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Abstract

This study investigated changes in the average grain size and hardness values of 253 MA austenitic stainless steel (ASS) and determined
the grain growth kinetics as well as a hardness empirical model. A 35% multi-pass cold rolling process was employed to reduce the
thickness of a 253 MA austenitic stainless steel pipe. Then, the rolled steel was annealed at 1100 °C for various soaking times of 0,
900, 1800, 2700, and 3600 s in a tubular furnace under a hydrogen atmosphere, followed by quenching to room temperature in the cool
zone of the furnace. Then, micro-Vickers hardness measurements were done using a force of 0.3 N and the grain size changes were
observed. A line intercept method was applied to measure the change of the 253 MA austenitic grain size. The results show that the
average grain size of 253 MA ASS (austenitic stainless steel) increased with soaking time, while the hardness values decreased.
Additionally, an equation modeling the predicted grain growth and hardness values was obtained.
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1. Introduction

Sandvik 253 MA steel is an austenitic stainless steel with a chromium-nickel alloy combined with N, Mn, Si and Ce [1]. This steel
is very suitable for various applications that require high operating temperatures, such as fluidized bed risers, anchor refractories, and
reformer tubes, among other applications [2-4]. The steel usually undergoes a heat treatment to obtain a material with better quality
before being marketed to users. The microstructural and mechanical properties of the steel are changed after heat treatment [5]. These
changes have an effect on steel grain growth over time, allowing steel grains to grow from fine to coarser sizes. A fine grain diameter
is better as smaller grains can increase grain boundaries areas to prevent dislocation movements [6].

Numerous studies of grain growth in steel have been done. Lin Xie et al. investigated the effect of the grain size of a duplex Fe-
23Cr-8.5Ni alloy on the mechanical behavior of steel [6]. The alloy’s phases consist of ferrite and austenite after cold rolling and
annealing. The grain sizes of both phases increased with annealing time, resulting in decreased yield strength and improved ductility.
H.C. Ji et al. conducted a static grain growth experiment of 21-4N heat resistant steel using a solution treatment at various temperatures
over the range of 1000-1180 °C with holding times of 0 and 40 min [7]. They found that the grain size reaches stable values due to the
effects of undissolved metal carbide (M23C6) and pinning around grain boundaries at temperatures below 1120 °C. Grains become
coarser at 1120 °C and higher temperatures because of the effect of large amounts dissolved M23C6 and weak pinning on austenite
grains. A.T. Krawczynska et al. studied the effects of hydrostatic pressures greater than 2 GPa on recrystallization and grain growth in
nanostructured austenitic stainless steel 316L\VVM [8]. Nanograined austenite of 316LVM stainless steel was successfully obtained by
profile rolling (PR) and high-pressure torsion (HPT) methods and annealed under hydrostatic pressure. They found the grain size of
PR sample, which has a low angle boundary, was finer than the grain size of HPT sample after annealing under hydrostatic pressure.
Z. Nasiri et al. reviewed the thermal mechanism of microstructural refinement in steels, which include thermal cycling, martensite
process, and static recrystallization (SRX) [9]. M. Naghizadeh and H. Mirzadeh investigated microstructural evolution during annealing
of plastically deformed AISI 304 austenitic stainless steel [10]. They found that higher annealing temperatures resulted in more rapid
reversion and recrystallization, and the grain sizes were coarse with increasing annealing temperature and soaking time. Furthermore,
the hardness values decline after the annealed process. M.J. Sohrabi et al. reviewed deformation-induced martensitic transformation,
the transformation-induced plasticity (TRIP) effect, and reversion annealing in metastable austenitic stainless steels [11]. They showed
that the presence of Mo in AISI 316L halted martensitic reversion, recrystallization and grain growth. A. Jarvenpaé et al. investigated
the effect of nitride precipitation on the mechanical stability of grain-refined austenitic structures obtained during reversion annealing
in 310NL steel [12]. They found that nitride precipitation occurred during annealing at temperatures above 750 °C that resulted in
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slightly increased grain sizes and decreased yield strength. A. Jarvenpad et al. reviewed the processing and properties of reversion-
treated austenitic stainless steels [13]. They indicated that the grain size refinement was more efficiently obtained from austenite formed
from cell-type martensite than from lath-type martensite. M. Tikhonova et al. investigated static grain growth in an austenitic stainless
steel subjected to intense plastic strain [14]. Multidirectional hot forging was employed to refine the grain size of S304H austenitic
stainless steel. The grain growth of this steel increased with annealing time after multidirectional forging at low temperatures. M.
Naghizadeh and H. Mirzadeh studied the effects of various alloying elements in 304, 304L and 316L austenitic stainless steels at
elevated temperatures [15]. They found that carbon resulted in slightly coarser grains, but the molybdenum content significantly
impeded grain development at higher temperatures. J.K. Stanley and A.J. Perrotta compared the grain growth characteristics for AlSI
Type 304, 316, 321, and 347 stainless steel after rapid heating and cooling [16]. They found the grain growth behaviour of Types 321
and 347 steels were similar, while those of Types 304 and 316 were not. D. Dong et al. developed a pragmatic model to predict austenite
grain growth in a SA508-111 nuclear reactor pressure vessel steel. They stated that with increased annealing temperature, second-phase
particles tend to dissolve and the pinning effects become smaller, which results in a rapid grain growth [17].

