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Abstract: In this study, a corrosion pit test using notched bar specimens was conducted to investigate
the effect of stress magnitude on the pit growth rate. To produce the notched bar specimens,
304 austenitic stainless steel was used, which is a material used for spent nuclear fuel canisters.
Furthermore, three levels of stresses were generated using different notch radii. The corrosion pits
were quantitatively measured through scanning electron microscopy and analyzed by finite element
analysis. Based on experimental data, the pit growth rate model is suggested in terms of the stress
and exposure time.

Keywords: austenitic stainless steel; pit growth rate; stress magnitude effect

1. Introduction

For long-term storage of spent nuclear fuels (SNFs), dry storage system with steel
canisters have been manufactured and installed at Independent Spent Fuel Storage In-
stallations (ISFSI) near the seashore. Because of their excellent corrosion resistance and
weld properties, austenitic stainless steels are generally used for canisters that are welded
in the axial and circumferential directions. Because post-weld heat treatment cannot be
performed due to sensitization [1], high welding residual stresses can remain in the weld
including the heat-affected zone (HAZ).

To quantify welding residual stresses after the welding process of the canister, Sandia
National Laboratories (SNL) manufactured a mock-up canister using annealed 304L and
308L stainless steel [2]. Using various methods such as incremental deep hole drilling
(iDHD), contour, X-ray diffraction, and ultrasonic methods, welding residual stresses were
measured at different locations such as in the weld centerline and the HAZ. The data
showed that the maximum residual stress measured using the iDHD method was as high
as 400 MPa at the centerline in the axial direction of a longitudinal weld. Note that the
maximum residual stress was significantly higher than the yield strength of 304L stainless
steel (290 MPa) used in the study. Wu et al. [3] simulated welding residual stresses for the
mock-up canister [2] using three-dimensional coupled thermo-mechanical finite element
(FE) analysis. The maximum residual stress measured through the FE analysis agreed well
with the experimental measurements.

In addition, the high-stress region near the welding line could be exposed to a chloride
environment in long-term storage. This is because air flows continuously through the inlet
vent for cooling the residual heat of the SNFs and some chloride components from the sea
could be deposited on the high-stress region. Bryan et al. [4] reported that the chlorides
were included in the dust which deliquesced on the surface of the canisters under rich
relative humidity (RH). It explains the process of chloride-induced stress corrosion cracking
(CISCC) which makes the austenitic stainless steel sensitive to cracking. To evaluate the
structural integrity of long-term storage canisters under CISCC environments, US Nuclear
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Regulatory Commission has requested to establish the Code Case N-860 in ASME BPVC
Section XI for the development of Aging Management Program (AMP).

Therefore, the rates of corrosion pit or corrosion crack growth resulting from CISCC
under high residual stresses should be measured. Crack growth tests were conducted by
several researchers to evaluate the crack growth rate and the threshold stress intensity factor
(K},). For instance, Tani et al. [5] performed a constant load test using candidate materials
for the canister. The results showed that, with increasing temperature, the crevice corrosion
potential decreased and the measured Ky, was ~30 MPa-+/m for 316 austenitic stainless steel
at 80 °C and 35% RH. Using a bolt-loaded C(T) and teardrop specimen, Duncan et al. [6]
performed constant displacement tests. As a result of compliance change due to the crack,
the load drop was observed. The immersion test with constant displacement-type was
conducted by Jeong et al. [7] using a C(T) specimen at 50 °C and 5% salinity. The cracked
surface showed the transgranular-type CISCC penetrated by the chloride. For 304 austenitic
stainless steel, the Ky, was ~15 MPa-y/m and the temperature dominantly affected the
CISCC growth rate.

