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Editor's Note

The following pages contain an abundance of the data and 
procedures needed for fatigue design of machine compo
nents. Since, however, the boundaries of knowledge in 
this field are continually advancing, the designer wishing to 
keep abreast of the latest developments is strongly recom
mended to supplement his reading of the book by studying 
the Design Data Sheets on fatigue which are published from 
time to time by the Engineering Sciences Data Unit, 251-259 
Regent Street, London WIR 7AD.

IX





Preface

The reader will find in this work a practical aid to the design of machine components 
subjected to cyclic stresses.

A short review (Part I) of the methods of calculation used in current theoretical in
vestigations, which are being continually broadened by the acquisition of new knowledge, 
is followed by numerical data derived from research, contained in tables and diagrams 
(Part II), without which the theory would not be utilizable in practice, for most of the 
results of the very extensive and ramified research work are scattered over a wide range 
of periodicals.

The book deals with the fatigue strength of various materials of construction (steels, 
other metals, plastics) and the factors by which it is mostly affected (surface finish, sur
face treatment, size of workpiece, corrosion, heat treatment, thermal effects, life, over
load, etc.).

The determination of the theoretical stress concentration factor and the fatigue 
strength reduction factor is greatly simplified by a series of special nomograms. Instruc
tions are given for the calculation procedure and the determination of safety factors.

Designers can effect considerable economies in size and savings in material with the 
help of this book. In addition, it offers research workers a valuable survey of the field 
(particularly in the comprehensive bibliography). It will also be of great service as a 
textbook in universities and colleges of technology.
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Introduction

Most machines and appliances have to withstand frequent load variations. To take only 
a few examples, the load on vehicles and transport equipment, power generators and 
converters, machine tools and agricultural machinery, is perpetually changing.

Variation of the load on machines involves variation of the load on their components, 
and in fact the load (or the direction of the load) on individual components very often 
varies even when the load on the machine as a whole remains unchanged — a typical 
example being a rotating shaft subject to bending.

As long ago as the beginning of the nineteenth century it was established that the 
stress which a material could resist was much higher if it was held at a steady value than 
if it was repeatedly reversed, say a million or more times. After a certain number of 
loading cycles fracture takes place at stresses which would be harmless if applied stati
cally.

It was Bach who, on the evidence of Wohler’s tests, first divided the permissible 
stresses for steels into three categories, viz. those for (i) static, (ii) reversed, and (iii) 
fluctuating stress. This classification was in general use for a long time, and it is still 
applicable in cases when special accuracy is not required.

Consideration of the yield point and the safety factor led to the assignment of the 
ratio 3 : 2 : 1 to the permissible stresses in these three categories in order.

Development in engineering, more especially in transport and aviation, and the 
striving for economical design, called for a careful re-appraisal of all methods of cal
culation, for the factors of safety in common use were being shown to be on the whole 
too large — though in quite a number of cases too small. Too large a factor of safety 
results in overdimensioning and increased weight and power consumption. Too small 
a factor of safety, on the other hand, causes premature fracture, operating troubles, 
accidents or even, in some circumstances, danger to life.

Understanding the behaviour of a material under fluctuating load is not a simple 
matter. Under static load the permissible stress in a material depends on the cross- 
section, the type of stress, and the composition of the material. Under fluctuating load, 
however, other factors, such as surface finish, number of stress cycles, and, in some cases, 
corrosion, also have an effect. Investigation has been adversely affected by the fact that 
the theoretical and practical principles of the measurement of surface roughness were 
not established until recently, added to which the necessary measuring instruments were 
not available. This partly explains the frequent very considerable differences or even 
contradictions in results of investigations.

It can be stated without hesitation that the whole former concept of design for fatigue 
conditions has needed rethinking. Thus, for example, if calculation by the methods 
hitherto used indicated a high stress, a high-strength alloy would be selected. Recent
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XIV INTRODUCTION

researches have shown that this is not always correct, because in the presence of a notch 
steels of higher strength show a vulnerability not exhibited by plain carbon steels, and 
it can thus happen that they withstand a smaller instead of a greater number of cycles. 
The specifying of surface roughness not only serves aesthetic ends but is very important 
in regard to the endurance of the workpiece. Deciding on the fillet radius at the end of a 
shaft (which used to be drawn routine-fashion using any template to hand) has proved 
to be just as important as a proper choice of material.

Designers have so far made relatively little use of the modern methods of fatigue 
design. This is due to the lack not so much of theoretical treatment — which is already 
sufficiently provided in textbooks — as of actual numerical values.

The present work, then, can most effectively help to make the new methods known if 
in conjunction with a short explanatory summary of the theory, followed by appropriate 
critical comments, it offers designers all the relevant data now available or to be extracted 
from the literature. This has been attempted in the following pages.



PART I

T H E O R E T I C A L  B A S I S





CHAPTER 1

Fatigue Diagrams

1.1 Wöhler tests
It was about a hundred years ago (1870) that Wohler's classic paper On Mechanical 

Tests with Iron and Steel (Über die Festigkeitsversuche mit Eisen und Stahl — Zeitschrift 
für Bauwesen) appeared — based on twelve years' laboratory experiments. In this paper 
Wöhler showed quantitatively that railway-wagon axles broke when repeatedly sub
jected to a load that they could carry quite safely if it were applied statically. Despite 
fairly general acquaintance with this fact, the beginnings of the design of engineering 
components in relation to “fatigue strength” have been only recent. C. Bach made a 
systematic summary of Wohler’s results, and his important work Engineering Compo
nents — their Design and Construction (,Die Maschinenelemente, ihre Berechnung und 
Konstruktion, Stuttgart, 1880) was the first book on this subject.

Since then the effect of cyclic loading — “fatigue” of materials — has become one 
of the most frequently and variously treated chapters of the strength of materials. Yet 
even now it cannot be said that every aspect of the problem has been clarified.

For years or even decades the test results obtained were sometimes contradictory, 
for the effects of certain factors on the fatigue strength of materials became clear only 
later — like the surface finish of the test piece or the component, for instance. Only in 
the last decade or so has it been possible to express this latter quantitatively and to 
achieve precise repeatability in production, thus making the study of the effect of sur
face finish on fatigue strength practicable. Inconsistencies in the results of earlier tests 
carried out without proper precautions in this respect are not surprising. As another 
example, even today there is no suitable means of measuring degree of corrosion, and yet 
this too is a factor that has a considerable influence on fatigue strength.

The laws of fatigue, and the aim of increasing the life of materials as much as possible, 
have greatly altered the outlook of designers. The carefree sketching-in of the radius 
joining the different diameters of a shaft which prevailed in former times has been re
placed by an exhaustive consideration from the fatigue point of view. Previously no one 
worried over using a high-alloy material for a component in which the loading produced 
a high stress. In fatigue, however, these materials are very sensitive to stress concentra
tions, and it can easily happen that a component made from high-alloy material will 
withstand fewer load cycles than one made from plain carbon steel.

Accurate knowledge of fatigue phenomena is of the greatest importance in economi
cal dimensioning of machines and components. It often happens that because of the 
variability in fatigue endurance, components that are still sound are rejected along with 
one that has come to the end of its safe life. If endurances were definitely known, it 
would in most cases be possible to reduce manufacturing costs by reducing the dimen
sions of those components that had an unnecessarily high endurance, or by changing 
the material used.

l



2 FATIGUE DESIGN OF MACHINE COMPONENTS

Dimensioning in relation to fatigue is of particular importance in the motor industry, 
where the vehicle weight exerts a telling influence on the fuel consumption and so on the 
running costs.

1.2 Types of cyclic stress

In studying the fatigue strength of materials or components the first thing to do is to 
classify the different types of stress fluctuation. Fluctuation implies an upper and a 
lower limit of load, and consequently an upper and a lower limit of the stress produced 
in the component. Denote the former by au and the latter by at. The fluctuation can be 
considered as a stress of amplitude + oa superimposed on a steady average stress am. 
Thus

al ~ am ~  aa

and о u — am + cr0.

The stress fluctuation, with its amplitude oa, may take place in a continuously increasing 
and decreasing fashion; the stress at any instant then varies according to the well-known 
sine curve (see Fig. 1.1). On the other hand the fluctuation may be abrupt (discontin
uous),11 and then the stress at any instant is represented by a square-cornered pattern

F ig . 1.1. Continuously varying cyclic stress
(a) — Fluctuating tensile stress between 0 and ou
(b) — Fluctuating compressive stress between 0 and — au
(c) — Fluctuating tensile stress between +ст, and +cru
(d) — Fluctuating compressive stress between — cr, and —au
(e) — Reversed symmetrical stress between + a u and al =  —au

F ig . 1.2. Abruptly varying cyclic stress 
(a), (b), (c), (d) — Fluctuating stresses 

(e) — Reversed symmetrical stress
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of lines (see Fig. 1.2). The special but frequently occurring case in which am = 0, i.e. 
a, — — au, is given the name of reversed (symmetrical) stress, and that in which a, = 0, 
i.e. au = 2aa, repeated stress.

The quotient R = ajau is termed the “stress ratio”. Its value is:

— 1 when om — 0

0 when a, = 0

1 when a, = ou,

for which reason the first case is usually denoted in the literature by

<7 - 1,

the second by a0,

and the third by tr+1.

The number of load cycles is usually denoted by N  and the frequency by n (i.e. N=nt).
The above is also fully valid when torsional or shear stresses occur in the component 

instead of tensile-compressive or bending stresses.
From the series of experiments already mentioned, W ohler established that the 

fatigue strength of components depends not only on the maximum stress au, but also 
on the minimum stress 07, and thus also on am. Originally he presented his results in 
tables, but later, for practical utility, he gave them in the form of graphs, with the loga
rithm of the number N  of stress cycles as abscissa and the value of a as ordinate. One 
of his tables of results is reproduced below, and the a-N (or, as commonly known, 
“S —N ”) curve plotted from them is shown in Fig. 1.3.

Railway-wagon axle, machined.
Material: “Phoenix” steel, tensile strength aT = 3 250 kgf/cm2.
Type of loading: tensile.

a‘ ь. ?Г 2 Nkgf/cm2

0 4 010 169 750
0 2 630 4 035 400
0 2 190 48 200 020 (unbroken)

On the basis of this test the “fatigue limit” (or “fatigue strength”) otcf  of the axle 
was determined as 2 190 kgf/cm2. This means that the test piece (or component) would 
sustain without fracture a tensile stress of 2 190 kgf/cm2 repeated “any desired number” 
of times — which in practice may amount to many millions of cycles.

To shorten the testing time, it is usual with steels to carry out fatigue tests only as 
far as N — 1 to 2, or exceptionally 5 million cycles, as may be agreed; for experience 
shows that if a test piece will sustain this number of cycles it will not break however 
many similar cycles are applied to it.

Wohler’s results mentioned above are, however, applicable only to a very limited 
extent in practice, because they are valid (1) only for tensile loading, and then (2) only
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if 07 = 0. For practical application a diagram is needed from which fatigue limits can 
be read off not only for a, = 0 but for any other loading conditions (any tension-com
pression fatigue limit). This purpose is best served by the diagrams known as the Smith, 
Haigh and Moore-K ommers diagrams, which we will come back to later.

1.3 Load spectrum

The variation of stress amplitude щ components with changing load in the machines 
of which they form part has already been discussed in the Introduction, and need not 
be gone into further here. It is evident that the stress in the connecting-rod of a car 
engine will have different values at running speeds of, for example, 20 and 60 miles per 
hour. Again, there will be little stress when the car is running on a level road, but when 
it is going uphill the stress will be high.

The endurance of machine components is, of course, considerably affected by varia
tion of stress amplitude. For a reasonable prediction of endurance, the stress variation 
must be imitated in fatigue tests.

F ig . 1.4. Record of stress variation

Fig. 1.3. S -N  curve for railway-wagon axle
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With this in view, fatigue tests not long 
ago used to be preceded by a determina
tion of the spectrum (distribution) of load
ing. This was effected by fitting strain 
gauges or magneto-striction sensing ele
ments, photographing the traces which they 
gave on oscilloscope screens, and stating 
the frequency of given stress levels (Figs.
1.4 and 1.5). Owing to the vast amount of 
work required to evaluate the film records, 
preference has recently been shown for de
vices which automatically count the fre
quency of the individual stress levels. The 
structure and operation of a portable de
vice of this kind, called a histometer, is 
described by R u dn ai [79].

When the frequency of the various stress levels is known a programme-controlled 
fatigue testing machine can be used to reproduce very closely in a specimen the actual 
stress in the machine component concerned. This is an essential condition for reliable 
prediction of endurance.

1.4 S-N  curves, and an outline of the metal-physics aspects of fatigue

If S —N  curves obtained from fatigue tests on various steels are studied, a great 
deal of similarity will be noticed. Up to a few hundred or thousand cycles the test pieces 
sustain a stress only slightly lower than they would in the familiar static tensile test. 
At an endurance of several thousand cycles, however, their load-carrying capacity rap
idly diminishes, i.e. the S - N  curve begins to drop sharply. But ultimately all types 
of steel reach a limiting stress which the test piece will withstand without fracture, even 
at many millions of cycles. Thus three phases of the S —N  curve can be distinguished 
(Fig. 1.6). Phase I is the low-cycle fatigue phase, Phase II is that of high-range fatigue' 
and Phase III that of low-range fatigue. The mechanism of fatigue of the material is 
quite different in these three phases.

Phase I — the phase of static or low-cycle loading — occurs comparatively rarely 
in practice, for there are very few machine components whose loading, at least during 
their actual working lives, is completely or almost completely static. The properties 
of the material determined on ordinary static testing machines are usually, therefore, 
not really significant. If the loading varies (or even changes direction) a few hundred 
times, then, as tests have shown, “damage” occurs in the interior of the material, though 
it does not appear at the surface until later.

Phase II is of greater practical importance. If the surface of the test piece is viewed 
under high magnification, bands of lines at an angle with the length of the test piece 
can be observed. They reveal the slip planes at the surface. Slip planes occur at places 
where dislocations are present in the crystallites. Slip beginning at these places will 
sooner or later, under the influence of repeated loading, reach the surface of the test 
piece, appearing as microcracks.

Fig. 1.5. Bending moment (and stress) 
frequency distribution
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Fig. 1.6. Features of the S-N  curve

If the loading is sufficiently high, these microcracks develop into macrocracks, and 
finally fracture occurs. It can happen, however, that the dislocation is blocked if any 
obstruction lies in the path of the microcrack and the stress caused by the loading is not 
high enough to overcome the obstruction. In this way Phase III, the low-range fatigue 
phase, comes into operation below a certain level of stress.

According to LebedYEV [45], an effective obstruction in the path of the dislocation 
is formed only by those stray atoms that penetrate into the lattice of the steel atoms. 
For this reason “blocking of microcracks” and a “fatigue limit” can be spoken of only 
for those metals in which stray atoms can be incorporated in the lattice. Such are, for 
example, the various steels, but not light alloys, which are known not to comply with the 
necessary condition and for which, therefore, it is not possible to have a fatigue limit 
in the proper sense. With light alloys the S —N  curve tends to fall even in Phase III. For 
these metals, therefore, the “fatigue limit” is taken, for want of a better criterion, as 
the stress at which they withstand ten million cycles.

As in Phase II and Phase III the position of the slip planes and the occurrence of 
dislocations are entirely “random” phenomena, modern investigations are based on 
probability theory, which treats random events mathematically.

1.5 The equations of the S-N  curves

As S —N  curves are all very similar, and straight lines in the er-log N  coordinate 
system approximate quite closely to their individual parts, attempts have been made to 
represent them by a mathematical equation. The aim is readily understandable. If the 
equation of the S —N  curves (straight lines) can be successfully put into mathematical 
form, then deductions about the behaviour of a material — even at different stress 
levels — can be drawn from extremely few measured values.

On the basis of calculations and tests, Stüssi [89] formulated an equation for the 
S —N  curve as follows:

°E = aT\+ C N pF (kgf/mm2). (1)



Here C and p denote constants depending upon the material. Thus, when the tensile 
strength oT and the fatigue limit oF of the material are known, the endurance limit aE 
for fatigue failure at a given number of cycles N  may be calculated. The value aF may 
relate to repeated, fluctuating or reversed stress, and oE will relate to the same type of 
stress.

For practical purposes it is best to transform equation (1) as follows:

oT + CNpoF 
°E = 1 + CNP

whence

ot  + oECNp = oT + CNpoF 

or

oT- o E = NpC(<te -  (TF)

and thus we have

(J T  --- О  Г7— ------ = NPC
G E ~

or

log — ---— = p log N + log C
aE — a F

and denoting log N by i,

(J t  — O’ iг
lo g ----------= pi +  log C .

a E  ~  a F

To determine the constants p and C, a trial-and-error method is used to find the
0" p   ̂Г1value of oF which gives a straight-line relationship between log---------- and log N.
о  £  —  O p

Example. The following experimental results were obtained:

о j  — 39 kgf/mm2

Test . жг
No. ° E N  0g N

1 oEl =  27 kgf/mm2 IV, =  255 000 log IV, =  5407
2 aE2 =  21 kgf/mm2 TV, =  408 000 log TV, =  5-611
3 oE3 =  18 kgf/mm2 TV3 =  970 000 logTV3 =  5-987

First trial value: oF = 15 kgf/mm2. This gives

oT—oE1 39 — 27 12
1о8 ^ Т , "  106 2 7 —7 7  " |08T2 - 0

FATIGUE DIAGRAMS 7



8

СГ у  (7г
When the three values of log -----------are plotted against the corresponding values

°"я —
of log N, the points do not lie on a straight line, and another value of aF must be tried. 

Second trial value: aF = 17'5 kgf/mm2. This gives

108^ - ^  =  0-102 
а Е1 ~  ° F

log a?  -  g£2 — 0 711 
<r£2 ~  °>

log— ■ — = 1-623.
f f E3 ~  ÖF

When these values are plotted, the points lie, to a close approximation, on a straight 
line; so the value oF = 17'5 kgf/mm2 is adopted (Fig. 1.7).

If log —----— is denoted by у  and log N  by x, the equation of the straight line can be
&E ~  ° F

obtained from the well-known formula

У -  У\ = ~ — (* -  *i) •
•*3 *^1

From Fig. 1.7 we have
x ! =  5-407 x3 =  5-987

y x = 0-102 j 3 = T623

whence
у = 2-62x -  14-08.

The equation of the straight line then reads

log 39 = 2-62 log N -  14-08
aR-  17-5

ат- а Ег 139 — 21 18
log-1------ - = log+----- — = log —  = 0-477

a E2 ~  ° f  21 — 15 6

(7t ~ <j e 3 , 39 — 18 21log---------- = log—-----— = log—- = 0-845.
aE 3 — aF 18—15 3

FATIGUE DESIGN OF MACHINE COMPONENTS

logIV = 5-40 + 0-382 log—9(7 ß — 17 *5
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F ig . 1.7. Determination of constants 
in Stüssi’s equation

Weibull [111] assumed that the log a — log N  curve approximates closely to a 
straight line, and stated the following relationship:

log N  = log к — m log (er£ -  crF).

With steels, for endurances between 105 and 2 to 4x 106 cycles, the above formula 
gives a close approximation to experimental values. The constants к and m can be found 
from experimentally determined values of aE and N, as follows:

Three specimens are tested in fatigue to fracture at different stresses. The endurances 
and associated stresses are denoted respectively by:

N  i oE1

N2 СУЕ2

N3 oE3

(Ni < N, < N3',(tEi > aE2 > <т£з). 

The Weibull formula may be written:

N  = k(aE -  aF)~m 

or N(oe -  oF)m = k.



Thus:
— <Jl)m — к 

Ni{?e2 ~ о F)m — к 
Щ оЕЗ -  aFy  = к

or, by substitution:
N\(aei ~  °>)m — N4(0E‘i — oF)m 

Ni(?ei ~  oF)m — N3(oE3 ~ ap)m >
giving

N1 __ oE2 ~  N1 ^ aE3 — oylm
N2 о ei ~  °V/ Л'з 9 e i ~ ° f1

Taking logarithms,
, ^1 , Ier £2 — °>log —  = m l o g ------ —N2 \oEi — aF
, laE3 -  o>log —  = m log ----------  ,

N-,\ '0e\ ~  Of.
whence

, N l  , (a E  2 — a Flog —  log ------------
^ 2  _  \ a E l  ~1 I i°E3 ~ Op\lo g - -  log ------------
N3 — oF)

log Nx -  log N2 log (oE2 -  Op) -  log (<тя1 -  Op)i.e. ------------- •—  = ---------------------------------------,
log Nx -  log N3 log (oE3 -  Op) -  log (oE1 -  Op)

A few values of oF are now assumed. The corresponding values of the right-hand 
side of the equation are plotted against of . A curve is drawn through the resulting points, 
and the point on the curve which gives the value of the left-hand side of the equation 
corresponds to the required value of of .

Let us calculate aF in this way, using the data of the example given above.

Test No. N„ aEn

1 255 000 27 kgf/mm2
2 408 000 21 kgf/mm2
3 970 000 18 kgf/mm2

Assuming that oF =  17 kgf/mm2,

, (21 — 171l o g ----------
( 2 7 -  17 log 0-4 0-602-1
[ 1 8 -  171 “  logO-1 0 - 1

°g ( 27 — 17

10 FATIGUE DESIGN OF MACHINE COMPONENTS



If o> = 16 kgf/mm2,

1 f21 -  16
108127 — 16 , 0-455 0-658 -  1

(18 -  161 -  08 0 182 -  0-260 -  1 -  
l0g!2 7 ^T 6 j

Finally, if fff ~  15 kgf/mm2,

log(27 -  15) log 0-500 0-699 - 1
, (1 8 -1 5 1  log 0-250 0-398 - 1
l0g|2 7 3 iy j

The left-hand side of the equation is 

Л/i 255 000
°g Ж  ° 8 408 000 log 0-625 0-796 - 1

" Ж ~ ,  25500Ö" _  log0-263 -  0-420^ 1 ~ ° 2 'log —  log----- ----- -
& N3 6 970 000

Plotting the calculated values of the right-hand side against aE, the graph shown in 
Fig. 1.8 is obtained. Taking the point 0’352 at which the right-hand side is equal to the 
left-hand side of the equation, we read off the required value of the fatigue strength 
ffF as 17’5 kgf/mm2.

Knowing that ffF = 17"5 kgf/mm2, we can determine the value of m:
Ai 255 000

0g 7V0 °8 408 000' log0-635 0-803 - 1
m ~ ■ ff e 2 -o -f] “ . (21 — 17-51 “  log 0-369 “  0-567 -  1 “  0 455 ’

ffE\ — ffp) 127 ~ 17 5 
For k, we have

log к = log Nx + m \og(ffEl -  07)
= 5-407 + 0-455 log 9’5 
= 5-852.

Thus the equation of the S —N  curve will read:

log N  = 5-852 -  0-455 log(ff£ -  17*5).

The Weibull formula constants for a number of materials can be found in Table 1 of 
Part II.

Tests carried out to determine S —N  curves have shown that the ff—log N  relation
ship is not a rigid one — in other words, if several specimens are tested at the same stress, 
they do not all fracture at exactly the same number of cycles. This phenomenon is in 
full accord with that mentioned in connection with Phases II and III of the S —N  
curve. It cannot be definitely asserted that, for example, a particular steel specimen 
under tension-compression loading with atcf — 45 kgf/mm2 will break at an endurance

FATIGUE DIAGRAMS 11
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Fig . 1.8. Determination of fatigue limit by Weibull’s method

N  = 10e. There is only a certain probability that fracture will occur. Such an assertion 
is thus only technically accurate if the probability of fracture, e.g. 1 per cent, is coupled 
with it. The meaning of this is that if a large number of specimens are fatigue tested at 
the given stress, only 1 per cent of them will fracture within the given endurance.

Table 1.1 shows the results obtained by various laboratories in fatigue tests that were 
very carefully planned and carried out on specimens of similar material, similarly pre
pared.

As can be seen from the table, fracture at each stress level occurred at widely varying 
endurances. It is only by the application of statistics that the expected value for the

Table 1.1

Summary of results of fatigue tests

Laboratory Strese Endurance, 103 cycles
(kgf/mm2)

NEL (U.K.) 1 55 I  226 264 265 293 324 342 391 461 647
J. Lucas (U.K.) I 113 114 196 240 268 354 400 505 810
MPI Darmstadt (Germany) j 236 284 301 323 381 385 638 672 809

NEL (U.K.) 60 109 119 119 129 135 157 197 201 204
J. Lucas (U.K.) j ; 137 142 231 233 243 266 270 278 291
MPI Darmstadt (Germany) j  137 158 163 181 211 215 229 235 265

NEL (U.K.) 65 8 11 12 27 34 35 36 39 39
J. Lucas (U.K.) j  45 48 53 60 82 88 104 137 230
MPI Darmstadt (Germany) 20 24 32 38 42 51 53 59 64

Material composition: 0 35 % C, 0'32 % Si, 0’60 % Mn, 0006 % S,
0 016% P, 0-20 % Ni, 1T6 % Cr, 0 020 % Mo

Heat treatment: 850°C, 45 min; quenched in oil. Afterwards 590°C,
4 h; cooled in air.

aT =  100 kgf/mm2 e =  14 to 16 per cent.
Stress: Tension-compression.
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Fig. 1.9. Log-normal distribution for probability of fracture

endurance of any further specimen and the scatter — and thus at the same time the 
probability of fracture — can be given.

A simple but effective method of obtaining a “complete” S —N  curve from the test 
results in Table 1.1 is given below.

As with all statistical treatments, the first task is to determine how the values — the 
population, in mathematical parlance — are distributed. Investigations have shown 
that the two best assumptions in regard to distribution are the log-normal distribution 
and the W eibull distribution. The W eibull distribution, with three parameters, un
doubtedly gives a better fit to the test results, yet just because of its three parameters it is 
difficult to handle. In most cases the assumption of the log-normal distribution seems 
best. To determine whether the available results actually correspond to a log-normal 
distribution, either the у2 test [110] or a graphical method will serve. As the y2 test is 
lengthy to apply, we describe the graphical method below. Its essential feature is that 
the results are plotted with log N  as abscissa and the cumulative probability of fracture 
as ordinate. If the distribution of the population does correspond to a log-normal dis
tribution, the points will fall on a straight line. Suitable log-normal/probability graph
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paper is obtainable to simplify the work. It is shown in Fig. 1.9. In order to plot the 
graph it is first necessary to arrange the values in ascending order, and then the relative 
frequency of the results (i.e. probability of fracture) has to be determined by means of 
the formula

"-JT T -
where i = the number in order (1, 2, 3 , . .  ,, j)  of the individual result,
and j  = the total number of results.

If the results obtained in the three laboratories are considered as a single population, 
the values for <rtc = 55 kgf/mm2 arranged in ascending order are as follows:

N  = 113 114 196 226 236 240 264 265 268
284 293 301 323 324 342 354 381 385
391 400 461 505 638 647 672 809 810

thousand cycles.
Number of results j  = 27.
Thus the first point — that for the lowest endurance (N = 113x 103) — is plotted 

with the ordinate equal to a probability of

= -J— = 0'0357 = 3-57 per cent;27 + 1 28 F

the second (N = 114x 103) with the ordinate equal to a probability of
2—— = 7T4 per cent;28

and so on.
Repeating the process for ctc = 60 kgf/mm2 and c,c = 65 kgf/mm2 we obtain the 

points shown on Fig. 1.9 and joined by the thin lines. It can be seen that between 1 per 
cent and 99 per cent probability a straight line can be drawn through the points with 
reasonable approximation, so that the assumption of a log-normal distribution appears 
to be correct.

We shall now regard these straight lines as the idealized experimental results, assum
ing that with an increasing number of values a closer and closer approximation to the 
straight lines would be shown. Care must be taken, however, to draw the lines so as to 
get the best possible fit to the points, that is to say so that the points on the two sides 
of the line lie at equal distances from it. It often happens — as can be seen in our example, 
particularly for atc = 65 kgf/mm2 — that the deviations of the points from the straight 
line tend to be greater for both very low (10 per cent and less) and very high (90 per cent 
and greater) probabilities. This only indicates that the statistical population of results 
departs a little from the assumed log-normal distribution, and that special care is re
quired in interpreting the behaviour patterns in these ranges of probability.

If computer facilities are available it is desirable to position the straight lines by the 
method of least squares. As any computer will be provided with a programme for this 
purpose, there is no need to go into further detail here.

Even if computer facilities are not available, it is highly desirable to determine the 
point corresponding to the 50 per cent probability — which is termed the expected
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F i g . 1.10. Prediction of endurance for given probability of fracture at any stress

value, mean value, or value of greatest frequency — for each stress. This is the mathe
matical average of the logarithms of the endurances. For example, with atc = 55kgf/mm2, 
the average, ц, is given by

IlogJV 149-2711 c.c„ocH = ----- ;---- = — ——  = 5-5285,
J 27

and N50 = 338 x  10s, 

where
N  = endurance, and 
j  — number of values.

This point must be plotted at the ordinate for 50 per cent probability, and the straight 
line must pass through it. In this way it is easier to find the line giving the best fit to the 
plotted points; it should be drawn as far as the I per cent and 99 per cent ordinates.

The slope of the line indicates the scatter of the results; a steep slope indicates little 
scatter, and a lesser slope a greater scatter. The scatter constant can be determined by 
dividing the endurance for 50 per cent probability by that for 15'8 per cent probability:

£ _  -̂ 50%
-^15-8%

Since, in the design of machine components, it is generally the small probabilities of 
fracture (1 per cent or less) that are of interest, the diagram shows clearly that not only 
the “most frequent” (the mathematical average) endurance — usually depending on the
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chemical composition and heat treatment — governs the behaviour of the material, but 
also the scatter, which depends on care in manufacture and heat treatment. A specimen 
of medium-alloy but homogeneous material may have a greater endurance for 1 per 
cent probability than one of a high-alloy material that has been less carefully manufac
tured and heat-treated. In the former case, because of the smaller scatter, the endurance 
for 1 per cent probability is higher than where there is a higher average value but greater 
scatter.

Not only the endurance for 1 per cent or 99 per cent probability of fracture but also 
that for any intermediate probability can be read off from the diagram. If such endur
ances are plotted on the S —N  diagram at various stresses for the same probability of 
fracture and straight lines are drawn through the points, the endurance for any given 
probability of fracture can be predicted not only for the particular stresses used in the 
tests, but also for any other stresses (Fig. 1.10).

In practice it may be found that the three or more points for, say, the 1 per cent 
probability of fracture (in our example at stresses of 55, 60 and 65 kgf/mm2) do not lie 
on a straight line. In the interests of safety it is advisable always to join the points cor
responding to the lowest endurances. The line thus obtained should be regarded as the 
limiting line for 1 per cent probability of fracture.

In the case, which occurs only very rarely in practice, when the 99 per cent probability 
of fracture is required, the line joining the points corresponding to the greatest endur
ances should be accepted.

1.6 Determination of fatigue limit

In Phase III of the S-N  curve — which, for steels, runs approximately parallel to 
the log-A axis — difficulties arise about fatigue tests carried out at the same stress level. 
It can easily be understood from the general character of the curve that the endurances 
shown by specimens vary considerably for even small differences in applied stress. 
This means that the “accuracy” of the testing machine, i.e. the uniformity of the stress 
amplitude, has a considerable influence on the results. The technical problem of ensur
ing a strictly uniform stress amplitude is a very difficult one to solve, especially when the 
cycling frequency is high (as is very desirable in order to shorten the time required for 
testing as much as possible).

A further difficulty arises — when either the graphical method here described, or 
the mathematical method, is used — in incorporating in the calculation of the “average” 
(= 5 0  per cent probability of fracture) the result from a specimen which does not break 
within the ordinary maximum endurance of from 1 to 2 x  106 cycles. Continuation of 
the test to 10, 50 or 100 x  10e cycles takes an extremely long time, and is also very 
expensive, and consequently is to be avoided if possible. For “infinite” endurance it is 
impossible to calculate the mathematical average either graphically or arithmetically. 
In the neighbourhood of the fatigue limit, therefore, what is termed the “staircase” 
method is employed.

1.6.1 “Staircase” method of determining fatigue limit
The essence of the method [5] is to test a specimen in fatigue at a stress near what 

is estimated to be the fatigue limit. If it breaks at less than the “limiting” endurance 
decided upon beforehand (e.g. N  — 2 x  106), the stress is lowered a step and the test is
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repeated on another specimen. If it withstands the limiting endurance without fracture, 
the stress is raised a step. Upward and downward steps are equal. An example will 
assist in describing the method.

The material already referred to was tested by the National Engineering Laboratory, 
East Kilbride, to a maximum of 10 x 10® cycles with the results shown in Fig. 1.11.

The results are summarized in Table 1.2. The expected value (corresponding to 50 
per cent probability of fracture) of the fatigue limit can be calculated [5] from the follow
ing formula:

IA 1 1
=  o>o +  h r  ±  у  (2)

where aF denotes the fatigue limit, and the significance of the other symbols is as shown 
in the bottom row of Table 1.2. The ranking number for stress level entered in the 
table denotes each applied stress level (step) in order; the number 0 is always assigned 
to the stress level at which the less frequent occurrence first appears. (In the example 
it is at a stress of 49 kgf/mm2 that for the first time no fracture of a specimen occurs.)

