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ABSTRACT 

In this thesis, "the use of crack growth rate data 

and analytical retardation models in predicting crack 

growth under variable amplitude loading is reviewed. The 

effective stress model developed by ~illenborg, et al. 

is described in detail, including the mathematic,al formu

latilPn.CompaBison of test data and predictions for various 

loading p~ograms are shown in ~igures. 

All tests are carried out in an MTS fatigue testing 

machine with a maximum capacity of 10 tons.During each 

test, ~ycling is interrupted periodically to measure 

crack iength" (with a Gaertner Travelling Microscope, X10). 

and to note the associated number of applied cy~les. 

Compact tension specimen made of'2024-T4 aluminum 

alloy, are used throughout the tests. All tests are per

formed under ambient laboratory conditions.Eleven speci

men are used to obtaine the experimental data. 

The results of the experimental program-~re used 

to review existing crack growth prediction models.In 

the logarithmic scale, crack growth rate vs. "stress 

intensity factor range are plotted. 



. - OZET ' 

Buqa:l~~madc;, qatlak ilerleme h~z~ verileri ve ana-

·litik gecikme modellerinin, degi~ken genlikliyuklemmler 

alt~nda qatlak ilerleme tahminindeki kullan~lmas~ gozden 

geqirilmi~tir.Willenborg ve·arkada~lar~ taraf~ndan geli~

tirilen etkin gecikme modeli, matematik formUlasyonuda 

.. dahil olmak uzere ayr;Lnt~l~ olarakaq~klanm~~t~r. Qe~i tli . 

yiikleme programlar~na att deney ve analitik verilerin 

kar~~la~t~r~lmas~~ekillerde gosterilmi~tir. 

Deneyler 10 tonkapasiteli, kapal:L devre yorulma 

cihaz~nda (MTS) gerqekle~tirilmi~ olup, deney esnas~t:lda 

peryodik olarak yuklemeye ·ara verilip, 0 andaki qatlak 

uzunlu~u ve buna kar~~ gelen qevrim say~s~ kaydedilmi~tir. 
. . 

Deneylerde 2024-T4 aluminyum ala~~m~ndan haz~rlanm~~, qen-

tikli "ufak qekme numunesi" kullan~lm~~t~r.ll numune uze;

rinde qatlakilerleme qal~~malar~ yap~lm~~, qatlak uzun

lu~u ve qevrim say~s~ ili~kilerisaptanm~~t~r. 

Deneysonuqlar~ degerlendirilmi~ ve logaritmik 
. . ). 

skalada qatlak ilerleme h~z~, gerilme ~iddet qarpan~ 

aral~g;L ili9kilerigosterilmi9tir. 
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CHAPTER I 

INTRQDUCTION 

One of the most remarkable successes in recent.fatigue 

studies has been the application of the Linear Elastic 

Fracture Mechanics (LEFM) methods to fatigue crack propaga

tion problems.Good correlation between crack propagation rate 
i 

and range of stress intensity factor has generally been estab; 

lished for,various materials anq. is widely used in many fieldi 

of engineering applications.However, it is known that this .. 
correlation sometimes conflicts in some details with experi-

mentally observed phonemena of fatigue crack propagation. 

Some examples of disagreement may be found in the nonpropa

gating fatigue crack problem and also in acceleration and 

retardation of fatigue crack propagation rate under variable 

amplitude loads. 

According to ·the recent advances in Linear Elastic 

Fracture Mechanics, it is known that the stress intensity 

factor of a crack generated at a notch or a stress raiser 

always increases, or at least does not decrease with increa-

sing crack lengtrr. 
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If' a unique monotonous relation is assumed between crack 

propagation rate and range of stress intensity factor, the 

crack should always propagate at an increasing speed until 

f~al fracture. 

An extensive review of the research done on the fati

gue crack propagation under constant amplitude loading is 

given in Chapter II.Also theoretical explanation of the 

problem has been made through the. linear elastic fracture 

mechanics and it is presented in Chapter II. 

Most of the research on fatigue crack propagation 

under variable· amplitude load behaviour :has been theoreti

cal, because experimental methods for observing crack pro

pagation and studying their. individual properties, have 

been recently developed, and it is still difficult to uti

lize these techniques. These t~chniques are presented in 

Chapter III. 

Experimental work including test results and discus

sion of r.esul tis' given in Chapter IV. 

Chapter V presents the conclusions of test results. 

The data obtained from the experiments and standard 

KIC test procedure are placed in Appendices. 
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CHAPTER II. 

FATIGUE CRACK PROPAGATION 

2.l.Fatigue Crack Growth and the stress Intensity Factor 

In the elastic case, the stress intensity factor is a 

sufficient parameter to describe the whole stress field at .. 

the tip of a crack. \~hen the' size of the plastic zone at the 

crack tip is small compared to the crack length, the stress 

intensity factor may still give a good indication of the 

stress environment, of . toe! crack .. iiJip. If two different cracks 

have the same environment, i.e. the same stress intensity 

factor, they bebave in the same manner and show equal rates 

of growth. This implies Il] 

Similar Conditions applied to the Same System will cause 

Similar Consequences 

i 

(
Same K values ) 

.. Same environment + 
I 

(Same, mat,erials 't .• Same Crack Ra~ 
\in crack tip area) I 
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The crack growth rate, usually denoted as da/dN 

(= slope of crack growth curve), should be. considered to be 

the crack extension Aa of' a crack length a occurring in one 

cycle 

~=Aa 
dN 

It will be clear that ~a will depend on; 

-the cyclic stress on the crack tip area 

-the (cyclic) elasto-plastic response of the material 

in the same area 

-the environment 

-some fracture criterion 

From the.definition- of stress intensity factor K=C8 " 

a cyclic variation of stress (8) will cause similarly a cye 

lic variation of K.The stress intensity in th~ crack tip 

area will, be characterized by Kmax and Kmin. (Figure 2.1) 

The similarity approach predicts 

where AK K _. 
max-

l-R 

K. . .RAK 
m~n=-

l-R 

~=f(AK, R) 
d.N 

or 



5 

-.5 -

. OJ\. smAil 
~~c,e 

6k 

C'" {iT; .• 1/ '! J/YI"Y 
-- "'Mln 

Figure 2.1: Variable st,ress andstrees intensity 
factor 

A formulae proposed by Paris is 

Fig~e 2.2 gives an illustration of the applicability of 

K to the comparison between crack growth results from spe

cimenswith end loading and specimens with crack edge 

loading [l].For crack edge loading the K-factor is decrea

sing for increasing crack length. 



l( K 

~ ... k CP." 
\ =~ 

a 
C (01 d. ~",ouJ~h cIJ .... "lS 

~ 
I 

hi 
k 01 .. 

j -JiJ .IN , 
~ A 

"- -...., 
J~ -.IN 

'\ 

Figure 2.2: Resul ts in one sC,atter band [11 

Various a versus N curves can be generated by varying· 

the magnitude of the cyclic-load fluctuation and/or the size 
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of the initial crack. These curves reduce to a single curve 

when the data are presented in terms of crack g~owth rate 

per cycle of loading, da/dN, and the fluctuation of the 

stress intensity factor, AK, because AK is a single-term 

parameter that incorpor'ates the effect of changing. crack' 

length and cyclic .load magnitude. 

The most commonly used presentation of fatigue crack 

growth data is a log-log plot of ,the rate of fatigue crack 

growth per cycle of load fluctuation and the fluctuation of' 

the stress intensity factor.The fatigue crack propagation 

behaviour for metals can be divided into. three regions.(Fi-

gure 2.3) 

. I 

I 

o I::'.".,;rt 
I ,..~-Ie_"" 

~-;., ::-
5mlt)l 

t:.~4h 
'ST~E'StINTWSJT'I FACTtJ2 RA/oJG€, ~" lJk 

Figure 2.3:Schematic representation of 
fatigue crack grO\oJth 
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The behaviour in Region I 'exhibits a "fatigue 

threshold" eyclic stress intensity factor fltictuation, 

aKth , below which cracks do not propagate under stress 

fluctuations. 

~.::: f(aK,R) 
dN 

(sensitivity of R) 

An analysis of experimental results, published in 

the literature on non-propagating fatigue cracks in various 

metals, has been conducted by Harrison [2]. 

Region II represents the fatigue crack propagation 

behaviour above AKth which can be represented by 

~=CAKm 
dN 

(Paris and Erdogan) 

m has a value 2 to lO.High values of m are abtained. only in 

materials of low toughness, and in ,high toughne~s materials 

m has a value close to 2.[3] (Figure 2.4) 

10~--------------------~ 

8 

E 6 

o 
I v ,I -3/z. F ('''' c.·HJ(~ +.aujh t\~U 1 "rc. ') It'd. W'lWI 

~ 

Figure 2.4:"m ll versus fracture toughness curve 
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In Region,III, the fatigue crack growth per cycle is 

higher than predicted for Region II.Region III is not so 

important, in that it has a/relatively small effect on the 

total crack propagation life.We are interested, from a 

fail-s~fe viewpoint, in improving crack propagation resis- . 

tance over 2~2.5 decades from about O.l!m/cycle upwards. 

2.2.Related Studies 

After the end of the Second ~~orld War, the problem 

of brittle fracture has been studied extensively.Because 

these low-stress (compar,ed to the yield stress of the mate 

'rial) fractures always originate at flaws or cracks of va~~ 

rious types, the fracture mechanics approach has proved 

useful in problems of materials development, design and 

failure analysis.This approach, to the residual static 

strength in the presence of a crack, makes use 0:( the con- i 

cept' of the stress intensity factor KI and was explained il 

previous section. Generally KI desc~ibes the stress field ~ 
. I 

a crack tip and values. of KI . are known for a wide range o~: 

cracked configurations ,[7,8] when KI reaches a critical 

value KC the crack extends, usually catastrophically.In 

view of its success in dealing with static fracture prob~ 

lems, it is logical to use a similar general approach to 

analyse fatigue crack growth data. The availability o~, a 

master curve for a ·particular material relating fatigue 
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crack growth rate and range of stress intensity factor can 

enable a designer to predict growth rates for any cracked 

body configuration and he would not be limited to situati

ons similar to those perteining to the cracked specimen· 

geometry used to generate the original data. 

During the last twenty-five years, numerous "laws" of 

fatigue crack growth have been published [9]. All of them 

are equally valid in the sense that they accurately repre

sent a set of fatigue. crack grow~h data, not withstanding 

these data were restricted to a limit~d range of specimen 

and crack length geometries and stress levels.For example, 

Frost and coworkers [10] obtained fatigue crack growth 

data for a wide variety of metallic materials using 10 in. 

wide panels about 0.1 in. thick, subjected to ·tensile stress 

cycle, cracks being grown from both ends of a small trans

verse central slit.They expressed the rgte of growth of 

cracks by the equation theoretically, 

~=Acr3a· 
dN 

where a;:: average half crack length ,measured 

from the center of the sheet 

A:: material constant 
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Paris and Erdog;an [llJ argued that the growth rate 

should be a function of the stress intensity factor K and 
.... 

that this factor is defined by the elastic stress field 

around the crack tip. They found that a large body of data 

could be fitted by an expression of the form; 

~= c (AK)i!1 
dN .. 

where C::: material constant 
. 

m = an exponent(has the values between 

, 2 and 4) 
AK = the stress intensity factor range 

And this formula accounts neither for mean stress effects, 

nor for Kth ' nor for KC :In 1967, Forman and coworkers [12] 

published an improved Paris equation, 

~=c 
dN 

where 

(l-R) KC - AK 

R:stress ratio '(8 /8 K 'K ) min max or .min? max, 

KC=critical stress intensity factor 

C,n = material constants 

in which at least mean stress effects and KC were incorpo

rated.This formula has been proved by many laboratories to 
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give a reasonable approximation to crack propagation test 

results for many different materials.Some examples are pre

sented in reference [13]. 