According to the study conducted by Pistorius et al. [8], cracks generated on the
304 stainless steel were associated with the pit and developed by the metastable pitting
corrosion. Similarly, in the case of corrosion pit, CISCC can be a critical factor for structural
integrity of canisters. Therefore, the pit growth test under high-stress condition is requisite.
Most of the existing works on corrosion pits for austenitic stainless steels have been
conducted using the electrochemical test method [9,10]. Khobragade et al. [11] investigated
the effect of chloride concentrations on the corrosion rate of austenitic stainless steel. The
experimental results showed that with increasing chloride concentration, the corrosion
progressed faster and the polarization resistance deteriorated. Pal et al. [12] investigated the
effect of temperature and surface treatment on the corrosion rate for forged 304 stainless
steel. The corrosion rate was confirmed to increase with an increase in the exposure
temperature. The surface roughness also significantly affected the number of corrosion
pits. The effect of humidity on the generation of corrosion pit for 304 stainless steel was
investigated under sea-salt environments by Srinivasan et al. [13]. It was found that, as the
RH decreased from 76% to 40%, the corrosion susceptibility increased gradually. Owing
to low RH, brines on the surface became insoluble and more precipitations remained;
therefore, the active area where the corrosion pits were generated was concentrated.

The objective of this study is to investigate the effect of high stresses such as high
residual stresses in the canister on the pit growth rate, which has not been conducted by
previous studies. To apply high stresses to a material, a notched bar specimen is used with
different notch radii. The observed corrosion pits from the experiments are analyzed and
a new corrosion model is suggested. The pit growth mechanism and the tendency of the
corrosion pit growth according to the stress magnitude are presented in this study.

2. Experimental
2.1. Test Material and Specimen

The test material was 304 austenitic stainless steel (UNS S30400 [14,15]), which is
commonly used to manufacture a dry storage canister. The chemical composition of
the test material is presented in Table 1. It is noteworthy that a dry storage canister
is manufactured through axial and circumferential welding. Because post-weld heat
treatment is not performed due to sensitization, high tensile residual stresses remain
in the weld region. Figure 1 shows through-thickness variations of residual stresses in
the centerline and HAZ in the full-scale mock-up canister test [2]. The iDHD technique
was used to measure the residual stresses. The maximum measured residual stress was
approximately 400 MPa in the axial direction which is greater than the yield strength. To
apply such high stress, a notched bar specimen was used.
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Table 1. Chemical composition of UNS S30400 [14,15].
Chemical C Si Mn P S Ni Cr
Composition
Portion [%] 0.05 0.62 1.01 0.029 0.004 8.07 18.22
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Figure 1. Residual stresses measured in the full-scale mock-up canister test [2]: (a) longitudinal direction in the centerline

and (b) circumferential direction in the HAZ.

Figure 2 shows the notched tensile bar used in the present work. The specimen had
8 mm of outer diameter (D), 5.6 mm of net diameter (d), and 1.2 mm of notch depth. Three
different notch radii—r = 2 mm (blunt), 0.5 mm (medium), and 0.1 mm (sharp)—were
inserted, as shown in Figure 2. The notch radius was determined based on the stress

concentration factor (K,) [16].

102

[mm]

(1

r=2
(Blunt)

Figure 2. Dimensions of the notched bar specimen with three different notches.

(Medium)

2.2. Test Apparatus and Condition

r=0.5 r=0.1

(Sharp)

The apparatus used for the notched bar tensile test under the chloride environments
is shown in Figure 3. The notched bar specimen was bolted to the bottom plate and
assembled to the load-cell for load control during the test. The load-cell was combined with
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a spring and nut for loading. All these assembled components were placed into a glass
chamber filled with 5% artificial sea-salt brine in deionized (DI) water to create a corrosion
environment. To maintain stable environmental condition, the glass chamber was covered
with a polymer lid and sealed with a vinyl wrap to prevent the evaporation of the brine. As
the brine in the chamber was kept still, the effect of the flow rate was ignored. The material
of the support jig such as the bottom plate, a connecting rod, and a square pillar was made
of 304 austenitic stainless steel to prevent the galvanic corrosion of the specimen.

Tightened
nut

Loading
spring

Notched bar
specimen

Figure 3. Schematic illustration (left) and photograph (right) of the notched bar tensile test apparatus.

