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Abstract In the present study, the effect of heat treatment
and reversible cyclic plastic deformation (RCPD) on
microstructure and mechanical properties of stainless steel
304L (SS304L) has been examined. The RCPD demon-
strated a significant reduction in the grain size as well as
formation of deformation-induced twins, without any
observable phase transformation in the SS304L specimens.
An isothermal annealing of as-received specimens at
950 °C (1223 K) for varying annealing durations exhibited
the formation of recrystallized equiaxed austenitic
microstructure. It was also observed that the grain size and
the twin width increased simultaneously with annealing
time, wherein the grain size increased linearly, whereas the
increment in the twin width was parabolic in nature. The
density of deformation twins decreased with increasing
annealing time, which was attributed to the variation in the
stacking fault energy (SFE) with temperature and duration
of annealing treatment. The average hardness values
decreased with increasing annealing time, and this trend
was correlated with the increasing grain sizes and, simul-
taneously, decreasing amount of twin density.
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1 Introduction

Steel is one of the most widely used materials in a variety
of structural applications. In particular, SS304L austenitic
stainless steel is one of the most widely used steels offering
optimum combination of strength, ductility, excellent cor-
rosion resistance and good weldability [1]. With such
remarkable properties, these steels find vast use in trans-
portation, nuclear, chemical, bio-structural and aerospace
industries [2]. However, there always remains a require-
ment of further improvement in the mechanical properties
of steels due to ever increasing demand of high-perfor-
mance components, particularly due to miniaturization of
components, and expanding the regime of applications of
these steels towards new areas. Such requirements have
pushed the demand to produce steels with varied combi-
nations of strength and ductility, while maintaining its
excellent chemical and other properties intact.

It is well known that the mechanical properties are
altered either by changing the chemical composition, i.e.
alloying additions, or by altering microstructure through
various thermal, mechanical or thermo-mechanical treat-
ments. In case of austenitic steels, microstructural modifi-
cations, such as variation in grain size and size distribution,
are one of the prominent strategies to achieve desired
mechanical properties. In particular, grain refinement via
different mechanical and thermo-mechanical methods is
the most readily adopted strengthening mechanism to
improve the strength and toughness of austenitic steels. In
addition to grain refinement, the presence of twins, defor-
mation as well as annealing twins, also leads to significant
strengthening in the materials. Hence, a combination of
twins and grain size can result in a significant impact on the
mechanical properties [3].
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In case of face-centred cubic (fcc) crystals, annealing
twins are formed during recrystallization and grain growth,
which is attributed to migrating grain boundaries [4]. It has
also been suggested that there is a considerable impact of
pre-straining in the material which causes the annealing
twins to form easily during annealing. The first brief dis-
cussion on the nature and formation of annealing twins was
presented by Carpenter and Tamura [5] which was fol-
lowed by several other works discussing the dependence of
grain size and twins [6]. Gertsman et al. [7] have investi-
gated and shown the interdependency of annealing twins
on the texture which has a direct impact on the mechanical
properties of the polycrystalline materials. It was also
concluded that the evolving grain size distribution is a
result of the multiple annealing twins.

The stacking fault energy (SFE) is a major factor which
decides the deformation mechanism and mechanical
property of a material, i.e. SFE decides whether the
deformation would take place with martensitic transfor-
mation, by twinning, or by gliding of the dislocations,
which in turn indicates the mechanical strengthening. SFE
lower than the 18 mJ m~~ favours the martensitic trans-
formation [8], whereas in the range of the 18—45 mJ m~2
twins are generated easily [9, 10]. Having a high SFE
causes the dislocation to have a smooth glide. It is well
known that austenitic steels have low SFE, and both
deformation and annealing twins are easily formed in
SS304L grade steels. As a result, SS304 grade steels show
common features of thin twins and twin bundles in the
microstructure which effectively contribute to work hard-
ening and thermal stability [11-14]. Thus, an increase in
the twin density shows higher strength and hardness in the
material, which holds true for both deformation as well as
annealed twins [15, 16].

