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Crack Propagation Behavior Under
Low-Cycle Corrosion Fatigue of
AT7003-T6 Aluminum Alloy*

Kazuaki SHIOZAWA**, Toru ASAMOTOQ***
and Kazyu MIYAQO**

Crack propagation behavior has been observed in A 7003~ T 6 aluminum alloy
under low cyclic loading with hold time over the frequency range 4x107*~1Hz in
3.0% saline solution. From the experimental results, the effect of cyclic frequency on
crack propagation rates was found to be exemplified by two different regimes. One has
a positive dependency on the frequency below a critical frequency, fer, at which point
maximum environmental attack occurs in terms of da/dN, and the other is negative
above fern. The behavior of crack propagation below fire was explained by the concept
of stress-assisted dissolution which tends to inhibit mechanical failure by crack
blunting and microbranching. The number and depth of secondary cracks occurring
under the fracture surface were measured by metallographic examination, and the
actual crack tip stress intensity factor was estimated.
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1. Introduction

Behavior of corrosion fatigue crack propagation
is sensitively affected by the stress or strain waveform
and loading frequency. The enhancement and retarda-
tion of the fatigue crack propagation rate due to the
environment has recently received much attention”~®,
It is generally acknowledged that crack propa-
gation behavior under a low cyclic stress waveform is
complex because of sensitivity to stress corrosion
cracking, stress-assisted dissolution, crack blunting
and microbranching at the crack tip.

Since crack propagation under a corrosive envi-
ronment may be determined by the correlation of
mechanical and electrochemical processes, it is conve-
nient for the consideration of corrosion fatigue crack
propagation to take into account the superposition of
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an environmental cracking component due to anodic
dissolution and a pure mechanical fatigue component.
Several researchers have attempted to combine these
effects with simple models, based on macroscopic
crack growth data, for example, the process superpo-
sition model proposed by Wei and Landes"®, the proc-
ess competition model of Austen and Walker®, and
the process interaction model of Rhodes et al”. The
relative contributions to crack propagation made by
the electrochemical and mechanical cracking mecha-
nisms obviously depend upon the frequency of applied
load and loading waveform. These mechanisms may
occur simultaneously and have mutual interactions
during the low-cycle fatigue process. But the mecha-
nisms of such interactions are not obvious because
several specific interactions, in which one process may
be inhibited or enhanced by the action of corrosive
attack, are possible. This is the area of interest of the
present investigation, since there is no satisfactory
model to explain quantitatively the corrosion fatigue
crack propagation effects. It is also noted that severe
corrosion attack may cause blunting or microbranch-
ing of the crack tip.

As part of a series of studies on the influence of
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the interaction of stress cycling and stress corrosion
on crack propagation, that is, cyclic stress corrosion
cracking®®, we carried out a study including low
cyclic corrosion fatigue tests of A 7003-T 6 aluminum
alloy under triangular and trapezoidal waveforms,
over the frequency range 4 X10™3~1 Hz in 3.0 % saline
solution. Corrosion fatigue crack propagation rates
were measured to determine the effect of frequency
and waveform. The effect of corrosive attack on
enhancement and retardation in crack propagation
rates was considered in relation to experimental
observations of blunting or microbranching of the
crack tip.

2. Material and Testing Method

2.1 Material and specimen

The material examined in this study was a high-
strength aluminum alloy, A 7003-T 6. It was supplied
in rolled plates 10 mm thick. The alloy underwent the
T 6 heat treatment solutionized at 773 K for 12 hours,
quenched at 773 K for 2 hours, water cooled, and aged
for 8 hours at 418 K. The chemical composition and
room temperature mechanical properties are given in
Tables 1 and 2.

Compact tension specimens with side grooves
were machined to the dimensions shown in Fig. 1. The
direction of crack propagation coincided with the
rolling direction.

2.2 Testing method

Low-cycle fatigue tests were carried out using a
specially designed testing apparatus driven by an
electric motor constructed of a magnetic clutch, gear-
box and warm gear. A servo-hydraulic fatigue
machine was also used to obtain a high frequency
range condition. The corrodent was 3.0% saline solu-
tion controlled at 298+2 K and continuously circulat-
ed in a one-litre plastic reservoir through the cell at a
flow rate of about 32 ml/min.

