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ABSTRACT

In this thésis?lthe use of crack growth rate data
and analytical retardation models in predicting crack |
growth under vériéblé amplitude loading‘is‘reviéwed.Thé
effectivévétress.model developéd by willenborg, et al; |
is describéd in detail, including the/matheﬁatiqél formu~
latign.Compasison of test data and predictions for various
loading pnograms are shown in @igures. ' | .,

.All tests are carried out in an.MTS fatigue testiﬁg
machine with a maximum capacity of‘lO tohs.buring each
test, cyqling‘is interrupted periodically to measure
crack lengtﬁ‘(with a Gaertner Travelling Microscope, de).
and .to nbte therassociated number ofappliedAcyples. |

Compact tension Specimen made,of'2024;T4 aluminum
'élloy, are used throughout the tests.All tests are per-
formed ﬁnder ambient laboratory conditions.Eleveﬁ speci—;
men are used to obtaine the experimental data.

The results of the experimental program are used
to-review existing crack growth prediction models.In
the 1ogarithmic scale, crack growth rate vé,,stresé

intensity factor range are plotted.
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- OZET

Bu qallsmada, Qatlak 1lerleme hlZl verllerl ve ana-
*11t1k gec1kme modellerlnln, deglsken genllkll yuklemeler i
altlnda Qatlak 1lerleme tahmlnlndekl kullan11mas1 gozden |

- ge91rllmlst1r Wlllenborg ve arkadaslarl taraflndan gellsf

L tlrllen etkln geclkme modell, matematlk formulasyonuda

'"}dahll olmak iizere ayrlntlll olarak aglklanmlstlr Qesltll

yukleme programlarlna alt deney ve. analltlk verllerln |
karsllastlrllma81 seklllerde gosterllmlstlr.: | :
Deneyler 10 ton kapa51te11, kapall devre yorulma

' 01haz1nda (MTS) gerqeklestlrllmls olup, deney esna51nda
peryodlk olarak yuklemeye ara verilip,. o andak1 qatlak
>,uzunlugu ve buna karsi gelen gevrlm saylsl kaydedllmlstlr.x
jDeneylerde 2024-T4 alumlnyum alaslmlndan ha21rlanm1$, Qen-'
tlkll “ufak Qekme numune51" kullanllmlstlr 11 numune uzeT
rlnde qatlak 1lerleme gallsmalarl yapllmls, qatlak uzun-
‘lugu ve qevrlm saylsl 111$k11er1 saptanmlstlr.

| | Deney sonuglarl degerlendlrllmls ve 1ogar;Fm1k
skalada Qatlak 11erleme h1z1, gerllme slddet garpani

"arallgl 1llsk11er1 gosterllmlstlr. v
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CHAPTER I
INTRODUCTION

One of the most rémarkable'successes in recent.fatigne
studies has been tne application of‘the Linear Elastic |
Fracture Mechanics (LEFM) methods to fatigué crack propaga-.

" tion prdblems,GOod correlation between crack propagation rate
and range'of~stresé intensity factor has'generally been estab:

lished for\varlous materials and is widely used in many fleldz

of engineering applications. However, it is known that this

correlatlon sometimes conflicts in some detalls with experi- |
,mentally observed pnonemena of fatigue crack p:opagation.
Some exampies of disagreement may be found in’tne nonpropa-
gating fatigue crack problem and also in acceleration and
retardation of fatigﬂe crack propagation rate under variable
amplitude lbads. , | | : |
AccordingAto-the recent advances in/pinear Elastic
Fracture Mechanics, it is known that the stress intensity
factor of‘a créck genérated;at a notch or a stress raiser

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

8ing crack lengfﬁ.



If a ﬁniqué monoﬁonous‘relation»is assumed betweén crack
propagation rate and range of stress intensity factor, the
«créck should aiways propagaté-at,an.indreasing speed until

- final fractﬁre. | '

| An ektensivek:eview of the research done on the fati-
. _Vgue_crack'propagatioh'undei constant amplitude loading is
given in ChapterFII.Also théoreﬁical explanation of the |
probl;m has been made through the linear elastic fracture
-mephanics and it is presented in'Chépter IT.

Most of the research on fatigue crack propagation
under variable'amplitude load behaviour has been theoreti-
cal, bécausé experimental methods fqr Qbserving crack pro—b
pagatioﬁ and studying-their.individual properties, have
been recently developed, and it is_étill difficult to uti-
‘lizé these techniques.These tgchniques are pregented in,“
Chapter ITI. | |

| ’Experimental'wdrk including test results}and diécus—
‘sion of résuit;is‘given in,Chaﬁtér IV. )
Chapter v presents the bonciusiohs of test‘results;
The data obtained from the experiments and standard |

KIC test procedure are placed in Appendices.



CHAPTER TIT

FATIGUE CRACK PROPAGATION

2.1.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.When the size of the plastic zone at the
craék tip is small compared to the créck 1engtﬁ, thé streés
'intensity facfdr may still give a good indication of the |
stress envircnment,of.théfcrackgtip.lf two different cracks
have‘thé same environment, i.e. the same stréss intensity -

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

of growth.This implies [l]

Similar Conditions applied to the Same System will cause

Similar Consequences

(Same K values ) (%ame materials );>Same Crack Rat
. - |

Same environment in crack tip area

|



The crack_grthh rate, usually deﬁoted as de/dN
'Q=slope;of crack growth curve), should be,COnsidered to be.
~ the crack eXtension )ﬁs of'a'crack‘1ength'a occurring in oﬁe

cyclek | . |
| da
dN

=Aa

It will be clear that Aa will depend on;
~the cyclic stress on the crack tip area
~-the (cycllc) elasto-rlastlc response of the material
in the same area |
-the environment
~some fracture criterion ;
From the definition- of stress. 1ntens1ty factor K=CSVF_
a cyclic variation of stress (8) w1ll cause 31m11arly a cyc
llC varlatlon of K.The stress intensity in the crack tlp

&

area will be characterized by Kooy 80d K . . (Flgure 2.1)

' The similarity-approach -predlcts )

da __ '
aN = f(Kmln ’ Kmax)
| - AKN
_where Km ax = :
1-R- » i
da _ R)
\ dN
- RAK
Koin=- or

1-R

da Py
=f_ ( AK)
dN R
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Figure 2.1:Variable stress and stress intensity

factor

A formulae proposed by Paris is

d

L8 =¢ (AK)™®
dN

Figure 2.2 gives.an<illustration of the applicability of

K to the comparison between crack growth results from spe—

cimens with end loading and speciméns_with crack edge

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

sing for increasing crack length.

NN
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Various a versus N curves can be!generatéd,by varying-

 the magnitude of the cyelic-load fluctuation and/or the size |

~



oi the initial crack.These curves reduce to a single curve
when the data are presented in terms of crack growth rate
per cycle of loading, da/dN, and the fluctuation of the
E _st'rees intensity factor, AKX, because AK. is.a‘ single-—term
’parameter that 1noorporates 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 o:aok
‘ growth per cycle of load fluctuation‘andvthe fluctuation of
the strese intensity factor.The'fatigue crack propagation
behaviour for metals can be divided into. three regions.(Fi-,

gure 2.3)

- .
> -

2:3 ion :r

B

.
ERCL

k, wr n‘
kKmay
Swmin
_>mn
Smay

CRACK GROWTH BATE PER cyelE, (,3' J‘/'lﬂ/

9,
9

Aklh ‘ i
STRESS INTEUSITY FACTOR RAN‘E 65 4k

Figure 2.3%:Schematic representation of
fatigue crack growth
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The behaviour'in'Region I exhibits a "fatigue
threshold" cyclic stress intensity factor fluctuation,
'¢AK£h, below which'crécks_do not propagate under stress

fluctuations.

da

=f(AK,R) = (sensitivity of R) |

An analysis of experiﬁeﬁtal resﬁlts, published in |
the literatﬁie 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 bé represented by

da
dN

=CAK®  (Paris and Erdopan)

m has a value 2 to 10.High values of m are obtained. only in

. materials of low'toughness,'and»in‘high toughness materials

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

[l L y -

L¢) iz} ﬁ) 75
: Fro‘c{ ure 'l‘oujln ness 3I<1‘c , ka.m;:lz

Figure 2.4:"m" versus fracture toughness curve




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-safe viewpoint, in improving crack.propagation reéis—

tance over 2-2.5 decades from about~0;l/ﬂm/cycle upwarde.

2.2.Related Studies

After the end of the Second wWorld War, the problem
of prittle fracture has been studied extensively.Because
these lowfstress (compared to the yield sﬁress of the mate-
~rial)‘ffectufes always originate at flaws or cracks of vae-
‘rious types, the fracture mechanics approach has proved
useful in problems of materials development de51gn and
- failure analysis.This approach to the re51dual static
‘Strength in the presence of a crack, makes use of the con—ﬁ
cept of the stress intensity factor KI and Qas explained ii
previous sectlon Generally KI describes the stress field a1
a crack tip and values of" KI are known for a wide range og
cracked configurations [7,BJ when KI reaches a critical
value KC the crack extende; usually cataetrOphically.In
view of ite success in deéling with static fracture prob-
lems, it is logical to use a similar general approach to |
analyse fatigue crack growth data.The availability of- a |

master curve for a particular material relating fatigue
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1crgck growth rate and range of stress intensity factor can
enable a désigner'to predict growth rates for any cracked .
body configuration and he would not be limited to situati-
ons similar to those»pgfteining‘to the crééked specimen’

' geometry.used.to generate the brigiﬁal_déta.