Forman equation does not containAKth "fatigue-thres- ' 

hold" cyclic stress intensity factor below which cracks do 

not propagate under cyclic stress fluctuations and therefo- ' 

re implies fatigue crack propagation even at infinitely:: 

small _ AK.Klesnil and Lukas [14J modified the original Pa

ris equation in the following way; 

While Hartman and Schijve [15] suggested a slightly diffe-
-

rent version; 

~=C(AK-AK· )n 
d.N th 

In [16J the IABG incorporated both proposals into the For

man equation and found the Klesnil and Lukas solution, 

~.= 
dN 

n n C (AK - AKth ) 

(l-R) KC - AK 

to be a better fit to the ~experimental data available. Howe

ver, the numerical values for 6Kth must be determined 
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experimentally. 

Other formulae for calculation crack propagation 

under constant amplitude loading have been published. See 

refere~ces [17 - 24] 

Crack growth retardation models are explained in 

Chapter III. 

. . 
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CHAPTER III 

FATIGUE CRACK PROPAGATION UNDER 

VARIABLE AMPLITUDE LOADING 

3.1.Different Types of Variable Amplitude Loading 

In the previous chapter, we have seen that K-concept 

was quite successful in correlating crack growth data obtai

ned under constant amplitude loading. The K-concept can be 

again useful for variable amplitude loading, if this type 

of loading has a stationary characte~. 

As mentioned in the above~explanation variable ampli-

tude loading should be defined in two categ'ories: 

1.Stationary VA-loading 

2.Non-stationary VA-loading 

Simple examples of both categories are shown in FigU

re 3.1.A survey of several types of loading applied in test 

series, reported in the literature, are given in Fig.3.2 

and 3.3.The more simple ones are presented in Figure 3.2. 

The number of variables is small and the variables can 

easily .be defined.For the more complex load-time histories 
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shown in Fig.3.3, a statistical description of the loads 

has to be given. 

STAT'O~A~ 

- ,. .. ,. ....... 

p 

ttat:h (>UI' oJ 
is fltAC.(.(!J . 

~h~ S"h~t 

1/ 

Figure3.1:Stationary and non-stationary VA-Loading 

I~ 
'I~ 
I 

~IWO- STEP icsr 
WITH "f-LO SequfNCI: . 

.. /,4}TE£\IAL TE'ST 

• SIAJGL€ OVERLOAD 

.. PE~I()DIC IU'H L.OADS 

Figure 3.2:Several simple types of VA-Loading 
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This may be the distribution function of the load. amplitu

des.The function may be a stepped one, as for instance for 

the program loadingF and the randomized block loading G in 

Figure 3.3. 

. 
I. 

\ 
I ..... 

~ of 'PERioD 

J= 'P£OG1MM LOA DIAlG-

c;: ~AIJ'DoMltED 'BLOCK 
LOAolNG 

It: AJI1R~oW-SA,uo 
~AfJDofA LoAPI~G 

/(: '82oA:O - SAPO 

~A,l.10oM L.~"DI.u6-

M: 'F'LlGl-\l-SlMULAIIOAI 

I..OA'DIAlG-

Figure 3.3:Several types of complex fatigue 
load histories 

, , 
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3.2.Delay in Fatigue Crack Growth 

The importance of delay ( or retardatimn in the rate 

of fatigue crack growth) produced by load interactions in 

variable amplitude, on the accurate prediction of fatigue 

lives and/or inspection intervals for engineering structu

res 'has been well recognized for sometime.Therefore, only 

a few simple loading combinations or spectra have been exa

mined systematically.In a recent exploratory study, Jonas 

and Wei [2~J showed that the phenomenon of delay is very 

complex and can depend on a broad range of variables.This 

and other investigations have shown that the effects of 

delay can be quite large, and need to be taken into consi

deration in the development of improved analysis procedures 

for fatigue of engineering structures [26 - 30] • 

Several models have been proposed recently to account 

for the effects of delay. These model~, while .8uccesful in 

predicting trends in fatigue crack growth under randomized 

load spectra, break down for ordered spectra. The lack of 

quantitative success may be attributed to: 

l.a lack of physical and phenomenological understan

ding of the effects of load interactions on fatigue crack 

growth [25, 28~30J, and of the simpler problem of fatigue 

gr0wth inself~ .and 

2.inadequacies in·stress analysis to account for the 

types of loading, crack geometry and residual stresses[7,8 1 
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Delay properly refers to the period of abnormally 

low rate, or zero rate, of fatigue crack growth betwe.en a 

decrease in load level and the establishment of a rate of 

growth commensurate with that for constant amplitude loa

ding at a prevailing (lower) load.It is usually measured 

in terms of the nUmber of elapsed load cycles. For experi

mental accuracy and potential engineering utility.., however 

it is more convenient to define delay ND artificially·as a 

period of zerojcrack growth as illustrated in Figure 3.4, 

by extrapolation of the constant amplitude growth curve to 

zero-growth line. 

IV-':Jcks 

Figure 3.4: Schematic illustration of delay in fatigue 

crack growth and definition OfNn [25J 
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Figure 3.4 also shows the method of defining the extend of 

the overload affected plastic zone, r ,and the number 
YOL . . 

of delay cycles,ND.Figure 3.5 shows typical da/dN versus 

a results.Thms,phenomenon has been termed IICrack Retardation" 

If a tensile overload is sufficiently large, crack arrest 

can occun •. 

-~ /0 

\ 

Figure 3.5: Typical da/aN versus Ita" results 
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3.3.Retardation Models 

3.3.l.The Wheeler Model 

The Wheeler model [26]is a relative damage accumula

tion hypothesis. Tests under a realistic load sequence are 

used to determine a factor "m" which is used to fit the 

prediction to the actual crack propagation life. 

to 

wheeler summed crack growth cycle-by-cycle according 

where ao = initial crack length 

(da/dN)i:'growthdue to cycle i 

ar.=crack length after r cycles 

To account for the effects of retardation, \rJheeler 

proposed that retarded growth rate could be represented by 

(~ == C f(AK) 
. dNJret p 

. m 
where f (AK) is the usual crack growth function (;= C AK ) 

and Cp is "retardation factor" as shown below (Fig.3.6) 
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r pi: current plastic zone generated i-th cyole 

ai = current c~ack size 

rpo~ size of.the plast~c zone generated by a 

previous overload 

m ::: retardation exponent 
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F1g.;.':Yield zone due to overload(rpo ) ,crackslze ~t overload (a~ 

current yield zone(rpi ) and. current cracksize(a1 ) 

Cp can take on values from 0 to 1, indicating crack arrest 

or no retardation at the extremes. vJheeler was able to make 

good predictions of crack growth by properly choosing m 

(retardation exponent) values to fit experimental data. 

Another retardation model is the vJillenborg Model. 

The ',villenborg model makes use of an effective stress in

tensity factor.It is described in section 3.3 in detail. 

Development of fatigue crack growth models to ac-. 

count not only for the effects of retardation but also 

the effects of compressive loading and low-to-high load 

sequences is now underway at a number of aircraft compa -

nies, government research labs and universities. 
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3.3.2.The Nelson and Fuchs Model 

Nelson and Fuchs, in addition to their check on the 
I 

Forman model mentioned in section 2.2, developed.their own 

model [321.The model uses an effectiveAK (AKeff ). 

To account for the following possible load 'sequence 

effects: 

I.Crack retardation 

2.The decrease of retardation by suffieiently large 

. compressive overloads 

3.The acceleration of crack growth rate by cross 

yielding in compression (but not in tension) 

3.4.0ther Prediction of Crack Growth Under VA-Loading 

3.4.I.The RMS Model 

The basic idea of this method is' to find a constant, 

stress amplitude AKe which is equivalent' (with regard qu 
to crack propagation) to the variable realistic stress . 

amplitudes.The root mean square (r.'m.s.) of the realistic 

sequence was thought to be that equivalent.It is clear 

that no interaction effect can be accounted for in this 

way.For example, rare high stress peaks will not influence 

the r.m.so-value appreciable, .but they do inftuence crack 

growth. 
/ 

Barsom J33]has found that the average crack growth 

rate for the random loadings, could be correlated well with 

with the relation; 
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~= C (AK )n rms dN 

where A K = the root mean square stress intensity rms 
range for a load sequence 

Swanson et al.· [34J have also obtained good correlations 

with similar spectrum characterizations for random loadings. 

In these studies of random:....loading crack growth, stress 

spectra were all represented by a continuous, unimodal 

distribution, in particular, by a Rayleigh Distribution 

Function.The 'use of an r.m.s. type of characterization to 

predict fatigue crack growth should be restricted to load 

histories which can be described by such distributions and 

in which sequence effects are not expected to be significant 

3.4.2.The Crack Closure Model . 
Traditionally, it has been assUmed that under cycling 

loading, a crack tip would open and close at zero load. In 

1968, Elber [271 observed that during constant amplitude 

cycling, fatigue cracks actually close when the load is 

still tensile and do not open again until a sufficiently 

high tensile load is reached on the next cycle asillustra

ted in Figure 3.7 .Elber found that the opening/closing 

stress levels were nearly the same and equal to about one 

halt: on the maximum applied stress for R = 0 loading. 
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Figure 3.7:Illustration of crack closure 

The physical reason for crack closure behaviour, can 
be explained as follows.A plastic zone is always present 

surro~ding a crack tip as shown in Figure 3.8. 

Fig.3.8:Illustration of crack tip plastic zones 

As the crack grows through a succesion of these zones 

(which increase in size l&'ith crack'length), an envelope 

of plastically deformed material is left in the wake of 

the carack.Residual tensile deformatioIis with corresponding 

residual compressive stresses are present in this envelope. 

These residual tensile deformations cause a crack to close 

while still subjected to tensile, loading is applied again. 

Elb'er has proposed thai;, since a crack is open for 

only a portion of a tensile load cycle', then crack growth 

rate should more appropriately be correlated with an effec

tive stress int-ensity range, AKeff= Kmax - Kop ' as shown 
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in Figure 3. 9, rather than the total A K, as has .been 

customary. 

- - - - - -11-- - - k'mA)I . 

. _ J6~~f ~ s I • I I . 0 I. I or I 
"0f>:r .1t'~H rnftnsrtj QSSocrtnCcll wrtll 

o"enln~/do.slnj sifess 

.I:im~ 

Fig.3~9:Effective stress intensity range as 
proposed by Elber 

3.5. The '/J illenborg Model 

CUrrent predictive analysis techniques for crack 

propagation under cycling loading rely on the interaction 

of ·basic constant amplitude growth rate data derived from 

laboratory tests on standard specimens.Such an automated 
I 

procedure is contained in reference[35] and [36] •. 

