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SUMMARY 

1. A resumd is given of pertinent i nf ormation regarding the behaviour 

of metals under repeated stres s, special emphasis being placed on under

stressing, overstressing and strenp;thening . 

2. The evidence of chane;es taking place in a metal under repeated stress 

is examined
1 

and the eff ects observed, together vrl th t he information obtained 

above, are correlated with the dislocation theory of slip. 

J. The dat a availabl e regar ding t he visual observation of cracks is studied 

and correlated with t he percent of damage during overstressing . Because there 

is insuffi cient data, the correlation is inconclusive . Suggestions are made 

as to the t ype and amount of data required, and to how it may be obtained . 

L~. Considering t he above information, two experimental procedures are 

})roposed which will add greatly to the practical knowledge of the effects 

of slip under repeated stress, a study of t he se effects leading to a much 

clearer conception of t he mechanisms of slip and failure. 

5. A stuciy is rnacie of t he pr operties desired in the test material. Armco 

iron i s chosen beca use , in addi tion to having all t he re quisite properties, 

it has the simpl est structur e . 

6. A study vms nade of existing fatigue-tes t machines and none were f ound 

to have t ne desired faci.l ities for t esting and examination . Thus a new t ype 

machine has been ci.e sie;ned and built to satisfy the requirements of the out

l ined procedure. In addition, it has a lso been designed so as to ·eff ect a 

considerable savinB in the time required fo r tests. 



INTRODUCTION 

Many new discoveries have been made about the properti es of metals , 

but there still remains a great deal of research to be done, especially 

i n order t o explain why metals behave as t hey do under certain conditions. 

This i s true with respect t o t ~1e changes in properties and behaviour of 

met als caus ed by c hanges i n the physical condi tions, such as changes of 

tempe r ature or stress . Ho-v{ever, since it is knovm that physical conditions 

affect the structure of the metals , the primary problem is one of deter

mini ng the effect of co mposition1of structiJr,c. anci of change s in t he se 

inherent c harac teristics upon the pr operti e s of t he me tal. 

The inability to ans-vver compl etely the question of vvhy diffe rent 

metals, or t he sa rr:e me tal under different conditions , behave as t hey do, 

is evident in our pre sent-day knowledge of pro gressive failure under re-

peat eci stre ss. In the years of =i..nvestigation of r epeated stres s , by far 

t 11e most work has been done in the f i e l d of experimental determination of 

11l'atiE;ue 11 proper ties . This is qui r,e simpl y explained by t he fact t n.at inc.ustry 

require s, or r ather demands, first to knav--r the 11 capabilitie s 11 of a metal 

ano. not why it be haves t he vvay it does . Tims tr1e effe cts of various physi-

cal cot1cii tions , suc1·1 as temperature and neat treat-::1ent , upon the failure 

of !netal s subje cted to re9e a.t ed s tress nave be en studi ed and empirical 

res{1_lts obtained, out to date no definite informa tion is avail abl e about 

t ::1e r eas on for such pr ocressive failures and why change s in the structure 

cause change s in the failure. :1.~any t heories have be .~: n advanced r epar ci.ing 

t he failure, but as ye t there is no definite pr oof of any of these theories , 
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al though e ach t heory i s ba s ed upon sor:1e obse r vation or evi dence . 

A. An Exa mpl e of t he Probl em. 

A c ood exalT1ple of an ex:}_Je r i ment i n ·1Nhi ch empi rical r e sult s , useful 

for en:3:ineeri ng a pplica t ions , we r e obtained without t he ne ce ~rn ity of dete r -

mining t he ac tual r eason .t'or such behaviour r,ra s H. F . l.:oore ' s Car Axle 

E 
. 1, 2 

x pen.ment . I n thi s expe r i ment Moore se t out to discover t wo t hings: 

1 , What pe r cent of l ife was r emaining after t he f ormation of a visible 

cra ck , and 2, vrould t he metal strengt h be regained i f the crack were re

moved? The r e sul ts he obtained in answe r t o '.he f irs t que s t i on will be 

d i scus sed l a t e r (page 27) but i t i s the re sul ts t hat he obt aj_ned in answer 

to t he se cond question that are of intere s t a t t his poi nt . Briefl y his 

procedure wa s as f ollows : Using one and t-vv-o inch di ameter ro tating-be au 

spec i mens t aken f rorn cormne rcial axl es , he d evel oped , by me ans of l oa ding 

under r e:peated stress , what he called a s tandar d cra ck in e ach S:?ecimen . 

Thi s s t andar d cra ck was O .1 inch long a s de t e r 111ined by a t en porfer micr o

scope , ue t ection bein.;; a i ded by us e of t he oil and vrhi t i n e:- te st ( see 

Appendi x I) . The sp2 cimen was then t urned 6.own on a l athe until the cr a ck 

was no l onge r vi sibl e with the micros cope , t he f irst cut hav ing been made 

t o a comput e d. c.i.e p th of cra ck derived f rom t he l enr, t h of cra ck and diar:iete r 

of the s-oec i rnen . The endur ance l i rn.i t of t hese t urned- dorrn spe c i mens Yvas 

found to be be l mv t hat of the or i :?i nal 1ne t al and i t was no t until a f urthe r 

sixteenth or an inch of mat eri al had been remove d that the speci:CTe n r e gained 

its original e ndur an ce limi t . 

1 - Nun1bers refer t o refe r ence s r :.i..ven i n the b i bliogr aphy . 



B. The Problem. 

'Hhat does this mean? It means that inci_ustry knows how r,mch metal 

must be reDoved beyond the root of cra ck in order to re e;ain the origin2..l 

strength of the metal. But ~vhy does this extra metal have to be removed? 

It s eems obvious that this l ayer must have been injured in some ·vVay, but 

hovv'? ~Nas this injury a result of a f ine crack 1rvt1ich was not resolved by 

t he ten power microscope or w2.s it t he result of some structural chance 

Nhich had taken place in that · l ayer of metal? Also to be c,ans i dered is 

t he possibility that the machining .has f illed in a s mall cra ck by plastic 

f low· . But if, it can be s hovm that t here is no crack, whi eh is quite prob

able s ince t he above experiment was carefully carr ied out, v1hat change 

has taken pl a ce in t his thin 12.yer of metal? Is it possibl e to r epair 

this "inj ured " l ayer in any way without appreciably altering the metal? 

In other ·words, what change has taken place in the material just b elow 

ti1e root of a fat i gue crack, causinc t he s e c hane:es in me c11anica l properties '? 

C. The Purpose of the Investigation. 

It is the answers to que s t ions like these whiGh vvill lead to the 

determination of what actually takes place in a raetal subjected to repeated 

stresses and durin§:~ the deve lopment of fati~:ue cracks . Thus, in this inves

tigati on, it is proposed. to evolve an experiment al technique utilizing the 

kno1•m results of behaviour of me t al s under repeated stress in orcier to 
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increase our knowledge of what t akes pl a ce i n a metal during t he forrnation 

and propaga tion of a fatigue crack. The t wo chi ef a i:'11s in t his r e ga r d. a re; 

1, to determine wnethe r or no t t he fo r mati on of a f aticue ·crack is r evers

i bl e ; and i f it )r oves ::1ot r evers i bl e , whe the r or not the i n jur ed s:oecimen 

can be strengt hened in any way , and 2, to obtai n a clear picture of t he re -

12.:tionshi p b e t ween the amount of damage and the fo r mation of cr acks . 

ln • order to 2.voi d the ci. if'ficul ties . ne cessaril y ar isinf out of the use 

of a me tal ha.vine: a com'.:.,l i c2.ted struct ._:,.re , it is intendeci t o use a f airly 

simple , well-kno"tm me t 2.l, Ar mco Iron, vlfbJ.c h has a de f inite endur ance limit 

and t he .J.b i lity t o stren&_: t he n dudng under stressing (See page 3 b ) . Al so , 

upon examining the exj_s ting f atigue t e s ting ma chine s, it Nas f ound t hat none 

had t he desired fac ilitie s for micro s•:;opic examination and all we re time

consu.rr..ing , e s pecially f or the t e sts i n mind . Thus , a s part of th:Ls inves 

tigati on, a new type of machine was de s i gned in order t o eli minate these 

undesirabl e feature s a s well a s to include other desirabl e ones . Pi ctur e s 

and a descriptj_on of tnis machine are given on pages 3 8 -4S. 



A BRI EF REVIEW OF PERTI Nf~NT Ii~F0?w•;J.\.TI0N BEGAHDING HEPt:;AT2.D STRESS 

For tne purpose of pr esenting a clear conception of the pertj_nent 

j_nf or~11ation about r epeated stress , a brief r eview will tie ei ven of the 

experiments and experiment al resul ts upon whi ch the proposed i nvestigation 

is based . 

A. The Endur ance Limit . 

The most important characteristic of a me tal beine: subjected t o re -

peat ed stres :s is 11rhat is lrnown as i ts Endurance Li mit . This has been 

general l y def ineci as the maximwn stress at wr.1ich a polished specimen of 

a material wj_th no 

stress concentration 

Band c2n Ni thstand an 

unlimi ted. nu_mber of 

stress cycles or 

. curve• ._ rev~rsals of stress . 

common type of S- i-.Y 
Number -of _Oyoles 

diagr am, which is a 

str e s s ve rsus number 

of cycles- to- fai l ure cur ve pl otted on semi - logarithmic paper . The Endurance 

Limit is indicated on this diagram as t he stress at which the curve become s 

horizontal . (Fig . 1) . 

