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Effects of Fluid Flow Rate and Stress
Amplitude on the Initiation and Growth
Behavior of Corrosion Pits on
an Annealed Carbon Steel*

Sotomi ISHIHARA**, Kazuaki SHIOZAWA**,
Kazyu MIYAO** and Masato INOUE**

In order to clarify the effects of the fluid flow rate and stress amplitude on the
initiation and growth behavior of corrosion pits, round, smooth specimens were rotated
at various speeds in sodium chloride aqueous solution. The results are summarized as
follows: (1) The pit growth behavior was adequately predicted by Eq.( 1), regard-
less of the fluid flow rates and stress amplitudes. ( 2) The pit initiation time decreases
with an increase in the fluid flow rate and stress amplitudes. ( 3) For small pits whose
sizes are about 0.03 mm, the pit growth rates increase with an increase in the fluid flow
rate, while the growth rates for pits above 0.08 mm are independent of the fluid flow
rate and smaller than those of 0.03 mm. The pit growth rates in the case of 100 MPa
are 5~10 times larger than those of the nonstressing condition.

Key Words: Corrosion Fatigue, Corrosion Pits, Pit Initiation, Pit Growth, Carbon
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1. Introduction

It is well known that corrosion pits initiate and
grow in the early stage of the corrosion fatigue proc-
ess. Corrosion cracks start to grow from these corro-
sion pits and cause the final failure of the specimen. In
corrosion fatigue, the fatigue limit disappears,
because, even at low stress amplitude, cracks can
initiate and grow from these corrosion pits.

In clarifying the damage evolution during the
corrosion fatigue process, it is important to investi-
gate the initiation and growth behavior of the corro-
sion pits. Many studies have investigated crack initia-
tion and growth behavior during the corrosion fatigue
processV~® : however, only a few studies have
examined pit initiation and growth behavior®®,

In the present study, we conducted corrosion
fatigue tests in sodium chloride aqueous solution using
annealed carbon steel JIS S45C, and clarified the
effects of the fluid flow rate and stress amplitude on
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the initiation and growth behaviors of the corrosion
pits.

2. Specimens and Experimental Procedures

2.1 Specimens

The material tested was carbon steel JIS S45C.
Its chemical composition and mechanical properties
are listed in Table 1 and Table 2, respectively. The
material was annealed at 1173K for 1hour and
machined into the figure shown in Fig.1. After
mechanical polishing with emery paper, specimens
were annealed at 923K for 1lhour, and then
electropolished prior to the fatigue tests.

Table 1 Chemical compositions of the material
(Wt %)

C Mn Si P S
0.46 0.81 0.23 |0.022 [ 0.018

Table 2 Mechanical properties of the specimen

Yield Strength | Tensile Strength Elonﬁation
(MPa) (MPa) (%)

317 624 48. 7
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2.2 Experimental procedures

As a corrosive environment, sodium chloride
aqueous solution (3% in wt %) kept at 298 K was
used. It was circulated between the corrosion vessel
containing the specimen and the tank by means of a
pump. Air was continuously supplied to the tank by
air pump so as to cause saturation of the dissolved
oxygen in solution. New solution was used every day.

The flow rates of the corrosive environment were
changed by rotating the specimen at various speeds. In
this case, the flow rate v is given by the following
expression, v=(2x7f)/60, where r is specimen radius
and f is the rotating speed of the specimen. In order to
investigate the pit initiation and growth behavior, the
replica method was employed, and 8 selected pits were
successively observed during the corrosion fatigue
process for each of the experimental conditions. The
number of times the replicas were sampled was deter-
mined so as to minimize the effects of the replica on
the pit initiation and growth behavior. The pit diame-
ters were measured by an optical microscope. The pit
depths were determined by measuring the depths
where clear focus both at the specimen surface and at
the bottom of the pit was obtained.

For the loading tests, an Ono-type rotating bend-
ing fatigue machine was used.

