Poor rigidity

Reinforeced by
civcular collar

Wasner boay
given an equal re-
sistant form

‘Washer given
conical . form; fle-
xural stresses shar-
ply decreased,
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Table 20 (eontinued)

Original desigm

© Improvement

Rssence of
improvement

Internal  combustion

engine valve

Non-rigid valve plate;
plate-to-stem link poor

A
A

Valve plate given
tudip-shaped form.
Plate rim rigidity
still poor

Stem and plate
made more solid;
rigidity of plate
rim improved

Tubular part loaded by
axial force

i e i

YN

4

Support - rim flexing
under load converges fo-
wards centre (dashed ar-
raws). Ultimately part
may be forced through
hole -

Rim-to-cylinder
joint strengthened

Sheulder-to-sho-
ulder web is pro-
vided {most rigid
design)

g 8kirt of

piston  en-
ine coylin-
er

H Skirt de-
] forms under
transverse .
piston load

NEE)

Annular stiffe-
ning ribs at skirt
bottom end

20*
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Table 20 {continued)

Original design Improvement 1&;?%5&;,5“
Sleeve -loaded by
transverse force
’f/
]
?
:
Z Sleave ed%as
7
% strengthened ¥
bead

Under loading, sleeve
edges loose their eylind-
rical shape

4
2
%
7w

20

Terminal-connection

Tightening of termi-
nal deforms shaft journal

Journal defor-
mation eliminated
by introducing wed

Terminal connection

Terminal lugs bend
when tightened. Power
tightening not possible

Terminal sireng-
thened. Couplin

holt positione§
closer to shaft -
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 Table 20 (continued)

Qriginal design

Improvement

Egsence of -
improvement

Cast lug

Arch of base is sub-
jected to heavy flexure

b
P

Arch of base
reinforced by in-
ternal ribs, wor-
king in tension

Arch of Dbase
reinforced by ex-
ternal ribs, 'wor-
king ia compres-
sion

Arech of Dbase
given rigid pyra-
mid form

Arch of Dase
provided with pe-
ripheral frame;
frame rests  on
seating surface

Lug provided
in acting load pla-
ne which takes the
load (most light
weight construc-
tion)
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Table 20 {continued)

Original dedign Improvement 1£§§%ﬁ%?n%%t
- Bendigg ; ri:i)o-
ent reduce
13 5Miand ment redu v

Bearing

Fastening bolts spaced
wide by apart; bending
moment at oritical sec-
tion has large value

closer fastening

Moment of re-
sistance and inertia
at eritical section
increased by rib

Critical section
is reinforced b
steel strap (sucﬁ
method applied to
light alloy bea-
rings) :
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Table 20 (continued)

Original design

Improvement

Essence of
improvement

Suspended bearing

MY

Rigidity poor

nli

SN i
P

)
%

Q)
AN~ AN |

% 2
%
4,
e,

Section streng-
thened

Rib added (con-
structions are in
order of increaged
rigidity)

Section

given
I-beam form

Section  made
box-shaped  (best
design for strength
and rigidity)

Rim of brake drum

! 1

H
i % '-,‘

i
T

Rim deforms un-
action of brake

shoes; brake shoes work
only at edges

Stiffening flan-
ge added
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Table 20 (continued)

Criginal design

Improvement

_ Hssence of
improvement

Cast  multigroove
V-belt pulley

===

Snoke construction.

Rigidity poor

Rim joimed to
hub by solid rib-
bod disk. Hub len-
gthened:

Section  given
conical box form
(hest design for
rigidity)

Spur gear

Rigidity poor

Disk of gear
made conical

Ribs added to
spur gear disk (for
cast gears)
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Table 20 {continued)

Origingl design

Imprbvement

_ Essence of
improvement

External cup-shaped
gear

Driving forces deform
rim

Internal stiffe-
ning rib(s) intro-
duced

Internal  cup-shaped
gear

Rigidity poor

|

External stiffe-
ning rib(s} intro-
duced
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Table 20 (continued)

Original design

Improvement

Esaence of
improvement

Bevel gear

Rigidity poor

Disk made co-
nieal

Disk made
spherical

- Ribs added (for
cast gears)

Welded box-
shaped prestressed
construction.

Clearance, bet-
ween added body a
and shoulder &, is
eliminated before
welding. Testh and
splines machined
after welding
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Table 20 {continued)

Original design

Improvement

Essence of improvement

Flanged shaft
=

N

N

Rigidity poor

Flange made cup-sha-
ped. Transition section e,
where fiange joins hub,
strengthene

Flange made conical

Flange given tulip-form.
Diseontinnity of force
flow eliminated

Bracket with trunnien

¢
.

—E
o
Rigidity poor

Digk and trunnion made
conical

Disk made cup-shaped.
Web & provided, which
strengthens transition
section

Digk given bhetter coni-
cal form
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Table 20 (continued)

Original desigm

Improvement

Essence of improvement

st

ersz;itr
A eEa

Trunnion 1engthened
and force-fitted into hou-
sing body

Disk attached to hou-
sing body by additicnal
central bolt

Disk attached to hou-
sing body by two rows
of radially spaced bolts

Prestressed  construc-
tion. Clearance e between
disk and body elimina-
ted by tightening

Prestressed  construc-
tion. Clearance b between
truonion and body eli-
minated when tightening
central holt
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Table 20 (continued)

Original design

Improvement

Hssence of improvement

Composite beam, builf
from two thin-walled U-sec-
tions (direction of work loads
shown by arrows)!

Rigidity poor

Connected by jbox-pat-
tern members (box-pat-
tern members are expen-
sive to manufacture)

Connected by bent sec-
tions (transverse rigidity
not assured)

Connected by bent sec-
tions (longitudinal rigi-
dity not assured)

Connected % by TU-sec-
tions (longitudinal rigi-
dityinot assured)
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Table 20 (continued)

Original design

Improvement

Hasence of improvement

Diagonal  connec-
tions (rigidity assured

{in all directions)

Trapezoidal connect-
ions {rigidity assured

in all directions)

Trapezoidal connect-
ions arranged alterna-
tely alond the heam.

Best constriection in
terms of rigidity,
weight and manufac-
ture
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Table 20 (continued)

Original design

Improvement

HEsgence of Improvement

Frame bracket loaded by force P

Rods work mainly in flexure.
Stresses in the system very high.
Rigidity poor

Construction given
a truss form, rods ar-
ranged in triangular
diagonal pattern. Rods
work mostly in ten-
sion-compression

When loaded by a
trapsverse force, the
side rods, pesitioned
paratlel fo the plane
of acting bending mo-
ment, accept the load;
the rods, positioned
perpendicularly to
that plane also parti-
cipate in the work as
space trusses, whose
side rods serve as bra-
cing struts. The truss
form is closed by the
front stiffening ring

To give the system
full determinancy, the
ring-to-red joints are
articulated '

Sheli-type constru-

‘ction. A highly rigid

comstruction. Welght
can be reduced by cut
outs

Shell lightened by
hox-shaped cut ouis

Non-rational design,
since parts bhetween
cut outs work in fle-
xure

Shell construction
given more rationally
shaped cut outs
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Table 20 {continued)

Original deslgn

Improveme t

Essence of
improve-
ment

Cast cover

Bt

Rigidity poor

Bog-shaped cover fixed to hou-
sing by central studs

deflects

Cover
when tightened down

Rigidity poor.

Weight-
relieved
construe-
tion

Mould-
ed ;iruss
construc-
tion

ATIN
RTINS g, > TEAL
5; e I CTLEG T g Yot

b R e, ormms, ST
2:'5' M’/”,’ i ’lfn,,,‘l

N\

Cover
ribbed
for rigi-
dity

Cover
made va-

ult-sha-
ped

Cover
made py-
ramid-
shaped

Side
deforma-
tion arre-
sted. Co-
ver posi-
tioned by
check
pins a,
which
wrestle
distor-
tion of
vertical
wallstho-
rizontal
wall is
still non-
rigid)
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Table 20 (continued)

Original design

Improvement

Tssence of improvement

I

Iﬁteﬁﬁal ' r1bs ada;ad

Internal partitions ad-
ded

Cover made vauli-sha-
ped

Deformation restricted

{degree of .delormation
determined by - imitial
clearance o hetween the
cover and lirgiting stop
shoulder of stud)

i. Loaded cover, accept-
ing the load from a ver-
tical footstep shaft bear-

Poor rigidity and stren-
gth

External circular and
radial stiffening ribs pro-
vided

Circular ribs provided
and cover made vauli-
shaped

Cover givén“' arched
form

2101395
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Table 20 {continued)‘

Original design

Improvement

Essence of improvement

¥
=
et
{

L

Arched form and in-
ternal ribs

Cover gi\i'en box
form (very rigid and
strong design)

Diaphragm suppor-
ting plain bearing

8
%\\.\\“\“\“\“\\\‘Q 13
i

L .

T

ik

Rigidity poor

2
L7

Diaphragm ribbed

Diaphragm made
conical ribhed

(Giver cup-shaped
form

Fluted
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Table 20 (continued)

Original design Tmprovement Essence of improvement

Ribbed; bracket column

. Radial size offbracketcolumn
increased

Cast bracket, loaded
in {lexure

EColumn jmade conical. Con-
nection to fastening® flange
strengthened

Rigidity poor

Radial size of bracket column
increased. Column-to-flange
joint made conical

21*
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Table 20 (continued)

Original design

Improvement

Essence of improvement

Radial size of bracket increa-
sed to maximurn overall size.
Internal ribbing introduced
{construction very rigid and
strong)

Cast revolving drum.
Reciprocating alongcy-
lindrical gui 85 are 0pe-
rating rods with rol-
lers, which roll on a
stationary templet as
the drum revolves .

T

The through slot
strongly weakens the
Jugs. Under action of

operating forces . the

lugs walls move -apart
gsee arrows), thus spoi-
ing rod directional
movement

Non-through slot, Design not
technological. Very difficult to
assemble rod and roller unit

Lugs reinforced by external
ribs Cod

Lags reinforced by continuous

civcular ribs
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Table 20 (continued}

+ Qriginal design

Improvement

Essence of improvement

Radial drum size inc-
‘reased. Lugs strengthened
by ribs

Radial drum size in-
creased to wmaximum size
(best rigid and strong
construction)

Cast turntable of rotary
machine; loaded by bhen-
ding forces acting at the
operative sections

Rigidity porr

Ribs linking the cent-
ral_hub to the peripheral
hosses are introduced

Peripheral rigidity is
enhanced further by cir-
cular rib '
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Table 20 (continued)

Original design Improvement Fssence of improvement

Peripheral bosses hoo
still further strengthene
by second circular rib

ﬁ%\ Turntable rigidity im-

i N proved by radial and cir-
2 “?’&@ cular interconnected sys-
[ et )

tem of ribbing

Turntable given box
shape (most rigid con-
struction) ‘

I e Table 21
Improving Rigidity of Cantilevered Systems

Original design Improvement Wssence of improvement

Installation of cy-
lindrical column into
a cast housing

 Axial fixing. Extended end of
golumn fixed in rigid housing
055

)

T

-
L NN

55t

Radlal fixing. Column given’
a flange and attached to streng-
thened housing surface

Rigidity§ poor
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Table 21 {continued)

Original design

Emprovement

Essence of improvement

7z
S

NN

7

A

Radial and axial fizing

Attachment by welding
rod to U-shaped channe]

Rod fixed to both channel
flanges

Rod unstable in tran-
gverse direction

Channel flanges strengthened
by webs where the rod iz wele
ded to channel

Fixing a column to &
cast housing

Fizing stremgthened radially
(housing top still remains
compliant)

unstable

Column s
owing to compliance of

housing top

Fixing sirengthened axially
(housing top still remains
compliant)
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Table 21 {continued)

Original design

Improvement

" Yssenee of {mprovement

Local internal ribbing
which only strengthens
central part of top :

Extended internal rib-
bing which strengthens
entire top 7

Ribbing extended fur-
ther, strengthens corners,
top and. part of vertical
walls

- Ribbing extended still
further, walls strengthe-
ved down to base

Webbing takes box form
(the most rigid conmstruec-
tiom)
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(b) Column Bases

. Cast steel foolings joined with the column body by weldlng
(Fig. 151a) impart high rigidity and strength to the entire support.
However, such constructions are very complex to manufacture and
heavy.

In the design shown in Fig. 1515 the foot is a plate welded to the
column end, The rigidity of the joint is insufficient. Such construc-

7//’[[”’///4-‘
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Fig. 151. Column bases

tions are suitable for light props subjected to moderate loads. The
rigidity of column fixing can be increased further by the addition
of a welded formed collar (Fig 151¢c) or gussets (Fig. 151d). The latter
design is widely used as it is simple to manufacture and sufficiently
rigid.

The column end (Fig. 151e) is flared when it is necessary to make
the external appearance more attractive. With large column sizes
flaring can be difficult.

More practical from the viewpoint of manufacture are welded-on
cone constructions (Fig. 151/, g). The stiffening element is often
made in the form of a streamlined torus (Fig. 1515).
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A tulip-shaped base butt-welded to the column walls has the hig-

hest rigidity (and best outward appearance) as can be seen in
Fig. 154i.

{¢) Rigidity of Housing Components

The main ways to improve the rigidity of housing components
without increasing their weight (sometimes even with lowering it)
are: rounding of transition points, making walls vault shaped, effi-
cient (internal) ribbing, introduction of interwall struts (preferably
diagonal).

The rigidity of housings can also be improved comstructionally
uniting bousing elements (monoblock constructions).

Figure 152 shows (apprommateiy in the order of historical successxon)
constructional strengthening of in-line internal combustion engi-
nes. In an engine with separate cylinders (Fig. 1524) the rigidity is
determined only by the rigidity of the crankcase. With the flexure
forces occurring during ignition, the crankcase is deformed and so
is the entire engine.

More rigid is the half-block construction (Fig. 152b) where the
cylinder heads are united into ome general block. The summed
moment of inertia of the system, strengthened by a cylinder head
block and overall camshaft cover, sharply increases.

The systems having wide use and preferred in the motor industry
are the block systems (Fig. 152¢, d). Here rigidity is enhanced by
making the cylinder jackets in one common block which is either
attached to the crankcase (Fig. 152¢) or cast integrally with it
(Fig. 152d}. The latter alternative gives the most rigid and strongest
design with the smallest number of joints hetween slements.

Of po less importance is the rigidity of the crankcase incorporating
crankshaft supports, since the former is subjected to flexure in the
plane of acting ignition forces, i.e., in the longitudinal plane of
crankcase symmetry. To increase rigidity, it is advisable to improve
the moments of inertia across the transverse sections of the crankcase
and prevent the side walls from “opening” by providing stiffening
transverse webs between the walls.

Figure 153 shows simplified constructional examples of crankease
designs used with detachable cylinder jacket units (ref. to Fig. 152¢).

The system, presented in Fig. 153a, comprises the main crankcase
(top half, depicted in heavy lines) and sump, and has rather poor
rigidity, though it is very convenient for installation and assembly
of the crankshaft.

The split plane of the main crankcase and sump lies above the
shaft axis. The shaft is held in suspension bearing 7. _

The main crankecase can be made very robust by shifting the split
plane to the crankshaft axis and diminishing accordingly the sump
height (Fig, 1538). In the design illustrated in Fig. 153¢, the crank-
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Fig. 152. Construciional evolution of internal combustion engines

Fig. 153. Crankease copstructions of in-line internal combustion engines




332 Chapiter 4. Rigidity of Struciures

case transverse partitions are stiffened with arched ribs. Bearing
suspensions 2 have been developed in the transverse direction and
secured to the case by two rows of bolts, ag a result of which rigidity
points are formed around the crankshaft supports.

The rigidity of the main crankcase can be further 1mproved by
shifting the split plane below the shaft axis (Fig. 153d). To strengthen
the bond between the crankcase side walls, the arched ribs are exten-
ded to the walls and the bearing suspensions.are mounted in the
crankcase cut-outs.

Wall-to-wall strength is enhanced with the aid of bolts which
join bearing suspensions and crankcase partitions together
(Fig. 153¢). In the design pictured in Fig. 153/ the crankcase walls
are joined by tie-bolts; to avoid overtightening, the value of the
internal free span is adjusted by nuts.

A more rational construction is the one in which the tie-bolts
are tightened on to the suspension wall support (Fig. 153g).

Further improvements in the rigidity of the system can be obtained
by making the main crankcase in two parts with the split line plane

-along the shaft axis (Fig. 153k, 1). The suspended bearings in this
case are integral with the lower crankease half.

The most rigid design is presented in Fig. 153j: the crankcase is
comprised of two parts (halves) connected together at the shaft axis
plane by two rows of clamping pms Both halves are loadmcarrymg
elements and equally take part in flexure.

(d) Plates

Flg'ure 154 illustrates methods of improving rigidity and strength
of moulded plates. It isassumed that the plate is loaded in the centre
and rests upon four side supports (at the corners).

The- original design (Fig. 154a) has poor rigidity and strength.
When provided with longitudinal ribs which offer uniform resistance

to flexure (Fig. 154b), a higher longitudinal rigidity is obtained,
but! transverse mgldxty remains inadequate.

Equal rigidity in the longitudinal and transverse directions is
obtained when the plate is furnished with radial ribs (Fig. 154c).

Another des1gn principle has been embodied into the alternative
presented in Fig. 154d, the rigidity of which is improved by the
addition of vertical walls around the plate perimeter. Flexure defor-
mations are resirained by the walls which work in tension. The rigi-
dlty can be enhanced still further by increasing the wall height,
by increasing edge sections and connecting the plate body to the
walls by ribs (Fig. 154e) which will transfer the flexure deformatmns
to the edge walls. -

Drawing the side walls together by tie-bolts (Fig. 154f) create
stresses in the plane of opposite sign to those of the working stresses
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High rigidity and strength are possessed by constructions having
a sheet steel cover which works in tension (Fig. 154g). By heating
the cover prior to mounting prestressed conditions can be created
if it.) is positively secured to the plate (e.g., by means of locating
pins). o

Another way of imprgving rigidity is by making the plate vault-
shaped (Fig. 154h). Side walls with diagonal (Fig. 154i), wafer-like
(Fig. 154j}), checkered (Fig. 154k), diamond (Fig. 1541) and honey-
comb (Fig. 154m) ribbed constructions have high rigidity.

When fastening points on the plate are present, the ribs must be
arranged so as to connect the centres of rigidity (Fig. 154n).

The highest rigidity is given by double-walled plates when inter-
nal slanted ribs (Fig. 1540, p) formed during casting by means of
through cores secured on prints in the plate side walls.

Close to these are half-enclosed plates with internal cells moulded
during casting by mould core assemblies secured on prints through
holes in the plate bottom (Fig. 154g) and double-walled plates with
concave bottoms (Fig. 154r).

Figure 154s illustrates a light easily producible design of lattice
type. For a smooth external surface such plates are usually faced
with thin-sheet roefal skins.

(e} Rjgidity of Thin-Walled Constructions

. In constructions made from sheet materials (shells, thin-walled
sections, reservoirs, skins, panels, covers, elc.) it is necesgary to
consider not only the deformations caused by working forces but
also the strains arising during welding, machining, joining and
tightening of assembled elements. The possibility of chance damage
to walls during transit, installation and carelessness in use must also
be considered. _ :

In loaded shell constructions prevention of stability losses is of
primary importance.

The chief methods of increasing rigidity remain the same: maxi-
oune relief of flexure, changing flexure stresses to tensile-compres-
sive ones, introducing ties between planes of maximum deformation,
enlarging sections and moments of inertia at critical points, employ-
ing reinforcing elements at places where loads are concentrated
and at parts of discontinuous force flows, using conical and arched
forms. )

Compartments. The radial rigidity of large size thin-walled cylin-
drical components (compartment-like units) is enhanced by means
of annular stiffening collars (Fig. 155a-i).