The twin generation depends upon the grain size and
orientation of the grains in the polycrystalline materials as
also reported by Lee and Urrutia [17, 18]. Twin density
variation with the size of grain and SFE has also been
reported at many occasions [19, 20]. Both the deformation
and annealing twins are identical crystallographically, with
stacking faults along the consecutive {111} planes in the
case of FCC crystals [21]. Cold working on the SS 304L
increases the strength with a moderate decrease in the
ductility of the material, wherein the dislocation—disloca-
tion interaction, twin—twin interaction and the dislocation
twin interaction cause increase in the strength (strain
hardening) of materials [22]. Another factor which affects
the annealing twin formation is the annealing time. Ini-
tially, the deformation twin density decreases and above a
certain annealing time, annealing twin starts forming easily
and its density increases thereafter. This is attributed to the
low stacking fault energy leading to the formation of
annealing twins. It was proposed by Mathewson [23] that
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the formation of annealing twins happens by lateral growth
of thin deformation twins at the time of heat treatment of
FCC crystals, whereas Murr et al. showed the interdepen-
dency of twin thickness with the pre-deformation rate [24].

Another important role in the enhancement of mechan-
ical properties like hardness, strength and ductility is
attributed to the thermal stability of the deformation twins.
However, the understanding of thermal stability of the
deformation twins is quite limited and needs a systematic
investigation on the generation and impact of deformation
twins on the properties of materials. From the literature,
there is no clear evidence for the temperature dependence
of thermal stability of deformation twins in case of
SS304L. However, it has time and again been reported that
the thermal stability has a strong dependence on the pro-
cessing of materials based on which the temperature for
thermal stability varies with the type of deformation pro-
cess. In the case of Fe-Mn—C steel, deformation twins have
been found to be stable up to 550 °C for 60-min heat
treatment [25], whereas the deformation twins generated by
pre-straining in TWIP steel with high manganese at
ambient temperature have been reported to be stable up to
625 °C (recrystallization temperature) [26]. In the present
work the effect of annealing time and temperature on
thermal stability of the twins have also been studied to a
certain extent.

During the production of any metallic component,
materials undergo several types of mechanical, thermal and
thermo-mechanical processing. As a result, a variety of
microstructural features appear in the finished products
which, in turn, affect the mechanical properties of the
components. Therefore, with all the view points, the pre-
sent study was aimed to investigate the effect of RCPD and
thermal treatments on the microstructural parameters, such
as grain size, twin density and twin width, on the SS304L
steel sheets and their correlation with the mechanical
properties. It was also attempted to establish the correlation
of the prior processing history of the SS304L sheets with
the microstructural evolution during subsequent mechani-
cal and thermal processing. Furthermore, the efforts were
also made to investigate the stability of the twins at high
temperature for different annealing time. The results of
RCPD and thermal treatments on the microstructural evo-
lution in a SS304L grade stainless steel sheet and their
effect on the resulting mechanical properties have been
presented and discussed. Furthermore, results related to the
correlation of the prior processing history of SS304L on the
microstructural evolution during subsequent RCPD at
ambient temperature and thermal treatments have also been
presented and discussed.
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2 Experimental Procedure

The steel used in the present study is a commercial aus-
tenitic stainless steel 304L (SS304L) having an average
composition as shown in Table 1. The as-received sample
was in the form of sheet of 1 mm thickness. These as-
received samples had a prior history of being pre-strained
during the sheet formation. Rectangular strips of dimen-
sions 30 mm x 50 mm were cut in order to perform fur-
ther investigations.

In the first set of experiments, a few as-received samples
were subjected to (RCPD) technique by using a standard
cupping test arrangement, as shown in Fig. 1. The as-re-
ceived SS304L specimens were pressed with a load of 20
KN against an indenter to give a deformation to the sheet at
room temperature. The RCPD processing included 5 steps,
viz. (i) pressing the sample with the punch having round tip
(Fig. 1b), (ii) flattening the sample by the hydraulic press
(Fig. 1c), (iii) then rotating the sample by 180° along the
axis of the plane of the sheet (Fig. 1d), then (iv)repeating
the pressing by punch (Fig. le) and (v) flattening again
using hydraulic press (Fig. 1f). The number of cycles was
restricted to 6 (introducing von Mises plastic strain of 0.22
in each deformation step at the centre of the specimen, as
estimated through numerical simulation of the deformation
process using ANSYS software), to ensure that the amount
of RCPD was limited to avoid the cracking as surface
cracks were found to appear after 7-8 cycles at the same
level of applied strain. This deformation process ensured
almost negligible dimensional changes while straining the
specimens. In the second set of experiments, the as-re-
ceived specimens were subjected to isothermal annealing at
950 °C (1223 K) in a muffle furnace for different time
durations, i.e. 30 min, 90 min, 180 min and 360 min, fol-
lowed by water quenching at room temperature.