During the last twentnyive years,-numerous "lawé" of
_fétigue crack growth have been published [9]. All of them
are equally valid in the’sehse'that they accurately repre-
sent a set of‘fatigue.érack growth data, not withstanding
these data were restricted to a limited range'o@ specimen
and crack length geométries and stress lévels.For example;
¥rost and coworkers [iO] obtained fatigué crack growth
data fof a wide‘variety of metallic'materials using 10 in;
wide'panels about 0.1 in. thick, subjécted toitensile stress
cycle, cracks being grown from both ends of a small‘prané-
verse central slit.They expressed the ratg of growth of |

cracks by the equation theoretically,

da__, U'Ba'
dN .

where a=average half crack length measured
from fhe center of the sheet

A =‘material constant
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Paris-andAErdbgan [11] argued that the growth rate /
should‘be a function of the stress intehsi@y 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;

da
dN

=C (A,K)IIl
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,

: n
da =C AK

~ 4N (1-R) Ko - AK

/8

where =stress ratio (8 ;,

Fnae)

max or Kmin max-

K =critical stress intensity factor

C
C,n=material constants
in which at least mean stress effects and KC were incorpo-

rated.This formula has been provéd by many laboratorides to
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give.akreasonable'approximstiOn to cfack'propagatien test
results for many . dlfferent materials.Some examples are pre-
sented in reference [15]

| Forman equatlon does not contalnAAKth "fatlgue—thres-_
hold" cycllc stress 1ntens1ty factor below whlch cracks do
not propagate under cyclic stress fluctuatlons and therefo-
re implies fatigue crack propagatlon even at 1nf1n1te1y 3
.small . AK. Klesnll and Lukas [14J modified the orlglnal Pa-

ris equation in the follow1ng way;

da
AN

n A, D '
= C (AK f‘A‘Kth ) )

‘While Hartman and Schlave [15] suggested a sllghtly diffe-

rent vers1on,

, da
‘ dN

- ~ ©\n
=C (AJ( Ath )

In [16] the IABG incorporated both proposals into the For-

man equation and found the Klesnil and Lukas solution,

~_da’_ _C (AK" - Ak, )
dv - (1-R) K, - AK

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

ver, the numerical values for OK must be determined

'
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}experimentally.

Other formulae for caleculation crack propagation

~ under COnstent amplitude loading heve been publiShed.See
references [17 - 24J | | |

Crack growth retardatlon models are explalned in

Chapter ITT.
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CHAPTER ITI

* FATIGUE CRACK PROPAGATTON UNDER
 VARIABLE AMPLITUDE LOADING

_ 5 1. leferent Types of Varlable Amplltude Loadlng

In the prev1ous chapter we have seen that K—concept
was quite successful in correlatlng crack growth data obtal—
‘ned under constant amplltude loading.The K—concept can be
agaln'useful for variable amplltude loadlng, if this type
of 1oad1ng has a statlonary characten. . |

As mentloned in the above explanatlon varlable ampli-
'tude loadlng should be deflned in two categorles ) o

l.Statlonary VA-loadlng

2,Non-statiohary‘VA—loading ’

Siﬁple examples of both categories are shown in Figu-
re‘3.l.A surVey'of‘several types of Ioading applied in test
series, reported in the literature, are given in Fig.5.2 |
and 3.3.The more sim?le ones are presented in Figure 3.2.
The number of variables is small and the variables can

ieasily'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.

. ‘ ) . each per_u’o,l
- ST TS T s enacky -
. V..v ) k
" * sTaTovARy ¢ ST
L
TP | )
kil i e o Step
{fg(“‘lﬂ.) LoAJt-\s ’

NOM-STATIONARY

rvvvvvwvvx./\/www Jo-- - - - single

overload

Figure?.l:Stationary and hon—sﬁationary VA-Loading

| Mﬂﬂhﬂpwwvm % TWO-STEP TEST - y
| WITH HE-LO SEQUENCE .
'WW‘fmmuvl\Mﬂ-’\mm % INTERVAL TEST
MWWJ\M]W\ A4 SINGLE DVERLOAD
MANJ\”NV\/LUM/}A RVPERIO'DIC HiIEH LOADS

TS !

'Figure~5.2:8everal simple types of VA—Loading
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This may be the distribution function of the load amplitu-
des.The functipn_may be a stepped_one, as for instance for

the program loading F and the randomized block loading G in
Figu:e 3.3,

F: ?2QG1ZAM LOADIANG

J :

@

T 1 PERIOO

m -G : RAUDOMIzED BLOCK
| ’ " LoADING

: H : NARRow-BAND :
a . W : RANDOM LOADING

K:,%eoAD-BAND |
. RANDOM LOADING t

M: FLIGAT-SIMULATION
LOADING

Al

Figure 3.3:Several types of complex fatigue
‘ load histories '

N
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3.2.Delay in Fatigue Crack Growth

The importance of delay ( or retardatimn in the rate
of fatigue creck growth) produced by load iﬁteractions.in
variable amplitude, on the accurate prediction of fatigue
llves and/or 1nspect10n 1nterva1s for englneerlng structu-
res has been well recognlzed for sometlme Therefore, only
a few simple: 1oad1ng comblnatlons or spectra have been exa-
mined systematlcally In a recent exploratory study, Jonas
and Wei [25] showed thet_the phenomenon of delay is very
compiex and can depend on a broad range of variables.This
and other investigatione havekshown 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 f26 - BQ].

Several models have been proposed recently to account
for the‘effects of delay.These models, whileASucceSful in
predioting'trends in fatigue crack growth under randomized
load spectra, break down for ordered‘speCtra.The lack of |
'quantitative‘succese may be attributedrto:

l.a lack of physicalvand phenomenological understean—
ding of the effects of 1oad interactions on fétigue crack
growth [95, 28— 50] ‘and of the simpler problem of fatlgue
growth 1nselfg .and

2. 1nadequac1es in stress analy81s to account for the

types of 1oad1ng, crack geometry and residual stresses[7 8.
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Deiay.properly refers to_the period of abnormally
low'raté, or zero rate, 6f fatigue crack growth between a
decrease in load level and the establishment,of é rate of
growthvcdmmensurate 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.Fdr experi-—
,fmental accuracy and potential engineering utilitygﬁhowevef
it‘is mqré convenient to define delay ND-artificially‘as a
- period of zefo;crack growth as illusﬁraﬁed in Figure 3.4,
by extrapolation of_the constant amplitude growth curve to

'zero—growth’line;’

cousTAUT KTTEST © COMSTANT 'LOAD TEST

‘ crackleﬁsik)a'

Bk,

N- cjclc;. N' CjCI?.S

‘Figure 3.'4: Schematic illustration of delay in fatigue
crack growth and definition of.ND [25]
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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
of delay cycles,ND.Figure 3.5 shows typicalvda/dN versus

& results.This phenomenon has.beeh termed "Crack Retardation"
If a tensile overload is,sufficientiy large, crack arrest

can occurm,

ﬁ.' OVer[oaJ |

/ arfliu‘ :

delay °(
re\'d(
Jecay 04

_é vetardation

I

|
t
|
|
|
|
i
t

Crac/s {ery'éla,, Ao (m,,,) |

Figure 3.5: Typical da/adN versus "a" results
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3.3.Retardation Models
B,B,laThe Wheeler Model

The Wheeler model [26]15 a relatlve damage accumula— ;
tlon hypothe31s Tests under a reallstlc 1oad sequence are
"used to. determlne a factor "m" whlch is used to fit the
predlctlon to the actual crack propagatlon llfe.

Wheeler summed crack growth cycle—by—cycle according:
to

=8, + Z (da/dN')

. =1

_Where 'ao==initial‘crack length
(da/dN)l_ growth due to cycle i

ar;:crack length after r cycles

To account for the effects of retardation, Wheeler

proposed that retarded growth rate could be represented by

da) = ¢ r(AK)
aN Jret p |

where f(AK)"yivs the usual c;'ack growth function (= C AK™T )

and C_ is "retardation factor" as shown below (Fig.3.6)

P
oon P
r_. S
Cp= |\ \"“' —
ao—rpo-—ai / 8-al
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where rpi=,current plastic zone generated i-th cycle

a; = current crack size

rpoz:size of the plastic zone generated by a

" previous overload

m = 7retardation exponent

{ . .
. .

J

Fig;3j=Yie1d zone due to overload(rpo),crackeize at overload (ao

current yield zone(rpi) and current Crapksize(ai)

~

C‘ caﬁ také on values from O to 1, indicating crack arrest
‘or no retardation at the eXtremés.Wheeler was able to make
good predictions of crack growth by properly choosing m
- (retardation exponent) values to fit experimentél data.
Another retardation model is the wWillenborg Model.
The Willenborg model makeé use of an effeétive stress in-
tensity factor.It is described inAsection 3.3 in detail.
Development of fatigue crack growth models to ac- .
-cbunt not only for the effects of retardation but also
the effects of‘g?mpressive 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
iForman model mentioned in section 2.2, /developed their own
| -model [32].’l‘he model uses an’ effective AKX (AK_pr ). |
To account for the folloW1ng possible load sequence .

effecte )
 1.Crack retardation

"2{The decrease of retardation by Sufficiently large
',compressive overloads |
5.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

3.4.1.The RMS Model

The bas1c idea of thlS method is to flnd a constant
vstress amplitude Z&Kequ which is equ1valent_(w1th regerd
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.lt 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.s.-value‘appreciable, but they do influence crack
: growth. A ‘

"Barsom [BBJhas found that the average crack growth

rate for the random loadings, could be correlated well with

with the relatlon,

T~
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where A’Krms= the root mean square stress intensity -

range for a load sequence

_ Swanson etfal.7[543have»also oBtained gqodbéorrelations;
 withfsimilaszpectrum characterizafions fof rahdom'loadiﬁgs.
-in'tﬁése‘studies of randomsidading‘crack growth, stress
spectra were all represénted by a continuous, ugimodal
dist#ibution, in particular, by a Rayleigh Distribution
Function.Thefuse of an-f.m.s. typé of characteiization to |
predict fatigue crack growth shbuld be restrictéd to load -
histories which canrbe described by such diSfributions and

in which sequence effects are not expected to be significant

3.4.2;The Crack Closure Model

’ Tréditionally, it has béen~é35ﬁﬁed that'underbcycling
loadlng, a crack tlp ‘would open and close at zero load.In
1968 Elber [27] observed that durlng constant amplltude
cycling, fatlgue cracks’ actually close when the load is
still ten51le and do not open again untll a sufflclently
high tensile.load is reached on the next cycle asslllustrae
vvﬁed in Figure 3.7 .Elber found that the opening/closing
stress levels were nearly the same énd equai to about onev‘

hal# on the maximum applied stress for R=0 loading.

