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ABSTRACT

In variable amplitude loading, there are interaction effects between the lo
ading history and the crack propagation rate. The most important of these
effects is the retardation in the crack propagation that may raise conside-
rably the life of the cracked structure. The main objetive of this research
is to analyse and quantify the retardation of crack propagation in a thin
plate of the high resistance aluminum alloy 2024-T3. The specimens were test
ed under high-low loading sequences, for diferent crack sizes and overload
ratios (Rol = Kmax ol/Kmax ca). It was verified that the retardation is pro
portional to Rol and that the fatigue crack growth after a descendente se-
quence loading (through the plastic zone created by the overload) was a fuc
tion of the stress intensity factor, K. A simplified method, that could pre
cisely represent the crack behaviour during retardation for different over-
load ratios and crack sizes, was developed based on the model of Wheeler and
using a proposed correction for the plastic zone size.
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INTRODUCTION

The aim of all the numerous methods known from the literature [1-5], is to
express the correlation between the crack propagation rate and the stress
intensity factor under constant amplitude loading, as precisely as possible.
The most important of the interaction effects between the loading history
and the crack propagation rate is the retardation in the crack propagation
that may raise considerably the life of the cracked structure. The following
mechanisms are thought to cause the retardation of crack growth: residual
compressive stresses in the overload plastic zone, crack closure, crack tip
straining, crack tip blunting and crack tip branching [6,7,8]. For variable
amplitude loading several semi-empirical models, based on the concept of an
effective crack-tip stress intensity factor, have volved in an attempt to
predict fatigue crack growth retardation E9—12]. The aim of this investiga-
tion was to analyse and quantify the retardation of crack propagaticn in thin
plates of the high resistance aluminum alloy 2024-T3. The specimens were test
ed under high-low loading sequences, for different crack sizes and overload
ratios. The predominant state of stress at the crack tip during the overload
cycle was often plane stress. For some conditions of the variables, a combi
nation of stress states at the crack tip from plane strain and plane stress
were produced, resulting in a proposed correction for the plastic zone size.
Special block load sequences were selected for this investigation. They in-
clude overloads with different number of cycles in the high load, but all of
them greater then the limiting saturation value. For the evaluation of the
retardation effects, constant amplitude data were also required. Such tests
were performed with different R - ratios.
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EXPFRIMENTAL DATA

The experimental program was performed on the high strength aluminum alloy
Al 2024-T3. Mechanical properties of this material are: vield stress , 417
MPa, Tensile strength, 516 MPa and Elongation 8,6%. All tests specimens used
in this experimental program were single-edge-notched specimens. The thick-
ness of the specimens was 1,27 mm, with 90 mm and length 466mm. The stress
intensity expression for this sample geometry is given by:

K= 9v/alli99 - 0,41(aM) + 18,70(a/W)? - B,48(aM)° + 53,85(a/m)"] (1)

Pre cracking was performed under constant amplitude loading cycled at (5000 +
+ 2SQO)N. All tests were run at a cyclic rate of 10 Hz at room temperature.
CYC}lc crack growth measurements were obtained using visual optics. The ex-
Perimental data used in the analysis of retardation in fatigue crack growth
due to consecutive overloads, was obtained from the experimental program
shown in figure 1.
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Figure 1. Experimental program.

A load (5000 + 2500)N was used as a reference and the overloads were (6500 +
+ 2500)N, (7000 + 2500)N, (7500 + 2500)N and (8000 *+ 2500)N. The ratios of
overload maximum stress intensity, Kol, to the maximum stress intensity of
Subsequent constant amplitude loading, Kca, were 1,20, 1,27, 1,33 and 1,40,
respectively. It was observed that Kol/Kca< 1,20 produces no retardation
and Kol/Kca > 1,60 produces temporary arrest.

RESULTS AND DISCUSSIONS

The coqstant amplitude tests results can be represented quite well by the
following equation:

da _ 3,6 x 10° (y.ak)3019

an
91,1 - Kmax

w%th da/dN in m/cycle, AK in MPa.m% and U = 0,5 + 0,4.R, where R is the ra-
t}o bgtween the minimum and the maximum stress. The amount of crack retarda
t}on lncreases as the ratio of overload maximum stress intensity to the ma-—
Xximum sgress intensity of subsequent constant amplitude loading increases .
Tests with high-low load sequences showed a greater crack propagation life.
Therg are different number of cycles in the high load for the several blocks
applled to the specimen, but all of them greater then the limiting satura -
tion value.

