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Abstract: In this study, the impact of the conditions of solution treatment on the
degree of sensitization (DOS) of austenitic stainless steel (AISI 304) was in-
vestigated in detail. The results derived from the electrochemical potentio-
dynamic reactivation (EPR) test indicated that the DOS decreased as the so-
lution treatment temperature and time increased. The reason for this was stu-
died via the SEM morphologies and EDS results, which indicated that the grain
size influenced the DOS. Furthermore, cellular automaton (CA) was utilized to
simulate grain growth, the precipitation of Cr-rich carbides and the three di-
mensiona distribution of the chromium concentration, which vividly illumi-
nated the effect of the grain size on the DOS and was in accordance with the
experiment results.

Keywords: intergranular corrosion; degree of sensitization; cellular automaton;
austenitic stainless steel.

INTRODUCTION

Stainless steels have excellent corrosion resistance when properly heated and
used in a low temperature environment. However, they are vulnerable to corro-
sion when exposed to temperatures between 450 and 900 °C.14 This is because
the formation of Cr-rich carbides at the grain boundaries extracts chromium from
the grain boundaries and neighboring matrix, leaving a Cr-depleted zone extend-
ing to both sides of the grain boundaries. The Cr-depleted zone is vulnerable to
attack, leading to intergranular corrosion (IGC) or stress cracking corrosion.>—8
In order to correlate IGC with the grain boundary characteristics, many studies
have been devoted to the quantitative evaluation of the depleted zones by empi-
rical or analytical models.%-15

Generally, these models are successful in calculating the chromium concen-
tration profiles and their evolutions during aging. However, the chromium con-
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1294 YU, CHEN and WANG

centration profiles can only reflect the distribution along a certain direction,
rather than giving an overal view of the chromium distribution. Therefore, the
intention of this work was to simulate the chromium distribution in a three di-
mensional manner. As an important algorithm, CA, that describes the discrete
gpatial and temporal microstructure evolution on a mesoscale, was applied to si-
mulate recrystallization, grain coarsening, phase transformation and grain growth.16-25
However, hitherto, there has been no report about the employment of the CA to
investigate | GC of austenitic stainless steel, except the simulation of general cor-
rosion of a metal with defects.26 Based on the above-mentioned, the CA was ad-
opted to study the effect of solution treatment conditions on the degree of sen-
sitization (DOS) of austenitic stainless steel (AlSI 304), and the evolution of
grain growth, the precipitation of Cr-rich carbides and the distribution of the
chromium concentration are presented herein.

EXPERIMENTAL
Experiments

The steel (AISI 304) with a diameter of 3 mm investigated in this study contained of
0.055 % C, 1.00 % Mn, 8.48 % Ni, 0.600 % Si, 0.029 % P, 0.005 % S, 18.28 % Cr and Fe in
balance. The samples were first solution treated at 900, 1000 and 1100 °C for 0, 15, 30 min, 1
h and 2 h and then sensitized at 650 °C for 12 h. After the pretreatment, the specimens were
sealed with epoxy resin, with only the working area exposed. The electrodes were polished
with emery paper to mirror-like brightness, rinsed with alcohol and Milli-Q ultrapure water
before the electrochemical experiments.

The DOS of the samples was determined by the electrochemica potentiodynamic reac-
tivation (EPR) test.2 All the experiments were repeated several times and the average values
represented the DOS. After the electrochemical experiments, the electrodes were cleaned in
Milli-Q ultrapure water, immersed in alcohol and cleaned in an ultrasonic cleaner for 15 min,
dried in air, and then EDS and SEM measurements were performed using a JSM-6700F filed
emission scanning electron microscope (Japan JEOL).