Optical microscope (OM) was used to investigate the
variation in the microstructure due to varying annealing
time of the specimens and effect of the RCPD. For higher
magnifications, the same specimens were subsequently
examined under the scanning electron microscopy (SEM).
For microstructural characterization of the deformed
specimens, samples were taken from the most strained
region of the specimen in order to obtain true representa-
tion of the deformation that has taken place. Specimens for
metallography were conventionally prepared by initially
paper polishing with the help of SiC abrasive papers of grit

Table 1 Chemical composition of as-received SS 304L

size 400-2000. This was followed by cloth polishing with
the help of fine alumina suspension having particle size of
1 and 0.05 pm which was the final polishing in this case in
order to obtain a mirror-like surface finish. Then, the
etching was done with the help of Carpenter stainless steel
etchant (8.5 g ferric chloride, 2.4 gm cupric chloride,
122 ml ethanol, 122 ml hydrochloric acid, 6 ml nitric acid)
in order to reveal the microstructure of the specimens. The
mechanical properties of the specimens were evaluated
through hardness measurements of the specimens via
Vickers microhardness tester. Nominal load of 100 g for a
time period of 5 s was used to produce the indent on the
surface. These tests were performed on the surface of each
specimen having varying annealing time. For each
annealing condition, five numbers of samples were tested
in order to obtain an average hardness value. In the case of
deformed specimen, indentations were made at the centre,
i.e. most strained region of the specimen, to estimate the
average hardness. The constituent phases in specimens
with different processing conditions were identified by
X-ray diffraction (XRD) using phase diffractometer. The
diffractometer was operated at 30 kV and 10 mA using a
Cu target, wavelength of 1.5406 A with a scan rate of 1°
per minute and scanning range of 26 was from 40° to 100°.
For measuring the grain size from the microstructure, linear
intercept method as well as the measurement of size of the
individual grains was used. In case of individual grain size
measurements, 150 numbers of grains were considered for
each condition, which gave the final average grains size.
The twin density calculated was the average number of
twin’s interaction per unit length along the grains [27],
whereas twin width was evaluated by linear analysis
method proposed by Smith et al. [28]. The calculation of
twin width is the space between two adjacent twin
boundaries. The twin width for each sample was calculated
by taking an average of about 300—400 twins, wherein
approximately 150 grains were taken into consideration.
The results are presented and discussed in the following
section.

Elements C Si Mn

Cr Ni P M Fe

Composition (wt%) 0.039 0.334 1.03

18.60 8.92 0.043 0.138 Balance
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Fig. 1 Sequence of steps used
in one cycle of RCPD process
on SS304L plate
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Fig. 2 X-ray diffraction pattern of as-received SS 304L specimen
3 Results and Discussion
3.1 Microstructure of As- received specimen

Figure 2 shows the XRD patterns of the as-received
specimen. Five major peaks have been indexed and iden-
tified as peaks corresponding to (111), (200), (220), (311)
and (222) planes of face-centred cubic (fcc) phase. The
diffraction pattern clearly reveals the presence of only
single-phase face-centred cubic (fcc) crystal structure, i.e.
austenite. Figure 3a, b shows the microstructures of the as-
received specimen at low and high magnifications,
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respectively. The microstructure clearly shows the pres-
ence of elongated grains of an average grain size
70 £ 5 pm, having lamella of fine as well as wide twins,
which appears to be dependent on the size of the grains as
the finer grains appear to consist of relatively finer twins as
compared to coarse grains. The presence of elongated
grains clearly indicates that the pre-straining is an effect of
rolling on the as-received sheet specimen, leading to the
orientation of the grains in the direction of rolling. Fig-
ure 3c shows the SEM image illustrating the internal
microstructure of the as-received specimens. We can still
observe some elongated grains and a lot of deformation
twins within grains as marked by the arrows. These
observations clearly indicate the dependency of width of
deformation twins on the size of the grains.

It is believed that the requirement of stress for the for-
mation of deformation twins is mainly controlled by the
amount of stacking fault energy (SFE) of the materials. The
SFE can be determined by the major compositional con-
stituents present in the austenitic stainless steel. Its calcu-
lations given by Schramm et al. [29] have been used in the
present study to calculate the same.