To the best of our knowledge, there is no such study of 253 MA ASS steel. This research aimed to determine the changes in the
average grain size and hardness values of 253 MA ASS during grain growth. The empirical model of Sellars is used to predict grain
growth of 253 MA ASS, while Hall-Petch model can be used to predict hardness of 253 MA ASS.

2. Materials and methods
2.1 Materials and instruments

Multi-pass cold rolling was done at room temperature under laboratory conditions. The technical specifications of the roll machine
used in the current study are shown in Table 1. The chemical composition of the 253 MA ASS was analyzed using optical emission
spectroscopy (OES) with a Bruker AXS. The results are summarized in Table 2. Annealing was done in a horizontal tube furnace
manufactured by Nabertherm GmbH RSH 50 using a type N thermocouple at 1100 °C with soaking times of 0, 900, 1800, 2700, and
3600 s. There is one heating zone in the furnace chamber. The thermocouple was positioned outside the working tube between the
heating wires to measure temperature in the furnace. A Nabertherm 410 series controller was employed to adjust temperature and time
for the annealing process. This study employed an Olympus optical microscope to observe specimen microstructure and a Micro
Vickers Hardness tester, manufactured by Mitutoyo using a force of 0.3 N to determine hardness. The current work used a 200 mm
long 253 MA ASS pipe with an outside diameter of 60.33 mm.

Table 1 Technical specification of roll machine

Item Specification
Roller diameter @ 210 mm
Power 55-75 kW
Center Distance Between Gears 650 mm
Rolling Speed 1.5-2 m/s
Cutting Length 1.5-12m

Table 2 Chemical composition of 253 MA ASS pipe (wt%)

C Si Mn P S Cr Ni N Ce La Fe
0.079 1.422 0.51 0.03 <0.005 22.06 10.86 0.384 0.03 0.014 Bal.
2.2 Methods

A 253 MA ASS pipe was prepared with dimensions of 100 mm x 10 mm x 3.28 mm using an EDM-wire cutting process to serve
as a sample plate. Then, the cold rolling process was conducted. An illustration of sample preparation and cold rolling is presented in
Figure 1.

A multi-pass cold rolling process was done ten times on a roller plate sample to maintain the rectangular shape of sample until a
deformation reduction of 35% was achieved with a final thickness of approximately 2.32 mm. However, the sample shape became
curved at the 81" and 10™ passes, resulting a reduction of the sample length. The 10" pass showed this to a greater degree than the 8t
sample. Alternatively, strain-induced martensite formation during cold rolling was an obstacle in the reduction of sample thicknesses.
The reduction at each pass is shown in Table 3.

Table 3 Reduction of 253 MA ASS plate thickness by multi-pass cold rolling

Pass Avg. thickness (mm) Length (mm) Reduction of thickness (%)
0 3.28 100 0
1 2.76 118.96 17
2 2.70 121.6 20
3 2.51 130.81 27
4 2.45 134.01 29
5 2.39 137.19 32
6 2.37 138.73 33
7 2.34 140.31 34
8 2.35 139.72 33
9 2.34 140.51 34

=
o

2.32 132.22 35
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Figure 1 Sample preparation and its subsequent cold rolling process: (a) 253 MA ASS pipe, (b) EDM wire cutting process, (c) sample
before cold rolling with an initial length of 200 mm and thickness of 3.28 mm, (d) cold rolling process, and (€) sample after cold rolling
with a final length of 132 mm and thickness of 2.32 mm.