-
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Lime dime c dime {dime
crock tip starts extends slorts
oPen {0 close back to oan

Figure 3.7:Illustration of crack closure

The phy51cal reason for crack closure behaviour can
~ be explalned as follows A plastic zone is always present

‘fsurroundlng a crack tip as shown in Figure 3.8.

crack & CHVCIOPC 0{ P,ASl.aa":,
T'AS‘HC o‘e-(orme.l ma"ena‘ n 'H\(

Zone

walce o{ 3rowma crack

Fig.B.S:Illustratidn of crack tip‘plastic zones

As the'craék‘grOWS through a succesion of these gones

(which.increase in_size ﬂith‘crack”length), an envelope

of plastically deformed mateﬁial'is left in the wake of

the cmack.Residﬁal tenéile deformations_with corresponding

residual compressive stressesbare present in this envelope;

| These‘residual tensile deformations cause a crack té,close

while‘still,subjecfed to tensile loading is applied again.
Elber has proposed that, since a crack is open for

only é-portion of a tensile load cyclé, then crack growth

rate should more appropriately be cor?elated with an effec-

tive stress intensity range, Axeff= Kmax - K as shown

op?
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in Figure 3.9, ‘rather than the total AK, as has.been

customary.-

- e — g " g e g -

OKeg

R I —_ - -~ Ko ;-SJI{{S 'm‘l’!nn}j 0$’°C"°{¢J with
‘cpem‘ng/closinj stress:

8k

-V

, . _ Aime
Fig;5;9:Effective stress intensity range as

proposed by Elber

3+5.The Willenborg Model

A,Curient predictive ahalysis techniques for crack
prbpagation under cycling loading.rély on the interaétion'
‘of'basic constant amplitude growth rate data derived from
labogétory tests on standard specimens.Suéh an autohated
procedure is contained in reference[35] and [36].

VariatiOQS_between predicted and actual growth lives
" have been noted for cases df variable amplitude spécfrum
loading due to the inferaction/of.the'stress applibations"
‘[57,583.The occurrence of -a teﬁsile overload will retard
growth below that is ﬁopmally expected,Neglamting these
interaction effects results in'grossly conservative’pre—"
diction of crack grthh life. ‘ |

" Several attempts at developing mathematical models

for growth retardation have been made [26,27].

.  posazici ONVERSITES! KUTUPHANES!
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In reference[26]; Wheeler calculates a retardation factor
Cb which~operates directly by reducing.growth rate da/dN.
"The procedure requires previous spectrﬁm growth deta to .
derlve a retardation exponent "m".Moderate success has

' been achleved by the author in fitting ex1st1ng spectrum
data.

" In the current study, retardation is aceounted for
by operatlng directly on the crack growth dr1v1ng function
AK.An effectlve.value of the stress 1ntenlsty factor range
is computed by assuming:a form of the residual crack tip
stress present after fhe application of.the'overioad.Once-
obtained, the modified AX is used in conjuction with ordi-
nary coﬁstant growth rate date and the CRACKS computer
reutine [55,56] to calculate life.No other empirical data
or factors are required. |

| Using as‘the'basis the yield zone concepts proposed‘
by Wheeler, the‘model is developed»under the following -
assumptlons, |
" 1.Retarded growth oceurs when the maximum cycllng
stress is reduced.
2.Retardatien is proportional to the amoﬁnt that the
‘maximum stress is reduced. ‘ ‘

3.The length of retarded growth is that zoneAcaused

| by the oﬁerload(i.e. the approximate yield:zone;'

"Ry caused by the overload)
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4,A new condition of retardation is préduced each

time a load is applied which is larger than~the

original overload.

-

To illustrate the mathematical develdpment and the

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

con31dered Figures 5.10, 3.11 and 3 12 summarize the deve-

lopment steps of the model.

| f — G MAX)
o .__..O’I(MAX)
w .
A
CEp LRI Gz“V“N’
S A’, ]
' "N cvcues
‘ "?'LOADING

. O} RETARDS: daIdN FORA o’
‘ﬁ.RYIa SIZE OF YIELD: ZONE DUE 0 @)
3, = |NITIAL: CRACK LENGTH

.ac = CRACK LENGTH AT ANYTIME FOLLOWING OVERLOAD
il.apl = TOTAL AFFECTED CRACK LENGTH =2, + RY
(Kl) * a; b
_ 7'( (o‘y)
_ «FOR ANY- GE} ERAL CRACK LENGTH ac FOLLOWlNG THE
OVERU\OD THE STRESS G REQU'RED TO PRODUCE A YIELD
“ZONE R SUCH THAT RETRRDA“ON WOULD BE TERMINATED

s DETERIRINED AS FOLLOWS:
! TR a=a+RY :za+ (d\hfac)z.
P » ol FYY

. S apl

~ YIELD ZONE. |MMEDI
" FOLLOWING_OVERLOAI
APPLIED O, |

YIELD ZONE CONDIT
FOLLOWING 0‘1 FOI

Kap dapJ ¢ 3RE

1Figﬁre’3.1O£Development of Willenborg Model
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Following the single oﬁérload, the crack continues
to grow under oyclic loading, A(]'2 .The growth, however,
~is retarded as long as nd subéequeht maximum stress grea-
ter than Gé(max) is applied and as long as growth remains
within the zone of plasticity caused by the overload, (7 (ma:

_ For the latter condition, it is presumed that the

ﬁcurrent" crack 1engtﬁ,ac; plus the lengthiof "current"
" yield zone, Ryé, is less than the value of ap,‘that is the
yield zone caused by the overload.Irwin's yield zone model

" is used in the model where

2
R_=yield zone size = ~— I) (for plane stress
Yo , 27 \ s

J

Iﬁ the example (Fig. 3.10) the'plane stress assump-
itidn is illustrated.Although a singie two level stress .
spectfum is”conSidéred here, assume a third stress level
G;==O;p (leés tﬁan(ji ) occurs following the last cycle
of dé, and assume also that growth'ﬁas not complefély prog-
ressed throug the yield zqne:caused‘by the oVerload,CTi.
.Forvthe‘previously established conditions of retat- .
-dation, it’can be presumed that retardatiqn will'be'termi-
nated when the value'of O;p is la:c"ge enough (Ozp- ,g@‘i )y

and the current crack length, a is of such extent that

c*

the below condition exists; ’

ac"'Ryap - apl
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where Ryapr—yleld zone caused by general stress G;p at

crack lvength a,

o 2
= Fap)” _ 2 ‘(Gfap )
o (sy>2 2 \ s

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

0> =g 2(ap - a,) " ( plane stress)
ap™~ "y’ N : _
o .
Further illustration of .O;p is indicated in Fig. 3.11,
where it is plotted against theincrement of crack growth

following the overload, (]_5_

SCHEMATIC CF Ojp

O \% o AsTiss  FOLLOWING CVERLOAN
pac= U2 {5y . ‘ g,

-3¢
— O] MAX)

ap OyVE—X

Ored™ EFFECTIVE RESYDUAL STRESS -

@ .
CAUSED ‘BY OVERLOAD, VARIABLE |
~ WITH a AND DEPENDENT UPON | #ﬂ |
02 CRACK LENGTH AFTER
= - OVERLOAD -
0redm-c.)'ap 2 _
FOLLOWING OVERLOAD: = O, (MAX), C,MINLR i WREARDD_ o= ‘
ARE REDUCED BY AMOUNT G, , 7T ‘
, | _
Tl O "y & 4 SCHEMATIC OF GROWTH
G‘M‘N’E = G‘M”‘” d(red) ' @‘7 RATE FOLLOWING
’ ~ / OVERLOAD, O
K W‘mm’ B /1IAX RETARD IMMEDIATELY FULLOWII

UVERLOAD

Figure '3.11:Formulation of willenborg Model
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" Note that G;p is ‘bounded by values G;p = Gi ahdv
G;p==0 over the increment (ai_— gp).In a physical sense,
G;p‘may be thought of as the effective portion of Gi
which is capable of causing retardation for stres§
053<(U;p at a crack length stili within'thé plastic'zone
caused by the overload,(fi .Because if‘is assumed that re-
ta:datipn,is~proportional' to fhe.differences in applied
stresses, the amount that GE is retarded should be the
difference‘G;b- O;(max) at any craék iength.(Note thét
G?:— Gi(max):: Qvl(méx)—ﬁ-é(max) immediately following the
overload.) B ' ’

-

req - the amount of "residual stress" caused by

the overload available to‘retard-og
= ng_ - (f2(max)

The relationship between (J_

req 20d 0;p is illustrated

in Figure 3.11 for éheAspecific example.

~

In thekcémputatién of reduced growth:due to G; loa-

ding, both O;(max) and Gg(min) are reduced by the amount

q;ed as illustrated in Fig.3.1ll.Negative values are set
equal to zero.Effective values of AK,, 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.
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N —— . N —- N
0'1 >0, , - 0= O, _ o) >> 03 —-’
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RETARDATION DUETO = RETARDATION DUE QNL ' RETARDATION MAXIMUM -

CED AK_ Rys©_ - . 10 REDUCED R . "GROWTH_STOPPED

» Flgure 5.12:Development of Willenborg Model -Modes

of retardation
There are three dlstlnct modes of retardatlon pos-—

51ble with in the model;(Flgure 3.12)

l.Retardatlon is due to both a reduced..AK and R::O

2;Retardat10n is due tofthebreduction of R ohl}y, R:>O R

| "A\‘Kei‘,f:AK . .

3.Maximum retardation occurs when both AK .. and R are
equal to zero. | | |

Note:tﬁat condition (3) occurs at *R =0 for the case}wheﬁ

/ Gé max 2 0 ,

The model and- procedure has been programmed for ease
of computatlon into the program CRACKS [55] Schematically
the rate of growth versus the increment of crackvgrowth for
the single overloéd case is_illustrated in ﬁig.}.ll.Maxi;
mum rétardation is seen{to occur immediately following

g .

overload and recovery to normal or unretarded rate occurs

within the yield zone as shown.
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CHAPTER IV

‘ 4.1.Test Materials

The material used in the experiments is aluminum

EXPERIMENTAL WORK

alloy 2024 in the T4 condition which is received in

-plate form ( 0.625 in. thick) from Reynolds Al. Company,
~  U.S.A. The chemical composition and mechanical properties
| are given in Table 4.1 and Table 4.2, respeétively.The

fracture toughness propert'y is determined in accordance -

'with present ASTM standards.