CA simulation model

The initial microstructure, used to simulate the precipitation of Cr-rich carbides and the
distribution of the chromium concentration, resulted from grain growth at different tempera-
tures. The detailed theory about grain growth can be found in the literature.19-25

For the simulation of the precipitation of Cr-rich carbides, a nucleation model based on
the classical nucleation theory was employed. This model can be described as follows;20-22

| = K4D,(KT) exp(-K /KT(AG)?), )

where | is the nucleation density, K; is a constant related to the nucleation site density, K, isa
constant related to al the interfaces involved in the nucleation, D, is the chromium diffusion
coefficient, k is the Boltzmann constant and AG is the driving force.

Moreover, the growth of the carbides was assumed to be controlled by both the chro-
mium diffusion and the interface mobility. As the interface moves during the precipitation,
chromium atoms transfer from the matrix to the interface and then they precipitate to the
carbides. Consequently, the growth of carbides can be described as a free boundary problem
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EFFECT OF GRAIN SIZE ON SENSITIZATION 1295

for chromium diffusion in austenite and the dynamics of the interface. The chromium dif-
fusion in austenite is described as follows:
dc/dt = V(DVo), @)

where c is the chromium concentration and D is the chromium diffusion coefficient.

Allowing for the characteristics of the precipitation of Cr-rich carbides, the mobility of
interface is equa to the growth of carbides and the length that the interface covers can be
expressed by:14.15

| =Dt ©)
where t is the sensitization time, S is a constant and D is the chromium diffusion coefficient,
which, being a thermally activated process, depends on the temperature. All of the key para-
meters are listed in Table .

TABLE |. The key parameters used in the present model

Mg/ m*Jtsl  y,/Im2  g,/° alum B Q/ kImol (taken from418)
1.56x1011 0.56 15deg 1 0.137 245.7

RESULTS AND DISCUSSION
The effect of solution treatment temperature on the sensitization

The influence of the solution treatment temperature on the susceptibility to
IGC was studied at 900, 1000 and 1100 °C while the other conditions were main-
tained constant. The DOS obtained from the EPR test is shown in Fig. 1, from
which it can be seen that the DOS decreased gradually with increasing tempe-
rature irrespective of the treatment time. For example, when the samples were
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Fig. 1. The DOS obtained from the EPR test.
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treated at 900, 1000 and 1100 °C for 1 h and then sensitized at 650 °C for 12 h,
the DOS was 63.9, 31.8 and 23.5 % respectively. The changing trend of the DOS
were the same when the solution treatment time was 15 min, 30 min and 2 h. The
SEM morphologies shown in Fig. 2 were taken after the EPR test and revealed
that IGC occurred at all three temperatures. However, the degree of 1GC was re-
duced as the temperature increased.

Fig. 2. SEM Morphologies of the samples heated
at: a) 900, b) 1000 and c) 1100 °C for 0.5 h, and
then sensitized at 650 °C for 12 h.

The effect of solution treatment time on the sensitization

Figure 1 not only shows the effect of solution treatment temperature on the
DOS, but also indicates the impact of the treatment time on it. From the Figure, it
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EFFECT OF GRAIN SIZE ON SENSITIZATION 1297

can be seen that the DOS for the sample without heat treatment was very high,
but it decreased sharply for the samples subjected to heat treatment. When the
samples were heated at 1100 °C for 15 min to 2 h, the DOS decreased from 35.1
to 17.7 %. At the other temperatures, the DOS also decreased as the time in-
creased. The SEM morphologies of the samples heated at 1100 °C for 15 min, 30
min and 2 h and then sensitized at 650 °C for 12 h after the EPR test are shown in
Fig. 3. The figure reveals that IGC occurred under all conditions, but it was re-
duced as the time was prolonged.