The S- N di agram is deter mined by t aki ng a l arge nuniber of specimens 
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and running them to failure at various stresse s, noting the number of 

rever sal s of stress at f ailure . Several deter min-:=-:. tions ar e made for each 

stress and the r.:o:nnts ar e plotted . Tne S-N curve i s t hen dr a:wn tiirough 

t he mean of these points, the spread of points on either side i ndicating 

the wi dt h of the 11 scatter band . 11 This scat ter band indicate s the variati cn 

in numbe r of cycle s or in 11 life 11 dur ing wn.i ch it may be expecteci. that the 

specime n t••rill fail. It is believed that the wi dth of t :ii s s catte r band i s 

deter mined t o a gr eat ext ent by the degree of homogeneit y of the materj_al 

-~ JO 
and t he nwnber of int ernal and ext er nal f laws in the material. ✓ ' 

It shoul d be noted that in the ca se of most non-ferrous me tals; f or 

example, monel metal and dural, t here is no definite endur ance l imit as 

defined above, the curve s never becorrj_ng f lat. In tne se cases the Endurance 

Strengt h is defined as t he stress vr:-1ich will be withstood f'o:r a certain 

definite number of cycles . 

B. Understressing . 

During cycles of repeated stress, understressin8 is sai d to take pl ace 

when the maxii!11llil applied stress is less than the endur ance limit of t he 

material just prior to t est. 4 Several investi eators , Lea , Swan~er and 

6 7 8 and Kornmers' ' have found t hat a specimen sub ,je ct eci to f rom 

one t o t en rni1li on cycles of a s t r ess s lightly under the enci.urance limit 

vvill be strengt he ned . 't wo e;eneral ne thods a:te used t o j_ndicate t he magni-

tude of the strengt hening : 1, a ilew endurance li::-,"i t i s deterrnined ctnd. the 

ratio of increase as compar ed to t he original is defined as t he perce nt of 

strengt hening, and 2, a new de t er mination of the numbe r of cycles t o failure 
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Number of .CYoles, 

Fi~. 2- strengthenin~· 

11. 

at overstress is 

made and the increase 

of the new life 

over t i1e original 

life at t hat stfess 

is a measure of t he 

strencthening . In 

f i gure 2 the arrows 

s11ow t he two methods 

of deterndning strencthen-

ing , the dotted line showing the S-N curve of t he material after underst:be.ssing . 

ln addition to increasing th~ strength under repeated stress (f atigue 

strength), it has been found that unders t ressiug also affects the static pro-

t • " t 1 t • 1 s 1 • t . t -f ' 7 d L t .3 , Ltli. F 
9 per i es 0 1 ne ma ·eria . evera inves i ga ors, 1\'iernrn_i_er an au e , fooore 

and K~rnmers6 have all studied the effects of understressing upon the static 

properties of a material. Bri ef ly -t he r esults of t heir investigations were 

t hat t here were increases in tensile strength and hardness and decreases 

in ductility because of the understr2ssing . It should be noted at t his 

point that these results are analagous to those of work- har dening . 

C. Overstressing . 

Opposed to understressing, t here is what is knmm as overstress i ng, 

which is sai d to t ake pl a ce ~rhen a mater ial is subjected to a r epeated 

stress gr eater t han i ts endurance limi t. In order to dete r mine the amount 

of overstress and the resul t inr, dam.age, t hree terws ar e made use of: 
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I Number . of Cycles 

Fig. 3- Cyclio. Ra~io 
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cyclic ratio, per-

cent of overs t r ess, 

and percent of 

damage. The cyclic 

ratio is defined 

as the r atio of t he 

number of cycles 

for wr1i ch the spe -

cimen has been over-

s tressed to the 

number of cycles which it vrould normally wit hstand be f ore failure at t hat 

stress . I n Fieure 3 the cyclic ratio is shown as AC/ P.:B . The othe r require-

ment f or aetermininz t he amount of overstre ss is the percent of overstress 

which may be e; i ven ei t her as AD/ ED or AE/ED. The percent of damage, hmvever 

is defined as t he percentage reduction of t he original endurance limit which 

has been brought about by a munber of cycles of overstress. The percent 

of damage is determined by runni ng a set of specimens at a certain over

stress for a definite number of cycles and then f inding the new endurance 

limi t of the set of da1i1aged specimens. 

6 Some t ypical damage curves are s ho11n1 in Fi g . L~ where percent of 
~ 

damage is plotted against cyclic ratio- for various degr ees of overstress. 

It may be seen that the percent of damage i ncreases both as t he cyclic 

ratio and t he percent of overstre ss . However, t here are exceptions t o t his 

r enera1 rule as, f or example , i n t he case of O.h9% carbon steel. Her e Moore 

and Kornmers10 found that this steel is strengt hened, not weakened, by a 

1.· J w cycles of overstress. Thi s eff ect is small and is soon overcome as 
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the cyclic ratio 

or percent of over-

) s t r ess is i ncreased . 
I 

{ i 

_overstess 

10% 
erstres~ 

oversress 
overst~e·ss • 

· l 0 

" 
' ' ,, ~ . ' -~ 

-Fi~~, 4~ ,.-_Pe,rc~nt of_.-:Damage ·:_ 
{:,l"-i•. 

Some t ypical values 

of cycl i c ratio and 

per cent of over s tress 

s i ving t his s trengt hen

i ng ar e : 5000 cycle s 

a t 10 percent over

s t re ss and 100 cycl e s at 

~s t 10 ~ percen over s t re s s o 

I t should be noted, t houf h , in regar d to this strengthening t hat the ef fect 

was extr en1ely s ~nall, the new increased endurnace limi t being j ust outsi de 

t he scat ter band . In f i gure 4 the normal damage curves ar e shown as solid 

l i nes whereas a damage curve shovri ng strengt hening is s hown as a dotted line. 

Another me thod of indicating t he amount of damage done was t hat adopted 

by Oshiba28, 29 , who developed vvhat he called the "degree of f atigue. 11 This 

·o.-

··necrea·sing • 
,-~• res8 .~... . .~ 

. __ _ pe~c~nt -of Life 

.Fig~ 5- . • D-e~:e:e· _ at ' Yet !~e 

1 --

he determined by 

di vi ding the los s 

i n Char py I mpact 

value of the specimen 

sub j e cted t o repeated 

stres s of i mpact by 

the origi nal Charpy 

I mpact val ue . Figure . 

5 shuvirs typi cal curves 

obt ained by Oshiba f or 



a O.J1s carbon steel. He found f rom his standard curve (lmrer curve , Fi g . 5) 

that t here was first a sta6e of slow increase in the degree of fatigue. Then 

the slope of the curve increased rapidly, a lmost as a straight line , and 

then finally began to level off. He attributed the slow increase at first 

to damaging of the specimen without the formation of a crack. Then with 

the f ormation of cracks he assumes t hat the degree of f atigue increases 

more rapidly until such time as t he increase of impact value caused by t he 

r ef ining of the gr ains during repeated stress (Gough
21

) overcomes to a f reat 

extent the effect of the cracks or fissure, t hereby causing the curve to 
.K 

flatten off before final failure. ~, In his discussion he as sumes t hat cracks 

begin to extend from minute f i s sures at t he lower knee of t he curve . The 

upper curve in f i gure 5 shows that t he i nitial period of slow clamage decreases 

as t ne over s tress i ncreases, t here be i ng no low-slope portion t o t he curve 

if the overs t r ess is suf f iciently l ar ge. During understressing he found 

t hat t he de R:ree of fati gue increased and t hen became constant, but t hat 

ciurin[; overstr e s s ing t he degree of f atigue never became cons t ant. Thus, 

Oshi ba showed in anothe r way t hat during understressing t he metal was 

strengt hened, t his time agai nst i mpact f ailure. 

The damage line is developed f rom t he results obtained from t he percent 

of damar,e curves as determined above . It is actually a line drawn to t he 

left of the S-N curve t hr ough the points at which t he endur ance limit, when 

t ested after overstressing, is equal to that of the original endu:r:ance limit. 

I n figure 611 
are shown t he t wo diff erent t ypes of damage line resulti ne; 

.. 
,, It is a proven phydcal i'act that t he f iner t he gr ai ns i n a metal, t he 
hi gher the i mpact value. Here Oshi ba makes use of Gour;h 's pr emise of tne 
f ormation of crystallites ( See page io), as sumi ng consequent increase of 
i moact value to explain t he l evelling off of t he curve. 
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f rom the behaviour 

CD, of metals under 

~ 
overstress. Line 1 

s t ows t he damage line 

of a metal which 

shows stren8thening 

durin0 overstres sing 

while line 2 s hows 
Number of C-Ycle:_s_ 

the daTiage line of 

Fig. · 6- Damage . Lin.es _· a metal vvhich doe s 

not show strengt hening during overstressing. 