SFE = —53 4 6.2(pct Ni) 4 0.7(pct Cr) + 3.2(pct Mn)
+9.3(pct Mo) (mJ/m?).

A value of 21 mJ/m? for the present material has been
obtained using this equation which is in agreement with the
data presented by Murr [24] suggesting that the given
material lies within the range of materials that prefer to go
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Fig. 3 Optical micrographs of as-received specimens: a low magni-
fication, b high magnification and ¢ SEM micrographs of as-received
specimen

through the twin deformation mode rather than the slip
mode. Therefore, due to lower stacking fault energy (SFE)
of SS 304L, deformation in the form of twins is quite easy
in comparison with other modes.

Besides having a significant effect on the grain size, the
extent of deformation also has effect on the twins, espe-
cially in the case of deformation twins, i.e. the increase in
deformation causes dislocation density to increase. When a
critical dislocation density is achieved, deformation twins
are formed in the material [30]. There are several reports
available on the formation of deformation twins in various
FCC structural materials [31-38]. Hence, in the as-received
SS304L sheet, the presence of deformed grain structure
together with fine-size twins suggests that deformation
twins are formed during pre-rolling of the sheet due to
lower stacking fault energy (SFE) of SS304 which results
in strain accumulation via twinning mode rather than any
other mode of deformation.

3.2 Effect of Reversible Cyclic Plastic Deformation
(RCPD)

Figure 4 shows the XRD patterns of the RCPD specimens
of the SS304L. The XRD pattern of the as-received spec-
imen is also provided in the same figure for comparison. It
can be noticed that the overall XRD pattern after RCPD
remains more or less similar to that of the as-received
specimen. The similarity of XRD patterns of as-received
and RCPD specimens, i.e. the absence of appearance of any
new or extra peak, is an evidence of the absence of any
deformation-induced phase transformation leading to
appearance of any new phase in the material after the
deformation, i.e. the FCC crystal structure of the parent
material remains untransformed due to RCPD. In general,
it has been observed that the SS304 grade leads to the
formation of deformation-induced martensite when sub-
jected to large plastic deformation at room temperature.
However, it becomes very difficult to ascertain such
transformation through XRD analysis when the extent of

y(111)
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¥ (220)

y(311)

222
Deformed e

Intensity (a.u.)

J As-received
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Fig. 4 X-ray diffraction patterns of as-received and RCPD specimens

@ Springer



1232

Trans Indian Inst Met (2020) 73(5):1227-1237

plastic deformation and phase transformation is not very
significant due to the fact that there are common peaks
associated with the austenite and martensite phases.
Therefore, formation of some amount of strain-induced
martensite cannot be ruled out in the present case.

It is also worth mentioning that relative width of XRD
peaks of the deformed specimens is significantly larger,
especially at low angles, than that of the corresponding
peaks of as-received specimens. The comparison of values
of full-width-half-maxima (FWHM) of various XRD peaks
of as-received and deformed specimen is shown in Table 2.
It can also be observed that the relative intensity of the
XRD peaks of the deformed specimen is significantly lower
as compared to those of the corresponding peaks of as-
received samples. The relative intensity reduction and
broadening of the XRD peaks are generally associated with
the plastic deformation-induced lattice straining and grain
refinement.

RCPD-processed specimens show the microstructure of
the deformed specimens at the centre of the specimen (i.e.
most strain region of the specimen) shown in Fig. 5 at
different magnifications wherein the presence of only sin-
gle phase in the deformed specimen can be clearly
observed. These results are in accordance with the XRD
pattern of RCPD specimen. However, it is interesting to
note that the RCPD specimens exhibit the presence of high
density of deformation twins within the grains. Moreover,
the grain refining in the RCPD is evident with grain size
reduction from 70 & 5 pm in the as-received samples to
48 + 3 um after RCPD shown in Fig. 5a, b. These
observations indicate that the RCPD results in slight
increment in the deformation-induced twins and a signifi-
cant reduction in the grain size as compared to that of the
as-received samples, and Fig. 5S¢ shows the SEM micro-
graph of the same RCPD specimens which also shows the
presence of smaller size of grains and multiple deformation
twins, of the order of nano-meter thickness, within the fine-
sized grains as marked by the arrows. These observations
clearly indicate the dependency of width of deformation
twins on the size of the grains.