Crack extension was measured optically on the

Table 1 Chemical composition of aluminum alloy.

(wt9%)
Si Fe Cu Mg Mn Zn r Ti Al

0.07{0.1710.150.82}0.02 | 5.74 [ 0.15 | 0.01 | Bal.

Table 2 Mechanical properties of material.

Yield strength | Tensile strength | Elongation
Go.2 (MPa) g s (MPa) €¢ (B
257 303 14.3
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side face of the specimen by means of a traveling
microscope with X 100 magnification directed through
a glass window in the environmental chamber. The
behavior of crack closure was monitored by the un-
loading elastic compliance technique using the back
face strain gauge, as shown in Fig. 1.

Two types of stress waveform were used for most
of the experiments. One was a triangular waveform,
and the other, a trapezoidal waveform with hold time,
tn, and raise/fall time, f. The load ratio, R, of
minimum load to the maximum load range was 0.1 in
these experiments.

3. Experimental Results and Discussions

3.1 The effect of frequency and hold time on
crack propagation

The experimental results for fatigue crack propa-
gation rates in air and saline solution are shown in
Fig. 2 for tests carried out at an R ratio of 0.1 with
triangular and trapezoidal wave loading. All of the
results followed well-established patterns. The saline
solution data obtained from the triangular waveform
at rise/fall time, 4, from 1~250sec(f=1~4x10"3
Hz) are faster than those for the tests conducted in air
(f=1Hz), and there is an obvious effect of frequency
on the fatigue crack propagation rate (Fig.2(a)).
Figure 2(b) shows the results obtained from the test
condition of trapezoidal wave loading in which the
load hold period, ¢, is changed from 5~500 sec under
a constant rise/fall time, %, of 10 or 45 sec. It is found
from these results that the effect of hold periods on
crack propagation rate is slight in trapezoidal wave
loading.

From the experimental results of stress corrosion
cracking in 3.0% saline solution conducted on the
specimen described above, it was found that the value
of Kiscc is about 16.8 MPam'?, and that a plateau,
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Fig. 1 Shape and dimensions of compact tension speci-
men used.
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where the crack propagation rate da/dt is independent
of the stress intensity factor, is formed over the
maximum stress intensity factor, Kmax of 22.5~38.0
MPam'? with measured crack velocities of 0.9~ 1.0
10° m/sec. Therefore, the corrosion fatigue tests in
this study were carried out at Kmax above Kiscc.
Figure 3 shows the experimental relationship
between crack propagation rate, da/dN, and testing
frequency, f. The frequency for the trapezoidal
waveform is defined as 1/(4+ ¢). There is clearly a
trend that the fatigue crack propagation rate has a
peak at a particular frequency value, f., in the case
of triangular waveform, and the effect of frequency on
crack propagation rate is divided into two different
regimes. That is, for = fert, da/dN increases as f is
decreased; on the other hand, da/dN decreases as f is
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Fig. 2 Experimental relation between crack propagation
rate da/dN and stress intensity range 4K for
A 7003-T 6 aluminum alloy under low-cycle
fatigue in 3.0 9% saline solution and laboratory air
at R=0.1 and various frequencies: (a) Triangu-
lar waveform, (b) Trapezoidal waveform.
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Fig. 3 The effect of loading frequency on da/dN for
various 4K values.
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decreased for f < forn. The critical test frequencies for
this material are found to be over 0.05~0.1 Hz and
dependent on the stress intensity range, 4K. This
behavior has been reported for some steels under the
testing condition below Kiscc?. It has been found that
Sernt is 0.01~0.7 Hz and dependent on 4K and solution
temperature for such steels.

The relation between da/dN and f in the tests of
trapezoidal waveform is different from the tendency
of the triangular waveform. It is seen from Fig. 3 that
da/dN of the trapezoidal waveform does not depend
on frequency, and that no acceleration of da/dN
occurs as the hold period is increased. This is attribut-
able to such factors as dissolution at crack tip and
change in the shape of the crack tip.

