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Computer Simulation of Corrosion Fatigue
Process Considering Stress Relaxation
Due to Initiation and Propagation of

Multiple Cracks*

Sotomi ISHIHARA**, Kazuaki SHIOZAWA**,
Kazyu MIYAO** and Hiroshi MIWA**

In order to investigate stress relaxation behavior at the specimen surface during
the corrosion fatigue process caused by the initiation and propagation of many cracks,
rotating bending fatigue tests were carried out in sodium chloride aqueous solution
using specimens of 6 and 12 mm diameters. Stress amplitude decreases of about 25
~509% were observed during the corrosion fatigue process performed at low stress
amplitude. This stress relaxation behavior is well evaluated by calculating the compli-
ance increase of the specimen. Computer simulations of the corrosion fatigue process
of the unnotched specimens were conducted. The results showed good agreement with
the experimental results. In the simulations, probabilistic crack initiation behavior
during the corrosion fatigue process, the stress relaxation effect at the cracked parts
and crack coalescences among many distributed cracks are taken into consideration.
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1. Introduction

It is well known that many small surface cracks
initiate on the smooth specimen surface during corro-
sion fatigue. It is considered”® that the interferences
and the coalescences among these cracks control the
corrosion fatigue lives. In the previous paper®, we
investigated the relationships between corrosion
fatigue lives and the characteristics of the distributed
cracks, such as the number of cracks and the sum
total of crack lengths, using round specimens with
different diameters (6mm and 12mm). It was
clarified that corrosion fatigue lives for the specimens
of 12 mm diameter increase with increasing number of
cracks initiated during the corrosion fatigue process;
on the other hand, the opposite tendency was observed
for the specimens of 6 mm diameter. For this reason,
it was considered that the crack coalescence among
the distributed surface cracks was the main factor
influencing corrosion fatigue lives for the specimens of
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6 mm diameter, while the stress relaxation effect at
the cracked part was an important factor determining
corrosion fatigue lives for the specimens of 12 mm
diameter.

In the present paper, the stress relaxation effect
stated above was investigated experimentally and
theoretically. Further, we performed a computer simu-
lation of the corrosion fatigue process where the
stress relaxation effect was taken into consideration,
in addition to the crack coalescence behavior, and
confirmed the validity of the simulation from the
comparison of the results of the simulation with
experimental results.

2. Specimen and Experimental Procedures

The material tested was J.I.S. carbon steel S45C.
As-received materials were annealed at 1173K in
vacuum for 1 hour and then electropolished preceding
the fatigue tests. Its chemical composition and
mechanical properties are listed in Table 1 and Table
2 respectively. The shapes and dimensions of the
specimens are shown in Fig. 1. Corrosion fatigue tests
were performed in the low stress amplitude region (98
MPa) where the effect of the distributed surface
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cracks on the fatigue lives is assumed to be marked,
using both the specimens of 6 mm and 12 mm diame-
ter. An Ono-type rotating bending fatigue machine
was used, and its frequency was 60 Hz. As a corrosive
environment, sodium chloride aqueous solution kept
at 298 K was used in the present tests.

The variations of the strains at the cracked parts
of the specimen were investigated successively during
the corrosion fatigue process, using straingauges
whose gauge length was 0.2 mm. In order to obtain the
average variations of the strains due to the crack
initiations and propagations, we measured them at
several points in the specimen. The cracks initiated at
that time in those places were also measured using the
surface replica.

3. Experimental Results

3.1 Variations of the strain at the cracked parts
in the specimen with an increase in the
applied bending moment

In order to investigate the variations of each
specimen’s stiffness due to crack initiations, a corro-
sion fatigue test was performed at the stress ampli-
tude of 98 MPa and stopped before final failure of the
specimen. Figure 2 shows examples of the relation-
ships between the maximum strains in the specimen

Table 1 Chemical compositions of the material

(Wt %)
C Si Mn P
0.486 0.23 0.81 0.022

Table 2 Mechanical properties of the specimen
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| l
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Fig. 1 Shape and dimensions of the specimen
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and the applied bending moment. The solid lines in
this figure correspond to the relationships after crack
initiation measured at several places in the specimen,
and the broken line represents that before crack initia-
tion. As seen from this figure, the surface strains at
the cracked parts are smaller than that before crack
initiation. Supposing that Young’s modulus of the
material is not changed by the crack initiation, we can
consider the decrease in the strain as the decrease in
the stress. Therefore, we realize that the applied
stresses at each point of the specimen surface during
the corrosion fatigue process are decreased by the
crack initiation and the crack growth.