Variations between predicted ,and actual growth lives 

have been noted for cases of variable amplitude spectrum 

loading due to the interaction of the stress applications 

, [37,38].The occurrence o,fa tensile overload will retard 

growth below that is normally expected.Negl~ting these 

interaction effects results in grossly conservative pre-

diction of crack growth life • 

. Several attempts at developing mathematical models 

for, growth retardation have been made [26,271. 
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In referenceI~6], wheeler calculates a retardation factor 

Cp which operates directly by reducing growth rate da/dN. 

'The procedure requires previous, spectrum growth data to, 
-derive a retardation exponent Im".Moderate success has 

been achieved by the author in fitting existing spectrum 

data. 

In the current study, retardation is accounted for 

by operating directly on the crack growth driving function 

A.K.An effective value of the stress intenisty factor range 

is_ computed by assuming a form of the residual crack tip 

stress present after the application of the overload.Once 

obtained, the modifiedA~ is used in conjuction with ordi-

nary constant growth rate data ~d the CRACKS computer 

routine [35,361 to calculate life.No other empirical data 

or factors are required. 

Using as thi basis the yield zone concepts proposed 

by Wheeler, the model is developed under the following' 

assUmptions; 

I.Retarded growth occurs when the maximum cycling 

stress is reduced. 

2.Retardation is proportional to the amount that the 

maximum stress is reduced. 

3.The length of retarded growth is that zone caused 

by the overload(i.e. the approximate yield: zone 

Ry caused by the overload) 
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~.A new condition of retardation'is produced each 

time·a load is applied which is larger than the 

original overload. 

To illustrate the mathematical development and the 

operation of the model, the case of a single overload is 

considered. Figures 3.10, 3.11 and 3.12 summarize the deve

lopment steps of the model. 

, . 

; , i!'"LOADING .\ 

It " dy ,RETARDS~d~JdN,:iF9R6 a; 
'.RY ~~ SIZE OF VIELD'/ZONE DUE TO crl 1. . . 
• ai =-:1 NITlALCRACK. ,LENGTH 

• a ::c CRACK LENGTH AT ANYTIME FOLLOWING OVERLOAD 
C . . . 

• apl ;2: TOTAL AFFE~TED CRACK LENGTH :E :a j + Ry 1 

. .:.: (Kl) .... ac: 
,-21t"' (c1y)2 

, -FOR ANY G[NERAL CRACK LENGTH ac FOLLOWING TIlE . 
OVERLAOD. THE STRESS C1ao REQUIRED TO PRODUCE A YIELD 
ZONE Ry SUCH THAT RETARDATION WOULD BE TERMINATED 
IS DETERiffil NED AS FOLLOWS: d . ~)2 

• a =-= ac+ Ry sac + ~apV'/~ ac 2-
. P ap 27(( CFy) 

YIELD ZONE CONOI T 
FOLLOW I NG d 1 FO' 
Kap" (j ap Jj«ac:,RE 

Figure 3 .10: Development of 'l'Jillenborg Model 
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Following the single overload, the crack continues 

to grow under oyclic loading, A 0-2 .The growth, however, 

is retarded as long as'no subsequent maximum stress grea

ter than 02(max) is applied and as long as growth remains 

within the zone of plasticit:;: caused ~y the overload, 0"'1 (maJ< 

For the latter condition, it is presumed that the 

"current" crack lengtti,ac ' plus the length of "current" 

yi~ld zone, R c' is less than the value of a , that is the y. p 

yield zone caused by the overload. Irwin's yield zone model 

is used in the model where 

R =yield zone size:::: 
y . 

(for plane stress 

In the example (Fig. 3.10) the plane stress assump

tion is illustrated. Although a single two level.stress :.... 

spectrum is 'con'sidered here, assume a third stress level 

a;::. o;p (less than 01 ) occurs following the last cycle 

of 02, and assume also that growth has not completely prog

ressed throug the yield zone caused by the overload, ~ • 

For the previously established conditions of reta~-

dation, it can be presumed that retardation will be termi

nated when th'e value' of o;p is large enough (UaP ~Oi' ), 
and the current crack length, ac ' is of such extent that 

the below condition exists; 
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where Ryap~yield zone caused by general stress o;p at 

crack length ac 

CKap)2 ---=-
- 21f (S )2 - 2 

Y 

therefore, the value of general stress ~p is as follows: 

. y 2(a - a ) 
It"' ;::: S ' P c 
Vap y 

a c 

( plane stress) 

Further illustration of ,{lap is indicated in Fig. 3.11, 

where it is plotted against the increment of crack growth 

following the overload, CG.. 

.... 
• C1. -s. EFHCTlV£ RES' flUAL STRESS 

red CAUSED BY OVERLOAD, VARIABLE 
WITH at AND DEPENDENT UPON 

02 

. [ Greet "#O"ap - a 2 I ' 
FOLLOWING OVERLOAD: ' d'2(MAXl, 02tM1Nl,R 

ARE 'REDUCED BVAMOUNT C5red . 

C1iMAX)EFF~ o;(MAX) - aIred) 

q(MINlEFF:::<52(MIN) ...... aIred) 
. , . ,'" : . 

; ," " 

REFF,: diMlNlEff 

a 2CMAX}[FF ' 

da/dN 

a 

SCHEMATt C l1F (JAP 
fOLLOW I NG CVfRLOAO 
0'1 

(MAX) 

, 
I , 
I 

" ~~-" '-------' ~.,.------J 
CRACK LENGTH AFTER 

OVERLOAD· 

ai UN~T!R~f.2.-,~-'--
- - ~7'ja~"'----1 

, ~/ 
$' SCHEMATIC OF GROWTH 

~.., RATE FOLLOW I NG 
/ OVERLOAD, a 1 
, 

if MAX RETARD IMMEDIATELY FOLLOW" 
- LVERLOAD 

Figure 3.11: Formulation of ,villenborg Model 
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Note that ~p is .bounded by values o;p ~ ~ and 

cr:ap ~o over the increment Ca. - a ) .In a physical sense, 1p 

Uap may be thought of as the effective portion of .Di. 
which is capable of causing retardation for stress 

V; ',< ~p at a crack length still wi thin' the plastic zone 

caused by the overload, Cfi .Because it is assumed that re

tardation is proportional to the differences in applied 

stresses, the amount that a; is retarded should be the 

difference o;p- G;Cmax) at any crack length.CNote that 

0;- a;Cmax);; Cfl Cmax)- u2 (max) immediately following the 

overload.) 

V d:;:the amount of "residual stress" caused by re 

The 

the overload available to .retardG; 

::= () - CT2 Cmax) ap 

relationship between G;ed and ~p is illustrated 

in Figure 3.11 for the specific example. 

In the computation of reduced growth due to G2 loa-

ding, both G;Cmax) and D;Cmin) are reduced by the amount 

GC as illustrated in Fig.3.1l.Negative values are ,set 
red 

equal to zero • Effective values of A K2 , R2 are computed 

with R2 always being equal to or greater than zero.The 

effective AK and R are then used to compute a new and 

reduced growth rate. 



- 31 -
------:-------------::-----:--- ---------~---

t 
cr 

MODE 1 

0'1 ~ r _ O'Z(MAX) 
J m=o; tMI N) - 2 

N-

cr1 "> 0'2-

r (J2 (MI N)] :s (12 (MI Nl -ored <0 
Eff. - -

: •. [0"2tMlN)) EFF. -::.·0 .. 

(6 K2 ] Eff. ~ [~(~\I\Xl) EFF. 

[R2] %S 0 m. ' 
RETARDATI QNDUE TO 
BEPUCEDAKj ~~_ 

-I"~ ' .. 

MODE 2 _ MODE 3 

t 
cr 

--0'1 
A-::-.2 0"2 ( MAX ) 

J VVVY_ 0'2 (MI N) 

• I 

0' 

N _ -
[0'2 (MAXl] EFf+[O' iM1Nl] EFT 0 (0'2 (MAXl]EFF &[02 (MlN)]E~ 

tt, [~~EFF~ [~K2] ,"" (O'2(M,AX\:FF$ [02 (M'N)]~ 

, [R ] ~ lKMIN ] EFF -(6K21EFF• -:$ [
R21EFf. ~O 

. 2. EfF. [K
MAX 

JEFF. 

RETA'BDATION DU£ QNlY 
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Figure 3.l2:Development of Willenborg Model-Modes 
of retardation 

There are three distinct modes of retardation pos-

sible with in ~he model,(Figure ~.l2) 

I.Retardation is due to both a reduced AK and R = 0 

2. Retardation is due to the reduction of R oihJy, R)O , 

, AKeff ;;::AK 

3.Maximum retardatiQn occurs when both 4Keff and Rare 

equal to zero. 

Note that condition (3) occurs at ,'·R =0 for the case when 

(OJ. / 6;)max ~ 2.0 

The model and- procedure has "been programmed for ease 

of computation into the program CRACKS [35].Schematically 

the rate of growth versus the increment of crack growth for 

the single overload case is illustrated in Fig.3.ll.Maxi-

mum retardation is seen to occur immediately following 

overload and recovery to normal or unretarded rate occurs 

within the yield zone as shown. 
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CHAPTER IV 

EXPERIMENTAL WORK 

4.1.Test Materials 

The material used in the experiments is aluminum 

alloy 2024 in the T4 condition which is received in 

plate form ( 0.625 in. thick) from Reynolds AI. Company, 

U.S.A. The chemical compos~tion and mechanical properties 

are given in Table 4.1 and Table 4.2, respectively.The 

fracture toughness property is determined in accordance 

with present ASTM standards~ 

/ 

CLl M3 Mn Cr-- '5.: f:, T; "2n N,. Sn A{ 

202'1- ft·13 f.SS 0.61 0.01 0.13 0.2~ 0.03 O.olr 0.01 0.01 r--est 

Table 4.1: Chemical Composition of 2024 AI-alloy [39J 
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Utii~"'t~ r;I'1Si(l MoJullAS" of S h 2(J/~ ~nsile '/ill J £{onjofitm 

St:r~ss CStr~~s e EI",.s-Ij£I·~!j Mod UlLlJ 1 

CYo ,; G 

6~ ksi 'r '+ !~I' 5 {o.s ll/o6
fsi 'r.O IC 10

6 
{'si 

43•6 kS/,.,.~ 30. g ka /",;; 

Table 4.2:Mechanical Properties of 2024-T4 Alumi
num Alloy [39] 

All specimens are oriented with the load line pa

rallel to the rolling direction so that the crack grows 

parallel to the rolling direction. 

4.2.Specimen Geometry 

Fatigue crack growth tests are performed with the 

compact ·tension specimen ( CTS ).In the CTS, K as a func

tion of crack length is w.ell characterized. The specimens 

are prepared according to ~STM E 399-74, with a valid 

crack growth range of a/W.:::: o. 3 ,to' a/W = 0.7 • 

The compact tension specimen is single-edge notched 

and pin loaded in tension.It has been assumed to be one 

of the standard specimens of ASTM described in "Standard 
" 

Test for Plane-Strain Fracture Toughness of Metal~ic 

Materials", E - 399 [40] .In Fig. 4.1, the' CTS is shown. 
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Figure 4.1: The compact tension specimen 

The crack-starter notch has been chosen to be the 

·keyhole (Figure 4-.2).All data are taken after the crack 

has propagated by 1.5 mm's. 