It should be carefully noted that t his line of no damage cioes not 

mean t hat the metal has not been injured, for t hough t he endurance limit 

has not been lowered, t he nwnber of cycles or percent of life r emai ni ng 

to t he metal has}?een de creased . For example, let us conside r a metal 1vi th 

damage line 1 ano_ overstre s sed as shovm by point 3 in f i gure 6. This spe ci

men has been subjected to a number of cycles of overstress j ust ab out bringi ng 

i t to t he damage line. This does not mean that -u1e metal i s undamaged but 

only that its ern:iur ance limit is still above or equaf to t he or i ginal en

durance limit. That is; if the stress were r educed to t he original endur-

ance limit, the me t al would not fail . However, i f .the metal vvas maintained 

at the same overstress and then run to failure, t he nwnbe r of cycles it 

vvould r un would be equal to t he original life l ess t he percent of life or 

cyclic ratio already :run. In other words, t he life of t his metal partly 

overs tressed is less t han the original life although the endurance limi t 

has not been lowered . 
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A few dete r minations have been :nade of percen.t of dama ge curves 

l yi ng be tween t he dama ge line and t he original S-N curve but t he se deter-

minations are extremely time-conswning and the results s llowed nothing 

other t han what 1Nas expected ; that i s , a s eries of curves confor liiing to 

the s hapes of the S-}J curv e and the da ill.age line . 

Bro ac_ly consio_ering: t he :field of over stres sins , we f ind t hat i f we 

t ake a given munber of spe cimens and give t hem the same amount o.f overs t r ess , 

these a r e t hen specimens of a diffe rent material which has its ovm endur ance 

lirni t , its own S-N curve and its 0 11m static properties. Hovrever , its com

pos i tion is the same so it is obvious that some change must have taken pl a ce 

i n the material's str ucture in or der to give it these di fferent nroperties . 

Here a gain, we are confronted wi th the probl em of what it is that takes 

place in the mater ial to caus e t he s e change s. 

D. Stre ngt heni ng of Damaged Specimens. 

Various me t hods have been t ried in order to strengt hen or r epair 

t hi s a.am.age ·vv"c1i cn has taken place durinE overstre s s i ng . Some of the 

ex.peri~·nenters t houc:ht t hat i f the metal ,_fas II f atigued, 11 that it mi ght 

be strs nc; thened b~-r 11 re s t i ng . 11 Th2 spe c ir,1ens vrere rested f or various 

oerj_ods of time be t ween var j_ous a}_,plications oi' overstres s but t he result s 

of t he ex oeri ments s howed no i mpr ovement of such ma gnitude as t o bring 

• - • tl f' t ' ' 1 t • d • - 1 • • t " t ' • • 7 tt b - J T,ne sr,reng 1 o. ne me 1,a ou si e t ne i _ru s 01 • 11e ori gi na_ sea -er ana . 

However, Davie s , Ger old and bc hultz3 found t hat by heati ng a soft 

ste el t o 235° F afte r each 5000 cycles , that t hey increased t he life cy cles 

f r om t he 69 , 000 t o 200,000 r ange t o a range of 360~000 t o 440, 000 cy cles . 
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In anothe r steel ( O. )i2.:·o carbon ) t hey i:ound t hat it was ne cessar y to heat 

t ne specime n to 285° F for three days after each 10,000 cycles in order 

to obta in results which were definitely outside t he scatter band. It may 

be assumed that the heati ng in these ca ses is an annealing operation, re -

movinc t he e f fects of overstressing, vrhich is prooably a f orm of strain-

hardenin[ . Also it .should be noted that the heatinz re :1uired. t o reduce 

t he damage is di.i'i'erent for- different materials, indicatinc t hat the effects 

of overstr ess are, in each case, a func tion of the material itself. 

Strengthening by heat-treatment, as can be seen above, may only be 

considered to be effective over small range s of overstress . On the other 

hand, strengthening by understressing has been prove n to be a much better 

me t hod of i mproving the strength of a damaged mate rial. '1Thether t his 

stre::igthening is due to the actual r epair of the dama 6ed structure or to 

strengthenin[: around the damaged area is still open to question al though the 

op i nion is that the i :nprove E1ent is due to strengt hening around the damae;ed 

a r ea and not to ac t ual repair of the d2,mage30 . The usual procedure has 

b_een to damage a specimen by overstressing, consequently reducing the en-

durance li!I1i t . Then, a. fter r educin~; t he apnl ied stress to a value just 

oeloi:r the nei.v endurance li::-Di t, t he s:peci:r.1en is uncterstr essed. a nd its en-

:J.urance .limit ra:i_s ed f r om t he lovrer v2.lue . T_:1_e endur 2.nce .li::-riit has been 

r a ised by understressinc in t his mc;.nner u1J to the oric inal endur ance 

1Lnit and sometimes even above the ori;;inal overstress. 6 7 8 
Konuners ' ' , 

n l , ,-- l , 12 d -- 13 h 7 l . , t . t . , . , ~usse ana ':'i e cner an M_oore ~ave a..1.. carrieu ou • experimen s in w- ni cn 

t hey strenethened damage~d specimens by understressing . Usually , though, 

t ·:7is understre s sing was carried out in conjunction ;;ri th de t e r rrLina tion 

of percent of damage and damage lines , the lat ter bein2: t he prime obje ct 



1
(), o . 

of the experiments . .For exa::ipl e , :Kornmers , in his ove r s tressing experi.-

.:m:::nts , alvvays t ook the dmr1aged s pecinens re rnaininr· after the :le termina tion 

of t he new endur ance limits and then proceeded to increa s e t he load on 

tr18se spe ci n~ens by a 1Jound a cu1y until the spe cir:ien f ailec.i . He found 

sometime s ·U-1at he could in this 1;,ray increa.se the a:pplieo. stress until 

it was equal t o or ~;r eater t han the orit:)nally a :'.:'·pli ed overs tress . 

J owever, j_n evaluating t he s e r e s ults one must be careful to note that 

the s r,iecimen ·gas run ori..ly one day at a ny unders tres :3 , thus not obtaining 

the full bene f it of the unde rstressing and usinr; as an arbitrary endur ance 

limit t he stress at wnich failure di d not take pl ace during the numbe r of 

cycle s run in one day . This , nonethe l ess , in no way detracts f rom the 

Gener al ability of a spe ci.11en to be s t r e ngt hened gr eatl y by c r aduated 

uncie r s tressing or 11 coaxinp; 11 as it is more commonl y called . Al so , it is 

not clear to just "v"vhat li:rLi ts the stress of these damage specimens can be 

r aised since no experiment a l v,rork has been ·-:.L one ·with this in view, al thoush 

dete r nlinati ons have been made oi' t11e s t r e ngtheninc of undarnazed specimens 

f or sever al me t als. It would be ver y intr:; re sting to :::·ind out e101·r t he 

maxi11un value of s t r e ss obtainable by unde rs t r essing compares with the 

yield and ulti mate stren~~ t hs of the mater i2..l. 
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EVIDENCE OF CHANGES I N THE U.A'I'ERIAL 

A. Microscopic Examination of Slip . 

But what evidence is there recardi ng transfoniations in the material 

'Hhile sub j e cted to repeated stresses? As was natural, t he f irst attempts 

we re made by microscopic examin2tion. ~·Jork of t his na.ture 0:vas ci.one by 

'"' ., 15 c· , ~·, . ,.., ,, ~ 16 v _ , TT 11.i ct -- 1 u .-1 17 t Lrougn , rOUt:, n an'-1 t1a11son , .!.·1~00.re ana. ver an l/loore anc ll.O,·Iaru ; o 

narue a few . Brief ly the results of their inves t i c;ations •.vere a s f ollows. 

I t was noted that during unde rs t re ss i ng of some f errous me t als, traces of 

slip line s, not exte ndine; to t he grain boundaries , were obs·2rved . Hovrever, 

dur ing t he appl i cation of an overstress t o ferrous me t als , t he slip e; r adually 

be came heavier and more extensive until event aully a f atigue cra ck of obser-

vabl e dimensions developed out of and pa s sed t hrough areas of maxi mum slip . 

Also t he re was a tende ncy f or the cracks to pa ss throur,h i nclusions and 

other imperfections i n the materi al. To i ndicate t o ·what l e ncths micro-

. 18 
scopic examination has been carried , Lucas has done co nsiderable vo rk 

at very hi gh magnifications , r1aving observed cracks of a wi d t h of O .0001 

i nches at 3500X . At L~200X he r eports that a distur bance was visibl e in 

the metal ahead o.f the crack but as to its nature , he Yra s l.J.nabl e to say . 

betals whi ch be have as above; tha.t i s, s how evidence of s l i p ci..uring 

unci.e rstress=i.ng, may be classified a s one gr oup of metal s which also has 

t he ability to increas e their 'nardness durj_n0 repeated stress . hfoore and 

Ver14 cl assify as another group those metals vrh.i ch s how l ittle dif fere nce 

in ha r dne ss after damage by repeated stresse s . AJ.so no s lip line s are 

visible in metals of t his group during understr essing . This second group 
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may be further sub- divided into t v1ro groups, the f irst of wr1ich cont ains 

r:1.e tals, usually alloy steels, which develop slip l ines during overstress i ng 

before an actual crack is formed and t he second of •,vl1ich CD ntains metals 

such as dural, monel metal and brass, which do not develop slip lines before 

a crack is f ormed. As mentioned above , (page ?) it may be stated that 

generally me t als of t he first gr oup have a definite endurance limi t whereas 

t hose of t he second group have no definite endurance limit, but rather an 

endurance strengt h . These facts seem to indicate t hat certain metals have 

the ability to strengthen themselves by plastic deformation, as evidenced 

by slip, t hus ~')r event ing t he start or spread of a microscopic crack or 

ot her inhomogeneity . On the othe r hand, the me t als which have no def inite 

endurance limit show no evidence of plastic deformation and t hus no strengt hen

i ng , allowi ng submicroscopic cracks to progress to failure, no 1:11atter how 

low t he stress, a s long as the nmnber of cycles is suffid ent. 

