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CTIAEIER 1

trrtroduction

1.1 Introduction

The rate of propagation of fatigue cracks is a subject not only of

academic but al-so of practical interest as applied to mul-ti-conponent

design. Ì{nowledge of the significant parameters affecting the rate of

propagation of fatigue cracks is usefì-rl- in application to designing'

C;¡ag¡- propagation is the only phase of fatigue faili.re whrich can

be treated quantitatively wi-thout the added conplication of statistical

fluctuations. Moreover, in many material-s, ffid especially in notched

structures, the crack propagation phase occtpíes a m4jor fþacti-on of the

trseful- Life. T¡ere is, in fact one school- of thougþt which views all- of

fatigue damage as the growbh of cracks or cracks which grow f?om pre-

existíng flaws in real- structi'res.

In recent years an enonnous amount of effort has been devoted to

the study of fatigue crafr- propagation. CarefÏl- rni-croscopic or

nacroscopic observation of growing fatigue cracks has led to seni-

quarrtitative model-s for tine cyacir- exbension process. Finally, the resul-ts

of crack propagation r€search are beconrirrg tlsefì:l- toofs which can be

used in designing real- structures.

A considerable amoulrt of erçerimental and theoretical research

has been conducted on fatigue erack propagation. However, as the literature

survey wil-l indi eate, the bulk of this has been in the field of i.n'riaxial

stress and strain cycling. si-nce many machrines and structural parts are

sr,rbjected to combined fatigue stresses, it is desirabl-e to t¡nderstand the

effect of biaxial- stress on fatigue erack propagation.



L.2 Statement of Probl-em

This thesis is a theoretical and e4perimental study of the effect

of d.egree of biaxial- stress on the rate of fatigue crack propagation'

1.3 Scope of Thesis

. 
tne thesis is divided into six chapters'

chapter I j-s an introduction to the field of fatigue crack
a

: ProPagation.

A review of existing material on fatigue crack propagation is

i presented in ChaPter 2.

I O"apter 3 presents a modification of the rmiaxial fatigue crack

I propagation theory based on the octahedral shearÍng stress theory for
ì

I appl-ication to biaxial stress conditions'
j

The erçerimental program which was carried out to check the

;

validity of the proposed theory i-s described i].l chapter 4.

chapter 5 presents the test results and concfi.tsions.

t The thesis j-s sl..urrnrised in C?iapter 6'

A bibliography is presented at the concl-r.,sion of the thesis.



CIIAPTER 2

A Review of Investigations Concerning Fatigue Crack Propagation

2.I Introduction

The nunber of cycles required to produce final fracture or

nætr.¡re sr-bsequent to the first detection of cracks is governed directly

,: ¡y the rate of craek growth. This nu'nber i-s of great practical signific- 
,,:':::".t::;'

: ance; if it is possible, for exanple, to predùct that a certain crack will ,,; :.......,,,,,.

not induce a catastrophic f?acture, then the use of the material for the "'::":':

i conponents is sound. It is desirable, therefore, to discttss cracks in

, relation to the ru.¡Tber of loading cycles and to seek characteristic

i ¡ehavioL.ir at various stages of the fatigue process ranging f?om the state
l

i rt which, by presently available means, cracks can first be detected to

I the advanced flina1 phase of f?acture'

Consider, fi-rst, several e:cperimental resul-ts. 'l,rlhren the stress

anplitude is jr.rst above the endi.rance lirnit, microscopic cracks are

,..,.,, formd (wtoore(r)) at about one half the fatigue life, but when the strest 
:.';,;,,:.,_.,.,;,,:

.:arrp1itudeissomewhatgreaterthantheendurancehmit,theyappearjust
...:'.:.'.':...

, prior to f?acture, as shown in Figr.re 2.1. In smal-l specimens, hOWever, ':': 'r':

observabl-e cracks have been initiated near the end of fatigue life, even

:', thougþ the stress anplitude was just above the endr.;rance l-imit.

,ii Forest (2) also observed. the effect of stress on the rate of "''""''"":,.i JtOI'e¡jV \f ) a1IÞ(J IJUùçI vçu errç v!f,vvv 
.-,r,:j,,1-,:,:.

, crack propagation by measr.;ring the erack length as a f\.¡nction of nwtber

, of cycles for specimenss tested at different stress l-evel-s and di-fferent

finishes , Fi-,gvre 2.2.

, Consider, fÌinally, the formation of a erack in the root of, a
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6

notch, which is the site of a higþ stress concentration or large stress

gradient. There is anple experimental evidence that the growth rate is

slow. This is true also of marry practical situations in which a craek

formed urder higþ stresses, perhaps in manufacturing processes, is sub-

jected to much smaller stress amplitudes in service. A large nuunber of

cycles are required to produce f?acture even thougþ cracks are ínitia11y

present.

2.2 The Mechanics of Crack Grr¡wbh.

It has been shown by many workers that the average direction of

exbension of a fatigue crack is generally perpendicul-ar to the direction

of maxim-.mr tension-conpression. There are local deviations which are

$overned by the crystallire structure of the metal, but this factor will

not be considered here.

Head (3,4) proposed a theory on the growbh of a fatigue crack as

follows: If Lrre erack were in a pr-irety elastic solid then applied l-oads

would generate a high stress at the tip of the crack, as a result of the

large stress concentration. In a metal this higþ stress would be above

the yield stress and so a plastically deformed region would be created

ahead of the tip of the crack. Ttris has three conseguences:

a) As the plastic region yields, it work-hardens

b) The plastic region is constrained by its elastic surroundir€s

which, as yielding occurg, take 1æ some of the load as shot¡¡"n in

Figure 2.1, thus reducÍng the rate of stress increase in the plastic

region.

c) This increase in stress in the surrouieding region will cause

elastj-c region which origlnally carried a stress less than the yield



I
I
I
t
\
\
\
\
\
\

Elostic

Ptosi ic

Stress Distribution

Stress Distribution

\._\51 

-

Figure 2'3 The Stress Dislribution in the Vicinity of o Crock Tips [S]

. ,.t 
' 

, 
:



stress, to be subjeeted to a large enougþ stress to become pla,stically

deformed.

On reversing the applied stress, reverse plastic flow will- occurr

again governed by three effects mentioned. Continual application of an

al-ternating stress wil-l cause a continual- work hardening at the tip of

the crack, leading to one or the other of the following possibilities:

1. If the peak stress at the tip of crack in an ela,stic medlum

is less than the yield stress, then work-hardening will tend. to a l-jmit

after which the applled stress causes elasti-c deformation only. In this

case the erack does not spread.