L Ke!lhole 
--....:;..-------~y'---2.5 tT'm __________ d-- .-

r 
Figure 4.2: Envelope for crack starter notch 
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The com~act tension specimen requires the least 

amount of material and is relatively inexpensive to test. 

It must be precracked in tension-to-tension fatigue 

test [4-1]. 
It is not only a standard configuration for tough

ness test.ing but also a common specimen fl!!r fatigue crack 

growth experiments.The requirement that the thickness (B) 

should be half of the specimen width (W/2) is relaxed in 

fatigue tests. 

In the experiments, Dimensions are chosen such as ; 

W::; 100 mm 

a:::: 45 mm 
,1 

H ;:: 120 mm 

G== 12 mm 
D ;:: 125 mm 

B::: 15 mm 
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4.3.Set-Up 

Figure 4.3 shows the experimental set-up for 

fatigue crack propagation tesOs.Tests are conducted on 

electro-hydraulic closed loop ( MTS 812 ) fatigue testing 

machine with a maximum capacity of 10 tons. 

Figure 4.3:The experimental set-up for FCP test 

Tests may be conducted on load control, displacement 

control or strain control.Load is measured by ·a conventio

nal load-cell, which has an accuracy of ~l% .Displacement 

is measured by means of a "clip-gauge" mounted across the 

open mouth of the stress concentrator. 
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Load and displacement are plotted as the ordinate 

and abscissa respectively on an X - Y recorder. ( Hewlett~ 

Packard X-Y Reco~der) 

Crack length measurements are taken at every 

1000 cycles with a Gaertner Travelling Microscope (10 X ) 

And fracture surfaces are observed on the microscope 

( 30 X ) seen in. Figure 4·.3 at right. 

The magnifying glass is used to observe the crack 

length existing in the specimens. 

Applied loadjis observed on the digitalmultimeter 

(Hewlett-Packard·, 40072 Display) and the oscilloscope 

(Textronix). 

4.4.Experimental Procedure 

First the specimens have been pre cracked in zero-to

tension fatigue loading. The conditions necessary for a 

sharp, flat crack normal ~o the specimen edges are comp

letely met by MTS (namely, load distrisution be symmetri

cal with relation to the notch. in planes normal to the 

thickness d:i:-nec,tion and the maximum value of the stress 

intensity in the fatigue cycle be known with an error of 

not more than 5% ) [40]. 
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To initiate fatigue crack, specimens have been moun

ted to the testing device.In order to accelerate the 

initiation the notch root is scratched with a sharp knife. 

A total of eleven specimens have been pre cracked in tension

to-tension fatigue with various baseline 10ads.To determi

ne whether fatigue cracking was completed within desired 

limits observation of the traces 0" the crack on the side 

surfaces of the specimens was sufficient.(Figure 4.4) 

Figure 4.4: Specimen 7 in mounted position. The crack 

propagating at the notch can be easily seen 
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The relevant data of crack initiation is summari-

zed in Table 4.3.As an addition the nominal stress at the 

notch root x has been calculated and listed. 

'Sptci- " ~p N,' Ll", (1' L\o;,ol-ch , -
m~n W (I=,{) (l!jcl~s ) ("""" ) lmm) lJ,:" / m': ) 

t 0.50 toOD-50 30000 5 50 {3.3 

5.5 50.5 l' 18000 
, 

2 1/ II 

4- B.b/ I, 

3 /, 1200-50 10800 '3.b/ 
, 

2 /r1 " 
.4- I, 1/ '31 010· 

50 ~ 

19200 5 

5 • " 4-{'.50 
I, 

7360 1.5 

6 II " 
5'0.50 I, 

5:5 
t I, /1 1'3000 . 

4-t 13.3 

8 1000-50 12150 2-
It 

'-!-1. 1'1 " j fir10 1./2 
I' " 

2.5 
, 4-1.50 II 

10 I, I, 1q 850 

11 2/;-000 3.35 ~8.35 II 

" II 

Table 4. J: Crack Initiation Data 

x stress at notch root is given by; 

P Me p .rI_ .L _ 
.U--T-'-"'-· 

A I BW , 

2(2+ a/W) 

2 (1 -a/W) 

ill< 
(~~m~h) 

13,{; 

6/.5 

~o.5 

68 

+3.6 

(,{,. '1 . 

7- '-f. 8 

'i b. 2-

5"t.5 

63 

'5=1.6 

• 
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The frequency -although not critical in this case

is held at3 Hz.All tests were performed in a laboratory 

environment at embient temperature and relative humidity. 

The data obtained from the experiments are the 

crack length versus cycles to failure, ( a - N ) curve. 

Thesea-N curves from actual test$ are compared with the 

predicted ones obtained using the Willenborg Model.The 

raw a-N data are included in Appendix A in detail. 

During the tests, crack length measurement are 

taken at every 1000 cycles with a Gaertner Travelling 

Microscope ( lOX) •. 
! 

. All tests are summarized in Table 4.4.The fracture 

surfaces are shown in figures 4.],;+, 4.12, 4.14, 4.15, 

4.19, 4.22,4.28, 4.29, 4.30, 4.31, 4~34. 

Tests are divided into 6 groups: 

Group I :(Constant Amplitude Loading) 

Constant amplitude fatigue crack tests were perfor

med to characterize the steady~state crack.growth beha.viour 

of the 2024-T4 aluminum alloy.Table 4.5 shows the constant 

amplitude test plan. 
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(' 
T},,'c/cnt!ss Sff't'fS (LD~~ Sp~c.im~n Srt"'m~n LlP (k,f.) 

'~:J p(. 'B (""""') ~ca4:l~ J R 
I 

1 CTS 15 0.083 550 

11- CTS 15 0.0;6 'f00 

Table 4.5sConatant Amplitude Test Program 

It is known [42Jthat varying the stress ratio has a 

strong effect on crack growth rates.The stress ratio, R, 

is defined as the ratio of the minimum applied stress or 

load to the maximum applied stress or load. 

Two different stress ratios were tested. Since it was 

desired to obtain da/dN data over the range 10-7 to 

10- 4 / 1 () mm cyc e, the allowable stress or load ranges 

were limited. 

The specimens were loaded in tension loads.It was 

found [43] that the compact tension specimen produced 

erroneous results when subjected to compression loads. 

Group II : (Block Loading with Hi-Lo Seguence) 

In this group, two specimens (No:2 and No:3) were 

subjected to block loading with Hi-lo sequence.Figure 4.5 

and 4.6 show the loading program in Group II. 
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Figure'4.5:The loading program of specimen no:2 
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Figure 4.6:The loading program of specimen no:3 

Table 4.6 shows the loading program in Group II, including 

stress ratio and stress intensity factor range. 
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10-65 23.2j :n ~5 1f~0 - 5'0 0./25 55'.3 

'5 _/¥-5 2'1.,'5 1-2.t,.0 !loO - 5"0 O.2.~O :z.~; :3 

fy'i -tlo '33.., 'i6 82.51 ']00 - 5-0 ,O.I{'6 12 

.P(/uod: £) P= f2.(JoSo , at'= ~S." mlf', At::: 160320 'jcl~.s 
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Group III: (Constant Amplitude, at Displacement Control) 

In this group, only one specimen was tested under 

displacement -control.The loadmng program is shown in Appen

dix-A in detail. 

Group rV: (Single Overload, at dif·ferent overload ratios) 

Specimen no:5 was tested with 4 single overloads at 

two different overload ratios and different baseline loads. 

C TS 1/5 
Pf"I?Cf()lC:~: L\P=12QO-5D.)Ot,=~-o",,,., I Af= 'rO)~0t::1"(J 

-> 

IV>, (03 TLla a(mm) ~Pa,() R tJk(~~(.~;h. ) 

0-10 2·1r0 . 52.",0 800- 5"0 0.062 5/.5 

'* O{: /.5 f2oo- 50 0.0,,"/ 

10-20 105ft. ~o. 'i'r Joo-50 0.062 6$.8 

~Q{= /.5 1200 -50 O~°lt' 

.20 - 2 '3. '.i /71.02 67.02 '00-50 0.062 9/.5 

.23.5 - 28.15 18.~1 68.~5 533-:50 0.0'13 62.8 

tfao-50 0.062 
,l(0h.. 'C /. S 

$).3 
18.,_,:\2 .23.9'2 ":11.'2 '5'31-50 O.0'i '3 

*' oIL": ,.1-, .... 6'30-50 o:"?fj 

. ':1-8.66 360-5"0 0. /38 :1.0.63 
32 - VO•S .:lS.'" 

Table 4.-7: Single Overload Test Plan for SpecilOOn 5 
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. Figure 4.7: The loading program of' speoimen 7 

Group V:(Single Overload Tests, 0/L=1.25, 1.5, and 2.0) 

In this group (specimens 6, 8 and 9 ), the effects 

on subsequent crack growth of single overloads wereexa

mined. The crack was propagated under constant amplitude 

loading conditions, a single overload cycle was applied, 

and the crack was i th~n :.loaded under constant amplitude 

loading until steady-state growth rate was again reached • 

. Three compact tension specimens (6, 8 and 9) were 

subjected to single overloads with overload ratios of 

1.25, 1.5 and ?O.The overload ratio~ O/L, is defined as 

the overload s~re~s (or load) divided by the maximum 

baseline stress (SOL/S) or load (POL/P). 

Single overload cycles were applied at same crack 

length to discuss the effects of various ovedload ratios. 
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Group VI: (Fracture Toughness Tests) 

The f racture toughness properties were performed in 

accordance with present ASTM standards [40]. Fi gure 4.8 

shows the experimental set-up for fracture toughness 

testing. The standard KIa test procedure is added to 

Appendix-B. 

Figure 4.8:The experimental set-up for 
Fracture Toughness Testing 
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4.5.Test Results 

4.5.1.Group I test results 

Figure 4.9 and 4.10 show the a-N curves for speci

men 1 and 11,' respectively. 

~lq;~; , " 

~ 
\J 

~~----~~----+------+------+-~--~~----~-----+--~ 

~ -, -- 60 ~ .~ .. ' "'.. .... 100,. ttC. -___ .~,ff:Q. 3 130 
, , N-CYCL~5 (xiD ) 

',' ',_, 11,..0 

Figure 4.9:Crack length vs. number of cyc1es(CTS 1) 
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CT5 -#11 

/~ 

,/ 

'~L ____ ~ __ ~~ ____ ~ __ ~ ____ ~ ____ ~ ____ ~ 
'. o· fo 2'0 '30 4- 0 .'. 50 60 -:J 0 

'N-CYCl,£S (10 3 ) 

Figure 4.10:Crack length vs.number of cycles CCTS 11) 

Fi~e 4.11 and 4.12 show the fracture surfaces of 

specimens 1 and 11.Figure 4.13 shows crack growth rate 

da/dN, plotted against applied stress intensity range ,AK,. 

for the 2024-T4 AI-alloy for two specimens. 
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Fig. 4 .11:Fracture surface 
1. of specimen 

Fig.4.12:Fracture surfaces 
11 of specimen 
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Figure 4.1): Crack growth rate as a function of stress 

intensity factor range for constant ampli

tude tests 
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4.5.2.Group II test result 

Figure 4.14 and 4.15 represent the fracture surfaces 

of specimens 2 and 3, respectively • 

. Fig.4.14:Fracture surfaces 
of specimen 2 

Fig.4.15:Fracture surfaces 
of specimen 3 

The crack length vs. number of cycles results for 

these tests are presented in Fig.4.l6 and 4.l7.And Fig.4.18 

shows fatigue crack growth rate vs. applied stress intensity , 

range for specimen 2 and 3. 
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Fi~e 4.17:Crack length vs. applied cycles CCTS 3) 

4.5.3.Group III test results " 
The fracture surfaces of specimen 4 are seen in Fi

gure 4.19. 