3. Experimental Results

3.1 The pit initiation and growth behavior
In order to investigate the pit initiation and
growth behavior, successive observations of the speci-
men surface during the corrosion fatigue process were
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performed. Figure 2 shows an example of the pit
growth behavior obtained under the conditions of ¢
=100 MPa and /=2 000 rpm. As seen from this figure,
the pit sizes increase and their shapes change with
time. Some of the pits ceased to grow after a few
hours. Figure 3 shows the variations in both the pit
length at the specimen surface snd the pit depth with
time under the condition of 6=0 MPa. In this figure,
linear relationships between the pit length 2¢ or the
pit depth dp» and time exist on the log-log plots, and
the following expressions are deduced :

2¢=(2c)o( tftic)*

dp=do(t/t:p)** (1)
where ¢ and ¢, denote the times when the pit whose
size is 2c=(2¢)o and dp=d, initiates, respectively, and
Ac and A, are constants. These relationships are also
confirmed by the loading tests. Many studies®+”,
report that the pit growth law is given by Eq.(1). In
the present study, it is determined that Eq.( 1) is also
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Fig. 3 Variations of pit length and pit depth with time
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(d) 7.0 hour (N=8.4x10°)

Fig. 2 An example of pit growth behavior (6=100 MPa, =2 000 rpm)
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applicable under conditions of variable flow rate.
3.2 Probabilistic distribution of ¢, ¢, A; and A,
The values of ¢, t», A: and A, can be determined
by approximating the experimental data with Eq.(1).
In the present case, the conditions (2¢)o=do=30 pm
were adopted. Figure 4 shows the distributions of f.
plotted in the Weibull probabilistic paper. Figures
4(a) and (b) correspond to the conditions of g=0
MPa snd 100 MPa, respectively. As seen from these
figures, t.c decreases with an increase in the fluid flow
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Fig. 4 Distributions of the pit initiation time plotted on
the Weibull probabilistic paper
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Fig. 5 The Weibull plots of A: for both 6=0 MPa and
100 MPa
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rate. In the case of 0=100 MPa, {. is smaller than
that under the condition of 6=0 MPa. These experi-
mental results are common to those of f,. Figure 5
shows the Weibull plots of Ac for both 6=0 MPa and
100 MPa. In the case of 6=0 MPa, A. decreases with
an increase in the fluid flow rate, while in the case of
0=100 MPa, this tendency is not clearly observed.
Furthermore, we can see that the values of A: become
larger with an increase in stress amplitude. The same
tendency was also observed in the results of Ap.
3.3 Shapes of corrosion pits

Figure 6 shows the variation in the aspect ratio,
dp/c, with 2¢, where 2¢ and d» denote the pit length at
the specimen surface and the pit depth, respectively.
All the data obtained under conditions of 6=0 MPa, ¢
=100 MPa, f=0rpm and /=100 rpm are plotted in
this figure. As can be seen from this figure, there are
slight differences between the data of /=0 rpm and f
=100 rpm and also between the data of =0 MPa and
0=100 MPa. Hence, we can conclude that the shapes
of the corrosion pits are independent of the fluid flow
rate and stress amplitude. However, dp/c shows the
dependence on the pit length, 2¢. In the region 2¢ <100
pm, the value of dp/c is larger than 1, showing a pit
shape deeper than a half sphere, while in the region
2¢>100pm, the value of dsfc decreases and
approaches 1, indicating that the shape of the corro-
sion pit is a half sphere. The same results were also
reported in a previous study®.

4, Considerations

4.1 The effects of the fluid flow rate and stress
amplitude on the pit initiation time

As a representative value of the pit initiation time
shown in Fig. 4, we consider #cs, which denotes the
value where the cumulative probability is 50%. Figure
7 shows the relationship between #:cso, Zipso and the fluid
flow rate v plotted on the log- log diagram. In order
to plot the pit initiation time at »=0, the horizontal
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Relationship between pit aspect ratio, dp/c and pit
length, 2¢

Fig. 6
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axis is taken as (v +1). Asterisks (*) correspond to
the data of ¢:ps0. As negligible differences between ficso
and tps0 are observed, we refer to both of them as #:s0,
without distinction. From Fig. 7, we can see that there
is a negative linear relationship between #s and (v
+1). Therefore, the following equation holds :

tiso=B(v+1)~°. (2)
B and c¢ are constants and their values are shown in
this figure.

Oxygen diffusion-type corrosion and hydrogen
evolution type corrosion are two corrosive reactions
which occur in a solution. In neutral salt water, it is
known that oxygen diffusion type corrosion occurs.
As the reason why the fluid flow rate influences corro-
sive reactions, the following speculation can be consid-
ered. There may be a thin layer which adheres to the
rotating specimen’s surface. The thickness of this
layer decreases with an increase in the fluid flow rate,
thus promoting the diffusion of oxygen through this
thin layer. Because the amount of oxygen at the
specimen surface increases due to the above-
mentioned diffusion, oxygen diffusion-type corrosion
at the specimen surface is activated and hastens pit
initiation.

