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ABSTRACT

Austenitic steel has been the backbone of the nuclear reactor industry for power
generations for many decades. 304 Steel alloy with the minimal amount of
nitrogen and carbon was designed based on the different alloying composition
systems for traditional high strength—-toughness combinations and longevity for
high-temperature applications. At elevated temperatures, the combination of
strength—toughness deteriorated by metallic phases and coarsening of carbides.
Chromium increases oxidation and corrosion resistance; however, brittle inter-
metallic compounds can develop in the resultant alloys when the Cr level rises,
resulting in low ductility. First, Calphad strategical optimization was used for
alloying composition and processing parameters for high temperature and
pressure applications using Thermocalc and Jmat-Pro software packages. Sec-
ond, to increase strength—toughness combination, isothermal deformation for
different stain rates (0.001-1s') with different deformation temperatures
(900-1200 °C) was applied. It was also proven that different dynamic recrys-
tallization (DRX) mechanisms caused different grain size evolutions, and the
dividing point was estimated to be 0.1 s™' strain rate at high deformation
temperatures.
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Introduction

Austenitic stainless steel offers a wide range of
commercial uses and is commonly utilized in basic
structural-property combinations because it is
stable even at room temperature. In this era of
advanced power generation like nuclear power
industries, hot forging is an essential method for
producing critical structural elements of austenitic
stainless steel [1-4]. 304 austenitic stainless steel is a
widely used corrosion-resistant steel. However, it is
easy to precipitate carbides along the grain boundary
during processing and service, which increases
intergranular stress corrosion cracking (IGSCC) in
boiling water reactors (BWRs) [5]. Nitrogen and
nickel stabilized the austenitic phase zone. The
strength—toughness combination of steel and inter-
granular corrosion resistance can be improved by
reducing the C content and adding an appropriate
amount of N. This kind of steel is called nitrogen-
controlled (304NG) stainless steel [6]. Because of its
comprehensive mechanical properties, resistance to
neutron radiation embrittlement and corrosion
resistance are widely used in pressure water reactor
(PWR) internal components. These internal
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components mainly include various forgings, ther-
momechanical processing (TMP), and processed
forming parts of plates, bars, and pipes [1, 3]. DRX is
essential in the thermoplastic forming process, caus-
ing various changes in the structure of the deformed
metal, thereby affecting the mechanical, physical, and
chemical properties of the material. Discontinuous
and continuous DRX processes are the most common
DRX mechanisms (DDRX and CDRX, respectively)
[7]. DDRX is caused by local grain boundary bulging,
resulting in DRX grains producing, which utilize
work-hardened surrounds during deformation. The
increment in sub-boundary misorientation is gener-
ated by the continual accumulation of dislocations
triggered by the deformation in the CDRX mecha-
nism results in the formation of new grains. In alloys
with low stacking fault energy (SFE), such as auste-
nitic stainless steel and Cu and Ni alloys, DDRX is
considered to be the most predominant softening
method [8]. Since austenitic stainless steel hardly
undergoes phase transformation during hot working,
recrystallization becomes a decisive factor affecting
its final structure [7]. Therefore, studying its DRX
behavior during hot deformation is essential for
controlling the forming process and obtaining fine
and uniform grain structures with great significance.
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Its common knowledge that enhancing the strength
of material reduces toughness and ductility; grain
size reduction or refinement is the only approach to
boost both characteristics with an identical pattern. It
is self-evident that if you make the grain structure
smaller, you put more impediments in the grain and
thus in the dislocation, and hence the strength should
increase, as the Hall-Petch equation implies [9]. In
this work, two ways were discussed to improve
toughness, i.e., thermodynamically (Calculation of
phase diagrams) and mechanically (Thermomechan-
ical processing). In the first part, CALPHAD strate-
gies were used for optimizing alloying elements to
minimize the detrimental phases like carbides and
brittle metallic phases and predict the optimum
concentrations of 304NG steel. The second part of
refined grain distributions using thermomechanical
processing (TMP) can be improved by refining the
microstructure scale, eliminating hard particles that
fracture easily, introducing ductile barriers to the
propagation of cracks, and by mechanisms that damp
the motion of cracks. The important role of precipi-
tation or phase fractions in the success of excellent
creep properties has been understood as well as
comprehensively studied for a long time [10]. High-
or low-temperature toughness applications of stain-
less steel decreased significantly when some inter-
metallic brittle phase (¢) and M;C carbides form at
the boundaries of ferrite or inside the ferrite and
austenite phase [11, 12].