Compartment constructions with double walls are more rigid
and strong (Fig. 156a). To improve radial rigidity, it is advisable
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for compartment walls to be joined with each other. Sometimes one
restricts himself to introducing local ties, i.e., welding strengtheners

to compartment walls
(Fig. 156b) or by welding
tubes into them (Fig. 156¢).

The best results are ob-
tained when annular stif-
fening collars are wused
{Fig. 156d-g). No less effi-
cient is subdividing the
entire compartment into
several shorter subcompart-
ments (Fig, 1564, ). In
the latter case the role of
stiffening collars is fulfil-

led by subcompartment
butt-joints.
Introduction of cones

(Fig. 156/} or arched ele-
ments (Fig. 156k, I} increa-
ses not only radial but also
longitudinal rigidity.

Figure 157a-¢ presents
satisfactory compartment
designs, reinforced by coni-
cal elements.
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Fig. 155. Stiffened zones in cylindrical shell

components

Longitudinal rigidity of compartments is attained by ribs posi-
tioned along the cylinder generatrices (Fig. 158b-g). Components
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Fig. 156, Enhancing the radial rigidity of double-walled compartments

of the highest rigidity are obtained when combining longitudinal
ribs and stiffening rings (Fig. 158q).
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Helical and zigzag ribs (Fig. 159) better torsional rigidity; their
manufacture, however, is more difficult thap that of straight longi-

tudinal ribs.
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Fig. 157, Compartments reinforced with conical elements
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Fig. 158. Enhancing the longitudinal rigidity of double-walled compartménts

12

Double compartments are joined together by means of external
(Fig. 160a-c) and internal (Fig. 160d) flanges. The latter contribute
to still higher rigidity and substantially decrease the radial dimen-
sions of components. ' S i
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Fig. 15%. Increasing the rigidity of shell systems with diagonal ribs working
in torsion
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Fig. 160. Methods of joining shell compartments
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Fig. 161. Ephancing the radial rigidity of conical Fig. 162. Spherical can-
shell systems tilevered double-walled

member
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When planning the introduction of bolts from ingide it is necessary
to provide holes in the internal walls large enough to introduce and
tighten the bolis.

Figure 161a-f illustrates enhancement of radial rigidity in conical
compartments; Fig. 162 shows the construction of a douhle—walled
spherical bracket-type component.

Shell constructions with spatial lattices. The highest rigidity of
a shell-system can be obtained by filling the shell interior space
with uniformly distributed stiffening elements connecting all their
sections and turning the system into a spatial lattice working as
one unit. The appearance of strong synthetic resins and adhesives
allows this problem to be solved rather clogely.

There are two basic kinds of spatial reinforced shells in use: foam
plastic and honeycomb constructions.

In the first case the space between the metallic shells is filled
with foamable plastics based on thermo-setting or curable resins.
The plastics are introduced in a liquid state, with the addition of
gassing agents and emulsifiers. When heated to 150-200 °C the plas-
tic composition foams and hardens, forming a spongy mass up to
80-90% in volume and with specific weight y = 0.1-0.2 kgf/dm?®.

As a result, the strength, rigidity and stability of the reinforced
system congiderably inerease though not so much as when metallic
spatial ties are introduced. The system is generally applied in con-
junction with metallic stiffening elements, either transverse (ribs,
frames) or longitudinal (spars, stringers).

Honeycomb constructions are prepared by joining together honey-
comb-pattern impressed fabric or glass-fibre cloths impregnated
with thermo-setting or curable resins. Mantles are made of sheets of
the same material or of metal sheets. The size of honeycamb cells
is usually 8 to 15 mm.

Still better in strength and rigidity are metallic ho:ﬂeycombs made
by gluing together embossed metal sheets covered with a film of phe-
nol-peoprene adhbesives or modified epoxides. The same adhesives
serve simultaneously for joining metallic mantles to honeycomb
structures whose strength is dependent on the adhesion (the resistance
of strongest synthetic adhesives to shear comprises 2-b kgf/mm?,
and bond strength 5-10 kgf/mm?).

Steel sheets can be joined more strongly by furnace brazing with
bronze alloys in vacwum or in a reducing atmosphere.

New possibilities for makipg strong honeycomb structures are
opened by fine-focus electron-beam welding technigque. The welding
temperature is produced only at the focus point, the remaining
zones do not undergo significant heating. This enables butt-welding
to be done at any depth with one and the same position or attitude
of the welding unit. Depth adjustment in welding is effected by
refocusing the electron beam with the aid of converging magnetic
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coils and in the transverse and longitudinal directions by means
of deflecting coils. Thus, all inner joints in the component can be
successively welded.

- Stability of shell constructions. The increase in overall dimensions
and reduced wall thicknesses in the first instance mean enbancing
radial rigidity and elimination of component stability losses from
loads,
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Fig. 163. Rectangular thin-walled beams with transverse ties

The rigidity of welded thin-wall square-section beams is improved
by embossing reliefs (preferably oblique) on the walls (Fig. 163a),
introducing transverse partitions (Fig. 163b), providing tubular or

box-section connection elements (Fig. 163¢), and dlagonal stringers
{Fig. 163d).

fa) (5)

Fig. 464. Thin-walled beams with Fig. 185, Cross-sections of thip~walled
transverse struts high-rigidity beams

High rigidity is ensured by serpentine-like diagonal partitions
(Fig. 164).

Figure 165 illustrates cross sections of beams, possessing high
rigidity and stability.

Reinfcreement of areas subject to concentrated loads. In the design
of thin-walled components particular attention should be paid to
areas subjected to concentrated loads. Insufficient rigidity at these
parts causes local wall deformations making the construction unfit
for use.

2%
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For cylindrical shell parts the simplest procedure is to introduce
straps which distribute the force over a larger area (Fig. 166a, b).
Still more efficient are stiffening collars and partitions (Fig. 166¢-¢)
distributing the force over the entire component eross section.
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Fig. 186, Reinforcement of shell structures at load concentration poinis

The flexure of thin-walled components in bolt fastening areas
(Fig. 167z} is prevented by using large-diameter washers (Fig. 167b),
flanging the walls (Fig. 167¢, d) or introducing some stiffening
elements (Fig. 167¢, f). The most efficient techunique is the taking
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Fig. 167. Reinforcement of fastenings

up of the lightening forces by a strut-like element (e.g., a tubular
column) working in compression (Fig. 167g, h).

Figure 168 shows how a thin-walled cover is attached to the main
component by means of a non-loosable bolt. In the original design
(Fig. 168a) the cover deforms even under light tightening pressure.

To avoid sag, the tightening is (limited to the preset gap m
(Fig. 168b-d). - .

In the design presented in Fig. 1684 the limiting element iz made
in the form of a conical catcher easing the introduction of the threaded
bolt end when mounting the cover. The spring keeps the bolt straight
when removing the cover and facilitates reassembly.
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Butt joints of sheel structures. The rigidity of bult joints in
thin-walled components is particularly important when the joints
must be hermetic.
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Fig. 168. Fastening of a thin-walled cover to a housing

When connecting flanges of two thin-walled cylindrical components
of large diameter (Fig. 169a) no hermetic sealing can be effected
in sections between holts because of the insufficient rigidity of the

2

(2) |
Fig. 169. Joints of thin-walled cylindrical parts

flanges. Washers placed under the bolt heads and nuts hardly imypro- -
ve rigidity (Fig. 169b). It is possible to make the joint tight by intre--
ducing additional solid rings, clamped or welded in position

(Fig. 169¢, d). :

Fig. 170. Fastening of a formed sheet steel sump to a housing

If a stamped sheet steel sump is to be secured to a housing .
(Fig. 170a)}, tight sealing is accomplished by bending the flange
(Fig. 1708) or by reinforcing with a solid frame tack-welded to the
sump (Fig. 170¢, d). :
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Stiffening reliefs. Rigidity can be enhanced by embossing reliefs
in walls (Fig. 171), generally in the form of beads. To simplify
the cold stamping process, the height of reliefs should not be greater
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Fig. 171. Design forms of stiffening reliefs

than (3-5)s, where ¢ = thickness of material. Reliefs of larger heights
are stamped in several passes with intermediate annealing, this
making the production more expensive.
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Fig. 172. Various relief forms on a rectangular cover

In hot-stamped designs higher and more extensive reliefs can be
made.

Apart from better strength and rigidity due to purely geometrical
relationships (increased moments of resistance and inertia of sec-
tions), cold embossed reliefs add to the toughness as a result of
cold working.

7 7z W @ )

Fig. 173. Increasing the bottom rigidity of thin-walled cylindrical components

Relief beads should be positioned along the acting plane of the
bending moment (Fig. 172a). The reverse position (Fig. 172b) does
not improve rigidity, it only makes the component more compliant.

Reliefs must be directed toward the rigidity points of the system.
For this reason, the best arrangement of stiffening beads for a square-
shaped plate is a diagonal one (Fig. 172¢, d).
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Embossing the reliefs on the bottoms of cylindrical thin-walled
vessels (Fig. 173) not only increases rigidity, but also improves
stability and imparts definiteness to the vessel instailation on a plane.

An effective way of increasing rigidity at angle transition points
from edges to bottoms is by forming local friangular-shaped beads
(Fig. 173f). :

Figure 174 illustrates edge reinforcement of cylindrical reservoirs.
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Fig. 174. Flanged edges on thin-walled cylindrical components

Lightening heles, Thin-walled constructions are often made with
holes in order to reduce their weight. To increase local rigidity,
to reduce siress concentrations and to enhance fatigue strength impai-
red by punching tools, the edges of the holes are reinforced by flang-
ing (Fig. 175a-c), flanging with half- and full-curled edges (Fig. 175d-7),
flanging with swaged edges (Fig. 175g, k) and also by reinforcing
straps (Fig. 175i-k).
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Fig. 175. Strengihening the edges of lightenihg holes

The flange height & (see Fig. 1754) should never be made too great
since this entails greater manufacturing difficulties. The flange
height attainable in a single cold flanging operation may be as great
as (0.15-0.25)D. Higher flanges and also flanges with curled edges
require several successive operations,

Another way to improve fatigue strength of material in the vici-
nity of holes is bilateral crimping of hole edges, using for the purpose
dies and caulkers of rounded profile (Fig. 176).

Reservoirs. When designing reserveirs subjected to internal pres-
sures it is necessary to avert wall bulging. Rectangular-section reser-
voirs (Fig. 177a) are not advantageous, because their walls bulge from
the internal pressure (shown exaggerated by dash-lines). With such
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shapes the addition of transverse stiffening webs is obligatory
(Fig. 177b).

Better rigidity have oval, elliptic (Fig. 177c-¢) and particularly
cylindrical (Fig. 177/ reservoirs.

When reinforcing cylindrical reservoirs with external ribs, the
direction of wall deformations must be considered.

V7 el |2 e R e /‘—’\'\Jz A

Fig. 176. Edge embogsing

Tensile stresses in sections along generatrices

.. pD
01 =5
where p == internal pressure

D = diameter of reservoir
s == thickness of wall (Fig. 178a)
Stresses in eross-sections

:ﬂ:D pD == 0.50,

i.e., half those along generatrices.

This is the reason why reservoirs fail along generatrices (F1g 1780).

Longitudinal ribs (Flg 178¢) contribute very little to the strength
and r1g1d1ty of reservoirs, only to the extent of their resistance to
bending in the lonaitudmai plane.

More advautageous are circular ribs (Fig. 178d) which work in
fension.

The shape of the cylinder ends is of great importance. Flat ends
(Fig. 179¢-¢) are unacceptable for high internal pressures. Concave
ends are stronger and more rigid (Fig. 179d-f). However, the pres-
sure-oriented deformations will cause additional tensile stresses in
the cylinder course. Moreover, the concave end appreciably dimi-
nishes the reservoir usable capacity. : _

Conversely, convex ends (Fig. 179¢, %) and similay to them conical
ends (Fig. 1794-%) restrain radial deformations in the course.

Shields and screens. The rigidity of covers, shields, screens, panels,
dashes, etc., is enhanced by flanges (Fig. 180a-g), embossing reliefs
(Fig. 180%-k) and by making them convex (Fig. 1801, m).



177. Enbancing the rigidity of reservoirs subjected to internal pressure

Fig.

(@
Fig. 178. Arrangement of ribs on the walls of reservoirs subjected to internal

pressure

Fig. 179. End shapes
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Fig. 181. Plan views of shields and screens
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Tllustrated in Fig. 181 are typical shapes of covers (in plan) pro-
vided with rectangular (Fig. 181a-¢) and diagonal (Fig. 181/-j) pat-
terns of relief. Also shown are covers with diamond convex patterns
(Fig. 181k-0).

The pattern of relief is often dictated by aesthetic requirements,
particularly when faces are in view. Pleasant to look at and suffi-
ciently rigid are rustic forms of surfaces.

Very large shields are usually made of several compartments each
of which is strengthened by one of the described methods (Fig. 181p).
For strengthening longitudinal rigidity compartments are inter-
connected by a frame or by longitudinal ribs (Fig. 181g).



Chapter 5

C‘yclic strength

Any part subjected to a sustained repeated-alternating load will
fail under stresses which are well below the ultimate strength the
material displays when exposed to static load. This feature can
hardly be overestimated when dealing with modern multirotary
machines, whose parts run under continuous cyclic loads with a
total number of cycles through-
out the entire period of machine
service reaching many millions.

According to statistical data
at least 80% of failures and acci-
dents encountered when using
modern machines are from fati-
gue phenomena. That is why the
problem of fatigue strength is the
key enhancing dependability and
service life of machines.

Cyelic loads manifest therm-
selves most notably in machines
‘ and mechanisms whose parts
Fig. 182. Diagram of the development  perform reciprocatory movements

of cyclic [oads in a gear shaft (piston-operated machines, cam-

actuated  mechanisms, etc.).
However, cyclic loads are inevitable even in machines with smooth
running parts (e.g., rotary machines of turbine type) due to disba-
lance of rotors, radial and end play of rotors, etc.

With rare exceptions all modern machines incorporate gear drives
whose teeth are always subjected to oyelic loading. Also subject
to cyclic loads are shafts working under constant directional loads
(such are, for example, the shafts of gear-, belt- and chain-gearings).

Lét us consider, for instance, a simply-supported gear shaft
(Fig. 182) subjected to a driving force P causing flexure in a con-
stant plane. As the shaft makes one revolution, the four points
a, b, ¢ and d on the shaft successively move through the plane.
With each revolution the cycle repeats. Thus, despite the constant
force typical cyelic loads oeceur.
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In short, static loads are exceptions in modern machines. Gene-.
rally loads change cyclically with a large or small frequency and
amplitude.

The number of load cycles which the material can sustain without
failure depends on the maximum stress and also on the interval
between the extreme values of cyclic stresses. With a stress decrease
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the number of cycles necessary to cause failure will increase and
at some sufficiently small stress value the material acquires the
ability to withstand an infinite number of eycles without failure.
This stress value is called the fatigue limit, assumed as the basis
for strength calculations of parts subjected to cyclic loading.

The fatigue limit is ascertained by plotting fatigue curves. The
number of cycles IV is plotted on the abscissa, and on the ordinate
found from testing standard specimens the maximpum stresses ¢
of the cycle which cause failure at a given number of cycles. In the
domain of small values the rupture stress approximates the static
strength. With the increase in the number of cycles this value decre-
ases. At a certain number of cycles the rupture stress becomes cons-
tant.

“The ordinate of the horizontal part of the curve is ’che fatigue
1imit.
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Fatigue graphs are plotted in ¢, N coordinates (Fig. 183a),
in ¢, log N semilog coordinates (Fig. 183b) and in log o, log N
log coordinates (Fig. 183¢). The first method is now almost out of
use since it does not allow the shape of the fatigue curve to be ascer-

tained in the region of small or large numbers of cycles. Most often
used is the semilog coordinate method.

For most structural steels the fatigue limit becomes evident at
1-10 megacycles. These figures are taken as the basis for determining
the fatigue limit of steels (the so-called basic number of cycles).
For non-ferrous alloys (e.g., aluminium alloys) the number of load
alternation cycles required to determine the fatigue limit is substan-~
tially higher (50-100 megacycles). Even after this number of cycles
a further drop of fatigue limit is often observed, which shows that
in reference to some metals the fatigue limit, as formulated above,
does not exist. In this case the nominal fatigue limit is determined
as the stress not causing specimen failure within a certain number
of eycles (usually 50 megacycles).

There are also no clearly expressed fatigue limits for contact stres-
ges, for cyclic loads in conditions of increased temperatures, and
for components working in a corrosive medium. Under sueh condi-
tions the rupture siress value will continuously fall with the increase
In number of cycles. The absence of a clearly defined fatigue limit
for large-sized parts is also noticed.

(a) Stress Cycles

Four basic types of stress cycles are distinguished:

symmetrical alternating -— the highest and the lowest siresses
are opposite in sign and identical in value (Fig. 184a);

asymmetrical alternating — the highest and the lowest stresses
are opposite in sign and differ in value (Fig. 184b);

pulsatmg—— the highest and the lowest stresses have the same sigm
but differ in value (Fig. 184c, d);

eomplex — various combmatmns of the above-described cycles
(Fig. 184e-g).

The cycles have the following fundamental characteristics:
Omax —the greatest algebraic siregs value in a c¢ycle (tensile stres-
ges are considered positive, compressive stresses —pegative);
. Cmpin—the smallest algebraic stress value inm a cycle;
a G ‘
Gm=—%—mﬁ-mmean stress of a cycle;
Omax— . , ' .
0, =233 0min__omolitude of stresses in a oycle (the value 26, is-termed
cycle stress fluctuation swing);

rm-?i‘imwcycle asymmetry ratio {cycle stresses are taken with alge—
Cmax  braic sign). _
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For a symmetric cycle r = —1; for asymmetric —1 << r << 0;
for pulsating (non-symmetric, of fixed sign) 1> r > 0; for pulsating
in which the maximum or minimum value equals zero, r = 0,
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Fig. 184, Stress cycles

The fatigue limit for symmetric cycles is indicated by: in flexure
(bending) ¢.4; tension-compression o.;p; forsion tv_y; for pulsating
cycles respectively oy, ogp and .

The most used method for determining the fatigne wnder sym-
metric cyclic flexure is that of Weller. A cantilevered or simply-sup-
ported sample revolving at a constant speed aboutl its own axis is
loaded by a constant dirsctional force. For each revolution all points
on the sample surface in the critical section pass once through the
zone of maximum tensile stress and once through the zone of
maximum compressive stress, making complete cycle of sym-
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metrical alternating flexure. The ecycle frequency is equal to
the nuraber of revolutions the specimen makes in unit time; the
?u_inher of revolutions prior to failure is the number of cycles causing
failure.

Such a kind of flexural loading (termed circular bending) is natural
for ;nany engineering parts (e.g., gear shafts, belt and chain drives,
ete.).

It should be emphasized that under such type of loading the mate-
rial behaviour will radically differ from other types of repetitive
bending (loading a stationary part with a symmetric cyclically
alterating load invariant in direction). In the latter case the fatigue
Joading will be exerted to only two diametrically opposite zones in
the plane of the acting bending moment, whereas with circular bend-
ing all peripheral zones of the section will be successively loaded.
This cannot but affect the sample life. The compressive-tensile stres-
ses, while travelling over the sample periphery in a crescent-encom-
passing like motion, will inevitably involve the entire periphery of
the sample; under these circumstances each point on the sample sur-
face, taken across the critical section, will be subjected (apart from
maximum stresses emerging when the point passes through the bend-
ing moment plane) additionally to the action of stresses, which are
successively arriving and leaving during sample rotation.

Moreover, the stresses occurring under circular bending, while
overlapping fully the periphery of the sample section, will“feel”
the weakest points, which may give origin to fatigue cracks; in
a stationary sample the weak points are not necessarily found in the
bending moment plane.