And Figure 4.20 shows the crack length vs. applied 
cycles for specimen 4. 

,4 
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Figure 4.21 shows fatigue crack growth rate vs. stress in
tensity factor range for specimen 4. 
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4.5.4.Group IV test results 

Figure 4.22 shows the fracture surfaces of speci
men 5.Figure 4.23 represents the crack length vs. applied 
cycles behaviour and Figure 4.24 shows the crack growth 
rate vs. stress intensity factor range, for specimen 5. 

Figure 4.22:Fracture surfaces of 
specimen 5 (Single Overload 

Test) 
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4.5.5.Group V.·test results 

The objective of these tests were to obtain detailed 

crack growth measurements during and subsequent to the 

application of single overloads, and to define the effects 

of those overloads on subsequent crack growth behaviour. 

The data were analyzed by pl'otting crack length vs. num

ber of cycles and crack growth rate vs. stress intensity 

factor range. 

Figures 4.25, 4.26 and 4.27 present overall avs. N 

data for three specimens subjected to single overload 

applications with different overload ratios.The application 

of tensile overloads caused crack growth rate following 

the overload to be much less than it would have been 

without the overload.Also in these figures, the a-N curve 

obtained from experiments was compared to predicted a-N 

versus based on Willenborg Model. 

Subsequent to the anplication·of an overload, the 

behaviour of the crack growth on the specimen surfaces 

was somewhat erratic. 

Figures 4.28, 4.29 and 4.30 present the fracture 

surfaces of specimens 6, 8 and 9, respectively. 
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Fig.4.28:Fracture surfaces of 
specimen 6 (O/L=1.5) 

Fig.4.29:Fracture surfaces ~f 
specimen 8 (O/L:l.25) 

Fig. 4.30:Fracture surfaces of 

specimen 9 (O/L=2.0) 
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In Figure 4.31, the fracture surfaces of specimens 

6, 8 and 9 are placed so that comparisons can be made. 

The a-N curves of these three specimens can be seen in 

Figure 4.32. 

Figure 4.31:Fracture surfaces of 
three specimens (6, 8 

and 9, respectively) 
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The crack growth rate as a function of stress inten

sity factor range is presented in Figure 4.33. 
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4.5.6.Group VI test results • 

Specimens 7 and 10 were tested for fracture tough

ness testing.Figure 4.34 shows the fractura surfaces of 

specimen 7. 

Figure 4.34:Fracture surfaces of 
specimen 7 (After Fracture 
Toughness Te,st) 
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4.6.Discussion of Results 

4.6.1.Constant Amplitude Test Results 

Figure 4.13 shows crack growth rate, da/dN, plotted 

against applied stress intensity range, AK, for the 

2024 - T4 aluminum for a variety of stress ratios.It is 

evident from the figure that, as the stress ratio, R, is 

increased, the crack growth rate increases for the same 

value of AK. 

The data were fitted to a Paris Equation of the 

form: 

~= C (AK)n 
dN 

da 
dN 

(mm/cycle) 

AK .(kgf/mm3/~) 

A least squares procedure was used to fit the data 

to above equation.And the parameters were obtained as; 

"""6 C ~7 .xlO 

n =2.87 

therefore, the Paris Equation used in all tests becomes 

~.:=7 x 106 (A.K )2.87 
dN 

(kgf, mm) 
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4.6.2.Single Overload Test Results 

Figures 4.23, 4.25, 4.26 and 4.27 present overall 
r 

a vs. N data for four specimens subjected to single over

load applications. 

The amount of crack retardation following ,a single 

tensile overload increases as the ratio of overload max. 

stress intensity, K " to the maximum stress intensity maxOL 
Kmax , of sub§equent constant amplitude loading ( or POL 

to Pmax ratio) increases.In references [43 - 50J, the 

same trend was observed.For example, (See Figure 4.32) 

0/L:::::-l.25 produces almost ,no retardation, O/L=1.5 pro

duces retardation and OIL -:: 2.0 produces temporary arrest 

followed by retarded ~rowth, in tests of specimens 6, 8 

and 9. 

Figure 4.26 shows that overloads of OIL .:::1.25 have 

negligible effect on crack growth rates.Figures 4.25 and 

4.27 show that greater overload effects can not be neg-

lected. 

The number of delay' cycles also'depends on the 

crack length at which each overload is applied.It can,'be 

seen in Figure 4.32 that, as the crack length at which 

the overloads were applied increases, there is an orderly' 

increase in the number of delay cycles. 



70 -

Finally, ~t can be concluded that the number of 

delay cycles is an increasing function of the' crack 

length at which a single overload cycle is applied and 

of the overload ratio.Overload ratios less than approxi~, 

mately 1.25 produce essential~y no retardation while an 

'overload ratio greater than 2.0 is adequate to cause 

crack arrest. 

Retardation occurs for growth through the crack tip 

plastic zone created by a tensile overload ~43,47J. 

Measurement of crack growth followlng a tensile 

overload typically resemble that shown in FigHre 3.5 (In 
, , 

References [44Jand [45], this subject is studied in detail) 

Crack retardation does not reach its full effect 

until the crack has grown some distance, d, into the 

plastic zone; this is called "DELAY OF RETARDATION". 

Crack retardation eventually decays until growth 

rate qefore the tensile overlo~d application is approac-

. hed.Rice and Stephens[45]have found that when d~30 percent 

of the reversed plastic plane stress, yield zone size at 

the crack tip is: 

1 2 
ry::: - (Kmax ISy ) 

211" OL 

Von Euw et ale [47] havci found d: 10 to 25 percent of 
total plastic zone size, or equivalently, about 50 to 100 
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percent of the reversed plastic zone size. 
In this experimental study, "Delay of Retart'dation ll 

is observed, but not calculated definitely. 

Crack retardation increases if a group of consecuti
ve overloadS is applied instead of a single overload. (Group 
II tests). Also High -to-J;IOW load sequence can produce 
crack retardation. (Figures 4.16 and 4.17) 

4.6.3.Constant Amplitude Load,at displacement control. 

In "Figure 4.21,fatigue crack growth rate vs. stress 
intensi ty factor range is shown. At dis'placement control, . \ 

the stress intensity factGr is 

f(a/W) 
11k 

g(a/vl) 

saxena and Hudak [5i J have found that 

I 

1 1 --=--::: ----
k· B E 

- 2/r' t ~ . i - -\~. 5 n(1-a/W)iU8.71. 
(l-a/W) j 
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In this case, ,The higher the crack length, the 

lower the stress intensity factor. 

Using the above equations, a function of g(a/vJ) is 

obtained. (Figure 4.35) 

0.3 

0.2 

0.10 
0.6 0.1 0.6 05 

a -
Figure 4. :35: A graph for 

W 
g(a /W~ at disJacemen t 

control 
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CHAPTER V 

CONCLUSIONS 

The following conclusions have been reached or 

verified as a direct result of investigations performed 

during this study: 

1.A stress 'ratio effect on crack growth rate exists. 

The higher the stress ratio at a given value of A. K , 

the higher the rate of fatigue crack growth. 

2.Single overload cycles less than,· or equal to, 1.25 

times the baseline loading, have negligible effect 

on sussequent crack growth rates for2024-T4 

Aluminum alloy. 

3.At a given overload ratio and baseiliine stress ratio, 

delay cycles increase as a fUnction.of crack length 

and stress intensity f c:;tct or , for Aluminum". 

4·. The amount of crack retardation following a single 

tensile overload increases, as the overload ratio 

increases. 

5.Crack retardation increases if a group of consecu- . 

tive overloads is applied instead of a single over

load. 
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APPENDIX - A -

/ 
THE DATA OBTAINED FROM THE EXPERIMENTS 

1. CTS 1, Constant Amplitude Test Data 

Nxl03 Aa(mm) 2Aa(mm) a(mm) AP(,kl~f) 
/ 

30 5.00 5.00 50.00 950 
40 0.73 5.73 50.73 550 
50 0.11 5'.84- 50.81t 
60 0.05 5.89 50.89 
70 0.08 5.97 50.97 
80 0.08 6.01 51.01 
90 0.06 6.07 51.07 

100 1.42 7..4-9 52.4-9 
110 2.36' 9.85 54-.85 
120 3.4-6 13.31 57.31 
130 3.76 16.07 61.07 
140 7.87 23.94 68.94-' 

141 1.79 ' 25.79 70.73 
142 6.39 32.12 77.12 
142.08 0.69 '32.81 77.81 



.' 
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2. CTS 2, Block Loading with Hi-Lo Seguence 

Precrack: ~H ~ 28000 cycles, 
A;a;: 5.5 mm ao ::: 45 mm 

~P;: 950 kg a i ::: 50.5 mm 

Nx102 
ji 

Aa(mm) - ZAa (mm) a (mm) 
.. ~ 

AP (kgf) AK(kg/mm 

1 0.2 0.8 50.7 950 62 
·2 0.99 1.19 51.69 " 
3 0.74 1.93 52.43 " 4 1.05 2.98 53.49 , 
5 1.02 4.00 54.5 I" 63.7 
6 0.1 4.1 54.60 700 
7 0.1 4.2 54.70 " 
8 0.14 4.34 54.84 'I 

9 0.5 4.84 55.34 " 
10 0.58 5.42 55.9a ,. _. """ - - . . 49.5 
11 0.78' 6.20 56.70 " 12· 0.65 . 6.85 57.35 I, 

13 0.72 7.57 58.07 ~ 

14 0.83 8.40 58.90 " 
15 0.81 9.21 59.71- -

, 
62.5 . " '- - - - -

16 0.07 9.28 59.78 520 
17 0.09 9.37 59.87 'I 

18 0.18 9.55 60.05 h 

19 0.45 10.00: 60.50 _ - - - II r - '. - .• - -48.9 
20 0.64 10.64 61.14 ~ 

21 0.46 11.10 61.60 .. 
22 0.45 . 11.55 62.05 I, 

23 0.48 12.03 62.53 500 
24 0.34 12.37 62.87 II 

25 0.55 12.92 63 .42 ~ . II - - - •. '. '. - '52 
26 0.53 13.45 63.95 ~ 

27 0.72 14.17 64.67 .. 
28 0.63 14.80 6'5 ~ 30(J 41 

29 0.73 15.53 66.03 1/ 

30 0.91 16.44 66. 94 .. ' - . -q' 61.3 I 

35 0.05 16.49 66. 99 " .'- 300 -' - .'. . 36.8 

40 0.).8 ' 16.67. 67.17 II 36.86 I 

45 0.a5 16.82 67.42 II 37.6 

50 1.3 18.12 68.72 1/' 40 

L1 f::= P",~ - 'P min 

. f.'. :: 5"0 kJ-
",II .., 
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Nxl03 .Aa~mm2 2Aa ~mm2 a~mm2 .6. P (~!?2f) AK (kf2/mm3/ 2 ) 

55 1.32 19.44 70.04 300 42.8 
60 1.67 21.11 71.71 14 - - . . . L1-6. 6 
61 0.46 21.57 72.17 "-

62 0.48 22.05 72.65 " 63 0.44 22.49 73.09 " 64 '0.68 23.17 73.77 
65 0.68 23.85 74.45 - . 54.4 
66 0.70 24.55 75.10 " 67 0.92 25.47 76.02 
68 1.41 26.88 77.53 I, 

69 2.83 29.71 80.36 I, 75 

Nf ;";:' 69230 cycles 

3. CTS 3, Block Loading'with Hi-Lo Seguence 

Precrack: po N ::: 10800 cycles 

Aa: 3.61 mm a ::: 45 
0 

mm ~ 

Ap -=1150 kg a i ::: 48.61 mm 

-' 

Nxl03 A a ~mm2 ~Aa(mm2 a~mm) AP~kgf2 AK~kg/mm3/22 

1 0.21 0.21 48.82 950 56 
2 0.82 1.03 49.04 /, 57.63 
3 1.18 2.21 50.S0 If 

4 0.85 3.06 51.65 4. 