Cu

My

Mn

Cr

Si

Fe

Zn

Nl'

Sn

A{

2024

£33

1.58

0.6/

0.01

0.13

0.3

g.03

0.0L,

0.01

0.01

rest

~ Table 4.l:Chemical Composition of 2024 Al-alloy[39]
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U.uima{c Tén;ﬁ((

Tensile Vield Elonja'l'.'on Modulus o( Snear
Stress -5’{,55 € ‘ E{‘_"’_‘lj““'ﬂ aJulu.s,
. Ze | £ e
i 6 ksi 4“‘1‘ ksy " 5 {0-5“[06[25; 1/-.01;('/_06’95('

| 43.6 k32| 309 Ly

Table 4.2:Mechanical Properties of 202414 Aluml—
‘ 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‘well characterized.The specimens
are prepared according to ASTM E 399-74, with a valid
crack growth range of a/W=0. 5 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 Metallic

Materials", E - 399 [46].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 (Figﬁre‘4.2).All data are taken after the crack
has propagated by 1.5 mm's.

l Keyhole

L ‘2.5rnmk ‘

i

>

Flgure 4.2: BEnvelope for crack starter notch
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The compact tensibn specimen requires- the least
amouhf of material and is relatively inexpensive to test.
- It must be precracked in fension—to—tension fatigue
test [41]. |

It is not only a standard configuration for tough-
ness testing but aléo a common specimen for fatigue crack
growth expériments,Tﬁe requirement that the thickness (B)
should be half of the specimen width (W/2) is relaxed in
fatigue tests. | | |

In the expériments, Dimensions are chosen such as ;

W =100 mm

a= 45 mm

H =120 mm

- 'G= 12 mm
" D=125 mm

"B = 15 mm
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40 5.Set-Up

Figure 4.3 shows the experimental set-up for
fatigue crack propagation tests.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 *1%.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
énd abscissa respectively on an X - Y recorder.( Hewlett-

Packard X-Y Reconder)

‘Crack length measurements are taken at every
1000 cycles with a Gaerﬁner Travelling Microscope (10 X )
And fracture surfaces are observed on the microseope
( 30 X-) seen in Figure 4.3 at right.

The magnifying glass is used to observe the crack
length existing in the specimens;

Applied loadiis observed on the digital multimeter
(Hewlett-Packard, 40072 Display) and the oscilloscope

_(Textronix).

4;4.Experimental Procedure

First the specimens'havekbeen’precfacked inizero-to-
tensien fatigue loading.The conditions necessary fer a
sharp, flat crack noimal to 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 dipection and the ‘maximum value of the stress
intensity in the‘fatigue cycle be known with an error of
not more than 5% ) [40]. |

TN
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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 precracked in tension-
to-tension fatigue with wvarious baseline loads.To determi-
ne whether fatigue cracking was completed within desired
limits observation of the traces of 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 relevent data of crack initiation is summari-
. zed in Table 4.3.As an addition the nominal stress at the

notch root * has been calculated and listed.

spei- [0 | AP (M0 | Bo | o ag,,, | 8K
men | W | (kg() |Cyeles) | (mm) | Eom) (kg /) |(bg.mim”
4 |o50|1000-50 {30000 | 5 50 3.3 | 73.¢
2 e 7 28000 5.5 >
‘ 48 é’ /i 70.:)
3 | # |t200-50 10800 3.4l - g
v /]
: " o 31 070 2 b 13.4
& " ’ 667
6 V4 n 7 . ) . ‘ 74‘.8
¥ | K u 13000 . 5.5 5050 i3 : 542
g |+ |1000-50|12150 | % 4t L 5
3 ) , : 127,;0 2.12 4312 4 |
» | . < ) 4 63
10| » 0y 19850 | 2.5 4‘?.50. ‘
11111 24000| 335 | 4835 | 5.6

 Dable 4,3: Crack Initiation Data

X atpess at noteh root is given by;

P - MC . P 2(24a/W)
16—::' + = '

A I B (1 -a/W)f




v The frequency —althoughnot critical in thls case-—
,1s held at 3 Hz All tests were performed 1n a. laboratory
env1ronment at amblent temperature and relatlve humldlty.
| The data obtalned from the experiments are the
"crack lengthiversus cydleskto failure, ( a - N ) curve.
These a-N curves from actual tests are compared w1th the
predlcted ones obtalned using the W1llenborg Model.The

~raw a-N data are 1ncluded 1n Appendlx A in detail.

"During the tests, crack length measurement are-
" taken at every 1000 cycles w1th a Gaertner Travelllng
Mlcroscope ( IOX)

TALL tests are summarized in Table 4, 4 The'fractnre
surfaces are shown in flgures 4,11, 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 tovcharacterize the steady;state crack growth’behaviour

of the 2024—T4 alumlnum alloy Table 4. 5 shows the constant

i’amplltude test plan. -
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— ‘ ‘ -
Specimen |Specimen Thickness |Stress (Load) L
N *SPC.‘ 1B (mm) Ratio, R A'P ( 5(\
- |CTs 15 | 0.083 | 550
11 |cTs | 15 0.066 | 00

Table 4.5:Constant Amplitude Test Program

It is known [42]that varying the stress ratio has a
'strong efféct.on Crack grbwth rates.The stress ratio, R,
is defined as the ratiO'df fhe minimum applied stfess or
load to the maximum appliéd stress or load. |

deldifferent stress ratios were teétéd.Since.it wés
desired to obtain dé/dN data over the range 10™7 to
lO'4 mm/éycle, the allowable stress (or lbad) ranges
were limited. | | |

The specimens were loaded in tension loads,It was
found [45] that the compact tension sbecimen produced'

erroneous results when subjected to compression loads.

Groﬁp II :(Block Loading with Hi-To Sequence)k

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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\LoaJ,‘P(l’g{) -
4000
) 350
‘ 339 530
: 350
) 5 O I R
g . — A 1 + ey ———
M0 20 30 go  So ‘oy 30 g cyetEs (id)
Figure 4.5:The loading program of specimen no:2
? fow - - :
A P o
, _ko0
sl L

) 20 2o . ‘fg '45 7‘:0
F:Lgure 4.6:The load:.ng program of spec1men no: 5

Table 4 6 shows the loadlng program in Group II, 1nclud1ng

' stress ratio and stress 1nten31ty factor range.

S CTS#H#2 . o
Mlo® = doimmy  alom) Blof) R K Gghm)
- 0«5 : 4.5 - 5510 /o,oal—s‘o 0.050 - 7.5
s-i5 98l 6031 70-50 0066 £33
15-22 12,15 §0.25 $30-50  0.087 52
23-30 9 £154 $50-50 . 0.030 63
30-65 30.46 - 80.96 350-50 O.141 24.%
Precvock - JP-.-/oao-‘s_‘a ) Op=50.5mm , l/;=47230 (:1('/?3
, CTsS#3
3 3
Melo 5 dalmm)  6(mm) z)m,() R Sklypum
. po-5 417 52.76 |000-50 _ 0050 665
510 6318 5533  &e0-50 0.062 5¢é
{0-30 (450 6318 boo-50 0083 5.6
30-65 23.23 .95 gee-50 0125 553
¢5-145 - 283738 240 | 200-50 0250 243
{45-tho ~ 33.86 8251  3ee-50  0ue6 12

Precrock: OP- 1200;5'& y Oj= §8.6lmm , A{(", 160320 cjé{q

 Table 4.6:' Group: II:8pecimens Test Program-



Group IIT:(Constant Amplitude, at Displacement Control)

In this grdup, only one specimen was tested under

dlsplacement control The loadmng program is shown in Appen-

dix-4A in detall.

Group IV:(Single :Overload, at different overload ratios)

Specimen no:57was tested with 4bsingle overloadé at
~ two different overload ratios and different baseline loads.

Table 4.7 and Figure 4.7 show the loading programb for spe-

men no:5,

CTS H5
Precmds AP=1200 - -590,0¢ =50mm , .[ 405'50 c_gzlu

/Vx /0 ' ZAOI U(mm) A.P(Lg( A}(([_s{m’%-

0-1o 2.40 . 52.40  foo-50 0062 515
$ %215 - = 200-50 004l -

10—2—0 _ 10.54 - 6054 Joo-50 0.0'62 £5.8
A %= 15 - - 1200 -50  0.041 -
 20-23.5 13.02 67.02 foo-50 0.062 31.5
935.285 I18.49 6848 53350 0.093  62.8
X0 = 1.5 - - | So0-50 0.062‘ : -
285-232 23.92 73.92 533-50 0.093  J&5.3
0 1.}5 - / - 30-50 | 0239 -
32-40.5 2846 6 Fo-30 0./38 3063

Table 4+7: Single Overload Test Plan for Specimen 5
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b {200

2 A

| , ¥ evaes (1)
"Figure 4.7:The loading program of specimen 7 '

Group V:(Sipgle Overload Tests, O/L =1.25, 1.5, and 2.0)

| “In ﬁhis gfoﬁp (speciméns 6, 8 and 9 ), the effects
on subsequént'crackvgrowth of-singlé 0ver16ads_were'exa-
mined.The crack Qas prOpagated under ¢onstant’amplitude
loading conditions, a single overload cycle was: applied,
- and the drackfwas 7ﬁhen;lsaded under constant amplitude
loading until steady-state gfowth raté was again reached.
| Three compact tension specimens (6, 8 and 9) were -
subjectedAto single o#erloads with overload ratios of
1;25; 1.5 and 2.0.The overload ratia, 0/L, is defined as
the ovérloadkétress (or loéd).divided by-the maximum
baseline stress (SOL/Sa or load (EOL/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 fracture toughness properties were performed in
accordance with present ASTM standards [40].Figure 4.8
shows the experimental set-up for fracture toughness
testing.The standard KIC test procedure is added to
Appendix-B.

Figure 4.8:The experimental set-up for
Fracture Toughness Testing



- 47 -
4.5,Test Results
4,5.1.Group I test results

o - Figure 4;9 and 4.10 show theva-N curves for,spedi-
men 1 and 11, respectively. “

_.§R - 1$ | §§ 

3

CRAcK LeweTH, a (mm)

&

'

¢ +— :

o _ #o . flo #ho

.

i
¥

.- f._ % . 0. Hio . flo_
| N-CYCLES (x/0%)

v

’

Figure 4.,9:Crack length vs. number of cyq}eS(CTS 1)
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Figure 4.10:Crack lehgth vS. number of cycles (CTSAll)

A

Figure'4;ll and 4.12 show the fracture surfaces of

spec1mens l and 1l1l.Figure 4.13 shows crack growth rate

da/dN, plotted agalnst applied stress intensity range,AK,
~-for»the 2024-1T4 Al-alloy for two spe01mens;

Jo
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Fracture surfaces

Fig.4.12

racture surface

F

11:

'Fig.4

of specimen 11

of specimen 1.
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tude tests ‘
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4.5.2.Group II test result

‘

Figure 4,14 and 4.15 represent the fracture sﬁrfaces

of specimens 2 and 3, respectively,

Fig.4.15:Fracture surfaces
’ of specimen 3

Fig.4.14:Fracture surfaces
of specimen 2

The crack length vs. number of cycles results for
these tests are presented in Fig.4.16 and 4.19.And Fig.4.18

shows fatigue crack growth rate vs. applied stress intensity

range for specimen 2 and 3.
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Figure 4,18: Fagigue crack growth vs, stress intensity
| factor range for Group II
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Figure 4.17:Crack length vs. applied cycles (CTS 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 shdws the crack‘length vS. applied

cycles for specimen 4,




Figure 4.19:Fracture sur-
faces of specimen 4 (at dis-
‘placement control)
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Figure 4.20:Crack Length vs. applied cycles (CTS 4)
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Figure 4.21 shows fatigue crack growth rate VS. s'tress in-
tensity factor range for specimen 4.