B. X- l1ay Diffraction Examination . 

However, because investigation of s l ip did not seem t o be addj_ng 

any more information about the failure under repe2.ted stress, Gough turned 

to X-ray diffraction methods for t he inve s t i gation of the failure. 19, 20, 21 

In 11is earlier 1'VO r k on si ngl e cr ystals, he confirmed the fact t hat 

slip took pl ace along the oper ative plane or plane of maxi mwn resolved 

shear stress. Then in hi s l atest work21 with a polycrystalline aggre gate, 

he reported that the same t hr ee changes took place in the diffraction 

pattern during static loading and under cycles of overstress. He attributed 

the se three changes in t he diffraction pattern , in order, t o the fo llowing: 
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1. Dislocation of normally perfect grains i nto components which may 

vary in tilt up to about 2° f rom t he orientation of a perfect gr a in; 2, 

Formation of crystallites, 10-h to 10-·\m. in size, exhibiting much wider 

diver gence of orientation t han parts of the dislocated grains; 3, The presence 

of lattice distortion in the crystallites. He noted t hat f ailure followed 

the complete breakdown of the crystals, but could not prove whether or not 

it was related in any way to t he t hr ee changes, stating merely t hat they 

may be associated i n s ome way . On t he other hand, he discovered that if 

a specimen i s understressed t here is, outside of the initial adjustment to 

t he loading, no change in t he diffraction pattern. From t ~1ese results, 

he w-as able to conclude t hat strengt hening by understressing was not the 

s ame action as t hat of damagi ng by overstress, whereas he showed that in 

ciama r_; i ng by overstres s , the action vvas t he s ame as when damaging a s pecimen 

by static forces. It s hould be noted at t his point t hat there is, in t he 

first case, a possibility of t he actions not being di f f erent, out merely 

t he same bas ic action, the dif ference be i ng caused by carrying t he action 

t o diff erent rnagni tudes. But wnether it is one acti on of di ffe rent magni-

t udes or t wo ci.iffer ent actions, t hese results can be s a i d to agree vfi t h 

t he idea , commonl y expr essed14' 3 t hat v,rhether a metal fa ils or not depends 

upon a s ort of' balance of power be t vveen strengthening and darna &,: inr-; eff r::~ cts . 

"" I n t he f i :cst ca se , i t may be assmned t hat up t o"certain EBgni t ude, t he 

action str cn~; t hens the 1·11at er ial, -vvhi l e beyond t h j_s point it will damage 

t:1e mater i al. In t he second case i t i s merely a bal ance between t he t vrn 

actions , one te ndi ng to damage t he mat er i al and t he other teLdi ng to 

strengt hen i t. I s t here any poss i ble way in winch one mi ght prove Yvhethe r 

it i s t he same action or not, a s outlined above'? One poss i bility t hat should 
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be i nvestigated is to see if t he diffraction pattern of a damae;ed s pecimen 

will change crnrinE subsequent under stre ssing . If no f urther change take s 

pl ace in the diffraction l)atte rn duri ng t his understr essing, we would be 

still le f t with the t vvo r:10s s i bilities mentioned above . But ii' there were 

a change i n the pa ttern, this would not oril y indicate whether or not a 

dama ged s pecimen can be repaired, but would also i ndi cate that t he action 

is t J:1e same j_n both ca.ses . Thus t he se deductions point to a :qossible 

method of obta ining f urther inform.a tion about pro §_:re ssi ve failure. Havv-ever, 

since s pecialized and e:xpensi ve equipme nt would be re quir ed, it was no t 

consider ed ·,vit1.1i n the scope of t his i nvestization to carry out e:xperiments 

of t nis type , but to attack the problem f r om the s a.me direction , but on 

a mi crosco pic rather t han an a t omic scale. 

C. A;_~!}Jlica t,io11 o± .. Dis location Tt1eor~r . 

HoH do the above dis coveries re gar ding slip and progre s sive failure 

a [~:r ee with t r1e recently propos ed dislocation t heory of sl i p? This t heor y 

has been acivanced in or der to expl a i n why the f urce re quired to produce 

slip or pl a stic f low is much less t han t he theor e tical force w:1ich would 

be re qui red to i!love a pl ane of a toms past another plane of atoms; as vrnuld 

take pl ace in "bl ock slip", the proposed me c h~mism of slip i n effect up 

2h 
until t his time •. The qti.estion. is i·Yhether or not tnis ciislocation t heory 

i s applicable t o t h.e changes takin:;:_: pl 2. ce during r eps ated stress as well 

as fo r strain hardenin e:; by col d- vro r king . 

Ii'irst, however; t l1e que stion of why s lip can t ake pl a ce at stresse s 

F;_uc h less t han the y i el ciing stres s of t he :aa t erial s hould be cmS'v-rere a . To 
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-1 • ·h · m 1 Jl '0 25 b ct· • th • t· h ~ exp ain t., is l ay or ana rovran _ave a vancect .e propos1_·- i on t a Li 

in t hese ma t erials subject to slip , t here are certain l ocaliti e s ·,-rhich 

they nave called "plastic i nhoimgenieties . 11 The in:.i.i victual y i e l d poi nts 

of these inhomo6enieties are lower t ha~1 that of t he mat erial as a vvhole. 

Thus , Nnen the applied stres s a t any time ex ceeds the yie l ci stress of one 

of tne se inhoFiogenieti es , s l i p wj_ll take pl a ce in t hat inhomogeni.ety witn 

re s ul ta.nt strens the ning by strain- hardening . Then sli p vrill next t ake 

Dl a.ce at a :1i ghe r stress i n t hat inhomogeneity Ythich has the lowest yield 

point after t he first inho~noe;eniety ha s been strengt hened . This process 

vvi.11 continue in steps of t his sort until eithe r t he y ie.l d point of the 

weak est inhomoc:ene i ty is 11.i ;) 1er t han the a P})li ed stress or t he strengthen-

2.nc effe c t of the strain nard.ening is not suffi cient t o raise the y i e l d 

point above t he applied stI'e s s , l ead.i n§;,· t o eventual failure of the material. 

It :.Nill be noted t hat t his t heory for f atie;ue advanced by Orowan 

expl a i ns both strengt heninG by understressing and f ailur e by overstressing . 

The portion r e gar ding understressing is completely in a greement with the 

d • 1 ' • t h '1 • j b O • t 2h -- 'h . ' t • 1 • -is ocat,ion eory as ouT, inec y 0ei z . 111 "G1-ls uncters r es sine , s ip 

and the consequent str~,in- hardening can be explained in exactl y t he same 

t:, , t ,.,, 1 Ji 7 • • h • • h " l 1 - • T 1 manner • na 1ay or exp_a i ns T,_,em J.n t e case 0 1 co ,J - vverki ne; , ay· or 

attributi n t; t he slip to dislocations a.nd work-hardening to the interference 

of dislocations as t he ir num:be r increases. He suggests t hat t his inter-

i'e r ence may be mere l y caused. by attractive or repulsive forces exerted by 

t '.ne di slocations . Thi s is a poss i bl e expl anati on of the effoct s of unde r -

stressinr, but ·1/\J"hat about t he effe cts of overstre ssing? 

Considering t hat tile f irs t acti on t aki nr; place during overstressing 

is that of di slocations with t heir accompanying slip ; then, i f , a s in 



some ca s e s, t he me t al i s f irs t s t rengthened , the s trengt neni nr; by ciislo

ca tions can t ake place exactly a s in understressing . But l et t he assrnnp t i on 

be made that the attractive and repulsive forc e s of the dis l ocations only 

act in such a direction a s to s trengt hen t he me t al up to a certain point, 

beyonci_ which point t hey act so as to cause weakening because the forces 

are now acting to f orce the metal II apart." Then t his assrnnption will ex

plain why, aft er a certain number of dislocations have t ake n pl ace , the 

metal vvill start to become da:naeed and t he dama[;e will increase as t he 

dislocations proLress. A further possibility 1Nhich may be as sumed at 

t his point is t hat cra cks vvill be gin to f orm vvhe n this "destructive force 11 

of t he dislocations ex cede s t he cohesive stren2:th of t he me t al. Those 

me t a.ls which s hmv no stre ngthenin i=~ dv..rins: ove rstr essing may t hen be simpl y 

explained b y t he f act that t he =Lni t i al stre s s was gnat enow) 1 to cause 

da:nac inf di s locations f r o!n t he s tart . Thus it may be clearly seen tba t 

w-:i_ t h a sli;_:ht ext ension, the dis l ocation t heo ry a s proposed by Taylor and 

Sr, i tz may b e said to be in accorda nce with t he obs erved e f fe cts of under

stres s i ng and overstressing . Also, it can be seen that if t his t r1eory can 

be proved to be true, that t he que stion ari s i ng j_n t he discussion of Gough 's 

work r egarding the action of fa ilure will be a nswered , t ne conclusion being 

that t he a ction i n t he case of understres sing and overstre ssing is t he same 

but of a different ma e;ni tude. Conversely , if by vmrk such as Gouf. h I s 

thi.s fact ca n be proven, thi s 1Nill l end addi t ional support to t he dislocat-

ion theory. 