The test was conducted in the chamber at constant humidity and temperature (relative
humidity = 95% and temperature = 50 °C). To investigate the effect of the exposure time
on pit growth rate, the experimental period was set to 135, 432, and 708 h for specimen
1, 2, and 3, respectively. The applied load on each specimen is summarized in Table 2,
in addition to the nominal stress in the notched bar specimen (c,t). During the test, it
was confirmed that the load was constant. The maximum stress in the notch, ¢, was
obtained by multiplying the K, values obtained from the literature [16] (from graphical
data), which are given in Table 2. The K}, value of the specimen can be as high as 5.4.

Table 2. Test conditions of three specimens (specimen 1, 2, and 3) and the maximum stress in the notch (¢

Specimen Notch rl Load T et K. 3 T potch * Test Period
Number Number [mm] [N] [MPal fn [Mpal [Hour]
1 0.1 54 316.4
1 2 0.5 1443.1 58.6 2.6 152.3 135

3 2.0 1.6 93.7
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Table 2. Cont.

Specimen Notch rl Load et Ky 3 T otch Test Period
Number Number [mm)] [N] [MPa] [Mpal [Hour]
4 0.1 54 319.3
2 5 0.5 1456.2 59.1 2.6 153.7 432
6 2.0 1.6 94.6
7 0.1 54 335.8
3 8 0.5 1531.5 62.2 2.6 161.7 708
9 2.0 1.6 99.5

1 : notch radius; 2 o, nominal stress in the notched bar specimen; 3 Kyy: stress concentration factor; 4 0,y maximum stress in the notch.

3. Results and Analysis
3.1. Observed Corrosion Pit

To investigate the depth and width of corrosion pit after the test, notches were verti-
cally sectioned along the sectioning line. The sectioning line was determined by examining
the notch surface through optical microscopy (OM). The most corrosive surface was verified
by rotating the specimen with a resolution of 15°, as shown in Figure 4a. Furthermore, the
sectioning line was marked using a pen, as indicated with the red-dotted line in Figure 4b.

| G T >
2259 315¢°
(a)

1

r=0.1 mm r=0.5mm r=2mm

Figure 4. Analysis of the corrosive surface using OM. (a) Captured surface by rotating the notched

bar specimen and (b) sectioning line at the most corroded region.

Figure 5 shows scanning electron microscopy (SEM) images of the corrosion pits
generated around the notch root. Among the multiple corrosion pits formed around the
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notch root, the deepest pits were selected. In the case of notch number 1 (sharp, 135 h
tested), two adjacent corrosion pits were observed, indicated as 1-1 and 1-2 in Figure 5.
For each pit, the depth (2) and width (2c) were measured from the captured picture and
were characterized as those of a semicircular shape, as shown in Figure 6. The measured
values are summarized in Table 3, showing that most of the pits have a shallow depth and
significantly longer width. The longest measured depth was only ~1.5 um, whereas the
longest width was 33.8 um for the 7th pit (sharp, 708 h tested). The aspect ratio (a/2c) was
calculated by dividing the depth by the width. From the measured data, the pit growth
rate (da/dt) was calculated by dividing the depth by the test time, and the results are listed
in Table 3.

Sharp (" OI) 5.0 pm Medium (r 05) 1.0 pm Blunt (r 20) ; 2.0 um ’

Blunt (r2.0) _1.0pm

2.0 um

20 um

Figure 5. Captured SEM images; images of 1st row correspond to specimen 1 (135 h), images of 2nd
row correspond to specimen 2 (432 h), and images of 3rd row correspond to specimen 3 (708 h).

Corrosive surface
of the notch

/

Corrosion pit

IQ
ba

o Corrosion pit

) Sectioned surface
Sectioning

Figure 6. Schematic illustration of pit dimensions.
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Table 3. Pit dimensions (depth a and width 2c) and pit growth rates (calculated as da/dt). Note that values of 0, are given

in Table 2.
Specimen Pit al 2c? al2e daldt 3 Opit olo
Number Number [um] [um] [um/Year] [MPa] pit! @ notch