The plus sign has to be used in the formula if the less frequent occurrence is “frac
tured”, and the minus sign if (as in the example) it is “not fractured”. Thus:

oF = 49 + 1 y - y  = 49'5 kgf/mm2.

Table 1.2
“Staircase” method

Ranking XI , „, Number ofnumber u„ Number occurrences
,, f/ress 2. ,°  of test of the less ifi \ i f

level P frequent type*
/ fl

52 i 3 2 0 0 0
51 2 6 2 4 8
50 1 5 3 3 3
49 0 2 2 0 0

-  Of  о

A o =  1 kgf/mm2 Z  =  15 F =  Z f ,=  7 A =  Zifl =  1 B =  Z i f , =  11
____ _______ I____________

* In this example, the number of unbroken test pieces.

Fig. 1.11. “Staircase” method



The expected scatter in the average value is determined from the formula:

S = 1 -620 Ac [F-  ~ .A + 0-029 
F

which for the example becomes
n  X 11 — 7 2

S=  1-620 X 1 - 2 —  +0-029

( 28—  + 0-029 49

= 0‘97 kgf/mm2.

This is the standard deviation of the values, and it is a well-known fact of statistics 
that the 1 per cent and 99 per cent probability limits are situated at g ±  2-34 S ; thus 
specimens stressed at 49'5 — 2'34 x 0'97 = 47-2 kgf/mm2 have a 1 per cent probabi
lity of fracture, and those stressed at 49'5 + 2’34 x 0'97 = 5T8 kgf/mm2 a 99 per cent 
probability of fracture.

The method gives reliable results only if the distribution is normal or log-normal. 
It is desirable that the number of specimens tested should be at least forty. This 

condition was not fulfilled in our example, but the aim there was to illustrate the method 
in simplified fashion. The advantage of the method is that the fatigue limit can be de
termined using relatively few specimens and that not only the expected value (mathe
matical average) but also the scatter is obtained, so that the probability of fracture can 
also be given.

On the other hand the disadvantage of the method is that the specimens must be 
tested one after the other, so that the complete test takes up a considerable amount of 
time.

The above-indicated supplementary treatment permits the construction of an “ampli
fied” S —N  curve including any given probabilities of fracture (Fig. 1.10 shows 1 per 
cent, 50 per cent and 90 per cent).

It should be noted that the form of the S —N  curve shown in Fig. 1.10 is not typical, 
because in most ca;es the scatter increases near the fatigue limit, instead of decreasing 
as in the figure.

1.6.2 Rapid method of determining fatigue limit: the Locati method

Determination of the S-N  curve calls for fatigue tests on several specimens or com
ponents. This is not practicable, however, in certain cases when only a single sample 
or prototype is available or the testing is restricted by shortage of time or by financial 
considerations. In such circumstances the use of the method recommended by Locati 
[51], which in most cases gives results accurate enough for practical use, is suggested. 

Locati started from M iner’s principle, according to which

Z —  = 1.
N„m

M iner assumed that fatigue failure appeared at different stress levels after the same 
amount o f deformation work. Thus if a specimen fractures after N x cycles under a
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stress аъ and the work of deformation in a single cycle is аъ then if A, is the total work 
of deformation to fracture,

A.
= A, , i.e. aj = —  .

If a specimen fractures after N2 cycles under a stress cr2, we have
A,a2N2 - A ,, i.e. a2 = —  ,
N2

and at any stress level am,

A,amNm = A,, i.e. am = — ~ .
^  m

Suppose now that a specimen is subjected to only nx cycles at the stress аъ n2 at a2, 
and nm at <rm, after which it fractures; then, according to M iner, the total work of de
formation is still A„ so that

apb + a2n2 + . . . + amnm = Ar«
Substituting for аъ a2 and am we have

Пл По . nm

Ж a  + nI a‘ + -' + k , '
or + ^  + +

M  N 2 N m

or in a short form

I y m

Tests have not fully confirmed M iner’s principle. Different results are obtained ac
cording as the successive stresses are applied with increasing or decreasing magnitude;

n nfor increasing stresses I —- > 1, and for decreasing stresses I — < 1 .
N  N

Formildsteel K ommers [39] obtained — =T71 to2‘35;RiCHARTandNEWMARK[78]

found T46 to 1 ‘56 for NiCrMo steel. These values were for increasing stresses. For 
decreasing stresses, Reylence found 0'75 to IT for mild steel and D ilter, FIerne 
and M ehl 0'91 to T01 for NiCrMo steel. Wallgren [109] proposed a correction factor. 
According to his results,

v _ “ _  у  
Z N  ’

where X  is a constant, depending upon the material, which has to be evaluated 
from test results.

The Locati method consists in testing a single specimen, the stress being raised by 
equal increments, and the same number of cycles being applied at each level, until 
finally the specimen breaks.

FATIGUE DIAGRAMS 19
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F ig . 1.12. Rotating-bending fatigue test specimen

Three different S —N  curves and fatigue limits are then assumed, and the value of
n nr __ is determined using each of them. Thus there are three values of X — correspond-
N N

ing respectively to three values of a. These are plotted and a curve is drawn through
n

the three points. The required value of aF is the one corresponding to X ~  = 1.

The procedure is illustrated by the following example:
A specimen as shown in Fig. 1.12 was stressed at levels beginning with 24 kgf/mm2 

and increasing in steps of 2 kgf/mm2; 100 000 cycles were applied at each level until 
the stress was reached at which fracture took place in less than 100 000 cycles. Three 
different S-N  curves were then assumed, with fatigue limits aF of 25, 27 and 29 kgf/mm2 
respectively (Fig. 1.13). Table 1.3 was drawn up from the test results and the assumed 
curves.

Fig . 1.13. Graph for Locati method
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Ordinary or logarithmic coordinates may be

used for plotting Z against aF. In Fig. 1.14 the

ordinate scale is logarithmic and the abscissa

scale is plain. At X ~  = 1 , <jF = about 27‘5

kgf/mm2, which is taken as the expected fatigue 
limit.

The value of the fatigue limit aF given by 
the Locati method has been found by experi
ence to be accurate enough for practical use, 
although, as mentioned already, experiments

have shown that in many cases the relation Z —
N

Fig. 1.14. Graph for Locati method= 1 is not correct. Nevertheless, the method has 
the important advantage that a single specimen 
or machine component is sufficient to estimate 
the fatigue limit.

It should be mentioned, however, that the method applies only to steels, and that 
it does not indicate the probability of failure which has been discussed above.

Table 1.3

Rotating- bending fatigue test of the specimen shown in fig. 1.12

Stress ar — 25 aF — 27 of  — 29
(kgf/mm2) N  i n/N N  \ n/N N  n/N
—

24 100 000 o o  0
26 100 000 900 000 0 111 o o  0
28 100 000 485 000 0 206 1 300 000 1 0-077 o o  j 0
30 100 000 260 000 0-385 660 000 0 151 1 300 000 1 0-077
32 i 100 000 150 000 0'666 380 000 J 0'260 680 000 j 0T47
34 100 000 80 000 1 250 215 000 j 0460 390 000 ! 0-256
36 31 000 45 000 0-689 130 000 1 0-238 225 000 j OT38

631 000 3-307 1-186 0-618

1.7 Fatigue diagrams

1.7.1 Smith diagrams
The fatigue limit varies with mean stress. Separate tests must therefore be made not 

only for each kind of stress, such as tension-compression and bending, but also for each 
mean stress, and separate S-N  curves must of course be plotted. When calculations are 
carried out it is thus necessary to select the appropriate S-N  curves from the group of 
curves for various mean stresses. It is for this reason that the fatigue diagrams devised 
by Smith and Haigh are used in computation instead of the S-N  curves.
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Smith suggested representing the results in a diagram having the mean stress aM as 
abscissa and the maximum and minimum stresses, Оц and a ,  respectively, plotted on 
the ordinate scale.

The symmetrical reversed-stress amplitude oa(= av = — oL) which the material 
will just withstand without fracture (even at an infinite number of cycles) must be 
plotted on the ordinate axis, as the mean stress am = 0. The upper value of stress, 
<ти = + oa, must be plotted in the positive direction, while the lower value aL = — aa 
will be plotted at the same distance from the origin but in the negative direction (A and 
A' in Fig. 1.15).

The upper value of the repeated stress, varying between 0 and a maximum (aL = 0 
and ои = <rmax), which the material will withstand for an infinite number of cycles 
has to be plotted with abscissa + <tuI2, since in these conditions this is, of course, the 
value of om. Thus ац and aL become respectively В and B' in Fig. 1.15. By plotting test 
results for other values of am in a similar way, curves of аи and aL are obtained.

A straight line at 45 degrees to the coordinate axes completes a diagram in which 
the values of аи, am, and aL at any point are given by the intersections with the curves 
and the 45-degree line of a straight line parallel to the ordinate axis. The curves 
of au and aL will intersect on this straight line at points C and L. At these points 
aL ~  au — am> giving the static strength in tension or compression.

In practice, Smith diagrams are terminated at the yield point ay, for beyond this 
point the stress pattern is altered because of permanent deformations in the material 
under test. The curve of аи stops in practice at D, where av = ay. The point D is pro
jected on to the curve of aL at D' , and the straight line of the yield point ay is extended

Fig. 1.15. Smith diagram

2 2
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as DG to the point of intersection G with the 45-degree line. Similarly for the part of 
the diagram representing compressive stresses, the curve of aL stops at H '. The point 
H' is projected on to the curve of av at H, and the straight line of the yield point in 
compression is extended as H 'J  to the point of intersection J  with the 45-degree line. 
The behaviour under any stress may be determined from the Smith diagram obtained 
in this way. If the maximum and minimum stresses lie between the curves of au and 
oL, the material in question will not break even at an indefinite number of load cycles. 
On the other hand if the maximum and minimum stresses lie outside the curves, but 
the value of <tc/ does not exceed the yield point ay, failure will take place in all cases, 
but only after a given number of load cycles or period of duty. If av exceeds the yield 
point oy, permanent deformation will occur.

The straight lines subtending the following angles with the au axis are often added 
to the diagram:

ф = 5°40' (tan 5°40' = 01)
ф = 11°20' (tan 1Г 20' = 0-2)
ф = 16°42' (tan 16°42' = 0‘3)
ф = 21°50' (tan 2Г50' = 0'4)
ф = 26°40' (tan 26°40' = 0’5)
ф = 30°55' (tan 30°55' = 0 6)
ф = 34°55' (tan 34°55' = 0.7)
ф = 38°40' (tan 38°40' = 0.8)
ф = 41°55' (tan 41°55' = 0‘9).

The straight lines marked 0T, 0‘2 , . . ., 0-9 intersect the Smith diagram in the points 
in which the ratio of the mean stress to the maximum stress oJ ojj = tan ф (Fig. 1.15).

For the sake of simplicity, the above discussion has been restricted to tensile and 
compressive stress. The Smith diagram for fatigue in bending, torsion, and shear, and 
in combinations of these modes, and the problem of determining an unknown fatigue 
strength from a known one, are discussed in section 2.1.

F ig . 1.16. Simplified Smith
diagram

Fig. 1.17. Simplified Smith diagram 
bounded by straight lines
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Since most materials have a considerably lower fatigue strength in tension than in 
compression, their Smith diagrams will not be symmetrical. For steels, however, the 
difference between the fatigue strengths in tension and compression is ignored in prac

tice, and the fatigue strength in compression is assumed to 
be equal to the fatigue strength in tension. On this assumption 
the Smith diagram becomes symmetrical, and the left-hand 
side need not be plotted from actual observations.1

A further simplification used in practice is to connect 
points A and A' with D and D' respectively by straight lines 
instead of curves (Figs. 1.15 and 1.16).

Both of these simplifications are permissible because any 
error they introduce will be on the safe side.

A useful approximation to the curve of au has been found 
to be a straight line drawn from the point A in Fig. 1.16 {аи for 
a m — 0 )at an angle of 35 degrees to the horizontal as in Fig. 
1.17. To avoid permanent deformations, the upper peak of 
the diagram is cut off at the level of the yield stress ay with a 
horizontal line. From the point of intersection of this line with 

the 45-degree line another straight line is drawn to the point Dx (Fig. 1.17) which is 
at the same vertical distance below the 45-degree line as Dx is above it. Below Dx the 
curve of aL is the straight line on which each point is the same vertical distance below 
the 45-degree line as the corresponding point for av is above it.

For brittle materials such as hardened steel and cast iron, when fracture takes place 
without yielding, the curves a, and av intersect at the point representing the static 
breaking strength (Fig. 1.18). Thus the cut-off form of the Smith diagram applies to 
tough materials, while for brittle materials it has a pointed shape.

1.7.2 Haigh diagrams

In the Haigh diagram the stress amplitude aA is the ordinate and the mean stress 
aM is the abscissa. This eliminates the dual appearance of the mean stress aM, once as 
abscissa and again as ordinate to the 45-degree line, which is a feature of the Smith 
diagram. The Haigh diagram may in fact be considered as an alternative representation 
of the part of the Smith diagram lying between the ordinate axis and the 45-degree line, 
with axes at 90° instead of 45° (Fig. 1.19).

The straight line indicating the yield point, 
which is parallel to the abscissa axis in the Smith 
diagram, makes an angle of 135° with it in the 
Haigh diagram. It is the straight line DG in Fig.
1.19. The point of intersection C (Fig. 1.15) of the 
av, <7m, and aL lines on the Smith diagram, corre
sponding to the static strength, lies on the abscissa 
axis in the Haigh diagram (point C in Fig. 1.19).
In the Smith diagram (Fig. 1.15) any fluctuating 
stress conditions which when plotted fall within the 
area ABDGD'B'A' will not cause fracture even in 
an infinite number of cycles. In the Haigh diagram

Fig . 1.18. Smith diagram 
of brittle materials

F ig . 1.19. Haigh diagram
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the corresponding area is OADBG (Fig. 1.19). In 
the Smith diagram, stresses appearing in the area 
DGD'C will cause permanent deformation, and 
the corresponding area in the Haigh diagram is 
DCG.

For both diagrams, fracture takes place sooner 
or later without permanent deformation under 
any fluctuating stress with a maximum appearing 
in the area ADF {Fig. 1.16).

The area of reversed stress in the Smith dia
gram is AOA'B'B, while the area of fluctuating 
stress is BB'D'GD. In the Haigh diagram the cor
responding areas are OADB and BOG respectively. 
The construction of the Smith diagram from the 
Haigh diagram is shown in Fig. 1.20.

Any point F on the Haigh diagram can be trans
ferred to the Smith diagram by using the same ab
scissa Fx and marking the ordinate Fy upwards and 
downwards from the 45-degree line (Fig. 1.20).

Although the Smith and Haigh diagrams are 
completely equivalent, the first gives a clearer pic
ture of the fatigue-stress conditions, and it is prefer
able to use it to show the values of fatigue strength 
of materials. The Haigh diagram, on the other 
hand, is more suitable when safety factors are be
ing considered.

F ig . 1.20. Construction of the Smith 
diagram from the Haigh diagram

Stüssi [89] formulated the following equation for the Haigh diagram:

0т(ат ~ ам)
Оa  — G p---- -------------г-------------  \* )

° Y ( ° Y  — a m ) +  ° F  a m

With <7„, = 0, the equation gives

a A ~

and with er̂  = 0, it gives
ат = am-

as would be expected.
The S-N  diagram shows that each arbitrary number of stress cycles N  is associated 

with a different endurance limit o>. Consequently each number of stress cycles N  requires 
a different Haigh diagram. The relationship of all he three variables (crm, av and N ) 
is illustrated in Fig. 1.21.

1.7.3 Moore-Kommers-Jasper diagrams

The fatigue-limit diagram developed by Moore, Kommers and Jasper takes the 
stress ratio R as abscissa and the corresponding fatigue limit as ordinate. The stress 
ratio R = aL\au can vary from —1 to +1. R = +1 signifies static stressing, and the 
corresponding stress is aT. R = 0 signifies repeated stressing, and finally, R = — 1
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F i g . 1.21. Three-dimensional 
relationship between the S-N  
curve and the Haigh diagram

F i g . 1.22. Moore-Kommers- 
Jasper fatigue-limit diagram 

(MKJ diagram)

signifies reversed symmetrical stressing. If the Smith and Haigh diagrams are known, the 
Moore-Kommers-Jasper (MKJ) diagram can be easily plotted (Fig. 1.22). These 
diagrams have a major importance for the calculation of the fatigue strength of welded 
joints.

1.7.4 Use of data in literature

Note that in the above-described construction of Smith and Haigh diagrams the 
fatigue limit of the test pieces has been involved. In Part II we give, for practical use, 
Smith diagrams based on numerous tests reported in the literature. As, however, these 
diagrams were prepared at a time when the statistical treatment of fatigue was not yet 
known, it is also not known to what probability of fracture the diagrams relate.

The descriptions of the tests show, however, that the authors prepared the diagrams 
very carefully, using the lowest results obtained, so that the diagrams can be considered 
to correspond to a very low (ОТ to 1 per cent) probability of fracture.

The data found in the literature can in fact be used as reference values, except in 
critical cases when it is impossible to dispense with the preparation of the S-N  curves 
or, when necessary, the Smith or Haigh diagrams.

1.8 Fatigue fractures: their causes and appearance

1.8.1 Causes

The precise cause of fatigue fractures is not known, despite the efforts of numerous 
investigators to discover it. Various suggestions have been made. According to E. Oro- 
wan [68], hair cracks, preceding fracture, result from insufficient deformability of the 
crystal structure. H. F. M oore and J. B. K ommers [61] regard the cause as lying in 
the stress-raising effect between the individual crystals, whereas E. H oudremont [32] 
attributes it to local heating. On the evidence of radiographic examination H. Möller 
and M. H empel [59] maintain that with repeated stressing above the fatigue limit a
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Fig. 1.23. Actual stress distribution in 
bending (“supporting effect”)

few particularly unfavourably oriented grains of the material undergo bending or distor
tion. This seems the more probable in that it can be demonstrated by microscopical 
examination that edges and corners providing stress-raising effects exist locally between 
the grains of metals. Should the stress-raising 
effect gain ascendancy over the deformability of 
the grains, these latter will undergo displacement, 
and hair cracks will appear. These, however — 
as all the investigators agree — give rise to 
further stress-raising effects, which hasten the 
propagation of the cracks. According to H empel 
[21], the speed of propagation is approximately 
proportional to the square of the crack depth.
When a crack becomes so deep that the re
maining cross-section is insufficient to sustain the load, a sudden fracture occurs.

The theory of “impeded displacements” developed by Bollenrath and T roost 
must also be mentioned. This theory starts from the hypothesis that the mechanical 
properties of materials depend upon the characteristic directions of crystals. In the 
direction of the so-called slip planes, permanent displacements occur under even rela
tively low shear stresses, while crystals in the perpendicular direction are able to resist 
quite large tensile or compressive stresses without permanent deformation. If the stress 
exceeds a certain value, permanent displacement will occur in one of the unfavourably 
oriented crystals (one with its slip plane parallel to the local shear stress) even if the 
average stress over the whole cross-section is below the elastic limit. It may be mentioned 
here that most materials have no definite elastic limit; the initial portion of the stress- 
strain diagram is not really straight, and appears to be so only because the instruments 
available are not sensitive enough to reveal its curvature.

If the stress distribution in the cross-section is not uniform (as, for example, in bend
ing), the stress at the outer fibres will not be as indicated by CA in Fig. 1.23, but smaller, 
as indicated by CB. The stress distribution corresponds not to the straight line О A, 
with uniform slope across the section, but to the curve OB. It is as if the fibres more 
remote from the surface take more than their proportionate share of the load, and thus 
in a sense “support” those nearer the surface. Thus in the experimentally determined 
Smith diagrams shown in Figs. 1 to 17 of Part II (pp. 9-13) the fatigue strength in bend
ing is greater than that in tension.

1.8.2 Appearance

The appearance of the surfaces of fatigue fractures is of two kinds:
(a) The surfaces of cracks, which start from notches, corners, edges, or defects in 

the material, and penetrate inwards from the outside surface of the workpiece, get dis
coloured and blackened by external impurities or by the oxygen of the air. The oppos
ing surfaces gradually wear, however small their relative movement, as is evident from 
the loss of the brightness of their grains.

(b) The fracture surface of the rest of the cross-section, on the other hand, does 
possess brightness of the familiar kind regularly displayed in specimens broken in 
static testing machines, because this part of the fracture occurs quite abruptly.
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The distortion of the grains of a 12 
per cent manganese steel is shown in 
Fig. 1.24, and the hair cracks between 
the grains, due to fatigue, in Fig. 1.25. 
Figure 1.26 shows the course of propa
gation of hair cracks, and the whole 
fracture surface is shown in Fig. 1.27.

It is clear from Fig. 1.27 that fa
tigue was due to the alternating bending 
stress on the shaft and started from 
both sides. Since the surface of the fa
tigue fracture is smaller than that of the 
final fracture, it is evident that the shaft 
was designed with too low a factor of 
safety. From investigation of numerous 
fatigue fractures under repeated bend
ing, F. Bacon [1] drew the following 
conclusions (Fig. 1.28):

Under fluctuating bending stress, in 
the absence of a stress raiser, a fatigue 
fracture advances in clearly visible steps, 
similar to annual rings in the trunk of a 
tree. The ratio between the area of the 
fatigue fracture and that of the fracture 
due to the eventual insufficient cross- 
sectional area is a pointer to the stress: 
the greater the area of the fatigue frac
ture, the lower the stress, and vice versa.

Under reversed bending stress, how
ever, the rings appear on both sides, as 
the specimen is stressed on each side 
alternately, and the surface of the final 
fracture is shown at the middle of the 
cross-section by a strip having the form 
of a concave lens. With combined re
versed bending and torsion, the axis of 
symmetry of the residual fracture area 
makes an acute angle with that of the 
fatigue-fracture rings, because of the 
shear stresses.

If a severe stress-raising effect is 
present, fatigue occurs, under fluctu
ating bending stress, earlier in the areas 
away from the neutral zone (where the 
stresses are higher) and propagates 
more rapidly than in the interior of 
the workpiece. For this reason the

F i g . 1.24. Grain structure of a 12 per cent man
ganese steel showing distortion under fatigue

Fig. 1.25. Hair cracks occurring in consequence 
of grain distortion

F ig. 1.26. Growth of hair cracks
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F i g . 1.27. Surface of fracture occurring under reversed bending stress. 
Failure started on both sides at the positions marked by arrows

Fluctuating bending stress

Reversed bending stress

Reversed bending and 
torsional stresses

F ig . 1.28. Diagrammatic representation of various fatigue-fracture surfaces

i Slight stress Severe stress
N o stress concentration , concentration concentration

. j j j j

Relatively Relatively Relatively Relatively Relatively Relatively
low stress high stress j low stress ! high stress j low stress high stress
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Cause o f fracture Basic form o f fracture
Types o f fractures

Tensile stress

Star-like fracture 
surface

Saw-like fracture surface 
caused by stress 
concentration

Fig. 1.29. Diagrammatic representation of various shear fatigue-fracture surfaces

Fig. 1.30. Typical form of fatigue fracture caused by torsional stress

Perpendicular shear 
stress

Longitudinal shear 
stress

I_______________

a b
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“ annual rings” “stretch”, frequently even to the extent of reversing their curvature. 
The residual fracture area is then no longer of crescent shape, as in the absence of stress
raising effect, but in the form of a convex lens. Here too the relative size of the two 
different fracture areas is an indication of the stress in the workpiece.

Under reversed bending stress, fracture again begins 
at both sides.

With combined reversed bending and torsion, the re
versal of curvature of the growth lines and the displace
ment of the axis of symmetry can both be observed.
Under high stresses, the cracks starting from both sides 
may leave the residual fracture area surrounded like an 
island in the middle of the fatigue-fracture area.

With a less severe stress-raising effect, the same phe
nomena can be observed, but to a less pronounced 
extent.

In Fig. 1.28 the hatched parts of the fracture areas give 
a diagrammatic representation of the residual fractures, Fig. 1.31. Typical form of
and the lined parts do the same for the fatigue-fracture fatigue fracture in splined

snattsareas.
There are three well-known categories of torsional fatigue fractures, which may 

occur singly or in combination, viz.:
fractures at approximately 45 degrees to the torsion axis;
fractures perpendicular to the torsion axis;
fractures in longitudinal planes parallel to the torsion axis (see Fig. 1.29).
The first type is brought about by tensile stresses concomitant with the torsion, 

while fractures of the two other types are caused by shear stresses. As the tensile strength 
of steels is considerably higher than their shear strength, fractures caused by tensile 
stresses can only occur at points of stress concentration, which may sometimes result 
from a defect discernible only under the microscope, or an irregularity (e.g. a scratch) 
in the machining of the surface.

A typical fracture surface for a shaft failing under repeated torsion is shown in Fig. 
1.30. Figure 1.31 shows diagrammatically the typical form of fatigue fracture of a 
splined shaft.



CHAPTER 2

Fatigue Diagrams of Various Materials

The methods for carrying out fatigue tests and the requirements for specimen form and 
preparation have been specified in standards.

Fatigue diagrams for certain materials, based on data given in the literature, are 
commented on below.

2.1 Steel

Part II gives the Smith diagrams of various standardized carbon steels (Figs. 1 to 
5,pp. 9-10), nickel-chromium steels (Figs. 6 to 12, pp. 10-11), nickel-chromium-tungsten 
steel, often used for crankshafts (Fig. 13, p. 12), and cast steel (Figs. 14 to 17, pp. 12-13).

The relationships between the fatigue limits in bending, tension, and torsion ob
tained from these diagrams are shown in Table 2.1.

Although there is a considerable theoretical (and also physical) difference between 
fatigue phenomena and the process of fatigue, on the one hand, and simple tension 
and tensile strength on the other, the relationships between the two — between bending

Table 2.1
R atios { and rj of the torsional and tensile fatigue strengths

RESPECTIVELY TO THE BENDING FATIGUE STRENGTH FOR VARIOUS STEELS

Material i = r F/a6F ' ij — alcF/abF

St 37.11 (015% C) j 0-588 j 0706
St 42.11 (0-25% C) 0-579 j  0-710
St 50.11 (0-35% C) 0-583 j  0 750
St 60.11 (0-45% C) 0-571 I 0-714
St 70.11 (0-60% C) 0-594 i 0-719
VCN 15.69 w (En 111) j 0-594 J 0719
VCN 15.69 h (En 111) j 0-610 j 0722
VCN 25.69 w (En 25) | 0 617 | 0-735
VCN 25.69 h (En 25 T) ; 0-605 | 0-736
VCN 35.69 w (En 23 S) j 0 582 J 0'750
VCN 35.69 h (En 23 T) j 0-572 [ 0-714
VCN 45.69 (En 30 B) ! 0-608 0-761

Average | 0-592+ 4-2% 0-728+ 4-5%

L e h r  [47] determined the above ratios for a fur- I 
ther large number of materials, with the results j . . .
shown here: 0 5 9 +  14 0% ) 0-70 _  7 %

32
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fatigue strength and tensile strength — have received abundant attention in the literature. 
Some relationships which find useful application — at least in practice if not in theory — 
are listed below.

Keeping the symbols already used, we have the following formulae: 

M ailänder^  formula: obF =  049 оуТ  20% (4)

obF = 0-65 aby ± 3 0 %  (5)

Striebeck’s formula: abF =  0‘285 (aT+ a by) ± 20 % (6)

Roger’s formula: abF = 04  сг4>, + 0-25 ay (7)

Houdremont-M ailänder formula: abF =  0'245 (aby + aT) + 5 (8)

Jungen’s formula: abF =  0'2(оу + 2by) (9)

where l by is the percentage reduction of area at fracture;

Leguir, Buchholz , and Schultz formula: abF = 0175 (ay ± aby -  e +  100) (10)

where e is the percentage elongation in the tensile test;

F ry, Kressner, and Oettel formula: abF =  С хо т+ С 2оЬу (11)

where for ar = 40 60 80 100 120 140 160
Cx = 0-15 0-20 0-25 0-32 0'38 042 048
C2 = 0-57 046 0-35 0-22 0 12 0 -  0±0

Some authors have also examined the relationship between fatigue strength and 
tensile strength of materials in relation to their microstructure. The results are given 
in Table 2.2.

To elucidate the above, the tensile strength cT of each material and its reversed 
bending fatigue strength abF have been plotted as abscissa and ordinate respectively in 
Fig. 2.1. As may be seen, the points for carbon steels, nickel-chromium steels, and cast 
steels all lie approximately on the same straight line.

This fact is extremely important, for it means that the bending fatigue strength of 
any kind of steel can be easily determined without direct observation provided that its

Table 2.2

R atio obTla T for steels with various microstructures

Ratio abFlaT
T y p e ----------------------------------------- --------------------- --------- :----------- ---------------------

Ferrite Pearlite | Austenite | Martensite Sorbite

Carbon steel О'57-О'бЗ 0 38-0 41 | -  0-25 0 56
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - * - - - - - - - - - - - - - - - - - - j - - - - - - - - - - - - - - - - - - - - - - - - - -
Alloy steel — — ! 0-35-045 0-23-0-47 0-57-0-60__________________ I________
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tensile strength is known, and further, the tensile, compressive, and torsion fatigue 
strengths can also be determined with good approximation.

The Smith diagrams for the chromium-molybdenum and nickel-chromium-molyb
denum case-hardened steels and the quenched and tempered nickel-chromium-molyb
denum structural steels included in Figs. 2.2 and 2.3 have not been given, for, as can be 
seen, a large number of test results were obtained and the Smith diagrams for all of 
them would have occupied a very considerable space. Therefore only the relationship 
between tensile strength and bending fatigue strength has been given. In practice it is 
found that the relevant points lie only approximately on a straight line, and a scatter 
range has been shown instead of a single line in Figs. 2.2 and 2.3. As the upper and 
lower limits of the range are situated at a distance of only + 5 per cent from the centre 
line drawn in each figure, the diagrams are sufficient for practical requirements.

F i g . 2.1. Relationship between tensile strength and rotating-bending fatigue 
strength of carbon steels, cast steels, and nickel-chromium steels

In Fig. 18 of Part II (p. 13) the results from Figs. 2.1, 2.2, and 2.3 are collected, 
and supplemented by data from numerous authors. The chain-dotted curve indicates 
the relationship between tensile strength and bending fatigue strength for steels. As 
according to certain authors the values for high-strength alloy steels deviate somewhat 
from the straight lines drawn in Fig. 2.2, the top part had to be replaced by a curve in 
the interests of safety. The relationships between tensile strength and reversed torsion 
fatigue strength, and between tensile strength and reversed tension-compression fatigue 
strength, will also be found in Fig. 18 of Part II.

It should be emphasized, however, that the determination of the fatigue limit from 
the tensile strength can give only a general indication. In critical cases, or for high-alloy 
steels, actual testing, or, possibly, examination of the dispersion of the fatigue limit, 
may be unavoidable.

If necessary, the Smith diagram may be plotted entirely from theoretical data for 
any given steel provided that the yield stress is known. As, however, this latter depends 
on a number of factors, amongst them not only the composition but also the heat treat
ment of the material, it has no close relationship to the tensile strength. The diagram in 
Fig. 19 of Part II (p. 14), plotted from data given by Patton [70] and the ASM Hand
book [119], may, however, be used for practical purposes. This diagram enables the 
yield stress in tension to be read off when the tensile strength is known.
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Fig. 2.2. Rotating-bending fatigue strength of chromium-molybdenum 
and nickel-chromium-molybdenum case-hardened steels

Fig. 2.3. Relationship between rotating-bending fatigue strength and tensile strength 
for quenched and tempered nickel-chromium-molybdenum structural steels

There is not much in the literature about the yield stress in bending. We therefore 
have to content ourselves with the values given in the Smith diagrams in Figs. 1 to 17 
of Part II (pp. 9-13). These values are collected in Fig. 20 of Part II (p. 14). Although 
great caution must be exercized in deducing a relationship from the data available, the 
following values may be assumed for practical purposes for the yield stress in bending 
until more reliable data become available.

For carbon steel oby = 0 57crT — 5'5 kgf/mm2 (12)

For alloy steels aby — T09oy — 37’6 kgf/mm2 (13)

The above data correspond to the straight lines in Fig. 20.



3 6 FATIGUE DESIGN OF MACHINE COMPONENTS

The yield stress in shear and torsion 
may also be determined theoretically if its 
value in tension is known, for it has been 
proved [83 ] that the value of the yield stress 
in shear and torsion is equal to 1/^/3 = 
0'577 of its value in tension, in accord
ance with the H uber- von M ises-H encky 
shear-strain-energy theory.

Thus if the tensile strength of the ma
terial is known, the simplified Smith dia
gram can be plotted with sufficient accu
racy with the help of calculations and dia
grams. The method is as follows:

Locate the value corresponding to ten
sile strength on the abscissa axis in Fig. 
18 of Part II (p. 13), draw a vertical line 
from this point to the appropriate curve, 
and then project the point of intersection 
on to the ordinate axis. This gives the 
fatigue limit for reversed stress (aM = 0). 
Plot this value, positive for аи and nega
tive for aL, on the ordinate axis of the 

Smith diagram. Afterwards draw a straight line from the point av at an angle of 35° 
to the horizontal. If the yield stress is not known, determine it from Fig. 19 of Part II 
(p. 14). Cut off the 35° line at the yield stress. Then draw in the lower part of the dia-

Fig. 2.4. Comparison of Smith diagrams 
drawn by applying Figs. 18, 19 and 20 of 

Part II and experimental results

kgf/mn?