10 _ , »

E

varsgd |l 1 L

4 R T e A I

k_O.t/. o b , R

FATICUE Cenck GROWTH RATE, Jafly, Cpmfeyele )

fY
[N

o

fo 5 20 30 5 P o0
-3/
STRESS INTESI 7Y FACTOR RANGE | 0K | (kyf. mm 2)

Figure 4.21 Fatigue growth rate VB, s tress intensi‘by
range (CTS 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 tégobtain detailed
crack growth measurements during andvsubsequent to the
applicatidn of single overloads, and to define the effects:
of those overloads on subsequent crack growth behaviour. -

" The data Were-analyzed by plotting crack iength #s; num-
bér‘bf cyclesvand crack growth_rate vs. stress intensity
factor range. - | |
Figures 4,25, 4.26 and 4.27 present overall a vs. N
data for three specimens subjected to_single)overlOad |
‘applications with different overload ratios.The application
" of tensile overloads caused crack growth rate following'v
the overload to be'much less fhan it wbula have been 
without the overload.Also in these figures, the aQN-cﬁrve :
obfained from experiments was compared to predicted a-N

versus based on Willenborg Model;

Subseéuent to the application-of an overloéd, the
behaviour of the crack growth_dn the specimen sﬁrfaces'
was somewhat grraticf' » |

Figures 4.28, 4.29 and 4.30 present the fracture

surfaces of specimens 6, 8 and 9, respectively.
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Flgure 4.25: Crack length vs, applied cycles for

~ overload test: 0/L=1.,5 (CTS 6)
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Fig.4.29:Fracture surfaces of -
specimen 8 (0/I=1.25)

;

Fig.4.28:Fracture surfaces of
1specimen 6 (O/L=1}5)

Fig;'4.30:Fracture surfaces of
specimen 9 (0/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 4.3l:Fracture surfaces of
three specimens (6, 8

and 9, respectively)
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The crack growth rate as é-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 fracture surfaces.of'

specimen 7.

' Figure 4.54:Fracture'surfaces of
' specimen 7 (After_Fracture
Toughness Test)
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4,6.Discussion of Results e |

4.6.1.Constant Amplitude Test Results

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

agz—iinst applied stress int':ensity range, AK, for the‘; .
2024 - T4 aluminum for a variety of stress ratios.It is
evident from the figure that, as the stress réti'o, R, is
'incre’ased, the crack growth rate increases er the same.

value of AK.

The data were fitted to a Paris EQuation of the

form:

da — g ( AK)® | ode (mm/cycle) -
daN . ) dN

AKX -(kgi‘/mma/‘2 )

A least squaresb procedure was used to fit the data

to above equation.And the parameters were obtained as;
¢ =7 x10°

‘n=2.87

therefore, the Paris Equation used in all tests becomes

da: _o x 16° (ag )2+%7 (kgf, mm) -
dN - |
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4.,6.2.5ingle Overload Tesf Results

Figures 4.23, 4,25, 4;26rand 4;27'present overall .
a vs. N data’forquur speeimens subjected to single over-
load applications. ’ |
| The emeunt of crack retardation following e‘single
tensile overload incfeases as the ratio of overload max.

stressvintensity, K to the maximum stress inteneity

maxOL’

K , of subsequent constant amplltude loading ( or P

max oL

to P ratlo) increases.In" references [45 - 50] the
same trend was observed. For example, (See Flgure 4 52) ‘
O/L-1 25 produces almost no retardatlon, O/L 1.5 pro~-
duces retardation and O/L=§2.0 produces temporary arrest
followed by retarded growth, in teste of specimens 6, 8
end 9. o S
Figure 4.26 shows that overloads of O/L =1.25 have
negligible effect on crack growth rates.Figures 4,25 and'
4,27 show that greater overload effects cen not‘be neg-
‘lected. . | |
| The number of delay cycles also depends on the
crack length at which each overload is applied.If can ‘be
seen in Figure 4.32 that, as the craek length at which
the overloads were applied increases, there is an orderly'

increase in the numbef of delay cycles.
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Flnally, 1t can be concluded that the number of
‘delay ‘cycles is an increasing functlon of the crack
»'length at whlch a single overload cycle is applied and
of the overload ratio.Overload ratios less than approxis-.
mately 1.25 produce essentially no retardation while an
'oVerload ratio greater than 2.0 is adequate to cause
crack arrest. '

Retardation ocCUrs for gfowth through the crack tip
plastic zone created by a tensile overload [43,47].

Méasurement of crack gfowth following a tensile
overload typically resemble that showniin Flggre 3.5 (In |
References [#4]and [45], this subjéct is étudiod 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".

' Créck retardatioﬁ eventually decays ontil growth
rate before the ten31le overload applloatlon is approac- ‘
~hed. Rlce and Stephens[45]have found that when d+=50 percent
of the reversed plastlc plane stress,.yleld zone size at
the crack tip is: |

1 2
Ty 21 ( maXOL/ J )

Von Euw et al.[&?]havé found d=10 to 25 percent of
total plastie zone size, or equivalently, about 50 to 100
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N

percent of the reversed plastic zone size.
In this expérimental study, "Delay of Retardation"
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-Jow load sequence can produce o
crack retardation.(Figures 4.16 and 4,17)

4,6.3.Constant Amplitude Load,at displacement control

In Flgure 4. 21 fatigue crack growth rate vs. stress'
»1nten31ty factor range is shown. At dlsplacement control,

the stress intensity factor is

b _fa/) - 8E oy

K=
W B 1k W

Saxena and Hudak EBiJ have found that

=

- 4 1€ > ;- 24 4—é3§ﬁn(l—a/w)#18.7l
k- ‘BE (1+(a/W))  (1-a/w) , |

\
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In thls case,  The hlgher the crack length the

lower the stress 1nten51ty factor.

Using the above equations, a functlon of g(a/W) is

obtalned (Figure 4.35)

03+

0.2 1

oo o5 06 07 08
. ’ a
: W o o
Figure 4.,25: A graph for gla/WY qt dispfacement
' control B
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CHAPTER V
CONCLUSIONS

The follow1ng conclus1ons have been reached or
verlfled 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 givén value of AK .

the higher the rate of fatigue crack growth.

2.5ingle overload cycles less than, or equal to, 1.25
times'the baseline loading, have negligible effect
on sussequent crack growth rates for-2024§T4

Aluminum alloy. i S v |

5 At'a'given overloéd ratio and basemine stress ratio,
delay cycles 1ncrease as a functlon of crack length

and stress 1nten51ty factor, for Alumlnum.

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 .

l. CTS 1, Constant Amplitude Test Da{:a

| leO5 Aa(mm) EAa(mm) a(mm) "AP_(.kggf) 'ﬁ
30 5.00 5.00 50.00 950
40 0.73 5.7% 50,73 - 550
50 0.11 5,84 50.84 - :
60 - 0.05 5.89 50.89
20 0.08 5.97 50.97
80 0.08 6.01 51,01
90 0.06 6.07 51,07

100 1.42 7.49 52.49

110 2.%36° 9.85 54,85

120 - 3.46 12.31 57.31
130 3,76 16.07 . 61.07
140 2.87 . 23.94 68.94
141 1.79 - 25.79 70.73
142 - 6.39 S 32.12 . 77.12
142.08 0,69 -%2,81 77.81
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2. CTS 2, Block Loading with Hi-Lo Sequence

: Precrackj. AN = 28000 cycles,

Aa =5.5 mm o a =45 mm
AP =950 kg a;=50.5 mm
Nx10 Aa(mm) 2 Aa (mm) a (mm) AP (kif) AK(kg/mr

1 0.2 0.8 | 50.7 . 950 62

2 0.99 - 1.19 51.69 " _ —--

3 0.7k 1.9% 52.4% S

i 1.05 2.98 53.49 . R

5 1.02 4.00 54.5 4 . _. --. 63.9

5) 0.1 4.1 54,60 700 . .

7 0.1 4.2 54,70 4
8 O.14 4.34 54.84 4 . ,

9 0.5 4,84 55,34 o, .
10 0.58 S5.42 55,98 ... 4. ~- =2 - 495
11 0.78 1 6.20 56.90 T, ~ T
12 0.65 - 6.85 57.25 . ‘
13 0.72 7.57 58.07 : )
1k 0.8% - 8,140 58.90 W
15 0.81 9.21 959,721 - -4 - - 2 -~ 62.5
16 0.07 9.28 - 59.78 -~ 520 : ' |
17 0.09 9.37 59.87 y :
18 0.18 9.55 -60.05 a
19 0.45 10.00: 60.50 . -« no---n = - 48.9
20 O.04 10.04 61.14 4 ' :

: 21 0.46 11.10 61.60 .

22 0.45 . 11.55 62.05 -

23 0.48 12.0% - 62.53 500

24 - 0.3%4 12.37 62.87 ”

25 0.55 12.92 63 42 « - - g -t - 5D

26" 0.53% 13.45 . 63.95 Y

27 0.72 14,17 64,67 .

28 0.63 14.80 65. 300

29 0.7% 15.53% " 66,03 .