Masuda et al.® performed corrosion fatigue tests
in 3% sodium chloride aqueous solution using
SUS 403, and reported that the pit initiation time in a
test at 30 Hz is shorter than those at 0.03~3 Hz. Their
result agrees with the present result.

Next, we compare the results of the loading test
with those of the nonloading test. The pit initiation
time in the test at =100 MPa is 1/7~1/10 shorter
than that in the test at 6=0 MPa. Local plastic defor-
mations occur on the specimen surface when cyclic
stress is applied to the specimen. It is well known that
a corrosive reaction occurs preferentially in these
slipped regions. Accordingly, in the loading tests, the
pit initiation time becomes shorter than that in the
nonloading tests due to these active corrosive reac-
tions.

=354.0(v+1)~0-342
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Fig. 7 Relationship between the pit initiation time and
the fluid flow rate
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4.2 Effects of the fluid flow rate and stress
amplitude on the constant, A.

The values of A., which denote conditions at a
cumulative probability of 50% in Eq.(1), decrease
with an increase in the fluid flow rate. These values
are 0.9, 0.5 and 0.27 for f=0rpm, /=200 rpm and f=
2 000 rpm, respectively.

In Kondo's experiment®, the value of A. was 0.33.
Masuda et al.® reported that A. reached a value of
0.63; on the other hand, Hinoshima et al. reported
that Ac reached a value of 0.37. As shown above, the
values of A. differ from each other depending on the
experimental conditions.

Kondo® explained theoretically why the value of
Ac was 0.33, under the assumptions that both the
corrosive current density and the pit density are
constant and the shape of the corrosion pit is a half
space. Engell, in Szklarska®?, reported that A.=1.3
can be obtained under the following conditions: (a)
Corrosive current density changes with time under a
constant potential. (b) The number of corrosion pits
increases with time. (¢ ) The pit shape is a half space.
(d) The current density within a corrosion pit is
constant. In the present experiments, the number of
corrosion pits increased with time in the experiment
at /=0 rpm, while in the other experiments under the
fluid flow rate, the number of corrosion pits was
nearly constant throughout, except in the early stage
of the process.

Considering the above experimental results and
the proposed models®'? the following speculation
can be proposed. In an experiment with a stationary
solution or a solution with a low flow rate, it is
possible that the corrosive current changes with time
because the number of corrosion pits increases with
time. Thus, according to Engell’s model®?, the value
of Ac approaches 1. On the other hand, in a solution
with a high fluid flow rate, the corrosive current is
nearly constant, because the corrosion pits saturate in
the early stage of the corrosion fatigue process and
the number of pits assumes a constant value. There-
fore, according to Kondo’s model®, A. assumes a
value near 0.33.

Next, we consider the change in A: due to the
application of stress. As shown in Fig. 5(b ), the value
of Ac in the loading test is larger than that in the
nonloading test. For this reason, the corrosive current
generated during the corrosion fatigue process is in-
creased by the application of stress, because the
number of initiation sites for the corrosive reaction in
the specimen, such as slip steps and slip lines,
increases as a result of the application of stress. The
validity of the above speculation is supported by Endo
and Komai’s experimental results®?,
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4.3 Effect of the fluid flow rate and stress ampli-
tude on the pit growth rate

By differentiating Eq.(1) with time, the pit
growth rate is given by the following equation :

d(2c)[dt=(2¢)or Ace t4e™V [t; A

d(dp)/dt=db+ Ap- t4*7" [tip* (3)
Using Eq.(3), we investigated the distribution of the
pit growth rates for two pit sizes, namely, 30 um and
80 pm. The results are shown in Fig. 8. Taking the
value at the cumulative probability of 50% as a repre-
sentative value of the pit growth rate, the relation-
ships between the representative pit growth rate and
the fluid flow rate v are shown in Fig. 9. The horizon-
tal axis denotes (v+10). In the results of 6=0 MPa,
shown in Fig. 9(a), the pit growth rate at the pit size
of 30 um increases with an increase in the fluid flow
rate, showing marked fluid flow rate dependence,
while at the pit size of 80 um, the pit growth rate
shows a smaller dependence on the fluid flow rate than
that at the pit size of 30 pum. The pit growth rates at
the pit size of 80 pm are smaller than those at the pit
size of 30 pm, indicating that the pit growth rate
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decreases with an increase in pit size.