Fig. 2.5. Determination of the endurance limit of a steel (aT =  120 kgf/mm2) 
with endurance N  =  5 X 106 cycles using the simplified S-N  curve



gram in such a way that it is symmetrical with the upper part about a straight line 
starting from the origin and at 45° to the horizontal.

Example. Required to plot the simplified Smith diagram of a nickel-chromium- 
tungsten steel (crankshaft material), aT = 120 kgf/mm2, for bending fatigue.

Figure 18 of Part II (p. 13) shows the bending fatigue strength of the material as 
abF = 47 kgf/mm2, and Fig. 20 of Part II shows the yield point as aby = 100 kgf/mm2. 
Figure 2.4 shows the Smith diagram plotted on the basis of these data, and reproduces, 
for the purpose of comparison, the other Smith diagram drawn on the basis of experi
mental observations and already given in Fig. 13 of Part II (p. 12). There is not a great 
deal of difference between the two diagrams. The maximum deviation is 9 per cent, and 
is, moreover, on the safe side.

Finally, let us determine the permissible alternating stress if the crankshaft is required 
to have an endurance N  of only 500 000 cycles.

Mark seven equal values of log N  =  0 ,1 ,2 ,.. . ,  7 on the abscissa axis of a coordinate 
system, corresponding to values of endurance. With log N  = 0, plot to a suitable scale 
the value aT = 120 kgf/mm2 as ordinate. Then for log N  = 5, plot as ordinate 90 per 
cent of the value of aT, i.e. 108 kgf/mm2, and for log N  = 6, plot abF = 47 kgf/mm2. 
By connecting the points the simplified S -N curve will be obtained. For the required 
endurance N  = 5 x 10°, the bending fatigue stress is read off as abF = 67 kgf/mm2 (Fig. 
2.5).

2.2 Cast iron

The Smith diagram for cast iron differs from that for steel. The most pronounced 
difference is that the diagram ends in a point corresponding to the static tensile strength, 
for since cast iron does not elongate or yield before fracture, there is no cutting-off 
of the diagram as there is for steel at the yield stress. There is a further difference result
ing from the fact that the compressive strength of cast iron is considerably higher than 
its tensile strength. In view of this, it would be a gross mistake to simplify the diagram 
for cast iron in the way that is permissible for steels. Figures 21 and 22 of Part II’ (p. 15) 
show the Smith diagrams for two cast irons, BS 1452 : 1961 Grade 10 and Grade 14, 
according to Pomp and H empel [76]. In Fig. 23 of Part II part of the Smith diagram 
is shown enlarged for BS 1452 : 1961 Grade 10, Grade 12, Grade 14 and Grade 17. 
An empirical relationship between tensile strength and fatigue strength in bending, 
tension-compression, and torsion has been established from the results of tests, and is 
shown in Fig. 24 of Part II.

The compressive strength of cast iron of known tensile strength is easily determined 
from the ratio of compressive strength to tensile strength given in Fig. 25 of Part II.
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2.3 Malleable cast iron

Very few data on malleable cast iron are available. Data given by Pomp and H empel 
[76] on the fatigue limit of malleable cast iron BS 310 : 1958 Grade В 22/14 have been 
used to prepare Fig. 26 of Part II for tension and compression, and on that of 
BS 310 : 1958 Grade W 24/8 to prepare Fig. 27 of Part II for torsion. The data relate 
to specimens with a machined surface.

The observations indicate that the fatigue limit of malleable cast iron in compression 
is F5 times that in tension.
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2 .4  Light alloys

The S-N  curves of a few light alloys are shown in Fig. 2.6. It can be seen that these 
S-N  curves, contrary to those for steels, indicate a continual decrease of the permissible 
stress with an increasing number of cycles. While the S-N  curves of steels become hor

izontal at a value of N  between 1 and 
2x 106, those of light alloys are still de
scending even beyond N  = 500 x 106. Mag
nesium alloys, however, are an exception; 
the rate of descent at high endurances be
comes so small as to be negligible in 
practice.

Thus one cannot properly speak of a 
fatigue limit in light alloys. In practice, 
however, the fatigue limit is taken to be the 
stress that the material can withstand with
out failure at 50 x  10e cycles. The Smith 
diagrams shown in Figs. 28 to 31 of Part 
II (pp. 16-17) have been plotted on this 
basis.

The fatigue strength, of course, de
pends very greatly upon the composition 
of the material. Figure 32 of Part II shows 
and the bending fatigue strength of var

ious magnesium alloys. The relationship between the tensile strength and the bend
ing fatigue strength of some aluminium alloys is shown in Fig. 33 of Part II. As, how
ever, the bending fatigue strength has a fairly large scatter ( ± 2 5  per cent), the figures 
serve only to provide a general indication when more precise data are not available. 
Tables 3 and 4 of Part II (pp. 21-25) give values of the fatigue strength of a number of 
light alloys.

If the fatigue strength in bending is known, it is possible to determine the fatigue 
strengths in tension and torsion respectively with fairly good approximation. According 
to W. Buchmann [4], the ratio of the fatigue strength in tension-compression to that 
in bending is

fib =  < y ,c F l° b F =  0 - 6 3

for wrought alloys (AZM and AZ855) and Al-Cu-Mg and Al-Mg alloys.

For the casting alloys AZG and A9V the ratio is

t]b = 0-48 to 0'56.

Finally, the ratio of the fatigue strength in torsion to that in bending for “Elektron” 
(magnesium) casting alloy is

F i g . 2.6. S-N  curves of aluminium alloys 
AZG and A9V casting “Elektron” 
AZ 855 “Elektron”
Ну 9 Al-Mg alloy
Igedur 26 Al-Cu-Mg alloy

Specimen 7-5 mm dia.

the relationship between the tensile strength

tp/ObF — fit = 0'55 to 0-60
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2.5 Non-ferrous metals

(See Table 5 of Part II, pp. 26-27.)

2.6 Plastics

Some S-N  curves are shown in Fig. 35 of Part II for phenolic resins, in Fig. 36 for 
cellulose acetate, and in Fig. 37 for some reinforced glass-fibre plastics (Part 2, p. 18).

It is clear from these figures that it is absolutely necessary to carry out tests on phe
nolic resins up to N  = 10 X 106 and advantageous to continue them to N  = 20 x 10®. 
Table 2 of Part II (pp. 19-20) gives values of the fatigue strength of certain plastics.



CHAPTER 3

Effect of Various Factors on Fatigue Strength

The data analysed in the preceding sections are from the results of fatigue tests carried 
out on polished specimens of standardized dimensions (mostly 10 mm in diameter) at 
a temperature of 20°C.

The effects on fatigue strength observed when there is a departure from these con
ditions are dealt with below.

3.1 Surface finish

Fatigue failures always start from points of maximum stress. During roughing-out, 
the turning tool digs into the material from time to time as it removes the chips, giving 
rise to fine cracks in the surface, which cause stress concentration and reduce fatigue 
strength. If this layer is removed by fine machining and grinding, stress concentration 
will be reduced, and consequently fatigue strength will be increased.

Numerous tests have been carried out to establish relationships between surface 
roughness and fatigue strength. As, however, there was for a long time no consensus 
of opinion regarding the measurement of surface roughness, and in addition there was 
a lack of suitable instruments, a large proportion of the results hitherto obtained have 
to be treated with reserve. According to M oore and K ommers [62], the proportional 
decrease of fatigue strength, in relation to that of a ground and polished specimen, is as 
follows:

specimen turned only 
specimen coarse-filed 
specimen fine-filed 
specimen polished with No. 3

emery cloth
specimen polished with No. 1

emery cloth
specimen polished with No. 0

emery cloth
specimen scratched at several places

12 per cent
18 to 20 per cent

14 per cent

6 per cent

4 per cent

2 to 3 per cent
16 per cent.

M ailänder [53] found that the fatigue strength of steels was increased by improve
ment in surface finish as indicated in Table 3.1.

If the fatigue strength obtained after a long polishing time is taken as 100 per cent, 
the proportional reduction caused by using only a short polishing time is as follows for 
different tensile strengths:

40
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oT = 60 kgf/mm2 3 per cent
aT = 85 kgf/mm2 10 per cent
aT = 107 kgf/mm2 17 per cent
aT = 185 kgf/mm2 23 per cent
aT :=? 216 kgf/mm2 24 per cent

60 31 32
85 46 51

108 50 1 60
216 (Ni-Cr-Mo steel) 78 102

Figure 3.1 shows the reduction factor b for bending fatigue strength corresponding 
to different degrees of surface finish in relation to tensile strength, as given by Siebel [85]. 
For a micropolished specimen the factor b is equal to 1 (line A corresponds to a value R 
of the maximum surface irregularity — roughness depth — of 1 /an).

For a fine-polished surface (R = F5 to 2 um) 
curve В is applicable; for a precision-ground surface 
(R = 2’5 to 6 /im), curve C; for a fine-ground or 
smooth-finished surface (R = 6 to 16 /an), curve D : 
for a rough-machined surface, curve E; and for an 
as-rolled surface (with rolling skin), curve F.

The values agree completely with Mailänder^  
results. Fligh-strength materials exhibit a consid
erably lower value of the factor b than do those of 
lower strength.

The correctness of the values in this diagram has 
been confirmed by the observations of N iemann 
and G laubitz [67] in 1952, according to which

b ~ atFllahF2 = (14)
where abFl denotes the fatigue strength of

a steel with a surface finish 
identified as “ 1” ;

abl72 denotes the fatigue strength of 
the same steel with a surface 
finish identified as “2” ;

Rx denotes the maximum rough
ness depth in surface finish 
“ 1” (um);

Fig. 3.1. Bending fatigue strength re
duction factor b shown as a function of 
tensile strength and surface finish (foi 

steels)
A very highly polished surface 
В finely polished surface 
C precision-ground surface 
D smooth-finished surface 
E rough-machined surface 
F rolling skin left on

Table 3.1
Relationship between mechanical treatment of the surface and

BENDING FATIGUE STRENGTH FOR VARIOUS STEELS

Bending fatigue strength,
Tensile strength, Í abF

a T \ (kgf/mm2)
(kgf/mm2) i short polishing ! long polishing

__________________________ __________ time__________ I__________ time__________
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R2 denotes the maximum roughness depth in surface finish “2” 
Om);

n is a constant depending on the material.

These authors determined the values of n for two materials, viz. St 70.11 (0‘60%C) 
with g t  = 70 kgf/mm2 and VCMo 140.63 (En 19A) with aT = 100 kgf/mm2, and found 
n = 0-079 for St 70 and n = 0402 for VCMo 140.63 (En 19A).

The above constants were applied to plot the graph in Fig. 38 of Part II (p. 28), 
from which the factor b may be read oif for any given tensile strength and surface 
roughness.

Recent measurements have led Siebel and G aier [86] to recommend the application 
of the factors plotted in Fig. 39 of Part II for fluctuating tensile stress and those in Fig. 
40 for tension-compression and rotating-bending stress.

For cast iron Fig. 41 (Part II) was plotted on the basis of the very few data available; it 
shows clearly that the bending fatigue strength of cast iron is much lower for a rough 
surface than for a polished surface (cf. Pomp and H empel [76]). The factor b for cast 
iron in the higher strength range is so low when the casting skin is left on that, in some 
cases, it is questionable whether the material should be used. Cast iron in the higher 
strength range should therefore be used with a machined surface when at all possible.

For malleable cast iron (BS 310 : 1958 Grade В 22/14) Pomp and H empel [76] found 
the value of b to lie between 0'82 and 0 84.

3.2 Shape and dimensions

The data on fatigue strength dealt with above come from tests carried out on stand
ardized test pieces (usually 10 mm, but in exceptional cases 7-5 or 12’5 mm, in diameter). 
For machine components of fairly large size or of non-circular cross-section, however, 
the fatigue strength, being influenced by shape and dimensions, never comes up to the 
values observed with the test pieces. But as tests with large-size specimens and those of 
varying shapes call for testing machines and apparatus of unusual capacity, which are 
extremely expensive, they have been carried out only on isolated occasions. This is not 
enough to establish a basis of assessment.

The most modern theory of the effect of dimensions and shape, 
ard one that shows good agreement with experience, is that of von 
Philipp [74]. h  is similar to that of Bollenrath and Troost, which 
has already been discussed (p. 27), for he too maintains that dis
placements which occur when the stress distribution is not uni
form — which, by the way, must not be confused with permanent 
deformations — are probably somewhat delayed by the grains in the 
inner zones, subjected to a lower stress and therefore suffering less 
displacement and providing support to the outer grains; but that the 
displacements of the latter are not completely eliminated. For this 

(supporting effect) reason, the stress distribution in a specimen subjected to bending 
fatigue does not follow the laws of elementary theory as indicated 

by the broken line in Fig. 3.2, but instead is represented by the solid line.
Von Philipp determined the ratios of obF to otcF and of xF to xsF for several cross- 

sections (Tables 3.2 and 3.3). He proved that the relationship between dimensions and

F ig. 3.2. Ideal 
and actual stress 

distribution
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Table 3.2

Table 3.3

Ratio r Fj r Fs of the torsional to the shear
FATIGUE STRENGTH FOR VARIOUS PROFILES

bending or torsion fatigue strength could be represented by a unilateral hyperbola 
(Fig. 3.3) whose position depended on the shape of the cross-section of the test piece 
or component being tested. He also showed — a remarkable observation — that the 
thickness of the outer layer sPh, within which the displacements which he postulated 
took place, was a constant for the material, its value being:

for steel sPhst = 3'1 mm
for light alloys ■s'pAia = 1'0 mm.

A factor kb to be used in determining the bending fatigue strength of components 
of various shapes and dimensions can be obtained from Fig. 42 of Part II (p. 29); the

Ratio obFla,cF for various profiles

Profile abFlatcF

{upright
1*5

flat

------------------------ ------------------------

circle
16/Зя =  1695

ellipse

---- ------------------- ------------------------

vertical rhomb j 2

* f / * F s

1-33

4 f 1 -  (djdaf \  
3 11 — {d,ldoy \
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Fig. 3.3. Relation
ship between dimen
sions and bending fa
tigue strength accord
ing to von Philipp Fig. 3.4. Comparison of the values of bending fatigue strengh 

established by tests and those calculated using the size factor b

Fig. 3.5. Comparison of the values of torsion fatigue strength established 
by tests and those calculated using the size factor b

values of bending fatigue strength given earlier in this book have to be multiplied by 
this factor. For example, for a circular profile 10 mm in diameter (a standard size for 
test pieces) kb for steel is equal to 1. Figure 43 of Part II gives the corresponding size 
factor in torsion, kt, applicable to components of circular solid and annular cross-section.

The von  Philipp theory has been confirmed by experiment. Results obtained by 
Lehr [47] on seven types of steel, and by M ailänder and Bauersfeld [54], are plotted 
for comparison with von Ph ilipp’s theoretical results in Figs. 3.4 and 3.5.

3.3 Temperature

The results given so far refer to room temperature, i.e. +20°C. Increase or decrease 
of temperature has a great effect, however, upon the strength of materials under both 
static and cyclic loading.

3.3.1 Elevated temperatures 
a) Steels

The effect of elevated temperature upon the strength of materials depends on the 
duration of static and cyclic stress [43].

Under static load, inadmissible strains, changes of shape, or even “time-yield” 
phenomena and failures take place after a certain time at a temperature which depends
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on the quality and quantity of alloying elements. According to W hite-Clark and 
W ilson, the tensile strength of a steel with 0T5 % C, 0*5 % Mn, 0'23 % Si, 0*019 % P. 
and 0*021 % S was 25*6 kgf/mm2 at 538°C; the same material fractured at a stress of

8*4 kgf/mm2 after 
7*0 kgf/mm2 after 
6*35 kgf/mm2 after
4.2 kgf/mm2 after

1 552 hours;
3 650 hours;
4 788 hours; 

13 950 hours.
Different definitions for the “creep limiting stress” can be found in the literature. 

According to the DIN standard, it is to be understood as the maximum stress (kgf/mm2) 
at which the rate of strain between the 25th and 35th hours of loading does not exceed 
10 X 10_4 per cent per hour and the maximum permanent elongation in the 45th hour 
of loading does not exceed 0*2 per cent.

Under cyclic loading also, particularly at higher temperatures (above about 400°C) 
phenomena similar to that of “time-yield” appear. In Fig. 44 of Part II (p. 30) the 
Smith diagram of a chromium-molybdenum steel is plotted for temperatures of 20°, 
100°, 200°, and 300°C. Within these limits the properties do not fall off to any marked 
extent; the diagram shows, in fact, that for symmetrical reversed stress, with am = 0, 
the tension-compression fatigue strength increases somewhat (from 36 to 40 kgf/mm2). 
If the temperature of the component is below 200°C, therefore, values determined at 
room temperature or calculated by the methods already explained can be used under 
reversed-stress conditions.

Figure 45 of Part II (p. 30) shows the variation with temperature of the tension- 
compression fatigue limit and of the creep limiting stress for three different steels. 
Curve a (Lea and Bug den) is for a steel of 0T4 % C, 0*19 % Si, and 0*68 % Mn; 
curve b (W iberg) is for a carbon steel with 0' 15 % C; curve c (W iberg) is for a steel 
with 0'35 % C and 13'5 % Cr, hardened in oil at a temperature of 925° C and then tem
pered at 610°C. It must be emphasized, however, that (at a temperature above 200°C) 
the fatigue strength alone, without reference to elongation and permanent deformation, 
does not give a proper idea of the adequacy of a material. H empel and A rdelt [22] 
have plotted the Smith diagram for three steels, viz. an ordinary carbon steel, a molyb
denum steel, and a nickel-chromium-tungsten steel, for temperatures of 20° and 5G0°C 
(Figs. 46, 47 and 48 of Part II, pp. 30-31). It can be seen that the reversed-symmetrical- 
stress (am = 0) tension-compression fatigue limit does not decrease appreciably even 
at the high temperature; in fact in a few exceptional cases, e.g. that of molybdenum 
steel, it increases slightly. The creep limiting stress, however, falls considerably. To 
avoid a gross permanent deformation the Smith diagram for any temperature at which 
the creep limiting stress is below the fatigue strength (Fig. 45, Part II, p. 30) is cut off 
not at the room-temperature yield stress but at the creep limiting stress.
(b) Non-ferrous metals and light alloys

Although even fewer data are available for non-ferrous metals and light alloys than 
for steels, the statements made for steels may reasonably be assumed to apply here also, 
i.e. that at temperatures at which the creep limiting stress is below the fatigue strength, 
the former must be taken as the upper limit of stress. Figures 49 and 50 of Part II (p. 
31) show, in relation to temperature, values of the fatigue strength of some light alloys 
and, in one case, the creep limiting stress; Fig. 51 shows values for a 99*5 % aluminium- 
copper alloy [18].



4 6 FA T IG U E D ESIG N  OF M A C H IN E  C O M PO N E N TS

3.3.2 Low temperatures
At low temperatures the tensile strength, yield stress, and fatigue strength of steels 

increase. Brittleness, however, also increases, and consequently materials will be more 
sensitive to grooves, holes, and changes in cross-section. Figure 52 of Part II (p. 32) 
shows the increase of fatigue strength with decreasing temperature; the diagram was 
prepared by interpolation of the data in references [23] and [82]. The tension-compres
sion and bending fatigue strengths in kgf/mm2 are plotted as abscissae and the tempera
ture factor KT, by which the values of fatigue strength at +20°C have to be multiplied 
to arrive at the values for the lower temperatures, as ordinates. The increase in fatigue 
strength between —20° and — 40°C, i.e. in the range most common in practice, is in
significant.

Down to — 40°C copper behaves in a similar way to steel. The increase of fatigue 
strength of aluminium and its alloys is even less than for steel, and can therefore be 
ignored in practice.

3.4 Surface treatment

Fatigue fracture surfaces show clearly that the crack forming the beginning of the 
fracture always starts from the surface of the specimen or component. Surface finish 
is therefore of the utmost importance. With a brittle surface, e.g. a chromium-plated 
one, the first hair-cracks appear at once, causing stress concentration and so facilitating 
the propagation of the cracks into the deeper layers.

Surface treatments such as rolling, shot-peening, carburizing, nitriding, etc., pro
duce residual compressive stresses in the surface of the workpieces, and increase the 
fatigue strength if the applied stress is in the opposite direction.

3.4.1 Surface hardening

In surface hardening, a martensitic or nitrided layer is formed. As its specific space 
requirement is greater than that of the original material, compressive stresses will occur 
at the surface. If the loading is such as to produce a tensile stress at the surface, as for 
example on the outside of a bend, the compressive stress already present will greatly 
reduce the magnitude of the net tensile stress. Although there will be a proportionate 
increase in compressive stress at the inside of the bend, the total effect of surface

hardening or nitriding will be to increase the strength 
of the specimen or component considerably, for steels 
are much stronger in compression than in tension 
(Fig. 3.6).

When case-hardening is used, the whole surface of the 
workpiece must be hardened, since fatigue strength de
creases sharply at the boundaries of the unhardened sur
faces [113] (see Table 3.4).

According to W ilson [116], the fatigue strength of a 
six-cranked aircraft crankshaft (tensile strength 100 to 
116 kgf/mm2) fell by 33 per cent because the crankpins 
were ground down to the base material at the ends after 
the surface hardening.

Fig. 3.6. Stress distribution in 
a case-hardened material 

a: internal stress due to harde
ning; b: internal stress due to 
external forces; c: resultant of 

internal stresses
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Table 3.4
Decrease of fatigue strength resulting from discontinuity of 

a hardened layer

Material composition: 0 5% C, 0'3% Si, 0'5% Mn, 0035% P, 0'002% S, 
1-92% Cr, 2-15% Ni, 0-22% Mo 

Specimens 14 mm in diameter.

j °b F  \ T F
Condition j Surface treatment

kgf/mm2

1. Smooth cylindrical surface ■ Oil quenched 820° to 840°C, 62 25
tempered 2 hours 200°C

2. Smooth cylindrical surface Carburized layer reduced in thick- 80 31'5
ness from 0'4 mm to 0'2 mm by 
grinding

3. With transverse hole 2 mm Heat treatment as for No. 1 34 12
in diameter

4. With transverse hole 2 mm Case-hardened as for No. 2; trans- 21 10
in diameter verse hole drilled subsequently

5. With transverse hole 2 mm Case-hardened as for No. 2 after 44 29
in diameter drilling of transverse hole

6 . With conical case-hardened Case-hardened as for No. 2; hardened 57 —
layer layer then ground away down to

the material beneath

T a b l e  3.5

Tension-compression fatigue strength of quenched and tempered steel
after nitriding

a tcF
C o n d i t i o n --------------------------- i---------------------------

kgf/mm2 i per cent
Quenched and tempered ( 34'5 | 100

Conditions of preliminary nitriding

Temperature | Time i Layer thickness 
_  (°C)________j (h)____________ (mm)

480 i 30 0T5 38 110

520 30 0-32 43-5 126

520 30 0-52 47 136

520 6
570 10
480 14 j 0-34 45 130
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Good results are obtainable with nitriding also; the bending fatigue strength in
creases by from 20 to 35 per cent according to the thickness of the nitrided layer [114].

For a steel containing 0‘34%C, 0‘45 % Mn, 0'25 % Si, l -60 % Cr, 0'47 %Ni, 
and 0'83 % Al, J. E. Kontorovic and E. J. Aranovic [40] observed a tensile strength 
of 100 kgf/mm2 and a bending fatigue strength of 49 kgf/mm2 after oil quenching 
at950°C and suitable annealing. By nitriding for 10 hours at 500° to 650°C it was 
possible to increase the bending fatigue strength by 12 to 23 per cent, while by nitriding 
for 30 to 50 hours the increase obtained was as high as 29 per cent.

Torsion fatigue strength can also be increased to a small extent by nitriding; after 
10 hours’ treatment the increase was from 3 to 10 per cent, but it was only 17 per cent 
after 30 to 50 hours [40].

N. V. Pinesz observed an increase of the tension-compression fatigue strength with 
nitriding of a steel containing 0'32%C, T46% Cr, 0'22% Mo, and 0'96% Al, oil 
quenched at 950°C and oil tempered at 650°C (Table 3.5).

Even better results can be achieved by induction surface hardening. According to 
1. V. K u d r y a v t s e v  [44], the fatigue strength of a steel containing 0‘38% C, 0'2% Si, 
0'54% Mn, 0‘013 % P, 0'07 % Cr, and 0‘24% Ni was increased from 24'5 to 42'5 kgf/mm2 
(by 173 per cent) by induction hardening. It is also interesting to note that a high- 
frequency induction-hardened specimen suffered no great reduction of fatigue strength by 
subsequent turning of a groove in the hardened layer [44]. The explanation probably 
lies in the compressive stress at the surface produced by the cutting pressure.

3.4.2 Surface rolling
Rolling causes residual compressive stresses at the surface of a workpiece, and in

creases the fatigue strength just as does thermal hardening of the surface. According to 
Kudryavtsev the increase is between 27 and 33 per cent.

Horger and Maulbetsch [31] observed that after a rolling treatment under a 
pressure of about 2000 kgf applied through rolls 2 92 inches in diameter and 0'63 inch 
wide at a feed rate of 60 steps per inch, the fatigue strength of a shaft 2 inches in diameter 
increased by 41 per cent.

The relationship between the percentage increase of the Vickers hardness number 
at the surface and the bending fatigue strength is as follows:

Increase of Vickers hardness number HV 10 20 30 40 50
(per cent)

Increase of abF (per cent) 10 15 20 22 25

Similar results were reported by Horger [29].

3.4.3 Electrolytic deposits

It is well known that chromium-plating gives protection from wear and corrosion; 
but it has an unfavourable effect on fatigue strength.

H. Wiegand and R. Scheinost do not support the view that in chromium-plating 
hydrogen “in statu nascendi” (atomic) penetrates partly into the gaps between the grains 
and the slag inclusions and partly between the base material and the chromium layer, 
thus provoking a disintegration of the grains which reduces the fatigue strength. In 
their opinion, the only reason for the decrease of fatigue strength is the brittleness of
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the chromium layer. The bubbles of hydrogen penetrating between the base material 
and the chromium merely accelerate the decrease of fatigue strength, especially if the 
chromium layer is fairly thick.

Chromium-plating has a particularly deleterious effect at positions of stress con
centration such as at the edges of holes, in grooves, etc. The decrease of bending fatigue 
strength caused by chromium layers of various thicknesses is as follows:

7 to 15 per cent for chromium 0'04 mm thick; 
approximately 35 per cent for chromium ОТ5 mm thick; 
approximately 50 per cent for chromium 0‘20 mm thick.

This holds even with a two-hour annealing at 250°C in th e last two cases.
Kudryavtsev [44] finds that nickel-plating, owing to the residual tensile stress in 

the nickel layer, reduces the bending fatigue strength of mild steels with low carbon con
tent (e.g. StC 1061 with 008% C) by about 9 per cent, but that of steels with higher 
carbon content (e.g. St 50T1 with 0-63% C) by 30 to 34 per cent. An electro-deposited 
copper layer reduces the bending fatigue strength by about 13 per cent [44]. Electro- 
deposited zinc does not affect the bending fatigue strength.

The variation of the bending fatigue strength of light alloys with an anodic oxidation 
was investigated by H. Wiegand [114] (Table 3.6).

3.4.4 Metal spraying
Voids (interstices) occurring in the amalgamation of incandescent metal particles 

are sources of hair cracks, reducing the fatigue strength of the specimens or components. 
According to Thum and Lange, the bending fatigue strength of a metal-sprayed speci
men of an Al-Cu-Mg alloy known as “Heddur” was about 14 per cent less than that of 
an unspr'ayed test piece.

Table 3.6

Change in fatigue strength of light alloys with anodic oxidation

a bF  X F

Material Surface treatment ___ ! ГГ”
kgf/mm2 Pert kgf/mm2 per, s ' cent b 1 cent

AZM Elektron Original condition with finish- | 11 J 100 3‘5 100
N  =  107 machined surface
aT =  27 kgf/mm2 As above, anodized* 9 82 — —

As above, seomagized** 8 j 73 4 114
As above, chromatized*** 8 j 73 3'5 ! 100

A9V Elektron Original condition with finish- 6 5 100 3‘5 100
N =  107 machined surface
aT =  11 to 15 As above, seomagized** 4-5 69 4 114

kgf/mm2 As above, chromatized*** | 4 ! 61-5 4 114

* Regarding anodization, see Schmidt, Jenney and Eisler, ZVDI 1934, p. 1499.
** Seomagization means anodic oxidation of magnesium alloys by the Siemens-Halske Com

pany’s process.
*** Chromatization means the pickling of magnesium alloys, e.g. in sodium bichromate.
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3.5 Corrosion

The surface of metals coming into contact with water, particularly sea water, is 
covered with a thin deposit as a result of corrosion. If the deposit is insoluble in water, 
it forms a protection against further corrosion and the metal becomes “rust-proof”, 
while in the opposite case it develops “rust spots”. Under repeated loading such a deposit 
provides rust protection only if it is elastic enough; otherwise it gradually cracks and 
breaks away.

In consequence of corrosion, pitting of metals occurs, first on the surface, where it is 
often visible to the naked eye, then penetrating deeper and deeper, causing stress con
centration under repeated stress and initiating fatigue fracture.

It follows that corroded metals have a much lower fatigue strength than those that 
are not corroded, and that the reduction in fatigue strength depends on the degree of 
corrosion. The reduction in fatigue strength also depends on, amongst other things, the 
composition of the liquid causing corrosion (rainwater, sea water, acid or alkaline spring 
water) and on the duration of exposure. Tests are carried out either by exposing a spec
imen or component to the corroding medium for a given time (some days or months) 
and then performing the fatigue test, or by subjecting the specimen immersed in the 
liquid to repeated loading. In the latter case the liquid will penetrate into the fatigue 
hair-cracks, where its damaging effect will continue. It was from results obtained under 
such conditions that McAdam plotted the curve /  shown in Fig. 53 of Part II (p. 32), 
where the exceedingly rapid decrease in fatigue strength is clearly visible.

The fatigue strength of metals exposed to corrosion is influenced by the following 
factors:

3.5.1 Composition of materials

Figure 54 of Part II (p. 33) is a summary diagram based on McAdam’s investi
gations. It is clear from Fig. 18 of Part II (p. 13) that the relationship between tensile 
strength and bending fatigue strength is approximately linear. The relationship between 
the tensile strength and the bending fatigue strength of steels exposed to corrosion by tap 
water is likewise linear. It is noteworthy, however, that while the fatigue strength of 
uncorroded steels increases considerably with increase of tensile strength (see Fig. 54), 
that of corroded steels remains almost unchanged, i.e. 16 to 18 kgf/mm2.

The influence of corrosion on cast steel and cast iron is shown in Tables 6 and 7 of 
Part II.

Pure nickel suffers a reduction in fatigue strength of 30 to 50 per cent under corrosion 
in tap water and 40 to 60 per cent in sea water. Monel metal (about 25 % to 30 % Cu and 
65% to 70% Ni) shows a similar reduction in fatigue strength; if the copper content of 
the alloy is higher, the reduction is rather less — about 16 to 40 per cent in tap water.

The fatigue strength of pure electrolytic copper shows no reduction.
The fatigue strength of Cu-Zn alloys (brass) is reduced by from 8 to 30 per cent in 

tap water and 23 to 45 per cent in salt water. The reduction is inversely proportional to 
the copper content.

The fatigue strength of Cu-Zn-Sn alloys (bronze) is reduced by about 25 per cent 
in salt water; for Cu-Sn alloys the reduction is 4 to 20 per cent in salt water, but only 
4 to 10 per cent in tap water.



There is no reduction at all in the fatigue strength of Cr-Ni alloys in tap water, but 
in sea water there is a reduction of 8 to 50 per cent.

The reduction in the fatigue strength of pure aluminium is approximately 50 per 
cent in both tap water and sea water. For duralumins it is 17 to 50 per cent in tap water 
and 30 to 60 per cent in sea water. Silumin alloys exhibit no reduction in fatigue strength 
in tap water and only a 10 to 25 per cent reduction in sea water. The fatigue strength 
of “Elektron” and other magnesium alloys is reduced by about 50 per cent in tap water 
and about 70 per cent in sea water. (Table 8 of Part II.)

3.5.2 Liquids producing corrosion
The effect of the liquid corrosive medium is shown in Fig. 55 of Part II (p. 33). 

Information on the effect of various kinds of water is given in Table 9 of Part II, and 
on that of steam, and of steam and air in Table 10.

3.5.3 Number of load cycles
The continuing progress of corrosion reduces the fatigue strength of steels very 

considerably. Since, for example, the time required to complete 50 x 10® cycles is ten 
times that required to complete 5 x10е cycles (if the frequency is the same), the fatigue 
strength will be lower in the first than in the second case. Some results obtained with 
YCN 35’62 mild steel in tap water are given in Table 11 of Part II.

3.5.4 Loading frequency

The progress of corrosion is influenced by the loading frequency (n cycles per minute). 
Figure 56 of Part II (p. 33) shows the reduction of the fatigue strength of a hardened 
and tempered Cr-Si-Ni steel in relation to the frequency n and the total number of 
cycles N. The tensile strength of the material was 176 kgf/mm2.