On the other hand, with circular bending, those portions of material
which are leaving the loaded zones are subjected to periodic thermal
relief. Under plane bending the loaded portions are constantly under
load.

(b) Limited Durability

The left-hand’descending branch of fatigue curves corrssponds to
the area of limited durability. It enables the durability to be deter-
mined (in cycles), which will be typical of components loaded with
stresses surpassing the fatigue level, or with such stresses which will
be ultimate for a given durability.

Fatigue curves in the zone of limited durability can be, within
certain limits, expressed by the equation
or
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where N = number of cycles
m == exponent
= constants
The values of m and € can be derived from op and IV, (i.e,, fatigue
limit and number of cycles corresponding to such limit), as well as
from the original values of op and N, (i.e., original stress, close to
the yield limit o, and preset number of cycles, Fig. 185)
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Fig. 185. Determining exponent m of a fatigue curve

For these two points :
OB Ny=C (5.3)
Having equated Egq. (5.2) and Eq. (5.3) we obtain

G?%Nimo'%zl'\/ra
or
0 \® Ny
(5) =7+

Having taken the logarithm, we find that

2301395
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Substitute the value of m in Eq. (5.3), then
lug-ﬁ‘;’«
iog—af—
C= Nogp o

in log coordinates factor m is equal to. cbtangent of angle «, the
inclination of fatigue curve descending branch relative to the abscissa

tog Mo
m == g Ni — IOQ Ng-—iOgNi = cot o
log 1 log oy—legop
og ——
Sp

Generally the log scale for stresses is larger than the scale for
the number of cycles. In this case

log Ng-—log N,
™ a {log 0y -~log 0p)

where @ is the coefficient accounting for differences in scales.

The values of m depend on material properties and shapes of
components. On the average, for plain components m = 8-15, while
for components with stress concentrators m = 3-8, The m-parameter
may, to a certain degree, be regarded as a resistance criterion of
material fatigue. The sraaller the m value (i.e., the steeper the fatigue
curve slope), the shorter the service life of parts at stresses exceeding
the fatigue limit and, as a general rule, the lower the fatigne limit.

Generally, components designed for a limited service period are
those made of materials 1ack1ng a definite fatigue limit or having
a steeply dropping fatigue curve (concentratlon—senmtwe materials),
as well as the parts which, because of size or weight considerations,
cannot be given dimensions determined by the fatigue limit. Conside-
red in the same way are machines and mechanisrs operating under
low-eycle conditions and mechanisms in which operative periods
alternate with prolonged downtimes or operation under low loads
(e g., hoisting machines of intermittent action, etc.), i.e., mechanisms
in which the total number of cycles throughout the: entire service
{Jenod is less than the number of ¢ycles corresponding to the fatigue
imit

Parts sub]ected to high-frequency loads of continnous action are

considered against the fatigue strepgth limit with the necessary
safety factor. The service life of such parts is sharply reduced if
the fatigue limit is exceeded.

Agsume that a mechanism works at 2000 rpm, i.e., its parts ave
subjected to 2000 cycles per minute. Tts service life limit is determined
according to Eq. (5.1) from the relation

o= () =
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Let' Ny == 108 .oycles, m = 5. From Eq. (5.5) we find that at
stresses reaching 1.5, 1.2 and 1.1 times that of the fatigue strength

limit ( == 0.666; 0.833; 0. 91) , the gervice period will be eqﬁal

to 1 h, 3 h 20 min and 5 h, respectively. Al stresses equal to the
fatigue limit the service life becomes infinite. Thus, even the most
insignificant increass of designed stresses over the fatigue strength
limit severely lowers service life and does not save weight or size.

(¢) Fatigue Limiis

Fatigue strength 1imit cantiot be regarded as a constant characte-
rigtic inherent in a given material. It is actually subject to much
greater fluctuations as compared with mechanical properties of
material under static loading. The magnitude of this limit is depen-
dent on the conditions of loading, type of cycle (particularly on the
degree of its asymmetry), test methods, shape and absolute dimen-
sions of a part, manufacturing conditions, state of a gurface, etc.

Thus, it is more correct to say that when testing standard samples
for fatigue it is not the fatigue strength of a material but the fatigue
limit of a sample made of this material whieh is being tested. When
passing from a test sample to a real part it is necessary to introduce
corrections which congider the shape and size of parts, their surface
condition, eiec. Therefore, we may speak about fatigue strength
of parts.

In this connotation the fatigue strength limit implies a rather
different notion in contrast to its original meaning of a material
characteristic, although the fatigue limit determined by testing
standard samples is still quoted as one of the basic strength properties
of materials.

Now we speak also of fatigue strength of units (threaded pross-
fitted and other assemblies). Thus, the fatigue stréngth notion inclu-
des not only the factors of mater1a1 properties and geometry of parts,
but also the interaction factors of adgacent components

Full-scale tests become more popular in which service periods
and fatigue strength limits of parts and assemblies are determined.

Flexure fatigue limits have their minimwm value during a sym-
metrical altex‘natmg cycle, increase with the growth of cycle asym-
metry, rise in the range of pulsating loads and approach to the values
of material static strength with the decrease of pulse ampli-
tudes,

Fatigue strength to tension-compression is approximately 4.1-1.5
times more, and in torsion 4.5-2 times less than for the case of a sym-
metrical alternating flexure.

No definite relationship exists between the characteristics of
fatigue and static stremgth. The most stable relationships exist

g%
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between o (fatigue limit in flexure with a symmetric cycle) and
op {ultimate strength) and also ¢, , (yield imit under static tension).
Experiments give the following correlations:
for steel
0y = (0.2 — 0.8) 0y (M-?;%)
for steel castings, high-strength cast iron -and copper alloys
G""i e (0.3““"’“0-4) Gb
for aluminium and magnesium alloys
Oy == (0.25—0.5) 0y
for grey cast iron
g_1=(0.3—0.6)0s
Schimek obtained the following graphical relationships between

fatigue strength and tensile strength o, (Fig. 186) found by analyzing
the results of fatigue tests

kgffmm? carried out on refined struc-
90 tural steels:
/ for tension-compression un-
a0 A der a symmetrical cycle
20 5V 0.1=0.330,-4-1.25
“,A for tension-compression un-
80 - der a pulsating lcycle
- . e e .
50 e 16y = 0.580 -+ 2.3
/ //%Z,‘, vd d
40 s - for flexure under a symme-
/,/// / A% P fric cycle
7 o e - 6.1 = 0.4y +5.7
/ / // ~1b == V2l .
i
20/’/// - for torsiomunder a symmet-
10 ] rical cyele

v, =0.2054+4.8

Fig. 186. Fatigue limits for various cye- .for torsion under a pulsa-
les of loading as a function of tensile ting cycle
strength o (after Sechimek) - 1y = 0,250 -+ 24.2

460 80 100 120 oy, kgt/mme

Under a symmetric cycle the fatigue limits are related together
by the following tentative relationships

Gy === (1 — 1.5) Oip
T»—i = (0.5 '""—0-7) 0‘_1
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Under a pulsating and alternating symmetrical cycle the fatigue
limits are connected together by the following approximate rela-
tionships:

in flexure

O—Om (1.4"— 1.6) G-i
in tension
Ogp={1.5—1.8)0_4;
under torsion
TO == (1.4 —_ 2) '5_1

The fatigue limits for asymmetric cycles can be approximately
determined by an empirical relationship between maximum stress
Omax Of cyele, the mean cycle stress o, and ultimate cycle ampli-
tude o,.

One of such relationships

R

oumonf1— (2]

where o} is the static ultimate tensile strength.

These correlations give some idea about general relationships.
For calculations it is necessary to refer to technical literature on
fatigue strength.

and

(d} Generalized Fatigue Diagrams

The interrelationships between the fatigue strength, mean stress
ofcycle and coefficient of cyclic asymmetry are shownin the form of
generalized diagrams. The most used are Smith’s diagrams (Fig. 187).

The line of the mean stress cycle o, = W, which is at the

same time the zero line of amplitudes, is drawn at 45° to the abscissa;
the stress scale is plotted on the ordinate axis. Plosted on the zero
line are the stress amplitudes found from experiment and safe for
each given value of ¢, and characterized by the stress values opax
and ogp. The ABC envelope of the 0,,r polnts represents the
fatigne limit in tension and the DEF envelope of the (—0ay)
points, the fatigue limit in compression.

- The higher limit for oyax is assumed to be the tensile yield limit
O y tens (li}le BCY and for (—omax), the compressive yield limit
Oy compr {line DE).

The coefficient of the asymmetry cycle rz-gi‘l‘-”— for arbitrary
max

point a is determined as a relation of lengths -%%m {the first correspond-
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Fig. 187. Smith's diagram (the material has the same tensile and compressive resistances)



Chapter §. Cyclic Sirength 359

ing t0 Oy, and the second, t0 oyaz). Each length is taken with
its own sign.

The magnitude of r may also be determined from

2
™ tana —1
where « is the incidence angle of a beam connecting point ¢ with
the origin of the coordinate axes.

By arranging the Smith’s diagrams for definite materials and
load forms it is possible to perform fatigue caleulations for any value
of the asymmetry cycle coeificient.
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Fig. 188. Smith's diagram plotied for Fig. 189, Fatigue limits in eircu-
circular bending, cyelic tension-compres- lar bending, cyclic tension-comp-
sion and ecyclic torsion ression and cyclic torsion as a func-
tion of cycle asymmetry coetfi-

clent r

Shown schematically in Fig. 188 is a Smith’s diagram for a struc-
tural steel subjected to three kinds of loads: circular bending, eyeclic
tension-compression and cyclic torsion. Diagrams for bending and
torsion are plotted only on one side of the ordinate axis as they encom-
pass in that region all possible kinds of stresses.

In practice it ig more convenient to employ diagrams depicting
fatigue limits for different kirnds of loading as a function of the
cycle asymmetry coefficient r (Fig. 189) since these diagrams con-
tain, in concise form, the same data as Smith's diagrams,

(¢) Damageability Curves

The value of fatigue strength is affected by overloads which the
part is subjected to before loading. One method accounting for such
overloads, suggested by French, consists in plotting damageability
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(French’s) curves. The method consists in preliminarily loading
the samples with stresses exceeding the fatigue limit at different
number of cycles and consequently testing the samples at siresses
corresponding to the fatigue limit level.

Let samples bhe subjecied to a test stress which is 1. 5 times the
fatigue limit at 10% 5.104 10%; 5.10%, ete. eycles. In the course
of the following fatigue test some samples when subjected to an overs-
tress duration, say, higher than 10°% cycles,;fail; while other samples
subjected to overstressing for a smaller number of cycles remain
sound. This means that at a number of cycles greater than 10° some

Zogcr‘:
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Fig. iéOa. Damage éurves"

irreversible damages occur in the metal, which make the part incap-
able of further cyclic loading, even if the stresses are maintained at
the fatigue strength limit. On the other hand, loading duration less
than 10° cycles is safe. The point corresponding to the stress equal
to 1.5 times the fatigue limit and duration of 10° cycles is plotted
onto the fatigue diagram. The locus of such points taken for diffe-
rent overstress levels and corresponding safe cyelic durations clearly
cutlines the zone of safe overloads on the diagram.

A typical damageability curve (in log ¢ vs. log IV coordinates)
is shown in Fig. 190a. Overloads positioned below damageability
curve 2 are safe, while those between curves 7 and 2 ave inadmissible.

The closer curve & to curve I, the better the ability of material
to withstand overloads. For some high-strength materials subjected
to efficient heat-treatment, the second curve 2 of French practically
coincides with the slopes of the first curve 7 of Weller. In some other

rd
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materials (e.g., annealed carbon steels) the third curve 2 of French
is the continuation of the horizontal portion of Weller's first curve 1.
This means that such materials are guite incapable of sustaining
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Fig. 190b. Relationship between admissible shear stress v and fension stress o
for biaxial state of stress (symmetric bending and torsion)

overloads. For this reason, parts made from these materials must
be calculated by the fatigue limit, even in the region of limited
durability.

{fy Fatigue Strength in the Case of
Complex States of Siress

The problem of fatigue strength under complex states of stress
is still not fully studied. Investigated better than others is the biaxial
state of stress in -which simultaneously act symmetrically varying
cyclic stresses, both normal and tangential (cychc tension-compres-
sion and torsion, cyclic flexure and torsion).] Found experimentally
for the case the ultimate values of normal stresses our and ultimate
values of shear stresses T, can be formulated through an ellipse-

type relation:
Tust \2 Tuit V2
( J.q ) +( Tt_’:x ) =1

where o_; and 7_, are fatigue limits under pure tension-compres-
sion and pure symmetrical torsion, respectively. _
At a given value of o, the admissible magnitude of concurrently

acting shear stress
g lt
Tyit = Ty ]/1 —=
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and, conversely, at a given value of T,y the admissible magnitude
of simultaneously acting tensile-compressive stress

e
Tuit 2
our=au}/ 1= (3

This relation is shown graphically in Fig. 1906 (heavy line).
Any combination of stresses positioned between the limiting curve
Ty —0yrs and axes of coordinates (e.g., point a) is safe. The margins
of safety for any_combination can be determined by plotting a net-
work of curves of equal safety with the magnitudes of Ty and 0
decreasing proportionally to the safety coefficient n (thin CUrves).

Diagrams,like those presented in Fig. 1905 have been ploited for
symmetricallalternating cycles with cophasally varying values of
1 and o. The regularities typical of these diagrars apply also to
asymmetrical cycles, as well as to the cases of acophasal variations
of v and o.

The fatigue strength hehaviour under non-stationary conditions
of 7 and o variations, as well as in triaxial stressed conditions has
so far been studied insufficiently. '

(g) Effect of Load Character on the Fatigue Limit

The effect of cycle frequency and speed of stress changes within
a cycle on the fatigue limit has not been completely studied.

It has been proved that increasing the number of cycles per unit
time increases fatigue strength, particularly noticeable at frequencies
greater than 1000 cycles per minute. For some materials the follow-

ing relation is established:

i

where N = number of cycles prior to failure
p = cyclic frequency '
A = constant

Improvement in the fatigue limit with increasing cyclic frequency
may be attributed to the fact that plastic strains ocour at a low Tate
(hundreds of times less than the speed of elastic strains equal, as is
known, to the sonic speed in a given medium). Increased irequency
of cycles suppresses plastic straios in microvolumes of metal preced-
ing the appearance of fatigue cracks.

The main divisions in theory of fatigue include: fatigue under
eyclic impactload (impact fatigue), fatigue under cyclic contact load
(contact fatigue), fatigue under increasing and periodically varying
temperatures (thermal fatigue). The mechanism of fatigue strength
under the above-described conditions is still not fully investigated.
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(h} Nature of Fatigue Failure

Fatigue failure is the result of repetitive and quickly alternatmg
elastic and elastic-plastic deformations distributed, due to nomn-
homogeneity of the material, non-uniformly through the volume
of the part. Initial failures arise in the microvolumes unfavourably
orientated relative to the acting loads, prestressed by residual
stresses and weakened by local defects. Such local damages, ag they
gradually accumulate and pile up, may initiate the process of com-
pounent general failure.

In the fatigue failuve processes a great role is played by the sources
of liberated heat in the microvolumes undergoing deformations.
As a result of increased temperature the strength of material in the
microvolumes lowers. This facilitates the inception of additional
plastic shears which, in their turn, cause further rises in temperature,

The greater the heat liberated in the microvelumes, the larger
the stress amplitude and the less the cycle asymmetry factor. On
the other hand, the magnitude of local rise of temperature is depen-
dent on the properties of material and on its structural constituents.
The greater the increase in temperature in a microvolume, the less
the heat-conductivity and heat-capaclty of the material and the
higher its eyclic toughness which (at the stage of elastic deformations)
determines the amount of irreversible conversion of vibrational
energy into thermal energy.

This explains why the fatigue strength has its minimum wvalue
in the case of symmetrical cyclic stresses causing the greatest oppos-
itely directed shears. This also explains why high but short-time
. overloads do not lower fatigue strength: the heat evolved in the
overstressed microvolumes quickly dissipates into the swrrounding
masses of material, thus enabling the strength of overstressed volumes
to be recovered.

The initiation process of a fatigue crack has several stages. At
the initial stages of loading cracks originate at the boundaries
of erystallites (grains) as a result of displacements (shears) of packs
of crystalline planes orviented in parallel to the action of maximum
tangential stresses, i.e., directed approximately at 45° to the ten-
sile stresses (octahedral shearing stresses). Depending on the orien-
tation of a grain the shears can occur in one plane, or simultaneously
in two (Fig. 1911l1a, b) or three (Fig. 191I11c) planes..

At a cerfain loading stage the mass of metal presents a mosaic
of grains subjected to plastic strains (Fig. 192), and grains free of -
plastic strains thanks to more favourable orientation of crystalline
planes relative to the action of tangential stresses.

The inception of initial cracks within the boundaries of a grain
is essentially the result of a directed propagation (diffusion) of.
dislocations (such as vacancies) toward the grain boundaries. The
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rate of diffusion is proportional to the magnitude of stresses and
temperature. The diffusion process is intensified by microheating
of metal. :

T - -

Fig. 194, Orientation of crystallites relative to active forces
1-11 — tavourable; II7 — unfavourable

The accumulation of vacancies leads to loosening of the structure,
formation of submicropores and, finally, the appearance of initial
cracks. : '

At the initial stages the process is reversible. As soon as stresses
discontinue (i.e., during intervals of repese), vacancies migrate

Fig. 192. State of stress in a surface layer subjected to a tensile load (heavy
lines discriminate the grains with crystal planes parallel to tangential stresses
N
in the reverse direction. As a result, cluster vacancies are gradually
reabgorbed and disteibuted uniformly throughout the grain microve-
lumes. Thereby, the material returns to its original state. The process
can. be stimulated by raising the temperature. Kxperience proves
that initial disruptions can be cured by short-time heating.
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If the stresses continue to act, the disruption accumulation process
develops. Gradually propagating, initial cracks emerge to the grain
surface. Here their development stops mainly due to ohstacles being.
created by other crystalline orientation of adjacent grains. This
disorientation of crystalline planes leads to plastic shear displace-
ment.

Grain interlayers due to their inherent impurities possessing
a strongly distorted erystalline lattice, sometimes different in type
from the grain crystalline lattice, serve as another obstacle.

Thus, self-formed intergrain barrier is produced which effectively
brakes crack propagation. To overcome this barrier, stress is required
significantly in excess of the stress causing intergrain shear. The
magnitude of the penetrating (break-through) stress depends on the
interlayer strength and on the degree of disorientation of the grain
crystalline planes separated by the interlayer. Obviously, interlayers
between grains with identically oriented (directed) crystalline planes
are the easiest to overcome. However, these cases are statistically
rare,

The mean value of stress necessary to overcome intergrain barriers
determines the fatigue strength of the material. The fatigue limit
can be regarded as the average stress level at which the crack nuclei
still remain within grain boundaries and are partially or totally
restored during rest intervals.

The resistance of material to intergrain shear depends on its
physical and mechanical properties and the fine crystalline structure
of a grain. Of great significance is the size of minute (some hundredths
of a micron) crystalline clusters (subgrains} comprising the grain.
Diminution of crystalline clusters and their still greater disorienta-
tion, as well as distortions of the atomic-crystalline lattice caused
by impurities, strain hardening, precipitation of secondary phases
and inception of non-equilibrium (hardenable) structures — all these
factors enhance the resistance to intragrain shear and improve the
fatigue strength of material. Actually, it is this that the strengthen-
ing effect of alloying, heat treatment and plastic deformation is
aimed,

Should the level of stresses related to the entire thickness of the
material, be below the fatigue limit, then the initial ecracks may
practically remain for an unlimited time within individual grains
without causing significant loss in part strength. If the stresses
throughout the entire part or in part of its volumes exceed the fatigue
limit {e.g., due to local stress conecentrations), then the cracks will
overcome intercrystallite barriers and extend into the mass of metal,

As soon as it extends beyond the grain boundaries, the crack
intermittently widens developing into a macrocrack which changes
the direction of its propagation extending nownormally to the action
of maximum tensile stresses. The development of the crack is now
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expedited by the onset of abrupt stress concentrations which occur
at.the crack leading edge. Local failure entails beating which softens
the metal, thus, contributing to the crack propagation.