3.2 Behavior of crack closure

The relation between the crack opening ratio,
U(=(Kmnax—Kop)/(Kmax— Kmin)), and 4K is shown in
Fig. 4. The solid line in this figure represents the
experimental results obtained from the fatigue test in
air. The values of U obtained from the triangular
waveform of /=250 s and the trapezoidal one with ¢,
=500 s are small as compared with those obtained in
air because of the effect of corrosion products built up
on crack wall. In the other experimental data, the
crack opening stress diminishes with broadening
crack tip by dissolution.

If the data of Fig. 3 are replotted in terms of the
effective stress intensity factor AKen(=U-4K)
instead of 4K, as in Fig. 5, it is clear that da/dN in the
trapezoidal waveform slightly increases with decreas-
ing frequency; that is, increase of the stress hold time
leads to environmental enhancement of the crack
propagation rate.

3.3 The effect of an aqueous environment on
fatigue crack propagation

For quantitative consideration of environmental
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Fig. 4 Relation between crack opening ratio, U, and 4K
obtained from the triangular and trapezoidal
waveforms.
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effects on the fatigue crack propagation rate, Fig. 6
shows the experimental relationship between environ-
mental acceleration factors da/dN|cscc/da/dN|air and
da/dN\cr/da/dN s and loading frequency. Now,
da/dN|cscc and da/dN|cr are the crack propagation
rates of trapezoidal and triangular wave loading in an
aqueous environment, respectively. And da/dNlar is
the crack propagation rate under testing at a fre-
quency of 1 Hz in air. It is found from this figure that
the maximum environmental acceleration factor cor-
responds to a particular frequency value in the case of
the triangular waveform, which is the same as the forut
mentioned before. Enhancement of corrosion fatigue
crack propagation rates compared with those in an
inert environment will disappear at very high fre-
quencies above fow when there is insufficient time for
environmental attack. On the other hand, the reduc-
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Fig. 5 The effect of loading frequency on da/dN for
various values of effective stress intensity factor
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tion in the environmental component of crack propa-
gation controls the crack propagation rate at very low
frequencies below fer:. This type of behavior supports
the idea proposed by Barsom" that corrosion fatigue
crack propagation is an unstable equilibrium process
due to a balance between two opposing mechanisms.
The controlling mechanisms of crack propagation are
considered to be consistent with a process of dissolu-
tion, passivation, filming over of the crack tip and/or
actual changes in the crack tip profile. Formation and
rupture of the passive film around the crack tip
depend on strain rate, and the appearance of a fresh
surface at the crack tip is an important control factor
for dissolution.

The rate of loading or the strain rate controls the
amount of environmental attack. The condition for
sustained subcritical cracking in aqueous environ-
ments is that the slip/passive film rupture processes at
the crack tip provide a supply of bare metal at a rate
faster than that by which it is removed by the passiva-
tion reaction. The pumping action of a fatigue crack
as it opens and closes is also an important control
factor in environmental-assisted crack propagation
because of the increase in reaction rates for liquid
diffusion. The results obtained from the triangular
waveform would be consistent with a process
controlled by dissolution/passivation, but it is not
possible to explain the behavior of crack propagation
tested under the trapezoidal waveform with various
stress hold periods.

The results presented in the preceding section
suggest that the effect of dissolution at the crack tip
on the fatigue crack propagation is two opposing
mechanisms : One is enhancement of the fatigue crack
propagation rate due to the dissolution. The other
mechanism, which results in the reduction of the crack
propagation rate, is affected by the shape of the crack
tip. Crack extension and blunting or microbranching
will exist together during the hold period. The retar-
dation of crack propagation during stress cycling
followed by holding occurs due to blunting or micro-
branching at the crack tip®. The formation of slip
step and bare metal at the crack tip is a necessary
condition for sustained subcritical cracking from the
blunted or branched crack tip. In this case, stress
cycling will be required, and the crack propagation
rate may not be time dependent but cyclic. The exis-
tence of this behavior is proved by the evidence that
the environmental acceleration factor in the trap-
ezoidal wave did not depend on frequency, as shown in
Fig. 6.