3.5.5 Type o f stress

Tests carried out by McAdam indicated that under the influence of corrosion the 
torsion fatigue strength of metals was reduced more than was the bending fatigue 
strength (Fig. 57 of Part II, p. 33). The tests were carried out on a steel containing 
0'46%C, 0'88%Cr, 0-34%V; its tensile strength was 68'4 kgf/mm2 in the annealed 
and 103 kgf/mm2 in the quenched and tempered condition. It can be seen that in both 
conditions whilst specimens subjected to corrosion in tap water had a bending fatigue 
strength at N = 107, for example, of about 65 per cent of that of an uncorroded speci
men, the torsion fatigue strength was only 40 to 50 per cent of that of the uncorroded 
specimen.

3.5.6 Mean stress

Thin corrosion coatings resist compression better than tension, so that the greater 
the mean compressive stress, the greater is the fatigue strength of corroded metals. In
vestigations by Thum and Ochs [99] showed that in relation to the uncorroded material 
the reduction of the fatigue strength of spring steel in repeated compression (er̂  = 0) 
was only 5 per cent, while in repeated tension it was 90 per cent. Even though the data 
for individual steels and other metals show some scatter, they clearly demonstrate the 
effect of mean stress on the fatigue strength of corroded metals.
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3.6 Fretting corrosion

Phenomena similar to corrosion appear in bolted joints, wheel hubs, or, in general, 
at places where two materials are in contact with each other under pressure. First discol- 
ourations, and then small pits, appear on the surface of the softer metal, and eventually 
fatigue failure occurs at a considerably lower endurance than in smooth test specimens.

The phenomenon has been investigated by several authors. Amongst them mention 
should be made of Tomlinson et al. [104], who published the following observations:

(a) Fretting corrosion always appears in places in which metals in close contact 
undergo relative displacement brought about by elastic deformation, even if the dis
placement is extremely small. Such a displacement occurs, for example, between a shaft 
and a wheel hub keyed on to it, due to the elastic torsion of the shaft.

(b) Fretting corrosion is greatest if both elements in contact are completely dry. 
Thus the rate of corrosion decreases with increasing humidity of the atmosphere.

(c) The degree of fretting corrosion depends upon the specific pressure between 
the two metals concerned.

(d) In general, less fretting corrosion is evident in softer than in harder materials.
H eywood [28] made 250 tests to investigate fretting corrosion of pin joints in alu

minium alloy plates using steel fasteners such as bolts and rivets. His results showed 
that the plates clamped with close-fitting fasteners, i.e. where the size of the hole exceeds 
that of the bolt by only 0'07 to 0'08 per cent, had approximately 3'3 times as long a life 
as plates with loose-fitting fasteners, i.e. with clearances of 0'5 to 1 per cent. Furthermore, 
the life was increased 2'9 times by lubricating the joint with molybdenum disulphide 
(MoS2).

McDowell [52] found that fretting corrosion appeared very easily between light 
alloys and either steels or chromium-plated surfaces, but that combinations of hardened 
steel and high-alloy tool steels, plain cast iron and cast iron with a phosphate surface 
coating, and metals coated with molybdenum or tungsten disulphide, proved to be 
highly resistant.

Several authors consider that fretting corrosion reduces fatigue strength to 25 to 30 
per cent of that of a smooth specimen. Some tests have indicated, however, that the 
reduction amounts to only 5 per cent.

3.7 Previous history

Besides the factors already dealt with, the previous history of a specimen or machine 
component, involving all kinds of influences, abuse, hardening, etc., also affects the 
fatigue strength. From a practical point of view investigation of these influences gives 
information on the effect of a few loadings (e.g. an occasional exceeding of the yield 
point) departing from the exact and regularly repeated load of the fatigue testing ma
chine.

3.7.1 Occasional stresses above yield

With materials having a yield point (i.e. a permanent deformation at a certain stress 
prior to fracture) the fatigue strength is not reduced by occasional stressing beyond yield 
as long as cracks do not occur in the yielding, and may in fact be increased.
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Of the numerous investigations in this field we mention only those of A. Thum  and 
A. Erker [96]. Their tests were carried out on St 52 steel welded with heavily coated 
electrodes. The steel was of the following composition: 044% C, 0-36% Si, 1 '49 % Mn, 
0'02% P. 0'019% S, and 0’37% Cu. Figures 3.7 and 3.8 show the stress-strain diagrams 
of butt-welded and fillet-welded test pieces. After welding, the joints were loaded beyond 
the yield to the points Vx, V2, and V3 respectively. The S-N curves were then obtained 
(Figs. 3.9 and 3.10).

Both diagrams demonstrated that as long as there was no cracking in the welds (see 
the curves corresponding to points Vx and Vo), the fatigue strength was either not reduced 
at all or reduced only slightly. After loading to 
the point V3, however, which was just below 
the fracture load, cracks, clearly visible in the 
test piece to the naked eye, caused a substantial 
reduction in the fatigue strength of the butt- 
welded test piece.

From the results of their own and other 
researches, K örber and H empel [41 ] observed 
that if low-alloy steels are strained 5 to 10 per 
cent, and then left for from 2 to 20 days or aged 
for one hour at 250c to 260°C, the fatigue strength 
increases by 10 per cent; but for more highly 
alloyed steels the increase is only about 5 per 
cent.

Fig. 3.7. Stress-strain 
diagram of a butt-weld

ed joint

Strain £
Fig. 3.8. Stress- 
strain diagram of 
a fillet-welded 

joint

3.7.2 Cumulative damage
Miner's hypothesis of cumulative damage has 

been explained in section 1.6.2 (p. 18) in connec
tion with the Locati method.

3.7.3 “Coaxing” of steels
Among factors influencing fatigue strength, 

what is known as “coaxing” must be noted; 
it occurs in certain circumstances in some 
materials, particularly in steels, under cyclic 
stress. It has been observed that an increase in 
fatigue strength of 20 to 30 or even 60 per cent 
can be obtained if specimens are stressed for 4 
to 10 X 10е cycles at 10 to 15 per cent less than 
the fatigue limit and the process is then repeated 
several times, increasing the applied stress by 2 
to 5 per cent each time. This explains the fact 
that in many cases new (and thus not “coaxed”) 
replacements for machine components (e.g. 
shafts) fracture under a moderate overload, al
though made from the same material as the ori
ginal component, which had been used for a 
long time and thus “coaxed” in service.

Fig. 3.9. S-N  curves of a butt-welded 
joint, <7!= 2 kgf/mm2, after preloads Vu  

V2, and V3 (Fig. 3.7)

Fig. 3.10. S-N  curves of a fillet-welded 
joint after preloads K„ K2, and V3 

(Fig. 3.8)
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T a b l e  3.7 T a b l e  3.8

Series of tests for “ c o a x in g ”  of steels 
(Herold [24])

, ,  , .. Cumulativec . Number of .Stress . total
(kgf/mm2) of cycles

(millions)

26 j 3-515 3-515
28 I 12-494 16009
30 7-875 23-884
32 5-605 29-489
33 J 6-115 35-604
35 j  0-230 35-834
36 I 5-490 41-324
38 1T840 53-164
40 j 5-886 59 050
42 ! 1-845 60-895

fracture

Series of tests for “ c o a x in g ”  o f  steels 
(Lehr [47])

Number Cumulative
StfeSS of cycles total(kgf/mm*) J of cycles

(millions)

22 1-65 1-65
23 1-17 2-82
24-3 1-72 4-54
25 0-92 5-46
26-4 0-85 6-31
28 1-15 7-46
29-3 1 00 8-46
31 1-08 9-54
32-8 0-86 10-40
34 0-34 10-83
35-8 0-43 ! 11-26
37-3 0-067 j 11-327

i broken

The results of two interesting “coaxing” tests are given below:
Herold’s test [24], carried out on Cr-Ni-W steel (Table 3.7).
Composition 0-34% C, T06% Si. 0*52% Mn, 10*91 % Ni, 1T96% Cr, 2% W.
Mechanical properties — yield stress aby 42*6 kgf/mm2, tensile strength err 82 kgf/mm2, 

bending fatigue strength abF 30 kgf/mm2.
The increase of bending fatigue strength was about 40 per cent.

Lehr’s test [47], carried out on a tool steel with 0'9 % C and a lamellar pearlitic 
structure (Table 3.8).

Mechanical properties — yield stress aby 24'8 kgf/mm2, tensile strength aT 71 kgf/mm2, 
bending fatigue strength abF 24 kgf/mm2.

The increase of bending fatigue strength was about 56 per cent.

As, however, very little is to be found about “coaxing” in the literature, and what 
there is confines itself mostly to description instead of explanation, it is best to take the 
degree of strengthening produced by “coaxing” from the results of actual tests carried 
out on the appropriate specimen.



CHAPTER 4

Theoretical Stress Concentration Factor

The preceding sections have dealt with the factors that affect the fatigue strength of 
materials. It is clear that if failure is to be avoided, machine components must be di
mensioned with such a factor of safety that the stresses occurring are always less than the 
fatigue limit (or in some cases the appropriate endurance limit) of the material concerned.

It has been demonstrated by experience, by calculations and by measurements, how
ever, that local stresses considerably higher than those given by elementary theory 
often occur. It was shown by Saint Venant that the elementary formulae atc = F/А for 
tensile and compressive stresses and ab = Mb/W for bending stresses are only valid when 
the cross-section concerned is uniform and far enough away from the point of application 
of the load. In practice, however, there are cross-sections with holes, steps, grooves, 
etc., where local stresses exceed the calculated values.

It is therefore necessary to study the extent to which changes in cross-section, 
grooves, notches, etc., occasion an increase in stress, and by how much the local stress 
exceeds the calculated nominal stress. The ratio of the two, which depends on the shape 
of the component or workpiece, is called the stress concentration factor, K, ; thus

^"rnax ^п ош  '

The stress concentration factor can be determined theoretically (Neuber [64]).
To avoid the necessity of using the rather complicated formulae applicable, appro

priate nomograms are given in Part II.

4.1 The Neuber nomogram

The Neuber nomogram [64] consists of two parts, the first being a table (Fig. 58 
of Part II, p. 37) showing the curve and scale of the nomogram to be used in the differ
ent cases of stress concentration, and the second being the nomogram proper. This 
latter consists of two parts, viz. the basic and the supplementary nomograms (Figs. 59 
and 60 of Part II, p. 38), the latter being applied in cases of stress concentration in 
hollow workpieces.

4.1.1 Application of the basic nomogram

Find the value of a/r on the right-hand part of the abscissa, and then proceed 
from this point upwards parallel to the ordinate until the appropriate curve is reached. 
Project the point of intersection on to the ordinate scale and connect the resulting point 
by a straight line to the value sjhfr on the left-hand part of the abscissa. The circle

55
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to which this straight line is a tangent indicates the value of the stress concentration 
factor K,.

For hollow workpieces, find the value of yfbjr on the right-hand part of the abscissa 
(Fig. 60 of Part II, p. 38), and draw a line parallel to the ordinate up to the appropriate 
curve. Project the point of intersection on to the ordinate scale and connect the resulting 
point by a straight line to that value of K„ on the left-hand part of the abscissa, which 
Fig. 59 gives as the stress concentration factor for solid workpieces. The circle to which 
this straight line is a tangent indicates the value of the required stress concentration 
factor Kt.

Although these nomograms are correct theoretically, their use in practice is limited, 
because, firstly, the curves are so close together near the beginning that it is difficult 
to distinguish between them, and secondly, it is necessary to draw a circle touching the 
line connecting two points and then to read off the value it gives on the scale. This 
makes it tedious to use the nomograms, and the values obtained are not precise. The 
Neuber nomogram thus relates only to particular examples of stress concentration, and 
does not cover all the cases which may occur.

4.2 Tables of stress concentration factor

Numerous investigations, using the most varied methods, have been made to deter
mine the stress concentration factor. Extremely valuable results have been reported by 
Frocht, Hetényi, Nádai, Heywood, and others, using photoelastic techniques, while 
others have reported tests carried out with electric resistance strain gauges (e.g. Gibbons) 
or using electrical models (Thum). Their results were plotted on diagrams. Except for a 
few cases it is more convenient, however, to give the values (shown in Table 12 of 
Part II, pp. 39-56) in place of the diagrams, because any required values can be obtained 
from them quickly, and with sufficient accuracy, by interpolation. The accuracy will 
at least be better than is attainable with small-scale diagrams, showing only a few 
curves, as reproduced in books or periodicals.

If the required value of K, cannot be read directly from the table, the stress concen
tration factors for one or two lower and one or two higher values should be plotted to a 
suitable scale on millimetre paper and the required value interpolated graphically.

Mathematical interpolation may sometimes be quicker. In that case the well-known 
interpolation formula

*-»«■=*» + (,5 )
should be applied.

It is necessary, however, that

K,1 < K, req < K,2 and (D/d) , < (Did) req < (D/d).,.

If the parameter does not happen to be (D/d), the formula has to be modified as 
reason indicates.

The calculation is simplified by the nomogram shown in Fig. 61 of Part II (p. 41). 
It is used as follows:

Let (D/d)2 be the next higher and (D/d)1 the next lower value in Table 12 of Part II, 
to (D/d)Ieq, and Kt2 and Kn the respective stress concentration factors.
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Join the difference Kl2 — Kn on the left-hand scale to (D/d)r.q — (Djd), on the right- 
hand scale by a straight line. Then join the point of intersection of this line and the central 
line with the point (D/d)2 — (D/d)1 on the right-hand scale. The second straight line will 
intersect the left-hand scale at the point Kueq, i.e. the required value Ktreq will be given 
by adding Kn to the value obtained on the left-hand scale.

For the sake of completeness it should be mentioned that interpolation must some
times be done in two directions, i.e. first between values of Did and then between values 
of r/d.

Example. What is the stress concentration factor to be applied for a stepped shaft 
with D = 60 mm, d = 52 mm, and r = 4 mm, under bending stress?

The dimensions give Did = 60/52 = IT 53 and r/d = 4/52 = 0-077. These values 
cannot be found, however, in Table 12, sub-table No. 23, so that interpolation be
comes necessary. It is first made between values of D/d.

With rid = 0'04 and Did = 1T0 we have K, = 2'00, and with D/d = T20 we have 
K, = 2-09.

Interpolating for D\d = IT 53,

2-09 -  2-0K, — 2~0 + i 2o _ i i q ( 1 T 5 3 -  1T00) = 2 048.

Likewise for rid = 0T0: with Did = 1T0 we have Kt = T59, and with D/d = T20 
we have К, = T62. Interpolating for D/d = IT 53, we have

к, = 1 59 + — - a - 153 -  1100) = 1 606

r
And now interpolating between values of—a

if = 0-04 K, = 2 048
a

~  = 010 Kt = 1*606
a

for = 0 077a

К,=  T606 + 2pqo I  0-04 (° 100 -  ° '077) = 1'776 «  1-78

4.3 Multiple stress raisers

Stress concentrations arising from more than one groove are not always greater 
than those produced by a single groove. It can indeed be an advantage to form additional 
grooves close to the one necessary in the design, the stress being reduced as a result. 
Again, the grooves may exert no influence whatever on one another, yet it is equally 
possible that the presence of several grooves will considerably increase the stress con
centration. What determines whether one case or the other prevails?
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Fig. 4.1. Stress flow lines of a machine component stressed in tension
(a) concentration is reduced by smaller notches in the pencil 

of stress flow lines in front of and behind the notch
(b) high concentration of stress flow lines at root of notch

Too widely separated Side grooves n o t te=0-9. 1tm

Fig. 4.2. Correct and incorrect formation of stress-relieving grooves

4.3.1 Effect o f multiple stress raisers 
closely spaced in the line o f action of the stress

Figure 4.1b shows one side of a beam which is notched on both sides and stressed 
in tension. The broken lines in the diagram represent the lines of stress flow. There is a 
pencil of stress flow lines immediately in front of the notch, but a sudden crowding of 
the lines at the root of the notch. The maximum stress is K, times as great as for uniform 
stress distribution (see section 4.1). If a similar notch, or one a little smaller but of the 
same shape, is cut in the pencil of stress flow lines (Fig. 4.1a), the lines will not exhibit

Incorrect Correct
Fig. 4.3. Concentration of stress flow 
lines where shaft diameter alters. 
Concentration can be reduced by 

means of stress-relieving grooves
F ig. 4.4. Correct and incorrect formation of a 

shaft for ball bearings

the sudden crowding but will be disposed as if the notch had a larger radius, or, what 
amounts to the same thing, as if the stress concentration factor were lower. Figure 4.2 
shows some correct and incorrect forms of stress-relieving notches.

This also holds for a plate with a central hole. Holes of equal or smaller size provided 
in front of and behind the first hole required by the design decrease the stress peaks.
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F i g . 4.5. Stress distribution in a drilled plate. F i g . 4.6. Plate stressed in tension with holes 
a —one central hole, K , =  2'75 drilled in more than one row.

b — with an additional hole drilled Holes 2 and 3 are situated in opposite stress-
on each side, K, — 2'28 flow-line pencils, so that the stress increase sat

the edges

F i g . 4.7. Since holes 2 and 3 are closer to
gether than in Fig. 4.6, stress concentration is 

higher.
K , =  2 07 for holes 1 and 4 

K, =  3 83 for holes 1, 2, 3 and 4

F i g . 4.8. If a hole is very close to the edge of 
the plate, the stresses increase considerably on 

account of bending moments

This is also why a thread always has a lower stress concentration factor than a single 
groove of the same dimensions, and why it is advantageous to cut a groove close to the 
shoulder required on a shaft when a ball or roller bearing is to be fitted (Figs. 4.3. 
and 4.4).

4.3.2 Effect o f multiple stress raisers
in a line perpendicular to the line of action of the stress

(a) If the spacing is great enough (e.g. when the ligament width is not less than twice 
the radius of the hole for rivet holes) the stress concentration factor remains unchanged, 
and the several sources of stress concentration have no effect on one another.
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(b) With close spacing, the concentration of stress in relation to the uniform stress 
(e.g. under tensile loading) in the unpierced cross-section is higher.

The broken line in Fig. 4.5 represents the stress distribution in a flat beam, with a 
central hole, loaded in tension. If a further hole is drilled symmetrically at each side of 
the central hole (one side of the beam only is shown in Fig. 4.5), the stress concentration 
will give the distribution represented by the full line. The increase in stress concentration 
may, however, be less than the decrease in cross-section, so that in the end the resultant 
stress concentration factor, calculated on the reduced cross-section, is lower.

(c) When the holes are not in a single cross- 
section but in more than one row (Fig. 4.6), there 
is no fundamental change from the conditions 
described above; the only difference is that the 
pencil of stress flow lines changes according to 
the distance apart of holes 2 and 3, and the 
stress around them will be higher the closer they 
are to each other (Fig. 4.7).

(d) The increase of stress is particularly 
great if the holes are not symmetrical or if the
first row of holes is very close to the edge of the 

Fm. 4.9. Theoretical stress concentra- ,ate (Fj 4  8) jn that case the bending moment 
tion factor of a beam notched through the r °  , . , _ ® .
full thickness on both sides and with a actInS at the innermost edge of the hole tn-

hole in the centre of the notch creases the stress considerably.

4.3.3 Intersecting stress raisers

The best way to explain the method to be followed with intersecting stress raisers 
is to give an example. Figure 4.9a represents a beam with a notch at each side and a 
central transverse hole d. The question is: what is the stress concentration factor in 
tension?

Initially, we ignore the transverse hole. The stress distribution in the beam notched 
at each side is shown in Fig. 4.9b. As we know, the stress at the root of the notch is

^ n o tc h  ~  K tOn i  ,

where K, is the stress concentration factor, and anl the nominal stress in the beam.
The same stress would act, however —with a uniform distribution of reversed stress 

— if the plate of thickness 5 shown by the dashed lines in Fig. 4.9b were bent by a bend
ing moment Mb as indicated in the figure. If the angle of inclination of the stress distri
bution for the transverse bending coincides with that of the tangent to the stress that 
occurs at the root of the notch, the two cases can be regarded as identical at the critical 
point, i.e. at the root of the notch. With this approximation the original problem is re
duced to the transverse bending of a beam drilled at its centre, and thus the maximum 
stress occurring is expressed as

°max =  K r l On ., —  Kt2Ktla„x ,

where Kl2 denotes the stress concentration factor applicable to the transverse bending 
of the plate drilled at its centre. The stress <xnotch already determined has to be regarded 
as the nominal stress for the transverse bending, so <rnotch = an2-
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Now, however, we have to determine the thickness s of the imaginary plate, for we 
need it to determine the stress concentration factor Kt2.

According to Siebel (section 5.3, p. 65),

da 1 1X = —— у ------ = tan a X -------
<Tmax °m a x  °m a x

From the triangle ABC (Fig. 4.9b), however,

2tTmax , 2tan a = --------  and thus s = — .s X

According to Fig. 94 of Part II (p. 85),

2
X = — 

r

in a beam notched on both sides, r being the notch radius. Substituting this, we have

s = r.

Thus if in Fig. 4.9 r = 5 mm, b = 24 mm, h = 16‘5 mm, and d = 6 mm, we find 
from Table 12 of Part II, sub-table no. 1 (p. 42), using our symbols instead of the cor
responding ones in the table,

b 24 r 5-----— = — =1-71 and -------. = — =0-357.b — 2r 14 b — 2r 14

Now with

— = — = 1-2 and -^ = - ^ -  = 0 363 s 5 h 16'5

we find from Table 12 of Part II, sub-table no. 29 (p. 51) that Kt2 = P68.
The stress concentration factor for transverse notches, then, will be К. = K,, x  Kt2 =

1-78 X T68 = 3-0.
Measurements by T h u m  and Svenson [101] gave K, = 3'23, a difference of —7 

per cent.



CHAPTER 5

Fatigue Strength Reduction Factors

5.1 Fatigue strength reduction factors 
according to the conservative theory

Experience shows that at stress concentrations the peak stresses are often less than 
irmx, the nominal stress multiplied by the stress concentration factor. It is reasonable 
to assume that the material grains are displaced at such positions, which is why the peak 
stress is reduced. The magnitude of this displacement depends on the material; it is 
much less -  if it occurs at all -  in a hard, brittle material than in a ductile one, and the 
reduction of stress in a brittle material likewise differs from that in a ductile one.

Because of this displacement, according to A. Thum and W. Buchmann [95], the 
actual stress increase is only a certain fraction of the increase indicated by calculating 
crmax from the theoretical stress concentration factor Kt.

Since the theoretical stress increase is

^max Kt(Jn Gn ~ (Jn{Kt 1)

and the actual stress increase is

^ a c t  a n =  1 )  ,

we have
qan(K, -  1) = G„(Kf -  1),

whence
К ,— 1

q ~ ~ K ^T ’ (16>

where
q denotes the notch sensitivity factor and 
Kf  the fatigue strength reduction factor.
Thum and Buchmann supposed q to be a material constant, and consequently the 

value of Kf , giving the actual stress increase, could be calculated from K, by means of 
the following equation:

К/ = q(K, -  1) + 1.

The notch sensitivity factor q expresses the sensitivity of the material to stress raisers 
If q = 1, we have Kf  = K„ i.e. there is no stress decrease as a consequence of grain 
displacement in the material; it is very brittle, and sensitive to grooves, changes in 
cross-section, etc. If q = 0, the stress occurring at what would normally constitute stress 
raisers does not rise above the nominal stress, so an = <ract. The displacements are so 
large that no stress peak is produced; the material is ideally plastic. In practice, these are 
limiting values; q always lies between 1 and 0.
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H e r o l d  [25] makes the rather sweeping statement that the factor q “is to be regarded 
as a material constant in stepped shafts of the dimensions investigated”. It has become 
clear, however, that his supposition is not correct, because q depends not only on the 
material but on the form of the stress
raising groove, and also, though to a 
lesser extent, on other factors.

From data given by Moore, Jordan,
Morkovin, Gogh and others, R. E.
Peterson [71] produced the diagrams 
shown in Figs. 5.1 and 5.2, in which the 
notch sensitivity factor q is shown in 
relation not only to the composition of 
the material, but also to the degree of 
rounding of the groove, hole, etc. Using 
these data, a nomogram (Fig. 66 of 
Part II, p. 59) was prepared to enable 
the notch sensitivity factor q to be de
termined for materials of various tensile 
strengths for a given radius. When K, is 
known, q can be found from the nomo
gram.

Harris [20], formulated an expres
sion for q, agreeing closely with experi
ment, viz.

Radius r of hole or of transition

F ig . 5.1. Relationship between notch-sensitivity 
factor q of normalized steels and size of hole 
or radius of transition ( J o r d a n  and M o r k o v in )

Я = {1 -  exp(- r/pH)}

where

r—  33-5
V  Ph  — -----------•aT

In the above formula,
r — radius of notch root in mm; 

aT = tensile strength of the material 
in kgf/mm2.

By combining the above two equa
tions the following relationship is ob
tained:

F ig . 5.2. Relationship between notch-sensitivity 
factor q of hardened and tempered steels and 

size of hole or radius of transition (G ogh)

r = log .
[ 50-8J ё 1 - q

This last equation is very suitable for the nomographic determination of the value 
of q (Fig. 67 of Part II, p. 60). To use the nomogram, join the value of r, the notch 
radius, to the point giving the tensile strength of the material, and the resulting straight 
line gives the required value of q on the middle scale.
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5.2 The Bollenrath-Troost method

The theoretical formula of F. Bollenrath and A. Troost is at present the most 
suitable for determining the value of the fatigue strength reduction factor.

They consider that fatigue fracture occurs in a material under frequently repeated 
stress when the elastic strain component at the most highly stressed positions exceeds a 
certain critical limit. All their calculations are based on the fatigue strength in tension. 
They also show that the bending and torsion fatigue strengths differ from the tension 
fatigue strength only because of the “supporting effect”. In their theoretical derivation 
they use the fatigue strength reduction factor KfB, which is the ratio of the fatigue strength 
of a notched specimen to that of a smooth specimen.

r  ° F NK/B -  — .
a tcFt

Here
aFN = fatigue strength of notched specimen;
atcFt = tension-compression fatigue strength of smooth specimen.

It must be emphasized that the size factor and the difference existing between the fatigue 
strengths for tensile and for other stresses are included in the value of KfB.

These authors derived theoretically the following formula for the determination of 
KfB for stepped and grooved round steel shafts under reversed symmetrical tensile or 
bending stress. We omit the derivation, and give only the formula itself:

1540

K,‘s = 1 -  f л—  (17)

1 + - ^ -  \ + r 
13700

where
K, = <Tmax/cr„, the theoretical stress concentration factor;
KfB = o#N'latcFt’ lhe fatigue strength reduction factor;
aT = tensile strength in kgf/mm2;
r = groove radius in mm.
To facilitate the application of the rather complicated formula, a diagram has 

been drawn (Fig. 65 of Part II, p. 58). The values of KfB from this diagram have been 
compared with the experimental results obtained by F. Korber and M. Hempel [42] 
for drilled shafts and by W. Herold [25] for stepped shafts, respectively, and it is found 
that the differences vary from — 20 'to + 5 per cent; the formula can therefore be used 
also to calculate KfB for stepped and drilled shafts, but in this case the value obtained 
must be multiplied by T2. It should be noted, however, that even after the multiplica
tion the value of K)B must not be greater than Kt.

The fatigue strength aFN of a notched workpiece is determined in three stages. 
First the stress concentration factor K, is determined from Table 12 of Part II by select
ing the appropriate sub-table and interpolating; next this value is multiplied by the 
value of KfB/K, obtained from Fig. 65 of Part II (p. 58), and finally the result is multi
plied by the tension-compression fatigue strength of a smooth specimen (above 2).
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The determination of KfB is simplified by the nomograms in Figs. 68 to 87 of Part 
II (pp. 61 to 80). First take the nomogram corresponding to the given loading conditions, 
locate the value of on the left-hand side, and join it to the appropriate point in the 
middle (Did) curve or straight line. The resulting straight line when produced will inter
sect the right-hand scale at the applicable value of K,. Then place at this intersection the 
point marked with an arrow in Fig. 88 of Part II (in pocket inside cover) corresponding 
to the form of the workpiece; the arrow may point either to the right or to the left. Locate 
the point on the abscissa axis of the movable part of the nomogram which gives the value 
r, and move vertically to the straight line for the appropriate tensile strength. From here 
project to the left-hand or right-hand edge of the movable part of the nomogram, 
adjoining which the value of KfB can be read off on the fixed part. As already mentioned, 
however, the value of KfB cannot be greater than K„ so that whenever the movable part of 
the nomogram gives a value greater than K„ a value equal to K, should actually be used.

It should be noted that nomogram values differ in some cases by between 15 and 20 
per cent from the theoretical and the experimental values of the fatigue strength reduc
tion or the theoretical stress concentration factor. This accuracy is usually sufficient 
in practice, however, the more so because the larger differences tend to occur only in 
extreme cases.

5.3 The Siebel method

Siebel [84] has developed a method for the determination of the fatigue strength 
of machine components containing stress raisers which is completely different from 
previous methods. Although the details published in the literature are far from complete, 
the method is worth discussing because of its novelty. Siebel made the basis of design 
the permanent equivalent strain occurring at the most highly stressed point, and he 
proposed taking the uniform value of e = 0'2 per cent. He demonstrated that, for a non- 
uniform stress distribution, the fatigue strength of machine components depends on the 
ratio of the stress gradient to the maximum stress. He intro
duced the variable X, defined as follows:

x=fS ~1~- (i8)a x ) a max °m a x

In the above equation ~  denotes the slope of the curve rep
ax

resenting the stress distribution produced by the grooves, etc., 
where the stress is highest (amax, Fig. 5.3). The value of this 
slope has to be divided by <rmax in order to obtain X.

Experimental values of X  have been plotted as abscissae in 
Fig. 93 of Part II (p. 85) against the ordinate SF, which is the 
ratio of the fatigue strength of a grooved machine component 
to the tension-compression fatigue strength of a smooth (i.e. not grooved) specimen. 
Hence

a tcFl

A separate curve is given for each material.

(1 9 )

Fig. 5.3. Tensile stress 
distribution in a notched 

plate
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To determine the fatigue strength of a machine component made from a known 
material and containing stress raisers, first calculate the value of X  and then determine 
the value of őF from Fig. 93, using the appropriate material curve. Multiply the value of 
the tension-compression fatigue strength determined as in section 5.2 by 5F and by the sur
face-roughness factor b (Fig. 38 of Part II, p. 28); the result is the required fatigue 
strength of the machine component containing stress raisers.

The values of X  for different types of notch can be taken from Fig. 94 of Part II 
(p. 85).

The Siebel method has the disadvantage that the values of öF corresponding to 
small values of X  can be read off only with very poor accuracy, and further, that the 
calculation of X  is simple only for the few cases given in Fig. 94; for other cases it is 
somewhat complicated.



CHAPTER 6

Factor of Safety

6.1 Uniaxial stresses

The extent to which different materials can be stressed under given conditions was 
discussed in Chapter 2. In Chapter 5 information was given on the actual stresses arising 
in a machine component in consequence of notch effects. In regard to both the load capac
ity of a material and the determination of the stresses occurring, we have to be satis
fied with a limited accuracy owing on the one hand to microscopic inhomogeneity and 
general uncertainty about material quality, and on the other to the way in which some 
factors have to be simplified and others neglected in the mathematical treatment of 
problems in the theory of strength of materials. We must also bear in mind that in 
practice, in addition tó the postulated stresses which are provided for, there may be 
unexpected, unavoidable larger stresses.

The factor of safety covers all these uncertainties. It is important that this factor 
should be realistic, for if it is unjustifiably high, it brings to naught all the calculations 
aimed at a more economical use of material, and there is no point in carrying out the 
complicated calculations relating to fatigue strength; but if it is too low, there is a lia
bility to fracture in the unfavourable cases which inevitably occur.

With static loads, the factor of safety indicates that the tensile strength or the yield 
point of the material is some multiple of the permissible stress, the first criterion relating 
to design against fracture and the second to design against permanent deformation. The 
first is customary for brittle, the second for ductile, materials. At temperatures above 
500°C the creep limiting stress, and for boiler drums, the hot yield point, must be divided 
by the factor of safety in order to arrive at the permissible stress.

A cyclic alternating stress is composed of two elements, i.e. the mean stress <rm and 
the stress amplitude aa. Since the fatigue of materials depends on both the mean stress 
and the amplitude, it is reasonable to ask to- what the mean stress and the stress ampli
tude must be related in any given case. To this question the literature provides three 
answers, proposed respectively by Soderberg. the VDI, and Kimmelmann.

6.1.1 Soderberg’s proposal
Soderberg proposes that the mean stress om and the stress amplitude oa should 

have the same ratio as those causing fatigue fracture, i.e.

am _  ам
G a aA

In this case the factor of safety S is given by

5 — — aA
Gm Ga
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Thus if the point P marks the mean stress and stress amplitude in the Haigh diagram 
(Fig. 6.1), point Q represents the criterion corresponding to the above condition, being 
the point of intersection of the straight line OP and the Haigh-diagram fatigue curve.