5 1.11 4.17 52.76 I( - - - - 64.6 , 

6 0.15 4.32 52.91 800 - - - .. 51.35 
7 0.49 4.81 53.40 " 
8 0.58 5.39 53.98 " 
9 0.66 6.05 54.64 '1 

10 0.73 6.78 55.37 ~ - .. - .. 56 
, 

11 0.03 6.81 55.40 - - - 550 - - 41 
12 0.04 6.85 55.44 II 

13 0.21 7.06 55.65 " 
14 0.39 7.45 56.04 
15 0.25 7.70 56.29 - . . " , - - - - 42.1 
16 . 0.51 8.21 56.80 • 
17 0.28 8.49 57.08 .' I, 

18 0.40 8.89 57.48 ., 
19 0.33' 9.22 57.71 " 
20 0.43 9.65 58.a4 - •• I, . - - 45.1 
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Nxl03 Aa~mm2 LAa~mm2 a~mm2 Ap~kgf2 AK(k~/mrn3/22 

21 0.33 9.98 58.57 550 .46 
22 0.33 10.30 58.90 '/ 

23 ··0.60 10.90 59.50 
24 0.48 11.30 59.98 " 

25 0.40 11.70 60.38 - - ~ - 49.13 - - -
26 . 0.50 12.20 60.88 ~ 

27 0.55 . 12.75 61.43 il-

28 0.56 13.31 61.99 I, 

29 0.59 . 13.90 62.58 ~ 

30 0.60 14.50 63.18 - - - 55 
31 0.02 14.52' 63.20 . 350 35 
32 0.02 14.54 63.22 I, 

33 0.01 14.55 63.23 
34 0.01 14.56 63.24. . I, 

35. - 0.01 . 14.57 63.25 - - -" - 35.2 -
38 0.01 . 14.58 63.26 I, . 

40 0.32 14.90 63.58 -t, - . 35·7 
41 0.30 15.20 63.88 
42 0.22 15.44 64.10 ~ 

43 0.24 15.,68 64.34 " . 44 0.21 15.89 64.55 " 45 0.16 16.05 64.71 - . - - ~ 37.?3 
46 0.27 16.32 64.98 
47 0.31 16.63 65.29 " 
48 0.24. 16.87 65.53 ~ 

49 0.32 17.19 65.85 I, 

50 0.23 17.42 66.08 - - - - ~- - - 39.9. 
51 0.26 17.68 66.34 
52 0.26 '17.94 66.60 '. 

53 0.33 18.27 66.93 " 

54 0.28 18.55 67.21 ~ 

55 0.40' 18.95 67.61 - - - ~ - 42.8 
56 Q.21 19.16 67.82 , , 

57 0.39 19.55 68.21 
58 0.32 19,87 68.53 ~ 

59 0.3.5 20.22 68.88 ~ 

60 0.36 20.58 69'.24 . - -. - -. 46.31 
61 0.37 20."95 69.61 ~ 

62 0.67 21.62 70 .. 28 
63 . 0.48 22.10 70.76 
64 0.57 22.67 71.33 ~ 

65 0.62 23.29 71.95 
~ 

53.1 , . - -
70 0.06 23.~5 72.01 150 23 

80 0.07 23.42 72.08 " 23 

85 0.02 23.44 72.10 " 23.1 
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Nxl03 Aa~mm2 '2 Aa~mm2 a~mm2 AP~kgf2 ~ K (kf£/ mm 3/2 ) 

90 0.03 23.47 72.13 150 23.15 

95 0.02 23.49 72.15 ~ 23.2 
100 0~O2 23.51 72.17 ~ 

105 0.01 23.52 72.18 j 

110 
115 
120 
125 
130 
135 
140 

145 0.22 23.75 72.40 350 39.1 
146 0.37 24.12 72.77 
147 0.35 24.47 73.12 "/ 

148 0.30 24.77 73.42 " 
149 0.31 25.08 73.73 " 
150 . 0.34 25.42 74.07 -.. - - - 42.37 
151 0,36 25.78 74.43 " 
152 0.52 26.30 74.95 ~ ° 

153 0.52 26.82 75.47 
154 0.51 27.33 75.98 f 

155 0.53 27.86 76.51 - 1,- - - - .. 52.3 
156 0.67 28.53 77.18 " 157 0.79 29.32 77.97 

~ 
158 0.88 30.20 78.85 
159 1.40 31.60 ° 80.25 f 

160 2.26 33.86 82.51 /, 71.56 - - - - - -

N
f 
~160320 cycles 
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4. CTS 4, At displacement control 

Pre crack : AN -= 31070 cycle.s -

Aa = 2 mm 
-A p:: 1150 kg 

a -= 45 mm o 
a. ':: 47 mm 
~ 

Nxl03 Aa(mm) 2Aa(mm) a(mm) AP(kgf) AK(kg/mm3/ 2 ) 

1 0.20 0.20 47-.20 
2 0.53- 0.73 47.73 
3 0.64 1.37 48.37 
4 0.61 1.98 48.98 
5 0.66 2.64 49.64 
6 0.74- 3.38 50.38 
7 0.73 4.11 51.11 
8 0.59 4.70 51.70 
9 0.54 5.24 52.24 . 

10 0.85 6.09 53.09 
11 1.33 7·42 54.42 
12 1.45 8.87 55.87 
13 - 1.64 10.51 57.51 
14 2.56 13.07 60.07 
15 2·71 15.78 62.78 

15~,~S 0.88 16.66 63.66 _770 
16 1.14 17.80 64.80 710 
16.5 1.36 19.16 66.16_ - - - 670 - - -- 77. 3 
17 1.14 20.30 67.30 610 
17.5 1.00 21.30 68.30 580 
18 0.91 22.21 69.21 - - - 540 - - . - 73 
18.5 1.21 23.42 70.42 510 
19 1.08 24.50 71.50 475 
19.5 0.92 25.42 72.42 440 
20 0.65 26.07 73.07 405 - - . . 67.3 / 
2!l).5 1.01 27.08 74.08 370 
21 0.75 27.83 74.83 360 
21.5 0.65 28.48 75.48 340 

-22 0.27 28.75 75.7-5 328 -
22.5 0.57 29.32 76.32 310 
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Nxl03 Aa~mm2 2Aa~mm2 a~mm2 AP~kgf2 AKCkEiLmm3/2) 

23 1.57 30.89 77.89 290 
23.5 0.56 31.45 78.45 270 
24 0.57 32.02 79.02 250 
24.5 0.61 32.63 79.63 24-0 
25 0.65 33.e~ 80.28 - - - 220 .: - - - - - 56. 5 
25.5 0.37 33.65 80.65 212 
26 0.48 34.13 81.13 190 
2~.5 0.71 34.84 81.84 172 
27 0.4-7 35.31 82.31 170 
27.5 "0.42 " 35.73 82.73 162 
28 0.47 36.20 83.20 155 
28.5 0.34 36.54- 83.54- 140 
29 0.60 37.14 84.14- 14-0 
29.5 0.23 "37.37 84.37 135 
30 0.4-4- 37.81 84-.81 125 - - -- 40.4 
30.5 0.44- " 38.25 .85.25 115 
31 0.53 38.78 85.78 100 
31.5 0.61 39.39 " 86.39 90 
32 0.38 39.77 86.77 85 
32.5 0.4-8 L~O. 25 87.25 90 
33 0.35 40.60 87.60 90 
33~5 0.31 40.91 87.91 80 
34 0.47 41.38 88.38 70 
34.5 0.28 41.66 88.66 62 
35 0.35 42.01 89.01 65 . 27.3 
35.5 0.25 42.26 89.26 64 
36 0.31 4-2.57 89.57 - 60 - - 26 
36.5 0.37 4-2.94 89.94 55 
37 0.23 . 4-3.17 90.17 52 
37.5 0.30 43.47 90.47 50 
38 0.14 43.61 90.61 50 - 19 

Note th-at: 
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5. CTS 5, Single Overload Test Data -

5 
6.5 
7 
7.5 
8 
8.5 
9 

10 

Precrack: AN == 19200 cycles 

Aa:::: 5 mm 

Aa(mm) 

0.05 
0.13 
0.31 
0.19 
0.28 
0.35 
0.36 
0.73 

AP = 1150 kg 

2Aa(mm) 

0.05 
0.18 
0.49 

·0.68 
0.96 
1.31 
1.67 
2.40 

. a(mm) 

50.05 
50.18 
50.49 
50.68 
50.9$ 
51.31 
51.67 
52.40 

ao ::: 45 mm 

a· == 50 mm 
~> 

AP(kgf) 

750 

* Overload (OIL·::: 1. 5) - - - - - - - - 1150 

10.5 0.13 . 2153 52.53 750 
11 0.03 2;56 52.56 ~ 
11.5 
12 
12.5 
13 
13.5 
14 
14.5 
15 
15.5 
16 
16.5 
17 . 
17.5 
18 
18.5 
19 
19.5 
20 

0.06 

0.59 
0.41 
0.46 
0.50 
0.49 
0.44 
0.32 
0.61 
0.60 
0.59 
0.56 
0.61 
0.80 
0.94 

2.62 

3.,21 
3.62 
4.08 
4.58 
5·07 

, 5.51 
·5.83 
6.·,44 
7.04 
7.63 
8.19 
8.80 
9.60 

10.54 

iOverloa:d (OIL:: 1.5) _ 

52.62 

53.21 
53.62 
54.08 
54.58---
55.07 
55.51 
55.83 
56.44 
57.04 
57.63 
58.19 
58'.80 
59.60 
60.54 . -

II 

'I 

I, 

- " 

" 

" 

1150 

- - .- -

48 

52 

53.2 

55.5 

69 
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Nxl03 .6a(mm ) 5" Da(mm) a(mm) L1P(kgf) i1 K (lq;;/mm 3/2 ) 

20.5 0.24 10.78 60.78 750 69.5 
21 
21.5 0.47 11.25 61.25 /1 

22 0.74 11.99 61.99 1/- 73.8 
22.5 1.36 13.35 63.35 fl 

23 2.08 15.43 65.43 /I 

23.5 1.59 . 17.02 67.02' - _, II - 92 

~ Pmax =533 kgf (.1P '=-P -P. = 533-50 - 483 max mln - kgf) 