3.2 The effect of the distributed surface cracks
on the stress relaxation at the specimen
surface

Figure 3 shows the relationship between &*/e and
sum total of crack lengths (1/A4)212/; obtained in the
corrosion fatigue test of 98 MPa, where ¢* is a strain
at the specimen surface after crack initiation and ¢ is
that before the fatigue test. A is an area where crack
lengths are investigated. We can consider the decrease
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Fig. 2 Relationships between bending moment and strain
at the cracked parts in the specimen
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Fig. 3 Variations of the normalized strain with sum total
of crack lengths for both 6 and 12 specimens
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in the strain to be equivalent to that in the stress.

As seen from this figure, &*/e decreases with
increase in the (1/4)22/; for both specimens of 6mm
and 12 mm diameters. Figure 4 shows the variations of
€*/e with the number of cycles after crack initiation
(N-N;). We can see that the values &*/e for the speci-
men of 12 mm diameter decrease markedly compared
with those for the specimen of 6 mm diameter.

4. Estimation Method of the Stress Relaxation
Effect at the Cracked Parts

4.1 Aboudi’s method®

Aboudi® treated the problem shown in Fig. 5(b)
in which the fixed displacement in the X direction is
given to an infinite plate with equally spaced cracks.
He calculated the compliance change of the plate by
introducing the unitcell, and dividing this into two
parts, as shown in Fig. 5(a), that is, the region (a=
1) where one crack exists and the region (a=2) where
no cracks exist. A brief outline of his calculation is
shown as follows.

Averaging the equilibrium equations for both
regions in the X; direction, we can obtain the follow-
ing equation :

QS+ (da/2)*[ 6§ d./2)
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Fig. 4 Variations of the normalized strain during stress
cycling
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Fig. 5 Aboudi’s model for the calculation of the stiffness
reduction of the plate due to cracks
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H(=D*' o4 (— da/2))/da— kS V'@ =0, (1)
where, ¢!’ denotes the stresses in these regions and
Si;%@ denotes the average stresses defined as follows.

da/2
SPO=(1/da) [ (Xi ol dr®
—-da/2

(k=0,1,2) (2)

Using the boundary conditions for the stresses,
the strain-deformation relation and the stress-strain
relation, we can resolve Eq.( 1). The effective elastic
modulus of the unit cell in the X, direction can be
obtained. Aboudi arranged the calculated results in a
manner of using both the parameters of @\/(d\+ d»)
and d\/2L.

In the present study, the dimension d, was deter-
mined by dividing the sum total of crack lengths in the
observed area with the total number of cracks. Fur-
ther,the dimensions of @z and 2L were determined in
such a way that #n, cracks with the length of d) were
arranged regularly, as shown in Fig. 5(b). As it was
impossible to resolve Eq.(1) analytically, we resolved
it numerically using the finite difference method.

In the rotating bending tests, bending moment
applied to the specimen is constant during the fatigue
test. However, at the cracked parts in the specimen,
the local stresses are relieved and redistributed com-
plexly by the compliance change due to the crack
initiations. Thus, in the present study, we obtained the
stresses at the cracked parts by assuming that the
applied displacements near the specimen surface are
constant before and after crack initiation.

4.2 Estimation of the amount of the stress
relaxation due to an increase in the compli-
ance at the cracked parts

In addition to Aboudi’s method®, we evaluated
the amount of stress relaxation at the cracked parts
using the compliance method®. Let us consider a
round bar specimen whose length and diameter are L.
and d, respectively. Bending moment is applied to this
bar, and it contains # cracks at time /. The amount of
the compliance increase due to these crack initiations
is given by the following equation®.

_s (M2 KB) A
ai=3 [ Es)an, (3)
The compliance for the specimen with no cracks is
given by

_ L.
A= E] (4)

where A. denotes the each crack area and E and [ are
Young’s modulus and moment of inertia of area,
respectively. Kz is a correction factor for the cracked
round bar specimen under bending.

The compliance at time J is calculated by the
next equation,

Ai=Aot DA, (5)
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where AA; is the compliance increase due to crack
initiation.
Using the same assumptions as in Aboudi’s method,
that is, (i) the applied displacement is constant at the
specimen surface, and (ii) Young’s modulus is con-
stant before and after crack initiation, we can esti-
mate the variations of stresses at the cracked parts.
There is the following relationship between the stress
at time / and the one at time /-1:

Gj:%m—l . (6)

Figures 6 and 7 show the estimated results using
Aboudi’s method and the compliance method, respec-
tively. As seen from Fig. 6, the calculated results
coincide well with experimental results in the region
(1/A)222/; <0.5. However, in the region (1/4)227; >
0.5, the estimated results for the 12 specimen are
larger than the experimental results. In the region
(1/A)222/; >0.5, there are initiated a few long cracks
which cause a large amount of stiffness decrease in
the specimen ; thus, the situation is not appropriate
for the model shown in Fig.5(b). This is why the
experimental and theoretical results do not coincide
with each other in the region (1/4)22/;>0.5. In Fig.
7, on the other hand, the estimated results using the
compliance method show good agreement with the
experimental results because the method takes the
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Fig. 6 Comparison with the calculated results obtained
from the Aboudi’'s model and the experimental

results
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Fig. 7 Comparison with the calculated results for the
normalized strain obtained from the compliance
method and the experimental results
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real crack lengths on the specimen surface into consid-
eration. As a result, in the computer simulation of the
corrosion fatigue process stated below, we shall use
the compliance method for the calculation of the
stress variation at the cracked parts.