Table 2 FWHM values of parent specimens and deformed specimens

3.3 Effect of Isothermal Heat Treatment on the As-
received SS304L

The as-received specimens were heat-treated in a muffle
furnace at 950 °C (1223 K) for holding time of 90 min,
180 min and 360 min. Figure 6 shows the XRD patterns of
the isothermally heat-treated specimens, together with that
of as-received specimens. A comparison of the XRD pat-
terns shows no significant characteristic changes in the
overall pattern, relative peak positions and peak width,
with increasing holding time. However, XRD peak inten-
sity appears to be increasing with holding time. Therefore,
these results clearly indicate that the increasing holding
time during heat treatment at 950 °C (1223 K) does not
lead to any phase transformation. However, the possibility
of partial recrystallization or a slight grain growth cannot
be ruled out.

Figure 7a—d shows the optical micrographs of the as-
received specimens after annealing at 950 °C(1223 K) with
varying holding time of 30 min, 90 min, 180 min and
360 min. The optical micrographs of the annealed speci-
men reveal recrystallized equiaxed grains with twinned
structure for all the specimens. The average grain sizes of
the samples annealed for 30, 90, 180 and 360 min are
found to be 85 £+ 7 pum, 98 £ 8 um, 122 + 10 um and
166 £ 10 um, respectively. These observations demon-
strate an obvious grain growth with increase in the holding
duration. However, it can also be observed from the
micrographs that the deformation twins are predominant
over annealing twins for both 30-min- and 90-min-an-
nealed specimens (Fig. 7a, b). This observation is based on
the fact that, generally, annealing twins are relatively wider
as compared to deformation twins [39]. Interestingly, it can
also be observed that there is a presence of higher density
of deformation twins as compared to annealing twins. A
similar trend has also been reported by Tewary et al. [39]
wherein the presence of both deformation and annealing
twins, simultaneously, in the same microstructure and the
predominance of deformation twins has been reported.
However, deformation twins appear to be thermally
stable at 950 °C up to 90 min of holding time as there is no
observable coarsening of these twins with increasing
annealing time (Fig. 7a, b). In case of specimens annealed

Sr. no. 2 Theta value of XRD peaks Plane of peaks FWHM value of parent specimens FWHM value of deform specimens
1 43.36 (111) 0.5051 0.6910
2 50.38 (200) 0.5383 0.6851
3 74.40 (220) 0.6012 0.7262
4 90.323 (311) 0.6764 0.7061
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Fig. 5 Optical micrograph of RCPD specimens: a low magnification,
b high magnification and ¢ SEM micrograph

for 180 min (Fig. 7c), it can be observed that the presence
of deformation twins is insignificant in comparison with
that of annealing twins. These observations clearly indicate
that the annealing time of 180 min leads to significant
grains growth as well as replacement of deformation twins
with the annealing twins. Further, as shown in Fig. 7d, the

v (111)

v (200)

v(220)

360 min v (222)

Intensity (A.U)
[

180 min

A 90 min A

40 50 60 70 80 90 100

Angle 26 (degree)

Fig. 6 X-ray diffraction patterns of heat-treated specimens at 950 °C
(1223 K) for a varying holding duration of 90 min, 180 min and
360 min

microstructure of the specimen annealed at 360 min exhi-
bits the presence of only annealing twins. However, the
twin density appears to be higher than that of the specimens
annealed up to 180 min.

As observed above, the deformation gradually decreases
from twins of 30-min-annealed specimen to 90-min-an-
nealed specimen and gets completely exhausted for the
specimens annealed for 180 min and 360 min. The reduc-
tion in deformation twins can be related to the occurrence
of de-twinning as the holding time increases. The occur-
rence of de-twinning is quite easy for the thin deformation
twins as the driving force in twin—twin interaction is
attributed to the variation of the excess energy of the two
twin boundaries [40]. Therefore, the above results clearly
demonstrate that the deformation twins decreases with
increasing annealing time and, progressively, vanishes for
the annealing duration greater than 90 min. This trend may
be attributed to the relatively higher thermal stability of
annealing twins than that of deformation twins.