A macrocrack can extend under the action of stresses well below
those necessary to overcome the interbarrier resistance, in addition
the stresses necessary for crack propagation lessen as the crack grows.

Having reached the part surface, the crack then starts to penetrate
into the depth of material progressing along the material weakest-
regions.

Slmultaneously, a large number of cracks develops. However, at

a definitelstage,ithe process is localized: mainly one or a group of
local cracks expands, having outstripped the rest in their develop-
ment by virtue of material defects concentrated at the given place,
localized prestressed rupture, oron the strength of unfavourable orien-
tation of crystals relative to the acting stresses.
-~ The adjacent cracks blend together forming a deey branched system.
" No new plastic shears or cracks come into existence, while those
having had time to occur either discontinue or slow down their deve-
lopment as all strains are taken up by the main crack. Propagation
of the main crack results in the part failing owing to decrease of its
net-section. '

Contrary to the first stages in the appearance of intergrain and
intragrain eracks developing over a long period final fallure begins
abruptly and has the form of brittle fracture.

Fatigue fractures gemerally display two sharply visible zones.
The zone of fatigue crack propagation has a dull porcelain-like sur-
face typical of fractures in which transcrystallite failures are predo-
minant {the so-called state-pattern fracturs). Crack edges often show
smooth, shiny work-hardened regions—theresult of impacts, crushing
and abrasion of crack walls during the permdm deformations of the
material.

The zone of final failure has a crystalline surface typical of brittle
fractures in which intercrystallite failures are predominant (e.g., im-
pact fractures and fracture of brittle mat‘erials). A streak-like pattern
ig usually seen in the zone of failure, i.e., a series of parallel lines
which are, in fact, traces of intermittent advance cracks in proportmn
to the cyele accumulation of alternating loads.

As a rule, initial cracks originate, for all forms of loading, in the
surface iay'er whose thickness, on the average, does not exceed three
grain diameters (Whlch amounts to 0.05-0.2 mm for steels). Usually
cracks occur in grain fragments located on the surface and cross-
cut during preceding machining.

Thus, for fatigue stremgth the surface layer plays the decxswe
part. It is particularly important because in the majority of loading
cases (ﬂexure, torsion, complex- stressed states) it is the surface
layer thet is subjected to the ma}umum stresses.
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A number of reasons explain the particular role of the surface
layer.

Firstly, the pure physical factors should be noted. As known from
the physical regularities, the packing of atoms in the surface Iayer
is closer than those lying below.

As a result of the interaction. with the underlying less densely
packed layers, in the surface layer there develop tensile stresses
giving rise to loosened spots which are potential sources of the crack
formation.

Secondly, the metal particles which emerge to the surface, posses-
sing only one-way metallic bonds with the underlying metal have
a greater activity and easily combine with particles of the surround-
ing medinm. On the bare surface of the metal there are formed stable
adsorbed films of vapours, gas, moisture, oxides, etc. which cannot
be removed by mechanical or chemical methods, Penetrating deeper
into the depth of the material through microcracks, the adsorbed
films disturb the solidness of the metal, and weaken the surface
layer. Of much significance is the cleaving action of thinnest films
of surface-active agents infiltrating into submicroscopic slits om
the metal surface. With slits widths of the order of hundredths of
a micron the films may build up extremely high pressure (occasion-
ally reaching hundreds and thousands of atmospheres), and contri-
bute to metal failure.

Thirdly, some processing factors must be mentioned. The surface
layer inevitably, to a greater or less degree, is impaired by the prec-
eding processing. Machining, even the finest, inevitably causes
radical changes in the surface layer. Being actually a combination
of plastic deformation and destruction of metal, the machining pro-
cedure iz accompanied by grain cutting, breaking and tearing of
individual grains, appearance of microcracks and onset (in the sur-
face layer and adjacent regions) of high residual rupture stresses,
close to the material’s yield limit. The heat evolved in the machining
process induces partial recrystallization of the surface layer and some-
times is accompanied with phase and stiuctural changes.

The heat treatment process is often followed by surface layer
decarburization, decomposition of pearlite and cementite with the
formation of unstable ferrite scale.

Fourthly, the metal surface is attacked by all kmds of corrosion
encountered in practice and causing deep damages to the surface
layer. Usually corrosion spreads along grain interlayers and micro-
cracks.

Any surface working in friction is subjected %o one move form
of weakening—wear. Wear lowers fatigue strength significantly and
is accompanied by changes in mmrogeometry and disturbances 111
the surface layer structural pattern.

Thus, concenirated in the surface layer are numerous and dwerse
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_ submicro-, micro- and macrodefects, which are caused by mechanical,
physical and chemical factors unavoidable due to the technical con-
ditions of producing the surface layer as well as the particular role
of the surface layer as the surface separating the metal from the
surrounding medium. One may rightfully state that the surface
layer of each part is a stress concentrator (or stress raiser), whose
effect can be lessened by a number of measures but which can never
be eliminated completely. '

All those factors, that disturb the continuity and homogeneity
of the surface layer causing the appearance of higher tensile stresses,
promote the onset and development of initial eracks and sharply
lower the fatigue strength of a material. Conversely, compaction of
originally loose structure of the surface layer and creating prelimi-
nary compressive stresses in it even at small depths (shot-blasting,
rolling) materially enhance the resistance of material to eyelic loads.

Strength under eyclic loadings can also be improved by removing
the defective surface layer by some technigues which do not introduce
further damage (mwroflmshmg, polishing). It has been found that
deep repolishing of specimens in the course of fatigue tests sharply
improves their service life. This is attributed to the partial removal
of the surface layer together with the initial cracks formed in it
at the previous testing stage and packing of the surface layer by
repolishing and partial curing of the existing microcracks.

Therefore, the improvement of fatigue strength requires first
of all workvhardemng of thesurface layer. This is obtained by chem-
ical heat treatment processes, surface thermo-diffusion alloying,
surface strain hardening, etc. Of much importance is the elimination
of macro- and micro-defects in the surface layer, particularly defects
brought about as a result of machining.

In hollows (e.g., tubular components) being subjected to tensile
or complex stresses in which tensile stresses are predominant, the
conditions of the inside surfaces are no less important than those
of the outside surface. In such components the inside surfaces should
be subjected to strain hardening and carefully checked for defects.

Experience proves that fatigue strength (in contrast te static
strength) only slightly depends upon grain size, which seems at
first glance paradoxical: fine-granular metals with deep strengthening
lattice of cleavage surfaces would appear to resist cyelic loads better
than metals possessing coarse graing and loose lattice. In actual
fact this phenomeénon is quite natural.

Fatigue strength is determined by the siress necessary to overcome
the initial intercrystallite barriers. As soon as these barriers have
been broken through, the propagation of a crack is materially facili-
tated. Widening, the primary crack propegates in a way typical of
macrocracks, easily crossing all the following barriers (at moderate
temperatures, usually in a transcrystallite mode).
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(i) Stress Concentration

The fatigue strength of parts is seriously aggravated by the pre-
gence of weakened spots, sharp transition areas, entering angles,
ete., leading to local stress concentrations. The abrupt changes of
stresses occurring at weakened spots may exceed 2-3 and more
times those average values which are commonly encountered in the
same section of a part (Fig. 193a).

Inasmuch as severity of initial fatigue damage is dependent on
the diffusion rate of vacancies, while the latter is proportional to
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Fig. 193, Force flow in a part undergoing tension

the magnitude of active stresses, it is not surprising that at the spots
of stress concentrations the metal becomes loose, this generally prec-
edmg the inception of fatigue cracks. Due to this the fatigue damage
in the gtress concentration zones outstrips damages in the remaining
parts of the piece.

The intensity of stress increase depends primarily on the kind
and form of weakening. The greater the section gradient at the part
of transition and the sharper the fransition, the higher the local
maximum siress.

The stress concentration phenomenorn has been carefully s’cudmdm
both theoretically and experimentally.

Given below is a simplified description of how stress concentra-
tions occur. The concept is based on the phenomenon of a distorted
force flow which oceurs in a weakened zone. Though not reflecting
all the complexity of the picture, the suggested scheme seems to be
rather illustrative and true, thus enabling certain practical conclu-
sions to be drawn.

Let us assume that a beam is subjected to a tensile load P
(Fig. 193b) and that the latter is uniformly distributed throughout’

2401385
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the entire sectmnal area. Through the agency of internal honds the
load applied to each sectional point is transmitted to adjacent points.
The paths of load transmission from one point to another along
the beam body are called force lines (shown by fine lines in the figure)
and the aggregate of these lines is referred to as force flow. '
The force lines are continuous and cannot be broken since this
would signify local breakage of bonds between adjacent points,
e., the beginning of material failure. Heunce, the number of force
lines must be the same at any cross section.
The density of force flux (the number of force lines per cross section
unit area) defines the stress value. If the part sectional area reduces
{e.g., due to a central bore in the part body—Fig. 193¢}, then in
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Fig. 184. Force flow in a part with changing sections

constricted sections the force lines get thickened causing a rise

in the stresses. Thisisalways accounted for when carrying out strength. .. . ..

caleulations at the design stage. :

At the same time the force lines bend while passmg the ohstacle.
This means that under the influence of tensile loads the material
fibres positioned close to the obstacle are subjected not only to
tensile stresses but to bending as well.

In the event of an internal hole the fibres being bent by tensile
forces will tend to converge to the centre, thus producing transverse,
material compression at the hole, as if contracting the latter.

These stresses when added to the tensile stresses in a weakened
region close to the hole cause a sharp stress increase (Fig. 193d)..

Analogous picture is seen in the case of recesses positioned along
the sides of a part (Fig. 194a). Here the force lines are bent (curved)
in the recess area. Here the bent fibers tend to spread the sides,
causmg transverse tensmn of the material near the recesses as 1f
opening them.

In the event of abrupt stepped like changes of sections (F1g 194b).
the force lines are also bent. At areas above.the transition (shoulder)
the material undergoes transverse compression, while in areas below,
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the transition the material is subjected to-transverse tension. The
fibers under temsion tend to open the transition entering anglesy
thus producing local tensile siresses of hlghér values. The intensity:
of transverse tensile-compressive stressed is proportional to the slope
angle of the force lines.

Tensile stresses can be considerably reduced. bylmakmg trans1t10ns
streamlined (Fig. 194¢, d): this decreases the force lme curvature and
increases the strength of the : -
weakened portion. HHHHH : HHHHHH‘

Pictures similar to those ;-
illustrated in Figs 193-194 are
also observed in cases of fle-
xure and torsion in parts with
local weakenings. _

From the above it is clear
that one active way of lowe-
ring stresses in weakened see-
tions is to give the transition
portion smooth outlines.

i

A well-known positive effect  {yiyiytiiiit O
chief source of stress concen-

tration.

rators can be made in the il

form of additional small-dia-

is produced by stress deconce- .
nitrators, i:e., additional local - B
weak spots made close to the ﬂ h
In a part subjected to ten- : ]“}I“l hﬂm '
sion and having a stress raiser R . -
in the form of a central hole | N
(Fig. 195¢), stress deconcent- : il ’mﬁmm :
dil-tla- - Fig. 195: Force fiow in parts
meter holes located in line
with the main hole along the o) with s?t?:sessscﬁiggggﬁratg;gie) b Wlth-
force flux direction (Fig. 1955). : ;
Passing the obstacle the force lines curve less than in the case oi
one central hole. Consequently, the stress. concentration lowers.
Naturally, stress peaks occur around deconcentraters, howeves,
it is evident that the height of peaks both near the chief stress «rai'ser
and deconcentrators is less than in the case of one ‘stress raiser:
The position of the deconcentrators is of degisive: 1mpertance.-
They are useful only when they make for the $traightening of the
force lines; otherwise they increase the force ﬂux 0urvature and make
the stress concentration still more intensive. ; SRR AR
This can be easily seenin Fig. 196: Wlth corz;ectly pomtwned

notches (Fig. 1966) the deconcentrators make the force lines more
smooth, ag if taking the magerial of the steps outgide.the force flux

24
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area. In essence thoy have the same effect (but only weaker) as would
have an unpreved smoothness of :the transition section between the
steps and specxmen body, as is shown in Fig. 1960 by dashed lines.

Incorrect position -of -additional notches (Fig. 196¢) produces
further force lines distortion and, hence, larger stress concentrations.

Another technique wsed to minimize the harmful effects of con-
centrators consists in cold reduetion of the material on the surfaces
of the concentrators and in the sections close to them. Thus, hole
walls are made more dense by furnishing, while the surfaces around
the hole are embossed; round fillets and annular recesses ave rolled
over. These procedures are aimed at producing in the material
residual compressive stresses. Adding to the local tensile stresses
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Fig. 196. Eflect of additional notches on the uniformity of force flow

occurring in concentrators after the working load has been applied,
‘such residual compressive strésses materially decrease the intensity
of tensile stregses, thereby improving the strength .at the areas of
soncentrators.

The above-described squeezings are misinterpreted as deconcen-
trators; their action is quite different. The purpose of deconcentrators
is to straighten the force flow lines and that of squeezings—-to streng-
then the material. This difference is very important in practice since
the arrangement of deconcentrators and squeezings is not the same:
the former are positioned in the stream of force lines before the con-
centrator and after it, and the latter—at the focus of stress concentra-
tion (Fig. 1964, e).

The phenomenon of stress concentration caused by the factor of
shape is aggravated in practice by the fact that the areas in which
stress concentrators are located are almost always weakened by
manufacturing conditions.

Accordingly, there are two types of concentrators: geometric con-
centrators (form concentrators) and manufacture concentrators.

In machined parts the weakening of transition sections is caused
by cutting through the fibers which have been formed in the course
of: the hot working of blanks. In cast parts the transition sections
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are usually weakened by casting defects which have been originated
by structural distortions during crystallization of metal and solidif-
ication of ingot. The affected areas concenirate, as arule, loose spots,
voids, micrecracks and internal stresses. In forged and stamped
parts the transition sections have poor strength as a result of metal
drawing in the areas. ‘ ‘

{(j} Stress Concentrators

Figure 197 shows schematically siress concentrators typical of
" guch parts as plates, bars, etc. when the latter are subjected to ten-.
sion-compression or flexure.

L
3 AT
17—,

Ity [y

Fig. 197. Stress concentrators in flat bars

Stress concentrators typical of cylindrical parts {e.g., shafté}
are cited in Table 22. ,

Stress concentrators on insides of hollow shafts are depicted in
Fig. 198.

AT
Z@Zﬁ L;/

(a) (5) {c) (d} (&)

Fig. 198. Stress concentrators in hollow shafts (indicated by arrcws)

Stress concentrations can also be originated by the internal defects
of material: microvelds, microeracks, flakes, fine flaws, non-metallic
inclusions (oxides, silicides), ete.

Concentration of stresses can be caused not only by the form of
a part but also by the action of its mating part. An example is given
in Fig. 199, which shows the stress distribution in the body of a cou-
pling bolt obtained by experiment. Owing to the bolt shape, the
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highest stress is found at the fransition position whers the bolt
stem meets the head and is three times greater than the mean
stress g, in the stem. Still
much greater stress differen-
tial occurs in the plane of the
nut end face (Opax = Sog).

\
—

N
A\

(k) Coefficient of Stress
Concentration

NN\
ZN\\\

The enhancement of stresses
at the areas of local weaken-
ings is expressed in terms of
the stress concentration coeff-
icient.

There are two kinds of the
coefficients: theoretical (found
by methods of the mathema-
‘tical theory of elasticity pro-
ceeding from an assumpiion
of material homogeneity and Fig. 199. Concentration of stresses in
ideal elasticity) and effective a bolted connection
(found experimentally). The
latter illustrates the properties of actual materials and some other
factors which define aetual increase of stresses.

@'

i (b)\__»f {c) *p (cb&,gm
o™ slz; Crom = W Crrom ™. 5(8-&') Crom” (8-
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—

.
7
i

J T2 3 & 58,

Fig. 269. Determination of nominal stresses

(@) and (b) in tension and in flexure for a stepped beam; (¢) and (d) in tension and in
fiexure for a beam with a hole {s= :heam thiclkness)

The theoretical coefficient of stress concentration

where .y = maximum theoretical stress in the weakened area
Tpom = nNominal stress in the weakened area, calenlated for
the smallest section of the weakened area by the
general formulae of the strength of materials
(Fig. 200)
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The theoretzcal coefficient of stress concentration hag been defined
for most forms of weakened sections found in practice (see, for exam-
ple, Fig. 201).

The amount of increased stress in actual cond1t10ns can strongly
deviate from theoretical values. It depends on the kind of loading

{(static or cyclic), type of

5 ' ' material and ifs mechamcal
properties.
The actual amount of inc-
26 reased stress is evaluated
b/6 through the stress concentra-
\b(é tion effective coefficient
I
. ar
W "
\(.]
18
\ \\\ where o, ,—maximum actual
LRNS stress at concentration area.
14 \\b__‘*:_: With cyelic loads the stress
' Ay s M e concentration effective coeffi-
: = cient is deduced as a ratio
16 [ between the fatigue strength ¢

az a4 0.6 08 R/6  of a plain specimen and the
oo ET .

Fig. (1. Theoretical coefficient of stress fa't igue limit ¢’ of a S?BCI.III e
concentration as a function of relative With a stress concentrator:

radivg R/ at comugated atep sections

{(for u stepped beam in tension) k ;m.%-

Under static loading the amount of stress concentration will pri-
marily depend on material plasticity. In plastic materials the pheno-
menon of stress concentration is rather vague. With the growth
of stresses in the weakened zone the material begins to yield and
a plastic hinge is formed there, which helps transfer forces to adjacent,
less stresged areas.

For highly plastic materials the &, paramefer approaches to unity,
which means that stress concentration does not occur.

In britile materials the favourable yield effect is absent, so that
higher stresses occur in weakened areas. As goon as local stresses
pass beyond the ultimate strength of material, the latter undergoes
brittle failure. For such materials the stress concentration effective
coefficient approaches the theovetical coefficient (k, = ).

There are, however, some exceptions. Thus, for instance, in the
case of grey cast irons k, = {. This is attribnted to the structural
features of the material. Grey cast irons contain flaky inclusions of
graphite which, owing to infinitesimal strength of the latter, act
as equivalent internal notches and cause numerous local stress con-



Chapter §. Cyclic Strength 377

centrations surpassing built-in stress concentrators (holes, recesses,
etc.). '

The phenomenon of stress concentration becomes more apparent
under ¢yclic loading, this being attributable to the specific features
typical of this type of loading. Plastic strains occurring as a result
of stress concentrations follow one another at a high frequency and
¢hange their direction (under alternating loads), thereby gradually
upsetiing the material structure and
leading to a fatigue failure. ke

The intensity of stress concentrati- \
onwill depend on material of a part, i
its chemical composition and homoge- 241 N {
neity, heat treatment, mechanical \"‘r 4—
strength of material, nature of a cycle, 2217 :
kind of concentrators, state of surface 2 a_‘?\ \\

. ! ) /o1
and absolute dimensions of a part. g \\

Given below are approximate data /8

which ghowhow the material influences A 1\

the effective coefficient of stress con- 46 % N
centration: 14 \&%\\
N .
Material § —hi- ratio 12 \%\
¢ 8 oo
Alloy steelz , , ., ., . . ... (.85-0.9 10
Carbon and low-alloy steels . . 0.75-G.8 T4 or dz 43 0% 45 Rjd
Wrought aluminium alloys , . . 0.7-0.75 )
. } Pig. (202. Theorstical (%) and
CE‘!Sta}-Jle aluminium alloys . . . 0.6-0.65 offeciive (k) Stress concentra-
Titanium alleys . . . . . . .. 0.55-0.8 tion coefficients for bending of

a cylindrical shaft having an
undercut and made from mate-

As a rule, the lower the plasticity
of the material and the higher its
strength, the more extensive the stress
concentration (Fig. 202).