30 0.91 16.44 66.9h -~ s o m e - 6l.3

35 0.05 16.49 66.99 . - 300 - - .-~ 36.8

40 0.18 16.67 . 67.17 y - - 36.86 "

45 0.25 16.82 67.42 . 37.6

50 1.3 . 18,12 68.72 " | 40
AP—_"Pma&—?ml'n

ot 0%



- 83 -

Nx102 Aa(mm) S Aa (mm) a(mm) AP(kegf) AK(kg/mma/z)

55 1.32 - 19.44 70.04 300 42.8
60 1.67 21.11 71.71 -- - 4 - - " U6,6
61 0.46 21.57 72.17 “.
62 0.48 22.05 72.65 "
63 O.44 22.49 7%.09 : ”
o4 . 0.68 23,17 7%5.77. .
65 0.68 - 23.85 ¢ HH5 -l - - B4
66 0.70 24,55 75.10 "
67 0.92 25.47 76.02 ’
68 l.41 26.88 7753 v

69 . 2.83 29.71 80.36 . 75

Nf ~ 69230 cycles

5. CTS 3, Block Loading with Hi-Lo Sequence

Precrack: AN =10800 cycles

Aa =3.61 mm a, =45 mm
AP =1150 kg a; = 48.61 mm
" Nx10°? Aa (mm) S Aa(mm) a(mm) AP(kgf) AK(kg/mmB/é
1 0.21 0.21 48.82 950 - 56
2 0.82 1.0% 49,04 ” 57.63
3 1.18 2.21 50.80 w o
i 1 0.85 3.06 51.65 .o -
5. 1.11 4,17 52.76 ¢ ---- 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 p
9 - D.66 6.05 54., 64 “ o -
- 10 0.73 6.78 55.3%7 . ---- 56
11 0.0% 6.81 = 55.40 ---550-- - - 41
12 0.04 - 6.85 55.44 ”
13 0.21 7.06 55.65 o
14 0.3%9 745 56.04 .
15 0.25 7.70 56,29 - - -0 . - - - - 42.1
16 - 0.51 8.21 56.80 . ,
17 . 0.28 8.49 57,08 )
18 0.40 8.89 57.48 C
19 0.3%" 9.22 57.71 "
9.65 58.24 - - .4 . - - 45,1

20 0.43
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0.02

Nx102 Aa(mm) 2 Aa(mm) a(mm) AP(kgt) - AK(kg/mmB/z)_
21 0.33 9.98 58. 57 550 46
22 0.33 10.30 58,90 y
23 -0.60 10.90" 59,50 ;
2u 0.48 11.30 59.908 ’ o
25 0.40 11.70 . 60.38 - . - -- 149,13
26 “0.50 12.20 ° 60.88 "

27 0.55 12.75 61.43 ’

28 0.56 13.31 61.99 " ,

29 0.59 - 13.90 62.58 4 e s
30 0.60 14.50 63.18 . - - . - - 55
31 0.02 14,52" 6%.20 . 350 . 25
32 0.02 14, 54 63,22 o '

%3 0.01 14,55 ' 63.23% '
3 0.0l 14.56 63.24 b ,
35 - 0,01 14.57 63.25 - - ~ -4~ 35.2
38 0.01 14,58 63,26 P o
40 0.32 14,90 63,58 -~ - - . - 35,7
41 0.30 15,20 63.88 ,

42 0.22 15, 44 64.10 4

43 0.24 15.68. 64, 34 " (

ul 0.21 15.89 64,55 T
45 0.16 16.05 64,71 - - - 37,33
46 0.27 16.32 ~  64.98 : SR
49 0.31 16.6%3 65.29 “

48 0.24 16.87. . 65.,5% .
49 0.3%2 17.19 65.85 . .
50 0.23 17,42 66.08 - - - _ ,_"_. 39.9.
51 0.26 17.68 66. 34 , o :
52 0.26 17.94 66.60 "

.53 0.33 18.27 66.93 ‘ :
54 0.28 18.55 67.21 g ~
55 0.40 18.95 67.61 - - . = - 42.8
56 Q.21 19.16 67.82 2 '

57 0.39 19.55 68.21

58 0.32 19,87 68.53 .

59 0.35 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

6% - 0.48 22.10 20.76 )

64 0.57 22.67 71.%% g

65 0.62 2%.29 21.95 _ _ . .% . _ 53.1"
70 0.06 23,35 72,01 150 2%

- 80 0.07 23,42 72.08 ” 23
85 23,40 22,10 " 2%.1
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Nx107 Aa(mm) = Aa(mm) a(mm) AP(kgf) AK(kg/mma/a)
90 0.0% . 23.47 72.13 150 2%.15
95 0.02. 23.49 . 72.15 v 23.2

100 - 0402 2%.51 72.17 7 ’
105 - 0.01 23%.52 72,18 ¢+
© 110 - '
115 -
120 -
125 -
130 -
135 -
140 - |
145 0.22 23.75 72 .40 250 %9.1
146 0.37 24,12 - 72.77
147 0.35 24, 47 73,12 7
148 0.30 24,77 73,42 o
149 0.31 25,08 73,73 oo
150 - 0.34 25,42 94,07 - - - 4. L . - 42.37
151 0,36 25,78 Pl 43 s :
152 0.52 26.3%0 - 74,95 o
153 0.52 26.82 75 . 47 f
154 0.51 27.%% 75.98 s
155 -0.53% 27.86  76.51 - - -4 - - - 52,3
156 0.67 28.5%  77.18 . , :
157 0.79 29.32 77.97 i
158 0.88 30.20 78.85 ot
159 1.40 - 31.60 . 80.25 g ,
160 2.26 33.86 82.51 . - ."_ _ _ 71.56
N, =160%20 cycles

f
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Precrack: . AN= 31070 cyélas :

. CTS 4, At displacement control -

76.32

Aa=2 mm a,= 45 mm
- AP=1150 kg a; =47  mm
Nx102 Aa(mm) SAa(mm) a(mm)  AP(kgf)  AK(kg/mm>’ 2)
1 0.20 0.20° 472,20 .
2 0.53  0.93 n9,9%
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
2 0.7% 4,11 51.11
8 0.59 4,70 51,720
9 0.54 5.24 . 52,247
10 0.85 6.09 5%.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 .
15,55  0.88 16.66  63.66 770 |
16 1,14 17.80 64,80 710
16.5 1.%6 19.16 66.16. 670 -~ = — 77,3
17 1.14 20. 30 67.30 610
17.5 1.00 21.30 68. 30 580 - o
18 0.91 22.21 69.21 540 . ... 9%
18.5 1.21 2%,42 70.42 - 510
19 1.08 24,50 71.50 475
19.5 0.92 25.42 - 72.h2 440 o .
20 0.65 26.07 92%,07 --- 405 . -. . 67.3 "
20.5 1.01 27.08 74,08 370 o
21 . 0.75 - 27.83% 74.8% 360
21.5 0.65 ~ 28.48 75,48 340
22 0.27 28.75 75.75 328
22.5 0.57. = 29,32 %10
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leO3 Aa(mm)  SAa(mm) a(mm) AP(kgf) AK(kg/mmB/?“)
23 1.57 %0.89 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% - 79.63 240
25 0.65 33.88  80.28 -.- 220:-..-.56.5
25.5 0.37 33%.65 80.65 212 .
26 0.48 54.1% - 8l.13 190
- 28.5 0.71 34,84 81.84 172
27 O.47 55.31 82.31 170
27.5 0.42 35,73 82,73 ' 162
28 0.47 36.20 83.20 155
28.5 0.%4 36.54 83.54 140
29 0.60 37.14 84,14 140
29.5 0.23% 37,37 84,37 135
30 O.44 37.8L1 84.81 125 = — = 40 4
30.5 O U4 38.25 85.25 115
31 0.5% 38.78 85.78 100
31.5 0.61 39.39  86.3%9 .90
52 - 0.38 39.77 86.77 85
2.5 0.48 40.25 87.25 90
33 0.35 40.60 87.60 90
33.5 0.31 - 40.91 87.91 80
A4 0.47 41,38 88.3%8 - 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 o4
36 0.31 42,59 89.57 60 - - 26
36.5 0.3%7 42,94 89.94 55
37 0.2%" 43,17 90.17 52
37.5 0.%0 43,47 90.47 50
43,61  90.61 ... 50 - .- 19

38 0.14

Note that:

of, ax)
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5. CPS 5, Single Overload Test Data -
Precrack: AN=19200 cycles VL v
" Aa=5 mm ' _ao—_ﬁLLS mm

AP=1150 kg . ai=5o mm

A

%10 Aa(am) SAa(mm)  a(um)  AP(kgf)  AK(kg/mn>’2)

5 0.05  0.05  50.05 - 950 48
6.5  0.13  0.18 50.18 . |
7 0.31 - 0.49 50.49 -,
‘9.5 - 0.1  o0.68  50.68 . "
8 0.28 0.96.  50.96 2
8.5 0.35 1.3l 51,31 =, -
9 0.36°  * 1.67 51.67 S
10 - 0.73 © 2,40 52,40 el 52
#* Overload (0/Lr=1.5)- - - — - ~-- - 1150 o :
105 - 0.1% 2155 52.5% . - 750 - . 5%.2
11 0.03 2.56 52.56 . 3
11.5 - : '
12 - - | |
12.5 0.06 2.62  b2.e2 R
13~ : ° T :
1%.5 0.59 5.21 5%.21 : v
14 0.541 3.62  53.62 | |
14.5  0.46 - 4,08 . 54.08 . :
15 0.50 4.58 54,58--- - % - -~ - 55,5
15.5 0.49 5.07 . 55.07 . ,
16 .44 5,51 55.51 4
16.5  0.32  5.8% = 55.83 ,
17 0.6l 6444 - 56,44
17.5 0.60 . 7.04 - 57.04 e
18 0.59 7.63 57.6% ‘
18.5 0.56 8.19 58.19
19 0.61 8.80 58.80
1905 0080 . 9.60 59060 ¢ )
20 . 0.94 - 10.54 605l « = e - - - 69

¥ overload (O/L=1.5) _ _ _ . .. 1150
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Nx102 _ Aa(mm) Sda(mm)  a(mm)  AP(kgf)  AK(kp/mn>’2)
*§§.5 0.24 10.78  60.78 750 69.5
21.5 0.47 11.25 61.25 7 .

22 0.74 11.99 61.99 -- ~ - 73.8
22.5 1.36 13.35 63.35 /

23 2.08 15.43 65.43 ”

23.5  1.59. 17.02 67.02 - .. - 92
¥ P gy =533 kef (AP =P, ~Pps, = 533-502483 kef)
ou 0.05 " 17.07 67.07 48% 59.2
24.5 - | o

25 - . |

25.5 0.03 17.10 67.10 ”

26 - |

26.5 -

27 -
27.5 0.22 17.32 67.32 7

28 0. 34 17.66 67.66 ‘

28.5 0.8% 118,49 68.49 . ¥ 65.8

% Overload (0/L=1.5) AP= 800-50= 750 kgf

29 0.44 - 18.9% 68.93 483 644
29.5 - . ) R
30 . 0.14 19.07 . 69.07 ”

30.5 0.51 19.58 69.58 v .
31 10.97 20.55 70.55 -~y - - - - 0.4
31.5 1.27 21.82 71.82 "

%2 - 2.10 23.92 73.92 .. 4 — . . .85

¥ Overload (0/L=1.75) AP= 630-50 =580 kgf

32.5 0 0.14 24,06 94,06 310 - 54.8
33 :0.02 24,08 74.08 p

%3.5 0.11 24,19 74,19 '

34 0.02 24,21 4,21 v

4.5 0.02 24.,2% 4,23 - - . - - 55.26
35.5 - . : :
36 0.02 24,25 74,25 v

36.5 - | ,

37 0.07 ;24,32 74,32 -

37.5  0.04 24,36 74,36 v

%8.5 0.1 24,50 4,50 - - L, - -56.2
9.5 1.15 25.65 75.65 *
40 ©1.19 26.85 76.84 '

40,5 . 1.82 26.82 78.66 .

