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A growing fatigue crack is known to be retarded on application of an overload cycle. The
retardation may be characterized by the total number of cycles involved during retardation,
Npb and the retarded crack length, ap. The loading variables play an important role to
influence the retardation behaviour and thereby the retardation parameters Np and ap. The
important loading variables are considered to be the stress intensity range, AK during
constant amplitude loading, stress ratio, R and the ratio of the overload stress to the
maximum stress in constant amplitude loading, OLR etc. The objective of the present
investigation is to study the effect of different loading variables on the retardation
parameters. The investigation has been conducted in a 2024-T3 Al-alloy with centre crack
tension panels loaded using an Electromagnetic Resonance Machine. The crack extension
and crack closure have been measured during cyclic loading under constant amplitude and
under overloading situations. The results do indicate dependence of crack opening stress
intensity factor, Kop on loading variables such as AK, R and OLR. The delay cycle Np is
found to increase with loading variables AK, OLR and R. The functional dependence of
retardation zone ap on loading variables has also been identified. © 7999 Kluwer
Academic Publishers
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R

OLR

UOL
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Crack length

Crack extension

Retarded crack length

Number of fatigue cycles

Number of delay cycles due to overload
Maximum stress intensity factor

Minimum stress intensity factor

Kmax — Kmin Stress intensity range

K corresponding to overload

Crack opening stress intensity factor
Crack opening stress intensity factor after
overload application

(KOt — Kmin) range ofK for overloading
cycle

Stress ratio (min to max stress in constant
amplitude loading)

Overloading ratio (ratio of overload stress
to max. stress in a constant amplitude
loading cycle)

Thickness

(KO- — Kop)/AK, dimensionless effective
stress intensity range in overload condition
Overload induced cyclic plastic zone radius
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1. Introduction

Many engineering components and structures experi-
ence occasional overloads during service. Such over-
loads lead to retardation of a growing fatigue crack
which may even culminate into crack arrest. Further,
in fatigue critical structures, fatigue crack propagation
under service conditions generally involves random
or variable amplitude, rather than constant amplitude
loading, such that the loading history i.e. interaction be-
tween loading cycles, can be a major factor determining
the fatigue life. Single overload cycle is the primitive
building block of the variable amplitude loading and
represents the simplest situation involving retardation.
Thus, the response of the material to single overload cy-
cle should be understood for more versatile modeling of
random load fatigue. The effect of overload has been ex-
perimentally observed by application of single overload
cycle over a constant amplitude fatigue test [1, 2]. The
overloading effect has been schematically represented
in Fig. 1in the form of crack lengtla vs. number of cy-
cle, N plot. The overload introduces a large plastic zone
and hence residual compressive stresses in the vicinity
of crack tip [3, 4]. The residual compressive stresses
result in closure over a length longer than that during

4867



a distance of 1 mm behind the crack tip and loading
frequency for the purpose was maintained at 0.05 Hz.
The specimens were subjected to overloading cycle at
appropriate crack lengths. The level of overloading ra-
T tio, OLR (= Koverioad Kmax) applied to the specimens

were 1.5,1.7, 1.9 and 2.1. The crack opening and clos-
ing loads were measured at various crack lengths for
both the constant amplitude and overload conditions of
specimens.

Over loading

Crack length,a

3. Results and discussion

The effect of introducing an overload spike over a con-
stant amplitude cyclic loading are presented in the form
No of stress cycle,N of crack extensiomva vs. N plotin Fig. 2. Itis observed
that the application of an overload cycle results in crack
kgrowth retardation and the magnitude of retardation in-
creases with increasing overloading ratio, OLR.

Figure 1 Schematic representation of the response of fatigue crac
growth on overload application.

the constant amplitude condition [3, 5]. As a result a

fatigue cycling can cause a growth only if the enhanced.1. Effect of AK on crack closure

residual stresses are overcome to a degree that the cratke variation of overload induced crack closure stress

tip is open again. This explains the low growth rate ofintensity factor (SIF),KSF, a retardation parameter

the crack on tensile overload application. The effect ofwith applied stress intensity ranga&K has been pre-

loading condition on crack closure and its role on thesented in Fig. 3 on semi-log scale. The plot shows that

post overload retardation behaviour has been studiel S5 increases with increase itk and OLR level for

by several investigators [2, 5, 6]. However, except athe investigated range &K (7-13 MPa,/m). Super-

few cases [2, 6], no quantitative correlation has beemmposed on the diagram are thep values obtained

reported in literature connecting overload induced clo-under constant amplitude loading condition. Linear re-

sure parameter with various loading variables A&,  lationship may be noticed betweetS5 and AK at