1-1 0.99 5.58 0.18 64.11 477.8 1.51

1-2 1.05 4.44 0.24 68.00 518.4 1.64

! 2 0.43 2.69 0.16 27.97 216.6 1.42

3 0.17 3.09 0.06 11.23 112.0 1.20

4 1.04 15.6 0.07 21.09 396.8 1.24

2 5 0.74 7.83 0.09 14.90 199.0 1.29

6 0.17 149 0.06 3.386 114.9 1.21

7 1.51 33.8 0.04 18.66 435.1 1.30

3 8 0.78 9.63 0.12 9.626 223.0 1.38

9 0.33 4.48 0.09 4.083 128.8 1.29

! a: depth of the corrosion pit; 2 2c: width of the corrosion pit; 3 da/dt: pit growth rate; * 0pi: maximum principal stress in the corrosion pit,
calculated from elastic FE analysis.

3.2. Determination of Local Pit Stress Using FE Analysis

The corrosion pit generated on the notch, shown in Figure 5, can cause further local
stress concentration. A numerical method such as FE analysis has been popularly used
to calculate accurate local pit stresses [17,18]. In this study, the elastic FE analysis was
performed to calculate local pit stresses.

Corrosion pits were modeled based on the measured dimensions provided in Table 3.
Because the size of the corrosion pit was significantly small compared to the notch radius,
a volumetric pit on a flat-plate subject to the tensile stress of 7,4, was modeled with the
geometric dimension, as shown in Figure 7. The shape of the corrosion pit was assumed to
be a circle as suggested in other experiments [8].

% Ohotch

Figure 7. FE model to calculate the maximum principal stress in the local pit, 0yt
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A quarter symmetric model using the ten-node tetrahedral element (C3D10 in ABAQUS)
was used. Mesh size sensitivity analysis was performed using four different mesh sizes
(0.1,0.2, 0.4, and 0.8 um). The analysis revealed that the calculated maximum principal
stress results were not sensitive to the element size. For instance, the maximum principal
stress of the second pit using the mesh size of 0.1 um was 518.4 MPa, whereas that using
the mesh size of 0.8 um was 519.6 MPa (0.2% difference). All pit stresses reported here
were the results using the 0.1 um mesh size.

Calculated local pit stresses from FE analysis are summarized in Table 3. Owing to the
pit, the local pit stress (0;;) was further intensified. The ratios of the pit and notch stress
(0pit/ Tnoten) are listed in Table 3. It can be seen that the ratio varies from 1.2 to 1.64. The
maximum principal stresses around the notch root (originated from the notch root to the
length of 1/3c in tensile direction) were calculated through FE analysis that the magnitude
had not a significant difference. Using these data, a corrosion rate model was developed,
which is discussed in the following section.

4. Corrosion Rate Model
4.1. Existing Corrosion Models

Herein, some existing corrosion models are reviewed. Paik et al. [19] suggested a
corrosion model based on experimental data to analyze the ageing effect of corrosion
damage on marine structures. The linear model given in Equation (1) was proposed based
on the assumption that corrosion is initiated with the removal of the surface coating.

a=C-t @)

where a is the corrosion depth in mm, C is the corrosion coefficient, and t is exposure time in
year after the breakdown of coating. According to the model, the corrosion depth linearly
increases owing to the exposure of the structure to the marine environment, resulting in a
constant corrosion rate. Melchers et al. [20] evaluated the corrosion damage by measuring
the weight loss of cast iron, aluminum, and copper-nickels in marine environments. It was
concluded that most corrosion losses occurred in the first few years (~2 years), this can be
expressed as Equation (2).

c(t)y=A-tB )

where c(t) is corrosion loss in mm, and A and B are material constants. The corrosion
rate under long-term exposure (more than 8 years) was evaluated nearly as described in
Equation (3).

c(t) =p+q-tfort > 8years 3)

where p and g are material constants. These equations suggest that the corrosion rate
reduces with increasing exposure time.

To analyze the effect of welding residual stresses on the corrosion rate in the dry
storage canister, a new model should be suggested considering high tensile stresses due to
residual stresses. This will be shown in the following section.