Recently, serval models have been proposed to
elucidate the modification mechanisms of the alloying
components of the 304 series to enhance its toughness,
strength, and hardness. ]J. L. Marulanda et al. [13]
deposit aluminide coating on AISI 304, having 18% Cr
for higher steam generation plants to increase thermal
efficiency, including reductions in carbon dioxide
emissions and fuel consumption. Mn and Niareadded
to improve the strength and fracture toughness of
steels, while Ni has more significant influence than Mn
on the properties of steel alloys [14]. Some researchers
also worked on dynamic recrystallization of 304 steel,
i.e., Wang studied the twinning evolution of austenitic
stainless steel at different strain rates and its effect on
dynamic recrystallization [7]. Wahabi et al. [15] stud-
ied the effect of initial grain size on dynamic recrys-
tallization and predicted the nucleation sites for DDRX
grains; meanwhile, Marchattiwar studied the progress
of DRX on Avrami relation and work hardening data.
Kim et al. conducted thermal torsion experiments on

304 stainless steel, determined peak and steady-state
stress under different conditions, and analyzed the
DRX using the Avrami equation Kinetics [16]. Many
studies have used kinetic and microstructural exams
to study toughness in high-temperature applications
and creep rupture life in 304-grade steel. However,
very few fundamental investigations have been car-
ried out on secondary phases through thermody-
namical optimization. The minimal amount of alloying
elements (Si, Cr, Mn, and Ni) and thermomechanical
heating parameters that retain the largest percentage
of austenite and have the ideal balance of hardness,
strength, and toughness for high-temperature appli-
cations are the objectives of this study. Hot compres-
sion experiments at strain rates ranging from 0.001 to
1 s~! were used to evaluate the flow behavior and DRX
processes for 304NG austenitic stainless steel. The
findings should help researchers better understand the
impact of strain rates on DRX developments and give
useful recommendations for processing design.

Computational design for alloying
elements

The alloy chemistry design pattern emphasized
phase fraction behavioral studies and their implica-
tions on structural and mechanical qualities. The
CALPHAD technique was used to properly charac-
terize the influence of phases throughout 304NG steel
related to different concentrations of Cr, Ni, Mn, and
Si. Two well-known CALPHAD-based software
packages were used to optimize alloying composi-
tions for numerous 304NG steel specimens. In com-
bination with Thermo-Cale® using the TCFE9
database, calculations have been carried out to the
individual phases (y-FCC, a-BCC, M3Cs, Sigma, and
G-Phase). Many mechanical properties like hardness,
strength, and Young’s modulus of alloy w.r.t differ-
ent compositions of Mn, Si, Ni, and Cr by comparing
their yield, tensile strengths were predicted by Jmat-
pro software. This tool has been proven helpful in
understanding the basic trend of mechanical charac-
teristics [17-20]. For mechanical calculations related
to 304NG analysis, it was assumed that the y-FCC
grain size is 10-15 pm, and calculations were per-
formed at room (300 K) temperature.