KOt OLR etc). constant values of OLR ang which conform to the
The extent of retardation is usually expressed in term$ollowing equations,

of retarded crack lengtlay (see Fig. 1). Itis observed

by a few investigators that the overload affected crack log Kgs = (6.3AK +26.8)1072 1

length,ap is commonly associated with the monotonic R=0.17and OLR= 1.9 (@)

plastic zone at the crack tip [7, 8]. However, no system-

atic study has been reported correlating this retardation logKS5 = (10.3AK — 24.0)10°2

parameter with the applied loading variables. (2)
The delay cycleNp as represented in Fig. 1 is the R=017andOLR= 1.0

number of load cycles required to achieve the pre- ) ) N

overload crack growth rate. THep is considered to (constant amplitude loading condition)

be an important parameter to characterize the crack oL )

growth retardation on overload application. Therefore logKop = (3.9AK +37.5)10° ®)

an attempt has also been made to study the effect of ba- R=030 and OLR= 19

sic stress intensity factor rang&K and OLR on delay

cycle, No. A comparison of Equation 1 with 2 does reveal that the

AK dependence df 35 diminishes with application of

2. Experimental programme
The experimental study was conducted on a standar~ ss
2024-T3 Aluminium alloy of yield strength 377 MPa.

The above material finds wide application in aircraft®
structures in the condition investigated. The materia 3%
was available in sheet form of thickness 3.38 mm £
The centre cracked tension (CCT) geometry with di- [ j
mension of 220.0& 85.00x 3.18 mm were used for 3 ot o o

the fatigue tests. The fatigue tests were carried out i §

10

lengt

; X . ® R=0.17
tension-tension mode under constant stress amplituc & 20+ A oLR
sinusoidal loading at stress ratios 0.17, 0.30 and 0.4 L ~2.30

o] OLIR-2.I0
1 1

and at a frequency of 97 Hz, using an Electromagneti o I SR SR S S |
Resonance Machine. The crack growth measureme 0 2 4 & N8 f'°| 12 |o5.4 € 18 20
was done using Electrical Potential Difference Tech- ¢ o eycles

nigue. To measure the opening/closing load miniatureigyre 2 Typical overload cycle modified crack extension vs. no. of
clip gauge of 4.0 mm gauge length was mounted aktress cycles.
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1410 that a unique relationship is obtained betw&ﬂ; and

(a) K Ol irrespective oRR, OLR andAK level in the range
S o' of their values investigated. THeSS vs. KOt relation
o = may be expressed by following equation,
s -
3} i log K35 = (3.2K O + 154)10°2 4)
o N . .
Sxi0° - Above observation indicate$©- as a prime variable
to control overload induced crack closure level.
5x|°0 ] { | [
7 9 I 13
‘ 3.3. U%L as a function of AK and R
2x10 ¢ The crack closure due to overloading cycle modifies
= the effective stress intensity range available for crack
- growth. The dimensionless effective stress intensity
E N range is given in terms & ©- which is defined as,
& w0
E. : UOL = (Kmax— Kglﬁ)/(Kmax_ Kmin) (5)
3% |
x i In the present work,) ©t is obtained corresponding
sxi0° 1 to maximumK S5 and denoted ad Ok The behaviour
5 7 of USE with AK is shown in Fig. 5 at two different val-
4K, MPa VW ues of R. A decreasing nature Ok is noticed with
. . O . . .
Figure 3 Variation ongg as afunction of applied stress intensity range, '”Creas'ngﬁK : Wh_ereaymilﬁ is found to 'ncrea_se g\f_'th
AK and OLR at stress ratio, (®=0.17 and (b)R=0.30. R at a givenAK in this alloy, a decrease ib;;

with increasingAK is expected a& St increases with

- . - - L .
overload, as compared to the constant amplitude load®K conr'zjlgtltlnghtg a re?_uczzr;(@mm Ivallée. ATj n-
ing situation. However, the intercept level in the aboveC'€ase IUmi with R (atafixedAK) is related to adom-

equations is highest for the case of overloading indiinatiNg role 0fKmax over theKop. Though, the latter

cating that the higher value 0(85 (as compared to (i-e.Kop) increases W“TR' theKmfaXaIsoincreases and

Kop, under constant amplitude loading condition) at gthe overall effectis an increase in terinax— Kor).

given AK is mainly attributed to this intercept effect.