24 0.05 17.07 67·07 4-83 59.2 
24.5 
25 
25.5 ' 0.03 17.10 67.10 If 

26 
26.5 
27 
27.5 0.22 17.32 67.32 II 

28 0..34 17.66 67.66 II 

28.5 0.83 18.49 68.4-9 1/ 63.8 

~ Overload (OIL ,= 1.5) ~Pp 800-50_ 750 kgf 

29 0.44 18.93 68.93 483 64.4 
29.5 
30 0.14 19.07 69.07 II 

30.5 0.51 19.58 69.58 I, 

31 0.97 20.55 70.55 -...,-,,---- 70.4-
31'-5 1.27 21.82 71.82 II 

32 2.10 23.92 73.92 - - - " - - - .85 

.Overload (OIL=- 1.75) 4P -= 630-50 .;:: 580 kgf , 

32.5 Q 0.14 24.06 74.06 310 54.8 
33 '0.02 24.08 74.08 1/ 

33.5 0.11 24-.19 74-.19 
34 0.02 ' 24.21 74.21 I, 

34.5 0.02 24.23 74-.23 .', .. 55.26 
35.5 
36 0.02 24-.25 74-.25 I, 

36.5 
" 37 0.07 I' 24.32 74.32 

37.5 0.04 '24.36 , 74.36 ~ 

38.5 O.l~ 24.50 74.50 ~ - 56.2 
39.5 1.15 25.65 75.65 
40 1.19 26.8l} 76.84- .. 
40.5 1.82 26.82 78.66 -:. 

cycles 
., 

N f'!:: 40560 
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6. CTS 6, Single Overload Test Data 

Precrack: ~ N:: 7360 cycles 

~ a= 1.5 mm 
.!lP= 1150 kg 

Overload Ratio:(0/L)~1.5 

Pmax='600 kg (Baseline load) 

Pmin::: 50 kg 

Nxl03 ~ a(mm) ~a(mm) 

1.5 0.01 0.01 
3.5 0.07 0.08 
4-.5 ' 0.01 0.09 

312 0.36 0.4-5 
313 ,0.15 0.60 
313.5 O.+~ 0.73 
314- 0.18 0.91 
314-.5 0.08 0.99 
315 0.12 1.11 
316 0.09 )..20 
317 0.09 1.29 
318 0.06 1.35 
319 0.05 1.4-0, 
320 0.18 1.58 
321 - 0.09 1.67 
321.5 0.04- 1.71 
322 '\ 0.07 1.78 
323.5 0.07 1.91 
324- 0.05 1.96 
324-.5 0.06 2.02 
325 0.05 2.Q7 

a(mm) 

4-6.51 
4-6.58 
4-6.59 

4-6.95 
4-7.10 
4-7.23 
4-7.4-1 

4-7.4-9 
4-7.61 
4-7.70 
4-7.79 
4-7.65 
4-7.90 
4-8.08 
4-8.17 
4-8.21 
4-8.28 
4-8.4-1 
4-8.4-6 
4-8.52 
4-8.57 

- -

-

ao ::= 4-5 mm 
a i ::;; 4-6. 5 mm 

~ P(kgf) 6 K(kg!mm3/ 2 ) 

550 32 
I" 
j 

. 1/- _ 32.3 

" 
~ 

'I 
- - 33 

'I 

I, .' 

'I - - 33.36 
/, 

It 

" 
~ 

. - // - - 33.85 
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~ 
~ 

Nxl03 6 aCmm) ~a(mm) a(mm) L\ PCk~f) Ll K(kg/mm 3/2 ) 

325.5 0.07 2.14 48.64 550 
326 0.07 2.21 48.71 f 
327.5 0.07 2.28 48.7"8 t 328 0.06 2.34 48.84 
328.5 0.07 2.41 48.91 ~ 

329.5 0.06 2.47 48.97 " 330 0.10 2.57 49.07 ~ 34.3 
331 0.08 2.65 49.15 '/ 

331.5 0.05 2.70 49.20' ~ 

332.5 0.08 2.78 49.28 I, 
333.5 0.13 2.99 ' 49.'49 
335 0.13 3.12 49.62 ~ 34.8 

'* Overload (OIL=- 1.5) ,~ ..:1 P 900-50 :::: 850 kgf 

335.2 0.05 3.17 49.67 550 
335.4 0.03 3.20 49.70 1/ 
339 0.03 3.23 49.73 "- - - - 34.9 
339.5 0.03 3.26 49.76 ~ 

341.2 0.09 3.35 49.85 
" 341.5 0.05 3.40 49.90 

341.7 0.03 3.43 49.93 t 

342.2 0.05 3.48 49.98 
342.5 0.07 3.55 ' 50.05 If ' 

343 0.06 3.61 50.11 I( 

343~2 0.04 3.66 50.15 
343.7 0.07 3.72 50.22 If 

344 0.02 3.74' 50.24 
344.2 0.03 3.77 50.27 '( 

345 0.09 3.86 50.36 - - - 35.56 
345.5 0.07 3.93 50.43 1/ 

346 0.09 4.02 59.52 
347 0.08 4.10 50.60 '( 

347.5 0.06 4.16 50.66 
348 0.07 4.23 50.73 I, 

348.5 0.05 4.28 50.78 
349 0.06 4.34 50.84 
349.5 0.08' 4.44 50.92 " 
350 , 0.06 4.50 50.98 - - - 36.3 
350.5 0.06 ~.56 51.04 " 
351 0.08 4.64 51.12 
351.5 0.14 4.78 51.26 
352 o.ruG> 4.88 51.36 I, 

352.5 0.09 4.97 51.45 
353 0.08 5.05 51.53 I, 

353.5 0.04 5.09 51.57 
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Nx103 6a(mm) Z6a(mm) a(mm) f) P(k@.f) 6K(kc;/mm3/ 2) 

354 0.07 5.16 51.64' , 550 
354.5 0.07 5.~3 51.71 '1 

355 0.07 5.30 51.78 - - ~ - ---37.03 
355.5 0.10 . 5.40 51.88 
356 0.06 5.46 51.94 I, 

356.5 ' 0.06 5.52 52.00 
357 0.08 5.60 52.08 1/ 

356 0.20 5.80 52.28 
359 0.16 5.96 52.44 " 360 0.2b 6.16 52.64 - - - - - 38.5 
361 0.16 6.32 52.80 " 
362 0.16 6.48 52.96 
363 0.30 ~.78 53.26 II 

364 0.20 ~.98 53.46 
365 0.19 7.14 53.65 II 

366 0.1(3 7.33 53.84 
367 0.29 7.62 54.13 I, 

368 0.23 7.85 54.36 
369 0.22 8.07 54.58 1/ 

370 0.33 8.40 54.91 - -- - - - - - 41.06 
371 0.26 8.66 55.17 If 

372 0.34- 9.00 55.51 
373 0.18 9.18 55.69 1/ 

374 0.39 9.57 56.08 
375 0.33 9.90 56.41 - -r, - - - 43.63 
376 0.35 10.25 56.76 
377' 0.35 10.60 57.11 " 378 0.39 10.99 57.50 
379 0.32 . 11.31 57.82 II 

380 0.48 11.79 58.30 - - - 4-6.2 
381 0.54 12.33 58.84 -' - - ~ 47.2 

.:;.j( Overload (OiL =-1.5) 

381.2 0.04 12.37 58.88 - II - - - - 47.21 
381.5 0.09 12.46 58.97 ." 

I r 381.7 0.02 12.48 58.99 
" 382 

382.5 0.15 ]2.63 59.14 1-

382.7 O.ruo 12.73· 59.24. 
" 383 0.04 12.77 59.28 

383.2 0.03 12.80 59.31 " 
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Nxl03 fj a~mm2 LLla~mm2 a~mm2 L1P~k~f2 Ll K~kgLmm3/2) 

383.5 0.12 12.92 59.4-3 550 
383.7 0.11 13 .• 03 I 59.54- // 

384- 0.16 13.19 59.70 
384-.2 0.08 13.27 59.78 I-

384-.5 0.22 13.4-9 60.00 4-
384-.7 0.16 13.65 60.16 

'·385 0.09 13.74- 60.25 .- - - It - - - . 4-9.86 
385.5 0.39 14-.13 60.64-
386 0.24- 14-.37 60.88 'f 

386.5 ' 0.33 14-.70 61.21 II 
38t1 0.4-7 15.17: 61.68 - - - . 53.27 
387.5, 0.35- 15.52 62.03 '/ 
388 0.4-2 15.94- 62.4-5 
388.5 0.51 16.~5 62.96 I, 

389 0.50 16.95 63.4-6 It 
389.5 0.29 17.24- 63.75 
390 0.52 17.76 64-.2.7 - - - - // - 59.4-
390'~5 0.53 18.2e 64-.80 
391 . 0.61 18.90 65.4-1 1/ 

391.5 0.69 19.59 66.10 
392 0.75 20.34- 66.85 1/ 

392.5 0.95 21.29 67.80 
393 0.98 22.27 68.78 - I, _ - - - 73.33 

~ Overload (O/L;:- 1.5) 

393.2 0.4-6 22.73 69.24- '/ 

393.5 0.12 22.85 69.36 ._ I, 

393.7 0.26 23.11 69.62 
394- 0.08 23.19 69.70 .,... r - - - - - 77 
394-.2 0.35 23.54- 70.05 

~ 

394-.5 0.83 24-.37 70.88 
394-.7 0.95 25.32 71.83 ~ 

394-.85 1.06 26.38 72.89 
. 395 1.4-7 27.85 74-.36 J, _ - . 99 

395.1 2.92 30.77 77.28 

N
f

;:: 395110 cycles 
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7~ NTS 8, Single Overload Test Data 

Pre crack : /::, N= 12150 cycles 
6 a= 2 mm 

~ P =- 950 kg 

Overload Ratio: (O/L)= 1.25 

P max::: 600 kg' 

P . = 50 kg ml.n .. 

ao ::: 4-5 mm 

a i -= 4-7 mm 

Nxl03 .6 a(mm) r6a(mm) a(mm) L! P(kgf) ..:1 K (kg/mm3/ 2 ) 

1 .32.34-
10 
15 
18 
19 0.12 0.12 4-7.12 550 
20 0.20 0.32 4-7.32 ~ 1/ 32.6 
21 0.4-0 0.72 4-7.72 1/ 

21.5 0.17 0.89 ~7.89 
22 0.17 1.06 48.06 -.- - _1/ __ 33.2 
22.5 0.13 1.19 48.19 . I, 

23 0.20 1.39 48.39 - ~ - - . . ~ ~ 33.5 
23.5 0.22 1.61 48.61 " 24 0.12 1.73 4~.73 .~ - . 33.73 
24-.5 
25 .0.24- 1.97 48.97 ., \ 

25.5 0.18 2.15 49.15 /, ~ 34-.3 
26 
26.5 
27 0.20 2.35 49.35 '/ 

27.5 
28 0.16 2.51 4-9.51 I, - 34.5 
28.5 0.11 . 2.62 49.6a -I, - 34.8 

'* Overload (OiL) == 1.25 c1 P.= 750-50 = 700 kgf 

, 
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Nxl03 ~a~mm2 LL\a~mm2 . a~mm2 ~P~kf5f2 LlK(kg/~m3/22 