Austenite stabilizers such as Nb, Mn, and Ni are
well known for increasing the quantity of retained
austenite (RA), decreasing the martensite initiation
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temperature, in addition to increasing the stacking
fault energy (SFE). A greater concentration of C (> 0.2
wt%) reduces weldability and increases susceptibility
to hydrogen cracking. Ni content should be kept to a
minimum because of the high expense; furthermore,
it inhibits carbide precipitation and enhance carbon
partitioning into retained austenite (RA), hence
increasing its stability. Nevertheless, the use of Si
above 0.5 wt% produces complications in hot-dip
galvanization and continuous casting and welding.
When solid solution hardening is used in the pres-
ence of Nb, high-temperature strength can rise. When
steel is utilized at high temperatures of about 900 °C
for a long time, the solute Nb readily precipitates out
as carbonitride. As a result of the Nb precipitation,
the high-temperature strength may be altered. Ther-
mocalc database is valid for simulating the solidifi-
cation process, matrix phase stability (y-Fcc and o-
Bcc), precipitation of secondary phases such as sul-
fides and carbides, and intermetallic phases such as
Sigma and G-Phase [21]. Table S1 contains the stan-
dard composition of 304NG and different types of
modified compositions of the same alloy with dif-
ferent compositions w.r.t Cr, Ni, Si, and Mn [22]. The
alloying composition range is as follows; chromium
is between 18 and 20 wt%, Ni is about 8-11 wt%,
while S and P are in minimal concentration [23, 24].
The composition of Mn and Si is (0.81-1.5 wt%) and
(0.47-1 wt%), respectively, as shown in.

Result and discussion
Thermodynamic simulations of 304NG steel

The phase fractions of 304NG steel specimens were
calculated wusing Thermocalc, i.e., austenite
(FCC_A1), ferrite(BCC_A2), carbides (M3Cs, M7Cs),
and intermetallic phases like Sigma(s) and G-phase
by changing the composition of C wt% in 304NG steel
as shown in Fig. 1a. Low amounts of C were exam-
ined according to ASTM standards, this computa-
tional part of the work mainly focused on v, ferrite,
carbides, and intermetallic phases as shown in
Fig. 1b. In 304NG, some elements are y-Fcc formers,
e.g., C, Ni, Mn [30], and some y-Fcc stabilizers are, for
example, Ni and Mn [25]. Sigma(c) phase occurs at
600-900 °C temperatures depending on elemental
compositions of Cr, Ni, Si, and Mn, which enhance its
stability [26] shown in Fig. 1b. The diffusion of
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chromium in o-BCC is an essential thermodynamic
process in the formation of the Sigma(c) phase. The ¢
phase composition in austenitic stainless steels can be
written out as (Fe, Ni)3(Cr, Mo), [27].

Sigma(c) precipitate is an essential phase in several
series of stainless steels, is one of the main factors for
many mechanical properties, corrosion resistance,
weldability, and hardness [28]. The Ac; (¢ — ) and
Ay (y — 9) are critical temperatures for phase trans-
formations, as shown in Fig. 1b. At A, temperature,
higher solubility of phosphorus and sulfur is found
in the d-phase than in the y phase, resulting in an
increase in ductility due to the suppression of grain
boundary segregation. When the degree of é-ferrite is
as high as 7-10%, however, ductility suffers dramat-
ically due to the strain concentration at the interface
caused by a difference in deformation resistance
between y and 6 phase. As a result, controlling the &-
ferrite is critical for reducing defects associated with
hot working [29]. Figure 1b shows that all phases for
baseline samples for 304NG specimens, including
secondary precipitates, have a detrimental effect on
the toughness and ductility of the specimens in high-
temperature applications.

The effects of different alloying elements
(Cr, Mn, Si, Ni) on Phases

Figure 2 illustrates the phase transformations for
different Cr concentrations of 17-20 wt%. As shown
in Fig. 2, Cr has different effects on different phases.
Significant phase stabilities are observed for a, v, §,
M,3Cs, sigma, and G-phase with changing Cr con-
centration. Chromium raises the eutectoid tempera-
ture, shrinking the y-Fcc phase-field shown in Fig. 2a.
At high temperatures, the reduction of Cr tends to
shrink the & phase along with increasing A, temper-
ature. As shown in Fig. 2a, increasing the Cr con-
centration lowers the Ac; temperature along with
molar fraction of the ferrite phase. Cr increases the
stability as well as molar fraction till 700 to 1050 K
temperature for most deleterious hard and brittle
sigma phase w.r.t toughness at high temperature and
pressure applications [30]. Increasing Cr content
increases the My3Cq carbide stability at high temper-
atures (1080-1115 K), which matched the previous
literature [31, 32]. Because Mjy3C¢ has a higher
coarsening rate at high temperatures, causing the
Ostwald ripening effect, an increase in M,3C¢ carbide
has detrimental effects on ductility and toughness at
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higher temperatures [33]. The stability of G-phase
reduces with increasing Cr content in 304NG alloys,