(2)
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The objective of this study is to develop a simple fatigue crack growth re-
tardation model that partially accounts of the mechanisms of residual stress.
To this end, the model of wheeler [10] is employed.

= AKi
a, =a + izl Cpi f(AKi) (3)
where a_ is the initial crack length and C i is the retardation parameter ta
ken in Phe following from: p

R
c = (—X)™, when a + R < ap or ( 4)
p ap-a ¥
C =1, when a + R_ > a (5)
P Y- P
where: R - extent of current yield zonej ap-a - distance from crack tip to

elastic-glastic interface and m - shaping exponent, must be stablished expe
rimentally.

The proposed crack growth prediction model employ the plastic zone size cre
ated by the overload, given on the basis of the following equation:

r = a2 here a = —L for t > 2,5 (Kmax)2 (6)
P g 3m - g
e e
=L for t > 2,5 (Kmax)z
37 = g,
l for t 2 l (5@35)2
T S
e
o 2,5 - t(“ga“)'*
1 + 2 < for
3 31 1
2,5 - =
™
L kmaxy: ¢ ¢ < 5,5 (Kmax),
T oo, -
\

The experimental data show that the retardation effects are proportional to
Kol/Kca and the number of delay cycles is a function of the stress intensi-
ty factor, K. The retardation model developed in this work differs from the
Wheeler model in that it cnsiders m = f(U.AK). For 2024-T3 aluminum alloy:

m = 5,602 . 2n (U.AK) - 6,735 (7)
with AK in MPa.m%.

The number of delay cycles, experimental, predicted by Wheeler's model with
the exponent m taken as 5,0 and using the proposed method, are represented

in table 1. From table 1 it can be seen that Wheeler's model with m = 5,0 ,
which is an exponent value appropriate for 2024-T3 aluminum alloy, 1is non
conservative when the base mean stress intensity is low, shorter cracks. When
the base mean stress intensity reaches a critical level, longer cracks, the
equation can represent the number of delay cycles and with even higher base
mean stress intensities, longest cracks, the predictions deviate from test
results. So, exponent m = 5,0 in Wheeler's model is an appropriate value for
2024-T3 aluminum alloy for a particular condition of the stress intensity
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factor. The proposed method can correctly represent the number of delay cy-
cles for all the values of Kol/Kca. For the condition Kol/Kca igual 1,40 ad
crack size 20,00 mm, however, the proposed model is conservative. This expe
rimental behaviour can be explained considering that when the base mean
stress intensity reaches a critical level, tensile overloads became high
enough to cause coarse intermetallic particles ahead of the crack to separa
te from the matrix. These incipient cracks reduce the stress intensity at
the main crack tip and this increase the magnitude of retardation.

Table 1. Number of Delay Cycles
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OONCLUSTIONS

1. The amount of crack retardation increases as the ratio of overload maxi-
mum stress intensity, Kol, to the maximum stress intensity of subsequent con
stant amplitude loading, Kca, increases.

2. The experimental results indicate that the crack propagation following a
high-low load sequence can be associated with three different behaviours re-
lated to the stress intensity factor.
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3. The exponent m = 5,0 in Wheeler's model is an appropriate value for 2024
—T3 aluminum alloy when the base mean stress intensity reaches a criticalle
vel. When the base mean stress intensity is low, some overstimation in the
number of delay cycles occur and for even higher base mean stress intensi -
ties (longest cracks), the predictions are lower than the experimental re-
sults.

4. The retardation model developed in this research differs from the Wheeler
model in that it considers m = £(U.AK). For 2024-T3 aluminum alloy:

m= 5,602 . 2n(U.AK) - 6,735

with K in MPa. m%.

5. The proposed method can correctly represent the number of delay cycles
for all the values of Kol/Kca.

6. For the condition Kol/Kca igual 1,40 and crack size 20,00 mm, however ,
the proposed model is conservative. This experimental behaviour can be ex-
plained by the fact that incipient cracks can reduce the stress intensityat
the main crack tip, increasing the magnitude of retardation.
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