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ABSTRACT

Fatigue crack growth retardation behaviour on application of single overload cycle in 2024-T3 aluminium-alloy sheet has been
studied. It is concluded that a critical value of overloading ratio is required to develop substantial crack growth retardation.

The overload induced crack tip plastic zone and crack closure level have been found to control the delay behaviour
significantly. It is also found that a power relationship exists between delay cycles and retarded crack length.

Nomenclature

Crack length

Total retarded crack length
Crack extension

'- Fatigue crack growth rate (FCGR)

Stress intensity factor (SIF)

SIF corresponding to overload

Crack opening SIF in the post -
overload condition

Basic stress intensity range

Effective stress intensity
range

/),Kef?L=Kmax-KopOL - Effective stress intensity
range in the post-overload
condition
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K

KDL
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/)'K = Kmax -Kmin

/)'Keff= Kmax - Kop

N

ND

Number of stress cycles

Delay cycles or total number of
cycles involved during retardation

Plastic zone size (diameter)

Overload induced monotonic plastic
zone size

Current monotonic plastic zone size

Cosntant amplitude stress
intensity range ratio

r

rOL

rI

U=/),Kefl/),K

U minOL = /),KeffOL/ /)'K

w

Min.of stress intensity
range ratio in the post -
overload condition

Width of the specimen

Yield strength of materialO'ys
/"

1. INTRODUCTION

Most engineering components and structures
experienceoccasionaloverloads during service. Such
overloads lead to crack growth retardation which
may even culminate into crack arrest. Further, in
fatigue loaded critical structures, a crack propagates
under variable amplitude rather than under constant
amplitude. A single overload cycle is the primitive
building block of variable amplitude loading and
representsthe simplestsituationinvolvingretardation.

Since an application of a tensile overload results in
crack growth retardation, life prediction based on
constant amplitude loading dat<l could be highly
conservative. Hence', characterization of overload
effect is essential for precise life prediction.

The effect of overload application over a constant
stress amplitude fatigue test has experimentally been
observed by several investigators 1.2 and
schematically presented in Fig. 1. The sequence of
events may be summarized as 2 : (a) instantaneous
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Fig. 1 : Schematic representation of the effect of overload cycle on
fatigue crack growth

enhancement in crack growth rate, (b) deceleration
in crack growth rate to a minimum level,
(c) subsequent increase in crack growth rate and
(d) attainment of the pre-overload growth rate. The
extent of retardation is usually expressed in terms of
the following parameters:

N -D Total number of cycles involved during
retardation or delay cycles

a -0 Overload affected total crack length or
retarded zone length.

The effect of overloading ratio, (OLR ratio of peak
stress to maximum stress of the constant amplitude
stress cycle) on the delay cycles, No' has been studied
by several investigators 3.4 and a straight line
relationship on semi-logarithmic scale has been
reported. The importance of crack closure in the
post -overload crack growth behaviour is well
established 2.5-7.Therefore, a relationship between
No and overload induced crack closure is expected.
However, very little attempt has been made to
correlate No with closure parameter 7.

The propagation of crack in the post -overload
condition takes place in the plastic zone developed
at the crack tip and the retarded zone length. The
suggested overload induced retardation mechanisms
include residual stresses, plasticity induced closure,
asperity induced closure and crack deflection 5.8-10.
In most of the cases it is the overload induced plastic
zone and the stretch zone that are involved in crack

closure enhancement and consequently retardation
of the growing fatigue crack. Therefore, No appears
to be a function of crack closure level, plastic zone

size (PZS) and retarded crack length aD.

The aim of the present investigation is to study the
effect of loading variables and overload induced crack

closure level on delay cycles, No' Attempt has also
been made to correlate No with the retarded crack
length, aD, and plastic zone at the crack tip. The
results are believed to improve the understanding of
the retardation characteristics and thereby fatigue
crack growth behaviour.

2. EXPERIMENTAL

The present investigation has been conducted on
commercially important 2024 ~T3 aluminium alloy
in sheet form. The chemical composition and tensile
properties of the alloy are presented in Table 1.

Single edged notched specimens of dimensions
170.00 mm x 50.00 mm x 2.74mm were used for

fatigue test. For this purpose specimens were
machined with their longitudinal axis parallel to the
rolling direction of the sheet keeping thickness same
as that of the sheet. The notched specimens
were fatigue precracked upto a length of 7.0 mm
(a/w = 0.14).

The fatigue tests were carried out in tension-tension
mode under constant stress amplitude sinusoidal
loading using Instron - 1603 machine at a frequency

Table 1
ALLOY CHEMISTRY AND TENSIL2 PROPERTIES OF 2024-T3 ALUMINIUM ALLOY

Chemical Composition, wt. % Tensile Properties

Cu Mg Si Mn Zn Cr YS(MPa) TS(MPa) EI( %)

4.52 1.50 0.51 0.62 0.35 0.10 358 445 18
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of 105 Hz. Tests were performed at stress ratios,
R = O.1 and 0.2. The crack growth measurement
was done with the help of a low magnification optical
microscope. A single peak overload was introduced
at a crack length of nearly l4mm (a/w=0.28,
corresponding value of ~K= 15.6 MPa ml/2 ) which
was followed by constant stress amplitude cycling.
The levels of overloading ratio, OLR, applied to the
specimens were from 1.10 to 2.50.