2. If this peak stress under purely el-astic deformation is

greater than the fractvre stress, then it is inpossible for the material

to work-harden sufficiently to produce a ptrrely elastic state. Fþacture

in the neigþbourhood of the tip of the crack wil-l- occi.rr after a ntrnber of

cycles. The crack then starts to spread with the same process being

repeated at the new tip of the crack.

Consider the Lristory of a small volune of metal- in the l-ine of

advance of the erack. Mren the erack is far away the stress j-n the vol-une

is essentially equal to the applied stress and the deformation is elastie.

As the crack approaches, the stress rises, when it rises to the initial

yield stress the volr-¡ne becomes plastic and then describes a hystersis

1oop, gradually work-hardening. I¡lhren its ductí1ity is gradually

exhausted, i-t f?actures and becomes part of the crack.

Canpbell (5) sræeested that crack propagation in fatigue takes

place by two stages u:rder a wide range of stressing andeenvironmental-

conditions. The first stage, illustrated in Figure 2.4 is characterised
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by propagation of the crack on a plane oriented at approxÍmatefy 4!o to

the stress axis and by crystallographic fracture facets changing

di-rection sligþtly with orientation at grain boundaries. Slight

direction changes at gr"ain boundaries are the rule, because the grains of

most material-s i:ndergoing fatigue are not randomly oriented but textured

by working and annealing processes. Subsequently, the propagation enters

Stage II, also illustrated in Figr-lre 2.4, where the plane of crack

propagation is now at 9Oo to the stress axis and the f?acture surface is

covered by striations running parallel to the crack propagation f?ont.

Since crack propagation rates in Stage II, can reach val-ues of

mlcrons per cycle, the phenomenor' associated w-ith the growbh mecharrlsm

are fairly large and relatively easy to observe. Most of the evidence

for growth, therefore, concerns Stage If wh-ich has been proved to operate

in the plastic blti:rting process. Figure 2.5 ill-ustrates severaf types

of profiles wLrich have been observed in Stage II (6). Figure 2.5a is the

one most cornnonly observed in ductile specimens broken at the h-igþest

stresses, and consi-sts of paral-lel, juxtaposed depressions on both of the

f?actr.rre surfa.ees. F?acture ill-ustrated by Figure 2.5b ocssrs in the

same circwnstances as the first type. Ridges on one f?acture sirrface fi-t

depressions on the other. It is colnnon, for a smal-l- craek, indicated by

the arrowhead in tr'igrire Z.fu, to undercut the ridges on the f?acture

surfaceÊ The types of striation shown in Figures 2.5c atñ 2.5d occur in

specimens cycled at lower stress.

2.3 The Effect of Tenperature

*" "ff"- on fatigue erackgrowth mr.lst also be

considered: An exanrpl-e (7) is the S-N ci,rve for a titanit-¡n al1oy shown
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in Figure 2.6. As would be e4gected, the fatigue life and physical

properties degenerate as the ten'perature increases. It is of great

interest to note that if laboratory data on the rate of crack propagation

are plotted a,s a flmction of stress cycles and tenpe rature, the result is ""r',''.:

a series of curves similar to those shown in Figure 2./.

2.4 The Effect of Anisotropy.

' The rate of propagation of a crack as a fUnction of the cracks

. orientation with respect ûo the principal rolling direction of the

conrnercial- sheet used to build the sarrple is shown in Figure 2.8. The

I figure shows erack growth as a f\¡rction of stress cycles for craek

i oriented at different directions wÍth respect to the ro11Íng direction of

', the sheet. (7). The basic mechanism of the phenomèna of the f,atigue crack

I growth a,s a fl¡:rcti-on of the various crystallographic slip systems in the

I ba.sic metal- is not very well understood.

2.5 The Effect of Variable Stress Fields

Figure 2.9 shows a conparison of the crack growth as a fìmction

of stress cycles where: (1) the cycl1c gross section stress or the maxjmun

cyclic load is constant throughout the tests and (2) a corstant cyclÍ-c

net section stress is maintained by periodic reduction of test panel load.

The crack growth rate is much higher for constarrt cyclic gross secti-on

STTESS.

hihaley and McGuigan M.J. (B) conducted tests on a large built-up

wi-ng structure, the actual- test data is shown in Figure 2.IO. The

damage accunul-ation shov¡n is typical of laboratory tests of conplex

structures. The curve has been normafi-zed for three different tests
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at three different stress l-evel-s.

Hudson (9) foi-tr'ìd that higþ load cycles succeeded by lower ones

produced delays in fatigue crack propagation. Tests were conducted on

2O24-T3 aluninun a11oy specimenÊ at two stress levels. Figure 2.11 shows

that for a given second stress the higþer the jnitial- stress the greater

the delay in crack propagation.

Hudson (9) performed some tests to determine whether previous

loading history affected the rate of crack propagation once crack growth

had again started at the second stress l-evel. This deterrni-nation was

made by comparison of the ntmber of cycles required to propagate Ëhe

cracks for equal increments in the higþ-low two-step tests and in the

constant an'plitude tests. The intervaf over which thr-is comparison was

made bega¡ when the erack had propagated O.l- inch past the crack length

at which the stress l-evel-s were changed, and the interval extended to

the point at which the specimenÉ failed. This conparison is shovm in

Figr.re 2.I2. The reference line shovrn on the fiture is the locus of

points along which the tests points would lie if the rates of propagation

in the constant-amplitude and the higþ-low two-step tests were the same.

The generally close proaoimity of the test resul-ts to the reference fine

indicates that there is little difference between the rates of propagation

in the constant-amplitude and two-step tests.

In the high-low testsseries, the lowest stress at which fatigue

cracks woul-d propagate to failure in 107 cycles was f6 ksi. This stress

was considerably higher than the l-O ksi stress at wh-ich fatigue cracks

were initiated and propagated to faifure in constarrt-anplitude tests.

Thr,l,s, it appears that the fatigue ljmit has jncreased. Thris result
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indicates that specimens subjected to variable-alrplitude loadings may not

be damaged by some stress eycles with magnitudes above the normal- fatigue

limit of the specimens 
:: .:1.

These results help to explain why the línear cunul-ative-damage ;'1.i.|j|-.':

ruJ-e fYequently produces erroneous estimations of the faÞigue J-ife of

test speeimens. This rul-e assunes that damage accunul-ates at a rate equal

to the percentage of l-ife used at a given stress l-evel. Thus, this rule ,:".',.
: ::'rrl-:.:, -:

carrnot predlct the observed delay in crack propagation and the resul-tant 
,,,,,,..,,

increase in fatigue life. 'r 1::

2.6 Ï?actography

The use of electron rnicroscopy for crack growth stuùles is

increasing. Here the enphasis has been in the investigation of laboratory

sanples. Microf?actography can only provide in,formation about the crack

growbh stage (fO) of the fatigue process and does not provide information

on crack initiation mechani-sm.