The higher ‘intercept effect’ is apparently caused due

to higherk L level in the overloading cycle. The effect 3-4. Dependence of ap on AK and OLR

of increasingR also leads to a decreasing dependencd he variation ofap with AK is shown in Fig. 6. At

on AK and an enhanced intercept effect. a constanR and OLR levelap is generally found to
increase withAK. It may be noted that in the above
diagramap is simultaneously under the influence of

3.2. Kgg’_ as a function of KOt AK as well asKOL_as_th(_e latter also increages with

An increase inR or AK at a given overloading ratio AK. Therefore the intrinsic effect kK onap is not

causes an enhancementKiPt level. Similarly with reallze.d from this diagram. Increaseap with basic

increasing OLR, thek O increases. Therefore, it ap- _stress_lntensny range has also been reported by the other

pears that the rising trend &S5 with OLR, AK or R Investigators [8]. _ o

could be a result of increase iK°- and corresponding 1 ne effect of OLR orep is presented in Fig. 7. The

intensification of residual compressive stresses in th@ values are found to increase with OLR in the be-

plastic zone [9]. Therefore an attempt is made to cordinning and beyond a certain level of OL& tends

relateK S5 with K- in Fig. 4. It is interesting to note to decrease. AR and AK are fixed for a given line,

0.8
I 40!
06
[
€ o' e A
E : 04'— _.‘\— -—l‘\‘
S - e \\r-
Ja sxdt ® R=017 oE [ W
op OLR=| OLR=| A R=0.30 2 o2
2x|(§ 1 1 1 Il 1 1 i1 r
14 6 8 28[. 22 24 26 28 30 o \ , .
K-~ ,MPaVin 8 9 10 11 12 13
AK,MPaVm
Figure 4 Effect of overloading stress intensity factor on overload in-
duced crack closure parametigs. Figure 5 The crack closure paramet&foL as a function ofAK .

4869



dependence adp on OLR orK©°, It is interesting to
note that the transition iap vs. K°" plots appeared
at the level ofB/ By syrain ratio of 1.85 in E-36 Steel, at
1.92 in Al-alloy (CT geometry) and 2.00 in Al-alloy
(with CCT geometry). A value of 1.62 has been noted
from the work of Mingdaet al. [11] for aluminium alloy
at the transition point. The residual compressive stress
field remains confined in the cyclic plastic zong2
produced byAK L, Therefore it is likely that beyond
a critical value of cyclic plastic zone a decreasing con-
dition of crak-tip constraint sets-up. The above factor
AK, MPa Vin will affect retardation zone sizeyp leading to a de-
crease inap beyond a specific level oB/ By strain It
Figure 6 Variation of retarded crack lengtap with AK at stress ratio, may be concluded from this analysis that the size of

m
»

o

N

Retarded crack Iength.aD.m

(o]

R=0.30. cyclic plastic zone as is produced by © i.e.r Ot vis
. a vis specimen stress state controls the behavioa of
2x10 significantly.
10"} 3.5. Variation of delay cycle
C 0.30,10 with loading variables
sx100— The variation ofNp as function ofAK is shown in
£ L Fig. 9. An increase ilNp is noted withAK at a fixed
) L 0.30.8 OLR. The effect ofR on Np may also be observed in
« this figure. It may further be noticed that at given OLR,
- a higherR (i.e. R=0.44) exhibits enhanced value of
Np as compared to loweR (i.e. R=0.17 and 0.30)
v , . . level.
1.0 1.5 2.0 2. The increase ilNp with AK is supposed to be due
OLR to an increasing ratio of plane stress surface region to
. . specimen thickness [12]. This observation is also in
I;gfgzglEﬁect of OLR on retarded crack lengthp at stress ratio, agreement with the effect gtk on K8||5 and retarded

crack length.