6.1.2 The VDI proposal
The VDI proposal is that the stress required to cause fatigue fracture with the given 

mean stress should be considered as the criterion (om = aM). The factor of safety then 
becomes the ratio of the stress amplitude causing fatigue fracture to the stress amplitude 
actually applied (Fig. 6.2), i.e.

Thus if the point P on the Haigh diagram again denotes the mean stress and the 
stress amplitude, point T  represents the criterion, being the point of intersection of the 
vertical straight line through point P and the Haigh-diagram fatigue curve.

The factor of safety proposed by the VDI is thus 
higher than that proposed by Soderberg.

6.1.3 Kimmelmantis proposal
K immelmann [36] showed that both the above 

proposals were based on arbitrary assumptions, for 
nothing whatever corroborates the assumption either 
that mean stress and stress amplitude vary in propor
tion or that the mean stress remains constant and 
only the stress amplitude varies. Kimmelmann consid
ers that the increased mean stress and stress amplitude 
(points Px ,P*  etc., in Fig. 6.3) must be calculated from 
the changes of working stress. The factor of safety is 
the ratio of the stresses causing failure to the limiting 
value under actual working conditions.

As it is often very difficult to determine the stresses 
resulting from the working load, the Soderberg fac
tor of safety is generally used.

6.1.4 Factor of safety in finite-life fatigue
If the number of cycles A is such that 10° < A<106, 

the Haigh diagram for the stress and endurance in 
question is drawn, and used to determine the factor of 
safety. The Haigh diagrams so far show apply for 
infinite life (for practical purposes, 10e cycles with 
steels), and the same holds for everything that has so 
far been said about the factor of safety.

On a logarithmic scale, the S-N  curve is approxi
mately a straight line between A = 103 and A = 106, 
starting, with A = 105, at the point corresponding to 
approximately 90 per cent of the tensile strength. This 
enables us, knowing the tensile strength and fatigue

Fig . 6.1. Soderberg factor of safety

F ig . 6.3. K immelmann factor 
o f safety

S = — .a„

Fig. 6.2. VDI factor of safety
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limit, to draw, first, the S-N  curve, and then the Haigh diagram for the appropriate 
endurance (Fig. 6.4). After that the process is carried out by the method already known. 
For example, the ratio of QxO to PO in Fig. 6.4 gives the Soderberg factor of safety 
when N  = 4 X 10s.

6.2 Complex and combined stresses

Various explanations of the cause of fracture are to be found in the theory of the 
strength of materials. For steels, the Mises-H encky theory makes the nearest approach 
to practice. According to this theory, fracture under static load occurs when the part 
of the strain energy used for the change of shape (the work performed during the change 
of shape) equals or exceeds the critical value for the material. It can be deduced mathe
matically that the equivalent stress ae under plane stress conditions for static combined 
loading is given by:

ae — oxGy + о у + 3r xy .

For the very frequent case of

gx = <7b Gy =  0, and гxy — X
the result will be

= чА 2 + 3t2-
Here g x  denotes the normal stress in the x  direction;

G y  denotes the normal stress in the у  direction;
Xxy denotes the shear stress in the xy plane.

With reversed plane stress the types of stress are frequently different for g  and x; a, 
for example, may be reversed and x fluctuating or static. In this case the equivalent stress 
g 'c is given by

°e = J o ‘1 + 3(a„T )2
with the stress ratio

„ _____ 1 . °bF“0 — ПХ ----•
V 3 rF

Fig. 6.4. Determination of the factor of safety when N <  10G
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The determination of <r' is facilitated by Fig. 95 of Part II (p. 87). Proceed from the 
value of T on the left-hand scale as far as the straight line a0. Draw a straight line from 
the point of intersection upwards or downwards until it intersects the straight line 
corresponding to the value of cr on the right-hand scale. The (interpolated) value of the 
circle going through this point gives the value of <r'. All the scales have two numberings, 
one being distinguished by being ringed. Only values of t, a, and er' belonging to corre
sponding scale markings (all ringed or all unringed) are to be related.

For example, if a shaft carrying a flywheel has to transmit a torque, the bending 
stress has to be regarded as reversed and the torsion stress as static. For 0'35 % C steel 
(Fig. 3 of Part II, p. 9), abF = 24 kgf/mm2 and t> = 19 kgf/mm2, whence

24
oe0 = ---------------- 0'73 .
0 F7 3x l 9

If the shaft works with a bending stress of

<jb = 15 kgf/mm2
and a torsion stress of

t( = 11 kgf/mm2,

the nomogram shows the equivalent stress to be

ae = 20-3 kgf/mm2.

To determine the factor of safety under combined plane stress, the equivalent mean 
stress amr and amplitude <jar must be ascertained.

Since
a = om + oa and г = t„, + ra,

we have

° m r  = + 3 t l  or ff'mr = J  + 3(«0Tm)2

= J a l  + 3tI or (j’ar = J a l  + 3(а0тй)2 .

We proceed as if amr = am and oar = aa. Afterwards we use one of the methods dis
cussed in section 6.1.

6.3 Numerical values of the factor of safety

As pointed out by Y olk [105], the factor of safety is “a function of space and time”. 
The designer must give careful thought to the value to be assigned to it; he must take 
account of stress concentrations and reduction of strength resulting from lack of uni
formity in the material, from surface machining, from corrosion, etc., and must also 
consider the consequences of any failure. Obviously, if failure may entail accidents, or 
gross material damage (e.g. to the machine itself, or to other parts of the plant), a higher 
degree of safety must be ensured than in other cases.

In the literature a factor of safety S, giving the permissible stress in relation to the 
reversed-stress or fluctuating-stress fatigue limit, of from 2 to 3 is proposed. This value,
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T a b l e  6.1

F a c t o r  o f  s a f e t y  f o r  s h o c k  l o a d in g

Type of machine; magnitude and frequency of expected shocks ' Factor

Steam and water centrifugal pumps, grinding machines, electric motors, with 
small shocks, occurring at most only on starting

Internal combustion engines, reciprocating machinery, slotting machines, and 
in general machines subject to only small shocks

Hot presses, section shearing machines, punching machines, and in general 
machines subject to shocks and impacts of medium frequency of occurrence

Hammers, rolling mills, stone crushers, and all machines subject to heavy and 
frequent impacts * 2

1 to IT 

1-2 to 1-5

1- 5 to 2 0

2- 0 to 3 0

however, may be regarded as excessive, for even with a factor of safety S  of only 1 '5 to
2 5 the stress is in most cases below the damage line discussed in section 3.7. If operating 
conditions can be controlled reliably enough, a safety factor 5 = Г2 to Г5 is sufficient, 
provided that the machine component is manufactured with due care and the material 
is selected under a proper approval procedure. For shock loading the factor of safety 
must be multiplied by the factors shown in Table 6.1. If failure could cause an accident — 
possibly even endangering life — the factor of safety must be increased by 20 to 50 per 
cent, and at the same time the material testing requirements must be made more strin
gent. Thus, in general, we should attempt to achieve safety not by overdimensioning, 
but by conscientious, deliberate and exact design, and above all by making sure of sound 
materials, limiting the stresses and suitably checking the machining, etc. There is no 
avoiding these measures, for without them no factor of safety, however high, can be 
adequate.



CHAPTER 7

Fatigue Design

The fatigue limit can be calculated as indicated in the foregoing except for materials, 
profiles or loadings for which no data are yet available.

In the majority of practical cases what is required is either
(a) to determine the dimensions of the machine component, or
(b) to check the factor of safety in relation to the loading and the dimensions of the 

component.
The calculation can be carried out either by the earlier method or on the basis of 

more recent tests and theories. There are more literature references applying to the first 
method, but the second is theoretically more exact. It is very regrettable that the neces
sary data for the second method are not yet available in sufficient quantity, so that some
times we are compelled to use the earlier one.

The essential difference between the two methods is that according to the more recent 
Bollenrath-Troost theory only the tension-compression fatigue limit otcF and the 
theoretical stress concentration factor K, are used, but the conservative method requires 
the tension-compression fatigue limit otcF, the bending and torsion fatigue limits abp 
and o,F, the size factors kb and k„ and also, to determine the fatigue strength reduction 
factor Kf , the theoretical stress concentration factor K, and the notch sensitivity factor 
q. The Bollenrath-T roost method is thus simpler, but the formula is strictly appli
cable only to shouldered shafts of circular section and keyways. In all other cases a 
greater or lesser degree of approximation is involved.

Although the conservative method is the more complicated of the two, the appli
cation of the Harris formula (p. 63) is generally accepted.

Siebel’s method, taking into account the supporting effect of the surrounding 
material, brings in the tension-compression fatigue limit otcF increased by the fatigue 
limit ratio oF. Notch effects are expressed by the theoretical stress concentration 
factor Kt.

Let us now consider the three methods of calculation in more detail.

7.1 Conservative design

The conservative method requires knowledge of the fatigue limit otcF, obF, or i F 
which corresponds to the type of loading of the material. If this cannot be obtained from 
the literature, use Fig. 18 of Part II (p. 13).

If the stress is not of the reversed symmetrical type with om = 0, plot the simplified 
Smith diagram with the aid of Figs. 18, 19 and 20, as detailed on pp. 13-14 of Part II. 
Also draw the straight line with slope tan ф = FJFm passing through the value of ou in
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the Smith diagram. Then draw a straight line from this point corresponding to om = 
= constant (parallel to the oa axis) which will then intersect the values of aM and oL. 
Next consider the factors affecting the fatigue limit and multiply the value of cu by 
the surface-finish factor b (Figs. 39 and 40 of Part II, p. 28, or for cast iron, Fig. 41) 
and by the factor kb or k, (Figs. 42 and 43), covering the effect of the form of the cross- 
section and the expected dimensions. If the working temperature of the component 
differs greatly from room temperature, modify the factors by means of the coefficients 
which can be read directly or indirectly from Figs. 44 to 52 of Part II (pp. 30-32). When 
calculation for finite life is required (N < 10e), determine the endurance limit using the 
simplified S-N  diagram shown on p. 23.

Afterwards divide the value of fatigue limit modified by the application of all the 
above factors by the relevant factor of safety, thus finally obtaining the maximum 
permissible stress for the component. This stress must not be exceeded by that deter
mined by the elementary method (<j ,c = F/А, ab — Mb\W, etc.) multiplied by the fatigue 
strength reduction factor Kf . This factor may be determined either from Table 12 (Part 
II, pp. 42-56) or from the theoretical stress concentration factor K„ determined using the 
nomograms in Figs. 68 to 92 of Part II, applied in the nomogram in Fig. 66.

The fundamental formula for the calculation is

oFbk
~ Ü O n K f  (20)

where KfTs a function of Kt and r.

7.2 Design using the Harris notch sensitivity factor

The process is identical with that described in section 7.1 except that the fatigue 
strength reduction factor Kf  must be determined by either the Harris formula (p. 63) 
or the corresponding nomogram (Fig. 67 of Part II).

The fundamental formula is then

Or, bk

where Kj is a function of aT and r.

7.3 Design by the Bollenrath Troost theory

When calculating according to the Bollenrath-Troost theory, only the tension- 
compression fatigue limit has to be known; multiply it by the surface-finish factor b 
and, for elevated temperatures, by the temperature coefficient. The size factor need not 
be considered. If am Ф 0, or if the calculation is to be made for an endurance of N  < 106, 
use the procedure described in section 7.1.

The fatigue limit thus modified must then be divided, of course, by the factor of 
safety. The stress finally obtained must not be exceeded by the stress determined by the 
elementary method (cr,c = F/А, ab = M b/W, etc.) multiplied by the factor KfB. This 
latter factor may be determined from Fig. 65 of Part II (p. 58) via the theoretical stress 
concentration factor K„ obtained from Table 12 of Part II (pp. 42 to 56) or by applica-



tion of the nomograms in Figs. 68 to 87, using the movable nomogram in Fig. 88 (in 
pocket inside cover).

The fundamental formula for the calculation is

( j b
s  й о пК/в (21)

where KfB is a function of aT and r.

7.4 Design by the Siebel theory

When calculating according to Siebel’s theory, determine first the value X  from 
Fig. 94 of Part II (p. 85). From this, using the appropriate material curve in Fig. 93, 
the fatigue-limit ratio 5P can be obtained. Multiply the tension-compression fatigue 
limit atcF by this and by the surface-finish factor b (Figs. 39 and 40 of Part II, p. 28), 
and divide by the factor of safety S. The result is the permissible fatigue stress, and it 
must not be exceeded by the product of the stress in the component determined by the 
elementary method (a„ = F/А, etc.) and the theoretical stress concentration factor Kt. 

The fundamental formula for the calculation is

^ 1 0р- й(Тпк п (22)

where öF is a function of X.
It should be noted that in the case of brittle materials such as cast iron and phenolic 

resins, K, must be used instead of Kf  or KfB. In the case of soft, plastic materials, e.g. 
certain light metals, Kf  or KfB к  1.

If the problem is to check the safety factor S, the above equations must be solved 
for S. For the sake of simplicity we do not describe the process in detail.

7.5 Example

Let us illustrate the procedure by an example. The factor of safety in relation to 
fatigue strength of the transmission shaft of 0‘35% C steel shown in Fig. 7.1 is to be 
checked. The required life is 10 000 hours, and the shaft is to transmit 15 HP at a speed 
of rotation n = 365 min-1.

Since the required number of cycles \% N  — 10 000x60x365 > 10e, the factor of 
safety for the given diameter must be checked in relation to the fatigue limit.

7.5.1 Conservative method

(1) According to Fig. 3 of Part II (p. 9), the bending fatigue limit obF for 0‘35 % C 
steel is equal to 24 kgf/mm2.

(2) Since N  > 10e, this value of obF is not to be increased.
(3) If we assume that R, =  4 /on, Fig. 38 of Part II (p. 28) gives the surface-finish 

factor b as 0'93 (50 kgf/mm2 tensile strength).
(4) From Fig. 42 of Part II (p. 29) the size factor kb (40 mm diameter) is 0'76.

7 4  FATIGUE DESIGN OF MACHINE COMPONENTS
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No modification of the fatigue limit is called for on account of
(5) temperature;
(6) surface treatment;
(7) corrosion;
(8) previous history of the material.

(9) The calculated fatigue limit o>caIc of the material is given by

°> ca ic  = abF x b x k b = 24x0'93x0'76 = 17 kgf/mm2.
(10) The peak stresses as calculated according to the elementary theory of strength 

of materials occur at one or both of the points of load application. It is, however, not 
there but at the two sides of the central enlargement that we check the safety factors, 
because that is where the stress concentrations occur.

Moments of resistance:

at position I (45 mm dia.) Wx = 8’9 cm3
at position II (40 mm dia.) WlY = 6'3 cm3.

Moments of polar resistance:

at position I (45 mm dia.) Wpl = 17*8 cm3
at position II (40 mm dia.) fVpU = 12*6 cm3.

The bending moment at position I is:
Mbl = 348(3+ 4 + 4 )-440x4  = 2068 kgf-cm, 

and at position II is:

Mm  = 348(3 + 4 + 4+1) -  440x 5 = 1976 kgf-cm.

oM = TjF  = V q8 = 233 k8f/cm2 = 2-33 kgf/mm2 W ö*y

<Гм[ = =314 kgf/cm2 = 3 Т 4 kgf/mm2.O* Ó

Fig. 7.1. Example of fatigue design of a shaft



Assuming that a0 «  0"7, we have for the equivalent stress ae, from the nomogram 
in Fig. 95 of Part II (p. 87),

(7Ie = 3'1 kgf/mm2 and crUe = 4 2 kgf/mm2 .

(11) The theoretical stress concentration factor K, from the nomogram in Fig. 84 
of Part II (p. 77), for D/d = 50/40 = T25, L/D = 10/50 = 0-20, r/d = 1/45 = 0Ю2, 
is equal to 2T5.

(12) With r — 1 mm we have, from the nomogram in Fig. 66 of Part II (p. 59), 
q = 0-68 and Kf  = F78.

(13) The maximum stress to be expected at position I will be

alexKf = 3T X T78 = 5-5 kgf/mm2 

and at position II will be

<7цех Kf = 4'2xT78 = 7'5 kgf/mm2.

(14) Finally, the factor of safety S at the position of maximum stress is given by

s  = gfcaic = 17 kgf/mm2 =  ̂ ^
aIIe 7'5 kgf/mm2

7.5.2 Determination of Kj- according to Harris

Steps (12), (13) and (14) are modified as follows when Kf  is determined by H a r r i s ’ s  

method:
(12) From Fig. 67 of Part II (p. 60), with aT = 50 kgf/mm2 and r = 1 mm, we 

obtain q = 0’89. Hence, using Thum  and Buchm ann’s formula (p. 62),

Kf = 0-89(2T5 -  1) + 1 = 2-02 .

(13) On this basis the maximum stress occurring (position II) will be

aUe = 4-2x2-02 = 8’5 kgf/mm2.

The twisting moment at both positions is

H P\ /15 1
M, = 71 620 —  =71620 .—  = 2950 kgf-cm . n / (3651

The torsional stress at position I is:

M  2950
t,i = = — — - 166 kgf/cm2 = 1 66 kgf/mm2

rr pi 17 8

and at position II is:

2950
rni = ~  234 kgf/cm2 = 2'34 kgf/mm2.12'6
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(14) Consequently the factor of safety at this position will be

s  _  g rca ic  = 17 kgf/mm2 = ^
aUe 8'5 kgf/mm2

i.e. less by about 10 per cent than the result obtained using the conservative method.

7.5.3 The Bollenrath-Troost method
(1) Figure 3 of Part II (p. 9) shows that the tension-compression fatigue limit 

otcF for 0’35% C steel under reversed symmetrical stress (oM = 0) is 18 kgf/mm2.
(2) Since N  > 106, the value of otcF is not to be increased.
(3) If we assume that R, = 4 pm, Fig. 38 of Part II (p. 28) gives the surface-finish 

factor b as 0’93.
No modification of the fatigue limit is called for on account of

(4) temperature;
(5) surface treatment;
(6) corrosion;
(7) previous history of the material.

(8) The calculated fatigue limit o>ca!c is given by

°>caic = VtcfXb — 18x0'93 = 16'8 kgf/mm2.

(9) The maximum equivalent stress, at position II, is ollr = 4-2 kgf/mm2 as in item
(10) of section 7.5.1.

(10) From the nomograms in Figs. 84 and 88 of Part II (pp. 77 and inside cover) 
mentioned earlier, with L/D — 10/50 = 0'20 and r/d — 1/40 = 0’025, and with r — 
1 mm and crr  = 50 kgf/mm2, we obtain KfB = 1*5.

(11) Thus we have finally

16-8
—  = 4-2xl-5,

and hence
16-85 = — ——  = 2-65 .4-2x T5

According to the Bollenrath-T roost theory, therefore, the safety factor is 
2'65/2‘20 = 1.20 times (i.e. higher by about 20 per cent than) that given by the conser
vative method.

7.5.4 The Siebel method

(1) For a stepped shaft, we have for X  by analogy with Fig. 94 of Part II (p. 85)
2 4 2 4

X  — — 1- —------ = — + — ---- — = 2'04 with the dimensions shown in Fig. 7.1.
r D + d 1 45 + 40

(2) Using the curve for aT — 50 kgf/mm2 in Fig. 93 of Part II (p. 85), we have 
SF = 1-3.

(3) Figure 4 shows that for the same value of or, otcF = 1 8  kgf/mm2.
(4) For R, = 4 pm, the surface-finish factor is b = 0'93.
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(5) The equivalent stress aUr at position II is 4'2 kgf/mm2.
(6) According to Fig. 84 of Part II (p. 77), K, = 2T5 {LjD = 10/50 = 0-2 and 

r/d = 1/40 = 0-025).
Utilizing the above values, we have

^ cTtcFöFb 18 X 130 X 0 93
4‘2 X 2-15

Here the factor of safety is 2'5/2-2 = F14 times (i.e. higher by 14 per cent than) 
that given by the conservative method.



CHAPTER 8

Fatigue Design of some Machine Components

T his chapter contains a number of points of special relevance to the fatigue design of 
some frequently encountered machine components. In it certain matters are discussed 
which up till now have been dealt with only generally or not at all. But no design prob
lems not related to fatigue will be discussed.

8.1 Shafts and journals

For tensile s tr e s s  r-=2d DrlSd 

For bending andtorsion r -d  D fiM  rj-Old

Fig. 8.1. Appropriate treatment 
for a step in a shaft

No difficulties should remain in the design of shafts and journals after the foregoing 
discussion. For the sake of completeness, the tests carried out by T hum and Bruder [91 ] 
must be mentioned; they relate to the determination 
of the stress concentration due to the combined effect 
of ball or roller bearings and steps in shafts. Their 
results showed that the fatigue strength reduction fac
tor Kf due to the combined effect was only 5 to 10 per 
cent higher than without the ball or roller bearing, i.e. 
due only to the change of shaft diameter.

The tests fully corroborated the effect of the stress- 
relieving groove (Fig. 4.3), showing an increase of 
about 15 per cent in fatigue strength, and also showed 
that it was possible to increase the fatigue strength by 
rolling, the increase being about 50 per cent when the 
rolling pressure was suitably chosen.

Correct shapes of shafts, from the stress-concen
tration point of view, are shown in Figs. 8.1 and 8.2.

Larger changes in diameter may be effected in sever
al steps (Fig. 8.3). Conical transitions are also permis
sible; suitable details are shown in Fig. 8.4.

Figure 8.5 shows correct methods of fitting a hub 
on a shaft.

Figure 8.6 shows correct forms of grooves from 
the point of view of stress concentrations.

The fatigue strength reduction factors Kf , calcu
lated by T hum and Bruder  [93] for flanged shafts 
and by H erold [25] for splined shafts, are given 
respectively in Tables 15 and 16 of Part II (pp. 88 
and 90).

Fig. 8.2. Various correct forms 
of steps in shafts — I

n 0 -2 d

4ioe °1
I f  d /D  < 0-8 more, than 
one step m ust be  u se d

Fig. 8.3. Various correct for ms 
of steps in shafts
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П0-2...03d n0-2...0-3d
F i g . 8.4. Conical steps in shafts

Hub rounded o ff dub with conical relief

hüb with cylindrical bore Protruding conical hub

Stress-reliering groove 
in hub face

S h a ft diam eter increased (by 
about Ю p er cen t) and hub 
protruding a little on each side

Fig. 8.5. Correct shaft-hub joints

F i g . 8 .6 . Suitable arrangements of shaft grooves

Hub reduced  a t  bo th  sides



f a t i g u e  d e s i g n  o f  s o m e  m a c h i n e  c o m p o n e n t s 81

8.2 Shrink-fit and keyed joints
The values of the “notched” fatigue strength and the fatigue strength reduction 

factors associated with keyed or shrunk-on hubs of various materials and forms have 
been investigated by A. Thum [94]. The results are summarized in Tables 17 and 18 of 
Part II (pp. 91-92).

The tests and measurements showed that as the surface pressure increased, the 
fatigue strength decreased until the stress at the wheel-hub surface reached the yield 
point. After that the fatigue strength did not change. The tests demonstrated the im
portance of the form of wheel hub. As keys and keyways reduce fatigue strength, it is 
better to use shrink fits. If the use of the former is unavoidable, however, surface hard
ening (rolling, flame hardening) is advantageous.

In torsion fatigue the importance of surface pressure and form of wheel hub is not 
so great. But here too keys and keyways very considerably reduce the fatigue strength. 
The fatigue strength of interference-fit hub joints differs from that of shrink-fit hub 
joints.

8.3 Ball and roller bearings

Ball and roller bearings are calculated for endurance, i.e. the required working life, 
by means of the formula

NPm = К ,

which is similar to the Weibull formula.
Here:

N  =  endurance (number of revolutions)
= 60 nLh, where n = revolutions per minute 

and Lh = endurance in working hours;
P =  “equivalent” load of the bearing (with loads acting in several directions, 

it is the vectorial sum of the loads), in kgf;
m = constant

= 3 for ball bearings and 10/3 for roller bearings;
К = constant depending on type of bearing.

The above formula may be found in bearing catalogues and elsewhere written as

NPm = Cm or N  = (C/P)m.

The value of C is indicated for all bearings in the relevant catalogue. The quantity C\P 
is called the load factor. When determining the value of P, all forces acting, dynamic 
factors, etc., must be taken into account.

When the load on a bearing is variable, the value of P used in calculating the endur
ance should be Pmean as given by the following formula:

p  _  Z N n P n \ 113 
mean \ IN n ) ’

where Nn is the number of revolutions at an individual load P„.
If the required type of bearing has to be determined rapidly, the nomograms in 

Figs. 96 and 97 of Part II (pp. 94-96) may be used.
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8.4 Bolts

Bolted joints occur in the most varied forms. Their fatigue design is not an easy 
problem, for a great many factors affect it: the bolt material, the thread profile, the type 
of machining, the surface roughness, and — to a very high degree — the amount of 
prestressing.

In essence a thread consists of several grooves following one behind the other in the 
direction of load. Its theoretical stress concentration factor Kt can be determined from 
the Neuber nomogram or from Table 12 of Part II (pp. 42-56). In addition the reduction 
of stress-raising effect brought about by the numerous turns of the thread (equivalent 
to grooves) must be taken into account, but there are no appropriate data available 
in this respect. The usual procedure is to make use, instead, of the values obtained from 
direct measurements which are given in Table 19 of Part II (p. 98). The surface-finish 
factor and size factor are already included in these values.

The stress concentration factor K, also has a considerable influence on the choice 
of nut form. Measurements carried out by Hetényi [27] gave the value of K, as 3'85 
for a 1-inch bolt with a normal nut (Fig. 8.7). With a nut of the form shown in Fig. 
8.8, however, the value of K, fell to 3.

Pomp and H empel [75] and other authors have demonstrated that the fatigue strength 
is very much affected by the mean stress am (which is the prestress). The Smith diagram 
for bolts is shown in Fig. 8.9. It indicates that bolts must be designed and fitted so that 
the sum of the prestress and the maximum tensile stress in fatigue should reach approxi
mately the yield point, for in this case the specific load-carrying capacity of the bolt is a 
maximum. Further, care must be taken that the prestress does not fall off — or at least 
not appreciably — during service. Assembly — at least in the more critical cases — 
should be effected with the aid of a torque spanner, and compliance of the prestress 
with specification should be checked.

The interplay of forces in a bolted joint resulting from repeated stress is best seen 
in the loading diagram (elongation or compression diagram).

Fig. 8.7. Effect of form of 
nut on theoretical stress 

concentration factor of thread

Based on photoe/astic 
measurements

Fig. 8 .8 . Effect of form of nut 
on theoretical stress concentra

tion factor of thread

0 5 10 15 20 25 30 
emkgf/rnm2

Fig. 8.9. Smith diagram 
for a 1-inch bolt
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Fig. 8.10. Forces in bolted joints

When a bolted joint presses two surfaces together, the bolt extends under tensile 
load, while both the joint elements are pressed together. As the elongation and compres
sion usually take place below the yield point, 
however, the load-elongation diagram is a 
straight line. Figure 8.10a shows the elongation 
of the bolt, and Fig. 8.10b the compression of 
the two parts of the joint.

As the elongation and the compression have 
opposite signs, it is convenient to draw them 
in opposite directions. Let ALS be the elonga
tion of the bolt due to the tensile load (nota
tion as in Fig. 8.10) and ALr the compression of 
the parts of the joint. To give a better represen
tation, both diagrams are combined in Fig. 8.11.
It must be noted, however, that a suitable scale 
has to be chosen for P and AL, and that the 
angles 0  and Ф are indicative of the elasticity of 
the material. If the conditions are altered by the 
application of an external tensile force Q, the 
bolt will extend further, but not by the same 
amount as would a bolt without prestress under 
the sar&e external tensile force Q. For the addi
tional tensile force reduces the pressure on the 
parts of the joint so that the further elongation 
of the bolt is due only to the difference between 
these two forces; it corresponds to the length 
BE = A i,'. The tensile force EF = P' and the 
compression of the two joint elements EC = AL'f , 
but the maximum tensile force in the bolt is 
ED = Pmax.

Figure 8.12 shows two different cases for 
the same bolted joint, one with a softer and
the other with a harder material. It can be seen that with the same prestress AB = Ä B' 
and the same load Pmax, the useful load of a more ductile bolt is greater than 
that of a brittle one, i.e. D'F' > DF. This is the reason why the more ductile materials 
should be used for bolts. For the same reason, long bolts are preferable, when it is 
possible to use them, if necessary with thick washers or with shanks reduced to core 
diameter away from the threads.

It can also be seen from the figure that the external force Q increases the prestress

F i g . 8.11. Forces in bolted joints

Fig. 8.12. With equal prestress, the use
ful load Q is greater for a tough bolt 

material than for a brittle one

to
л tan 0  1

Pmax = P+ ® tan 0  + tanФ J
but reduces the compression of the parts of the joint to

„ tan Ф \ 
/>min = P ~ ^  tan 0  + tanФ j '
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where M , (kgf-cm) denotes the torque necessary to attain the required prestress P  (kgf), 
da (cm) the mean diameter of the bolt, h (cm) the pitch of the thread, and p ' its coefficient 
of friction.

Substituting now in the above equation the values

M , = л  d \ t/16 
P  = n d \  ct/4 
d% = IT dx 
h = d2n  tan y,

we obtain
— = 2-2 tan y + ÜL
a ~ I — p tan у

Since it may be assumed that p ' = 0’2 and tan у  = О'ООЗЗ to 00053, we have

— = 0-53 . 
a

Hence, for the case of a0 «  0-7, the equivalent stress becomes

oc = /̂(T2 + 3ot2T2 = s j o % + 3 X 0'72 X 0‘532n2 = l ‘2a 

and for the extreme case, when a = 1, the result will be

<jc = 1’35(T.

A. Thum  and H. Lorenz [98] have demonstrated that toothed locking washers 
reduce fatigue strength but do not prevent the decrease of prestress. This is due to their 
compensating the unevenness of the bearing surfaces, and so reducing the resistance to 
loosening of the nuts. These authors consider that a decrease of prestress can be pre
vented only by systematic retightening of the bolts with measured torque.

8.5 Springs

To calculate helical springs the fatigue limits or the S-N  curves of the various spring 
materials must be known, and the results must then, as previously explained, be correct
ed by applying the size factor. As the diameter of the spring wire is often very small,

As the clamping force of bolted joints may fall to P — 0 in the extreme case, however, 
the required amount of prestress can b e calculated from the last equation, for if P min ^ 0,

tan Ф I
P> Q ------------------  .

tan 0  + tan Ф)

For highly stressed bolts the stress due to twisting must also be taken into account 
in design.

H. Wiegand and B. Haas [115] demonstrated that the torque M, can be calculated, 
with the effect of friction included, from the equation

4  p  d2(h +  p 'n d 2)
' 2 (nd2 -  fi'h)
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the effect of the size factor may be considerable; it is therefore more nearly correct to 
give the fatigue limit directly in relation to the dimensions. Table 20 of Part II (p. 98) 
gives the fatigue limit for various sizes of piano wire for the case R = o,1/cru = 0'5 
according to Mayers [57]; in Table 21 can be found the factors to be applied for various 
endurances applicable to springs of which the wires were ground after hardening, the 
surface decarburized in the hardening process being removed if necessary, and which 
were wound cold with the contact surfaces ground flat.

Measurements carried out by Pomp and H empel [77] revealed that the fatigue limit 
of springs is considerably affected by surface finish. Scratches or other damage are very 
dangerous, particularly at the inside surfaces of wound springs, i.e. at the places of the 
highest stress concentrations, and especially if they run perpendicular to the axis of the 
wire. A depth of indentations or scratches greater than 0‘03 mm is sufficient to reduce 
the endurance of springs. On the other hand, their fatigue strength is not reduced by 
heating below 300°C.

The stress occurring when a spring of circula r cross-section is compressed or extended 
can be determined from the following formula:

where Tmax = maximum torsional stress in kgf/cm2; 
F = compressive (or tensile) force in kgf;
D = mean coil diameter of the spring in cm; 
d — spring wire diameter in cm; 
c = ratio Did.

The expression in brackets in the formula is the “Wahl factor”, which allows for 
the stress concentrations at the inside diameter.

For a rectangular cross-section, t max must be determined from the formula

where M, is the torque (kgf-cm). The value of the factor ß2 is obtained from Fig. 100 
of Part II (p. 101).

With a rectangular cross-section,

r  - R  6 M '^m ax P 3 £^2

where b = width of spring material (perpendicular to axis of spring), in cm; 
h = height of spring material (parallel to axis of spring), in cm.

&FD 14c — 1 _ 0-615
Tmax ~  Ы 4 4 Г .Г 4  +

FD i 
Tmax ab^/ab *

where a = width of spring material in cm;
b = length of spring material in cm;
ij/ = a correction factor [50] (see also Fig. 98 of Part II, p. 100). 

For torsion springs with a circular cross-section we have

r - B  ***• rmax- p 2 nds



The value of the factor ßs is obtained from Fig. 100 of Part II (p. 101).
Figures 101 to 104 of Part II (p. 101) give data from H. C. C arlson [6] showing 

the permissible torsional stress of spring steels of various compositions and dimensions 
and for various endurances.