The dominating feature of a fatigue f?acture surface is a l-amel-lar 
:

structure. Striations on a f?acture surface should be considered a,s a ';;;; ;,'

typical feature of a fatigue f?acture. , -

,t -¡. 
-t -.

There are niany hypotheses concerning the mechani-sm of striation

formation. Lai.rd and Smith (11) proposed that in a cl-osed condition

(zero load) the erack has a very small notch radius and, therefore, a 
,.1¡,,i.,..

very pronot¡nced effect. I^/ith increasing load the radius increases and '''1."''''"'''

the crack trblmtstt itself. At the same time as thris plastic deformation,

so-called ttear"srt occur in the dj-rection of the theoretically derived

maximtrn shear stresses. I^/ith return to zero ]oad, a cavity remains in

the crack tip area as a resul-t of the rteat"stf . Crack propagati-on is ,' ,,:- :..
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resumed from the ears with the next load cycle, Figure 2.73. According

to th-is hypothesis, which has been verified experimentally, the lines on

f?acture sr:rfaces are depressions.

fn the quantitative eval-uatj-on of craek propagation the principle

is to count the striations f?om crack in-ltiation up to finaI f?acture

and thus to detertnine the number of l-oad cycles f?om initiation to rupture.

If crack lenglh is taken into account at the same time, the usual rep-

resentation of erack propagation crack length a,s a fl.mction of the nwnber

of load cycles is obtained.

2.T Quantitative Approach to Crack Propagation

It is wel-l lcrown that the phenomena of progressive f?acture

caused by fatigue car'ì severely decrease the strength and life of a

structr-re (7). Therefore, it is very lnportant to collect and provide

fatigue data in a form that is usefì;l to designers.

hiithout exception, the fatigue crack equations availabl-e are

valid only when apþlied within the hmits of the particular test

conditions.

Paris and Brdogan (12) attenpted to normalize as much data as

possible f?om different contributors. lhe method plots the crack growbh

rate per cycle as a f\.mction of stress intensíty, whrich is proportional

to the mâidmr,an cyclic stress and square root o.f the crack length as shov¡n

a ¡ l¡l_n If_qure ¿.r+.

Cotterell (13) interpreted the cyclic growth as fol-l-ows: There

mi.lst be some relation between crack growbh due to static load and that

due to repeated loads.
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He proposed:

D

^ 6^ 1ì',¿.
-2F ...2.I

G = Crack Driving Force at the Tip of Craek

I = Crack length

4' = Blastic Stress

E = Blastic Modul-us

As the stress is i-ncreased, the available crack drivjrtg force can be

represented in Figure Z.IJ by a line of i-ncreasing sIope. The resi-stance

to crack growth, R, which is dependent only on absolute crack extension

has a parabolie form. It is therefore possible for a craek to grow

stably until- the crack driving force G equals the resistance to crack

growbh, R. Ttris crack growth wil-l- conti-nue as the stress is increased,

urtil the curve of crack driving force becomes a tangent to the crack

resistance curve:

dRT
beyond this point, since now the crack driving force is always greater

than the resistance lo crack growbh, the material- becomes r.¡nstable and

catastrophrrtc failure occurs .

Afber a crack has been growing for a nu'nber of cycles there wil-l

be region of strain hardened materi-al- ahead of the crack. Tb-is strain

hardening enables the crack to grow without gross deformation. It is

reasonable to assune that the greater the strain hardening the easier it
will- be for the craek to grow. The strain hardenlng will be mainly

dependent on the alternating stress, because plastic shake dovne f?om the
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initial state will- occur after a few cycles. Therefore, the resistance

to craek growbh wil-I be mainly dependent on the al-ternating stress. ft is

asswned that most, if not all, of the crack growth will occur at the 
,;,:;.,i.,,,,

maximtrn stress of the cycle and hence the crack dri-ving force will be ':,::,'::,:.:

dependent on the maximum stress.

A sketch of the proposed mechan-ics of fatigue crack growbh under

constant load cycle proposed. by Cotterel-l (13), is shov¡n in Figure 2.f6. '..''.,.,.,ì'::":::''r'

As the crack grohis to i-:ergþh4,; ,:::.:.

R({,- {.)-GU') ...2.2

During the next cycle the crack grows by sligþtly larger amount to

, R Ue -/.,)- C* Ue ) ' ' '2'3

:

ì This growbh continues u:rtil- the penultimate cycle when the crack is of

length !r_, . Then in the ultjmate cycle, it grows to /nand f?acture

, occurs. In practi-ce the crack growth per cycle is very smal-l- corpared

':.':: with the crack lenglh and the equation for growbh can be written in the

.

a(44 
^N) - R (4): GÇ¿) ...2.\Lr \^N ", d-N'

For smafl- rates of crack growbh the rate i-s proportional to the erack

length.

d.t ú2 tT¿
dN E R,(o)
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where R1(0) is the first derivative at d],/dN = O

The ercpression used for the crack driving force, equation 2.1,

I is for a central crack in an infinite el-astic plate under rmfform stress
I

i and needs modicati.on for the effects of plasticity and finite width of
the p1ate. Allowance for these effects have been suggested ¡y Irrcin (14)

for the case of static loading and it is thought that these can be

applied ù1rectly to fatigue

F?om inspection of the el-astic fiel_d equations, In¡l'jrr (14) nas

estimated that the size of the plastic zone is

d:Æ -- ...2.6lrq 7
where q is the yield stress of the material.

Fþost and Dugdale (15) show that for fatigue, the plastic zone

is also dependent on the maxim.m stress. The existence of the plastic

zone modifi-es the elastic fiel-d beyond the zone rotrghly as thougþ the

erack length were increased by a f?action of the plastic zone. In¡nin

(f4¡ tr**ested, f?om e:çerjmental observations and considerations of

equilibr:fuxn, that the effective crack length should be the actual crack

length plu,s the plastic zorre.

.t': / +d

Hence sr.¡bstituting equation 2.1 and.2.6 in equation 2./,

...2.7

...¿.0/-':,¿*t(t)n¿'
and

)o
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Therefore, providing that the crack is small colrpared with the width of

the plate, the plastic zone is

(fo/ q)2
/i- . . .2.10

The e4gression is conpared in Figure 2.IT with the e4gerimental resul-ts of
'é

F?ost and Dr;gdale (15) and thei-r suggested relationship d/I = C úL

I¡Jfiere C is a material- constant. The equation 2.5 is mod,ified for the

, effect of the plastic zone and the expressi-on for the rate of crack

propagation becomes

_+=Lt îT )
-dN , I r' ) ...2.II

l - 0.5( lo/{y)' E i{'(o)

An e4perimental- and analytical investigation was undertaken by

r Liu (f6) to study the ftmdamental factors of crack propagation in a thjn

r metal sheet under repeated axfËrl loading. Sheet specimens of 2O24-I3

I almrinum alloy containing centre holes were used. Crack propagation in

, the semi-j-nfinite plate urder constant stress rarìge and mean stress was

, 
*aJyzed using dimensional analysis.