Figure 8 shows the variation of the twin width as a
function of increasing annealing time. The variation of
grain size as a function of annealing time is also plotted on
the same figure to understand the correlation between twin
width and grain size. It can be noticed that grain size
increases almost linearly with increasing annealing time.
The range of the average grain size varies from 85 £+ 7 um
for the 30-min-annealed specimens to 166 um for speci-
mens annealed for up to 360 min of annealing time. From
Fig. 8, it can be clearly indicated that there is a continuous
growth in twin width with the annealing duration. It is
interesting to note that grain size and twin width increase
simultaneously with annealing time. However, it can also
be noted that the grain size increases linearly with
annealing time, whereas the increment in the twin width is
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Fig. 7 Optical micrograph of heat-treated specimens at 950 °C (1223 K) for varying holding duration a 30 min, b 90 min, ¢ 180 min and

d 360 min
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Fig. 8 Variation in twin width and grain size with the increasing
annealing duration at isothermal temperature of 950 °C (1223 K)

parabolic in nature. Moreover, it can also be noticed that
the rate of growth of grains and the rate of thickening of
twins are almost similar up to 180 min of annealing, i.e.
almost linear, and the perceivable deviation in the growth
rate of twins starts appearing after 180 min of annealing
time. These observations suggest that the grain size is not

@ Springer

the only factor affecting the twin coarsening during
annealing, and the other factors also seem to play an
important role in limiting the coarsening of twins. In pre-
vious reports, it has been indicated that the grain growth is
accompanied by coarsening of twins due to the formation
and migration of incoherent twin boundaries (ITB)
[40, 41]. Moreover, it has also been reported that the
migration of ITBs promotes lateral migration of coherent
twin boundaries (CTBs), leading to an increase in the twin
width. Since the relatively thinner twins are expected to
consist of more coherent boundaries as compared to the
thicker twins, the thinner twins can be expected to coarsen
faster than their thicker counterparts. As a result, the rate of
thickening will be relatively faster in the early stages and it
is expected to slow down with increasing annealing time as
the thickening of twins occurs [40, 41].

3.4 Mechanical Properties

Figure 9 shows the plot of Vickers hardness for different
conditions of specimens for average hardness values
obtained from microindentation using 100 g load. Each
hardness value reported here is an average of
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Fig. 9 Hardness values of as-received, RCPD and heat-treated
specimens of SS304L

approximately 15 indents for each condition. These aver-
age values along with their standard deviation are plotted in
Fig. 9. It can be observed that the average hardness value
increases from 358 £ 12 to 395 £ 8 Hv for the as-received
specimen and deformed specimen, respectively. Such an
increment can be attributed to the observable grain refin-
ing, as observed from the micrograph of the deform spec-
imen and also slight increment in the deformation twin
density as shown in Fig. 10. Similar trend has also been
observed in the several studies [42—44], wherein the role of
decrease in ductility after RCPD due to strain hardening is
also one of the key factors contributing towards this
observed trend.

In the case of as-received specimens that have been
annealed at 950 °C (1223 K) for different holding dura-
tions, it is interesting to note that average microhardness

140 +

120
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80

60

Twin density(mm™)

40 4

20 4

As-received Deformed 30min 90min 180min 360min

Condition of Specimens

Fig. 10 Twin density values for as-received, RCPD and heat-treated
specimens of SS304L

value decreases significantly after isothermal annealing for
holding time of 30 min. The average hardness value is
obtained to be 198 & 10 Hv. It can also be observed that
the average hardness further decreases from 181 £ 7 to
170 & 5 Hv as a result of increasing the annealing duration
from 90 to 180 min. Such a continuously decreasing
average hardness values can be correlated with the
increasing ductility due to recrystallization with continu-
ously increasing grain sizes and, simultaneously, decreas-
ing amount of twin density. The average hardness of the
360-min-annealed specimens again increases significantly,
achieving the average value of 226 + 10 Hv. Generally,
the hardness is expected to decrease with increasing
annealing holding duration due to annealing of stored
microstructural defects and grain growth. However, it is
interesting to note that the hardness value of the specimen
with a holding time of 360 min is significantly higher than
that of specimen annealed for holding time of 30 min,
90 min and 180 min. This anomaly can be attributed to the
fact that there is a significant increase in the twin density
for samples annealed for a duration of 360 min, leading to
observed increase in the hardness of these samples. A
similar significant increment in the average hardness value
due to increase in twin density has been reported by
Somekawa et al. [15].