A diagram for the determination of the extension (or compression) of steel springs 
of rectangular cross-section is given in Fig. 99 of Part II (p. 100)
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8.6 Welded joints

The design of welded joints is not possible on the lines so far indicated, for even with 
the highest quality of welding the welded joint is not always completely homogeneous. 
There are inclusions and slag islands which, of course, give rise to notch effects. The 
form of the weld, the base material, the electrode used, the internal stresses present, 
etc., also have a substantial effect on the fatigue strength. Proper expression cannot be 
given to all these factors in the methods that have been described above.

A number of tests relating to the fatigue design of welded joints are reported in the 
literature.

The method developed by Neumann [66] is in harmony with the above remarks, 
and it is briefly summarized below.

Essentially the Neumann method consists in plotting Smith diagrams for the parent 
metal and for the various welded joints, and investigating the behaviour of the ratio of 
one to the other for the various stress conditions (—1 < R < + 1). The factor rpk is in
troduced, defined by the formula

welded joint
<pk — —  .

GU  parent m etal

When this factor is known for the various materials, forms of welded joints and welding 
processes, then if the Smith diagram of the material is known, the welded joint can be 
designed for fatigue.

Fig. 8.13. Smith diagram of a welded joint 
drawn by the N e u m a n n  method, the straight 

line for the factor q>k being given

F i g . 8.14. Moore-Kommers-Jasper diagram 
drawn by the N e u m a n n  method, the curves 
for definite constant values of <fk being given
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Neumann demonstrated — in agreement with Stüssi’s theoretical work — that the 
factor cpk bore a linear relationship to the mean stress aM and that it decreased uniformly 
from the value corresponding to static loading (at R = 1) to the value observed for 
reversed symmetrical loading (R = — 1).

The heavy line in Fig. 8.13 represents the Smith diagram of a material, and the 
broken line below it that of a welded joint. The measurements of Neumann and Stüssi 
showed that the value of the factor ^varies as indicated by the straight line drawn in 
the lower part of the figure.

As an extension of the method, Neumann also plotted the Moore-K ommers-Jasper 
diagram, and gave the curves for various constant values of (pk (Fig. 8.14).

Figure 105 of Part II (p. 104) gives the “zto s” lines for welded joints of St 37 (0-15% 
C) steel, and Fig. 106 those for St 52 (En 7) steel. Each constant value of cpk is allotted 
one of the letter symbols, z to s, as indicated in Table 23 of Part II (p. 103).

The results for various welded joints are shown in Figs. 107 to 118 of Part II (pp. 105- 
108).

It can be seen that the Moore-K ommers-Jasper diagram for each of the welded 
joints coincides with one of the “z to s” curves. Curves having the same letter identifica
tion have been collected to give the summary of results in Table 24 of Part II (p. 104).

Formulae for the determination of the nominal stresses for the different welded 
joints are given in Table 22 of Part II (p. 102).

8.7 Plates with holes at each end

The fatigue-strength reduction factors of plates with holes at each end (bush roller 
chain links), as given by Thum and Bruder [94], are shown in Table 25 of Part II
(p. 108).

8.8 Points to remember in designing for 
increased life of machine components

(1) Under fatigue conditions, and particularly when notches are present, high-tensile 
materials do not always possess an advantage over those of lower strength.

(2) Full homogeneity of the material is of the utmost importance. With homogeneous 
materials the S-N  curve for small probability of failure is usually higher than with more 
highly alloyed materials possessing higher strength as such but exhibiting greater scatter 
of results.

(3) Very stringent surface-finish requirements are necessary, and the utmost care 
must be exercised to comply with them. A good surface finish is very expensive, but a 
less satisfactory one considerably reduces the fatigue strength.

(4) It is essential to provide correct technological specifications. Care must be taken 
in grinding to prevent decarburization. Hardened layers must not be damaged. Surface 
hardening must be carried out with the utmost care. It is essential to ensure uniform 
pressure for surface rolling, and uniform speed, i.e. time of dispersion, in shot-peening.

(5) Resonant vibrations must be avoided.
(6) Corrosion must be prevented under all conditions. For the prevention of fretting 

corrosion appropriate fitting should be effected and molybdenum disulphide should be 
applied.
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(7) The profiles of edges, corners, and transitions must receive careful attention. 
It is preferable to provide for “streamlined” load transmission both in the drawings and 
in actual manufacture.

(8) A high prestress, duly checked, is desirable in bolts. There should be small 
clearances between bolts and holes. Rolled threads are preferable.

(9) Safety has to be ensured by strict attention to technical parameters, and it should 
not be specified at an excessively high level to avoid the trouble of proper calculation. 
In any case a satisfactory degree of safety cannot be achieved without strict specifications 
and checking compliance with their requirements.

(10) It must be remembered that the weakest cross-section in fatigue is not always 
identical with the weakest under static load. Critical points should be checked by cal
culation.

L



Summary

T his book has briefly summarized all that was available in the literature of the lead
ing industrial countries regarding practical fatigue design. The collection and arrange
ment of the material was made more difficult by the need to evaluate the often contra
dictory results of various workers. In a few particular cases methods (e.g. S i e b e l ’s )  

about which too little has yet been published have been included only for the sake of 
completeness.

Fatigue design is of immense importance for industry. Unfortunately it cannot yet 
be claimed that all details of the procedure are known. There are still very many un
explored regions, such as, for example, the behaviour of materials under torsional shear 
stresses at elevated temperatures; “coaxing” of materials; and many more.

If this book has given the reader an idea of the present position of fatigue design, 
and placed at his disposal data enabling him — at least in the simpler cases — to per
form it himself, and if, in addition, it has stimulated the interest of research workers 
in the questions still to be investigated, then the author’s aim will have been achieved.

89



List of Symbols

General

Symbol Definition II nit

A cross-sectional area cm2, mnv
b surface-finish factor —
Cw constant depending on the material —
d smaller diameter mm
D larger diameter mm
E modulus of elasticity (Young’s modulus) kgf/mm2
/  frequency sec-1
F force kgf
G shear modulus kgf/mm2
i — log N  logarithm of number of cycles —
/  moment of inertia, axial cm4
J  moment of inertia, polar cm4
k b size factor for workpieces stressed in bending —
k t size factor for workpieces stressed in torsion
Kf  fatigue strength reduction factor according to the con

servative method —
Fjb fatigue strength reduction factor according to the

Bollenrath-Troost theory —
K, theoretical stress concentration factor —
KT temperature coefficient —
Mb bending moment kgf-cm
M, twisting moment kgf-cm
n number of load cycles (general) —
N  endurance (number of load cycles to fracture)
p constant depending on the material —
q notch sensitivity factor —
qH Harris notch sensitivity factor —
P, Q load (force) kgf
R stress ratio —
R, roughness depth, index of surface finish pm
5 factor of safety —
sPh von Philipp’s [74] material constant mm
t thickness of notched workpiece cm, mm
W moment of resistance cm3
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Symbol Definition Unit
Wp polar moment of resistance cm3
X  Siebel’s relative stress gradient mm-1
a0 stress ratio (for combined stress) —
ß„\

"} constants used for the calculation of helical springs —
P3J
dF Siebel’s notched/smooth fatigue limit ratio —
Au  increase or decrease in length of a loaded bolt mm
ALf  increase or decrease in length of a workpiece compressed

by a bolted joint mm
£ ratio of elongation to original length per cent

(7tffj,
rj = —-- ratio of tension-compression fatigue strength to bending

° bF fatigue strength —
Те

Í = ---- ratio of torsion fatigue strength to bending fatigue
GbF strength —

/.by reduction of area at fracture per cent
ф angle in the Smith diagram —

tan ф =
au)

Фк ratio of maximum stress (welded joint) to maximum
stress (parent metal) —

Stresses (all expressed in kgf/cm2 or kgf/mm2)

°o = fffiuct 1 symbols often used in the literature to denote the fluctuating-stress 
<X-i = dp  г fatigue limit, reversed-stress fatigue limit, and static tensile strength
cr+i = с т I respectively
c0.2 stress causing a permanent elongation of 0‘2 per cent in a material
<ra stress amplitude
a A stress amplitude causing fatigue fracture
ffadm permissible principal stress in a workpiece or test specimen
<-Jb static bending strength
obE bending endurance limit (N < 106)
abF bending fatigue limit
(Tby yield stress in bending of a material
aCJ, compressive yield stress
(rc static compressive strength
oe equivalent stress according to the Mises-Hencky distortion energy

hypothesis ae = Ja~  + 3(а0т)2 
<rea equivalent stress amplitude

<*ea = J ° l +  3(а0т o f
aem equivalent mean stress

<*em =  J a il  + 3(a0t m)2 
<rD “creep limiting stress”



g£■ endurance limit of a material (N < 10e)
(7fu„ stress calculated on full cross-section
g f  fatigue strength in general
g f n  fatigue strength of a notched workpiece or specimen
G i lower limit of range of cyclic stress
oL lower limit of range of cyclic stress causing fatigue fracture
G m mean value of cyclic stress
g m  mean value of cyclic stress causing fatigue fracture
amax maximum stress produced by stress-raising effect
<rmax = G m + G a  maximum value of cyclic stress
(Tmin = G m — G a minimum value of cyclic stress
g „ principal stress according to elementary theory

P Mb
= J OT W etCj

<Tfiuct fluctuating-stress fatigue limit
aT static tensile strength
atcE tension-compression endurance limit (N < 106)
otcF tension-compression fatigue strength
G tcFt tension-compression fatigue strength of specimen with smooth finish
g u upper limit of range of cyclic stress
g v  upper limit of range of cyclic stress causing fatigue fracture
G y  tensile yield stress
xa torsional stress amplitude
xA torsional stress amplitude causing fatigue fracture
Tadm permissible shear stress in a workpiece or test specimen
xF torsional fatigue strength
XFs shear fatigue strength
t; lower limit of range of cyclic torsional stress
xL lower limit of range of cyclic torsional stress causing fatigue fracture
xm mean value of cyclic torsional stress
xM mean value of cyclic torsional stress causing fatigue fracture
Tmax = тт + xa maximum value of cyclic torsional stress 
Tmin =  i m — r0 minimum value of cyclic torsional stress 
x„ static shear or torsional stress according to elementary theory
xu upper limit of range of cyclic torsional stress
Xи upper limit of range of cyclic torsional stress causing fatigue fracture
Xу yield stress in torsion

9 2  FA T IG U E D ESIG N  O F M A C H IN E C O M PO N EN TS



References and Sources of Further Information

[1] B a c o n , F.: The Rupture of Shafts by Fatigue. Engineering (1933).
[2] Bollenrath, F. and Troost, A .: Wechselbeziehungen zwischen Spannungs- und Verfor

mungsgradient. Arch. f. d. Eisenhüttenwesen (1952).
[3] Böller, К.: Fatigue Properties of Fibrous Glass-reinforced Plastic Laminates Subjected 

to Various Conditions. Modern Plastics (1957).
[4] B u c h m a n n , W .: Dauerfestigkeitseigenschaften der Magnesiumlegierungen. VDI (1941).
[5] Bühler, И. and Schreiber, W.: Lösung einigen Aufgaben der Dauerschwingfestigkeit mit 

dem Treppenstufen-Verfahren. Arch. f. d. Eisenhüttenwesen (1957).
[ 6 ]  C a r l s o n : Properties of Spring Materials and Allowable Working Stresses. Product Design 

Handbook 1955.
[7] C a z a u d , R.: Evaluation de la Limite de Fatigue ä partir d’une seule Éprouvette, Piece ou 

Élément d’Essai. Conference of the Hungarian Academy of Sciences on Dimensioning and 
Strength Calculation. Budapest, 1961.

[8] Cazaud, R. and de Leiris, H.: Evaluation of the Fatigue Limit Using Only One Welded 
Specimen or Assembly. Soudages et Techniques Connexes (1962).

[9] Chih-Bing l i n g : On the Stresses in a Plate containing Two Circular Holes. J. Appl. Phys. 
(1948).

[10] Dolan and Borghamer: A Photoelastic Study of Stresses in Gear Tooth Fillets. Univ. III. 
Expt. Stn. Bull. (1942).

[11] E r k e r : Festigkeitsversuche mit brenngeschittenen Proben aus Cr-V-Stahl. Schweissen und 
Schneiden (1953).

[12] F r o c h t , M.: Factors of Stress Concentration Photoelastically Determined. Trans. ASME 
(1935).

[13] Frocht and H ill : Stress Concentration Factors around a Central Circular Hole in a Plate 
loaded through a Pin in the Hole. Trans. ASME (1940).

[14] Frocht and Landsberg: Factors of Stress Concentration on Bars with Deep Sharp Grooves 
and Fillets in Tension. Proc. SESA (1951).

[15] Frocht and Leven: Factors of Stress Concentration for Slotted Bars in Tension and Bending. 
Trans. ASME (1951).

[16] Frocht and Leven: Stress Concentration Factors for Single Notch in Flat Bar in Pure and 
Central Bending. Trans. ASME (1952).

[17] Goodier, J.: Influence of Circular and Elliptical Holes on Transverse Flexure of Elastic Plates. 
Phil. Mag. (1936).

[18] G ü r t l e r  and S c h m i d : Temperaturabhängigkeit der Dauerwährung metallischer Werkstoffe 
bei ruhender und wechselnder Beanspruchung. VDI (1939).

[19] Hänchen: Berechnung und Gestaltung der Maschinenteile auf Dauerhaltbarkeit. Technische 
Fachbücher 1950.

[20] Harris, W. J.: Metallic Fatigue. Pergamon Press, London, 1961.
[21] H e m p e l , M.: Zur Frage des Dauerbruches. Magnetpulverbild und Dauerbruchanriss. Mitt. 

d. Kaiser-Wilh.-lnst. Abhdlg. 374, 1939.
[22] Hempel and Ardelt: Verhalten des Stahles in der Wärme unter Zug-Druck-Wechselbean- 

spruchung. Mitt. d. Kaiser-Wilh.-lnst. (1939).
[23] Hempel and Luce: Verhalten von Stahl bei tiefen Temperaturen unter Zug-Druck-Wechsel- 

beanspruchung. Mitt. d. Kaiser-Wilh.-lnst. (1941).
[24] Herold, W.: Wechselfestigkeit metallischer Werkstoffe. 1934.

93



9 4 F A T IG U E  D ESIG N  O F M A C H IN E C O M PO N EN TS

[25] H e r o l d , W .: Versuche über Drehschwingungsfestigkeit an Wellen. VD1 (1937).
[26] H e t é n y i , IVI.: Some Applications of Photoelasticity in Turbine-generator Design. Trans. 

ASME (1939).
[27] H e t é n y i , M.: The Distribution of Stresses in Threaded Connections. Proc. SESA (1943).
[28] H e y w o o d , R. B.: Correlated Fatigue Data for Aircraft Structure Joints. Engineering (1957).
[29] H o r g e r , O.: Effect of Surface Rolling on the Fatigue Strength of Steel. ASME (1935).
[30] Horger and Bruckwalter: Photoelasticity as Applied to Design Problems. Iron Age (1940).
[31] Horger and Maulbetsch: Increasing the Fatigue Strength of Press-fitted Axle Assemblies 

by Surface Rolling. Trans. ASME (1936).
[32] H o u d r e m o n t , E.: Einige Gesichtspunkte zur Entwicklung der Forschung auf dem Gebiet 

der Dauerfestigkeit. Lilienthal-Ges. f. Luftfahrtforschung, Bericht 116, 1939.
[33] HowfLAND, R.: On the Stress in the Neighbourhood of a Circular Hole in a Strip under 

Tension. Phil. Trans. Roy. Soc. London (1929-1930).
[34] H u t h , J.: Torsional Stress Concentration in Angle and Square Tube Fillets. Trans. ASME 

(1950).
[35] J a c o b s e n , L.: Torsional Stress Concentrations in Shafts of Circular Cross-section and 

Variable Diameter. Trans. ASME (1925).
[36] K j m m e l m a n n : Gépalkatrészek szilárdsági számításai ismételt igénybevételeknél. (Mechanical 

design of machine components subject to repeated loading.) Nehézipari Könyvkiadó 1951.
[37] K o l o s o f f , G.: Thesis. St. Petersburg, 1910.
[38] K o m m e r s , J. B.: ASTM Technical Papers, II (1938).
[39] K o m m e r s , J. B.: The Effect of Overstresses in Fatigue. Proc. ASTM, Vol. 45.
[40] Kontorovic and Aranovic: Tyechnika vozdusnova flota. 1934.
[41 ] K orber and Hempel: Einfluss von Recken und Altern auf das Verhalten von Stahl bei Schwin

gungsbeanspruchung. Mitt. d. Kaiser- Wilh.-lnst. (1935).
[42] Korber and Hempel: Zug-Druck-, Biege- und Verdrehwechselbeanspruchung an Stäben mit 

Querbohrungen und Kerben. Mitt. d. Kaiser-Wilh.-lnst. (1939).
[43] K ö r b e r  and P o m p : Zur Bestimmung der Warmstreckgrenze von Stahl. Mitt. d. Kaiser- 

Wilh.-lnst. (1930).
[44] K udryavtsev, I. V .: A belső feszültségek, mint a gépgyártás szilárdsági tartalékai. (The inner 

stresses as strength factors of machine engineering.) Akadémiai Kiadó, 1954.
[45] L e b e d YEV, T. A.: Trudi Leningr. Polyt. Inst. (1953) No. 4.
[46] L e e , G .: The Influence of Hyperbolic Notches on the Transverse Flexure of Elastic Plates. 

Trans. ASME (1940).
[47] Lehr, E.: Beitrag zur Berechnung dauerbeanspruchter Wellen. Techn. Zentralbl. prakt. 

Metallbearb. (1937).
[48] Leven, M.: Stresses in Keyway by Photoelastic Methods and Comparison with Numerical 

Solution. Proc. SESA (1949).
[49] L e v e n  and H a r t m a n n : Factors of Stress Concentration for Flat Bars and Shafts with Cen

trally Enlarged Section. Proc. SESA (1951).
[50] L i e s e c k e : Berechnung zylindrischer Schraubfedern mit rechteckigem Draht-querschnitt.

VDI (1933), pp. 425, 892.
[51 ] L o c a t i , L .: Le Prove di Fatica come Ausilio alia Progettazione ed alia Producione. Metalurgia 

Italiana (1955), No. 9.
[52] McDowell: Fretting Corrosion Tendencies of Several Combinations of Metals. Symposium 

on Fretting Corrosion. ASTM Special Publication, 1952.
[53] Mailänder: Z. f. Metallkunde (1928).
[54] M a i l ä n d e r  and B a u e r s f e l d : Einfluss der Probengrösse und Probenform auf die Dreh- 

Schwingungsfestigkeit von Stahl. Techn. Mitt. Krupp (1934).
[55] M a k h u l t , M.: Acéltengelyek méretezése. KGM Tervező Irodái, Tervezési segédlet. (Design 

of Steel Shafts. Auxiliary Design Tables.) Budapest, 1961.
[56] M a t l e  and D o l a n : A Photoelastic Study of Stresses in U-shaped Members. Proc. SESA (1948).
[57] M a y e r s : Working Stresses for Helical Springs. Machine Design (1951).
[58] M i n e r , M.: Estimation o f  Fatigue Life with Particular Emphasis on Cumulative Damage. 

Metal Fatigue (edited by Sines and Waisman). McGraw-Hill, 1959.
[59] Möller and Hempel: Wechselbeanspruchung und Kristallzustand, III. Arch. f. d. Eisen- 

hüttenw. (1953).



REFERENCES A N D  SOURCES O F F U R T H E R  IN FO R M A TIO N 9 5

[60] Moore, H.: Metals and Alloys. 1935.
[61] Moore and Kommers: An Investigation of the Fatigue of Metals. Univ. Illinois Engng. Exp. 

Stn. Bull. (1923).
[62] Moore and Kommers: The Fatigue of Metals. 1927.
[63] M u t n y a n s z k y , A.: Szilárdságtan. (Strength of Materials.) Tankönyvkiadó, Budapest,

1956.
[64] N e u b e r : Kerbspannungslehre. Springer Verlag, Berlin, 1958.
[65] N e u m a n n , A.: Schweisstechnisches Handbuch. Berlin: VEB Verlag Technik. 1960.
[6 6 ] N e u m a n n , A.: Probleme der Dauerfestigkeit von Schweissverbindungen. Berlin: VEB Verlag 

Technik. 1960.
[67] N iemann and Glaubitz: Einfluss der Oberflächenrauhheit auf die Biege-Wechselfestigkeit 

von ungehärtetem und vergütetem Stahl. VDI (1952).
[6 8 ] Orowan, E.: Theory of the Fatigue of Metals. Proc. Roy. Soc. London (1939).
[69] Ostespey, I.: Spannungsverteilung in Stangenköpfen und Dauerhaltbarkeit. Forschg. Ing.- 

Wesen (1943), 14, H.3.
[70] Patton, W.: Mechanical Properties of NE, SAE and other Hardened Steels. Meta! Progress 

(1943).
[71] P e t e r s o n , R.: Stress Concentration Design Factors. Wiley & Sons, Inc., New York 1953.
[72] P e t e r s o n , R.: Notch sensitivity. Metal Fatigue (edited by Sines and Waisman). McGraw-Hill 

1959.
[73] Peterson and Wahl: Fatigue of Shafts and Fitted Members with Related Photoelastic Anal

ysis. Trans. ASME (1935).
[74] Philipp, H. v o n : Einfluss von Querschnittgrösse und Querschnittform auf die Dauerfestigkeit 

bei ungleichmässig verteilten Spannungen. Thesis, Munich, 1941. (Forschg. a. d. Geb. d. Ing.- 
Wesens (1942).)

[75] Pomp and H empel: Dauerfestigkeit von gekerbten und kalt verformten Stählen sowie 
l-inch und 1 1/8-inch Schrauben. Mitt. d. Kaiser- Wilh.-Inst. (1936).

[76] Pomp and Hempel: Über das Verhalten von Gusseisen und Temperguss unter wechselnder 
Beanspruchung. Mitt. d. Kaiser- Wilh.-lnst. (1940).

[77] P o m p  and H e m p e l : Über die Dauerhaltbarkeit von Schraubenfedern mit und ohne Ober
flächenverletzungen. Mitt. d. Kaiser-Wilh.-lnst. (1940).

[78] R ichart, F. E. and Newmark, N. M.: An Hypothesis for the Determination of Cumulative 
Damage in Fatigue. Proc. ASTM, Vol. 48.

[79] R u d n a i , G.: Recording the Load Spectra of Vehicles. Conference of the Hungarian Academy 
of Sciences on Dimensioning and Strength Calculation. Budapest, 1961.

[80] Schimke and Horn: Praktisches Handbuch der gesamten Schweisstechnik.III. Berechnen und 
Entwerfen der Schweisskonstruktionen. Springer Verlag, Berlin, 1950.

[81] Schoulz, K.: Over den Spannungstoestand in doorborde Platen. Thesis, Technical University 
of Delft, 1941.

[82] Schwimming, W.: Festigkeit der Werkstoffe bei tiefen Temperaturen. VDI (1935).
[83] Seely and Smith: Advanced Mechanics o f Materials. J. Wiley, New York. 1952.
[84] Siebel, E.: Ungleichförmige Spannungsverteilung bei schwingender Beanspruchung. VDI

(1955) .
[85] Siebel, E.: Handbuch der Werkstoffprüfung, Vol. II. Springer Verlag, Berlin, 1955.
[8 6 ] Siebel and Gaier: Untersuchungen über den Einfluss der Oberflächen beschaffen heit. VDI

(1956) .
[87] S j ö s t r ö m , S.: On the Stresses at the Edge of an Excentrically Located Circular Hole in a 

Strip under Tension. Aeronaut. Res. Inst, o f Sweden. Stockholm, 1950.
[8 8 ] S m i t h , J.: The Effect of Range of Stresses in the Fatigue Strength of Metals. Univ. III. Eng. 

Expt. Stn. Bull. (1942, 334).
[89] Stüssi: Theorie der Dauerfestigkeit und die Versuche von A. Wühler. Verlag VSB. Zürich. 1955.
[90] Tauscher, H.: Berechnung der Dauerfestigkeit. Einfluss von Werkstoff und Gestalt. Fach

buchverlag, Leipzig, 1960.
[91] Thum and Bruder: Dauerbruchgefahr an Hohlkehlen von Wellen. Deutsche Kraftfahrt- 

forschg. No. 11.
[92] Thum and Bruder: Gestaltung und Dauerhaltbarkeit von geschlossenen Stabköpfen und 

ähnlichen Bauteilen. Deutsche Kraftfahrtforschg. No. 20.



[93] Thum and Bruder: Flanschwellen-Dauerbrüche und ihre Ursachen. Deutsche Kraftfahrt- 
forschg. No. 41.

[94] Thum and Bruder: Beanspruchungsmechanismus und Gestaltfestigkeit von Nabensitzen. 
Deutsche Kraftfahrtforschg. No. 73.

[95] Thum and Buchmann: Dauerfestigkeit und Konstruktion. 1932.
[96] Thum and Erker: Schweissen im Maschinenbau. Part I: Festigkeit und Berechnung von 

Schweissverbindungen. 1943.
[97] Thum and Kirmser: Überlagerte Wechselbeanspruchungen, ihre Erzeugung und Einfluss 

auf die Dauerhaltbarkeit und Spannungsausbildung quergebohrter Wellen, VDI Forschungsheft 
No. 419 (1943).

[98] Thum and Lorenz : Dauerhaltbarkeit von Schrauben Verbindungen. VDI Forschungsheft, (1941).
[99] Thum and Ochs: Korrosion und Dauerfestigkeit. VDI Verlag, 1937.

[100] Thum and Svenson: Mehrfache Kerbwirkung. VDI (1950), p. 225.
[101] Thum and Svenson: Mehrfache Kerbwirkung. VDI (1950), p. 228.
[102] Timoshenko, S .: On the Distribution of Stresses in a Circular Ring compressed by Two Forces 

along a Diameter. Phil. Mag. (1922).
[103] Timoshenko, S.: On the Stresses in a Plate with a Circular Hole. J. Franklin Inst. 1924.
[104] Tomlinson, G. A., Thorpe, P. L. and Gough, H. J.: An Investigation of the Fretting Corrosion 

of Closely Fitted Surfaces. Proc. Inst. Mech. E. (1939).
[105] Volk: Sicherheit und zulässige Spannung. Elektroschweissung (1937).
[106] Vörös, I.: A Siebel-féle méretezési elmélet. (Siebel’s Design Theory.) Magyar Tudományos 

Akadémia, Budapest, 1958.
[107] Wahl, A.: Mechanical Springs. Penton Publishing Co., Cleveland, Ohio. 1944.
[108] Wahl, A.: Calculation of Stresses in Crane Hooks, Trans. ASME (1946) and Design 

Data and Methods, ASME, New York, 1953.
[109] WÁllgren, G.: Fatigue Tests with Cycles o f Varying Amplitude. FFA Sweden, 1949.
[110] Weatherburn, С. E .: A First Course in Mathematical Statistics. Cambridge University 

Press, 1949.
[111] Weibull, W.: Statistical Representation of Fatigue Failures in Solids. Acta Polytechnica, 

Stockholm (1949).
[112] Weibull, W .: Scatter of Fatigue Life and Fatigue Strength in Aircraft Structural Materials 

and Parts. Columbia Conference, 1956.
[113] Wiegand, H.: Einsatzhärtung und Dauerfestigkeit. VDI (1939).
[114] Wiegand, H.: Oberflächengestaltung dauerbeanspruchter Maschinenteile. VDI (1940).
[115] Wiegand and Illgner: Berechnung und Gestaltung von Schraubenverbindungen. Springer 

Verlag, Berlin, 1962.
[116] Wilson, W .: Engineering (1945).
[117] Design Data and Methods. Booklet published by ASME, 1939, 1953, New York.
[118] Modern Plastics Encyclopedia, Plastic Catalogue Corp. New York. 1947.
[119] Metals Handbook. Published by American Society for Metals, 8th ed. Novelty, Ohio, 1961.
[120] Hütte des Ingenieurs. Taschenbuch, 28th ed. W. Ernst & Sohn, Berlin.

9 6  FA T IG U E D ESIG N  OF M A C H IN E C O M PO N EN TS







PART II

T A B L E S A N D  D I A G R A M S



9 FA T IG U E D ESIG N  O F M A C H IN E CO M PO N EN TS

The numbering of the headings corresponds to the numbering of the chapters and 
sections of Part I.

General summary of fatigue design
(Section 7 of Part I)

Conservative method (Section 7.1)

To be found in
N Operation Symbol Feature part j | part jj i Remarks

____________________________________________________pp. 1 PP- Fig. 1_______________

1 Read off o0F Reversed or
according to olcF fluctuating
stress (tensile, rF fatigue
bending, etc.) rFs strength of 
from the the material
existing or 21-36 9-28 1-37
plotted Smith
diagram

2 Determine oE Endurance Only if
graphically limit N  <  106

3 Multiply by b Surface-finish 4 ( ^ 4 2  28 38-40
factor

4 For tempera- Negligible in
ture 44-46 30-32 44-52 range —40°

to +300°C

5 I For surface „  „  These factors
. [ treatment 4 6 -5 0  may be neg-

Estimate lected in
-------------  m od ifica tion ------------- ,----------------------- most cases in

6 reqUired i  For corrosion 50-52 32-36 53-57 Practice.
Designers have

------------- -------------------------------------------------------------to know, how-
_ _  . ever, under
7 For previous what con.

history of 52-54 ditions ^
material ___ , A____may be done

8 Multiply by kb Size factor 42-44 29 41-43

9 Result crfcate Calculated
fatigue 
strength of 
the material

10 Divide by K t Fatigue Interpolated
Strfnf h 55-62 37-84 59-69 USÍng Fig' 61reduction
factor



TABLES A N D  D IA G R A M S 3

To be found in
S e r i a l  --------------------------------------No Operation Symbol ! Feature Part I Part II Remarks

__________________________________j__________________ pp. pp. I Fig._________________
Í

11 Result aFN j  Fatigue
strength of 
the machine 
component

----------- -----------------------------------------------------------------------------------------------------
12 J Determine S' Factor of

from table, safety 67-71 | 86
and divide by

13 j Result "adm caic | Permissible
I stress in the 

machine 
component

_______ ___________________________________________________________________
14 Use the value of <radmcaic as if it were the 

value an (r„) in elementary strength of 
materials theory. For complex or combined 
stresses consider tradm ̂  as equivalent stress ae

Fatigue strength reduction factor qH by Harris theory (Section 7.2)

1 to 9 As for conservative method

10 Divide by qH Harris notch
sensitivity 63 60 67
factor

11 to 14 As for conservative method

Bollenrath-Troost theory (Section 7.3)

1 Read off as in o,cP Reversed or 
conservative fluctuating
method fatigue

strength of 
the material

2 to 7 As for conservative method

8 Determine Í KfB Fatigue KfB from the
from graph, strength . .  graph in Fig.
and divide by reduction 65

factor
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To be found inj I ___ _____________
no J Operation j  Symbol Feature Part I | Part II Remarks

_ _ _ _ _ j_ _ _ _ _ _ _ _ _ j_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I  pp. 1 pp. I Fig, j______________

9 Result aFN ] Fatigue
strength of 

j the machine 
component

10 Determine S Factor of
from table, safety 67-71 8 6  !
and divide by

11 Result j cradm calc Permissible
stress in the j
machine
component

12 As No. 14 of conservative method

SiebeI theory (Section 7.4) 1

1 As for Bollenrath-Troost theory

2 Calculate X  65 85 94

3 Multiply dF Factor j Read öF from
otcF by depending Fig. 93

on X  and the 65 85 93
material

4 Using the oE Endurance Only if
fatigue limit N  <  106
strength
determined
by means of
Nos. 1 to 3,
obtain
graphically

5 Multiply by 6 SfactCr'finÍSh 4 0 “42  2 8  38- 40

6 Estimate I For Negligible in
modification temperature I range —40" to
required 44-46 30-32 44-52 +  300 C



TABLES A N D  D IA G RA M S 5

To be found in
No Operation j Symbol Feature ! Part I | Part II Remarks

_________________________________________________j pp. I pp. 1 Fig. _______________

7 For surface These factors46-50 ,
treatment Í ! may °e neg'

] lected in
most cases in

8 Estimate For corrosion 50-52 32-36 53-57 practice.
modification I j | Designers
required |  j i  have to know,

о _  . I however, un-У For previous , , ’, . /  c n  d  1 der what con-history of 52-54. , í ditions thismaterial l ' . .may be done

10 Divide by K, Theoretical j Interpolated
stress 37-57 using Fig. 61
concentration ~ 61-84 68-87
factor

11 Determine S Factor of
from table, safety 67-71 ' 86
and divide by

12 j As No. 14 of conservative method j j



1. Fatigue diagrams
1.5 The equations of the S -N  curves

T able 1

WEIBULL FORMULA CONSTANTS (50 PER CENT PROBABILITY OF FRACTURE)

DescriPtion Corresponding ~  “  " Static loading ”  ~
No. of material British of stress kgfw  k m kgf/mm* L.terature reference

in the literature nomenclature ' 1 11

1 C 15 En 2B b R =  — 1 25 7 146 0-557 oT — 44 5 Stieler: Untersuchungen
über die Dauerfestigkeit 
metallischer Bauteile bei 
Raumtemperatur. Thesis, 
Stuttgart Technical Uni
versity, 1954

2 C 15 (normalized) En 2B tc R =  — 1 22 6 301 0 540 oT =  44-7 ditto
3 C 15 (normalized) En 2B tc R =  0 36 7 000 0 400 oT =  44-7 ditto
4 C 15 (normalized) En 2B tc R — — 1 22-5 7-176 0-364 <JT =  45 5 ditto
5 C 15 (normalized) En 2B tc R =  — 1 23 7-097 0-276 oT =  45-5 ditto
6 C 15 En 2B to R -  — 1 15 7 000 0 475 oT =  44'5 ditto
7 C 35 (quenched and En 5 b — 1 40 5 910 OT64 o T =  71 Schraivogel: Dauerbiege-

tempered) versuche mit Schrauben
bolzen. Stahl und Eisen 
(1932)

8 C 45 (quenched and En 6A b R =  — 1 31 6 875 0 416 oT =  66 5 Stieler (as above)
tempered)

9 С 45 (quenched and En 6A b R =  0 29 6-114 0-110 oT =  85 Tauscher and Buchholz :
tempered) Biegedauerfestigkeit induk

tiv Oberflächen gehärteter 
Vergütungsstähle. Inst, für 
Leichtbau, Dresden, 1964

10 C 45 (quenched and En 6 A b R =  — 1 39 5-653 0073 oT =  85 ditto
tempered)

11 C 45 (normalized) En 6A tc R =  — 1 23-4 7 000 0455 oT =  60 5 Stieler (as above)
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12 С 43  (quenched and En 6 A te R =  — 1 29 6-079 0'345 а т =  66 5
tempered)

13 С 60 Еп 9 Ь R =  — 1 38-5 5 858 0091 ат =  805

14 70 Si7 spring steel BS 970 En 45A te R — — 1 58 4 5-700 0086 aT =  132
(quenched and tem- BS 1429 En 45 A 
pered)

15 70 Si7 spring steel BS 970 En 45A t R =  0 86  7 000 0330 oT =  132
(quenched and tem- BS 1429 En 45A 
pered)

16 70 Si7 spring steel BS 970 En 45A to R =  — 1 39 7 000 0 380 oT =  132
(quenched and tem- BS 1429 En 45A 
pered)

17 (Cr 135) 34 Cr 4 BS 970 En 18B t R =  0 30 6 900 0 142 oT =  663

18 (Cr 135) 34 Cr 4 BS 970 En 18B te R =  — 1 17 6-740 0 190 oT =  66  3
19 (HB 304-313) 40 Cr 4 BS 970 En 18D to R =  — 1 315 6 3010 0 250 oT =  110

20 20 MoCr5 920°C for BS 3111 Type 5 b R =  — 1 42 5'9777 0-133 oT =  95
25 min, oil quenched, 
tempered 180°C

21 20 MoCr5 920°C for BS 3111 Type 5 b R =  — 1 59 6-3010 0091 oT =  135
15 min, oil quenched, 
tempered 180°C

ditto

R é t i : Die Streuung d e r  
Ergebnisse von Dauer
schwingversuchen. Mate
rialprüfung (1964)

S t ie l e r  ( a s  a b o v e )

ditto

ditto

R é t i : Einfluss einer Vorer
müdung auf die Festig
keitseigenschaften von 
Stählen. Materialprüfung 
(1965) 

ditto
L in k e  and D e m k o : Zum

Einfluss des Badnitrierens 
auf die Verdrehwechsel- 
festigkeit. Maschinenbau- 
techn. (1964)

T a u s c h e r  and S t e c h e r : 
Das Verhalten der Ein
satzstähle bei Dauer
schwingbeanspruchung. 
Maschinenbautechn. (1962) 

ditto

--0
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(Table 1, cont.)