A thin material of thiclcress t and \^I'idth L, containirg a crack

of length , l, ffi shown in Figr.re 2.I8, was loaded axially by a combin-

ation of a constant amplitude repeated stress 6 is shoirvi-t acting on the

specimen in Figr-rre 2.18.

Neglecting the microscopic variabl-es, the stress $(x, V) at

point P(x, y) in the direction of e can be written as

Ç(x, Y) = F ( %, x, Y, o, t, L, 81, B2) ...2.r2
U

B1 = Configi.ration of crack

B2 = Conplete stress-strain relationship
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ïf plane stress is asswned and the w'idth, L, is J-arge relative

to the crack length, 1, the variables t and L can be excl-uded. If the

shape of the eraek for a given val-ue of ú remains geometrically

simi-lar, and is independent of the crack length, the configirration of the

craek can be specified by crack length alone. Therefore, equation 2.I2

can be written as

fg(x, Y) = F ( fo, x, Y, e, l, B2) / t<
...L.¿J

To study the similarity of the two specimens, consider a "modelrr

arrd a frprototypett of the sheet of material- containing a erack. Let

nominal- stress 4 be same for both model and prototype. Tf A.¿ì and

Ay'p arñ homologous increments of crack length, where subscripts I and

&denote model and prototype, respectively. Then by dimensional analysis

they must satisf}l the condition

A1r = ALz
- v-l

I
r111 '2 / t4

flren the nurnber of cycles of load, AN , to propagate a craek length

Ay'.,anð, A/e must be the same if the mechanics of crack growfh is the

same for both cases. Therefore, equation 2.I4 can be written as

= arz
...2.r5

llaN t_2å N

Mrere C is the craek propagation factor.

Now considering subscripts 1 and 2 as Swo stages jn the course of

crack propagation througþ one specimen rather Llnart crack propagatj-on i-n

two sjmil-ar specimens, equation 2.1-5 describes the basic faw of erack

propagation in a thin semi-j-nfinite sheet. h/rifiing equation 2.I5 :n

arr
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differential- and integral form give,

4= ct
dN

and

. . .¿. roa

^ 
141...¿.1-oo

Liu (17) f\.¡rther showed by enerry approach that

ï.^ol =K q2 r.lrT-NT'l!vór-r\u\r\-¡ro,/ ...2.r7

where dg] is stress range. Equation 2.U indicates that the fatigue

crack propagation rate is prr:portional to A S2.

Conparing equation 2.L6a and 2.U indicates that the crack

propagation factor C is related to the stress range A S by

C = KAS2 . . .2.18

Figure 2.19 is the logarithmic plot of craek propagation factor C of

2O24-T3 ali.rni-nun alloy against the stress range ^A S. .',t''..¡,'.:-,.,.

Head (3, 4) proposed that the cyadr- grows through material whose ,', ,,,
:- 

r1.:.:'.ì:. r::..

ductility has been exhausted by strain hardening. He assured that the

effect of reversed plastic strains are additive as are uriidirectional

strains. However, the rate of hardening is very sensitive to the 
; ;:,.1:;:,..-

alrplitude of the reversed strains. To calcul-ate the behavior.lr at the tip j '

of the cracl-, Head used a model- con'posed of sets of three elements

representing: (1) plastic f1ow, (2) elastic restralnt, and (3) inter-

action between the sets of elements. I?om this model he derived the

e>qgression j 
'

Loe ¿. - Tng Io = C(N - No)
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ffi = uslz o--1 r(o-o) ...2;tg

where, a, is the half-crack length, N, the ru.mber of cycles, d, the

thiclcress of the plastic zorre, and F(c4) a fïnction of the alternating

stress. Head assuned that the plastic zone was independent of craek

length and thus decided that a varied ínversely v,rith N' b.ut as F?ost

and Dr;gdale (19) have shourn, the thiclcress of the plastj-c zone is

proportionaf to the crack length. Thus

...2.20

where K is stress dependent. F?ost apd Dugdale have obtained an

enpirical e4pression for K

^=od
...2.2L

v¡here A is a materiaf- constant dependent, in some materials on the mean

stress.

McEvily and I11g (ZO) approached the crack propagation problem in

a sirnil-ar way to Head (3, 4). They assuned that a craek fies dormarrt for

[N cyeles while the region at the tip of the crack strain hardens

sufficiently for the érack to grow througþ a small distance A a.

Their theory is then developed in fl;nctional form assua:ring that both the

rate of strain hardening and the distance A a througþ whrich the crack

gror^rs are dependent on the maxjmrm stress at the tip of tlne crack.

McEvily and I11g use an effective stress concentration factor KN which

is aLmost proportionat to the square root of the craek length, to cal--

culate the stress at the tip of the crack. F?om experÍmental- results on

Änua 
- T/^

dN



3T

two ah¡nimr.rn alloys tested at a load range þ = O, they for.r:rd the

fÌmctional relationship

?4
K*6 34 ...2.22

L"s ffi=o.oo5e\% -5.472.

where 6 is the maxim.m applied stress calcul-ated on the basis of the

remaining cross-sectional area. In a l-ater paper (21) tney showed that

the same relationship, except for a rnlnor adjustment, held when the alloys

were tested. under conpletely reversed Loadtr€ (þ = -1) and thus con-

cluded that the maj-n factor influencing fatigue crack growth was the

tension part of the eycle.

McEvily and I11g (20) corpared their theory with that of Head (3)

and fou'rd agreement for short cracks. A comparison has been made with

the theory of tr?ost and Dugdale (19). For moderate eraek lengths there

is agreement, but for very small- cracks eqr-ration 2.22 reduces to

L.s ffi 4 rouT/z ôôa
...ç.LJ

and McEvily and lllgts,theory predÍ:cts a smaller rate of growth.

fn service, the majority of structures are subjected to some

degree of multiaxial- or biaJdal- stress. However, the major enphasis in

the evaluation of fatigue resistance in the laboratory is on the urriaxial

loading methods.

Metal fatigue under mul-tiaxial strai-n is a conplex phenomena.