as shown in Fig. 2c. Well, 304NG is
nitic steel in which the parent phase

Temperature [K]

a class of auste-
is austenite, but

Temperature [K]

Cr tends to stabilize ferrite phase and increase both
Acsz and A, points to a higher temperature, so overall
increasing Cr is not beneficial for high-temperature
applications; therefore, minimizing the Cr content is
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necessary. The accumulation of ¢ phase, on the other
hand, has become a substantial issue; even a small
proportion of this ¢ phase causes a severe loss of
toughness and ductility, a phenomenon known as
o phase embrittlement. As for the problem of
increasing critical temperatures (Ac; and A4) comes
from the prospect of growing the stability of unde-
sirable phase transformations during TMP, which
could reduce its toughness at high and low-temper-
ature applications. However, because Cr promotes
high oxidation and corrosion resistance in 304NG,
proper application-wise optimization of oxidation,
corrosion resistance, and toughness is required for
the material to function properly. Figure S2c, d
(supplementary material) illustrates that increasing
Cr concentrations increases the strength and hard-
ness but decreases young’s modulus of 304NG
specimens.

Figure 3 shows the phase transformations of
304NG w.r.t Ni concentrations of 8-11wt%. As shown
in Fig. 3, Ni has different effects on different phases.
Ni stabilizes an austenitic structure because of
increasing intrinsic matrix toughness and ductility
and facilitating cross-slip at lower temperatures. It
also decreases the corrosion rate and is thus beneficial

in acid environments, improves the oxide stability,
has high capacity alloying for other materials, and is
resistant to Carbon, nitrogen, and halogens [34, 35].
As shown in Fig. 3a, increasing Ni content tends to
decrease the stability of the o phase along with
reducing the & phase. It lowers the Ac; temperature
along with decreasing the molar fraction of the a-
ferrite phase, which is suitable for toughness and
ductility. Ni concentration decreases the molar frac-
tion of Sigma phase stability shown in Fig. 3d
between 670 to 950 K temperature range. Ni increases
the stability of M,3Cs phase at 1080-1090 K and
reduces its molar fraction. Nickel is also utilized to
make intermetallic compounds that boost the
strength of hardening steels during precipitation [34].
G-phase has complex behavior for Ni dependent
samples, i.e., shows stability at 7 wt only as shown in
Fig. 3c. Nickel stabilizes y by increasing the activity
of carbon and promoting C partitioning responsible
for the decomposition of retained vy is delayed to
higher temperatures [28].

However, considering that an increase of Ni is
good for toughness, but also has limitations like
combining with sulfur to make sulfides have low
melting eutectic; so proper optimization could be
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concentration in 304NG 0.9
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needed w.r.t more alloying elements like cobalt to
reduce this issue in high-temperature applications.
Figure S2c¢, d (supplementary material) illustrates
that increasing Ni concentrations increases the
strength, hardness, and Young’s modulus of 304NG
specimens.