However, the relationship between
the stress concentration effective coef-
fcient and material properties is very

rials of different strength(after
Buchner)

1 — low-carhbon  annealed steel,
2 — low-carbon  [hot-rolled  steel;
83— medium-carhon normalized steel;
4 — medium-carbon . structurally-
improved steel; 5§ — low-carbon work-
hardened steel; 6 — siructurally-
improved alloy steel

complex. Thus, for example, steels
with martensite and troostite structure (hardened respectively with
low and medium tempering) are less semsitive to stress concentra-
tion than refined and normalized steels with sorbite and sorbite-
pearlite structures. '
When taken within certain restricted liraits, the correlation bet-
ween the effective and theoretical coefficients of stress concentration
can be expressed in the following form:

o= 1+ g (ky—1) (5.6)

where g = coefficientof material sensitivity to stress concentration.
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In tespect to high-strength alloy steels the ¢ value approaches
unity, while in relation to carbon and low-alloy steels this parameter
varies within 0.6-0.8 (higher values corresponding to steels better
in strength). For grey cast irons g == 0 (k, = 1).

Figure 203 shows graphically the -%—e- ratio calculated from Eq. (5.6)
and taken in regard to different values of g and k.
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Pig. 203. Ratio of the effective stress
concentration coefficient k, to the
theoretical stress concentration coeffi-
cient %; as a function of the coeffi-
clent ¢ of the sensitivity to stress
concentration (for different wvalues

Fig. 204. Increase of strength margin

when changing over to steels of higher

fatigue strength with different values

of sensitivity coefficient ¢. The value

of ¢ for the origim(;}l ésteel g iz taken
ab G,

of ]Ct)

Highe - sengitivity of high-strength steels to stress concentration
conceals their strength advantages. In many cases it is more advanta-
geous to apply steels of moderate strength with lower values of the
sensitivity coefficient.

Assume that a part is made of steel with moderate fatigue strength
and with ¢ = 0.6. Now let us determine the gain obtained by using
steels with greater fatigue strength and correspondingly with higher g.

With geometric sizes of the part remaining the same, the nominal
giresses Onom Will also be the same. The relationship of the safety
factor (determined in terms of maximum stresses ¢y, 5¢) When changing
to high-strength steels

P 84 Omax | GuROnom _ Ouike (5.7)
n Go) Oppe  O—theOnom  G-1kp :
where ¢., and ¢, = fatigue limits taken respectively for original
and higher-strength steels '
k. and k., = effective coefficients of stress concentration,
taken respectively for original (g = 0.6) and
higher-strength steels
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Let &y = 2.5, The relation hetween %; (for different values of g)
and initial k. (g = 0.6) is presented graphically in Fig. 203.

iThe graph shown in Fig, 204 has been plotted with the aid of
calculations based on Eq. (5.7). Here the variation of n'/n is given
as a function of ¢ly/o_, for different values of g.

As evident from the graph, the safety factor can appreciably be
increased (n'/n = 1.2) when applying steel whose fatigue strength
is at least 1.35 that of original steel when ¢ = 0.8, 1.5 times when
g = 0.9, and 1.7 when ¢ = 1. With ¢_,/o.; values below the above
magnitudes, one may advantageously, as to the cost of manufacture,
employ steels with a moderate strength.

The effect of the kind of loading on the magnitude of the stress
conceniration effective coefficient depends on the type of stress
concentrator:
for notches and transverse holes

ke tens-eompr E ke flex ™ ke forg == 1:0.85:0.60
for fillets
ke flex - ke tens-compr * Be tors==1.2:1:0.8

Stress concentrations depend also on the kind of cycle. The
higher the cycle asymmetry coefficient r and the greater the mean
stresses o, the sensitivity of g to notches and %, is reduced.

,’P %P

Jnom i*_ A_—J
Umax

}
Eiia | Vi o &
(a) b (b)

Fig. 205. Decreasing the maximum stress by lowering the nominal stress

The main influence on the stress concentration effective coefficient
is given by the form of the weakened areas. Coefficient k;, similarly
tojcoefficient k,, abruptly drops with the improvement in transition
smoothness and lessening sectional gradient belween non-weakened
and weakened areas of the part (see Fig. 202).

Another way of inereasing strength of weakened areas is reduetion
of rominal| stresses at their concentration area.
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Since 0pax = EUnom. the maximum stresses at the area of con-
centration (for a given k,.) depend on the value of onom. Hence,
all measures, contributing to the reduction of nominal stresses
(larger sectional areas and higher moments of resistance where
concentrators are positioned) lower the maximum stresses.

For a simple example we take a beam with a central hole (Fig. 205a).
With %, remaining constant it is possible to halve the maximum
stresses by doubling the beam thickness s (Fig. 205b). Approximately -
the same result is obtained when increasing the beam strength
locally with the aid of bosses positioned each side of the hole
(Fig. 205¢).

Strength of weakened areas can substantially be improved by
strengthening processes. Some forms of processing (nitriding, shot-
blasting, etc.) practically paralyse stress concentrations even im
concentration-sensitive steels.

(1) Scale Factor

Fatigue strength becomes lower with increase in part dimensions.’
It is usual to characterize the influence of details’ sizes by the
scale factor coefficient ey, which is the ratio between the fatigue limit ¢
of a given specimen to the fatigue

Ex limit ¢, of a laboratory specimen
of small sizes (sectional diameter
09 \ 5-10 mm}
081 \ - P e
0.7 T~ : Figure 206 presents averaged va-
e . lues of the scale factor coefficient
06 for structural steels.

40 80 120 160 200 mm The fatigue stremgth drops parti-
cularly sharply in the range of sec-

Eg% Zogf- Scfrif fg?'ior tﬁkra?a afun-  tional diameters from 5 to 100 mm.
e ’. S Lehrl,a?:uigahe‘;ersgg Wlth_furthel_' increase of dimensions
Peterson) the scale effect is smoothed cut.

The infivence of dimensional cha-

racteristics on the fatigue strength

of a rectangular section specimen from wnormalized carbon steel
in the conditions of unilateral bending is illustrated graphically
in Fig. 207, A specimen of the cross-sectional areca F = 60 mm*
apd width b = {1 mm was assumed as a 100% strength reference
piece. With the increase of the sectional area up to 10* mm? (b ==
= 140 mm)} the fatigue strength fell to 55% of the original value.
The presence of weakening holes magnify the scale effect to a greater
extent the less the hole diameter. With a hole diameter d = 0.1 b
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Fig. 208, Force flow lines in a stepped specimen
(¢} small-size specimen; (b) geometrically similar farger specimen
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the {fatigue strength, when F = 10¢
of the original value.

Several assumptions have been put forward to explain the influ-
ence of dimensional sizes upon the fatigue strength of parts., Accord-
ing to statistical theory the enlargement in part size enhances prob-
ability of heterogeneities and internal defects.’

From the technological point of view advanced in the first instance
are the difficulties in obtaining uniform strength throughout the -
entire section of large parts, as, for example, during hot forming
and heat treatment.

The increase of part size definitely makes stronger the influence
of stress concentrations. This can be understood from the distribu-
tion of force flow lines in a stepped part subjected to tension (Fig. 208).
Should the dimensions of a part be increased, while preserving fully
the geometric similitude and with equal stresses (Fig. 208%), then
the flow of force lines will change (with the same force line spacing):
in the step zone the force lines curve more sharply than in the smaller
part, thus indicating the enhancement of stress concentrations.

mm?, comprises only 30%

(m) Surface Condition

The fatigue strength strongly depends on the condition of surface,
particularly in those cases of loading, when the severest stresses
cccur in subsurface layers

A/ —

L 17 (flexure, torsion and comp-

0 8\\\; "__‘Z;: p 192% stre]ised stﬁtes).
o ] otgh machining, cau-
S~ \‘4\ T sing ~plastic shear, tears
o SN = and microcracks in the sur-
] N~ 3 \»\ face layer sharply lowers the
DA § =g fatigue limit. Finish machi-
S~ 7 \\\""'*.'—- ning (polishing, superfinis-
. g — ing, etc.) improves at1gu.e
sirength. This feature is
0 particularly expressed in

49 60 80 100 720 Gy, kpf/mm® small-sized parts.

Fig. 209, Fatigue strength of steel specimens
depending on the surface condition and ten-
sile strength o of the steel
1 — polished specimen; 2 — ground specimen;
8 « rough-turned specimen; 4 — specimen with
a circular noteh; § — specimen with rscaly surface;
¢ - specimen subjected to cofrosion in fresh water;
7 — specimen subjected to corrosion in sea water

Figure 209 illustrates the fatigue

Fatigue strength is adve-
rsely affected by chance
seratches and damages to
the surface layer and alge
surface wear. The fatigue
strength is also badly affec-
ted by corrosion.
strength of steel specimens

subjected to various kinds of machining and surface damages as
a function of tensile stremngth ¢p. For unity the fatigue stremgth
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of a polished specimen of steel with tensile strength o, = 30 kgf/mm?
was taken. From the graph it is seen that the influence of surfaces
damages grows with the increage in material strength, which indi-
cates the higher sensitivity of these materials to stress concentrations.

(n) Other Factors

Pressed, tapered and clamped connections with high compressive
stresses on the bearing surfaces lower fatigue strength. Especially
sharp is the fatigue strength drop in the compressive stress interval
up to 4 kgf/mm? (Fig. 210).
With further increase of
pressure the effects of cold
working decrease.

Galvanized metallic coa- gp

%o

tings negatively influence N

fatigue strength, particu- \
larly those of hard and 80 ]
durable metals (chrome, \

nickel). Coatings of plastic
metals (copper, zine, cad- 7¢
mium, tin, lead) have
almost no effect upon the 47

fatigue strength. ¢ 12 3 & SFkpfiom
Reduction of fatigue ‘

Stli‘exlgth, cau sed b ¥ elfe clt‘ Fig. 216. Fatigue strength of pi"ess—fitted
rolyiic coatings, 18 MalRly  coppections as a function of unit pressure p,
due to hydrogen embrittle- on contacting surfaces

ment of metal — both of
the part and coating.

In the course of electz‘oly’cic deposition the metal coating is satu-
rated with hydrogen, acquiring a closely-packed hexagonal lattice
typical of. meta1~hydrogen compounds. This induces considerable
tensile stresses in the surface layer (6-15 kgf/mm?® for chrome and
nickel platings). _

Furthermore, the fatigue strength of metal coatings is generally
less than that of the metal part.

For all these reasons the initial cracks occur first of all, in the
plating and then they propagate into the’ depth of the part.

Due to the yield in plastic metai coatings significant s’cresses
do not occur,

The fatigue strength of chrome— and mckel-plated parts can
substantially be increased by annealling at 400-500 °C: this lowers
residual tensile stresses in the surface layer. The most efficient
way to-improve fatigue strength is to strain-harden the surface
layer before coating and also to strain-harden the coating by shot-
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blasting or rolling, which results in the inception of compressive
stresses. Combined employment of the aforelisted technigue will
practically eliminate the weakening effects of electrolytic plating
and even improve the fatigue strength as compared to the original
value inherent in the material in the non-strained state.

(0) Fatigue under Non-Stationary Loading Conditions

Tests on fatigue according to Weller and damage tests to French
are carried out under stable time conditions and continuously
acting cyclic loads. This kind of load is typical of several machines,
working continuously in a constant regime (stationary power motors,
slectric generators, machines built into automatic continuous pro-
duction lines, etc.). The majority of machines operate in changing
conditions with regular or irregular alternating cycles and different
stress levels (transporting, construction, road-building and hoisting
machines, machine tools, presses, hammers, etc.).

Depending on working conditions, the level of stresses can vary
within broad limits (idle running, normal loading, overloads).
In the course of operation some machines may be subjected to rather
high overloads, which cannot only exceed the fatigue limits, but
also often go beyond the material ultimate yield limit, thereby
causing plastic deformations in the part.

Obviously, the fatigue limits, determined in tests under stationary
conditions of eyelic loading are inapplicable to machines running
under non-stationary conditions. The problem of fatigue strength
under mnomn-stationary working conditions is at present stuéled
most attentively. :

Non-stationary loading conditions may occasionally be schemat-
ically presented as operating in an alternating definite continuous
group of cycles (block stresses) with rest periods (work — rest).

In the general case the conditions of non-stationary load are
defined by the following parameters:

kind of load (tension-compression, bending, torsion); type of
oycie )(altematmo symmetrical or asymmetrical loads, pulsatmg
cycles

number of cycles in a block (block size);

relative duration of work and rest periods; .

regularity of stress changes within the block;

the value of maximum stress in a block and its relationship with
the original fatigue limit under stationary conditions (degree of
overload);

frequency of block (degree of load periodicity);

frequency of cyeclic stresses within the block.

The combination of these parameters are named the load spect-
rum. - : :
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Some of several possible load spectra are presented schematically
in Fig. 214. A special kind of non-stationary loading is presented

by the block alternation of cyclic loads with periods of static loads
(Fig. 2114, . :
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Fig. 241. Schematic stress spectra under non-statiopary loading conditiops

(e) and (b) pulsating sign-constant cycles; (¢} asymmetric alternating cyele; (d), (e), (f)
and (g) symmetrical aliernating cycles; (A complex leading with random alternation of
¢yeles; (i) and (J) combination of evelic loading with periods of static loading
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When testing under non-stationary conditions, the stress spectrum.
is given on the basis of possible or actual working conditions. The tests
are undertaken at a changing value of some dominating factor (mostly
the one, showing the degree of overloading). In this way a network of
secondary fatigue curves is obtained, biased relative to the primary
fatigue curve (i.e., a curve, typical of the stationary load).
2501395
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Depending on the value of overloads, type of cyele, periodicity
size of specimen and other factors, alternating loads may act either
as strain-hardening or strain-softening ones, and have an effect on
the secondary fatigue curves (Fig. 212). When secondary fatigue
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Fig, 242. Secondary fatigue curves in cireular bending for various overloads
(specimens made from steel grade 40)

Curves I — plain eylindrical specimens; curves 2--specimens with annulas recesses, Heavy
lines distinguish initia) fatigue curves

curves are biased upwards and to the right this will signify strain-
hardening of the material and enhancement of service life period
within the limits of restricted durability. Opposite biasing (down
to the left) indicates strain-softening of material and a reduction
in restricted durability. :

The fatigue strength limit is slightly increased when operating
under short-time overloads about 1.5 those of the original fatigue
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limit which alternate either with rest periods or with less strained
loads.

In the majority of cases the increase of fatigue strength is the
result of a reduced mean amplitude of stresses. Thermal rest of
metal favourably effects the latter when operating under alternat-
ing work-—rest periods. Heat, accumulated in microvolumes during
work periods, dissipates during following pauses into adjacent cooler
volumes so that an overstressed volume will meet the next cycle
in a cooled, i.e., strain-hardened siate. _

The improvement of fatigue strength under the action of shorf-
time overloads can be attributed to the strain-hardening, which
occurs during plastic deformation of material microvolumes and
is similar to cold working.

Tt has been established that irrecoverable strains bring about strain-
hardening effects: randomization of crystalline lattices; thicker
density of dislocations; refinement of crystalline clusters and still
more extensive disorientation of the latter; displacement of grain
boundaries; 'deformation of cleavage surfaces as a result of plastic
shear reaching the grain surface, thereby reinforcing intergranular
bonds. Elements C, O and N show poorer dissolubility in o-iron;
these elements precipitate from solid solution, forming highly-dis-
persed carbides, oxides and nitrides, which occur as clouds arresting
the extension of dislecations. In hardened steels the residual anstenite
decomposes and turns into finely acicular martensite typical of strain
phase.

Growth of strength, observed when raising the overload o a known
limit, can be attributed to the increased number of microvolumes,
undergoing plastic strains, and also by the enhancement of strain-
hardening intensity. After a certain stage the strain-hardening
process discontinues. In fact, this situation arrives at such level
and rate of stress alternation, when irreversible intra- and intercrys-
tallite damages occur in the material, affecting the comtinuity of
the latter. _ '

The studies of fatigue strength under non-statiomary conditions
are of theoretical and practical impoertance as they allow a still
deeper penetration into the nature of the fatigue phenomenon, more
rational use of the material and a more accurate determination
of a structure’s service life under working conditions. However
the calculations are very complicated. A large quantity of experim-
ental data is necessary to explain the regularities of change in fatigue
limits with different load specfra. Also to be duly accounted for
are stress concentration factors, surface conditions, ste., since their
influence upon the fatigue curves under non-stationary conditions
may differ much from those under stationary loads and often signif-
icantly (Fig. 212).

25*
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Efforts have been made to determine the durability under non-
stationary conditions using the Palmgren kypothesis on the cumul-
ative summation of damages. A stress curve is subdivided into
separate segments (steps) baving approximately the same stress
amplitude of stresses, Since the load character at separate steps
may be different, the mean stresses at each step lead to stresses
equivalent in terms of damaging action in the symmetrical cycle.
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Fig. 213. Summation of damages

According to the Palmgren hypothesis the amount of fatigue damage
is linearly dependent upon the number of cycles at a given stress

level, thus comprising a propertional quota of the fulldamage{failure), = -

ensueing at the durability, ultimate for the given stress level.
Let N, be the number of cycles to failure at a given level of stresses
oy (Fig. 213). Then, one cycle of stress o; will cause damage equal
to 4/N,, and n, of eycles—ny/IV; of the full damage. If cyclic durab-
ility under stress o, is equal to NV, of cycles, while the number of
cycles for the given stress is n,, then the fatigue damage will com-
prise n,/N, of the full damage, etc. ‘
Further it is assumed that accumulation of damages is not depen-
dent on the order of the alternating steps. ‘
The terms of damage summation are written as follows
ny N2 g o
ﬂm-—}-——- %-Mﬁ;»—i* !
 where the full damage (failure) is taken as unity. _
Dividing both halves of the equation by durability N, correspond -
ing to failure gives
i

L] ﬁz ng .k
v, TR TEN, T T
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ny o . P2 . . Tig — ) . .
Here 5 == 5] % == 7y & = Ty ... —duration of stress action

at cycle steps in relation to the expected limit cycle -duration.
Substituting these values into the previous expressions, one will

obtain
T

In the generalized form (Mmor 8 equatmn)
1
N=

where 1; = relative durations of acting stresses actions on the
cycle steps
N; == durabilities, corresponding to the levels of these stresses
r = total number of steps

Experiments do not prove this relationship. According to exper-
imental data
0,502
f=p
> id

N

ol

N =

The variations are so great that the possibility of using Minor’s
equations in calculations is questionable. The Palmgren theory is
based upon rather primitive assumptions far from true physical
nature of the phenomera. In particular, it does not consider the
actual kinetic development of damage with the increase of a number
of eycles, influence of the stress level upon the magnitude and kinetics
of damage, influence of the alternating steps on the damage, rest
periods between steps and blocks of steps.

At present the philosophy of fatlgue strength (partwulariy strength
under non-gtationary conditions) is most strongly influenced by
the secience of physics of metals. If not accompanied by the creation
of an orderly physical theory of metal fatigue strength, the empirical
study of this phenomenon will boil down to a mere accumulation
of statistical data, suitable for use in particular engineering calcul~
ations.