4.2. Stress Effect on Pit Growth Rate

The factors affecting the pit growth rate can be the exposure time, salinity, surface
treatment of the material, temperature, and others [21]. The test conducted in this study
was the immersion test, and most of factors were constant except for the exposure time
and maximum principal pit stress.

The calculated pit growth rates (da/dt) listed in Table 3 are shown as the maximum
principal stress and exposed time in Figure 8. To suggest a new model, the corrosion rate
is assumed to increase exponentially with the initially applied maximum principal stress.
The effect of the maximum principal stress on the pit growth rate can be quantified using
the following equation:

da

ar = C/Upitm 4)
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10,000

]

Corrosion rate (da/dt) [umy

where m is the exponential coefficient of the maximum principal stress and C” is a function
of the exposed time [um/(year-MPa)]. As shown in Figure 8a, m = 1.3 provides a good fit
to the data. The effect of the exposure time can be separated from C’, providing

da

= oot ©)
where C is a pit growth rate constant [um/(year-MPa-hr)] and # is an exponential coefficient
for the exposed time. Regression of the present test data gives C = 0.8 and n = —0.7.
Figure 8b shows the comparison between the results obtained from Equation (5) and the
experimental data revealing slightly conservative estimations of the corrosion rate.

100 £

=)

- - r 10,000 g : T
‘Immersed, 50 °C, 5% Artificial seasalt Flmmersed, 50 °C, 5% Artificial seasalt
L @ 135 hrtested _ [ ® 135 hrtested
F o 432 hrtested - O 432 hr tested
1000 & & 708 hr tested Sharp ] £°1000 & 4 708 hrtested ;
- ) (r=0.1 mm) = 3 Corrosion rate model, Sharp (» =0.1mm)
L Blunt Medium = " - - - - Corrosion rate model, Medium (» =0.5mm)
- (r=2.0 mm) (#=0.5 mm) g ------ Corrosion rate model, Blunt (» =2.0mm)
- / s ] S 100 b ]
g ) 2 E
. }‘ -E : “ E M [ Y
|..O- \ \ / - . Treea, D
| \& : E 0L emeee SR
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pit

(a) (b)

Figure 8. Changes in the calculated corrosion rates (in Table 3) with respect to (a) the maximum principal pit stress and
(b) the exposed time. The figures are shown in the log-log scale.

4.3. Comparison with Other Models

The corrosion rates of 304 austenitic stainless steel are compared with those of other
materials, as shown in Figure 9. The corrosion test in this study was conducted at 50 °C
by immersing the notched bar specimen in the 5% artificial sea-salt brine. Ma et al. [22]
investigated Q235 carbon steel under marine atmospheric environment, where the average
temperature was 24.7 °C and the relative humidity was 87%. The coupon was positioned
at a height of 95 m from the sea level and exposed to natural condition. As a result, the
corrosion loss of the coupon increased and saturated with the increasing exposure time.
The corrosion rate of carbon steel was faster than that of 304 austenitic stainless steel.
Melchers et al. [21] performed the test using mild steel in natural conditions. The average
temperature was 22 °C, and the increment in the corrosion depth reduced exponentially
with the increasing exposure time, as shown in Figure 9. Both data were used to suggest
a corrosion model similar to Equation (2). As a result, the corrosion resistance of 304
austenitic stainless steel for pit initiation is more superior than carbon or mild steel even
under higher temperature and tensile stress condition.
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Figure 9. Comparison of the corrosion depth and the exposure time for various materials under
marine environments [21,22]. The figure is shown in the log-log scale.

5. Discussion
5.1. Surface Morphology

The process of the pit growth of the austenitic stainless steel is illustrated in Figure 10.
Chromium included in austenitic stainless steel is prone to oxidation. As a result, a thin
passive film (CrpO3) is formed as shown in Figure 10a with the respective chemical equation.
The passive film with a thickness of approximately 2-3 nm [23] plays an important role
in preventing hydration and oxidation of the material. However, the passive film can be
broken through the exposure to chloride ions (Cl~). As shown in Figure 10b, the mixture
of salt-deposit and corrosion product (cathodic region) can be piled up on the surface,
which induces the dissolution kinetics suggested in previous study [12]. In Figure 10b, M
can be Fe, Ni, or Cr, which are included in 304 austenitic stainless steel and 7 denotes the
number of electrons. At the initial process of nucleation, the passive film is broken, and the
corrosion pit is generated by the electrochemical gradient between the deposit layer and
the steel [24,25].