3.5 Thermal Stability of Deformation Twins

Figure 10 shows the average twin density of as-received,
RCPD, annealed specimens. It can be observed that there is
only a slight increment in the twin density of as-received
specimens and the deformed specimen with the values of
average twin density 132 mm~' and 136 mm™', respec-
tively. These results suggest that the pre-rolling in the as-
received specimen has resulted in a high twin density,
which appears to be almost the saturation value for the
present material considering the fact that the subsequent
deformation results only in a slight increment in the twin
density. On the other hand, the annealing of the as-received
specimens demonstrate that there is a sudden decrease in
the twin density of 30-min-annealed specimen (76 mm™ ")
followed by a decreasing trend of twin density as the
holding time further increases. For 90 min and 180 min
annealing time, the twin density have been found to be
52 mm~" and 30 mm™', respectively. The decrease in the
twin density from 90-min-annealed specimen to 180-min-
annealed sample is attributed to the disappearance of
deformation twins, as discussed earlier. However, it is
interesting to note that a further increase in the annealing
time up to 360 min exhibits a sudden increment in the twin
density (60 mm™") as compared to that of the 180-min-
annealed specimens (30 mm '), which can be attributed to
the formation of large number of annealing twins due to the
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prolonged annealing duration. The annealing out of the
deformation twins can be related to the variation in the SFE
with temperature and duration of annealing treatment. It
appears that an annealing at 950 °C (1223 K) and
increasing the holding time beyond 90 min affect the SFE
to such an extent that the deformation twins almost dis-
appear due to the sliding of the dislocations, which
becomes feasible as the SFE exceeds the threshold limit for
the dislocation to glide. As a result, a gradual decrease in
the case of deformation twin density is observed as the
holding time increases from 30 min specimen to 360 min
for SS304L specimens.

In case of 316L SS, it has been reported that the
deformation twins are stable up to 60 min of annealing
time at 800 °C, wherein the samples are processed through
equal channel angular extrusion (ECAE) [14]. Further-
more, the tensile specimens with 30% elongation results in
the formation of nano-twins, which are found to be ther-
mally stable up to 60 min at 900 °C [45]. On the contrary,
it has also been reported that the thermal stability of the
deformation twins is lost after 60-min heat treatment at
600 °C when a specimen of 316L SS is cold-rolled up to
thickness reduction of 37% [46]. However, it must be
emphasized that, in the case of SS304L in the present
study, the deformation twins are thermally stable up to
950 °C. These observations suggest that the thermal sta-
bility of deformation twins of pre-rolled SS304L is con-
siderably higher as compared to those of cold-rolled
SS316L deformed up to approximately 37% thickness
reduction.

4 Conclusions

The following conclusions can be drawn from the present
work:

1. The as-received sheets exhibited the presence of
elongated grains, of average size 70 £ 5 pm, with
lamella of fine and coarse deformation twins, wherein
the finer grains appeared to consist of relatively finer
twins as compared to larger grains. The formation of
deformation twins during pre-rolling of the sheet was
attributed to the lower SFE of SS304L which resulted
in strain accumulation via twinning mode rather than
any other mode of deformation.

2. The RCPD resulted in a significant reduction in the
grain size as well as small increment in deformation-
induced twins, as compared to that of the as-received
samples. Also, the reversible cyclic plastic deforma-
tion (RCPD) did not induce any observable phase
transformation in the SS304L specimens. The average
hardness value increased RCPD which was attributed

@ Springer

to the observable grain refining and the slight incre-
ment in the deformation twin density.

3. An isothermal annealing of as-received specimens at
950 °C for varying holding time led to the formation of
recrystallized equiaxed microstructure, consisting of
austenitic phase, wherein the grain size increased
almost linearly with increasing holding time.

4. It was demonstrated that the deformation twins
decreased with increasing annealing time and, pro-
gressively, vanished for the annealing duration greater
than 90 min. The reduction in the deformation twins
was attributed to the occurrence of de-twinning as the
holding time increased.

5. It was observed that the grain size and twin width
increased simultaneously with annealing time. How-
ever, the grain size increased linearly with annealing
time, whereas the increment in the twin width was
parabolic in nature.

6. The average hardness values decreased, continuously,
with increasing annealing time. The decreasing aver-
age hardness values were correlated with the increas-
ing ductility due to recrystallization with continuously
increasing grain sizes and, simultaneously, decreasing
amount of twin density.

7. The density of deformation twins decreased with
increasing annealing time. The annealing out of the
deformation twins was related to the variation in the
SFE with temperature and duration of annealing
treatment.
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