A problem also emerges how to use most rationally the observed
regularities of strain-hardening in order to improve endurance and
durability of structures. The problem consists in the development
of rational training of parts through higher cyclic loads, dlternating
with intervals of rest. In addition it is necessary to develop techniques
of strain-hardening of parts through dosed plastic deformation by
applying static and cyelic loads.
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It has been established that fatig
with eyclic tensile stresses, is substan
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Fig. 214. Effect of preliminary deforma-
tion of the fatigus strength of specimens
44 mm in diameter and made from steel
grade Cr. 7 (upper curves are for plain
specimens; lower curves, for specimens
with a stress copcentrator -— an annular
recess)
1 — without deformation: 2, 8 and 4 — with
torsional deformation of 25, 50 and 75%, ress

pectively (after N. V., Kudryavtsev . and
Y. V. Rumynova)

ue limit of specimens, loaded
tially increased by preliminary
deformation as this work
hardens the material (Fig. 214).
The effect of plastic defor-

* mation is particularly promi-

nent. when the deforming load
and the working load have
the same sign.

Deformation also causes
residual stresses in the sur-
face layers of opposite sign
to those of working stresses.
This feature iz now utilized
in the process of spring pre-
setting and can be applied
for strengthening other parts,
e.g., shafts gubjected to a
circular of repeated unilate-
ral bending.

An even greater effect is
obtained by combining zonal
plastic strain with outside
cold working of zones being
deformed (strain-hardening in
a stressed state).,

(p) Fatigue Limits of Parts

When generalized, the fat-
igue limits can be expressed
in the following form

Sp part = 'kikzkskakaklezﬂvf?ﬁ “"%‘ Op

where ¢ p = fatigue limit of a plain polished specimen of a given

material at a given ki
and type of loading

nd of strain-hardening process

k, == coefficient of surface finish
ky == coefficient of corrosion attack
ks ===

coefficient, accounting for surface damage due to wear

in the process of service

k, = coefficient, accounting
- kg = coefficient, accountin
impact '

for oycle frequency factor
g for the degree of load
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kg = coefficient, accounting for thermal conditions under
which the part operates

k; = coefficient, accounting for heterogeneity of material
and scatter of strength characteristics

kg — coefficient of load spectrum

g, = coefficient of scale factor

k., == stress concentration effective coeffzcz,ent

The kl, ey and k, coefficients can be inferred from available
experimental data, ffs - from test data at a given load spectrum.
In usual circumstances the influence of the k&g coefficients are
insignificant. The other uncertainties are generally accounted for
through the factor of safety, taken as equal to 1.5-2.

Much more reliable is the full-scale test of a part under the condi-
tions, which most closely approach the actual working conditions
and load spectrum. In this the specific features of the part design
are directly considered. The factor of safety must include the scatter
factors of material characteristics, damages inflicted in the process
of work and also deviations of actual loading conditions from those
during the test. .

5.1, Imprevement of Fatigue Strength

Up to now the physical phenomena of fatigue strength, have still
not been studied to the degree which allows orderly fatigue strength
calculations of parts to be undertaken. The lack of fundamental
physical principles forces one to accumulate experimental data which
does not always give true answers. The situation is aggravated by
the fact that the data, being supplied by various experimenters,
have extensive scatter and frequently due to the differences in the
testing technigues are incompatible and even contradictory. Calculat-
ing formulae become more complicated because of the different levels
of fresh data, introduction of correction coefficients and also the
varied subjects of registered factors.

In these conditions comprehension of general regularities which
determine the fatigue strength of parts is of very great importance.
The designer has at his disposal enormous possibilities of improving
fatigue strength. Sensible design, based on knowledge of fatigue
strength regularities at times gives rather more than formal caleula-
tions and aveids mistakes that would otherwise have to be rectified,
for instance, through stremgthening processing.

The designer must know and confidently apply his own technol-
ogical and constructional recommendations on methods of improving
fatigue strength,

In many cases one can eliminate the source and achieve if not
“full exclusion of cyclic loads then at least their partial elimination.
Even in machines having definite cyclic action it is possible to lower
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significantly the maximum values of cyclic stresses and their amplitu-
des and also mitigate impact loads.

One of the principal ways is to enhance elasticity of parts in the
direction of acting load and introduce elastic links between parts
transmitting and receiving loads.

For example, increasing the elasticity of bolts in joints subjected
to cyclic loads reduces both the value of acting loads on the bolts
and the interval between the maximum and minimum loads, i.e.,
favours the improvement of fatigue strength.

During cyclic torsion peak stresses may be cushioned, consequently
decreasing cyclic amplitude, by using flexible couplings between
members accepting the torque. For example, the provision of spring
dampers between shafts and gears will lower peak stresses in teeth
and make gears run more smoothly and quietly.

The change-over from rolling contact bearings to plain bearings
in conrod-crank mechanisros lowers peak loads as the oil film has
a damping action. The work being spent for displacing oil from the
bearing clearance absorbs the impulse of the acting forces, which
helps to] reduce the loads imposed on the mechanism.

Cyclic loads, arising in shafts, may in some cases {non- drwmg
gear wheels, idlers) be eliminated by mounting rotating parts

“on axles.

In many cases the onset of high alternating loads is associated
with the appearance of resonance vibrationsin parts of the mechanism.
This dangerous kind of cyclic loading can be removed by employing
spring, pendulum, hydraulic or friction type dampers.

Vibrations of machines and units, presenting sources of alternat-
ing loads, are eliminated or c¢ushioned by suspending them on-anti- -
vibration| or vibration-damped mountings.

Sometimes cyclic loads can be completely or almost completely
removed by means of more accurate manufacture of parts and their
supports. The elimination of static and dymamic disbalance  in
high-speed rotors, causing alternating loads in supports and housings,
is an example of this. Better teeth manufacture, smaller errors in
pitch and tooth-thickness, more precise profiles, reduced pitch
circle runout, accurate gear helices, ete., will remove eyclic loads
being caused by such errors.

It is very important to note that any measure, aimed at decreasing
nominal value of stress simultaneously 1mpr0ves fatigue strength.
Belonging to such measures are rational spacing of supports, elimina-
tion of irrational loads, increasing of cross-sections at parts subjected
to cyclic loading, enlarging of surface contact areas (with cyclm
contact stresses).

All rational d951gn rules being applied to statically loaded construc-
tions not only remain valid but are also of significance for cyclically
loaded structures. _
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In the cases when liquidation of cyelic loads or at least 5 reduction
in cyclic stresses is not successful, special methods of improving-
fatigue strength should be used. These technigques can be divided
into process and constructional. In the first case strengthening:
is attained through special processing, while in the second case
by imparting shapes whieh are most ratiomal to fatigue
strength.

(@) Technological Methods of Improving Fatigue Strength

Extremely heavy influence on the fatigue strength value is exerted’
by the steel melting process. Vacuumized stesls have improved fatigue
strength gualities. The same is true for steels, produced by electric
remelting in a vacuum or under a layer of synthetic slag. A substan-
tial improvement in fatigue strength is also assured by thermal--
mechanical processes (particularly LTTP).

Thermal and chemical-thermal treatment of steels have a favour--
able effect, especially when stress raisers are present. According
to their influence on the fatigue strength these processes can be arran--
ged approximately in the following order: structural refinement and
normalizing, low-temper hardening, case-hardening, induction hard-
ening, cyaniding and nitriding.

The strain-hardening in the latter four cases is dictated in the maim
by the appearance of compressive stresses (of the order of 40-
80 kgf/mm?) in the surface layer due to a larger unit volume forming
in the structure {martensite—in case-hardening and induction harden~
ing, nitrides and carbonitrides—in cyaniding and nitriding) which.
is bigger than the basic one.

Creation of prior compressive stresses is equivalent to a reduction
of mean stresses in tensile load eycles and increased asymmetry
cycle coefficient which as easily seen from the Smith’s diagram leads:
to a higher fatigue limit.

Moreover, increased surface hardness, obtained by thermal and
chemical-thermal treatment, averts loss of strength due to wear,
accidental scratches or some other defects.

Optimum surface layer thicknesses: in case-hardening, 0.4-0.6 mm;
cyaniding 0.15-0.2 mm; nitriding, 0.3-0.5 mm; induction hardening,
2-4 mm. It is essential that strain-hardening proecesses invelve all
parts on the surfaces with stress concentrators (Fig. 218e, b) since
substantial tensile stresses may appear at the boundaries of treafed
and non-treated zones, these stresses being extremely dangerous
if located in the stress concentration zonme.

Nitriding is the most effective since it practmaliy eliminates the
influence of stress concentrations. For nitrided parts the coefficient
q, showing sensitivity to stress concentration, is close to zero (i.e., the
effective coefficient of stress concentration %, = 1).
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Since no appreciable changes in dimensions and shape of a part
-are caused by nitriding, it can be employed as a final stage manufactur-
-ing process. This eliminates the final grinding process, which affects
the strength due to the defects inherent to that operation (burnings,
«cracks, ete.). Combination of a high hardness, good fatigue strength
and corrosion-resistance makes the nitriding treatment extremely
valuable in processing the parts expected to be used under high
gyelic loads and wear (crankshafts, heavily loaded gears, etc.).-

The surfaces of parts working under high cyclic loads must be
machined to the maximum economically acceptable surface finish
-standards. All kinds of finishing operations (polishing, lapping,
superfinishing, efc.) smoothing down micro-roughness which remains
-on the surface after previous coarse machining operations coniribute
to fatigue strength, especially for details made from high-strength
and hard materials, '

Very good results are achieved by polishing under pressure, which
affects deeply the structure of surface layers. Crystallites, separated
during preceding machining, close together and are united by the
action of pressure and heat evolved in friction. The surface layer is
thus “compacted”. Sharp edges of microirregularities are smoothed
down, while micro-valleys and microcracks are levelled up. The
smoothed surfaces of parts offer better corrosion-resistance.

For this reason all important components, subjected to high cyclic
loads, are polished all-round not omnly on fitting and friction sur-
faces. : : -

Moreover, it is easier to detect defects such as flakes, flaws, heat-
{reatment cracks, ete., on polished surfaces.

Press polishing is accomplished under 1-2 kgf/mm® pressure,
using laps in the form of bronze or cast iron shoes, whose working
gurface is charged with micropowders (flours) of abrasive matter
-(carborund; boron carbide, diamond dust). Superfine polishing (buf-
fing) is carried out with the aid of soft laps (babbit, wood, leather,
-suede, felt) employed in combination with lapping pastes of TOU
~type. Final finishing is done without any abrasives, using only
kerogene or solvent naphta Iubricants.

Excellent results have been obtained when polishing rubbing
.gurfaces under pressure with colloidal graphite or (which is still
-better)imolybdenum disulphide: this process improves wear-resistance
and imparts better corrosion-resistance. :

The principal methods of strengthening by plastic surface layer
-deformation are shot-blagting, rolling and caulking (cold calibration
stamping); holes by expansion, ball sizing, piercing with smoothing
breaches (driftpeening). ‘Applicable also are diamond smootling tools
-(i.e., hardening the surface with a rounded diamend tool), hardening
by turning with carbide-tipped tools having large negative rake
angle; caulking by explosion or electrohydraulic shock; abrasive-jet
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polishing; - ultrasonic hardening; hydraulic-pulse hardening with
a high-pressure jet (10-20 thousands of atmospheres).

Exceptionally good results have been reached on surfaces, which
were case or induetion hardened prior to the cold working procedure.
‘Hardening effects of plastic strains in this case can be attributed not
only to the inception of compressive stresses, but also due to struetu-
ral changes occurring in the material surface layer as a result of work
.hardening (the residual austenite decompoeses and highly dispersible
;nartensite  emerges). Regardless of the kind of strain-hardening
applied, it is necessary to induce in the surface layer stresses, Whlch
exceed the material's yield limit under volumetric compression.

Hardening through plastic deformation is practised mostly for
steels. Brittle materials, for example, grey cast irons, are less prone
to this type of structural improvement. Cold werk hardening ean
also be applied to ferrite and ferrite-pearlite cast irons, even though
the effect of strain-hardening is weaker in this case when compared
with plastic materials. Other kinds of cast irons hardenable in the
above-said way, are malleable cast irons, as well as modified and
high-strepgth irons with globular graphite.

Shot blasting is one of the simplest and most universal of modern
strain-hardening techniques. When chosen correctly, this procedure
enables fatigue strength) to be enhanced 1.5-1.6 times. However,
it slightly impairs surface quality therefore precision surfaces should
‘be carefully finished after being shot-blasted.

As the optimum schemes of hardemng by plastic deformation are
insufficiently developed, their use is determmed expemmentall'y for
each individual case,
 The shot peening procedure is selected to suit the properties of the
material, its hardness and strength. Overhardening will readily
cause brittleness and hairline imperfections in the surface layer.
Approximate shot blasting recommendations for steel products:
velocity of shot—>50-60 m/s, flow rate 50-80 kg/min, angle of attack
{jet incidence relative to component surface} 60-90°. Duration of
process 2-5 min. Shot diameter (hardened steel balls)—0.5-1 mm.

When rolling the surface,’the pressure force P, exerted onto a roll
is"chosen so as 1o produce in thefsurface iayer stresses (to Hertz)
amounting to:350-600 kgf/mm?. An empirical formula for the force

P=3. 10'30'2 DB

+ kgf (5.8)
where D = componént diamster, mm
0y., = material yield limit, kgi/mm?

.= usable width of a roll, mm

= w?-%”— == ratio between diameters of roll and component
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In the range of most widely applied values ¢ = 0.7-1.0, the
value —— Az 0.5, Substituting this value into Eq. (8.8)

TFa
P=1.5.10"%2,DB ket

Generally roll width B = 10-20 mm. The component surface
speed 10-20 m/min. Longitudinal feed s = (0. 05~0 1) B, on average
0.51 mm/rev. Number of passes 1-3. ,

In order to relieve pressure, exerted upon a roll, vibrorolling has
become very popular, in which a roll is imparted 1nte1m1ttenﬂy radial
displacements from a mechanical or air-operated actuator.

! (5} i

H 2. f 2
m Md) g@
Fig. 243. Enhancement of fatigue strength

(@) and (b surface hardening; I - incorrect; IJ ~- correct; {¢) ali~rouna swagmg o hole
edges; (d) roiling of annular gmoves {e) embossmg arotnd keyway; 1 -~ original part;
and g - strengthened parts

When the rolling conditions have been correctly chosen, the res-
idual compressive stresses -in-the -surface layer -will- comprise. 70-
80 kgf/mm?® The depth of the strain-hardened layer will reach
0.4-0.5 mm.,

In contrast to shot peening, which slightly worsens the origi-
nal surface finish, rolling improves it.

The finer the preoedmg machining the more favourable the rolling
effect. To obtain the best results, it is better to finish machine (even
polish) the component surface prior to rolling.

As component dimensions are hardly changed hy rolling, the
latter may be regarded as a final manufacturing operation. The
possibilities of size change or final lapping after work hardening
is not excluded: experience proves that removal of a work-hardened
layer to the depth of 0.05-0.4 mm (the total thiclkness of the layer
being 0.3-0.5 mm) brings about no appreciable decline of hardening
effects.

It is useful to subject strain-hardened parts to stabilizing treat-
ment, by heating to 100—150‘”6 At higher temperatures the residual
compressive stresseg in the hardened layer reduce and at 400-500°C
vanish completely, ‘
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Rolling of threads improves their strength 1.5-2 times, and pract-
ically eliminates stress concentrations at thread roots, this being
" of pfrticular merit when dealing with stress concentration sensitive
‘steels.

Plastic deformation is widely used for strengthening hole edges
punched in sheet metals. Hole edges are stress concentrators, due to
plastic displacements, tears and microcracks which oecur under the
action of a punch. Circular reduction of hole edges (Fig. 215¢) to a
significant measure liguidates their weakening effects. Shafts, wea-
kened by undercuts, are work hardened by rolling adjacent areas
(Fig. 215d).

To improve strength of shafts weakened by keyways, the keyway
is caulked around the key introduced into the way (Fig. 215¢). Apart
from reduced stress concentration, this measure also adds to the key
fitting strength.

A markedly improved fatigue strength is displayed by elements
which have been obtained by direct squeezing (rolling of threads,
gear teeth and splines). In these cases the metal fibres are not cut as
when machining large solid blanks, but are forced into the required
configuration by the pressing process.

Normally threads are cold rolled, but gear teeth and splmes are
first hot rolled and then dzmensmnally sized cold.

5.2. Design of Cyclically Loaded Components

(¢) Reduction of Stress Concentrations

The reduction of stress concentrations-—is one of the major means
of inereasing fatigue strength.

Sometimes stress concentrators cannot be removed entirely. Under
such circumstances the designer should do his best to substitute sharp
concentrators with moderate ones. Example: screwed holes, belon-
ging to most intensive stress concentrators, must, whenever feasible,
he replaced by plain holes, whose negative effect is less and can be
brought still lower by some additional measures.

Stress concentrators should be removed from most stressed ZoDes
of a part and disposed (if permitted by the design) in the zones of least
siresses. .

In order to decrease nominal stresses it is better to enlarge those
cross-sections where stress concentrators are located.

Some examples of eliminating and decreasing stress concentrations
are illustrated in Table 23.