Description Corresponding т  I _ | | Static loading
No. of material British of ŝ ess k g f/' m2 * m kgf/mm* Literature reference

in the literature nomenclature

22 20 MoCr5 920°C for BS 3111 Type 5 b R =  —1 74 6 4393 0154 Edge hardness T a u s c h e r  and S t e c h e r

8 h CN, quenched in 1 HRC =  61 to (as above)
oil, tempered 180°C 62

23 20 MoCr5 (as No. 20) BS 3111 Type 5 tc R =  —1 35 6 4393 0 142 aT =  95 ditto

24 20 MoCr5 (as No. 21) BS 3111 Type 5 tc R =  — 1 51 6-3617 0154 aT =  135 ditto
25 20 MoCr5 (as No. 22) BS 3111 Type 5 j  tc R  =  — 1 [ 56 6-4771 О'ЗЗО Edge hardness ditto

HRC =  61 
to 62

26 25 Cr Mo 4 with 3T. 50 b R =  —1 26 5'9542 0118 aT =  120 T äuscher: Festigkeitseigen
rolling skin j schäften von Schweissver-

bindungen. Inst, für Leicht
bau, Dresden, Mittg. (1962)

27 GG 22 tc R =  —1 8 5 6990 0-400 j oT =  23'5 Stieler (as above)
28 GG 22 t R =  0 10 5 5 8451 0-370 i or =  23 5 Stieler (as above)
29 GG 22 c R  =  0 11 5-6532 0-500 J aT =  23’5 ditto
30 GG 22 ! to R =  —1 8 5 I 6 3010 0-450 or =  23-5 ditto

I I

tc =  tension-compression 
b =  bending 
t =  tension 
to =  torsion 
c =  compression
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2. Fatigue diagrams of various materials

Fig. 3. Smith diagram of 0 35% C steel F ig. 4. Smith diagram of 0 45% C steel

Fig. 1. Smith diagram of 015% C steel Fig. 2. Smith diagram of 0 25% C steel
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F i g . 7. Smith diagram of steel of composition F i g . 8 . Smith diagram of steel of composition
0-36%C, 0-25%Si,0-60%Mn,0-50%Cr, 1-50% 0 28% C, 0-25% Si. 0 60% Mn, 0-75% Cr,

Ni (En 111 approx.) 2-50% Ni (En 25 approx.)

Fig. 5. Smith diagram of 0'60 % C steel F i g . 6 . Smith diagram of steel of composition 
0-28% C, 0-25% Si, 0-60% Mn, 050% Cr, 
i t . 1-50% Ni (En 111 approx.l
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Fig. 9. Smith diagram of steel of composition 
0-36 % C, 0-25 % Si, 0-60 % Mn, 0-75 %Cr, 2 50% 

Ni (En 25 T approx.)

F i g . 10. Smith diagram of steel of composition 
0-22 % C, 0-25 % Si, 0-60 % Mn,0'75 % Cr, 3 50 % 

Ni (En 23 S approx.)

Fig. 11. Smith diagram of steel of composition 
0-31 % C, 0-25 % Si, 0-60 % Mn, 0-75 % Cr, 3'50 % 

Ni (En 23 T approx.)

Fig. 12. Smith diagram of steel of composition 
0 36% C, 0-25 % Si,0-60%Mn, 1-30% Cr, 4 50% 

Ni (En 30 В approx.)
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kg f/m m 2

Fig. 13. Smith diagram of Ni-Cr-W steel of 
composition 03  to 05%  C, 3’5 to 4'5% Ni, 
0 9  to 12% Cr, 05  to 07%  W, 03  to 05%  
Mn, 0'2 to 0 3% Si. Typical properties: aT =  

120 kgf/mm2, ay =  100 kgf/mm2, e on 
11 ■ area =  10 per cent

Fig. 15. Smith diagram of cast steel, 45 kgf/mm2 
tensile strength (approx. BS 592, Grade A)

Fig. 14. Smith diagram of cast steel, 38 
kgf/mm2 tensile strength

F i g . 16. Smith diagram of cast steel, 52 kgf/mm2 
tensile strength (approx. BS 592, Grade B)
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Fig. 18. Relationship between 
the bending, tensile, compres
sive, and torsional fatigue 
strength and the tensile strength 
of various steels and of cast 

steel

F i g . 17. Smith diagram of cast steel, 60 kgf/mm2 
tensile strength (approx. BS 592, Grade C)
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kgf/mm2

F i g . 19. Relationship between yield stress and tensile strength of steels as indicated
by experimental values

kgf/mm2

Fig. 20. Relationship between yield stress in bending and tensile strength of steels as 
indicated by experimental values
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Tensile strength fy

F i g . 21. Smith diagram of cast iron, BS 1452 : F i g . 22. Smith diagram of cast iron, BS 1452 :
1961, Grade 10 1961, Grade 14

Fig. 23. Tension-compression fatigue 
strength of cast iron

Material: Tensile Compressive
Cast iron, strength strength

BS ____ °r___  °c
1452 : 1961 kgf/mm2

j

Grade 10 14 58
Grade 12 18 78
Grade 14 22 91
Grade 17 26 108
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F ig . 27. Smith diagram for 
torsional stress of whiteheart 
malleable cast iron, BS 310 : 

1958, Grade W 24/8

F i g . 28. Tension-compres
sion fatigue limit diagram 
of sand-cast “Elektron”, 
composition 5 to 6% Al, 
2 to 3-5% Zn, 01 to 

0-5% Mn

F i g . 26. Smith diagram for tensile-compressive 
loading of blackheart malleable cast iron, BS 

310 : 1958, Grade В 22/14

F ig . 24. Relationship between 
tensile strength and fatigue 

strength of cast iron

Fig. 25. Relationship between tensile and 
compressive strength of cast iron
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F i g . 29. Tension-com
pression fatigue limit 
diagram of sand-cast 
“Elektron”, composi
tion 7 to 11 % Al, 0 to 
l-5%Zn,0-l to 0-5%Mn

F i g . 32. Tensile strength 
and fatigue strength of 
various magnesium-con
taining sand-cast and 

chill-cast parts

F i g . 30. Tension-compres
sion fatigue limit diagram 
of “Elektron”, composition 
6-5 to 10% Al, 0 to 2% 

Zn, 0 05 to 0-5% Mn

kgf/mm2

F i g . 31. Bending fatigue 
limit diagram о f “Elektron” , 
composition 6'5 to 10% Al. 
0 to 2% Zn, 0-05 to 0-5% 

Mn

F i g . 33. Relationship between 
tensile strength and bending 
fatigue strength of aluminium 

alloys

Sand-cast ChiH-cast
— -  Cast without heat treatment 

Aged at 150°Ci 20h
---------- Solution-treated and aged 510°C,3h-f-7S04i20/i
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705 70« TO7 70«
E n d u r a n c e  . c y c l e s

F i g . 34. Relative fatigue merits of shot 
peening, grit and vapour-blast treatments 

of Duralumin L 1
a— unnotched, and unnotched +  vapour- 
blast; b — notched (К , =  176); c — 
notched +  vapour-blast; d — notched +  
grit-blast; e — notched +  shot-peened; 
/  — notched +  shot-peened and heat 

treated (495°C for 3 hours, water 
quenched, aged at 70°C for 5 days)

Fig. 36. S-N  diagram of cellulose acetate

Fig. 37. S-N  diagram of glass-fibre- 
reinforced plastics (smooth speci
mens, room temperature, fluctuating 
stress in tension and compression)

Fig. 35. S-N  diagram of phenolic resins
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T a b l e  2

R o t a t in g -b e n d in g  f a t ig u e  s t r e n g t h  o f  so m e  p l a s t ic s  
( u n n o t c h e d  s p e c im e n , r e p e a t e d  c o n s t a n t  s t r a in  m a c h in e , 

n — 1500 t o  1750 c y c l e s / m in )

Reversed bending Ratio of
„ . „  Tensile fatigué strength fatigue

Material Specimen Te” per- strength----------------------------strength
s ape a ure kgf/cm2 Cycles kef/cm2 t0 tensile 

____________________________________ _________ ____________ X 10° g ; strength

Phenolic resin with fine- Flat, Room 750 20 255 0'34
grained woodflour 5 mm

thick
Phenolic resin with shredded

fabric ditto Room 550 20 245 0'43
Phenolic resin with cellulose

fibres ditto Room 575 20 137 024
Phenolic resin with laminated

cloth ditto Room 1370 20 305 0'24
Pnenolic resin with long cloth

or paper fibres ditto Room 1150 20 360 0-31
Phenolic resin without filler ditto Room 1050 20 320 0'31
Phenolic resin with felted as

bestos filler Flat Room 1550 1'7 455 029
Phenolic resin with cotton

fabric Flat Room 1500 1 6 490 0'33
Phenolic resin with cross-

banded high-strength paper Flat Room 1920 0'6 560 0'29
Phenolic resin with unidirec

tional high-strength paper Flat 30°C — 1 '2 600 —
Phenolic resin with laminated

fabric, longitudinal loading Round 27°C 1500 100 350 0'23
Phenolic resin with laminated

fabric, transverse loading Round 27°C 1280 100 280 0'22
Phenolic resin with paper,

longitudinal loading Round 27°C 1300 100 365 0'28
Phenolic resin with paper,

transverse loading Round 27°C 1130 100 365 0 32
Cast phenolic resin Round 27°C 850 100 295 0'35
Phenolic resin with unidirec

tional glass fibre laminate Flat Room 4250 100 875 0'21
Cellulose acetate Round 27°C 345 100 70 0'20
Methyl methacrylate Round 27°C 800 10 140 048

ditto Round —35°C 1300 10 340 027
Polyester with glass laminate,

fast cure Room 3500 1 900 0'26
Ditto but slow cure Room 4200 1 1100 0 26
Epoxy resin with glass fabric Room 3000 0' 1 1380 046

ditto Room 1 1070 0'36
ditto Room 10 770 0‘26
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(Table 2, cont.)

Reversed bending Ratio of
_ . _  Tensile fatigue strength fatigue

Material pecimen emper- streng t h -----------------------------strength
shape ature kgf/cm2 Cycles t0 tensile

____________________________________ _________ ____________ X 106 g>/Cm strength

Silicone resin with glass fabric Room 2480 0 1 880 0 35
ditto Room 1 710 0'29
ditto Room 10 550 0-22

Resin bonded birch plywood, Flat,
in direction of fibres 4 mm Room 960 250 0 26

Ditto but at 45° to fibres ditto Room 360 200 0 52
Casein bonded birch plywood,

in direction of fibres Flat, Room 1220 300 0'25
3'5 mm

Ditto but at 45° to fibres ditto Room 325 85 0 26
Phenol-formaldehyde glue,

two-ply laminated birch Flat Room 1800 2 450 0 25
Ditto but three-ply Flat Room 1550 2 400 0-24
Urea-formaldehyde glue, three-

ply birch plywood Flat Room 1320 2 305 0'25
23 per cent phenolic-resin im

pregnated laminated com
pressed wood 8 mm Room 3600 200 700 0 20

dia.
23 per cent phenolic-resin im

pregnated laminated com
pressed wood 25 mm Room 2680 100 530 0'20

dia.
35 per cent phenolic-resin im

pregnated laminated com
pressed wood 25 mm Room 2560 500 630 0'25

dia.
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Table 3
Rotating-bending fatigue strength of some light alloys

Rotating-bending fatigue strength ^ at!°
, ,  f. r  Tensile kgf/mm2 at,g“ehIdenti- _  Con- , _________________________________ strength
fication Form dition t̂rfe.ngth2 (ЛГ= 100kgi/mm N =  1()5 дг= 106 j y =  10j N _  108 tQ tensjle

strength

Aluminium alloys 
BS 1470 
to 1477
VI C 1-inch

extruded M 85 J 63  5 0 4-7 — 045
NV 5 ditto M 22-8 18 4 15-2 14-7 14 0 0-65
NV 6 ditto M 29-0 I 19-6 15 0 15-0 — 0'52
NV 7 ditto M 34-5 22-6 18-0 17-0 16 8 049
HV 9 ditto W 17-3 14-1 115 9‘7 8-5 046
HV 10 ditto W 23-6 16-8 13-6 11 0 9-1 046
HV 11 ditto W 37-6 j 21-6 17-6 15-0 133 040
HF 12 Forged bar WP 45 0 l — 21-2 16 5 13 8 0 37
HF 18 ditto WP 450 ' — 2F5 17'0 14'5 038
BS 1490
LM 8 Sand cast M 12 5 — 7-9 6-2 5‘8 0 50

W 16-5 — 8-6 6 1 5-5 0-37
WP 23-5 — 8-8 6 4  5-7 0-27

Chill cast M 16-8 — 9 4  8-6 8-3 041
W 23-6 j — 104 9 0  8-5 048
WP 284 J — 10-6 9 0  8-5 032

LM 10 Sand cast W 314 i — 7-2 6 4  64 0 20
WP 25-2 — 8-0 6-4 6-3 0-25

LM 14 Sand cast WP 23-6 j — — 8-6 6'3 0‘36
Chill cast WP 30 0 | — — 11 0 9-4 046

LM 15 Sand cast WP 29-0 | — 9-1 7-9 7-7 0'27
LM 23 Sand cast P 17-3 I — 8-8 7-4 7-2 043

Chill cast P 20-5 — 10 7 8 8 8-6 043
Magnesium alloys 

BS 2970 !
MAG 1 f Cast M 14-2 to — — 7 8 to — 040  to

17-3 ; 8-6 0-55
MAG 3 1 Cast M 12-5 to — — 1 T8 to — 0-52 to

16-5 8-6 0-63
W 20-5 to i — — I 7-8 to — 0-37 to

25-2 : I 9 4  048
WP 204 to — — Í 74 to — 0-30 to

260 7-8 0-35
MAG 5 P 23-6 [ — — — 120 0-51
MAG 7 M 124 to ! — — 7-5 to — 0-47 to

174 8 1 0-60
W 18-9 to — — 7-8 to — 0-45 to

25-7 í I 8-6 0-50
WP 18-9 to — — 6-3 to — 0-40

25-7 7-5

M  =  As manufactured
WP =  Solution treated and precipitation hardened

W =  Solution treated 
P =  Precipitation hardened
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Table 4

F atigue strength  of lig h t

Composition (%)

Denomination 
of material

in the literature Al ''l 8 Si Mn Cu Cr Zn

G A1 Si main 11. .  .13 5 0 3 . .  .0 5
con-

j stituent

G Al Si Mg I main 0 2  . .  .04  9 . . . 10  0-3 . .  .0-5
con
stituent

G Al Mg 3 main F5. . .3-5 0. . . 1-3 0 . . . 0 6  0 . . . 0 3
J con- 0 . . . P 3  

stituent

£  G Al Si 5 Mg main 0- 2 . . . 04  9 . . . 10  03. . . 0-5
;2 ! con-
0 stituent
В
3
'В
Вя
<

Al Cu Mg j main 0- 2 . . . 18  0 3 . .  .1-5 2'5 . .  .5
con-

[ stituent ______
Al Mg Si main 0 6 . .  .4 0'6. . .1'2 0 6 . .  .1 0 . .  .0'3

con
stituent

Al Mg 3 main 2 . . .4 0 . .  .0-4 j 0 . .  ,0'3
con
stituent

Al Mg 5 main 4 . . . 5 5  0 . .  . 08 0 . .  .03
con
stituent

Al Mg 7 j main 5 5 . .  .7-5 0 . . . 0 8  0 . .  .03
con-

, stituent
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ALLOYS WITH N — 50 X 106

Strength values (kgf/mm2)

I i i j
T„n«iP Bending Torsional Literature

Others strength fat'gUe fatigue ' on 1 ,on reference
ё strength strength

° T  ° b F  ZF

16. .  .22 4 . .  .6 Sand-cast Hütte 28
1 6 . .  .26 6 . . .  8 Chill-cast Page 1008

__________________________________ _______________ _____________________
1 7 . .  . ’'4  5 . .  .7 Sand-cast
2 0 . .  .30 7 . . . 12  I Heat-treated Hütte 28

sand-cast
18. . .26 6 . . . 10  [ Chill-cast
2 2 . .  . 32 8 . . .  12 Heat-treated Page 1008

chill-cast

Ti 0. . . 0-3 I 13. . . 19 6 . . . 7  ! Sand-cast
1 6 . .  .28 8 . . .  10 I Heat-treated | Hütte 28

sand-cast
j 14. . . 26 9 . . . 10  Chill-cast

1 8 . .  .33 J 10. . .11 j Heat-treated | Page 1008
chill-cast

1 1 . .  . 18 6. . . 6'5 j I Sand-cast
14. .  .30 6 5 . .  ,7’5 J Heat-treated

sand-cast
1 3 . .  .20 6. . .7-5 Chill-cast J Hütte 28
1 7 . .  .30 7-5. .  ,8'5 ' Heat-treated Page 1008

chill-cast

1 8 . .  .24 8. . . 11 4 . . . 7  Soft Hütte 28
37. .  .44 J 12. . .15 I 6 . . . 9  Heat-treated Page 1008

_______________________ __________ _______________________________________
1 1 . .  .13 j 8 . . . 10  5 . . . 6  Soft
2 0 . .  .26 J 9 . . . 12  I 5 . .  .6 Cold hardened Hütte 28
2 8 . .  .32 i 10. . .  13 6 . . . 7  Hardened Page 1008

____________  I ________ __________I___________________________ __________
1 8 . .  .21 10. . .13 5 . . . 7  Soft Hütte 28
2 2 . .  .25 12. . .15 6 . . . 8  Semi-hard Page 1008

2 2 . .  .28 12. . . 14 6 . . . 7  Soft Hütte 28
2 5 . .  .31 ! 13. . . 15 7 . .  .8 Semi-hard Page 1008

I

3 0 . .  .34 12. . . 14 7 . . . 8  Soft j  Hütte 28
34. .  .38 13. .  .15 7 . .  .9 Semi-hard j Page 1008
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Table 4

Composition (%)

Denomination 
of material

in the literature A.1 Mg Si Mn Cu Cr Zn

--------------------------------------------------------------------------------------------!--------------------------- j------------
A1 Mg Mn main T5. . . 3  0-5. . .1'5 0 . . . 0 3

con
stituent

AI Cu Ni main 1-3. . .U8 J 3'5..  .4-5
con
stituent

Silumin
G Mg A1 3 Zn 2-5. . .  3-5 the rest 13 01 . .  .05 0 5 . . . 1 5

__________________________________________________________________________

G Mg A1 4 Zn 3 . .  . 45 the rest 0 1 . . . 0  5 2 . . . 3  5

G Mg A1 6 Zn 5 . .  .6-5 the rest 0’1 . .  .0-5 2 . . . 3 5

G Mg AI 7. . . 11 the rest 01 . .  .05 | 0 . . . 1 5____________________________________________ ______________
=  G Mg AI 7 . . .  11 the rest 0 1 . . . 0 5  j 0 . . . T 5

e !
*55____________________________ ________ ________ __ ___ __;_______ ______
м Mg Mn the rest | 1 . .  .2-5та
s ------------------------------------------ 1-----------------------------------------------------------

Mg Al 2 1-5..  .4 the rest ! 0-05. .  .0 5 0 . .  .1 5

Mg Al 6 5 . .  .6-5 the rest i 0 0 5 . .  .0 5 I 0 . . . Г 5

Mg Al 9 5 . . . 10  the rest 0'05 . .  ,0’5 | j  0 . .  .2____________________________________________ 1 [
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(CONT.)

Strength  values (kgf/m m -)

_  .. i Bending I Torsional I T
: Tensileu fatigue ! fatigue Condition Literature

Others strength . .u . s  ., I referencestrength strength
GT I a bF I T F

1 8 . .  .22 7 . . . 10  , 3 . . . 6  i Soft : Hütte 28
2 2 . .  .23 8 . . .  12 4 . .  .7 Semi-hard Page 1008
2 4 . .  .28 10. . . 15 I 5 . . . 6  j Hard

N i l - 8 . . . 2-2 35. . . 40 14. . . 17 j 8 . .  .10 ;Hard Hütte 28
Page 1008________ I___ I___ __________

1 7 . .  .20
17 i 5’5 Sand-cast

19 j 6'5 I Sand-cast
-------------------------------------------------------------------- ----------------------------

19 7 . . . 9 ’2 j Sand-cast

27 8 . . .  12 I Sand-cast

21 6-5. .  .8 5 Chill-cast I  Buchmann
j VDI-1941

Page 15
----------------------------------------------------------------- -------------------------- j

30 7-5. . .11 I Forgeable

27 11 I Forgeable

32 14*5.. .  17 j Forgeable

34 14 5 . .  17 Forgeable



Table 5

Fatigue strength of copper and some of its alloys

Identification

Electrolytic copper 
Cartridge brass 
Free-cutting brass 
Naval brass 

ditto
l>/2 % silicon bronze 

ditto
3 % silicon bronze 

ditto
Aluminium bronze 

Cupro-nickel

Phosphor-bronze

Phosphor-bronze, 
Grade A 
ditto 
ditto 
ditto

Electrolytic copper

Composition, % per cent „ . I Ratio of
sile i bending atigue

Source I  Í Condition strength1 fatigue j * t r e n i f  _
Cu Zn Sn Si Fe Other kgf/ strength {N =  10, }

» , ci 9 to tensilemm2 kgf/mm2 strength

10° 107 i 10s

99"93 Drawn 30 per cent 30'8 17 6 13-7 11 ‘5 044
69 37 30 61 Drawn 21 per cent 400  22 0 14'8 106 0'37
61-78 34-81 Pb 3-31 Drawn 20 per cent 38-5 214 16 5 14-0 043
59-88 39-31 0-68 Drawn 24 per cent j 6F0 33 6 25-4 23-3 0-42

B u r g h o f f  59'74 39-39 0 71 Drawn 24 per cent 6T0 20 4 15-0 14'8 0'25
and 9718 F35 1 43 j 28 5 14-3 J 11 9 10 5 042
B l a n k  97-12 F39 146 Drawn 21 per cent 38 0 23T 19-6 19 6 0 51

95-88 1-05 3-01 Drawn 10 per cent ! 44'0 20-7' 17-4 16-8 0-40
95-88 F05 3'01 Drawn 44 per cent | 72-0 3T6 25-4 24-2 0'35
87- 84 1 -95 AI 9'65 Drawn 10 per cent 65 0 324 ' 23-0 20 0 0 35

Те 0-52
68-04 0-49 Ni 30-67 Drawn 33 per cent 57-0 314 25-61 24-3 0-47

Mn 0-53

88- 35 9-31 1-36 Mn 0-78 Drawn 36 per cent 8T0 40 0 3P5 23 3 0 39
P 0-20

A n d e r s o n , 97-25 4-32 P 0-38 Annealed 550°C | 35-5 22-7 j 21-0 204 0-59
S w a n  and
P a l m e r  Drawn 15 per cent j 39-7 24 0 20 7 19-7 0-52

Drawn 30 per cent 49 0 25-6 2P6 2T0 044
Drawn 50 per cent j 67-5 30-2 24"5 23-2 036

Metals 999 Flat, semi-hard j 30 9 3 0 31
Handbook Flat, hard ! 36 9-3 0'26
1948 j Round bar, hard | 34 12 0'35

I I I
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Tombak 80 20 Flat, 1 mm thick, 65 17 0’28
spring-hard

I  Hard wire, 2 mm 78 16 0 20
ditto 90 18 0-20

70 J 30 Flat, 1 mm thick, 31 9 0-29
Flat, 1 mm thick, 44 13 0'30

semi-hard
Flat, 1 mm thick, 55 15 0-27

hardI  Flat, 1 mm thick, 67 16 0 24
spring-hard

Wire, spring-hard 92 17 018
25 mm rod, 50 16 0 32

semi-hard
Flat, rolled 35 8-5 0 24

71 28 1 I 37 14 0-38

Brass 65 35 Flat, hard, rolled 53 10 0-19
The “Spring-hard” 65 14 0-21

American 60 39 3 0 7 I Rod 43 11 0 26
-------------------------------- Society ---------------------------------------------------------------------------------------------------------------- :----------------------------------
Silicon-bronze j for 96 Si 3 ■ Flat 47 11 0-23

Metals j Mn 1 I Flat, hard 67 16 0-24
Flat, cold-rolled 65 24 0-37

9817 j 0-21 [ 0 06 Si 1-41 Cold-rolled or 64 22 0 35
hot-rolled

Aluminium bronze 89 71 ! 0‘38 0'64 A1 8 74 j Hard 70 15'5 0 22
Ni 0-51 [

89-5 I 1-40 0 15 AI 8-89 | Drawn 57 22-5 0-39
89-81 ! 0-13 A1 10-06 J Drawn 55 24 043
90 A1 10 60 20 0-33
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3. Effect of various factors on fatigue strength

3.1 Surface finish

-a

Fig. 38. Surface-finish factor 
b for bending fatigue strength 
in relation to tensile strength 

and surface finish

Roughness depth R

Fig. 39. Surface-finish factor b for fluc
tuating tensile stress

Fig. 40. Surface-finish factor b for ten
sion-compression and rotating bending

stress
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Fig. 41. Decrease of the bending fatigue 
strength of cast-iron parts with the casting 
skin in comparison with that of a polished 

specimen

3.2 Shape and dimensions

Fig. 42. Size factor b for ben
ding of machine components of 
rectangular, circular, elliptical, 

and rhombic cross-section

Fig. 43. Size factor k, for tor
sion of machine components 
of solid and hollow cross- 

section
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3.3 Temperature

0 100 200 300 400 °C 500 600

Fig. 44. Smith diagram for chro
mium-molybdenum steel at various 

temperatures

Fig. 45. Tension-compression fatigue 
strength and creep limiting stress of various 

steels in relation to temperature 
Curve a — C : 014%

S i: 019%
Mn : 0-68% 

b -  C : 0T5% 
c -  C:0'38%

Cr:13‘5%

Fig. 46. Smith diagram for carbon steel at 20’ 
and 500°C
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Fig. 47. Smith diagram for Mo steel at 20° and 
500°C

F ig . 48. Smith diagram for NiCrW steel at 20° 
and 500°C

Fig. 49. Bending and torsion fatigue 
strength of light alloys in relation to 

temperature
Compositions: a 92'2% Al, 4% Cu, 2% 

Ni, 1-5% Mg, 0-3 % Fe, heat treated 
b 92% Al, 2-5% Cu, 1-3% Ni, F5% 

Mg, 1-2% Si, 1-4% Fe, 0-1 % Ti, cast 
c 86-9% Al, 12% Si, 0-4% Mg, 0'4% 

Mn, 0'3 % Fe, heat treated

Fig. 50. Variation of bending fatigue 
strength and creep limiting stress with 

temperature for light alloys 
a Al-Cu-Mg alloy with N =  20x 106 
b Al-Cu-Mg alloy with N  =  lOOXlO6 

c Al-Cu alloy with N =  10x10® 
d Creep limiting stress of the Al-Cu-Mg 

alloy
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Fig. 51. Variation of bending fatigue strength and 
creep limiting stress with temperature for aluminium 

and copper
a — Bending fatigue strength of 99'5% A1 

b -  Creep limiting stress of Cu 
c — Creep limiting stress of 995 % A1

Fig. 52. Increase of fatigue strength with 
decrease of temperature. Relationship be
tween tension compression and bending fa
tigue strength and the temperature factor K T

kgf/mrn

3.5 Corrosion

Fig. 53. Effect of corrosion on bending fatigue strength 
a Fatigue strength in air 
b Pre-corroded for one day in tap water 
c Pre-corroded for two days in tap water 
d Pre-corroded for six days in tap water 
e Pre-corroded for ten days in tap water 
/  Bending fatigue test carried out in tap water
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Fig. 54. Bending fatigue strength of various steels in air and 
corroded in tap water

Number o f  cycles N

F i g . 55. Effect o f  the corrosive liquid on 
fatigue strength 

a Fatigue strength in air 
b Water +  25 mg/1. NaCl +  25 mg/1. Na2S 04 

c Water +  2 g/1. NaCl 
d  Water +  30 g/1. NaCl

F ig . 56. Alteration in bending 
fatigue strength of Ni steel cor
roded in tap water at frequencies n 
between 5 per min and 1450 per 

min

F ig . 57. Alteration in bending and 
torsion fatigue strength of Cr-Va steel 
in corrosion-free and corroded con

dition
a Bending fatigue strength in air 
b Torsion fatigue strength in air 
c Bending fatigue strength — 

corroded in tap water 
d  Torsion fatigue strength — 

corroded in tap water Humber of cycles N Number of cycles N
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Table 6

Effect of corrosion on cast steel parts

r, , 0/\ Fatigue strength
Composition U )  (kgf/mm2)

. , ______________________ T e n s ile _____________________' ______
n m T i  InVAStÍ' ! strength (hF NÍuq sqT  gated by I 0J Bend. cor. cor. ]0o

' ’ C Si Mn i(kgf/mm2) ing roded roded
abF in tap in sea

I water water

GS 45.81 s 0 19 0-44 0 66 Thum and 46 3 20 12 4 50
(Grade A) | Ochs

GS 45.81 s 0-20 0'27 0’72 Thum and 48 9 21 16 — 10
(Grade A) Ochs

GS 52.81 s 0-36 0-33 0 79 Thum and 56 1 23 15 — 10
(Grade B) Ochs

GS 52.81 s 0-48 0-36 0 84 Thum and 64 5 22 12 4 50
(Grade B) Ochs

Electric steel — •— — Thoma and 65 24 14 — 10
Föppl

Stainless 049 0-34 0-38 Mn Thum and 69 32 16 8 50
cast steel 0'82 Ni Ochs

12-4 Cr
Stainless 0-2 | — 15 Cr Roesch 61 26 20 — —

cast steel
______________________________________________________________________ ____

Table 7

Effect of corrosion on the fatigue strength of cast iron

Material Composition (%) Fatigue strength
Tensile (ktf/mm)

Investi- strength %  аьг N
n m  ns T°- K°m’ gated by aT Bend- cor- cor- 10«
17ППА 1US7 I tal '7” Si Mn P (kgf/mm2) ing roded roded17006 1452) c  ed obF in tap in sea

^  water I water

GG 14 10 3-66 1 02 1-75 0’54 F93 Thum 133 8 5 — 50
and

Ochs i
GG 22 14 ! — — — — — Ludwigh I 24'8 14 — 7 5 10
GG 26 17 i 3-39 0-90 2-08 0 76 0 55 Thum | 29'8 18 14 — 50

and
Ochs j

GG 30 20 3-3 — 1-52 0 86 0 42 Linicus | 30 13 9 8 50
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T a b l e  8

E f f e c t  o f  c o r r o s io n  o n  теш  f a t ig u e  s t r e n g t h  o f  so m e
METALS AND ALLOYS

Alloy composition Corroded in P ecrease of be"d'nSfatigue strength (%)

Nickel Tap water 30. .  .50
Salt water 40 . .  .60

Monel-Metal 25 . .  .30% Cu, 65 . .  .70%
Ni Tap water 16. .  .40

Brass Tap water 8 . .  .30
Salt water 23 . .  .45

Bronze (Cu-Sn-Zn) Salt water 25

Cu-Sn alloy Tap water 4 . .  .20
Salt water 4 . .  .10

Cr-Ni Tap water 0
Salt water
Sea water 8 . .  .50

Aluminium Tap water 50
Salt water 50

Duralumin Tap water 17. .  .50
Salt water 30. .  .60

“Silumin” alloys Tap water 0
Salt water 10. .  .25

“Elektron” and Mg alloys Tap water 50
Salt water 70

Table 9

B e n d in g  f a t ig u e  s t r e n g t h  o f  s t e e l s  i n  v a r io u s  k in d s  o f  w a t e r

0 -3 о/ № sted 1-1% Cr, 0-12% V,
Corrosive medium /o -n -  . ,, 2 033 % C steelоT =  50-2 kgf/mm2 '° ,, .aT=  67-2 kgf/mm2

In air, N — 100 X 106 abF =  25 kgf/mm2 abF =  35 kgf/mm2
In hard water 16 16'5
In soft water 15'5 15
In sea water 5‘5 6
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Table 10

Bending fatigue strength of steels in steam

„ 3-5% Ni steel 12‘5% Cr steelCorrosive medium ,aT — 74 kgf/mm2 aT =  72 kgf/mm2

In air, N  =  5 0 x l 0 6 obT=  32 kgf/mm2 a№ =  43 kgf/mm2
In steam, 4 atm at 149°C 25 39
In steam, 15 atm at 371°C 24 38
Steam condensed on surface (steam and

air) I 16 23

Table 11

Effect of the number of load cycles on fatigue strength

Number of cycles N  (106)
Condition j

5 10 20 j 40 80

Fatigue strength in uncorroded condition ]
(kgf/mm2) 36 36 36 36 36

Corroded in tap water (kgf/mm2) | 26 23 I 2T5 19’5 18
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4. Theoretical stress concentration factor

Fig. 58. Table for Neuber’s nomogram

§
Type of Nominal Scale Curve Curve ■
loading stress \J /̂r f°7r \J b/r js

Tension F -jgy в 1 1

Bending Mb -fyfz В 2 2

Tension F g j  S 3  3
Bending Mb В 4 h

Tension F Ydä В S 5
Bending Mb A S  6

Tension F В 6 7
Bending Mb V%_ в 7 8
Shear V rf 3v
r  . u  A 8 9Torsion Mb A g „

ren S /0 n f W l h r f  * * ' ' "
Bending Mt J $fP В 5 2 72
Shear У A 10 3 13
Torsion Mf ь , / io it и

________ l_  Я(Ь*-с*)
f

Tension F щег_Ьг) в 5 5 IS
Bending Mt  jf f i t f )  В 5 6 is
Shear У A 10 7 17
Torsion Mt Yjgt&T A io 8 18

Shear У 'Jiab A ^  ®

Torsion Mt zgPab* A 10 го
Shear У ffff- А ю 21

Torsion Mb ITaA** A 10 22

Form

* S= Moment of the upper half in relation to the neutral surface
* J=Moment of inertia
#*A=Totai area of section bounded by the centre line____________
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Fig. 60. Neuber’s complementary nomogram for hollow workpieces

F ig . 59. Neuber’s nomogram



NOTES ON TABLE 12

Sub-tables 1 and 2. These give the theoretical stress concentration factors of flat pieces notched at 
both sides. Notch sides are parallel; у  =  0°. Data according to N e u b e r ’s formula [64].