CHACK FORfaA.TION 

The next step is to examine the data which has been published re-

gar ding the point in the life of a speci11 en at w:n.ich a visible crack has 

f irst been noticed . 

A. Detection of Cracks . 

In Table I (page 26) has been gathered most of the published data 

about the initial visual observation of cracks. It should be emphasized 

that these values of life a . e those given fo r the point at which a crack 

has been detected and may not be assumed t o be the r)oint at which the crack 

has first formed . As can be seen from the table, there are some discrep

ancies in the results obtained. In orier to see whe ther or not they may be 

explained, a closer survey oi the results obtained should be made with con-

sideration of the means of de tection used . • .f\ ' • ' t - ' -, 34 t ~ue .t inu nat, horruners repor s 

that there vrere no cr2.cks in O. 3 in . diameter specimens up to 90 percent 

of lii'e , w-nich fact 11e determined b;y visual observation as far as 1Ne can 

• 0 t·· 7 • ' t D y , t 3 J .,, t · ' t· t gat, he r irom ne J..l t,era ure . e.r ores - , noY-rever , .:iouno. nai:, he percen 

of life to produce cracks was .very consistent . In bis experiments he 

re~::>orts that he das able to run ilis sp2ch1ens for a uefinite nwnbe r of 

stress cycles and. subseq1J.ently 1~·ind a crack almost of the ciimensions re

quired . The ran ge given in tne table includes t ests for various ty~Jes 

of surface_ finish, the range of cyclic ratio for each type of surface finish 

actually falling 1J1ri thin a. few percent. He used tne r~:agnafluJ<: me thocl of 
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detection which is described in greater detail in the appendix. 'With 

regard to these results, it is of interest to note that the cyclic r atio 

to crack detection increases as the overstress decreases. 

TABlli I 

Investigator Material Overstress Crack Betection Tutection 
Eetnod 

l(ommers34 

DeForest33 

Ar mco , S.A3 1030 steel 
Cast Iron 

SAE 1020 Steel LS 
30 
18' 

B " '> 
32 0 2 7 -"- ,':Q_-r1oon st~el aeon Qt ~co ~;er • /0 VO '-' 32 

l,ioore1
'

2 O.L6;0 Carbon steel 5 

C 
, • 1, 28,29 

~'3 rnoa 

0 .46% Carbon steel 
( nevr) 

64 
43 
36 
21 
8 

0.46% Carbon steel 35 
( used) 30 

0. 62% Carbon s teel 

0 .1 1.% Carbon steel 
0 .7~ Carbon steel 

19 
15 

8 
2 
2 

34 
20 
6 
2 

Repeated 
Impact 

% Life Cycles 

90 Various 

69-85 69-85,000 
73-92 87-106,000 
78-96 390-l.J.iJO,-OOO 

70-80 70,000 

39 Li22 ,ooo 

87 62,000 
76 146,000 
61 22L., ooo 
27 3L.7 ,ooo 
52 1, 020,000 

Li.9 190,000 
Lo 

~/ 100,000 
67 515',000 
70 560,000 
58 350,000 

9 500,000 
5 300,000 

55 191,000 
43 333,000 
19 L~13, ooo 
31 1,629, 000 

Magnafl1L"'{ 

Heat Tint 

Oil & 
-~Jhi ting 
10X 1,.Iic. 

28-71 degree of fatigue 
l.1 0- 50;b II II II 

Bacon and Hozer32 2.lso r2.n some crack propo uation tests in ,';hj_ch 

t hey §;ive fi gures s hovYing when a crack first appeared. This given point 

is definitely located after a crack had formed be cause t he method of dete cti on 
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us ed. was a 11eat t intiEx_· one in v,rhich the s pecinsn wa s tinted t o j_i f' fe rent 

colors at differe nt nmnbers o i' cycles i n or de r to deterraine t he area remain-

ing after various cyclic r atios . Thus the .i'i :=r,ure gi ve n is t hat of t he clos8st 

cyclic ratio a t whi ch t he metal V>ras t ested. after the formation of a cra ck . 

'Th • 1 t , 1 • 1 ' I 1 , 2 . ' . ' l . . is eaves o oe aiscussea lv.oore s experimen1,s vn 1, ~ sp2 ci rr:.ens 

ta!. en :fro r:1. coir. .. me r cial ca r a,"{l es . He re cyclic rat ios are found all the ·way 

f r om 5 to 87 vfi t h a tendency fo r t he cy clic ratio to decrease a s t he over

stress decreas e s., ·Nhich is just the opposit e to what DeForest fo und . Also ., 

with overs t r ess e s of t 11e saJne val ue as t he other investigators , he observed 

cra cks long before t he other ex:::eri1.1enters did . There a r e t wo oossible 

expal anations for ti1is; 1, hew-as able to ~etect smalle r cra cks by i1is 

mGthod of detection and 2., he used larf e r .s iJecimens , 2 i n . in C:.iame t e r . 

In ex-olanation of the l a tter , :'le states t hat , r ouchly speakin[:: ., the :riini:rmm 

size oi" a crack J hich can be de tected is in'.iependent of the s i ze of specimen ; 

t he pr oportionate awount of clamage u.one oy U 1is s ize of crack v,n ulJ. , hov,rever , 

be c;; r eater f or a s1;1all speci r.ien than a large one . 1 Not too r;mch i m})orta.nce 

s11ould be pl a ced on his results f or 2 percent overstre ss for t hi s val ue may 

be well within the limits of t he scatter band . 

Exartininc hi s re s ul ts for eac h 1:1aterial , it can be see n that / or the 

OJ1S/6 Carbon , the U.l:6% Carbon (new) and t he u . 6 1~i Carbon steels ., the 

re sults a r e fairly uniform., with a slight de crease i n cyclic r a tio, a s men

t i oned above . l-imvever., the re sults fo r the O. 46% Carbon steel ( used ) are 

quite inconsis t ent . This inconsistancy may be expl ained by the fact that 

tDe specimens had been t aken f rom an axl e which had pr eviously becm in 

service s o that speci1:1ens taken from diffe r ent parts of t he axle woul d have 

had different s tre ss II historie s" and consequently woul Q not be e :;cpected to 
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behave in the s ame manner, for they would be of essent ial l y different 

materials . 

In col rn1m 5, Table I , are given the actual number of cycles r un 

be fo re the detection of a crack . As a matter of interest, t he actual 

TABLE II 

From Korrm1ers 7 

Material Overstress Percent Damage Strengt hening Cyclic Ratios 
of C. R. C.R . r, T) % Strengt hened /0 v . .n. . 

20 50 80 

0. 27 Carbon Steel 10 J 9 15 7-16 6-96 

0 .48 II II 10 20 26 9- 20 7-7L. 

0 . 62 II II 5 10 13 11- 25 7-71 

Cast I ron 1 2 3 10-16 23- 72 

Ar mco Iron 1 2 5 

0 . 27 Carbon St eel 20 4 15 22 

o .L~8 fl II 13 20 28 

0 .62 II II 11 18 25 11- 25 7- 71 

Cast Iron 8 8 9 10- 16 23-72 

Ar mco I ron 2 7 12 

0.27 Carbon St eel 30 7 18 30 

O. li8 II II 20 2~. 45 
0 .62 II I I 13 20 27 

Cast Iron 11 14 18 10-16 23-72 

number of cycles to fai l ure are plotted on semi - logarithmic paper i n orde r 

to determine whe t he r or no t there is any simple relationshi p between the 

actual observati on of cracks in di fferent metals a.nd i f t here is a simpl e 

method of i ndicating crack cie t ection on an S-N ci_i agr am ( see 1t i gure 7, page .f!P1 

;i 1 ) . It is of interest to note that most of t he plott ed points lie wi thi n a 
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straight band. dhether t his i s of any significance or not cannot be deter-

mined f rom the data avai lable because it was deemed insuii'icient to make any 

conclusions, especially since the values obtained are for different me t als . 

It is possibl e t hat j_f more careful points were plotted one mi ght obtain 

either a curve similar to a damage line, or a straight line; t here being 

i ndications of both in the above data . 

.but w-hat is t he percent of d2.mage in such a cracked specimen? There 

is very little data available on this point but tfoore, using 6 specimens of 

0 .4 7% Carbon steel, deterrriined that the endurance limit of these specimens 

with a standard crack of 0.1 in. was between 50 and 65 percent of t he 

original endurance limit, corresponding to JS to 50 percent damage. 

B. Correlation of Crack Formation with Percent Damage. 

There is, however, cons iderably more data available regarding the 

behaviour of me tals subje cted to r epeated stresses before the observation 

of a visibl e crack. This data was obtained mostly by Kommers 7 and 1-i:ussel 

d • ·- 1 - 12 l • 1 ' f d - 1 an :i1e cher • in t 1eir wor c on percen-c o amage and. damage ines. An 

extract of some of Kommer's work is given in Table II, page 28. 

for five dii'ferent me tals, are given the percent of damage at three cyclic 

ratios and three degrees of overstress. In col'J.inns L. and 5 are given the 

range of strengtnening he observed over various ranges of overstress. 