Losses in ductility and arrisotropV, ffi wel-l- as texture hardeniû;rg of

materials, contri-bute to the con'plexity of the problem, but the effect

of these factors on biaxial fatigue properties have not been properly

investigated. frrpirical characteristics defined for one material do not



i:,:¡:-:!ì,¡:r¡¿q:":!:.:-:,1;{.:4:{¡

necessarily apply for other material-s since: (1) some materials have

greater tensile strengths in the longitudinal- roll-irg di-rection, while

in others, it is in the transverse direction: (2) narry unflawed material-s

'hrith higher biaxial strengths than u-riaxial- strengths show a higþer

r.rriaxial than biaxial strength when flawedi and (3) for cerbain stress

ratios, the maximuî prÍncipal strain may be normal to the weakest axis

of the material but, when the stress ratio is al-tered, becomes normal to

the strongest axls of the material.

2. B. Sr.mr"nary

An outstanding feature of the existing literatire is itrs

divergency of approaches to the propagation of fatigue cracks. The

uJ-tj¡ate goal is a synthesis of the varioi;s approaches in order to

arrive at a mere conplete understanding of the crack growbh phenomenon.

The divergency of the papers is illustrated by the different

starting points adopted by the authors:

1) Engjneefing approach versus the theoreticaJ- approach.

2) ftæirical.data versus microstructvæaL studi-es

3) TechrLical- materiafs versus pure metal.

4) Macroscopic observations versus microscopic observations.

3B

-: 
::t1
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CTTAPTER 3

Development of Biaxial- Fatigue Crack Propagation Theory

3.1 Introduction

The m4jority of structures are subjected to some degree of

mul-tiaxial or biaxial- stress. However, the mqjor enphasis in the

evaluation of structures for fatigue resistance in the laboratory is on

uniaJdal loading methods. In marry applications, the indiscriminate use

of r.yLiaxial data will result in urconservative design and premature

structr.;ral- fail-ure .

Metal- fatigue under mul-tiaxial stress or strain is a conplex

phenomenon. Iosses in ductility and anisotropy as well as texttrre

hardèning of materials, contribute to the colrplexity of the problem, but

the effects of these factors on biaxi-al fatigue properties have not been

fully investigated. Erpirical characteristics defirred for one material

do not necessarily apply for other materials. In a few cases in the Pæt,

althor-gþ the material property peculiarities were Imov¡"n they were

neglected in design with catastropLric resul-ts to the structtire.

In this chapter a theory is proposed for the effects of the

degree of biaxiality of stress on the rate of fatigue crack propagation.

3.2 Tlniaxial Fatigue Crack Propagation Theorï¡

A form of semiempirical e4pressi-on wa"s developed by McEvily and :j::

Iflg (21) for a stress range of {" up to 50 ksi and mi-nimt¡m nominal-

stress of 1 ksi. I11g and McEvify (20) extended thj-s work to colrpletely

reversed loading. sheet specimens of 2o24JT3 and T075-T6 al-r'rnirnun alloys

were tested. ,' ,'
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The process of fatigue eraek propagation was considered to

nornnr"i"e two stages as in reference (3). Dr..rring the first stage, the

material in a critÍcal region at the tip of a eraek is cyclically work-

hardened W to the f?actrre strength of the material; durÍng the second

stage the crack is propagated an incremental amount into material which

has not been fì;1ly work-ha:-"dened. Then the first stage is repeated, and

so forth.

The first stage process of work-hardening at the tip of the

ro'r-iæ,ra crack is considered to invol-ve both the Orowan (22) coneept andId.u-l-óus

: the findlngs of \¡lood and Segatl (2Ð, i^Iilth the addition that the stress

concentration factor for the crack Kç is taken into account.

: u' Ih order to formul-ate an expression for the rate of fatigue

, crack propagation, 1et 2 be the nr.rnber of cycles elapsed in a

particular stage 1 r-rpon which attention has been focu,sed since the

preceding stage 2, artd tet dcfi4hre interpreted as the rate of increase of

stress per cycle at a criti-cal- site dliring this first stage. Denote the

,, total- nunber of cycles involved f?om the start to the finish of thris ";:";'.',' ,- -- '.:.- i:

,1,, stage by A w. Then the total nurnber of cycles to propagate a crack over 
.t¡,t.¡:

some large dístance will be the sun of the various values of A N

involved, if no cycles are invol-ved in the second stage. If it is

assuned that the rate of stress at the critical site is inversely
. I .,t -....:, i.. _:,).::.ì-j:,__: 

prrrportional- to the ni.¡rnber of cycles '4 since the l-ast increment of :;::':ì:'

crack growbh and that the rate for a propagating crack also depends qpon

KnS.uur and the endurance limit, the rate of increase of stress

can be expressed as

'',,.':.:::-.:.
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#- = { n{r<*s*r, t" ) . . .3.1

i¡Jhen this expression is i-ntegrated between the l-ocal yield strergtin fy )

,:,',.¡ and the l-ocal- f?acture strergth q , the following e>cpressions a^r€

obtained:

Log AN=Fl(KN\Ef,
G,tJJ; df

Iog á N = F1(K¡1S¡¡61, Su) x C1

Therefore

aN="cr-"t-(\ÊNrr'su)

The extent of incremerrtal eraek growth dtring the second stage also

Ax=nlrs I ...3.5- a'2\¡\ITET/

It is asswned that the time required for thi-s j¡cremental growth is 
:,.,:,r,,:1,.

small conpared. with the period of cycling. The average rate of fatigue :''r:::r.'':':r

, ,. ¡ 
,:-;' 

; ,;, 
:,,t: :

cradr- propagation may be ercpressed as : : ::

ra= Ax=ffi^"qÌ-L.-m'-ffi
ç

...J.O

depends r.pon the value of K*S,,.O and may be erçressed as;

or

.*,, T = Los ro Fe(IfosNEr) * 
ur-(\tr*' s.)

...3.7
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3.3 Octahedral- Shear Stress Theory

The octahedral- shear stress theory or distortion energr theory

i^ras originated by Htùer i-n 1940 (24). It can be expressed mathematically
'.'.:
::,:ì'" in many waYS. One form is

( T oct)y = ( Tocùo

where Toet is the shear stress acting on the octahedral plane, i.ê.,

that making eqr:al angles with the principal stress axis. The lefb side

represents the stress for yielding in any state, whrile the right side is

that for sÍnple tension.

The octahedral- shear stress given by Timosherko (25) is

...3.11

3.4 Biaxial Fati-gue Crack Propagation Theory

Tkris theory is a modification of the uniaxiat fati-gue crack

propagation theory developed by McEvily and I11g (2f) and octahedral-

shear stress theory.