Fillets, Concentration of stresses in entering angles of stepped parts
{e.g., stepped shafts) can substantially be reduced by imparting
rational forms to the conjugated steps.
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Table 23

Remeoval of Stress Comecentrations

Originzl design

- Improvement

Essence of improvement

Bolt head

The locking iug is arran-
ged in the most stressed
section, thus causing sharp
stress concentration. It alse
reduces the area of the cri-
tical section

The lug is fitted in the
bolt head. Neminal stresses
reduced, but stress concent- -
ration still remains

The lug is now an in-
tegral part of the bolt head..
Stress concentration elimi-
nated '

Mounting of a slip-on
rotor upon a shaft

Fastening bolts and loca-
ting pins enter the hub bo-
dy, the most stressed part
of the rotor

The rotor is clamped
with a circular nut, Torque
is transmitted by teeth in
the hub face which fit into
slots on the shaft flange

Securing a plug in a
shafg

Thread causes stress con-
ceniration :

Threads removed, press-
fit substituted

Threads removed, expen—
ded fitting substituted

Direct thread connect—
ions to shaft eliminated.
Nut and bolt form of fit-
ting substituted ‘

Serewed joint eliminated.
And fastening with threaded
hole substituted
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Table 23 (continued)-

Original design

Tmprovement

Essence of improvement

0il hole in crankshaft
rod journal

A

Hole positioned at the '

part of maximum bhending
stresses, occurring due fo
ignition

Hole transferred to newut-
ral zone (hole position'must
be correlated with load vec~
tor diagramme)

FFixing a solid furbine
rotor to a divided shalt

g

Fastening holis, passing
through the rotor, sharply
weaken if

Bolt receiving heles po--
sitioned in thickened annu-
lar bosses on the rotor ar--
ranged beyond stressed 'sec~-
tions

Bolt receiving holes po-
sitioned in flanges brought:
from the roter body

Sacuring an antifriction
bearing

Thread weakens tﬁe loa-
ded part of the shaft

Threaded collar is moved:
from the middle part to am.
unloaded shaft end face
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Table 23 (continued}

Original design

Improvement

Eesence of imaprovement

Sealing unit with split
:spring rings

Ring receiving grooves
-weaken the shaft

Grooves are machined in
a separate detail

=]

Two concenfrators (an
«external step and an inter-
mal recess) positionsd in the
.same plane. The stress fi-
-elds, being produced by the
-concentrators, accumulate.
Reduced cross-sectional area
increases nominal stresses

Stress concentrators posi-
tioned in different planes

Becuring a hevel gear rim
o a disk

:
JIaR

The stresses, caused by
‘bolt holes, add. to the stres-
:se5 near tecoth root

Holes are repositioned
away from gear teeth on an

extension disk

Bevel gear rim

&

peadolba

Two stress concentrators
-combine (i.e. tooth pashes
.and sharp face edges)

Gear rim extended and
strengthened. Smooth transi-
tions introduced at rim-
teoth conjugation areas
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Table 23 {continued)

Origine} design

Improvement

Essence -of improvement

.~ Screwed rod

=

Screwed portion enlarged

Conrod big end

T A

i) 537, 51
£ | 1L e D
Y 9 P I

At positions « the part

is weakened by bolt head

and nut recesses

Sectional areas of wea-
kened portions enlarged

Turbine rotor

Rotor disk “wealkened by

relieving holes

1. Holes
with bosses

2. Holes positioned in
-a strengthening ring

strengthened

Hollow shaft

Two concentrators com-
bine (external and internal
entering angles)

Internal stress concentra-
tor moved

Internal angles given
smooth - streamiined forms

26—01395
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Table 23 (ebminued)

Original design Improvement Essence of improvement
Threaded shaft ) Thread portion made
1 thicker
i
kb

Bearing installation on
splined shaft

Shaft cross-sectional are-
as with stress concentrators

enlarged; internal surfaces
streamlined "
Three stress concentra-
tors combine (i.e. enterin
angle, splines and interna
steps)
Bearing installation on Shaft -~ strengthened at
shaft weakened portions

Shaft weakened by cir-
clip grooves

A splined spring shaft

CTY A
i

Stress  concentration at
spline roots

Shaft strengtheped at
stress concentration areas
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 Table 28 (continued}

Original design

EImprovement

Essence of improvement

external

with

Shaft
splines

2,

AR,
LAY

Stress  concentration
at spline roots

Shaft strengthened
at weakened areas

Gear-to-shalt joint

Stress  concentrations
at dowel positions

Dowel spacing di-
ameter increased (i.e.
reducing forces, ac-
ting upon the joinf).
Shaft and hub made
thicker ‘

Cluster gear

Jr——

Stress  concemtration
at dowel positions

The large gear fit-
ted onto extended
teeth of the smali
gear. Shaft and. hubk
sections, transmitting
torque are made thic-
ker

26%
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Table 23 (eontinued)

Original design Improvement Essence of improvement

Crankshaft neck with ‘ The ené«cap is sli-
ap oil delivery system Y de-fitted in the shaft
to crankpin bearing and locked by a bolt .
-used instead of the
threaded end-cap; the
oil inlet pipe is exten-
ded through the end-
cap into the shaft
bore

The end-cap, vplug
and an oil inlet pipe are
threaded: thread causes
stress concentrations

~ Acute entering angles at a transition section (Fig. 246a, b) cause
sharp stress concentrations. Tapered conjugations (Fig. 216¢) add
1o the strength of transitional areas, but shorten the cylindrical

R o=

@ =w S Mwo L ) L (71 5

Fig. 218. Decreasmg stress concentrations in the entry angles of stepped shafts

o
_—_»‘-

surface length of the smaller diameter. That is why such conjugations
are applicable only at free transitions when this part of the detail
does not mate with adjacent parts.

Most often stress concentrations at transitional areas are reduced
by fillets (Fig. 216d-9).

The effectiveness of a fillet depends on its radius (Fig. 217).

Stress concentrations fall with reduction in diameter gradient
and with an increase in ratio p. Significant gains in strength are
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obtained with p value approximately equal to 0.1 for large diame-
ter gradients and when p = 0.05-0.08 for small diameter gra-
dients,

The maximum relative radius of a fillet, equal to ppex =

= },5 (—— — 1) is limited by the diameter gradient. Usually in

practice D/d ~ 1.2, so that the relative fillet radins cannot exceed
0.1. If a component fitted on the ,
shaft has a rectangular supporting ¢
face at its step (h, see Fig. 218¢),
the radiug must be even smaller.

Elliptic fillets (see Fig. 216f)
ai the same diameter gradient
agsure a comparatively greater
(approximately by 20%) strength.
The effectiveness of such fillets
depends on the ratio of the ellipse
major semiaxis b to the shaft
diamster 4.

When & == (0.4-0.45)d and

i;— == ().4, the stress concentration

&

e

23

s
=

24

LS

7a=i7 [ =

coefficient will not exceed 1.5.
The disadvantage of elliptic
fillets is the shortening of the

Lg

03 gt 075 p=RM _

cylindrical portion of a shaft,
which is undesirable when mo-
unting fitted details or when
fitting shaft journals in sliding

Fig. 247. Effective stress concentra-
tion coefficient of a stepped shaft in
fexure as a function of relative fillet
radius p = R/d and ratio D/d of adja-
cent {diameters {after Serensen)

bearings.

The reduction in the length of a shaft’s eylindrical portion can be
avoided by wsing face undercut fillets (Fig. 218g).

Face undercut fillets in terms of their effectiveness approximate
round fillets, having similar RB/d values.

Face undercutting is recommended when cylmdmcal shafts are
mated with prismatic components, when there is piace for a fillet
of sufficiently large radius.

Figure 248 shows how higher strength fillets can be overlapped when
mounting fitting components, for example, antifriction bearings,
having small lead radii or small chamfers. For large-radius and ellip-
tie Tillets (Fig. 21856, ¢), intermediate washers which have appropriate
recesses are used.

Fillets must be provided at all transitional entering angles of parts
subjected to high cyelic loads (Figs 219 and 220).

Holes. Stress concentrations caused by holes can be reduced by
enlarging the sections of a part where holes arve located by rounding
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hole Tims, crimping of edges, strain-hardening hole walls and caul-
king the material around the periphery.

Figure 221 illustrates the sequence of operations when machining
hioles in highly loaded components {e.g., discharge holes of furbine

(3)

(c) ()

Fig. 218. Installation of ball bearings Fig. 218%. Shapes of some typical
i on shalts with strengthened filiets machine elements

() irraticnal, (b) rational
disks): a—drilling, b—chamfering, c—countersinking, d—reaming,

e—rounding of hole rims, f—compacting the fillet, g—broaching the
hole with a ball.

& &

(&} (b .

Fig. 220. Conjugation of gear teeth with rim
(@) irrational; () improved; (¢} rational

Hollow shafts. The internal cavities of critical hellow shafts
undergoing high cyclic loads, should be machined to the highest;
economical surface finish: grinding, polishing, rolling, sizing, com-
pacting broaching, etc. Recesses, threads and other stress concentra-
tors should be avoided on inner surfaces.

In stepped holes smooth trapsitions between steps should be in-
troduced. Incorrect designs are presented in Fig. 222a, b. The acute
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Fig. 221. Successive stages in machining holes in cyclically loaded parts

{f)
Fig. 223. Machining internal fillets
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entering angles close to steps cause stress concentrations and impair
shaft strength. The versions presented in Fig. 222¢, d show how fillets
improve strength. Fig. 222¢-i, illustrate shafts with bottle~neck—s}1a—
ped holes.

Fillets in bottle-neck-like holes are turned to a teraplet, which
monitors the cross-slide traverse, Finish turning is effected by a
form tool, secured in a boring bar, centered in the smaller diameter
hole (Fig. 223a).

More difficult to machine are hollows with hmltmg fillets at both
ends (barrel-like holes). One machining technique ig illustrated in
F1g 223b. The form tool is clamped in rod 7, secured eccentrically
in boring bar 2. By turning the rod, the tool is retracted, the boring
bar is introduced into the hole and the cutting tool then moved into
position.

The most productive method of machining bottle-necked holes is
with a swing tool mounted ir a boring bar and monitored with a
connecting rod (Fig. 223¢), rack (Fig. 223d) or worm gearing
(Fig. 223e¢).

The fillet radius is determined by the position of tool-holder.

The most advamageous swing mechanism design is when the tool-
holder axis is positioned at the boring bar centre (Fig. 223¢, d), i.e.,
when the fillet forms a sphere with itz centre on the shaft axis (see
Fig. 2227, g). Such a shape ensures a smooth transition from one hole
diameter to another.

An even smoother transition is obtained by shifting the tool-holder
pivot point off the shaft axis (Fig. 223f).

To determine the maximum radius of an internal fillet the following
approximate formula.can be used

Rupag =0.5 (D +0.7d)

where D and d are the maximum and mimmum hole diameters, res-
pectively (see Fig. 222@)

When machmmg inner steps in preformed large tube blanks the
material fibres are cut through at the most stressed areas of transition
from one step to another.

To attain better strength, shafts with barrel-shaped interiors have
their tube ends hot pressed (Fig. 224). Used as blanks are thick-wall
drawn tubes whose outside diameter is turned with extra metal for
reduction of ends (Fig. 224a). Surface m is the datum for subsequent
operations,

The ends are reduced by pressing (Fig. 2245) until the hole is fully
closed (Fig. 224c¢). Theo, from surface m holes n are bored for shaft
journals and the barrel-shaped bore k machined employing one of the
above-listed techniques (Fig. 224d).

Then using holes » as a datum, the outside diameter is finish
machined.
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Crankshafts. An example of successive fatigue strength enhance-
ment of crankshaft throws is pictured in Fig. 225.

The initial design (Fig. 2254) has low strength. In the version,
illustrated in Fig. 225b, the strength is increased due to the larger

P
s 7 T W T
R 77 W/ 7 Al
fa) , (b}

f/ / —:l-«n }

% : // l 7 @;?7 LT LLIAAATLE, 2
(2) (a)

Fig. 224. Process stages im manufacturing one-piece forged shafts with barrel-
shaped interior

diameters of the main and rod necks and increased web sections. The
increased neck diameters shorten lengths m between necks parts which
are most critical in terms of strength.

()

Fig. 225. Enhancing the fatigue strength of a crankshaft

Stili better strength is obtainable by offsetting the conrod neck
internal recess from the neck geometric axis by value &k (Fig, 225¢):
this will strengthen the connection between rod necks and webs and
increase neck strength resistance against ignition flexure.
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In the most rational design (Fig. 225d) the neck diameters are
increased until the main and conrod necks overlap, thereby ensuring
direct connection of necks (part n). A barrel-shaped bore between the
main and conrod necks lowers stress concentration from oil holes in
crankshaft webs and betters the neck-to-web connection strength.
A combination of all of the above-described measures substantially
improves crankshaft strength.

Forms with deep internal cavities are pracmcable in cast crank- -
shaft designs (Fig. 225e, f).

(b) Elimination of Load Concentrations

A most important design rule for cyclically loaded parts is the
elimination of local stress surges arising where the concentrated
loads are applied.

Let us take, for example, the design of gear teeth (Fig. 226a).
Out-of-straightness of spur gear teeth, helix errors of helical gear

(ﬁl) (b) (5) /////; A-A

{d)
Fig. 226. Elimination of load concentration on tooth faces

teeth, misalignment of gear axes as a result of improper mounting or
inaccurately spaced supports—these and/or other defects may cause
load concentrations on tooth end faces, the consequence being higher
bending and crushing stresses.

It is advisable to increass tooth compliance at the end faces by
the introduction of relieving recesses in the gear rims (Fig. 2265) or
by lessening rim rigidity near the end faces (Fig. 226¢).

An effective means of preventing high-edge pressures is by giving
teeth a barrel-shaped form (camber) simultaneously rounding-off
face edges (Fig. 226d). This method is beneficial because even in the
event of distortions and inaccuracies the gear contact gpot will remain
approximately in the tooth centre, thereby assuring most favourable
loading of teeth.

Pressed connections. Presented in Fig. 227 are some ways of
strengthening pressed connections. The simplest of these consists in
increasing the diameter of fitting surface {(at least by 5-10%) in
relation to the shaft main diameter d (Fig. 227q).

Advisably lowered are the stresses at the edges of pressed fitted
connections by relieving recesses in the hub (Fig. 227b), shaft
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(Fig. 227¢), by tapering the hub down towards its end faces (Fig. 227d) -
or by cambering the shafts (Fig. 227e).

Shafts strength can be improved by rolling load relieving grooves
near the joint ends (Fig. 227/).

PL
{m) - (n) é'

Fig. 227. Improvement of fatigue strength

The most effective method of improving fatigue strength of pressed
connections is by strengthening the contacting surfaces through ther-
mal-chemical treatment and plastic deformations (rolling).

Fasteners. Consiructional ways of increassing the fatigue strength
of fasteners (bolts, studs, ete.) largely means increasing their elasti-
city, thus assuring a lowering of maximum stresses and stress ampli-
tudes, If bolt lengths are the same higher elasticity can be achieved
by lessening the bolt stem diameter d to 0.7-0.8 of its thread nominal
diameter dy (Fig. 227h); in this case the sections of the bolt stem and
thread become approximately equistrong.

The head-to-stem bolt transition must have the maximum possible
radius or face undercuts {(Fig. 227i). Equally necessary are smooth
fillets {R,) at the stem-to-thread transit section.
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The strength of thread itself is strongly dependent on fillet radii
near the bolt thread root (this effect is less in a nut because it is
usually stronger than a belt).

The current standard (GOST 9150-59) does not stipulate the root-
form between bolt threads: they may be flat (Fig. 227j} or rounded to
a tadius (Fig. 227k). In this case the maximum radius for bolts is
equal to 0.144s (s == thread pitch).

For critical screwed connections subgected to high cyclic loads it
is advisable to employ threads with more stream line-rounded root
radii: for nuts R = 0.1s, for bolts R = 0.9s (Fig. 2271).

Particularly high famgue strength is obtained by rolling rough-cut
and heat-treated threads and also when rolling threads outright on
the solid metal.

As a general rule parts subjected to high cyclic loads should have
smooth forms to assure evenness of force flow. To avoid stress jumps
in the sections of parts it is necessary to determine from conditions of
approximate similarity the stresses by considering all active loads.

Well designed parts undergoing high cyclic loads have a characte-
ristic smooth form (Fig. 227n), often conveniently called “stream-
line”.

5.3. Cylindrical Jdints Operating under
Alternating Loads

Any joint transmitting a pulsating torque or subjected to alterna-
ting radial loads undergoes work hardening, welding and fretting
corrosion.

In the main these defects are caused by wurmergus repetitive strains
and microshears in the mated surfaces, in the circumferential and
lengthwise directions, which heat the material. Joints, operating
in the severest conditions, are sometimes heated to 500-800°C, Momen-
tary peak temperatures at parts of miecro-irregularity contignities
reach 10C0-1300°C. -

Under such circumstances work hardening easily occurs, crushing
the gurface, forming irregularities and partial cohesion of mated
metaliic surfaces. During the next stage such surfaces may weld
toglethm 50 that their disengagement is possﬂ)le through destruction
only. .

This kind of welding can occur at a temperature well below the
welding temperature of the material. Under usual conditions the
metal surface becomes coated with strong adsorbed films of lubri-
cants, oxides, moisture and vapours, which prevent direct metal-
to-metal contact. Heat and excessive pressures, particularly when at
points of conjugated microirregularities destroy the films, and the
metal particles close to a distance, at which the molecuiar and
crystalline interaction forces cause metal fusion.
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Greater propensity to welding is shown by identical metals and
metals which have similar crystalline structures. Structural hetero-
geneity presence of several phase changes and non-metallic inclusions
(carbides, oxides) in metals stop the welding phenomenon. Ample
resistance to welding is offered by hardened s’ceels with a martensite
structure (pz’owded however, no tempering has occurred due to
overheating).

Frictional (fretting) corrosion is, in fact, oxidation of surfaces of
metals as a result of microshear caused by local elevations of tem-
perature. On steel and cast iron surfaces iron oxides form (mostly
Fe,0,) either as rusty spots or (if the process has developed far enough)
as clusters of brown powder. On bronze surfaces appear green films
of copper oxides.

Work-hardening and welding defects can be averted by:

reducing strains and microshear in mated surfaces (making the
design more rigid, employing power- clamped joints, clearance-free
torque transmxssmns),

removing - heat, evolved during micro-displacements (appiymg
gaskets made from heat—conductmg materials, use of cooling oil in
joints having clearances);

application of separating coatings (phosphatmg, copper-cladding,
tinplating, cadmium-plating, galvanizing, coating with polymeric
films, introduction of solid lubricants having a molybdenum disul-
phz{ie base, . .colloidal graphite, ete.); ..

increasing hardnessand thermal stability of the surface layer; creatmg
structures which show good resistance to welding (aluminizing, sul-
phiding, nitriding, diffusion chrome-plating, boronizing (see T'able 24).

The main design method, enabling work-hardening and the welding
to be avoided, is to provide interference fits to the mating surfaces,
radial {on cylindrical surfaces) or axial (on end faces). An interference
fit materially enhances the rigidity of a unit as a whole, lessens elas-
tic deformations in a system and efficiently constrains relatw‘e dis-
placements of mated surfaces.

Figure 228 shows some methods of fitting parts to shafts.

Mounting without tightening or with a weak clamping (Fig. 2284, b)
is unacceptable for power-transmitting connections.

Often used now is the axial tightening of a hub resting against a
shaft shouldef (Fig. 228¢). Here the amount of radial interference
depends upon the grade of the hub fit, The heavier the operating
conditions, the tighter should be the fit. In shaft-end connections a
central bolt is also used for clamping (Fig. 228d), or an internal nut
(Fig. 228¢) which provides for a greater tightening.

A purely radial interference is provided by a press fit (Fig. 2285).
By introducing taper pins {Fig. 228g) into the joint a practically
clearance-fres torgue transmission may be obtained, thus eliminating
angular micro-displacements. of the mating surfaces. It should be
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Measures Which Prevent Welding

Table 24

Process

Essence of process

Procedure

Purpose

Phosphating

Deposition of a
crystallive phosp-
hide film on the
surface

Treatment in a
solution of phosp-
hates Fe, Mn and
Zn

Creation of a
separale wear-resis-
tant film

Aluminizing

Deposition  of
crystalline film
Ala0O3 on the trea-
ted surface, Forma-
fion in the surface
layer of Al solid
solutions in a-irom

Seaking in a
blend of ferrcalu-
minum powder and
Al,05 at 900-1000°C
(5-8 h)

Increases ther-
mal and corrosion
resistance of the
surface layer

Sulphiding

Formation  of
iron. sulphides in
the surface layer

Soaking in a
blend of sulphates
(NaB-9H,0)  and
cyanates (cataly-
zers) at 550-580°C
(24'h)

Imparts anti-sei-
zure properties;
increases welding
resistance

Nitriding

Formation of Fe,
Al, Mo hard nitri-
des etc. in the sur-
face layer

in an
atmos.

Soaking
ammonia

-phere at. 500-550°C

(20-30 h)

Enhances ther~
mal and corrosion
resistance and. also
hardness  (800-
1200 VPH)

Diffusion
chrome-plating

Formation in
the surface layer
of chrome carbides
and Cr solid solu-
tions in the a-iron

Soaking in a
mediom of vola-
tile chrome chlori-
des CrClg, C‘I'C«I3
(gaseous chrome-
plating} at 800-
1200°C (5-6 h)

Betters thermal
resistance and
hardness . (1200~
4400 VPH)

Boronizing

Formation in
the surface layer
of ¥e horides and
B solid solutions
in the a-iron

Soaking in a
blend of powders
of boron carbide
{B4C) and borax
{Na,B,07) at 900-

11400°C (5-8 h)

Increases ther-
mal resistance and
surface hardness
{41500-1800 VPH)




Fig. 228. Tightening of cylindrical comnections
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emphasized, however, that in this case a permanent joint is obta-
.ined. ‘

A rather strong connection is attained when tightening on a taper
(Fig. 228h). The value of radial interference will depend on the force,
with which the nut is tightened. In particular instances it is obliga-
tory to use torque wrenches although this method does not- fully
guarantee the degree of tightening since it depends to a great extent
upon the state of the mating surfaces. ‘ _ .

Slide-fit splined connections {C to the aligning diameter, § and €
to the splines working faces) must be tightened by a nut (Fig. 228:).