NoY1r, is there any correlation between Tables I and II'? Generally 

it may be said that there are t wo stages in the life of a material under 

repeated. stress as s hovn1 by t hese tables. The first is one in vvhich the 

material has been damaged, but no cracks have been observed, -i:rlnereas the 
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second stage is one in vrhich cracks have been observed . Considerable 

overlapping of these two stages is found, forming an area in 'Nhich a 

visible crack may develop . Since i t is in tl1is overlapped area , or 

perhaps slightly before it, that cracks may be expected to f orm, it 

i s unfortunate that . the data is so confused at t his point . For example, 

Kornmers has strengthened specimens which have run up to 96 cyclic ratioij, 

but cracks have been observed long before t his by other obse r vers . How

ever, t his may not be considered a s conclusive evidence of the str~mgthening 

of cracked s pe cimens for t here ts the possibility that different metal s 

-,.rill develop cracks at different cyclic ratios. There fore, t ~1is means 

that t he overl apping of the tables does not nece s sarily indicate that a 

cracked specimen has been strengthene o. for it may be only t hat that parti

cular specimen has not, a s yet, be come cracked . 

A further comparison can be made by using the value of the endurance 

limit of a cracked spe cimen as determined by Moore ( see above , page 3 O ) • 

The most simila r metal in Table II is O.l.J-8% Carbon steel and, taking the 

value for 30~; overstress, it can be seen that it compares favourably with 

t h e value f or the percent of damage derived from Moore 's endurance limit. 

HoNever, lioore's overstressing ·,;,ras not constant or a t any definite value , 

so that the amount of agreement is a little in doubt. Also, :3ince no 

other data is available, further correlation is i mpossible , which f act 

enip'c1asizes t ne need of more data if any d efinite conclusions are to be 

made. 
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PROPOSED EXPERilVilil'IT.AL PROCEDUM Ai~D EX:i?1i;CT1m RESu"LTS . 

A. Strern!thening of a Cra cked Specimen. 

From the above discussion, it is obvious that the first step should 

be a further investigation of a cracked specimen during understressinf . 

Thouf h Eoore's experiment indicates that there is an endurance limit f or 

a cra cked spe ciTr1en, this shou1d be confirmed for .f..rrn.co iron, the endurance 

lirni t be ins ci.etermined accurately for an arbitrary crack l ength in pre-

paration f or f urther- uncierstressing experiments . I f such an endurance 

limit can be determined, it vvill i ndicate the n~agni tude of' t he stress 

concentration factor f or a cracked metal subjected to repeated stre sses. 

Further experime nts could then be easily carried out to determine the 

effect of size of crack upon the stress co ncentration £\actor. 

But the question of whether or not a cracked specime n can be 

strengthened by understressing is much more important. It is expected 

fro m the experimental results and theory discussed above , th2.t if the 

applied stress is low·ereli suffi cientl;y to· enable the material in the 

vicini ty of t he end of the crack to be understressed , t hen the specimen 

should be stren2: t hened . This streng: thenins may not be t o the same ci.egree 

as lor an undamaged specimen but it vvould be expected that they will be i"' 
(l'~t-e.e"""~~t 8 

close" because Kormners r eports t hat the degree of strengt hening of undamaged 

Ar r.-ico specimens is 10 percent and that of square-notched specime!ls is 9 

percent . lJo i nformation is available re gardin6 t he degree of strengt hening 

of c..lanaged Ar mco specimens . Thus if a careful determination is made of 
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the degree of strengt hening pos s ib]e • in b oth damaged and cracked sp ec imens, 

we may be able to derive some important co nclus i ons. I f i t should be found 

that the de gree oJ s t rengt heni ng is t .he same f or damaged and cra cked s pe 

cimens i t :mul d be concluded t hat i t is quite probable t hat there a r e sub

microscopic cra cks in t he damar,ed spec i men . Also, if t he de gree of strengt h

enine is fo und to be the same for t he darnageci specimens a s fo r t he vir gi n 

me t a l , i t would be an i ndication t hat the vir t-:: i n spec i men contained s ub

Tni cros copic stre ss-ra isers . However, if the r esults obta i ned ar e no t a s 

outlined above , i t would be cons i dered t hat f2.ilure under repeated stress 

does no t t ake place be caus e of the ext ension of i nherent sub- mi croscopic 

fis sur es uut is 2. pr oce s s involvi ng t he f ormation and. s ub seque nt grov,.rth 

of cra cks. 

If, on the ot her ha nd, it s houl d prove i mpo s s i bl e to s t r engt hen 

cra cked s :9eci mens by unders t r e ss i ng, then spec imens wi t h s maller and 

smaller cra cks .s r10 1J.ld b e uncterstre s sed. unt il such time a s s t r engt he ni ng 

i s observed . I f i t i s f ound t hat a s malle r crack coul d be strengt hene d, 

a provision would have t o be j_ncluded i n the above - ment i oned t he orj_es in

dicating t ~1at t here i s a cri t i ca l size of crack above which t he stress 

concentration fa.ctor is great e r than t he s t r ain har de ning effect. I-lo"Never, 

i f i t i s fo und t hat no cra ck , however s mall, #Coul d. be strenzthened, then 

the a s s 1.m1pt i on vmulci be t hat once a vis ibl e cra ck was fo r med , the t he orie s 

advanced i'or sli p 211d strain nardenin1? br eak: down. This of cour se , 

1Nould not gi ve a ny infor mat ion regardii.YJ.g s ub- micros copic cra cks , t hour;h 

a l i mit ,:rnul cl be obt ained for t he 2.mount of d J.111a.6e above which a metal 

cannot be stren§t hened . 



B. Extension of Percent of Damage Cur ves . 

I f sat=i_sfactory re s ul t s are obta:i.ned in the above experimental pr o

cedure , the investigation way be continued along the following lines , if 

so desir ed and if the results obtained prove it to be nractical . Con

sideration of the correlation between percent of d2.mage in cracked and 

damaged s necimens as outlined in the previous s e ction, leads u j_rectly t o 

anotbe r procedure ·which may add gr eatly to the information regarding fai lure 

by repeated stress . If one carefully j etermined and plotte6. percent of' 

da@age right up-~ a cy clic rat io of 100, including in this inve s tis ation 

·L:-he :~)ercent of da:na 6e of cracked s~Je c i Viens , one shoul d obtain a continuous 

cuTve . Th~is curve shoul d then be observed closely, changes of slope and 

discontinui tic s tJe ing noted . If a s mooth curve vrere obtaineu, it woul d 

be an inaica tion tnat the processes of i ncipi ent crack fon.12.tion and 

c:r a c:-c :mo poe;ation f orm one continuous action . T~-:.e conclus ion derived 

f r orn t his obse rvation would t here.fore be that tne observed crack nust 

have started from submicroscopi c cr acks or fi s sures vvh ich vvere inherent 

i.n t he operative nlanes of' the metal , t11e i'2ilure be ing at f j_rs t clue to 

s ubmicroscopic extension of the fissures, probabl y by s l i p , and l ater due 

to visu.Ed extension of t he f iss t.ir es . 

However, if there were a s harp break or irre r;ulari ty in the curve 

at a ny point , it -.v-ould indicate that t :1ere is a J.L,continuity at t his 

po int in the life of t he specimen , t 11e form of vrhich j_s tmlrnm1m . The 

possible r easons f or such a discontinuity are either t'nat a cra ck has 

suddenl y f ormed giving a stress concentration, or that a crack h3. s re :=-, ched 



a sta0e of d.evelopme :t1t at :fni ch its stress concentration be comes operat ive . 

1rms , if one ciid obta in ::mch a curve , one vvc uld nave to i nvestigate stress 

concentT2.tions of s i:-:n.11 cro.cks in oro_er t o arrive at a de f inite conclusion . 

:-:o•Never , t here vrculd be t -;,-ro points ac)Out 'Nhich to be ve r y careful 

i f t his pro cedure is fo llorved . The fi rst point to he 1cratched is t nat the 

curve , eve n if smooth , could never be a stra i ght line in the case of either 

rota ting beam or .flexural specimens for the f ollo:.ring r easons: because 

t here is a varia tion i n stress across t he s pecimen a nd because the a rea 

0
. 1'.' 
_L the 11 bo nded11 material b e comes less as t he crack or damage pro r-;r esse s. 

The f irst of these va.riations can be e1i1Einated i f push-pull t esting 

mac~1 ins s ar e used and it is assumed that the 3 tress was constant acro ss 

t he area of t he s pecimen . Tn.e se cor:cl po int to be vratched is t hat in this 

curve the· effect of t he scatts;r band s hould be taken i nto account for if 

t nere is a lot of scatter, the uiscontinuity , if any , mi ght be hidden . 

Por t [1is investica tion, the specimens shoul d be carefull7 finished , sized 

and polished, t hus e Jj_::-ninating most of the irre r;uJ.a.ri ties ot\1er t han t hose 

j_ nhere nt j_n t I-1e ~;1e t a.l and conse c:uently reducing the amount of scatter . 

I f it is de sired to reduce the scatter still further , the specimens could 

be zi ven a hea.t treat 121ent to rYiake thern rr..ore homo c;eneous. 