<¡\

-,

f =* l(r--5-n)'+(fn- t)'+(fr-û)-Loct Jü r . -¿ 3' *J -r' ..'3'9

To eval-uate this expression for yielding in si-nple tension, Iet fi, = q

*d Ç= ú = 0, f?om which

(To"ùo=4 ry

sr-rbstituting in eqr.ration 3.8 we obtain, in accordance with the octahedral-

shear stress theory,

(€. - n)' + ({z - 4)' + ( fl - fi)z = 26Ê



+3

Irwints (e6) stress intensíty factor K refl-ects the effect of external

load and configr.rration on the jrrtensity of the whol-e stress fiel-d arourd

a crack tip. Moreover, for various configr.rations the crack ti-p stress

fiel-d always has the same form. Therefore, it I^Ias reasoned that the

intensity of the crack tip stress fields as r€presented by K should

controf the rate of crack growth. That is to say:

alK) ...3.r2

For biaxial stress fi-elds this representation is rather usefÏl, since the

effect of biaxiality of stress can now be incorporated jn the eval-uation

of the stress intensity factor K in such way that it coul-d be used for

uniaxial as well- as biaxial conditions.

The choice of octahedral shear stress theory is based on the fact

that marry authors, Shewchuk (27), M4jors, Mills and MacGregor (28), have

found it suitabl-e for biaxial fatigue lheories.

For a crack traversing a plate it was observed by Paris (29) 
'

À^\rd, _
dN

6 = 6-^I/2

Substituting equation 3.13 jrr 3.1-2 obtain:

. . . J. LJ

ffi = nt rJ/z)
/^^\Hardraln \JU,

is

K\Êmgr = f 2( a/ ì'/'

observed that K¡tS¡81

-L|...J.r'{

for the configr-ration considered here

[,.

where P is the radius of the erack tip.J¡

ô a-
. . . J. L/



similar to the stress i-ntensity factor, equation 3'13

( = fal/z ...J.fo

if ,4 is smal-l conpared to craek length, a. For alwrini¡n alloys r , ,, , -',

namely 2O24-T3 and 7075-T6 McEvily and I11g (20) observed that 4 is

less than O.OO5 inch. So that the condition f, <<< a is present for cYack

of readily observable lergth in crack propagation tests' ,,1.,.,

For biaxial- stress conditi-ons, the str€ss intensity factor K is 
" r':'

, ; 
t,' 

,t:,' ,t,,

proportionaf to To.t '" '"'

K - 1"t ^r/2

McEvily and lttg (2O, 2l) conducted uniaxia] fati-gue erack

, propagation tests on 2O24-T3 al-uninun alloy and derived a form of semi-
i

I "npirical 
equation 3.7

Log I -Log-'F2(K5s¡n"t)
lo

C] un/T.c c\
- z.- t1"\"NET' ue' a rR

An equation whrich fits the test data and incorporates equation 3'fB is

= Ar5ñnnr + A2 + A3
s-f

Log f
lo re -s,'N"NET "f

Substituting the stress intensity factor K from equation 3.17 for qrisnpf

ì in equation 3.19, a general forrn of biaxial fatigue eraekpropagation :.,',,r.',
'..'...

equation is obtained: t

T o""
Log T -At_+42+43::-T

to 
L ) Ã+K-ã"t "'3'20

where T oct = E 
S¡r and S, is the fatigue ljrnit of the particular

t''t 
t' 

tt 
t 
'

material.



CÌIAPIER 4

E4perimental Study

4.1 Introduction

45

Most of the investigations in fatigue craek propagation have

util-ized r;niaxial- stress or strain cycling. There is l-ittle data available

for biaxial stress conditions. A theory for predicting biaxial fatigue

craek propagation has been presented in Chapter J. To check the validity

of the proposed theory a testing program for biaxial stress cycling with

various biaxial-ity of stress was carried out. All the tests i^Iere con-

ducted with the maJ'or principal stress constant.

4.2 Material and Sþecjmens

The material used was 2024-T351 alurnim.an a11oy roll-ed plate with

a nominal thicl¡ress of O.25O incin. The chernlcal composition and mechanical

properties as sqpplied. by the manufacturer are given in Table 4.f an¿ 4.e

respectively. The specimens were surface polished ny 4OO grit and 600

grit Silicon Carbide paPer.

As shown in Figure 4.1, three series of specímens l^Iere made, each

having different surface principal stress ratio. The direction of

rolliing was along the major axis for all specimens. Thre strain and stress

ratios are given in Table 4.3. All specimens l^iere cut out by a band saw.

A total_ of 24 specimens was made for calibratíon and testing.
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Table 4-l-

Chemical Conposition of 2024-T351- Alutrim.rn Alloy

Zn - O.I/'

W - r.5f,

Cu - 4.2/'

Cr - O.LT,

Itln - O.6f'

- 
; - l' 

^'L'AOLe +-¿

Mechanical- Properties of 2024-T351 Al-tllnirtwn Al-loy

Ultjmate tensil-e strength - /11000 psi

Tensile yield strength - 4B,OO0 psi

Elongation at .-ptr,re - LBf" for 2 inch gange length.

younqrs modu-l-us - 10 x 106 psi
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Tabl-e 4-3

Description of Specjmens

Series xStress Ratio TFpe of Specjmen

1;1 Round pfate

1:0.86 Doubl-e semi-circular plate

I:O.75 Dot;ble senrlcircular pl-ate

x Ratio of maximr..rn to minimr.un surface principal

qfæocqaq
v vr vupve t

Maxjml,mr principal stress ú for al_l specimens

is constant , ú-, = 41,OOO psi

A

B

(1



4.3 Test Equipment

A machine designed on a similar principle as that of Shewchuk

(27), was built and is shomr in Figure 4.2. Figtrre 4.3 i" a schematic

diagram of the mach-1ne.

The specimens in the plate bending machine were hydraulically

pressurized on al-ternate sides throi.igþ a reversing foi.rr-way solenoid

control-led va]ve.

The direction of fl-ow in the solenoid valve was governed by

pressure switches one for each side of the plate. The electÈical control

circuit diagram is shown in Figr.rre 4.4. As the pressure is increased on

one side of the plate, the pressure switch wou1d denergize one relay at

a set press;ure and at the same time energize tlne second relay, thereby

changing the flow of current f?om one sol-enoid to the other one and thus

reversing the fl-uid flow. A sirrril-ar f1.¡nction was performed by the second

pr€ssure switch. The stress in the plate specimens coul-d be changed by

aQjusting the pressure switch setting for different pressure. A detailed

description of the equipment is given below.