N.= 40560 oycle's '
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6. CTS 6, Single Overload Test Data

Precrack: AN= 7260 cycles -
' " Aa=1.5 mm ' o=’+5 mm

AP=1150 kg . a;=46.5mm
Overload Ratio:(0/L)=1.5 \Pm,,,‘ =900’<9
oL
P ax = 600 kg (Baseliner load) -
in=50 kg

Ppin=

1103 Aa(nm) Spa(mm)  a(mm) _ AP(kgE) _AK(kg/mn/?)

1.5 0.01 0.01 46,51 550 32 J
3.5 0.07 0.08 i 46,58 . # ‘ |
4,5. 0.01 1 0.09 46,59 P o
= |
312 0.3%6 0.45 46,95 -- M- - - - 323 |
313 0.15 0.60 47,10 P
31%.5 0.13 0.7% 47.2% )
314 . 0.18 0.91 47 .41 4
. 314.5  0.08 °  0.99 49,49
315 0.12 1.11 47.61 - . . - _ 3%
316 0.09 1.20 47,70 ’
317 0.09 1.29 47.79 -
318 0.06 1.%5 47,85 v
319 0.05 1.40 47,90 l '
320 0.18 1.58 48.08 - - - - - -~ 3%.36
321 .0.09 1.67 48,17 o '
321.5 0.04 1.71 48.21 ’
222 4 0.07 1.78 48,28
' %32%.5  0.07  1.91 48. 41 ’ | L
324 0.05 1.96 48,46 ' -
324.5 0.06 2.02 48,52

325 0,05 | 2.97 - 48.57 ---#-- -- 33,85
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3
¥

¥x10° pa(mm) TAa(mm)  a(mm)  AP(ker) AK(kg/mn>’2)

325.5  0.07 2.14. 48,64 550

326 . 0.07 2,21 48.71 -

327.5  0.07 2.28 48,78 .

328 0,06 2.34 48,84

328,5 0.07 2.41 48,91 ¢

329.5 - 0.06 L 2.47 48,97 ; v ,
330 0.10 2.57 49,07 ‘ 34,3
331 0.08 2.65 49.15 4 -
231.5 0.05 2.70 49,20 y

33D .5 0.08 2.78 49.28 . |
33%.5 0.13 2.99 - 49.49 "
335 0.1% S 3.12 49,62 ¢ 348

% Overload (0/L=1.5) —> AP 900-50 =850 kgf
3%5.2 0.05 3.17  49.67 550

. 335.4 0.03% 3.20 49.70 ., ,
339 ° 0.03 3,25 49,73 . .-- - - - -'34.9
339.5 0.03 3.26 . 49.76 B -
341,2 0.09 3.35 49.85 B
341,5 0.05 3.40  49.90 . :

341.7 0.03  3.43 49,93 4
342,2 0.05 3.48  49.98 - SR

- 342.5 0.07 3.55  50.05 . 7.
343 - 0.06 3.6l 50.11 -,
343,2 0.04 .66 50.15
343,79  0.07 3.72 © 50,22 .y
344, 0.02 3.74 0 50.24 / ,
344, 2 0.0% - 3.77 - 50.27 oy
345 - 0.09 3.86 ~ 50.36 - - - - - - 35,56
345.5 0.07 .95 50.43 7
346 0.09 4,02 ° 50.52
347 0.08 4,10 50.60 y
347.5 0.06 4.16  50.66 .
348 0.07 4,23  50.73 5
348.5 . 0.05 4,28 50.78 |
349 - 0.06 4,34 50,84 SRR
349.5 0.08 4.44 50,92 @ -7

350 0.06 4,50 50.,98-- - - - - - 36.3
350.5 0.06 5.56 51.04 z
351 0.08 4,64 51,12 |
351.5  0.14 4,78  51.26 .

352 0.10 4,88 - 51.36 Lt
352.5 0.09 4.97  51.45. |
353 . 0,08 5.05 51.53 “
353.5 © . 0.04 5.09  51.57
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N}C:I.O3 Aa(mn) _?Aa(mm) a(mm) APQ{@F) AK(kﬁ/mma/2) :

354 . 0.07 5.16 51,64 550

354,5 0.07" 5.83 - 51.71 y

355 0.07 5.30 51.78 - - - - - -~ 37.03
- 355.5 0.10 - 5.40 51.88 - '

356 0.06 5.46 51,94 P

356.5  0.06 5.52 . 52.00 :

357 0.08 5.60 -  52.08 oy

358 0.20 5.80  52.28 | A

360  0.20 6.16 52,64 - - - - - - 38.5
361 0.16  6.32 52.80 P R .
362 0.16  6.48  52.96 L
363 0.30 6.78 53,26 -

364 0.20 6.98 53,46 o
365 1 0.19 7.14 53.65 LY
266 0.19 7.33 5%.84 , ,
367 0.29 7.62 54.,1% !

. 368 0.23 7.85 54, 36 v |
369 0.22 8.07 54,58 " o . A
390 0.3% 8.40 S By,91 - --- - = - - 41.06
291 0.26 8.66 55,17 I .

372 0.34 9.00 55.51 ~

373 0.18 9,18 55.69 ., o

274 0.39 9.57 56.08 . o T ,
375 0.33  9.90 56.41 - - .~ 7 - - - 43.63

- 376 0.35 10.25 =~ 56.76 . o

377 0.35 10.60 57.11 s
378 0.39  10.99 - 57.50 . ‘

379 0.%2  1l.31 57.82 - P NET
380 0.48 11.79 58,30 -- - - ~ T 46.2
381 0.54 12.33% 58.84 - - -%# -—-- 47.2

¥ Overload. (0/L=1.5)
381.,2 - 0.04 12,37 58.88 - - -# - - - - 47.21

'%81.5  0.09  12.46 58.97 ‘Y
381.7  0.02 ~ 12.48 58.99 ,
382 T : '
382.5  0.15  L2.63 ° 59.14 ,
382.7  0.10 ° 12.73 59.24.
38% . 0.04 . 12.77 59.28

383.2 0.03 12.80 59 31 K
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Ne= 395110 cycles

Nx107 Aa(mm) SAa(mm) _ a(mm)  AP(kgf)  AK(kg/mm>/2)
383.5  0.12  12.92  59.43 550
238%.7  0.11 13.0% ' 59,54 ,
Z8lhk 0.16 1%.19  59.70
284, 2 0.08 13,27 59.78 !
384,5  0.22 1%3.49  60.00 . .
384.7 0,16 13.65.  60.16 o
- 385 0.09 13.74  60.25-- - -4~ - - 49,86
385.5 - 0.39 14,13  60.64 ,
386 0.24 14.%7  60.88 ' .
386.5 °  0.33 14,70  6l.21 , |
3803 0.47 15.17: 61.68 - - - * 53.27
287.5 0.%5 - 15.52 = 62.03 Ty
388 0.42 15.94  62.45
388.5  0.51 16.85  62.96 ”
289 0.50  16.95  63.46 ;
280.5  0.29. 17.2h  6%.75 . '
290 0.52 17.76 64,27 - = - -4 T -2 - 59.4
39075  0.53 18.28  64.80 -
T 391 . 0.61 18.90 65.41 4
391.5  0.69 19.59  66.10 -
392 0.75 . 20.34  ©6.85 g |
392.5  0.95 21.29 = 67.80 |
393 0.98  22.27 68,78 - -~ -# - - = - 73,33
% Overload (0/L= 1.5) - ‘
39%.2  0.46 22.7%  69.24 z
39%.5  0.12 22.85  69.36 L,
39%3.7  0.26 2%.11  69.62
394  0.08 23,19  69.70 -~ - 4 77
394.2  0.35 2%.54 70,05 , |
394.5  0.83 24,37  90.88
394.9  0.95 25.%32  71.83 p
394.85 1.06 26.38  72.89
395 1.47 27.85 4.6 - - 4 - - - 99 j
305.1  2.92 30.97  77.28
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7. BTS 8, Single Overload Test Data

Precrack: AN=12150 cycles

: Aa=12,mm’ . : a, =45 mm
o AP=950 kg a; - 47 mm
Overload Ratio: (O/L)-:.v 1.25 Pma)‘o;_—;?SO kg’
By = 600 8 |
Phin= 20 ks

Nx102 A a(mm) anCnim) a(mm) »AP(kgf) | AK(kg/mmE/?z

1
10

18
19

21

21.5

- 22
22.5
24

- 24.5
25
25.5
26

26.5

27
27.5
28

28.5

*

- 32,34
0.12  0.12 = 49.12 5% .
0.20  0.32 89.32 - - T, -~ 2.6
0.40  0.72 47.72 " R
0.17 0.89 47 .89

0.17 1.06 ©  BB8.06 - — - - . . 3B.2
0.1% 1.19  48.19 . ,

0020 1039 48059- e - '."i - - ° 3505
0.22 1.61 48.61 o

0-_12 1.7% ) 48.7% - - v . . 33.7%
0.24 1.97  48.97 v .
0.18 2.15  49.15 - .. . . . _ 34.3
0.20  2.35 49.35

0.16  2.51 49.51 - - 4 - - — 34.5
0.11 ~  2.62 4962 _, 4.8

Overload (0/L)=1.25 4 P.=750-50="700 kgf
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Nx10%  Aa(mm) Aa(mn)  a(um)  AP(kef) AAK<kg/mm3/2>

28.8  6.13 2.7% 49,75 o . 4.8

29.2  0.06 - 2,81 49,81 %f 3

29,4 . , _

29.6  0.03 2.84 49,84 | G

29.8 0.10 2.94 49,94 v :

30 . 0.06 3,00 -~ 50.00 -~ 4- - - 35,2

30.4 0.03 3,03 50.03 g

'30.6 - . ‘ : :

30.8 - : B : ;

3] 0.03 3,06 50,06 “o

31.2 - .