Thus the nro ::::edure would be t o che ck whe t her 2. cra cked s pecimen can 

be stre!lgt hened by understress ing and to whb;t, c.e gree. Then one could 

car0J on and i)lot the darrage curve . Frequent microscopic exarrinations 

Yrill be ms.de during all the steps, slip being noted particularly. Thus 

this experLre ntal procedure vvill add greatly to t he practical knowledge 

of t he effects of slip and from a s tuJy of t he se effects give a much cleare r 

conception of the me chanism of failure under repeated stress and the part 

slip plays in it. 
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CHOICE OF l.i.? .. TEJ:-?.HL 

A. Desired ProDer., t i es. 

ln this inve s ti ;·a tion i t is desired· to use a me t a l with a sirnple 

structure in or der to avoid the e ffe cts of a cornp1icated structure Win ch 

woul d cl cud the f undmnenta l rr.e chanism of failure w·hich is w·hat is actually 

being studied . In addition i t was desired t hat the me t a l have as many 

of the follovrinf~ proper ties as possible. 

1. Ha s a definite endur ance limit . 

2. bXhibits sli p bo t h during understressing and overstressing . 

J. Can be strengthened by understres s ing . 

L~. Has a yieJ.d point close to t he endurance limit. 

_5 . Is e a sy to machine . 

6. Is commercially availabl e . 

7. Pre fe rrabl y has had s ome p revious experis er.tal work done with i t. 

Ar mco I ron 

It l'.ras f o:.md t :l1at Ar 1",co iron satis fies most of t hese specL'ications . 

2:t has one of T,he s impl e r struc t ures , has a definite endurance limit and, 

in addition is a r el a tively qure mate r ial, t hus mi ni mizing t he effects 

of a lloying e l ements . 

Re garding t he other .specif ications, Eoore and Ver14 found that Armco 

i ron exhibits slip both during understressing and overstre.ssing . Kormners
8 

ha s shown t hat it can be strengthened by understressing . .r.tegar d.ing the 

yi eld point and e ndurance limit , Kent give s the same value , 26 , 000 psi, 
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for each whereas Moore gives t he folloring values: yie l d point - 20,500 psi, 

endurance limi t - 22,000 psi and tensile strengt h - h0, 000 psi. 

Arr.r.co iron als o satisfies t :ne other s pe cifications give n above , 

e spe cially the last one as is s hmm by the number of references alre ady 

given . 

Al s o, if so desired, the e ffe cts of the grain boundaries fflay be studi ed 

by using spe cia.l heat t r cat:nents in -1Ihich the r;r s.in size o.f the Ar 11co is 

c r1anged . 

Trms it can be seen that Ar~nco iron is a simpl e basic material suitable 

for t ne inve stigation of t he be haviour of a me tal ciuring failure under re

pe a ted str esse s without involving the comflications a ris i nG out of the 

use of a me t a l with a more complicated structure. 
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A ~KN TYPE FATIGUE TEST 1':I.ti..CHINE 

A. Desired Characteristics. 

Upon exami nation of the existinz types of fatigue testing machines, 

it was found that none of t hem had all the characteristics desired for 

carrying out tne experimental procedures described above . First, since 

it is obvious that a lot of microscopic examination is anticipated, it 

is desirabl e t hat t he specimens be suitabl e fo r such examination, and 

if possible , provision be made f or exa:.nina t i on of the speci me ns in t he 

machine . Al so, since part of t he life of the specimen espe cially unde r 

obs 2rvati on is t hat vvhen cracks ar e forming and propar;ating, i t is there 

fo r e desired that a constant strain ma chine be used as opposed t o a 

cons tant load machi ne , i'or t he latt er type of machine acceler at es failure 

once c~ crack has f or:.ned . iinot her charact eristic -vvhich is very des i r ous 

to i ncorporate, is t he ability t o r educe t he tine required for t he tests 

outlined on t he above experi :nental procedure if at all pos s i ble. 

B. A Ge neral Description of t he :fac >-1ine. 

T~vo vi evrn of t he machine d esi r;ned t o incorporate t oese de s ired 

charact eris tics 2.re shavvn in f i gure s 8 and 9. This machj_ne was designed 

b;y the author wit h t he advice and. assistance of Dr. D. E. Hudson and 

Fr of . A. Hollander of t he Lechanical En0ineer ing fupartment of the Califor-

nia Institute of Tec bnology . 
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It utilizes t he r eversed bending of flat speci mens (see Fi g . 10) 

i n order t o initi ate fa ilure w1der repeated stress. Tne specimens are 

mounted i n four banks of six spe cimens e ach; that is, holding a total of 

24 specime ns. The banks are so arranged t hat rnaxirnwit utilization is made 

of both 11 vibrati on 11 ecce ntrics and space, t he whole machine having out s i de 

dimens ions of approximately 1L~ x 1h x 5 i nc '.-1es. Adequate provision is 

made fo r microscopic examination of the specirn.ens -rrhile they are mounted 

in t he machine . 

The movement is imparted to t he specimen by a ball-bearing mounted 

eccentric, t he specimen being constrained to f ollow the eccentric by means 

of a spring-loaded linkage system. These eccentrics are all mounted on 

a singl e s haft at angles of 90 degrees to one another in order to minimize 

the bending stresses on the shaft, each eccentric actuating t vro s;Jecimens 

i n order to f urther balance the system. 

The 1nachine is driven by a V-belt pulley drive (not shown), inter

changeable :pulleys giving various speed ratios if so desired. The machine 

has also been designed so that it will operate either o~ an edge or on 

a side , whichever happens to be the most convenient. 

C. Specia.l Desi~n Features. 

This machine vvas designed to incorporate several special features 

which vvould be of gr eat assistance in carrying out t he outlined investigation. 

Since it was exoecteci t hat a great amount of microscopic examination 

would be required, it was f irst d.ecided t o use f lat specinens, as op-~osed 

to round specirr:ens, in order to f acilit ate such exami nation. The se .fl a t 



Fi~. 8- New Type Fatigue Machine. View 
from drive end showing mountin~ of 
specimens and linkage system. 



Fig. 9- New Type Fatigue Machine . Side 
view. 

Fig. 10- Sµeeimen for Fatigue Machine. 

40a. 
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s pe cime ns require no special mounts and present a f l a t ob jective pl ane. 

It was felt , however, tha t a gr eat savi ng of t ime and energy could be made 

if the spe ci:w.ens were so mounted t hat t hey could be examined j_n the machine . 

Thus t he machine was so desifsned that the cri tical area. of one side of 

each s pecimen was l eft open to f acilitate microscopic exa rrination . In 

order to facilitate examination in pos ~i_ tion, a nd.croscope mount with s uitable 

adjusti11ent screws has been designed for attachme nt to t he :na chine. Since 

this pi e ce of e quipment has not as yet been made , no photo graphs are 

available . 

In t nis investigation a c r eat number of t he specimens will be run 

a t or close to t he e rldurance 7 • • .J.. 
.1.l:Ill v • Since t he ordinary !!!~Chines machi ne s 

turn only at about 1700 Rfl.'l, i t can easily be seen that the time required 

i'or each t e st would be very _gr eat unless the machi ne were speeded up . 

. 25 
Since Moore and Krouse report t hat spe ed s up to 30,000 cycles per :L.i nute 

cause ve r y little difference in the endurance liITlj _ t , this machine has been 

des i gned to run a t speeds much ueat e r t han t he orcil.inary machine , t hus 

reclucin~ t he time re quireG for running tests. At first, until t he effect 

of speed on t he endurance limit of f l exur al specimens has been dete r mined, 

f or pr e cise r e sults the speed at i.•1(a:Lch the tests are n~ade should be speci-

fied . Since t he machine vva s so complicated as f ar as loaciing i s concerned 

c,nd s ince the loadiric; will change vv-i t h eac h variation of s tre s s, i t v,ra,s 

considered i mpractical to try and t heoretically deter::1i ne the cri tical s peeds. 

Instead, it -.Pvas de ci eled t o de terri"1ine t he cri tice.l s peeds experi1r1ent ally , 

f i nc.i.i ng a s uitable non-cri tic2.l speed close to the Jesired speed . 

A further met::·1od. of savinc time i s to ciesi?n t he mac hi ne so that 

several s p ecimens are te s ted a t t he s ane tide . Ifowever , one oi' t he c: r eatest 



i mpro,;; e trtents t his machine i1a s over other multi - spec i men mac nines is that 

sevs r a l spe cime ns can be tested at diffe r ent stre s ses at t he same time on 

t he one ma chine . This is accomplished. by t he use of a se t of r emoveable 

eccentric s of var y ing e ccentricity . Thus y,ri t h a compl ete set of" eccentrics , 

any desired combi nation of stresses can be set up in the inachine . For 

exa1i-q:;l e , t his rc.acnine was de signed f or 21-~ s pecimens vv:ii. th a max i mum of 12 

di fferent stres ses . Thus , by t he use of a p1,ropriate eccentrics , it is 

possibl e to ge t a compl e t e S-N curve in just one run of t he ma.chine , the 

curve being dete r mined oy six stre.sses with :four specinens at each stres s 

or twelve stre sses with t wo s pecime ns at e a c h s tress . :.~any otheT combirn,.tions 

ca.n be made up and i f desired all the spe cime ns can be run at t he sa.m.e stress . 

A furtc1er advantage of t s1is machine is t hat, by c hanz i !:t£: e i t 11er t he se t of 

e cce ntrics or the L1ick:ness of the specimen , i t is suitabl e fo r any material. 