Sub-table 3. The same as above, but notch sides are not parallel to each other.
Look for the K, value in Sub-table 1 or 2, taking the notch sides as being parallel to each other. 
The required theoretical stress concentration factor is obtained in the column for this value of 
К , and in the row corresponding to the angle of inclination of the sides. If у  <  90’, assume 
у  =  90°. When necessary, values can be interpolated.
Data from measurements by F r o c h t  and L e v e n  [16].

Sub-tables 4 and 5. The same as with Sub-tables 1 and 2, but r d. When the value of D/d becomes 
greater than 1*1, K, shows hardly any further change.
Data according to N e u b e r ’s formula [64].

Sub-table 6. This gives the К , values for sheets subject to bending perpendicular to the plane of the 
sheet. The sheet thickness is considerably less than the notch depth.
Data based on the formulae of G o o d i e r , L e e , and N e u b e r  [17], [46], [64].

Sub-tables 7 and 8. These give K, for unilaterally notched flat pieces, the notch sides being parallel 
to each other.
Data available only for bending. For tensile stress use the relevant values of Sub-table 1 in
creased by about 15 per cent.
Data from F r o c h t  and Leven [16].

Sub-table 9. This is for unilaterally notched flat pieces where the notch sides subtend an angle y. 
If у <  60°, use the values from Sub-table 8. For у  >60°, look for K, in Sub-table 8 as if у 
were equal to 0. Locate the row for which the first column of Sub-table 9 gives that value of K,; 
the required value of K, will then be found in that row and in the column headed by the actual 
value of y. When necessary, values can be interpolated.
Data from F r o c h t  and L e v e n  [16].

Sub-tables 10 to 12. These are for notched shafts with the notch sides parallel to each other. 
Data from N euber [64].

gub-tables 13 to 15. The same as Sub-tables 10 to 12, but for relatively shallower “notches”.
Data according to N euber’s formula [64].

Sub-tables 16 and 17. These give K, for flat pieces symmetrically reduced in width. The tensile forces 
are applied through the end faces. For bending, the two end faces are supported.
Data based on photo-elastic measurements carried out by F rocht [12], [14], [117].

Sub-tables 18 to 21. These give K, for pieces loaded in tension and supported at both shoulders. 
The tables are for different values of rid, so that triple interpolation may be necessary.
Data based on photo-elastic measurements carried out by H etényi [26].

Sub-tables 22 to 24. These give K, for stepped shafts.
Data based on photo-elastic measurements carried out by F rocht [12], [14] and on the electrical 
analogy method of J a c o b s e n  [35].

39



Sub-tables 25 to 27. These give K, for a flat beam (machine part) stressed in bending, thickened in 
the middle above or below (or all round). A separate table is given for each value of D/d, so 
that a triple interpolation may be necessary.
Data based on photo-elastic measurements carried out by Leven and H artmann [49].

Sub-tables 28 and 29. These give K, for a sheet drilled at its centre. Data from H owland’s calcula
tions [33].

Sub-table 30. This gives K, for a sheet with an asymmetrical hole.
Data based on Sjöström’s calculations [87]. The formula for nominal stress is worthy of notice.

Sub-tables 31 and 32. These give K, for a sheet having a slit bounded by semicircles at the ends. 
Data based on photo-elastic measurements carried out by Frocht and Leven.

Sub-table 33. This is for a sheet reinforced by a collar projection round the hole at each side. The 
table gives K, for the point of greatest stress (point C), and the formula is only valid for the 
value d/w — 0-2. For other values of d/w, first determine K, for a sheet without reinforcement 
from Sub-table 28 and then use the following formula:

Ktm= B(Kn-  1) + 1
where Klm is the theoretical stress concentration factor for the sheet with reinforcement and 
K,s that for the unreinforced (smooth) sheet. Values for В are included in the table.
Data based on Timoshenko’s calculation [103].

Sub-tables 34 to 36. These give K, for a very large sheet with two holes.
Data based on calculations by Chih-Bing Ling [9].

Sub-tables 37 to 39. These give K, for an infinite sheet with one row of holes. The values are for the 
inside holes.
Data from a mathematical derivation by Schoulz [81].
The values are not applicable for the first and last holes

Sub-tables 40 and 41. These give K, for a shaft with a transverse hole.
Date based on strain measurements by Thum and Kirmser [97].

Sub-table 42. This gives K, for angle sections stressed in torsion.
Data based on calculations by H uth [34].

Sub-tables 43 and 44. These give K, for thick-walled pipes and rings loaded in tension and compres
sion. The formulae for nominal stress are worthy of notice.
Data based on calculations and photo-elastic measurements by Timoshenko [102] and H orger 
[30].

Sub-table 45. This gives K, for rectangular tubes stressed in torsion.
Data based on calculations by Huth [34].

4 0  F A T IG U E  D E S IG N  O F M A C H IN E CO M PO N E N TS
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Fig. 61. Interpolation nomogram
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BENDING BENDING TENSION

Instructions on p. 39 in the g _  &Mb ^ ^
“Notes on Table 12” " d 2 1 " dt
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BENDING PERPENDICULAR 
TO PLANE OF SHEET BENDING TENSION Stress
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BENDING BENDING TENSION Stress

Instructions on p. 39 a =  b a =  —  Nominal
in the “Notes on Table 12” " d 2t " dt stress
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BENDING TENSION
TENSION I with support at the two end j the forces are applied through Stress
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Rectangular beam with narrow 
shoulders on both sides at the 

middle of the length
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Table 12 (cont.)
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F i g . 61. Interpolation nomogram
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BENDING BENDING TENSION Stress

Instructions on p. 39 a =  b a — —  Nominal
in the “Notes on Table 12” " d2t " dt stress
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TORSION BENDING ! TENSION Stress
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4 6 FATIGUE DESIGN OF MACHINE COMPONENTS

Table 12 (cont.)
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BENDING TENSION
TENSION I with support at the two end the forces are applied through Stress

surfaces the two end faces
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Fig. 72. Nomogram for K,\ use in conjunction with Fig. 88 
(in pocket inside cover of book)
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6 6 FA T IG U E D ESIG N  O F M ACH IN E CO M PO N EN TS

F i g . 7 3 . N o m o g r a m  f o r  K,:  u s e  in  c o n ju n c t io n  w i th  F ig .  88
( in  p o c k e t  in s id e  c o v e r  o f  b o o k )



F ig . 74. Nomogram for K,: use in conjunction with Fig. 88 
(in pocket inside cover of book)
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Fig. 75. Nomogram for K,: use in conjunction with Fig. 88 
(in pocket inside cover of book)
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O FATIGUE DESIGN OF MACHINE COMPONENTS



Fig. 76. Nomogram for К use in conjunction with Fig. 88 
(in pocket inside cover of book)
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7 0 FA T IG U E D ESIG N  O F M ACH IN E CO M PO N EN TS

F i g . 7 7 . N o m o g r a m  f o r  К u s e  in  c o n ju n c t io n  w ith  F ig .  88
( in  p o c k e t  in s id e  c o v e r  o f  b o o k )
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F i g . 78. Nomogram for K,: use in conjunction with Fig. 88
(in pocket inside cover o f book)



7 2 FA T IG U E D ESIG N  OF M ACH IN E CO M PO N EN TS

F i g . 7 9 . N o m o g r a m  f o r  K,: u s e  in  c o n ju n c t io n  w ith  F ig .  88
( in  p o c k e t  in s id e  c o v e r  o f  b o o k )



TABLES A N D  D IA G RA M S 73

F i g . 80 . N o m o g r a m  f o r  K,\  u s e  in  c o n ju n c t io n  w i th  F ig .  88
( in  p o c k e t  in s id e  c o v e r  o f  b o o k )
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Fig. 81. Nomogram for AT,: use in conjunction with Fig. 88
(in pocket inside cover of book)



F ig . 82. Nomogram for K,: use in conjunction with Fig. 88 
(in pocket inside cover of book)
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Fig. 83. Nomogram for K,: use in conjunction with Fig. 88 
(in pocket inside cover of book)
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F i g . 84 . N o m o g r a m  f o r  K,:  u s e  in  c o n ju n c t io n  w i th  F ig .  88
( in  p o c k e t  in s id e  c o v e r  o f  b o o k )
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F i g . 8 5 . N o m o g r a m  f o r  К u s e  in  c o n ju n c t io n  w i th  F ig .  88
( in  p o c k e t  in s id e  o f  b o o k )
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F i g . 8 6 . N o m o g r a m  f o r  К u s e  in  c o n ju n c t io n  w i th  F ig .  88
( in  p o c k e t  in s id e  c o v e r  o f  b o o k )
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F i g . 8 7 . N o m o g r a m  f o r  К u s e  in  c o n ju n c t io n  w ith  F ig .  88
( in  p o c k e t  in s id e  c o v e r  o f  b o o k )
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F ig . 8 9 . T h e o r e t i c a l  s t r e s s  c o n c e n t r a t i o n  f a c to r



FA T IG U E D ESIG N  O F M A C H IN E CO M PO N EN TS

F i g . 9 0 . T h e o r e t i c a l  s t r e s s  c o n c e n t r a t i o n  f a c to r

82
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F i g . 9 1 . T h e o r e t ic a l  s t r e s s  c o n c e n t r a t i o n  f a c to r



F i g . 9 2 . T h e o r e t i c a l  s t r e s s  c o n c e n t r a t i o n  f a c to r
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F i g . 9 3 .  Siebe! d i a g r a m

Fig. 94. Values of X  for various forms of stress raisers
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6. Factor of safety

Table 13

F actor of safety

Type of stress j Factor of safety

Reversed and fluctuating stress | F 5 . . . 2

As above, if it is important for the machine component to be light and if the
probability of deviation from the calculated values is slight } 1'2 . . .  1-5

T a b l e  1 4

M ultiplying coefficients for the factor of safety

„ .... MultiplyingCondition . ~coefficient

If failure can cause an accident or represents a 
danger to life 1*2.. .1*5

If the component can be easily overloaded 1*2. . .  1‘3
The multiplying _______________________________________________ __________

coefficients for For ^оск loading, when only small shocks occur;
the factor of safety applies especially to starting-up conditions (steam 
must be applied and water turbines, grinding machines, etc.) 1 . .  .1*1
along or in co m b i-___________________________________________________________________
nation (cumulative- jj- fa;riy sman shocks occur in operation (plunger- 
, accor m® t0  type die-casting machines, planing machines,the number of the t , P 2 1-5

conditions shown J ______  _____________________________ ____________ __________
that are present ^  ра£г[у iarge shocks occur in operation (section

shearing machines, blanking presses, etc.) 1-5. . . 20

For hammers, stone crushers, rolling mills and 
j the like 2 0  . . . 3 0
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F i g . 95. Nomogram for determination of equivalent stress ae
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88

8.1 Shafts and journals 
T a b l e  15

8. Fatigue design of some machine components

F atigue strength reduction factor AT, for flanged shafts (Thum and Bruder [93])

Stress ^ a" Kf Remarkstermi
'

Bending and [ 4 bolt holes, 8 bolt holes
torsion T62 5  =  8 mm

T45 S =  10 mm 
1-34 5 = 1 2  mm
1-27 5 =  18 mm
1 -26 S =  20 mm
1 -48 5 = 8  mm
1-32 I 5 = 1 2  mm

Bending and j  T27 Not rolled 1
torsion e 0-97 Rolled 

о
Xо

I!
%
crt
О

_____________  О _______________________________________________
U-i

Bending and °  1'62 Without washer
torsion Ö 1 *32 With washer 12 mm thick

"g 5 = 8  mm
Z

Bending and T62 Not bored
torsion 1-66 Bore 8 mm in I 5  =  8 mm

diameter J

Bending and T27 Not bored
torsion 3  142 Bore 8 mm in [ 5 = 1 8  mm

ö  diameter '
U
00



TABLES A N D  D IA G R A M S 89

Table 15 ( c o n t .)

Stress . . .  Kr \ Remarksterial_________ I__________ i___________________________

Bending and | 1-27 j Full flange
torsion 2 4  I Turned recess in

f l a n g e  35 m m  S =  18 m m
j i n  d i a m e t e r  

X  15 m m

Bending and j 1-27 Full flange
torsion I 2’29 Turned recess in

flange 35 mm
in diameter 5 = 1 8  m m

X  15 m m  

Bore 8 mm in 
Ő diameter
X
о

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  I I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Bending and ^  1-27 Full flange л
torsion ii  3'74 Flange planed 1 5  =  18 mm

i crosswise J
О

IdX»s3Z

_________ j ____ i___________________________
Bending and 1*82 With full flange

torsion 1*63 Flange with
relief grooves S =  8 mm
on two sides 
16x4 mmtj-

4 0d
4 0

U
on

Form



90 8.2 Shrink-Jit and keyed joints
Table 16

Fatigue strength reduction factor K, for splined shaft in torsion (Herold [25])

Form Material K, Remarks

Bottom of groove rounded off 
with a large radius

4 splines as shown in the sketch 
below

Bottom of groove rounded off 
with a small radius only

1-09 j
N
g
JS

^ л*
Z •/->О> 00

IIкb

104

£
_£
“a

"  44
Z  V IÜ Cd > 00 

II
F-ib

1- 92

E
.6
'öb

Z
CJ ir>> 00

IIfxb

2- 33

S 
J3 

*2 'S 
z  *?>
CJ to > oo

IIs,b

10 splines as shown in the sketch 
below



N o m e n c l a t u r e  f o r  t h e  m a t e r ia l s  u s e d  i n  t h e  d e t e r m i n a t i o n  o f  t h e  f a t i g u e

STRENGTH REDUCTION FACTOR OF THE VARIOUS WHEEL HUBS

Table 17

Chemical composition, per cent Mechanical properties jyj__
----------------------------------------------------------------------------------------------- ----------- ------------- 1----------------------------------- Blank " ,

Sym- _ _ Elonga- Re- diam_ chined
i _i T у tinn I Hnrtinn  ̂  ̂ , diam-
bo1 c  Si Mn Ni Mo Cr P S (kgf/ (kgf/ tl° ” of area (kgf/ (kgf/ г л eter

mm2) mm2) L J [ j  % mm2) mm2) <mm) (mm)

Wj 0-28 0-39 0-71 — 0-025 0T 0-061 0 0 2  56-2 35'9 j  24 ! 58 7 — 22-2 30
«  W2 0-20 0-29 0-49 — — — 0018 0 0 2  52'2 36 9 j 21-7 57T 32-5 — 23
J= W3 0-23 0-25 0-67 0-29 023 0-95 0021 0 012 86-6 77-1 1 12 5 64-1 33 5 224 30 20
И W4 0-25 — — — — — — — 600 34-9 , 22-0 52 6 28 0 j 20-5 32

W5 0-28 0-30 0-66 — — — 0020 0-020 56-2 32-7 | 29 0 — 30 5 | 18 0 32

I Ü -S* ~
N4 0-22 0-28 0-60 — — — 0 021 ! 0020 48T 26-1 I 26-4 42’3 j 125
N2 0-34 0-30 0-60 — 0 01 0-2 0 067 , 0 023 57 0 31 8 I 14 0 18'0 120

д  N3 0-42 0-24 0-72 — 0'30 1‘03 0015 ! 04)20 8P5 64-3 j 8 6 8 9 ! 130 115
N4 0-21 0-25 0-71 — — —  0031 | 0 023 400 — | — — J 130
N3 0-28 0-30 0-66 — — — 0020 0020 51 5 264  | 24T 36'8 130
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Summary of the results o f  tests carried out b y  A. Thum t o  determine 
the fatigue strength reduction factors of wheel hubs [94]

Table 18

Form of hub

I I
Ltd =  1 100 W4 Nj 13-6 2-06
Without 130 W4 Nj 13-0 245 W4 N2 13’2 156
keyway 150 W4 N 4 164 1*71

200 W4 Nj 16-6 T69 W4 N2 12-2 T68 Determination
300 W4 Nj 16-4 1-71 of shrinking

pressure in
_______________________ _________________________________________________________________ relation to

100 W4 N, 15-0 1-87 shrinking
L /d=  1 130 W4 Nj 14-0 2'0 W4 N2 132  T55 temperature
Without 150 W4 Nj 17-2 T63
keyway 200 W4 Nj 174 T61

300 W4 Nj 17-7 1-58

L /d=  1 s — 2 150 W5 N 3 18-8 T62 W5 N3 144 T25
Without 5 = 4  150 W5 N 3 168 T81 Ws N3 144 T27
keyway 5 = 8  150 W5 N 3 16-0 191 W6 N3 139  T29

L /d=  1
Without 150 W5 N 3 16-0 1-91 — — — — Form of hub
keyway

150 W6 N 3 18 4 1-66 W5 N3 13-2 T36

I I I

FA
TIG

U
E D

ESIG
N

 O
F 

M
A

C
H

IN
E CO

M
PO

N
EN

TS

U
w  Shaft Torsion fatigue Torsion fatigue

M 2  com- strength strength
£  2 p ressed ____________________ K , _______________________ K, Object of test
.Й g_ by J Material abF Material |

й 2 mm I VnP!mmi * IM § I Shaft Hub I k8 t/mm Shaft Hub w  «

юN1
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Lid =  1 150 W5 N4 15-5 1-97 Wä N, 13 7 131 Material of hub
Without 150 W5 N5 15 0 203 W5 N 6 133 L35
keyway

100 W3 N , 18-0 1-86
With keyway but ^ 2  N 1 15'6 2'09 W] 17'2 1'29

without key
,.,4, . 100 W3 N, 14-8 2-27
With keyway w  N 14 7 2'21 W, N, 16 4 1-35

and key ___________________________________ 1 1

Keyway in hub 100 W3 14 2 2'36 Wj N, 16 0 1-39

100 W3 N , 14-6 2-3

Without keyway 150 W3 N„ 17’5 1-65 Effect °f кеУ
_____________________I________________ __________ • _________  and keyway

0-3 W5 N 3 14-2 2-15

With keyway 150 W3 N , 17 5 1-28
and k e y ________________________________________________________________ ______

0-3 W5 N 3 120 2-54________ ______________ I_____________________________ I____
Groove in hub 150 | W3 N , 12 7 176

only ___________________________ ____________________________________ ______
Groovein shaft only 150 W3 N 2 16 5 L36

L/d =  1 150 W5 N 3 14-1 1-27

L /d =  1 j  0-3 W5 N 3 14 2 2-15

150 W5 N 3 14-0 1-28
L \d =  1-25 ----------------------------------------------------------------------------------------------------------  Length of

0-3 W5 N 3 14-9 2-05 W5 N 3 14'7 ; L22 wheel hub

L\d =  1-8 0-3 We N 3 180 1-69

L \d =  1-8 0-3 W5 N 3 15-5 1-95
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8.3 Ball and roller bearings

Fig. 96. Nomogram for selection of ball bearings

T y p e s  o f  b a l l  b e a r i n g s

S ingle  rorv, d e e p  S e l f  a l i g n i n g  s e r i e s  Angular contact series T h r u s t  s e r i e s  
g ro o v e  s e r i e s

-  in - ín  - £  - 64 ------  72 - 22 - 73 ■ 23 - 704 ------- 72 - 73 - 32 - 33 ------  577 - 572 - 573 - 574   0 70
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c  P  L h  П

Mgf kgf operating life hours revolutions per min
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Fio. 97. Nomogram for selection of roller bearings
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C P Lh n
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8.4 Bolts 
Table 19

F atigue strength reduction factor K ,  for bolts

Description of thread K f

.... . , , . carbon steel 3'2. .  ,3'8
Whnworth thread, rounded at root, hgat trgated aUoy sted 5- 4 . . . 60
. . . . . .  , carbon steel 4 '4 ...5 '0

e nc rea , heat treate(j ац0у steel 5 -6 . .  .64

With rolled threads reduce the K, value
for ordinary carbon steel by 14. .  .18%
for ductile alloy steel by 20. .  .24 %
for hard alloy steel by 30. . . 40%

8.5 Springs 
T a b l e  20

F l u c t u a t i n g  T o r s io n  f a t ig u e  s t r e n g t h  o f  p ia n o  w ir e s

OF VARIOUS SIZES
FOR a,lou — 0'5 AND N — 104

Diameter, Torsion fatigue Diameter> Torsion fatigue 
strength, j  strength,
kgf/mm2 I kgf/mm2

0T0 1000 200 820
0T5 99-0 { 2-30 800
0-20  98-5 I 2-40 79-0
0-25 98-0 j 2-75 77'5
0-30 970 I 3 00 770

0-35 96-5 I 3-20 760
0-40 960 j 3-40 75-5
0-45 95 0 I 3-75 73'5
0-50 940 I 400 73-0
0-55 93-5 I 4-50 7F0

0-60 93 0 !J 4-75 70-5
0-65 920 I 5-00 700
0-70 92-0 ! 5-25 690
0-75 91-5 I 5-50 68 5
0-80 91-5 I 5'75 68 0

0-85 91 0 íí 600 67-0
0-90 900 jj 6-30 66-5
0- 95 89-5 6-70 650
1 00 89 0 7-00 640
1-  20  88-0  8 00  6 2 0

1-40 870 8-50 61-5
1 60 85 0 900 60-5
1-80 840 9-50 600
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T able 21

F a c t o r s  o f  v a r io u s  e n d u r a n c e s  f o r  so m e  s p r i n g  m a t e r ia l s

Material R =  103 104 105 ,

Pianino wires 0-75 1-220 1-120 1-020 0-952
0-50 1-150 1-000 0-862 0-764
0-25 1-120 0-944 0-785 0-650
0 1-100 0-910 0-695 0-550

Spring wire, oil quenched 0-75 1-100 1-040 0-970 0-926
0-50 1-063 0-944 0-834 0-752
0-25 1-040 0-870 0-705 0-595
0 1-000 0-800 0-606 0-458

Chrome-vanadium 0-75 0-944 0-877 0-826 0-787
steel, hardened 0-50 0-910 0-787 0-675 0-606

0-25 0-862 0-725 0-588 0-485
0 0-834 0-675 0-524 0-414

Stainless steel 0-75 0-877 0-834 0-800 0-770
0-50 0-840 0-764 0-690 0-636
0-25 0-813 0-700 0-588 0-518
0 0-780 0-641 0-507 0-413

Phosphor-Bronze 0-75 0-513 0-476 0-431 0-392
0-50 0-472 0-404 0-350 0-303
0-25 0-435 0-357 0-286 0-239
0 0-394 0-318 0-239 0-183

Beryllium-Bronze 0-75 0-752 0-725 0-705 0-685
0-50 0-725 0-675 0-625 0-588
0-25 0-695 0-625 0-550 0-505
0 0-670 0-578 0-485 0-413
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Fig. 98. Values of ф for determination of maximum torsional stress in springs 
of rectangular cross-section

Fig. 99. Values of у  for determination of the extension of springs of rectangular cross-section
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F ig . 100. Values of ß 2 and ß 3 for 
determination of maximum shear 
stress in springs of circular and 
rectangular cross-section stressed 

in torsion

F ig . 103

F igs. 101 to 104.
Permissible torsional stress in spring steel

1 for endurance 106 to 10X 106
2 for endurance 10s to 10e
3 for endurance 103 to 104
4 for static loading F ig . 104

F ig . 101.

Fig . 102
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8.6 Welded joints
T able 22

F ormulae for the determination of 
NOMINAL STRESS FOR VARIOUS TYPES OF WELDED JOINTS
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T able 23

“ z  TO S ”  LINES FOR W ELDED JOINTS

Line Types of welded joint

2 Parent metal

у  Butt weld, special quality, plate machined smooth

X Tension-compression specimen with gusset plate burnt out of solid, rounded off
Beam with continuous “K” and fillet welds

w Tension-compression specimen with transverse fillet weld, machined
Tension-compression specimen with longitudinal fillet weld, machined 
Parent metal at the end of a welded-on chamfered strap, transition machined 
Tension-compression specimen (beam) with gusset plate, welded, rounded off, and 

machined
Butt weld, normal quality, not machined (100 per cent radiography)

V Tension-compression specimen with transverse fillet weld, not machined
Bend test specimen with transverse fillet weld, not machined 
Beam with welded stiffeners, not machined
Tension-compression specimen with longitudinal fillet weld, not machined 
Bend test specimen with longitudinal fillet weld, not machined 
Parent metal at the end of a welded-on strap, front fillet weld, transition not machined 
“K” weld, not machined, free of defects (100 per cent radiography)

и Parent metal at the end of a welded-on strap, no front fillet weld
Butt weld, not machined, vertical or overhead welding, no radiography 
Beam with non-continuous fillet welds 
“K” weld, not machined, no radiography 
Shear, general

t Tension-compression specimen (beam) with welded-on rectangular gusset plate,
not machined

Front fillet weld (cross plate), calculated on design cross-section 
Fillet in parallel shear (fish-plate), calculated on design cross-section

s Front fillet weld (cross plate), calculated on weld cross-section
Fillet in parallel shear (fish-plate), calculated on weld cross-section
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Table 24

V a l u e s  o f  Фк f o r  s t e e l s  St 37 (015% C s t e e l )  
a n d  S t  52 (En 7 a p p r o x .)

Value of Фк
L i n e --------------------------- ;---------------------------

0-15% C steel j En 7 steel

z 100 I 100
у  \ 0-90 0-85
X  0-80 0-70
h‘ I 0-70 0-58
V j 0-60 0-47
и 0-50 0-40
/ 0-40 j 0-30
s j 0-27 oT

Fig. 106. “z to s" lines for welded 
joints of St 52 (En 7 approx.)

F ig . 105. “z to s” lines for welded 
joints of St 37 (015% C steel)
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kgf/m m 2

F ig . 107. Transverse weld, St 37 
(0’15% C steel) (tension-compression 

and bending)

к gf/mm2

F ig . 108. Welded-on stra p (tension 
compression and bending)

kgf/m m 2

Fig. 109. Longitudinal weld, St 52 (En 
7 approx.) (tension-compression and 

bending)

Fig. 110. Longitudinal weld, St 37 
(O’ 15 % C steel) (tension-compression 

and bending)
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F i g . 111. Butt weld, St 37 (0'15% C 
steel), horizontal welding, 100 per cent 
radiography (tension-compression and 

bending)

kgf/mm2

Fig. 113. Butt weld, overhead or ver
tical welding, St 37 (O'15 % C), 100 per 
cent radiography (tension and com

pression)

Fig. 112. Buttweld, St 52 (En 7 ap
prox.) horizontal welding, 100 per cent 
radiography (tension-compression and 

bending)
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kgf/mrr?

F ig. 114. Cross plate, St 37 (015%  
C steel) (tension and compression)

Fig. 115. Front fillet welds, St 37 
(0-15% C steel) (tension and com

pression)
1 calculated on design cross-section
2 calculated on weld cross-section

k g f/m m 2

F ig. 116. Front fillet welds, St 52 (En 
7 approx.) (tension and compression)
1 calculated on design cross-section
2 calculated on weld cross-section

Fig. 117. Fillet welds in parallel shear

1 St 52 (En 7 approx.) I “ ''design
2 St 37 (015 %C steel) j c^Mi-section
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F ig. 118. Continuous fillet welds in beams, not ma
chined, calculated on beam cross-section

1 St 52 (En 7 approx.)
2 St 37 (0-15% C steel)

8.7 Plates with holes at each end

Table 25

F atigue strength reduction factors 
(Thum and Bruder [92 j) of bars and various shapes, 

drilled at both ends (bush roller chain links). 
Loading : tension-compression

Sketch Material К, Remarks

St 70.11 3-42
(En 9)

St 70.11 2-5
(En 9)

St 70.11 2-78
(En 9)
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Table 25 (cont.)

Sketch Material К Remarks

St 70.11 2'48
(En 9)

St 70.11 3 . .  .3' 13 The holes are too close, and consequently
(En 9) ineffective for relief

I St 70.11 2'68 The relieving hole makes K f smaller than
I (En 9) in Case 3

Values of AT, for hole with sliding fit

a b/w ---------------------------------- -
Чо в  1-92 1-58 1 00
ON 3  ---------- " . — —.

» o
Я u 4 1 2-02 2-18 2-98
II V 3-12 2-40 2-68 3-50

9  -  й 2-7 2-58 2-94 395
22 E _______ _________ I
U m  cd

E s
a

' S ;  Values of K,  for 1 mm clearance between
ó  ^  ^  pm and hole
w  C4 « g ___________

« , , b/w
0 4  i, «  b/W  ----------------------------------------------------------------------------------
^  11 Я  1-92 I 1-58 I 1-00S. Ca _______________ _______________
И (! >

4-1 2-45 — 2-98
3-12 2-55 — 3-40
2-7 2-51 — i 3-68





F ig . 88. Movable nomogram for use in conjunction with Figs. 68 to 87
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