5. Computer Simulation of the Corrosion Fatigue
Process Considering the Stress Relaxation at
the Cracked Parts

5.1 Flow chart of the simulation

We performed a computer simulation of the cor-
rosion fatigue process for unnotched specimens. In the
previously reported simulation program, the
probabilistic crack initiation behavior and crack coa-
lescence behavior were considered. In the present
simulation, the subroutine for the calculation of the
stress relaxation effect at the cracked parts is newly
added to the previous program.

The flow chart of the program is shown in Fig. 8.
The frame drawn by the thick solid line in this figure
shows the subroutine for evaluating the stress relaxa-
tion effect.

5.2 Input data

The input data for the simulation are listed as
follows:

(a) Maximum crack density: Three-parameters
of Weibull distribution reported in the previous
study® were employed.

(b) The rate of crack initiation: Three-parame-
ters of Weibull distribution reported in the previous
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B

Fig. 8 The flow chart for the computer simulation of the
corrosion fatigue process
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study® were employed.

(¢) Crack location: Uniform random distribution
was used.

(d) Initial crack length: It was designated as 150
pm.

(e) Crack growth: The crack growth behavior
was prescribed by Paris’s equation,

dljdN = C{o(xl)"*}m
where C and m were experimentally determined as C
=1.654x10"" and m=2.41.

(f) The criterion for the final failure of the speci-
mens: The following criterion was adopted for the
final failure of the specimen. When the maximum
stress intensity factor among the many surface cracks
reaches the fatigue fracture toughness in the corrosion
fatigue, which is determined as 9 MPam'’ final fail-
ure of the specimen occurs.

(8) Threshold condition: 4K:= 0.0 MPam "*
was adopted.

5.3 Comparison between the experimental
results and the results from the computer
simulation

Figure 9 shows an example of the crack initiation
and growth obtained from the computer simulation of
the corrosion fatigue process for both ¢6 and ¢ 12
specimens. Figure 10 shows the main crack growth
behavior obteined from the simulation which causes
the final failure of the specimen. In these figures,
experimental results are also plotted. As seen from
Fig. 10, both the acceleration of the crack growth rate
through crack coalescences and the retardation of the
crack growth rate due to the stress relaxation at the
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(b) ¢12

Fig. 9 An example of the spatial distribution of cracks in
the computer simulation
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cracked parts are simulated well.

Figure 11 shows the variation of the distributions
of crack lengths during corrosion fatigue process
which are obtained from the computer simulation.
The experimentally obtained results are also shown
by the solid and broken lines in this figure. Good
agreement between the two is observed. The parts
bent downward in the region of long crack length in
the experimental results correspond to the occurrence
of long cracks due to crack coalescences.

Many trials of the simulations were performed
and the relationship between the crack growth period
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Fig. 10 The main crack growth behavior which causes
final failure of the specimen
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Fig. 11 Variations of the distributions of crack lengths

with stress cycling
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Fig. 12 Relationships between the crack growth periods
and sum total of crack lengths

N, and the sum total of crack lengths per area
(1/A)2(21:/d) was investigated. Figure 12 shows the
results. In the ¢6 specimens, N, decreases with an
increase in (1/4)2.(2/:/d). In the $12 specimens, on the
other hand, the reverse tendency is observed. These
results obtained from the computer simulation show
the same tendency as the experimentally obtained one
reported in the previous paper®.

6. Conclusions

Computer simulations of the corrosion fatigue

83

process were performed. The results obtained are
summarized as follows:

(1) The stress relaxation behavior at the cracked
parts in the specimen during the corrosion fatigue
process was investigated in detail experimentally and
theoretically. It was clarified that the effects were
evaluated well from the calculation of the amount of
increase in the compliance at the cracked parts.

(2) The amount of stress relaxation at the
cracked parts during the corrosion fatigue process
was investigated experimentally. The effects begin to
be observed from the time N/N,=0.3. The maximum
stress decreases at the final failure of the specimen
were 25% and 50% for ¢ 6 and ¢ 12 mm specimens,
respectively.

(3) Computer
fatigue process in which the probabilistic crack initia-
tions, crack coalescences and the stress relaxation
effect were taken into consideration were performed.
The results showed good agreement with the experi-
mental results.

simulations of the corrosion
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