Bl

chloride solution

(artificial seasalt)
Cly

passive film ( Cr, O;) \

2Cr+3H,0 - Cr,0, +6H" +6e”
o

stainless stecl

(b)

salt deposit &
corrosion product

film breakdown & dissolution

M —>M" +ne”
(cathodic) : :/;[ =

O—pit G

4

-—) O—pir

corrosion pit
(anodic)

—)

(o2

Figure 10. Schematic illustration of the pit growth process: (a) formation of the passive film [23] and (b) corrosion pit
generation by film breakdown and metal dissolution [12,24,25].

In this work, tests were conducted under the stable immersion condition such that the
deposit layers were formed on the notches, as captured in the SEM images in Figure 11.
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In the blunt notch (r = 2.0 mm), deposits near the corrosion pits were analyzed using
energy dispersive X-ray spectroscopy (EDS), as indicated with an orange box in Figure 11a.
As shown in Figure 12a (EDS Spot 1), large amount of oxygen was detected, and some
components in the raw material (Fe, Cr, Si, and others) coexisted with the components in
the artificial sea salt (K, Na, Ca, Cl, and others). The components in the artificial sea-salt
were remarkably measured in EDS Spot 2 in Figure 12a, particularly the salt component (Na,
Cl) that can explain the generation of the corrosion pit below the deposits on the surface.

50 um

deposit

EDS

region

----1 raw surface

--=1 corrosion pit

----1 raw surfac

[¢]

_--1 deposit layer

corrosion pit

—== deposit

)
—_— *| region . 5

_-1 layer separation

e deposit

©

Figure 11. SEM images of notch surface regions after the test and the EDS detecting region (orange
box) (a) blunt notch (r = 2.0 mm), (b) medium notch (r = 0.5 mm), and (c) sharp notch (r = 0.1 mm).
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9.204

EDS Spot 1

Lsec: 300 269 Cnts 1.265 keV Det: Octane Elite 25

5.50K; Ne

“~Na EDS Spot 2

5 um

Lsec: 300 169 Cnts 1.265 keV Det: Octane Elite 25

EDS
detection path

o ~
"~ EDS analysis

(b)

Figure 12. EDS analysis for (a) the blunt notch (r = 2.0 mm) and (b) the sharp notch (r = 0.1 mm).

For the medium notch (r = 0.5 mm), a widespread deposit layer was observed on
the raw surface, as seen in Figure 11b. A corrosion pit with the width of approximately
10 um was generated as the materials near the defect would be dissolved with the pro-
gression of kinetic dissolution. Other corrosion pits were linked along the machine lines
where the inclusions were prone to stack up; thus, nonuniform surface profile can trigger
electrochemical reactions.

For the sharp notch (r = 0.1 mm), the deposit layers seemed to be considerably thicker.
On the periphery of the separated layers, the deposits were also analyzed using the EDS
method captured in the orange box in Figure 11c. The line detection, which corresponds
to the EDS detection path (red line), was conducted as shown in Figure 12b, and the
amount of each component was measured. On the smooth surface in the detected line,
steel components (Fe, Cr, and Ni) and salt components (Mg and Cl) were observed with
oxygen (O) that could be included in the corrosion products or the passive film. The
noticeable point for the micro-crack was that the amount of Fe (Orange line) and O (Pink
line) increased and dropped, respectively. The EDS analysis suggested that the micro-crack
between the separated layer was the anodic region in which the corrosion pit could be
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developed, as shown in Figure 10b. With the increasing notch stress, the deposit layers
were piled up and separated to make a micro-crack as the cavity between the grain could
be easily formed by the tensile stress as shown in Figure 11c.