Fig. 3. SEM Morphologies of the samples
heated at 1100 °C for: @) 15 min, b) 30 min
and c¢) 2 h, and then sensitized at 650 °C for
12 h.
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The effect of grain size on the sensitization

Grain size is one of the most important factors that can affect IGC and it
mainly affects the time required to reach the state of complete sensitization.27.28
The relationship between the grain size and the time to attain the state of com-
plete sensitization can be expressed as:

tmax,1 = (d1/ d2)2/3tmax,2 (4)
where tmax 1 and tmax 2 are the times required to reach the state of complete sen-
sitization, and d; and ds are the grain sizes.12 The chromium concentration at the

grain boundaries at any sensitization time during the sensitization stage is related
to tmax and is defined as:

C = Co exp(—Kt/tmax), ©)
where ¢ is the chromium concentration at the grain boundaries at sensitization
timet, ¢y istheinitial concentration of chromium, t is the sensitization time, tyax
is the time required to reach the state of complete sensitization and k is a cons-
tant.15

From these two equations, it can be assumed that if t is shorter than tya and
is kept the same for the different grain size samples, the chromium concentration
at the grain boundaries of alarge grain sample will be higher than that of a small
grain one. This means the precipitation of a large grain sample will be less than
that of a small grain one. As a result, the DOS of a large grain sample will be
lower than that of a small grain one, which is determined by the volume of pre-
cipitation.

Although the grain boundary surface area became smaller as the grains grew
larger, the precipitation of Cr-rich carbides per grain boundary surface area in-
creased. The reason is that the samples were derived from the same material and
the sensitization was performed at the same temperature. Hence, the precipitation
volume was the same for the different grain size samples. However, as the grain
size becomes larger, the chromium atoms must diffuse a longer distance to reach
the grain boundaries and this is a time consuming procedure. Hence, if the sensi-
tization time is very short, the DOS of the larger grain samples may be lower
than that of the smaller grain samples. Through experiments, it was found that
the DOS of the smallest grain sample was still increasing when the sensitization
time was 192 h. Thus, the sensitization time of 12 h used in this study was shorter
than the smallest tax. AS a result, the DOS of the large grain sample was lower
than that of the small grain sample.

From the SEM morphologies exhibited in Figs. 2 and 3, it can be observed
that the grain size became larger as the temperature and time increased. The ave-
rage grain sizes obtained from Fig. 2 were 19.5, 22.8 and 26.8 um, respectively,
while those abtained from Fig. 3 were 20.8, 23.6 and 37.8 um, respectively. In
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EFFECT OF GRAIN SIZE ON SENSITIZATION 1299

order to prove if it was the grain size that influenced the DOS, the chromium
concentration at grain boundaries was determined by EDS. The measurement of
the chromium concentration at the grain boundaries of each sample was repeated
five times and the final concentration was the average value of the five deter-
mined values. According to Egs. (1) and (2), d%3 should change linearly with
VIn(c). The relationship between the grain size and the chromium concentration
is presented in Fig. 4. Allowing for experiment error, the results were in agre-
ement with the theoretical calculation. This suggests that it was the grain size that
had an impact on the DOS.

14 T v T T T T T i T

N

T T T T T
34.6 34.8 35.0 35.2 354 35.6

100/In(C)
Fig. 4. The relationship between the grain size and the chromium concentration.

In order to show the effect of grain size on the DOS, the CA was utilized to
simulate the precipitation of Cr-rich carbides and the distribution of the chro-
mium concentration. The simulation was performed on a 100x100 square lattice
and the distance between two neighboring cells was 1.0 um. The state of each
|attice site was characterized by four state variables: the grain orientation variable
representing the different grains,; the phase state variable indicating whether it
belonged to the carbides, the matrix, or the carbides/matrix interface; the fraction
variable representing the fraction of carbides in an interface cell, and the chro-
mium concentration. The Moore neighbor rule, which considers the first and the
second nearest eight neighbors, was employed. The procedure and the transition
rules were as follows: first, the initial variables for each cell were assigned, and
then nucleation occurred randomly to those cells belonging to the preferential
nucleation sites according to the nucleation model. In addition to nucleation, the
carbides formed at the other steps would simultaneously grow into the matrix.
When the fraction of the carbides in an interface cell was no less than one unit,
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the phase state variable of this cell would change into the phase state variable of
the carbides and the orientation variable was given randomly. At the same time,
al its neighboring austenite cells changed their phase state variables into the
phase state variable of the interface. In addition, the chromium concentration at
each site was calculated according to Eq. (2). Lastly, the variables for each cell
were updated and the simulation cycle was repeated until the simulation was
completed.