28.8 0.13 2.75 4-9.75 550 34.8 
29.2 0.06 2.81 4-9.81 1/ 
29.4 r 

29.6 0.03 2.84 4-9.84 f 

29.8 0.10 2.94 49.94- f 

30 0.06 3~00 50.00 1/ - - - 35.2 
30.2 
30.4 0.03 3.03 50.03 'l 
30.6 
30.8 
31 0.03 3.06 50.06 1/ 

31.2 
31.5 0.13 3.19 50.19 "/ 
31.8 
32 0.08 3.27 50.27 " 32.3 0.16 3.4-3 50.4-3 - - -.~, - - 35.5 
32.5 
33 0.15 3.58 50.58 I( 

33.5 0.10 3.68 50.68 // 

34- 0.10 3.78 '. 50.78 
34-.5 0.15 3.93 '50.93 

I, 

35 0.09 4-.02 51.02 I( _ _ 36.3 
35.5 0.09 4-.11 51.11 
36 0.11 4.22 51.22 't 

36.5 0.11 4-.33 51.33 - - - - - 35.93 
'37 0.19 4.52 51.52 ~ 

37.5 0.13 4.65 51.65 
38 0.11 4.76 51.76 " 38.5 0.13 4.89 51.89 
39 0.09 4-.98 51.98 1/ 

39.5 0.08' 5.06 52.06 37.4 
40 0.08 5.14- . 52.14- - - - ,-;- - -. - - 37. ~2 
40.5 0.15 5.29 52.29 
41 0.11 . 5.40 52.40 'l 
42 0.27 5.67 52.67 
43 0.26 5.93 '52193 - - - "/ 38.8 
44 0.23 6.16 53.16 
45 0.29 6.4-5 53.4-5- - - - - - - 39.2 
46 0.26 6.71 53.71 ? 

4-7 0.29 7.00 54.00 - - - ~ 
40 

48 0.25 7.25 54.25 
49 . 0.31 7.56 54-. 56 - - - - ~ 40.55 
50 ' 0.31 7.87 54.87 

'/-51 0.27 8.14 55.14- 41.25 
52 0.31 8.45 55.45 ~ 

53 0.38 8.83 55.83- - - - 42 
54 0.25 9.08 56.08 ~ 

55 0.39 9.47 56. 1+7 /,- 4-3.6 
56 . 0.31 9.78 56.78 

I 

0.38 10.16 57.16- - - 4-4-.36 57! - /,.-

58 0.49 10.65 57.65 
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Nx103 a(mm) a(mm) a(mm) . R§kgf) . K(kg/mm3/~) 

59 0.36 11.01 58.01 550 45.83 
60 0.36 ' 11.37 58.37 I, ' 

61 0.53 11.90 58.90 II ·47.5 

~ Overload (OIL) = 1.25 

61.2 0.06 11.96 58.96 
I, 

61.4 0.05 12.01 59.01 " 61.6 0-
61.8 0.06 12.07' 59.07 " 62 0.09 J22.16 59.16 I, 

62.2 0.16 12.32 59.32 - - - - - - 48.4 
62.4 0.15 12.47 59.47 .. I, 

62.6 0.07 12.54 59.54 
62.8. 0.11 12.65 59.65 " 
63 0.17 12.82 .. 59.82 49.13 
63.2 0.05 12.87 59.87 . " 
63.4 0.13 13.00 60.00 :... - - - - 49.35 
63.6 0.12 ),,3.12 60.12 'f 

63.8 0.13 13.25 60.25 
64 '. 0.13 13.38 60.38 'i 
64.5 0.37 13.75 60.75 
65 0.24 13.99 60.99 ~ 51.3. 
65.5 0.31 14.30 61.30 ' 
66 0.55 14.85 -61.85 - I, _ 
66.5 0.35 15.20 62.20 - - - 54.26 
67 0.35 15.55 62.55 
67.~ 0.28 . 15.83 62.83 " 55.36 
68 0.43· 16.26 63.26 I, 56.5 . 
68.5 0.47 16.73 63.73 
69 0~37 17.10 64.10 59 
70 1.32 18.42 65.42 - -~ 62.33 
71 1.50 19.92 66.92 67 
72 1.90 21 82 68.82 ~ -73.33 

-* Overload (O/L)= 1.25 

72.2 0.48 22.30 69.30 I, 75 
72.4 0.55 22.85 ,69.85 I, 

72.6 0.70 23.55 70.55 80.66 
72.8 1.34 24.89 ,71.89 " 86.9 
73 1.40 26.29 73.29 ~ 92 
73.1 1.82 28.l1 75.11 102.6 

Nf = 73150 cycles 

• ,". 



\. 
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8. CTS 9, Single Overload Test Data 

Precrack: .6 N -= 12170 cycles 

6 a:: 2.12 mm 

.L1 P =- 950 kg 

Overload Ratio : (OI,L)= 2.0 

P n;tax = 600 kg 

P '. ,== 50' kg 
m~n 

Nx103 L1' a(mm) L2l a(mm) a(mm) 

1 
5' 

LO 
15 
20 
23 
24 
25 
26 
27 
28 

129 
30 
31 

0.26 
, 0.16 
0.30 
0.48 
0.21 
0.49 
0.25 
0.20 

0.26 
0.42 
0.72 
1.20' 
1.41 
1.90 
2~15 
2.35 

47.38 
47.54 
47 ~_84 
48.32 
48.53 
49.02 
'49.27 
49.47 

a o = 45 mm 

ai :: 47.12 mm 

I]) , _ 12ooi:: ' 
r (htP,r - d 

o\.. • 

5,50 , 
i 

I, 

I, 

32.2 

33 

33.73 
34 

34.4 

"* Overload (O/L)= 2.0 L1 P= 1200-50 = 1150 kgf 

31.2 
31.6 
32 
40 
50 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 

0.05 
0.04 

0.13 
0.24 
0.40 
0.31 
0.33 
0.3 
0.42 
0.13 
'0.30 

2.40 
2.44 

2.57 
2.81 
3.21 
3.52 
3.85 
4.15 
4.57 
4.70 

, 5.00 

49.52 
49.56 

49.69 
49.93 
50.33 
50.64 
50.97 - -
51.27 
51.69 
51.82 - - -
52.12 

34.63 

" 34.8 
I, 

'/ 

36.29 

" 
-' 36.6 
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Nxl03 L1 a(mm) L Ll a(mm) a(mm) ~ P\kgf) .dK(kg(mm3(2 ) 

63 0.35 5·35 52.47 550 37.5 
64 0.37 5.72 52.84 9 38 
65 0.29 6.01 53.13 
66 0.14 6.·15 53.27 
67 0.19 6.34 53.46 . - - - 39.2 
68 0.36 6.70 53.82 " 
69 0.38 7.08 54.20 
70 0.32 7.40 54.52 - - - - ---- - 40.5 , 
71 0.30 7.70 54.82 , 
72 0.38 . 8.08 55.20 . '( 

73 0.48 8.56 55.68 42 
74 . 0.23. 8.79 55.91 

( 75 ·0.44 9.23 56.35 42.9 
76 0.31 9.54 '56.66 44 
77 0.48 10.02 57.14 

, 44.36 ( 

78 0.45 10.47 . 57i,.)59 44.73 
79 0.49 10.96 58.08 , 45.83 , 
80 0.4;1. . 11.37 58.49 46.80 
81 0.45 11.82 58.94 46.87 

"* Overload (OIL) =.2.0 

81.2 0.28' 12.10 59.22 'I 48 
81.5 0.06 12.16 59.2E} '. 
82 0.09 12.25 59.37 48.03 
85 
90 
92 
93 0.09 12.34 59.46 " 
94 0.13 12.47 59.59 48.56 
95 0.25 12.72 59.84 , 49 , 
96 0.50 13.22 60.34 49.86 
97 0.75 13.97 61.09 51.33 
98 1.13 15.10 62.22' 53.9 . 
99 1.02 16.12 63.24 56.46 

100 1.16 17.28 64.40 60 
100.5 0.75 18.03 65.15 61.6 
101 0.53 18.56 65.68 63 
101.5 0.77 19.33 66.45 66 
102 0~97 20.30 67.~2 68.5 
102.15 0.60 20.90 68.02 

Nf = 102150 cycles 

/ 
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APPENDIX -.' B 

FRACTURE TOUGHNESS TEST PROCEDURE 

The following specific items of ~he ASTM criteria 

for Fracture Toughness Tests; . 

1 .. Precrack length requirement: Minimum precr~Ak 

length must be 0.050 in. (0.127 mm) and must be greater 

than 5% of total crack length (a) at all points along the 

crack front. 

2. The maximum stress intensity of the final 2.5 % 

crack 1ength,a, divided by the modulus must be less 

than 0.00121/ 2 • 

3. The maximum stress intensity during the final 

precracking divided by the yield must be less than 

be 
4. The minimum specimen thickness mustAgreater than 

or equal to 2.5 times the square of the ratio of KQ to 

the yield stress 
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KIC Test Procedure: 

1. Determine critical specimen size dimensions 

2. Select a test specimen and prepare shop drawings 

There are two standqrd·specimen designs, namely the 

slow-bend test specimen and the compact tension specimen. 

It was tested the compact tension specimen CCTS). The 

initial machined crack length,a, should be 0.45 W so that 

the crack can be extended by fatigue to approximately 

0.5 w. 
3. Fatigue crack the test specimen 

Because a fatigue crack is considered to be the. 

sharpest crack that can be reproduced in the laboratory, 

the machine notch is extended by fatig~e.The fatigue crack 

should extend at least 0.05W ahead of the machined notch 

to eliminate any effects of the .geometry of the machined 

notch. 

4. Obtain tes~ fixtures and displacement gage 

Recommended bend test andtension testing fixtures 

for CTS testing are described in reference[40]These fixtures 

were developed to minimize friction and have been used sucees· 

fully by numoreus laboratories. 
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5. Test Procedure 

The d~splacement gage should be seated in the k:nife

edges to maintain registry between the knife-edges and the 

gage groove. The specimens should be loaded at a rate such 

that the rate of increase of stress intensity is within 

the range 30 - 150 kSi~~min. , corresponding- to a loading 

rate for the 1 in. thick specimen between 4500 and 22500 

lb/min .A photograph showing a typical compact tension 

test set-up is presented in Figure 4.8. 

6. Analysis of p-~ records 

If a material exhibited perfectly elastic behaviour 

until fracture" the load-displacement curve would be merely 

a straight line until fracture.The principal types of load-

displacement, curves observed are presented in below figure. 

1 
l..OAO) 

'P 

- I 

! 
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To establish that a valid KIC has been determined, 

it is necessary first" to calculate a conditional result, 

KQ, which involves a construction on the test record. 

7· Calculation of conditional KIC (KQ) 

After determining PQ for the compact tension speci

men, qalculate KQ using the following expression. 

8. Fin~l check for KIC 
-2 

Calculate 2. 5(KQ/Sy) where Sy= 0.2 % offset yield 

strength in tension.lf this quantity is less than both 

the thickness and -the crack length of the specimen, . 
, 

then KQ is equal to KIC.Otherwise it is necessary to use 

a·larger specimen to determine KICin order to satisfy 

this requirement. 
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