1. Pl-ate Testing Machrine

Three main conponents make up the plate testing machine. These

are the pressure chamber, the specimen holder and the pr€ssure control

ai ænr ri t

1.1 Pressure Chanber

The pressure chanùer is a sern-i-enclosure of two spaced,

para1lel steel- plates with two open ends. This conStruction is u:rique in

that the specÍmen hol-der couJ-d be slid into the chamber thrrough the open

end as shown in Figure 4.5. Ttre speclmen can then be secured in nlnce

49



50

hÞ. LL

Figure 4.2 Test Equipment
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by sinply tigþtening the eigþt retaining bol-ts. Pressure and vent ports

are located in each of the two plates at the centre and high point of the

posi-tioned specimen holder opening to permit effi-cient venting of the

chamber.

I.2 Specjmen Holder

Another unique feature of the plate bending machi-ne is the

construction of the specimen hol-der. As shor¡¡n jn Figure 4.6, tfre holder

is a pair of jnside semicircul-ar blocks with a cross-sectional retaining

groove for the specimen, specimen sr-pport rings and pressure seafs. By

bolting the two bl-ocks together, a rourd plate specimen can be enclosed.

However, by using matched pairs of grooved spacing blocks, the holder

can be modified to simply sr-pport the dotilcle semicircul-ar plates. I1

accordance with the specimen dimensions as shown in Figure 4.1, two sets

of spacing blocks, 1.1-B arñ 2.36 inches long were made.

Sealing of the specimens was accompl-ished as shown in Figure 4./

Quad-rings 'brere used in sealing the specimen hol-der in the pressure

chanrber and the specimen was seafed in the transverse groove also by

quad-rings. Some leakage wa,s observed arorlrd the specimen but no effort

was made to eliminate it, as this had no adverse effect on the experiment.

The specimens were sin4rly supported on butt welded rings of

3/16" diameter steel- rod ryound on one side to reduce the thiclmess of

the rings to O.UO t O.01tt. This way sufficient clearance was al-l-owed

between rings to allow for rotation of the specimeni:at the support.

1.3 Pressure Monitor

Figure 4.4 iffustrates the operation of the pressure control-

circuit. One 'oressure swj-tch is cormected to each gide of the pressure
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cha¡nber. The pressure sw'itch has a two position nricroswitch which is

normally closed by the pressure of a sprÍng. This spring pressure can be

varied f?om 50 psi to 2,000 psi-. The oil- pressure in the respective

pressure charnbers acts against the spri-ng pressure. Mren the oil- pressure

exceeds the spring pr€ssure the rrricroswitch is thrown open. The rnicro-

switch is accurate within t ! psi. of the set pressure.

The acti-on of a mieroswj-tch is used to energize and de-energize

the relays wh-ich control the el-ectric current to the solenoid coils.

When pressure in the pressure chamber I reaches the set pressure the

microswitch I is thrown open, thereby de-energizing relay I and at the

same eñergizing reLay 2. Now the el-ectric supply is changed f?om

sol-enoid I to soôenoid 2 of the 4-way valve. Th-1s leads to changing the

flow of higþ pressure oil- to pressure chamber 2 and pressure chamber 1.

is corurected to drain. The circuit is so designed that if the specimen

breaks or there is excessive leakage in the system which l-eads to no

pr€ssure cycling, the machrine automatically stops.

2. Hydraulic Pressure Supply.

Hydraulic pressure is sræplied by a 3000 psi 3 gm constant

displacement pr.mp dri-ven by a 5 H.P. motor. As showe in Figi.rre 4.3, the

ffow cj-reuit contains pressure relief, throttle, bSrpass and fl-ow control-

va.lves and an acctrnulator, oil cooler and oil- reservoir. By adjusting

the relief valve, discharge pressures up to 21000 psi could be obtained.

Pressures were monj-tored at each pressure chamber in the plate bending

machlne by hydrauli-c pressure gauges. The solenoid valv,e is electrically

wired to all-ow for either automatic or manual control-. An el-ectric reset

digital cor¡rter was connected in parallel to one relay. Standard SAE 30

oi1 was used as the hydraulic fluid.
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4.4 Calibration and Measurements

,.r Pressure-Strain measurements for each type of plate specimens

were Berforrned. TIee general- distríbution of strain i-n the plate specimens

is of academic interest a$irougþ not required for the fatigue erack

propagation test progran. Measurements r^rere made at locations shovm in

Figtrre 4.8 using CIz-l'zI-A Budd strain gauges. Figure 4.9 showsL,the

equipment r.rsed and the specimen. Readings 1 and 2 were used only for the

setting of proper pr€ssures for the tests. Figure 4.10 shows the stress

profile at the longitudinal section of each series of plate specimens at

test pressures used for them. Note that the m4jor principal stress at

the centre of the specimens is the same for all specimens.

: .: ..:. -'t -._

:.1 ì:.: :.;.ì 3:.:

i 4.5 Testing Procedure and Observations

The testing program is outhned in Table 4-4. The chosen range

of cycles to failure r¡ras tO4 to 105 cycles and the approxjmate stress

required for the above cycles was determ-ined by testing Series A specÍmens

for this purpose only without taking arty crack propagation readings.

Now the maxjmr¡n prjncipal stress was determined which was kept constant ..,:,,i.:,1'|.1 '
: ."','t 

t t

for al-l the sPecimens. ''" )
':.:.:.;
::'.: ':"

1. Procedr.re for Plate Testing

Thre pressure switches were affusted for correct maximum

prlncipal stress by taking readings f?om the strain gauge 1. A D.C. 
:ri

:. ... :..: .
:

strain read.ings. This way any dynamic effects and time delay of the

circuit were eljmi¡ated. The counter was set at zero. The specimen was

mor¡rted in the hol-der with the sr4porting rings and pressure seals in
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Figure 4.9 A trnsinuments fon Cclibrelion

FiEure 4.98 Specimerr with Stroin Goges
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Tabl-e 4-4

Testing Program

Series Minimtm Principal Maxjmtm Pri-ncipaÌ
Stress Barige Stress Range

A

B

n

82,ooo psi

70,52O psi
a1ot_r)uu ps1

Bz,o0o psi

82,ooo psi

B2,ooo psi
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place. The holder was next slid into a central- position in the pressure

chanber and the eight retaining bolts were tightened.

The vent, throttle and bypass val-ves were opened and the solenoid

energizing ci-rcult was set for automatic operation. The pr"mp was started

and the bypass valve was partially closed causing oil to fl-ow into the

pressure chamber depending upon the position of the 4-way val_ve. After

sufficient time was allowed for venting, the appropriate vent valve was

closed and pressure started increasing until the set pressure was

reached. This caused the opposing vafve to be energized, thus reversing

the pressure to the other side of the specimen. After the chamber r^ias

vented, the vent valve was closed and cycling now continued automatically.

The bypass val-ve was cl-osed and the fatigue test was in progress. The

f?equency of cycling was between 75 to l-00 cycles per,rninute.