After that, the rolled samples were cut into five plates. The samples were heat-treated, increasing the temperature from room
temperature to 1100 °C in a tubular furnace with a heating rate of 5°C/min and soaking times of 900, 1800, 2700, and 3600 s. A
quenching process was done by switching the samples from the hot zone to cool zone until room temperature was achieved. The
annealing and quenching processes were done under a hydrogen atmosphere to avoid oxide formation on the steel surfaces. The
annealed samples with various soaking times of 0, 900, 1800, 2700, and 3600 s were compared to investigate the growth kinetics of
austenite grains and the hardness of the 253 MA ASS samples. The sample with no heat soaking was immediate quenched after
annealing. It was used as a control in the examination of the effects of heat soaking on grain growth and hardness. The thermal cycle
of the experimental grain growth process is shown in Figure 2.
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Figure 2 Thermal cycle of the experimental grain growth process.

After the heat treatment process, the quenched samples were polished and etched in a solution containing four parts of HCI and
one part of HNO3 on a volume basis, for about 18 s to reveal austenite grain boundaries. All procedures followed the guidelines of
grain diameter standards of the American Society for Testing and Materials (ASTM). The actual austenite grain diameters were
measured following ASTM E112 using a line intercept method. Grain diameters were estimated using the Sellars model [18].
Microstructural observations of samples and hardness tests were done in rolling direction (RD) sections. Figure 3 shows an illustration

of the position where the sample for microstructural observations and hardness test was taken. The hardness values were estimated
using the Hall-Petch model [19, 20].
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Figure 3 Illustration the position where microstructural observations were made and hardness test.

3. Results and discussion
3.1 Microstructural observations

Figures 4(a-f) show the microstructure of 253 MA ASS after multi-pass cold rolling as well as the isothermal annealing process at
a temperature of 1100 °C with various soaking times. The deformation twin and martensite phases appeared to a slight degree in the
microstructure due to plastic deformation during cold rolling [21, 22] as shown in Figure 4(a). The martensite phase changes to an
austenite phase, and the deformation twin became the annealing twin in the austenitic grains due to recrystallization and grain growth
during the annealing process. According to the growth accident model, the rapid rate of grain boundary migration during
recrystallization forms annealing twins more quickly [23]. After complete recrystallization, austenite grains grow with increasing
soaking time and became coarser, as shown in Figures 4(b-f). This impacted the decreased the yield and ultimate strength of the steel
[24]. However, the incremental changes of austenite grain size of the steel are not significant during annealing, as shown in Table 4.
This is probably due to the pinning effect of carbon. It precipitated in the austenitic grain, impeding grain growth, as shown in Figures
4(b-f). This might be main reason why the austenite grain size of the steel is quite stable during the annealing process. The effect of an
alloying element on the austenitic grain size of steel was studied in earlier research [15].

ND (a) Martensite phase—,
precipitated

Deformation twin

RD
Annealing twin
\

Annealing twin —" / precipitated

Annealing twin
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prccipita%

Annealing twin

Figure 4 (a-f). Micrographs of 253 MA ASS sample after (a) multi-pass cold rolling, and annealing at 1100 °C for duration of (b) O's,
(c) 900 s, (d) 1800 s, (e) 2700 s, (f) 3600 s taken from rolling direction (RD) section and at a 100X magnification.
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3.2 Grain growth and its prediction in 253 MA austenitic stainless steel

Table 4 shows the average grain diameters of 253 MA ASS after various soaking times at 1100 °C. Grain diameter slightly increases
with soaking times up to 3600 s. The incremental increase in the grain diameter for each soaking time at 1100 °C is given as 31% (0-
900 s), 12% (900-1800 s), 5.3% (1800-2700 s), and 20% (2700- 3600 s). These values indicated there are several factors that cause
austenitic grain growth to increase slowly. Micro alloying with Ce causes its precipitation in the austenite grain leading to the pinning
effect at the grain boundary, inhibiting grain growth. The effect of the micro-alloying element on the grain growth process was
examined in previous studies [13, 25]. Higher nitrogen contents resulted in sluggish grain growth in the steel. The material in the
present work has a large nitrogen content compared with previous studies. Grain sizes of the current work are finer than in previous
studies at the same annealing temperatures and soaking times. Previous studies were unclear about the degree of reduction in
deformation experienced in 316LN stainless steel [26]. Then, higher chrome, nickel, and cerium contents in the steel might also
contribute to impeding grain growth.