3.4 Change in shape of crack tip

It was suggested from the represented experimen-

tal results that the behavior of fatigue crack propaga-
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tion under low cyclic loading is affected by the shape
of the crack tip, which is changed due to dissolution.
This has been pointed out by some investigators ™.
The stress intensity factor is usually determined by
the method of fracture mechanics under the assump-
tion of infinitesimally small curvature at the crack tip.
The actual crack tip stress intensity factor developed
under a corrosive environment must take into consid-
eration the change in crack tip morphology and will
consequently be less than the calculated stress inten-
sity factor. But it is difficult to estimate directly the
actual stress intensity factor and to observe the shape
of the crack tip experimentally. The experimental
relation between da/dN (or da/dt) and AK(Knex) in
subcritical crack growth differs depending on experi-
mental conditions such as waveform, environment,
and frequency, though this is reflected by the crack tip
configuration. Under transient conditions, this is not
the case. Change in atmosphere from a corrosive
environment to an inert one may be achieved much
more rapidly than the associated change in crack tip
shape. The crack propagation rate immediately after
such an environmental change is a function of the
initial crack tip morphology associated with the inert
environment. In this study, variation of the shape at
the crack tip is investigated indirectly through the
transition behavior of crack propagation from the test
in a corrosive environment to that in air.

Figure 7 shows the experimental relationship
between da/dN and 4K obtained from the fatigue
tests in air (f=1Hz) after an arbitrary length of
crack extension was made under the corrosion fatigue
(t..=10s), trapezoidal wave (ft=10s,=50s) or
SCC. It can be seen that the crack propagation rate is
decreased just after switching from a corrosive envi-
ronment to air. The degree of the retardation depends
on the 4K or Kmax at the point of switching. These
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Fig. 7 Experimental relation between da/dN and 4K
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behaviors will reflect the appearance around crack tip.
Therefore the actual stress intensity factor range
AK* was estimated by the method shown in Fig. 7, on
the basis of the idea that the da/dN at the point of
switching reflects the steady-state relation between
da/dN and 4K obtained from the fatigue test in air.

The estimated stress intensity factor range 4K*
is shown in Fig. 8, plotted as open circles. The overall
calculated difference between 4K™* and 4K is affected
by the loading waveform in the corrosive environment
and the 4K (or Kmax for SCC) at the point of switch-
ing. It can also be seen that 4K * coincides with 4K in
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the region of relatively low or high 4K, and that
change in the shape of the crack tip may be recorded
in the medium range of 4K. In the high 4K range,
crack propagation is controlled by mechanical dam-
age as opposed to electrochemical damage, and crack
blunting or microbranching decreases very rapidly.
Therefore, there is not time for dissolution to take
place before the crack tip passes any particular point
in the material. Conversely, it appears that the opti-
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Fig. 9 Experimental relation between U and 4K under
the transient conditions of change from a corro-
sive environment to air.
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mal conditions for the stress corrosion process exist in
the medium range of 4K. Crack branching may sub-
stantially assist the damage caused by stress-assisted
dissolution, and this is considered in the following
section.

Figure 9 shows the experimental relation between
crack opening ratio U and 4K obtained from the tests
as shown in Fig. 7. It is obviously seen that the U
value just after switching from the test in saline
solution to that in air is decreased as compared with
the U—4K relation in air, as indicated by the solid
line. This behavior corresponds to the da/dN—4K
relation in Fig. 7. Decrease of da/dN and U in air may
result from the inhibition of mechanical fracture
which occurs due to the action of microbranching and
blunting with stress-assisted dissolution. In Fig. 8, the
relation between 4K* and 4K estimated from the
results of the U— 4K and da/dN — dKey diagram is
also shown. Results estimated by different methods
show éood agreement with each other.

3.5 Crack branching

For discussion in detail of the change in the shape
of the crack tip, the number and depth of secondary
cracks formed under the fracture surface were mea-
sured using the specimens tested under various testing
conditions. The central face of specimen thickness
parallel to the direction of crack growth was polished
for metallographic examination. The specimens were
then examined under an optical microscope. Figure 10
is a typical example of secondary cracks. It can be
observed from the pictures that there are a lot of
secondary cracks which grow in a direction inclined
30~40 degrees from the fracture surface. The shape
of secondary cracks depends upon the testing fre-
quency. In the case of low frequency, cracks are
blunted by dissolution and the fracture surface tends
to be rough.