2. Observatiora During Plate Testing

All the specimens used had a stress raiser in the centre in the

form of a notch 0.1-2 inch long and 0.06 inch deep. The notch was formed

to force the crack to start from the centre of the specimen in the

desired di-rection. Every !O0 cycles the specÍmen holder was withdrawn

f?om the pressure charnber. The crack length was measured using a mícro-

scope with X20 magnification. The crack length was measured on the side

on which the irotch was formed.

Fail-ure was indicated by a stop in automatic cycling resulting

f?om a pressure drop due to flow of oil- througþ the specimen.
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CTIAPTER 5

Resul-ts and Discussion

5.t Test Results

A total of 18 specimens was tested. Six for each series. The

craek length at a different nwnber of cycles for all specimens iS given

in Table 5-1, and showir graphically in Figure 5.1-. trr Figure 5.2 thre

same graph is drawn for crack length up to one inch only, as the

biaxiality ratio will be nearly constant in this region. These curves

are the average of six specimens tested for each series. Typical- f?actr.re

patterns are shown in Figures 5.3.

\-2 Analvs'ìs of Test Resul-tsJ.ç ¿sre¿¡y

1. Introduction

The test resul-ts are compared with the theory stated i:r equation

3.2O to examine its validity and to detenni-ne the material constants.

2. Determination of Constants

Thre experjmental- results are ggain plotted in Figure 5.4. Here

the rate of crack propagation is plotted against K, the stress intensi-ty

factor. Values of the rate of craek propagation at different crack

lengths are obtained f?om Figure 5.1..

The experjmental pojrrts are nearly in a straigþt 1ine. The

equation of the enpirical curve f?om equation 3.2O is

æ
tog Y = 5.6x to-51ç - 4.27 * R.' o"l

to 'Lr "'z o[:V"{' " oct
Ãt

Here the constants in the third term are not determined as no erqperiments

were performed to determine the endurance l-imit, ffid in any event the
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Table 5-l-A
L

Crack Lerigth, 1, at Different Nr.mber of Cycles for SpecÍments of Series A

Ño. of Clcles
N

(\r.ao.k T,alc"f.l^
---:--ll'^.-/f

.4, 
Ui:nones o

5r0@

5,5OO

Á nnnv tvvv

É. ça¡9 t)vv
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Tabte 5_18

Crack fength, f, at Different Nunber of Cycles for Specimens of Series B
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Table 5-1C (Continued)

Crack Length, .¿, inches
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third term has negligible effect on the rate of crack propagation at the

scress l-evels used for the experiments.

.. 5.3 Discussion

In the proposed enpiricaÌ biaxial fatigue crack propagation

equation, 3.2O, it can be observed that I'rrr the rate of crack propagation

depends rpon K and T'o"t Tkre third tern (43 î*&/AUK-Çâ) should
:

tend to minus infinity as the octahedral- stress approaches the endurance

limit.

To obtain some idea of the two constants, At and 44, the empirical

I 
"urve 

is extrapolated in Figr,rre 5.5. F?om survey of avail-able literature

I the uniaJcial- endurance Limit for 2O/1-T3 al-rnintrn al]oy in axiat l-oad

i tests is 2OTOOO psi (Reference (zA¡¡. Assrmirg a load factor of O.B for

i bending tests, the endurance limit in wriaxial bending is 25r00O psi.

r Therefore

7't = fZu oct Ë- S* = 11.B ksi. 5.2JI

For the third term to tend to infinity the denominator shoul-d be zero at

' the endurance limit.

A4K- ?å"t=o

A¡, = I2.)
T

trn

For the rate of crack propagation to tend to zero tine constant A3 should

have a negative val-ue. A3 - -0.168 gives the best fit for the extrapolated

â1 ]F\7ê
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The stress intensj-ty factor K is

K- T!"7ar/z Ãtr

The use of this faetor to predict the rate of crack propagation is very

usefll- as all- data can be converted and plotted on the sane graph.

æ,t- oct

For urriaxial test

a¿?u oet

For biaxial test

If we maintain

obtained for

ft constant and vary

{2 ...5.8

{2 ,the lowest vafue of To", is
-t

=Et nt

d3=o

*{l
Laa|' ?vvv J

{2 = o'5 dr 60

For the ercperiments performed írwas kept constant, and f 2

was changed, the values of o-1 and éí, used for different series of

specimens is gi-ven in Table 4r4.

The Figr,re 5.f clearly indicates that the minor stress f 2has

an effect on the rate of crack propagation. For all- the three series the

m4jor stress €L = 4trOOO psi was kept constant and only f 2 was

cha¡ged. It can be concl-uded that the octahedral- shear stress is a

better indicator of the stress arrpl-itude than maximum stress for biaxial

fatigue crack proPagation.
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C}TAPTER 6

Srinnnarv and Conclusion

6.I Sr*mrary

Thre effect of biaxiality of stress on the rate of fatigue crack

propagation has been studied in this thesis'

Higþ cycle biaxiaf fatigue erack propagation characteristics of

ZO24JT35I altmrin¡n alloy plate were investigated. A machine was designed

and constructed for reversed bulging of rotmd and elliptical plates with

different ratios of surface principal stresses. The stress rati-os

investigated were l.O, 0.86 and O.75. For al-l the stress ratios invest-

igated specimens were used with transverse orientatíon of maxjmr.rn principal

stress axis with respect to the rolling direction of the material'

A theory is presented to predict the rate of fatigue crack

propagationforbiaxialityratiosbetween0.5andl.0.

6.2 Concl-i;sion

Sr-pported by the test data obtained from the experiments described :.:

in this thesis and by data obtained in a literature survey as acl¡eowledged l,:,

by reference the fol-l-owing conclusions are made:

]-.Ttreequipmentdesignedandconstructedforthee4perimental

portion of this thesis is quite sati-sfactory for investigation of higþ 
,r,

cycle fatigue in bending with varying degree of biaxiality stress' Thre

ïlaxjmLrn speed of the machine is IB,OOO cycles per hour, this ljmits the

use of the machine for very high cycle fatigue erçeriments f?om time

considerations.
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2. The biaxiallty of stress does have an effect on the Èate

of fatigue crack propogati-on. For biaxiatity ratj-os between 0'5 and 1'0'

it is observed that the rate of erack propogation inereases as the

biaxiality ratio i-ncreases.

6.3 Suggestion for Further Study

For fl.;rther understanding of the effects of biaxiality on the : : i

:,:',:: ,: ,i.,.'-.'

rate of fatigue cracks propogation tests should. be done for biaxiality 
:::: r;':'::)::ri

i ìì:1,:r-;::ìj:.ì:¡:

ratios below O.5. ""r":';:':

' '..,Ì _. :.: i.t -- 
_- :
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