5.2. Aspect Ratio of Corrosion Pit

Corrosion pit geometry in Figure 5 shows that the width of a pit is significantly larger
than the depth. This could be because of the difference in the dominant factors such as
electrochemical potential or diffusion. In the pit nucleation step, the dissolution kinetics
are dominantly affected by the electrochemical potential of the deposit layer [26]. After
forming of the corrosion pit, the material delivery to the bottom of the corrosion pit is
disturbed by the covered layer on the surface. Therefore, diffusion becomes the critical
factor for the corrosion pit growth toward the depth direction. Figure 13a shows the
aspect ratios provided in Table 3. The aspect ratio in the sharp notch was calculated to be
approximated 0.2, which decreased dramatically with increasing exposure time compared
to those in other type of notches. Meanwhile, the aspect ratio in the medium or blunt notch
was less dependent on the exposure time. Similar features have also been observed in a
study by Ghahari et al. [27].
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Figure 13. Analysis results of the aspect ratio effect on the stress in corrosion pits: (a) aspect ratio of observed corrosion pits,

(b) FE analysis model for different aspect ratios (0.12-0.96), and (c) the effect of the aspect ratio on the stress concentration

factor from FE analysis.

To further analyze the relationship between the aspect ratio (a/2c) of the corrosion pit
and Ky, the FE model in Figure 7 was used to calculate Ky, for the pit geometry. Note that



Metals 2021, 11, 1415

14 0f 15

Cerit M. [17] performed a similar analysis for fatigue analysis. The geometry of Pit#1—2 in
Table 3 was selected as the reference geometry, for which a/2c = 0.24. The value of Ky, was
calculated for a/2c = 1.64. Maximum principal stress contours from FE analysis are shown
in Figure 13b. Figure 13c shows variations of Ky, with a for different a/2c values. It shows
that Ky, is not so sensitive to a up to a/2c < 0.96. For a/2c = 0.96, Ky, increases linearly with
increasing a. It implies that a small notch (corrosion pit) on the main notch of the specimen
can affect the stress concentration and confirms that the stress can be intensified with the
pit depth.

According to the proposed model, the notch-shaped pit formed on the canister would
probably grow faster when initially exposed to the CISCC environments. The growth rate
relaxes until the deposit layer and the corrosion product cover the developed pit; thus,
the corrosion pit lies in a stable condition. Note that the that the initially applied stress
can accelerate the pit growth, as presented in the experimental results. Even the contact
area of the sharp notch is narrower than those of other notches such that the highest stress
accelerates the growth of the corrosion pit on that notch. When the covers on the corrosion
pit are delaminated by exposure to aggressive environmental change of external impact,
the pit growth is initiated under higher stress concentration condition. In that case, the
pit growth rate can be evaluated by applying the renewed exposure time and intensified
stress, considering the notch effect.

6. Conclusions

In this study, the corrosion tests using the notched bar specimens were conducted to
investigate the stress magnitude effect on the pit growth rate. The notched bar specimens
were produced using 304 austenitic stainless steel with three different radii to generate
different notch tip stresses. The specimens were immersed in 5% artificial sea-salt water in
DI at 50 °C and exposed for different exposure times. The corrosion pits were analyzed by
SEM and FE analysis to quantify the effect of the stress magnitude on the pit growth rate

The key conclusions can be summarized as follows:

e Based on our experimental findings, the pit growth rate model is suggested in terms
of the maximum principal stress on the pit (7,;;) and exposure time (f) by fitting the ex-
perimental data. The model suggested that the pit growth rate increases exponentially
with increasing maximum principal stress and decreasing exposure time.

e  SEM analysis of the corrosion pits verified that the electrochemical dissolution facili-
tated the corrosion pit growth toward the width direction.

e  The comparison of the corrosion rate obtained in the present work with those reported
in literature showed that the corrosion performance of 304 stainless steel in marine
environments is better than those of carbon or mild steel.

o  The FE analysis results show that the stress concentration factor (Ky,) is not dependent
on a for small a/2c. For large a/2c, K, increases linearly with a, which suggests that the
stress can be intensified as increasing the corrosion pit depth.
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