(a) Triangular wave, t =10s, K =23.9 24.9 MPam
c max

(b) Trapezoidal wave, tc=lOs, t

h

=50s, K =43.1 46.2 MPam
max

1/2

direction of crack growth

1/2

Fig. 10 Typical examples of secondary cracks formed
under the fracture surface.
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The length of secondary crack was defined as its
depth perpendicular to fracture surface. Figure 11
shows the change in length of secondary cracks, p, and
the number of secondary cracks per unit length, den-
sity o, accompanied by the maximum stress intensity
factor Kmex. It can be seen from the experimental
results obtained under the various conditions of the
tests that p and e tend to increase with Kmax up to a
particular value of Kmax and after that decrease with
increasing Kmax. The value of Kmax at which p is
maximum is independent of the loading waveform and
is 40 MPam"2. On the other hand, Kmax at which p is
the maximum is dependent on waveform and is small
as compared with that for p.

Rhodes and Radon”? have proposed the following
equation for presumption of the actual stress intensity
factor K* when » close parallel cracks are applied :

K*={(K*In)+6mpo,}"* (1)
where oy is the yield stress of the material and p is
defined as the depth of exfoliation damage, which is a
special type of stress corrosion. The secondary cracks
will be formed intermittently at the main crack tip. It
is difficult to evaluate how many secondary cracks
have an influence on the main crack tip developed. In
this investigation, p is treated as the depth of the
secondary crack and # is assumed to take the follow-
ing form :

n=1+ap
where « is constant.

(2)
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Figure 12 shows the relation between 4K* and
4K calculated by means of Eqs.(1) and (2) using
the experimental values of p and p obtained from the
test of trapezoidal waveform with hold period of t,=
50 s(4:=10s). In this figure, @ is an arbitrary parame-
ter and the relation between 4K* and 4K is deter-
mined by the selection of @, which may be a function
of crack morphology and cannot be measured direct-
ly. Discussion of the physical meaning of « is in
progress and will be reported separately in the near
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Fig. 13 Relation between value of « taken during crack
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future. The value of @ taken during crack propagation
can be obtained from a comparison between the calcu-
lated 4K*— 4K relation and the experimental data,
as shown in Fig. 8. Figure 13 shows the relation
between @ and 4K, and the following equation is
glven :
AK >275 MPam'?
a=exp{—1.316(JK —25.5)}
AK <275 MPam"?
a=0.05
Using Eqs.(1)~(3), the 4K*—A4K relation is
obtained for the various conditions of the tests and the
calculated results are indicated by the solid line in
Fig. 9. It is found that the calculated results of stress
intensity factor range 4K * which take the distribution
and length of secondary cracks into consideration are
in good agreement with those estimated from the
experiments.

(3)

4. Conclusions

(1) The effect of cyclic frequency, f, on crack
propagation rates in the triangular waveform was
found to be exemplified by two different regimes. One
has a positive dependency on frequency below a criti-
cal frequency, fet, at which maximum environmental
attack occurs in terms of da/dN, and the other is
negative above feri.

(2) The crack propagation rate, da/dN, under the
tests of trapezoidal waveform with stress hold periods
in f<fu did not depend on testing frequency for
various values of 4K.

(3) Crack tip morphology was investigated
through the transition behavior of crack propagation
rate from the tests in a corrosive environment to those
in air. The actual stress intensity factor was less than
the calculated one because of blunting or microbran-
ching at the crack tip by dissolution.

(4) On the basis of experimental measurement,
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the length and density of secondary cracks formed
under the fracture surface were found to be dependent
on Kmax and loading waveform and closely related to
the sensitivity to stress corrosion cracking of the
material.

(5) Crack propagation under low cyclic corro-
sion fatigue is controlled by two opposing mecha-
nisms. One is enhancement due to the stress-assisted
dissolution ; the other one, which results in reduction
of crack propagation, is affected by blunting or micro-
branching at the crack tip. It is necessary to take into
account the crack tip morphology for modelling of
crack propagation behavior under low-cycle corro-
sion fatigue.
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