3. RESULTSANDDISCUSSION

The effect of overloading spike on crack growth
behaviour shown in Fig. 2 relates crack length, a,
to number of stress cycles, N. It may be observed
that the magnitude of retardation at a given crack
length (or ~K) increases with increase in the OLR
level.

25.0

R =0.2
0- OLR=2.20
~ -Ol.R =2.!50

5
3 xlO

Number of stress cycles. N
Fig. 2 : Typical overload modified crack extension, a, vs. number

of cycles, N, at R=O.2

The dependence of delay cycles, ND, on the
overloading ratio is demonstrated in Fig. 3. The ND
appeared to be a sensitive function of overload. An

initial slow increase in ND at lower OLR has been
followed by a steep rise at higher OLR level. This
is apparently the result of a transition in the variation

of ND with OLR at some intermediate level. The
value of OLR at which the transition occurs is 1.30.

Hence, it is felt that a critical OLR is necessary.to
develop substantial retardation effect.

The observed significant retardation may be a result
of a,n overload induced crack closure. In support of
the above observation some data from literature 10

are analysed and presented in the form of the

overload induced closure Ko~Las a function of OLR
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in Fig. 4. Slow increase in Ko~Lat a lower OLR is
followed by a steep increase at a higher level of
OLR, registering the point of transition at
OLR = 1.25. This indicates substantial increase in
the crack closure, which occurs only when OLR
attends a critical value.

The importance of plastic zone size (PZS) on the
retardation behaviour has been widely discussed by
Pandey and Verma 9. The retardation model put
forward by Wheeler is based on the ratio of the
current monotonic plastic zone size, ,1, and the size
of the overload monotonic plastic enclave, ,oL,
formed at crack tip!!. The model signifies th~ role
of plastic zone ratio (PZR) , ,oL/rI on retardation
behaviour.

Based on the findings reported in Fig. 3 and 4 it can
be concluded that a critical size of the overload

monotonic plastic enclave, ,.qL, as compared to the
constant amplitude current monotonic plastic zone,

" (corresponding to Kmax), develops significant
closure and retardation effect. The plastic zone size
(i.e, diameter of plastic zone) has been calculated
assuming plane stress condition using following
relationship 12,

, = lITt.(K/cryY (1)

The PZR for the critical value of OLR (= 1.30) is
nearly 1.70 under similar stress state with an
assumption that the current crack length is equal to
the crack length at the application of overload and
there is no strain hardening due to overload
application. Thus it appears that about 1.70 times
growth of the overload monotonic plastic zone with
respect to the constant amplitude (monotonic)plastic
zone is required to develop significant closure and
hence retardation effect.

To study the effect of overload induced crack closure
on retardation behaviour, data reported by Robin
et. al. 2 and Verma 10are analysed and presented in

Fig. 5 in the form of ND vs. dimensionless effective
stress intensity range ratio, [fJL, derived from crack
closure level. The effective stress intensity range
ratio is defined as,

[fJL = (K - KOL )/(K - K )max op max min

= (~K OL) /~Keff (2)
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Fig. 5 : Delay cycles as a function of UminOl
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In the present work VOL is obtained corresponding
to the maximum of the overload induced crack

closure and denoted as UminOL.The figure exhibits
a straight line relationship on semi-logarithmic scale.
This reveals that the enhanced overload induced crack
closure level has controlling effect on the retardation
behaviour of a growing fatigue crack.

As discussed above, a plastic zone ahead of the
crack tip plays an important role in crack growth
retardation. Therefore, an attempt has been made to
correlate ND with the overload induced monotonic
plastic zone size, ,.oL, developed at the crack tip due
to application of overload spike. A linear variation
of ND with PZS (,.oL) on semi-logarithmic scale is
obtained and presented in Fig. 6. Data from
literaturelO for 4130 Cr-Mo steel are superimposed
for the purpose of comparison. An attempt has been
made (Fig. 7) to relate the number of delay cycles,

ND' with the retardation zone length, aD' It is
observed that increase in ND with increase in aD
follows a power relationship,

ND = 4.46 x 102 (aD)4
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Fig. 7 : Correlation between retarded zone length. aD' and delay
cycles, ND

4. CONCLUSIONS

1. A critical value of ,.oL/r = 1.70 or OLR =
1.30 is identified beyond which an appreciable
increase in crack closure and delay cycles is
observed.

2. Overload induced PZS and crack closure have
effective control over crack growth retardation.

3. Delay cycles and retarded crack length follow
a stress ratio independent power relationship.
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