Anoti1.e r si:7J.l)l e adaptati on ·oossible ·,v-itl1 this :i1achine i s t ha. t b;y t he 

use of shL ns unc!.er t he s l)e ciEe ns , • I'a.i l u:::'2 1incLer various ran?e s oi' stre s s 

:n.ay be stud ie ,::i_ . Also t 11e r:ia chine is desir;ned so t hat by t he s impl e add~ tion 

of cover plate s i t may be used f or testing under contro1l ed conditions . 

Tht1.s , i t can be seen t hat th-2 above ma chine is s i rnpl ·~ and adapt able 

to r,1ost testing con.di t ions a s •vell as be inc abl e to :ceduce by a cons i de r able 

amount t Le t ime require d f or fa tj_gue tests awl for de te r !11ina t i on of S- N 

curve s . 



Appendix I 

l;etection and Observation of Cracks . 

T,1is is no t intended to be a detailed sta te~nent and discuss ion of 

each of the methods but ratner a r_:ener al state~J 1.ent of eaci1 1:1ethod and 

the r e s ults obtained, wj_t?-1 refer 1~nces su.nnlied for furt he r infor mation . 

1/lethods of Ietection . 

l. Oil and ·iihi tin[: 1/ e t hod. 

The specimen i s first coated w-j_-c,h a thin oil and t hen rubbed dry . 

It is next coateci with 1.~miting ;'T'.lich :is allmved to dr y . The n any oil 

reta=i..ned in the cr a ck s will not allo'N the whi tin;t in the area of a crack 

to c.:ry , th1.rn bringir:g e li1phas is to t ent are c1. . So:n.(~time s the SDecims n is 

stressed fo r a few cycle s afte r t·ne 1v.,..!iting has drie ~l , t he s t r essing 

tendinc to fo rce the oil ou t of the smaller cracks . 

A :no:~iL::i.cati on oi' this r;r·o cedure is to use f asoline as a vmsh and 

-c:,hen t o stre s s t"c1e s ·· ::•:.::cL:en i'or -3. few cy cles. Bubbl es ".-rill then tend 

to f orm alon,:: t he cra Gks, brincing- to.e1,1 L,O notice. 

iW li:ni ts are ; ~i v2n as to tr1e size of crack ~~rc1i ch n2.y be ds t s cted 

in t his ~nanner. 

References: 1 and 2. 

2 • Ma gnafl ux. 

In this method. the specimen is magnetized and then coa ted 1rri th a 

dr y or vret para-magnetic po1-vder . Solvents use ct fo r the wet -;--; owde r are 

carbon tetrachloride and kerosene . 'l'i1e rel ative times of a l1plica.ti on of 

r;o,.Yder and magnetizing current is different for di ffer •;_mt 1 __ : rocec5.ure s. A 
.t 



variation of t.his methoel is to use a f l uorescent p2.ra-magnetic povYder 

in solution 3Ild. t hen observe the spe cim2 n 11.ri. t h the aid of ultra- viol et 

illw:ri.nation . 

By means of t his met;,od, c:cad::s of a depth of 0 . 008 inch have been 

detecteJ. by the / lu.,"'C . 

aeferences: 23 , 35, 36, 37, JS . 

3 . L'.a._gnetic Le ans . 

Usinf; t he same :pri::iciple as t he ma[;naf lu..x; that is, the disturbance 

of eddy curre nts iJy cracks , but in t his case the crack is located 2.nd 

measured by a cab_br ated change of the current in a surrounchng coil . 

Cracks to de ri th of 0 . 0005' inch D.ave been detected by t ~1is method . 

However , ·fo r t his apparatus t he material being t e sted n-:ust be in strip 

f orm and of constant cross - s ection . 

}ieferen.ce: 39 

4. ~lectrical Resistance . 

This nethod utilizes t c1e chan2:e in the r esistance of a specimen 

takins pl a ce s oL'le time before its fa j_lure . Ass ociate :;;. -Ji th t r1is c x~lange 

in r esistance ar c ; a ri se i r t e~n:i;:>erature, a c l""canc;e i n defle ction, a change 

in n2.tur2.l f re que ncy aTicl a~:1.::::li tude of vibration o.nd a change j_n t he pov-rer 

i mmt to t he t e stinz,; nachi.ne . :-imv-ever, these method s a11 s:;em to i ::1dicate 

t he initiation of slip or dai:1age· and t he change co:mes some time before the 

initial visual observation of a crack . 

References: 

5 . X-ray Diffraction Liethods . 

Chan?es of diffraction pattern h2.ve be en noU_ce:j during t he ds.macing 

. 
of a metal and during the fo r mation of a crack as 1!1entioned in the text of 



the t hesis ( paE~e lO). Thi s method disclose s c :C1ange s of atomic d i mensions 

i f c hanges in the pattern are correctly interureted . 

rlefe rences: 19, 20, 21, 22, 42 

6. Sunersonic Lethods . 

In t r.1is method s01.md ·Na \res a :ce sent j_nto t he metal be ing t e sted . 

Any flaws i n t he :!1a.te rial 1.,vill r e f l e c t t he se s ound -vrav2s b e f ore t he r emaincier 

of t he .Bve s CA~e r efl ected .fr om t 'ne e nd of t he s pec i men. Act'J.ally t hi s is 

the sarn.2 principle a. s was used in Asdic and i~adar during the vrar. 

The s ~E. llest hole ci.eter:r:-1ined in t hi s way was one of O. 005 inches 

in diamete r at a d istance of t hree inche s f ro m t he end of the specimen. 

HoNeve r, a lamination of 0.0001 inches :11rill give a reflection but this 

laminat i on must r1ave· co nsiderable area perpendicular to the Dath of t he 

waves. 

Reference: 1-1.J. 

7. Visv.al and lhcroscopic .kethods . 

Since t his was the method adopted, it is discussed in greater de t ail 

below. uncler Me tho els of Ohserva tion . 

Method s of Obse rvation 

1. El e ctron Mi croscope. 

This rr:e t hod o f examinE:.tion Tvas not investi0a teu closely because it was 

f elt t n.a t durin c; t he early sta ge s of the investi~~·ation such precision vvas 

not required and because s pe c i a l techniques and equipr:1ent rm re required .. 

It is expecteci t hat seve r al S JJ3 c i mens vvill be given to a competent operator 

f or exar:1 iria tion early in the i nvestir ation in order to o.etermine t he 

possibiliti es and limitations of t his tool. 



2. l.:icrosco pie :2:xa:·(JinE ... tion . 

Little need be said abm1t t hi s means of observa tion fo r the c hc-:•.r acteris -

tics anc. capabilities of t _;_1e i11icros cope are well kno·im . Lncas has reported 

18 
t he ob :3e r va.tion o i:' a cra ck of 0 . OUu1 i Lches j_r: vvidth, - but t his -rvas only 

ob t ained with gr eat diffj_cul t y and t:oe use of s peci3.l e qu~~pmer.t . 

I n thi s i nve sti [_' a tion, it i s desire 'J. t o re - examiEe tr1e s r ecj_Tr1e ns, 

per ,·1a.p s man~-- tj_i!tes e ach . In order that no cha nge mi;:)1t take pl a ce in t ne 

materi a l because of t he exa n::i._nation, :;,ost of the aici. s t o ciet ::, ction a re 

eli"rd_na t e6.. Anyt :-1.ing applied to tnc s urf2,ce of t he s pe ci r.£ n • .-oul d work 

it:; 1rvay into the cracKs , c2.usi:r:g changes in t he late r behaviour of' the 

S}Jecin:en . Al .s o , sj_nce t he s i-::eci ;!1en is of irre :·ul e. r shape , E.ac;ne tic ~:1e-ans 

carmot b e u s eu.. X-ray diffrac t i on m•s t hods coul d be u s e ci. ·8iJ.t , i n s p i t e of 

t he exrxrn s j_ve e quiv,1ent , t hey -,v-ould not ad c.i. greatly to the r es1,.lts vvhich 

couli:i. be obtai:r:e 'J. o~:- Ir1icro s co '. 1ic exa. "i: ino. t io!l . Tr.iis neans t n.at cra cks shoul d 

be detecteo. by visua l and mi crosco ~_) ic exa1i1ina ti o:r~ . In o r :ie :r- to ~aj_n i mize tt1e 

tedi ous searc i-:inc r e quired, t he s peci.aens are so s hape ci that t he crj_tical 

area in lfr:ich cracks are expe cted. is reo.uce d. to a. !:1:i.n i ;:mm consistent Ni th 

. not intr oducii:.g any serious s t ress concentrations. 

U;;on la boratory inve s tir;at i on of polis hing anci. etchins methods f or 

microsco :.) i c exardnat:ion , it tVa3 fou--,d t ha t t he poLi .. s hing and etc :·j_n c; of a 

s pecimen cnange :J. the nature of the crack . i olishins tends to 11 burr 11 t he 

edge s and f ill in the cra ck Yvhile the etc ·11inc tended to eat mray ·U1e edf es 

of the cr a ck , Hlakinf it ".Yi,_'er and r;ro cabl y dee y::,er. Thus it was ,:.:,_ecicie ci. tnat , 

fo r at l e ast the first s t a pe s of t ~o i nvestisction , the s pecimens would be 

polis he tl and etche d. be :(or e it vra s 012.cecL in t ~1e mac hine and t o carry out 

dete ction and exa.min2tion by means of t }1e r:iicroscope , using ·oowers s uitable 

for t ~e size of c r a ck beinr looked f or. 
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