The effect of overloading ratio on delay cycléd,
shown in Fig. 10. Thé\p appears to be a sensitive
function of OLR and increases significantly with OLR
at a constanAK and R level in the range of OLR
investigated. The relationship may be represented as
follows,

increasing OLR has the effect of causing an enhancq-S
ment inK©% value. Thus, it is the ©- which results
in an increase or decrease af while OLR is being
raised. Analysis of data relatiragy andK ©“ reveal that
the drop/saturation iap value takes place at the level
of B/ Bypstrain=1.85 whereB is the specimen thickness
andBy strainis the plane strain thickness requirement for logNp = 2.12 (OLR)+ 0.784

the cyclic plastic zone correspondingad ©-. Some (6)
data from literature [1, 10] on an Al alloy and steel have (Al-alloy, R = 0.17, AK = 8.2MPa,/m)

been analyzed and presented in Fig. 8 to ascertain thfehe increasing OLR would increase the level of over-

load induced closurek 35 which in turn will result in
8xl an increase irNp value. Almost similar observation

has been reported by some other investigators [2, 11].
sxi0P—
= ‘06
£
E o N -
S o ]
- 3 s
I © 10~
[ ty
o)
2 sxio*
-1 o [
3x10 1 1 1 1 [
14.5 20 30 40 50 LS . . ,
kOL mPavim X0g ) 10 T 12 3
Basic stress infensity range AK , MPavm
Figure 8 Effect of OLR on retarded crack lengtiy; based on data from
literature [1, 10]. Figure 9 The variation of delay cycl®&lp as a function ofAK.
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Figure 10 Effect of OLR on delay cycleNp.

From Fig. 10 the effects oAK and R may also be

noticed at a given OLR level. At a given value of OLR,

asAK increasedNp is found to increase. An increasing
AK results in an increase K°- which may ultimately
give rise to an enhancement in delay cydip, analo-
gous to increase iap.

4. Conclusions

The conclusions based on the present investigation arg

reported as follows:

1. The overload induced crack closure increases with

applied AK and OLR. HoweverAK dependence of
Kgg diminishes with increase iR as well as with level
of overloading cycle.

2. The K85 varies linearly with applied overload
level as follows,

logKSh = (3.2KO" 4 154)10°2

3. The crack closure level is mainly governed by the
maximum SIF of the stress cycle.

4. Retarded crack lengthp increases withk ©- till
the thickness rati@ / By strain (COrresponding tah K oLy
reaches nearly a value of 1.9, indicating the stress state
with respect to cyclic plastic zom&! as the primary
factor controlling the behaviour @b.

5. Delay cycle,Np increases linearly on semi-log
scale with loading variable2AK, OLR and stress
ratio R.

References

1. 0. VARDAR, Eng. Fract. Mech30 (1988) 329.

2. R. KUMAR ands. B. L. GARG, ibid. 32(1989) 833.

3. B. B. VERMA, “Effect of Overloading Cycle on Fatigue Crack
Closure and Crack Growth Kinetics in Aluminium Alloy and Steel,”
PhD thesis, IIT New Delhi, India, 1993.

4. M. L. BUSCHandJ. L. LEBRUN, “X-ray Diffraction Study
of Stress Distributions Following a Single Tensile Overload Fatigue
Crack Growth Under Variable Amplitude Loading” (Elsevier, 1988)
p. 76.

5. R. KUMAR, Eng. Fract. Mech42(1992) 151.

6. 0. E. WHEELER, J. Basic Eng., Trans. ASMB94(1) (1972)
181.

7. R. K. PANDEYandB. B. VERMA, “Overload Induced Fatigue
Crack Growth and Significance of Retardation Zone, advances in
Fracture Research,” Vol. 3 (ICF-9, Sydney, 1977) p. 1285.

8. N. RANGANATHAN,J. PETIT andJ. DE FOUQUET, On
the Influence of the Initial K Level on the Post Overload Crack
Propagation Behaviour, Advances in Fracture Research, Conf. Proc.
ICF-6 (1984) Vol. 3, p. 1767.

9. J. A. BANNANTINE,J. J. COMERandJ. L. HANDROCK,

“Fundamental of Metal Fatigue Analysis” (Prentice Hall, 1990).
C. ROBIN, M. LOUAH andG. PLUVINAGE, Fatigue of
Eng. Mater. and Struc6 (1983) 1.

.G. MINGDA,Z. YONGKUI andY. MINGGAO,ibid.5(1982)

167.

G. H. BRAY,A. P. REYNOLDSandE. A. STARKE,Jr.,

Met. Trans23A (1992) 3055.

10.

12.

Received 19 May 1997
and accepted 9 March 1999

4871