As shown above, the pit growth rates are depen-
dent on the pit size. This result corresponds to the fact
that, when the constant Ac or Ap in Eq.(1) is smaller
than 1, the pit growth rates accelerate at the smaller
pit size and decelerate at the larger pit size.

Comparing the pit growth rate at the specimen
surface with that at the bottom of the pit, we find that
the two values are nearly equal at the pit size of 30
um, while, at the pit size of 80 pm, the former is larger
than the latter. This means that the pit shape becomes
flat with an increase in the pit size, corresponding to
the results shown in Fig. 6.

The experimental tendencies observed in the
results at 0=0 MPa are also observed in the results at
¢=100 MPa shown in Fig.9(b), but the pit growth
rates at =100 MPa are 5~10 times larger than those
at 0=0 MPa. The same result is also suggested in
another study"®.

Sato et al.*¥ reported that the fluid flow rate
greatly influences the growth behavior of small corro-
sion pits, but only slightly influences the growth behav-
ior of the large pit whose size exceeds a certain
critical value. For this reason, they noted that a pit
larger than the critical size is reduced to a passive
state due to the formation of surface film on the
dissolving surface. Harb and Alkire"® performed
finite-element simulation for the corrosion pit growth
behavior, using the assumption that the specimen
surface was covered with a surface film, and produced
the same results as those reported by Sato et al.’s
investigation.

pit growth rate um/hour
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Fig. 9 Relationship between the representative pit
growth rate and the fluid flow rate
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From the above discussion, the influence of the
fluid flow rate on the pit growth rate in nonloading
tests is considered to be caused by the following
process: In the early stage of pit growth, the bulk
solution outside of the corrosion pit can easily enter
the inside of the pit with an increase in the fluid flow
rate, promote a corrosive reaction and accelerate the
pit growth rate through the diffusion of oxygen in
solution. However, thereafter, the formation of sur-
face film on the specimen surface begins to occur with
an increase in the pit size, lessening the effect of the
fluid flow rate on the pit growth rate. The formation
of the surface film occurs more easily within the
corrosion pit than on the specimen surface. According-
ly, the pit growth rate in the direction of the pit depth
becomes smaller than that in the direction of the
specimen surface.

In loading tests, the pit growth rate increases with
an increase in stress amplitude, because mechano-
chemical anodic dissolution is added to the above
ordinary corrosion and, furthermore, the surface film
is broken by the application of stress.

5. Conclusions

The initiation and growth behavior of corrosion
pits were investigated using an annealed carbon steel,
and the following results were obtained.

(1) The pit growth rate is given by Eq.(1)
regardless of stress amplitude and the fluid flow rate.

(2) The pit initiation time decreases with an
increase in the fluid flow rate, and the relationship
between them is represented by Eq.(2). In the case
where 6=100 MPa, the pit initiation time is shorter
than that in the case where 6=0 MPa. The constant
Ac in Eq.(1) decreases with an increase in the fluid
flow rate, and increases with an increase in stress
amplitude.

(3) The aspect ratio (dp/c, dp : pit depth, ¢ : half
-length of pit) is not affected by stress amplitude or
the fluid flow rate. In the region of 2¢ <100 um, the
aspect ratio has a value above 1.0, while in the region
of 2¢ >100 pm, the value of the aspect ratio is nearly
1.0, indicating a shape similar to a half sphere.

(4) In the nonloading test for a small pit size of
30 pm, the pit growth rate increases with an increase
in the fluid flow rate, while in the region of a larger pit
size of 80 pm, the pit growth rate shows a smaller
effect of the fluid flow rate than at 30 pm, and shows
a tendency to decrease with an increase in the pit size.
In the case where 6=100 MPa, the pit growth rate is
5~10 times larger than that in the case where =0
MPa.

(5) The reasons why the fluid flow rate and stress
amplitude affect the initiation and growth behavior

Series I, Vol. 35, No. 3, 1992

of the corrosion pits can be summarized as the follow-
ing three points: (i) The transport process of the
chemical species from the bulk solution to the local
pit, which is corroded, (ii) an anodic corrosive reac-
tion including a mechanochemical reaction occurs
here, and (iii) the formation of the surface film
varies with pit size and location.
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