The microstructures used to study the effect of grain size on the precipitation
of Cr-rich carbides, which were obtained from grain growth at 900, 1000 and
1100 °C, are displayed in Fig. 5. The average grain sizes were 19.7, 22.5 and
26.5 um, respectively, and were ailmost equal to the grain sizes of the material.
The changes of the precipitation together with the grain size are shown in Fig. 6,
from which it can be clearly seen that the volume of precipitate decreased with
increasing grain size. The corresponding distribution of the chromium concentra-
tion, which clearly reflects the changes in the precipitation, is presented in Fig. 7.
The concentration at the grain boundaries for the large grain sample was higher
than that for the small grain one, which is in accordance with the experiment re-
sults. Hence, the simulation clearly showed the effect of the solution treatments
on the DOS.

Fig. 5. The microstructure obtained from grain growth at different temperatures. a) 900,
b) 1000 and c) 1100 °C.
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Fig. 6. Effect of grain size on the precipitation: a) 19.7, b) 22.5 and c¢) 26.5 pm.
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Fig. 7. Thedistribution of the chromium concentration corresponding to Fig. 6.

CONCLUSIONS

The effect of solution treatment conditions on the DOS of AlSI 304 auste-
nitic stainless steel was studied experimentally and by simulation methods. The
experimental results showed that the DOS decreased as the temperature and time
of the solution treatment increased. In order to understand the relationship be-
tween the DOS and the solution treatment temperature and time, a CA was used
to simulate the grain growth, the precipitation and the three dimensional distri-
bution of the chromium concentration, which perfectly explained the influence of
temperature and time on the DOS.
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N3BOJI

YTHUIAJ YCIIOBA TPETMAHA V PACTBOPY HA IIOBERAIE
OCETJBMBOCTU AYCTEHUTHOI" YEJIMKA

XIAOFEI YUY, SHENHAO CHENY? i LIANG WANG!
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for Corrosion and Protection, Shenyang 110016, PR China

V pany je netasbHO UCIUTAH yTHUIAj yCIOBa TPETMaHa y pacTBOPY Ha crerneH nosehama ocet-
spuBocTH aycreHuTHOr 4enuka (AlS| 304). Pesynratu Tecta eEKTPOXEMHjCKE MOTEHIHOCTATCKE
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peakTHBaIMje ykasyjy a cTereH moBehama oceTsbuBOCTH omajaa ca moBehameM TemIepaType H
BpEMEHA TPEeTMaHa y PacTBOPY. Y3pOLM TaKBOI MOHAIIAmkha Cy TpaxkeHH y mopdoioruju (koja je
onpeheHa ckeHUpajyfioM eJIeKTPOHCKOM MHKpockonujom, SEM) u pesynratima eHepreTcKo-uc-
nepsuoHe ananuse X-3paunma (EDS). ITokasaino ce fa BeanuuHa 3pHA yTHYE HA CTeNeH noBehama
ocembuBoctd. ITopen Tora, Moaenom henujckux ayromara Cy CUMYJIMPAHH PACT 3pHA, TaJIOXKCHE
kapOuaa 6oraTux XpoMoM M TPOJMMEH3MOHA PACIIojieia KOHIEHTPaNje XpoMa, IITO je CIIMKOBHTO
objacHmIo edekar BeMMUUHE 3pHA HA CTEICH NOBehame OCETIFUBOCTH ayCTCHUTHOT YeIHKa KOjH je
eKCIIepUMEHAITHO YTBphEeH.
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