Table 4 Average grain diameter after annealing at 1100 °C with various soaking times

Soaking time (s) 0 900 1800 2700 3600
Average grain diameter (um) 13 17 19 20 24

The grain growth of austenite 253 MA occurs spontaneously and grows constantly with increasing temperature and soaking time.
Currently, the Sellars model is generally used to predict the growth of austenite grains [18]. The average grain diameter can be
calculated using Equation (1) at specific temperatures and soaking times.

d"—d" =K -t M

where d is the average grain diameter, do represents the initial grain diameter, n is a constant exponent for grain growth kinetics, t is
soaking time, and K is a constant.
The constant K can be calculated using Equation 2.

K = ko EXP (— %) ©

where Ko is a constant, T represents the specific heating temperature in Kelvin, R is the universal gas constant, 8.31 J/(mol*K), and Q
is the activation energy for grain growth (J/mol).

The values of the constants n, K, and Q in the Sellars model depend on the metal types undergoing the grain growth process.
Multiple regression was used to obtain the coefficient values using the Solver package in Microsoft Excel software.

Fitting of multiple variables using non-linear regression in Equations (1) and (2) was performed to determine the optimal values of
n (2.52) and K (0.62). In the present study, the n value of 2.52 is close to value reported previous studies [15, 27, 28]. This means that
after recrystallization is complete at around 3 to 8 s [18], the austenite grains of 253 MA ASS grow normally. This n value, 2.52, is
sligthly larger than that reported for a pure metal, 2, suggesting that chemical segregation and solute drag play major roles in slowing
grain growth [29]. Then, microalloying with Ce at 0.33 wt.% in 253 MA ASS resulted in retardation of grain growth kinetics.

The experimental and predicted grain diameter values are presented in Figure 5. This figure shows that predicted and experimental
values are close, showing 1-4% of error. The Sellars model was used predict the austenite grain growth of 253 MA stainless steel,
calculated using Equation (3).
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Figure 5 Comparison of the actual and estimated values of average grain diameter using the Sellars model.



430 Engineering and Applied Science Research 2022;49(3)

3.3 Hardness and its prediction

Figure 6 shows the micro-Vickers hardness values vs. soaking time. Increased soaking time reduces micro-Vickers hardness values.
This indicates that annealing at a specific temperature for a long time produces softer 253 MA stainless steel.
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Figure 6 253 MA ASS hardness after various soaking times.

Figure 7 shows the effects of the average grain diameter on the resulting hardness values. The highest hardness is 201.3 HV with
an average grain diameter of 13.54 pm. Alternatively, the lowest hardness was 194.8 HV with an average grain diameter of 24.5 pm.
This figure shows that hardness decreases with increasing grain diameter. Samples with increased grain diameters have reduced area
at the grain boundaries.

266
® Actual Hardness

- — Estimated Hardness
>
z
&
Q
X
S
> -
£ 1995 1 — . *
IS H=1785+885-d7%5
2
c
S
[
T

133 T T T T

0.19 0.21 0.23 0.25 0.27 0.29

Average grain diameter, d~%%(um=0%)
Figure 7 Comparison experimental and estimated micro-Vickers hardness values and estimated Hall-Petch values.

The Hall-Petch model was used to calculate the relationship between hardness values and grain growth. The HO and k” coefficients
were calculated using Equation (4) [19, 20].

H=Hy+k'-d1/? 4)

where Ho is the intrinsic hardness of 253 MA ASS, k' represents the Hall-Petch coefficient, and d is the average grain diameter.

Fitting multiple variables using non-linear regression in Equation (4) was performed to determine the optimal value of Ho (178.5)
and k' (88.5). The experimental and predicted hardness values are presented in Figure 7. This figure shows that the predicted and
experimental values are close, with a 1% error. These findings indicates that the Hall-Petch model can predict the hardness values of
253 MA ASS using Equation (5).

H=1785+885-d705 5)
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4. Conclusions

This research concludes with four major points:

1. After the annealing process, the grain diameter of 253 MA ASS increases with the soaking time. This condition occurs because
a greater amount of heat increases the grain boundary displacement and merges smaller grains into larger ones.

2. The grain growth process of 253 MA ASS proceeds normally with sluggish growth due to high Cr, Ni and N contents, the
pinning effect of C and Ce elements and chemical segregation.

3. A model for predicting austenite 253 MA steel grain growth under various soaking times was obtained and the predicted results
agree well with measured values.

4. According to the Hall-Petch model, the hardness value of 253 MA steel increased with decreased grain diameters and the
predicted result agree well with measured values.
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