(e

Pig. 229. Clamp connections

For permanent or rarely disconnected connections a press- or force-fit
on the aligning diameter is usually practised or a drive-fit to the
working faces (Fig. 228j). - . .

“Figure 228%, illustrates how radial interference can be obtained by
prese-fitting a plug into the shaft bore. A permanent conmection is
thus accomplished. If dismountable connections are required, the
above tightening is implemented. either by a taper threaded plug
(Fig. 2280} or with a cone tightened by a central bolt (Fig. 228m).
In the latter case the plug must be internally threaded to allow use
of an extractor. _ ‘ ‘

In critical heavy-duty splined connections to hubs are tightened
on tapers (Fig. 228n, o).

When connecting cylindrical components with prismatic elements
{e.g., journals to webs in split-type crankshafts) use is made, apart
from the above-listed techniques (press- and taper-fits, Fig. 228p, 7)
of clamps (Fig. 228s, #), as well as internal conical plugs (Fig. 228u).
To avoid work-bardening the mating surfaces, a thin-walled liner 1
made from bronze or sheet brass is used. .

-'When dealing with clamp connections 1t is necessary t0 assure
uniform tightening throughout the entire circumference of the clamp.
Fig. 229¢, illustrates an incorrect design. The torgue from the journal
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to the web is transmitted by two tenons. During tightening the upper
edges of the tenons thrust against slot walls and the 44 section re-
mains loose hence work-hardening here is unavailable. '

In a correct design (Fig. 220b) the tenon is positioned at the axis
of clip symmetry. Uniform tightening is also obtained when the
torque moment is transmitted by a bolt fitted into a groove machined
in the journal.

Owing to the above clamps cannot be used for heavily loaded spli-
ned connections.

2701385



Chapter 6

- Contact s{rength

With contact loading the force acts upon a rather small area of
surface, thereby causing higher stresses in the metal surface layer.
This kind of loading is encountered most frequently when spherical
and ¢ylindrical bodieg come into contact with flat, spherical or cylin-
drical surfaces. Such are, for instance, antifriction bearings, gears,
rollers of overrunning clutches,
friction speed variators, etc.

In the theoretical solutions
on the stressed state of elastic
bodies (Hertz, Belyaev, Fap-
ple) in the zone of contact it is
assumed that the applied load
ig static, that the materials
of the contacting bodies are
homogeneous and isotropie,
that the contact area is small
in comparison with the total
surface area and that the
acting force is directed nor-

(@} 5 mally to the area of contact.
Fig. 230. Contact loading schemes In the zone of contact a

{a) spheres; (3} cylinders flat area is formed whose

: dimengions depend upon the

elasticity of the materials and the shapes of the compressed bodies,

During compression of spheres (Fig. 230¢) this area will have the
shape of a circle with diameter

_ §==1.4 i/g—ﬁ Tm
where P = load, kgf
E = 'E%%; = reduced modulus of elasticity for the material of the
spheres, kgf/mm?
4 = "Dﬁ:%'& == reduced diameter of spheres, mm (the minus sign rela-

tes to thecase when aconvex surface contacts a con-
cave surface with diameter D)
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The maximum pressure in the centre area is 1.5 times greater than
the average pressure

. : P
[Pmax = 1.5 5z

‘When cylinders are compressed (Fig, 2300), the area will have a
reactangular form whose width

b=1. 5]/q— mm

where ¥ = reduced diameter of cylinders
g = load upon cylinder unit length, kgf/mm2
The maximum pressure along the centre line of the area is 1.27
times higher than the average pressure

Pmax =1.27L

The material fibres in the zone of acting maximum pressures are
in a state of omnilateral compression; also in the fibres form mutually
perpendicular compressive stresses 6., 0y, 0, and directed to them
at 45° octahedral shearing stresses G“g% , 62;“’“, 2y '2"0‘* .Tke
distribution of these stresses (in fractions of maximum pressure
Pmax Per contact area) in terms of surface layer depth (in fractions of
contact.area width b) is shown in Fig. 234. Normal stresses (Fig. 231a)
have their greater vaiue (0, = 0, = prax; Gx = 0.5ppay) on the
surface, while shearing stresses (Fig. 231 5) are maximum at a distanee -
of (0. 95-0. 4) b from the surface.

Under omuilateral compression the yxeld point of hardened high-
strength steels reaches 300-500 kegf/mam?®, which is appronmately
4-5 times that under nnilateral compressive stresses,

In mechanical engineering structures the load, as a rule, is ¢yelic,
due to the periodically varying active force, as well as the usual
relative movements of contacting bodies.

Pietured in Fig. 232 are the main operating schemes of coupled
bodies with contact load (in the descriptions design analogies are
given in brackets):

a-—static load (lifting screw with spherical end); b—impact load
(tappet with gpherical end); e—sphere rotating about axis normal to
.contact area (ball toe); d—sphere moving parallel to support surface
(lever—mechanism with spherical striker); e—sphere rolling over sup-
port surface (ball-mounted straight-line guide); f—sphere rolling
and simultaneously moving parallel to support surface (rolling ac-
companied by skidding); g——transmission of rotation from one eylin-
der to another without resistance on driven cylinder (rolling of a
cylindrical surface by a roll); A—same but with resistance on driven

27
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Fig. 231. Distribution

of stresses near the surface layer in the contact area (com-
pression of eylindrical bodies}

(@} normal stresses; (b} tangential stresses

Fig. 232. Typical cases of comtact loading
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eyimder (disks of friction speed variator); i—same but accompanied
by slipping; j—rolling of one cylinder over another (roller bearing);
k—same but accompanied by slipping in-between cylinders (gear
teeth).

In the schemes Fzg 232e-k, the load bears cyclic character even
if the acting force is static; ’she load iz exerted successively over
various points on the surface.

Relative movements of conta-
cting bodies disturbs Hertz's
stress distributions in the zone
of contact, where the surface .
layer is subjected to compression
and tension in a tangential
direction. Disposition of comp-
ressive and tensile zonesg depends
on the kinematics of movement.
In sliding (Fig. 232d) and pure
rolling (Fig. 23%¢, g, /) the com-

pression zones on both conju-
gated surfaces are found on one
side of the contact centre (i.e., P | =
opposite to the movement), while /”//// / \\\\\\
on the other gide the material __’:_"_i E\_‘i‘\_
issubjected to tension (Fig. 233a). pusriag e

In rolling accompanied by L RE72
slipping (Fig. 232i, k) the comp- BN ST
ression zone on the leading

(anticipating) surface is in front

of the contact centre (opposite

to the movement), whereas on the -

lagging (delaying) surface it is

behind; on .the opposite lying Fig. 233. Compression and tension in
. the zone of contact

areas the material is subjected

to tension (Fig. 2335).

In the leading surface compression zone (Fig. 233¢) the fibres of
material converge and shift in the direction, shown by the arrows.
In the zone of tension the fibres are elastically stretched and shift
in the same direction. On the lagging surface the fibres move in the
opposite direction. As a result, friction forces appear on the con-
tacting surface deflecting the acting. forces from the normal to the
- area of contact. The tangential compression and tension change the
type of the state of stress in the contact zone. ,

Periodic compression and tension of fibres causes, even in the case
of pure rolling with resistance on the driven body (see Fig. 232h),
systematic lagging of the driven body. The length of surface of the
leading body at angle o (see Fig. 233c¢) is equal to b/2 — Ab, where
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Ab—elastic shortening of the surface. The length of surface of a driven
body over the same area will be 5/2 4 Ab’, where Ab’—elastic
lengthening of the surface. Hence, the rotary speed of the driven
body is less than that of the driving one by the ratio

_ Ba—Ab _ 12Ab

b= B V7Y

B2~ Ay

In practice, i == 0.99-0.993.

Clearly from the above actual conditions in the zone of contact
are more complex than those obtained under a static load, thus for-
mulae deduced for a gtatic load can only be applied as a first appro-
ximation.

With countact loading durability of cyeclically loaded connections
is determined from the fatigue strength of material. The fatigue
strength curves are dependent on the kind of loading. In general
they are similar to the fatigue curves, taken for the case of a uniaxial
stressed state (tension, compression, bending), the difference being
that the numerical values of breaking stresses are much higher and
the curves do not have a clearly expressed plateau (fatigue limit).

The hardness of the surface layer is the fatigue strength decisive
factor under contact load conditions (Fig. 234).

The process of fatigue failure in rolling, as well as with contact
surfaces sliding at a low speed, develops rather peculiarly. Initial
cracks emerge in the zone, where maximal tangential stresses are
active—i.e., at a depth, equalling approximately to 0.3-0.4 of the
contact area size. While gradually developing, the eracks propagate
onto the surface, producing a typical pit-like eruption pattern.
- Further on these pits grow in size and blend into chains, in-between .
which large metal particles flake and spall off. This phenomenon is
called pitting, which, as a rule, leads to failure as the pits unite
together.

Increasing speeds of the relative movements {rolling accompanled
by slipping) have up to a limited degree a beneficial effect. In the
process of wear the damaged layer is gradually removed and, con-
sequently, no gpalling off oceurs. The durability of a joint will now
be dependent upon the intensity of the abrasive wear, changing in
the course of time the original shape of the contacting surfaces.

A typical example of a contact fatigue failure is the pitting of gear
teeth flanks. Here the pitting is generally concentrated on the areas
of the teeth lying most closely to the gear pitch cirele. This can be
attributed to the fact that at conventional values of the overlapping
coefficient ¢ = 1.2-1.8 the loading upon these areas is taken up by
one tooth only, whereas the loading, exerted onto the areas, close to
the heel and toe, is shaped by two teeth. Moreover, while middle
area of tooth pxofﬂe roll without sglip, the portions close to the
heel and toe roll with slip. Thus, the latter areas are, in effect,



Chapter 6. Contact Strength 423

being ground by conjugated surfaces, eliminating surface damage,
but in time leading to distortion of the involute profile.

A lubricant acts in two ways. Under moderate pressures an oil
film in the zone of contact contribules to a more uniform pregsure
distribution and increases the actual contacting surfaces. The sur-
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Fig. 234. Fatigue contact strength as a function of Rockwell hardness €

I —stesl grade 45X (induction hardened); £ — steel grade 20X2F4A (case hardened);
2 — steel grade JIX13 (hardened and low tempered). Heavy lines —- ultimate stresses at
N = 107 eycles; fine lines — at N == 1{* cycles

face rolling produces a certain hydrodynamic effect: higher pressures
occur in the film, forced from the gap which helps separation of the
metallie surfaces. ,
The hydrodynamic effect is still roore expressed when slip is pre-
sent: the oil, entrained by the moving surface, is continuously fed
into the narrowing part of the gap, thus separating the metallic
surfaces. Under favourable conditions (high slipping speeds, small
unit pressures, higher viscosity of oil) fluid-type friction begins.
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Under high pressures the oil in the zone of contact has a negative
influence. Under the influence of the running surface and capillary
attraction, oil will penetrate into loose spots and microcracks expan-
ding them, causing accelerated metal spalling. This phenomenon is
particularly sharp when one of the surfaces in the high pressure zone
is subjected to tension (Fig. 233b) this helping microcracks to open.

The problem of increasing the strength of contacting joints con-
sists, first of all, in reducing contact area pressures by giving the
conjugated surfaces as rational a form as posdible.

6.1. Spherical Joints

The maximum stress ¢y, in a surface layer, during compression
of two spheres according to Hertz

3 7 8 bl
G oy = 0.6 %%.—]/(1 I (6.1)

where P = load, acting upon the joint, kgf
E = Young’s Modulus for the material of the spheres, kgf/ram?
d = diameter of the smaller sphere, mm

a = % = ratio of diameters of the large and small spheres

The minus sign is for ‘the case when the sphere acts on
a concave spherical surface.

With given d, P and E values
the maximum stress will be pro-
portional fo the dimensionless
value

The wvalue can be defined as
the maximum effective contact
stress. The maximum actual

%
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12r
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a¢ i stress is equal to the product of
LRI 5 S PR
a4 / - ! g, and the factor 0.6 - -
gzt The values of ¢, as a function
“l ] -+ of a ave shown in Fig. 235 for
E ; three kinds of loads: sphere-on-

T 2345 W 20 300 200 a sphere, sphere om a spherical
Fig. 235. Effective maximum stress sSeating and sphere on a fiat sur-
0o as a function of ¢ = D/d (comp- face () = o0, g, = 1). From the

ression of spheres) graph the following conclusions

can be drawn.
The stress has its maximum value (o, = 1.59) when two spheres
of the same diameter (¢ = 1) are compressed. As the diameter of one
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of the spheres increases, the stress falls becoming equal to o, = 1
when g = o (i e., when a sphere rests upon a flat surface).

1f a sphere is in ‘contact with a concave spherical surface, the stres-
ses will be significantly less than in the preceding case and will
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Fig. 236. Maximum siresses cyay 49 function of compressive stresses Ucomp for
different values of @ = D/d (compressmn of spheres)

sharply drop with the decrease in a, i.e., when the diameter of the
concave spherical surface approaches cioser to the sphere diameter;
tending to zero at @ = 1, when the concave spherical dlameter is
equal to the sphere diameter.
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This does not imply that the stresses vanish completely; but only
means that Hertz's formula is inapplicable when ¢ ~ 1, because
this renders invalid one of the assumptions underlying the basic
theory, namely, the assuraption that the size of the compression area
ig infinitesimal in contrast to the dimensions of spheres. When g == {
(and even with values very close to unity) the stresses should be
defined as crushing stresses.

Now, let us transform Eq. (6.1) as follows. Substitute the radicand.

l ;g by Goompr = TIEEE Where G ompy is the compressive stress kgf/mm?,

produced by the action of force P in the central section of a d-diameter
sphere (actual stress for solid spheres and conditional for truncated
spheres and bodies having a limited spherical surfacs).

In the overwhelming majority of cases contact joints are made of
steel (E == 21 000 kgi/mm?). Substituting this value into Eq. (6.1)
gives

Grmax =430 17 O sompr Go (6.3)
where o,—effective stress Eq. (6.2).

The diagram, presented in Fig. 236, embraces the three kinds of
loadings and shows 0y as a function of ¢ gomp, for various magnitu-
des of & and enables any problem connected with caleulations of
spherical joints to be easily solved. ‘

A few examples for illustration.

Example 1. Find the maximum stress in a ball, 10 mm in diameter, res-
ting upon a flat surface and loaded with force P == 15 kgi.

B 16 X
N 1.27 oo™~ 0.2, Starting from
the point Geompr == 0:2 on the abscissa moving vertically until meeting line
e = oo, we find on the ordinate axis that omax = 250 kgffmm?

Example 2, The diameter of a ball and its load are the same. The hall rests
in a spherical socket with e = 1.02. Clearly, the compressive stress in the ball
is equal to that in the preceding case (0pompr = 0.2). Now, moving upward from
this point until meeting line o = 4.02, we find that ompay = 18 kgi/mm?,

Example 3. The given load is 100 kgf; permissible stress oupmax = 50 kgf/mm?®.
Find the diameter of a ball suitable for these conditions when the ball is to be
mounted in a socket with ratioc « = 1.02.

Follow from the point omay = 50 kgf/mm? along the horizontal, until mee-
ting line a = 1.02, we find on the abscissa that Goompr = 4 kgi/mm?®. Hence,
the ball diameter

1.27P /7 1.27.100
d_]/%ompr m_]/ —=— =57 mm

As the material in the contact area is subjected to omnilateral
compression, high stresses (100-200 kgtf/mm?) are generally permissible
when designing contact joints. With shock loads the permitted stres-
ses are lowered 2-3 times, ‘

Contact joint members are made of thermally hardened steels,
mostly of hearing gradeg TIX15 and HIX15CT' (hardness after har-
‘dening and low tempering 82-65 Re).

The compressive stress Ocompr =
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Fig. 237. Maximum siresses ogay (With P = 1 kgf) as a function of sphers diame-~
ter d

Fig. 238, Spherical connections
# and 2 — point contact; 2 and ¢ — gurlace contact
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We now explain in a generalized form the influence of sphere dia-
meter on strength. From Eq. (6.3)

S 3
Umax == 430 ]3/-0‘compr Gg ] 430 ]/.1 .27 "?5%" GO (6.4)

Consequently, the maximum stress is inversely proportional to d*®.

The graph, plotted in Fig. 237, is based on Eq. (6.4). [t is evident
from the graph, that inecrease in sphers diameter sharply lowers
stresses in the area of small diameters but as diameter increases the
stress Jowering proceeds more slowly. Beginning from a certain value
of d, the lowering becomes hardly perceptible. In the given case when
a = 1.02-1.1, this begins from sphere diameters of 20-30 mm. The
range of advisable diameter increase is rather larger for spheres
working on spheres.

In conclusion, let us compare the strength under point and surface
contact (Fig. 238). Assume ¢ .ompr = 0.1 kgf/mm?® for all cases. For
cases & and 4 havma' surface contact this stress, obviously, is equal
to the bearing stress o, on the bearing surfaces (Op = Ccompr =

= 0.4 kgf/mm?).

Listed helow are the values of oy a5, for cases 7 and 2, as well as
the oy ax/0p Tatios, characterizing the comparative strength of joints
having point and surface contact. Since the permissible stresses under
contact loading are, on average, 5 times higher than the admissible
bearing stresses ¢, the comparison is given in terms of the ratic
Omax/90p

Case 1] Case 2
Umax, kgifmm? . . 200 15
Omaxf{0a + « . . . 2000 150
Omax/50s . . . . 400 30

Obvxously, the strength of a joint, when a sphere rests upon a flat

surface, is 400 times, and when seating in a spherical socket at

= 1.02, is 30 times less ’shan the strength obtained under surface
econtact. :

6.2. Cylindrical Connections
According to Hertz, the maximal stress in cylindrical connections

Crax = 0.6 }/ ]/1 kgf/mm2 {6.5)

where P = acting force, on the connpection, kgf
E == Young's modulus forthe matemal of the cylmders, kef/mm?
d == diameter of small cylinder, mm
I = length of cylinders, mm

~a = D/d = ratio of large and small c¢ylinders diameters
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The minus sign is for the case when a cylinder acts on a eoncave
eylindrical surface.

Denoting
' 1 p
”/‘(/-t i;):{j‘e; ‘lg‘mgcompr

and assuming £ = 21 000 kgf/mm?, we find that
Ornax =87 V‘jcom;nr. gy kgl/mm? (66)

where ¢, = maximum effective contact stress

Oompr = Compregsive stress, taken across the meridional section

: of a cylinder having diameter d

The values of o, as a function of o are plotted in Fig. 239, for the
three kinds of loads: cylinder on a cylinder, cylinder in a cylindrical
seat and ecylinder on a flat
surface (D =00, = 1). &

In their general appea- 6
rance the g, curves are sim-
ilar to the curves of the 14
spherical connections (see
Fig. 235). The stresses have ,,
their maximum value during
compression of identical
cylinders (g, = 1.41), are
lowered when a cylinder
contacts a flat surface
(vg = 1) and sharply fall
when a cylinder seats ina Q6 /
cylindrical socket, approach-
ing zero if the diameter of g4 [ :
the socket becomes equal to li

|

La

a8

that of the cylinder (a ==1). ,,
A diagram, used when
designing cylindrical conne-
ctions and based on Eq. (6.6), [ 2 345 10 20 50 WO 200 a
is presented in Fig. 240. Fig. 239. Effective maximum stress o, as a

While comparing this graph  fypeeion of ¢ = D/d (compression of cylin-
with the graph, shown in ders)

Fig. 235, one can clearly
see, that the oy, stresses, for the same o ompr values are much
less in the case of cylindrical joints than for the spheres,

The ratio between stresses oy ax ¢pp in spherical connections and
StTeSSeS Omayx oy; D Cylindrical connections agr