31.5 0.13 3,19 ©50.19 .

31.8 - :

32 0.08 - 3,27 50,27 4 ' v

gg.g 0.16 3.4%  50,4% - ---% - - - 35.5

3% 0.15 3.58 50.58 “ ’

33,5 0.10 3,68 50,68 .

34 . 0.10 3,78 - 50.78 )

34.5 0.15 3.9% 50.9% -

35 0.09 4,02 51.02 - = - 4- 6.3

35.5 0.09 4,11 51.11

36 0.11 4,22 51.22 4 L

56.5 O.ll 1‘"053 51055 o= s T 55‘95

37 0.19 4,52 51.52 y :

37.5 0.13 4,65 " 51.65

38 0.11 - 4.76 51.76 4

38.5 0.13% 4,89 51,89

39 0.09 4,98 51.98 “

39.5 0.08 ~  5.06 52.06 37,4

40 0.08 C 5,14 52.14 - = - o~ - 37.42

40.5 0.15 5.29 52.29

41 - 0.11 | 5.40 . 52.40 4

42 0.27 5.67 52.67 .

43 0.26 5.93 52193 - -4 ~ - . 58.8

44, 0.23% 6.16 5%.16

45 0.29 6.45 5% ,45 - - - - - 39,2

46 - 0.26 6.71 5%.71 ” 5

49 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 .87 54,87 ,

51 0.27 8.14 55,14 4 41,25

52 0.31 8.45 55.45 4 -

5% 0.38 8.83% ' 55.83- - — - - - . 42

54, 0.25 9.08 56.08 g

55 0.39 9.47 56. 47 P 43.6
o " 0.31 9.78 56.78

57, 0.38 10.16 57.16 - — = = 4 — . 44,36

58 0.49 10.65 57.65
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Nx102  a(mm). a(mm) a(mm) Rikef) K(kg/mms/glﬂ

59 0.%6 11.01 58.01 - 550 .. h45.83

60 0.6 11.37 = 58.37 e oo § _

6l - 0.53% 11.90 58.90 ool 8.5

»z Overload (0/L) = 1. 25 :

61.2 0.06 - 11.96 58.96 b

6l.4 0.05 12.01 - - 59.01 - ’

61.6  O= o -

6l.8 0.06 12,07 59.07 - o

62 . 0.09 - 22.16 - 59,16 S

62.2 0.1l6 12,32 59.32 - = = - -~ .- 48.4 .

62.4 0.15 12.47 59.47 (O : "

62.6 0.07 12.54  59.54 ' ;

62.8 0.1l 12.65  59.65 s L '

63 0.17 ~ 12.82 - 59.82 o 49,13

63.2 0.05 12.87 59,87 . . 7 ¥

6%.4  0.13 1%3.00 = 60,00 - - - —‘;f.-v!-‘49.35'

63.6  0.12 13,12 60.12 .t -

65.8  0.1l3% 132.25 - 60.25 AN R

64 .  0.13  13.38 - 60.38 o

4.5 0.37 13.75 . 6075 : B '

65 O.24 13,99 60,99 - ., - 5l.3.

65.5 0.%1 14,30 - 81.30 - o R

66 0.55 14.85 -61.85 oy . ;

66.5  0.35  15.20  62.20- — = -7- - 54,26

67 0.35 15.55 62.55 t '

67.5 0.28 . 15.83% 62.83 . 4 55,36

68 - 0.43 16.26 63%.26 o, 56,5 .

68.5  0.47  16.73  63.7% e

69 0.37 .~ 17.10  64.10 ' 59

70 S 1.32 18,42 65.42 - - - -4 -~ - 62.3%3%

71 1.50 19.92  ©66.92 .- ' 67 -
1.90 21 82 e68.82 »  73.33

¥ Oi}erload (0/L)= '1.257. |
0.48 22.30  69.30 4 75

2.2

32.4 0.55 22.85 = 69.85 ’

72.6 0,70 23,55 70. 55 o 80.66
72.8  l.34 24,89 71.89 g 86.9
7% 1.50 ©  26.29 7%.29 92
7%.1  1.82  28.11 75.11 : 102. 6

N.= 73150 cycles
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. CTS 9,'Single-0verload Test Data

- Precrack: AVN:-'.1211’7O cycles

. daz2.12mm a, = 45 mm
A P=950 kg : ai::47.l2 mm
Overload Ratio:(0/L)= 2.0 2%;v::12°0é3'
— ) o _' : : oL ;
Prax = 600 ke » |
_ Pmin’ 50 kg

E

"

| NXlO.5 A a(mm) Z—A a(mm) a.;(mm) ’ _A P(kef) AK(kg/mm-B/Zi)'

1 -

5\ -

10 -
15 -

20 - |

23 IR o .

24 - 0.26 ~  0.26  47.38 S50 32,2
25  0.16 0.42 . 47.54 RN

26 0.30 0.72 47,84 . 33
27 0.48  1.20  48.32 o |

28 0.21 . 1.41  48.53 Y 33.7%
29 0.49  1.90 . 49.02 | - 3k
30  0.25 2.15 49,27 j
31 0.20 2.35 . 49,47 -~ B4

% Overload (0/L)= 2.0 4 P= 1200-50 = 1150 kgf
31.2  0.05 2.40  49.52 550 34.63

31.6  0.04 2. 44 49.56 7
52 - ~ -
40 -
>0 -
v 53 - : . %
54 - 0.13 2.57 49.69 - - - - 34.8
55 0.24 2.81  49.93 )
56 0.40 5.21 50.3%3 A
57 0.3 - 3.52 50.64 4
58. 0.33. 5.85 50.97 - - - - - - 36.29
59 . 0.3 4,15  51.27 -,
60 - - 0.42 4,57 51.69 o
61 0.15 4.70 51.82 - - - - ,- - - -:36.6
62 0.30 . 5.00 .

52,12 >
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£

Nx10° A a(mm) 24 a(mm) a(mm) A P(ket) AK(kg/mm5/2) ‘1
63 0.3%5 5.35 52. 47 550 - 37.5

64 0.3%7 5.72 52,84 p 38

65 0.29 6.01 - 5%.1%

66 - 0.14 6.15 5%,27 v

67 0.19 6.34 53,46 — — - 39,2

68 0.36 6.70 5%.82 ., o
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.%5 { 42,9

76 0.3L  9.54 ‘56.66 _ uy

77 0.48 ~ 10.02 57.14 Y 44,36

78 0.45 10.47 . 57959 4u,7%

79 0.49 '10.96 58.08 ’ 45.8%
80 O.41 - 11.37 58,49 v 46.80
81 0.45  11.82 58.94 46.87

% Overload (0/L)=.2.0 '

81.2  0.28 -12.10 59.22 * 48
81.5 0.06 12.16 59.28 o
.82 0.09 12.25 59.3%7 48,0%

90 -

92 -

93 0.09 12.3%4 59, 46 iy

o4 0.1% . 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 - 1%.97 © 61.09 ’ 51.%3%

o8 1.13 15.10 62.22 5%.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 s 66

102 0.97 20.30 67.42 , 68.5

102.15 0.60 20.90 68.02 -
N.= 102150 cycles
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APPENDIX -.B

FRACTURE TOUGHNESS TEST PROCEDURE

The following specific'items of the ASTM criteria>
for- Fracture Toughqess Tests; - |

1. Precrack length requirement: Minimum prebr@gk
length must be 0.050 in. (O.lé? 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 %
érack length,a, divided by the modulus must‘be less
than 0.0012Y/2,

' .3. The maximum stress intensity during the final

preoracking diyided by the yield must be less than |
0.6 KQ/Sy‘ 9y
4, The minimum specimen thickness mustAgreatér than
, or equal to 2.5 times the square ofithe ratio of(KQ to 

the yield stress

B 2.5 (Kg/8,)°
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KIC Test Procedure:

1. Determine critical specimen size dimensions

, 2
B, 2% 2.5 (Krg/8,)

2
w;; 5.0 (KIC/Sy)

2. Select a test specimen and pfepafe shdp drawings

There are two standard specimen designs, namely the
slow-bend test specimen and theAcompact tension specimen.
It was fested the compact tension Specimen,(CTS). Thé»
initial machined crack lemgth,a, should be 0.45 W so that
the crack can be extended by fatigue totapproiimaqely
0.5 W. R |

| 3. Fatigue crack the test specimén. »

Because a fatigue crack is considered.to be the .
sharpest cfack that can be reproducéd in the laboratbry,
the machine notch is extended by fatigge;The fatigue crack
should extend at least O;OSW ahead of the machined notch
to eliminate any‘effects of the.geometry of the machined -
notch. | ‘ |

4. Obtain test fixtures and displacement gage

Recomménded bend test andtension testing fixtures

for CTS testing are described in réference[40]These fixtures
were developed to minimize friction and have been used sucees.
fﬁlly by numoreus laboratories.
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5. Test froCedure , ,

The displacement gage should be seatéd in thé knifé—
edges to maintain regisfry between the knife—édges and the
gage groove.The specimens should be loadéd ét a rate such
that the rafe of increase of stress intensity is within
the range 30 - 150 ksiqzzymin. , corresponding to a loading
rate for the 1 in. thick specimen between 4500 and 22500
1b/min .A photograph shdwing a typical compact fension |
test set-up is presented invFigure 4.8. |

6. Analysis of P-A records

If a material exhibited perfectly elastic behaviour .
until fracture, the load—displacement curve would be merély
a’straight line until fracture.Therprincipal types of load-

displacement curves observed are presented in helow figure.

v

DISPLACEMENT —>
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To establish that a valid Kic has been determined,
it»is necessary first to calculate a conditional feéult,
KQ, which involves a construction on the test record.

7. Calculation of condltlonal KIC (KQ) |

After determlnlng PQ for the compact tension speci-
men, calculate KQ using the following‘expression.

. . : 5 5 % “ 9
oo B [aiglms gl st enlad nde)
r | S

PQ =I00'(J

B =thicknes of if?‘”ﬂ(n
W = width of specimen
Q= C(dc]‘ Ilnj{‘l

8. Flnal check for KIC

Calculate 2. 5(K /S ) where Sy—-O 2 % offset yield -
strength in tension.If this quantlty is ‘less than both
the thlckness and the crack length of the specimen,’
then KQ is_eqﬁal to KIC.Othérwisekit is'neCessary to use
a-larger specimen to determine KIC}in order to satisfy |

this requirement.
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