Figure 4 depicts phase transitions for Mn concen-
trations ranging from 0.8 to 1.4 wt%. Manganese is
widely added to boost the hot ductility of steel alloys.
Figure 4a illustrates that its impact on the o/vy bal-
ance changes with temperature. At low temperatures
up to 1000 K, Mn acts as an austenite stabilizer and
lowers Ac; temperature of the alloy. Regarding
My3Cs carbide, changing Mn’s content does not
change the stability. As shown in Fig. 4d, the higher
molar fraction of ¢ phase is at 700-800 K tempera-
ture; increasing Mn concentration shrinks the stabil-
ity temperature range of ¢ phase. Manganese sulfide
inclusions improve machinability and retarding grain
growth in steels and are not suitable for corrosion
resistance [36]. G-phase still has complex behavior for
Mn contents, although Mn increases the stability of
G-phase at higher temperature range till 550 K as
shown in Fig. 4d. MnS inclusions, as a stress raiser,
have a soft nature, low shear strength, and high
ductility, which reduces steel cutting resistance and
tool wear [37]. Figure Slc, d (supplementary mate-
rial) illustrates that increasing Mn concentrations

decreases the hardness and young’s modulus of
304NG specimens.

Figure 5 depicts the phase transitions of 304NG
compared to Si concentrations of 0.45-1 wt%. At both
high and low temperatures, Si is a robust oxidizer. At
high temperatures, such as 1580-1760 K, it promotes
a O-ferritic structure, as illustrated in Fig. 5a.
Regarding Ac; and A4 temperatures, changing silicon
does not affect the Ac; and A, temperatures. As
shown in Fig. 5b, Si reduces the molar fraction of
M,5Ce and increases the molar fraction of the inter-
metallic ¢ phase; the highest molar fraction is at
around 700 K, as depicted in Fig. 5d. G-phase sta-
bility in 304NG steel reliant mainly on Si content;
more Si content enhances G-phase stability at higher
temperatures, such as 400-675 K, as illustrated in
Fig. 5c. Si is also a useful alloying element in steel to
lower density [40] and prevents cementite from
y becoming enriched with carbon, which is retained
in the final precipitates [27].

Carbides are eliminated using Silicon in steel,
instead of precipitating as cementite C is rejected into
the residual austenite, stabilizing it down to an
ambient temperature. The resulting microstructures
are carbon-enriched regions of y phase [38]. Fig-
ure Sla, b (supplementary material) illustrates that
increasing silicon concentrations in 304NG specimens
increases the hardness and decreases the specimens’
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young’s modulus. Si content also increases the  interacting with movable dislocations while

strengths because of G-phase or fine growth of par-
ticles. G-phase is an essential part of hindering the
growth of cementite particles or making it finer or
less in size in 304NG steel grade, which is estimated
to enhance the hardness and strength of the steel [39].
However, high hardness is achieved by hard and stiff
precipitations and the blockage of dislocations by
strong point defects interaction, which is also
responsible for an increase in the modulus [30]. It is
well known that finely distributed My3;Cq carbide
particles in the matrix may strengthen the austenitic
stainless steels but also M»3Cg¢ carbide is undesirable
since its intergranular corrosion and decrease in
ductility and toughness [12]. Paradoxically, the exis-
tence of M»3Cs on grain boundaries could make slip
more difficult, boosting creep ductility [40]. In steels,
MnS inclusions help to improve machinability while
also slowing grain growth. Meanwhile, the shape of
these sulfide inclusions has a significant impact on a
variety of steel characteristics. Manganese sulfide
also had a negative impact on steel alloy mechanical
characteristics and corrosion parameters [36].
G-phase enhances strength and brittleness by
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decreasing toughness and ductility [41, 42].

Figure 6 shows the results of solidification behav-
ior using the Thermocalc simulation (Scheil module).
Scheil simulation is helpful for the understanding of
binary and multicomponent alloy solidification
paths. Since the Scheil module works on the
assumption that solid phases are “stationary,” later
simulation is directed toward the solidification of the
remaining liquid. This kind of simulation involves
recently formed solid and liquid phases that must
have the mass equilibrium with the residual liquid in
the preceding step on an individual level. This mass
steadiness requirement drives the solidification track
to go through eutectic types of responses.

The solidification path in 304NG is L + o« - L +
o+ 7 — L+ o+ v+ MnSbetween 1530 and 1750 K
temperatures, illustrated in Fig. 6. As discussed
above, Ni is an austenite stabilizer in the austenitic
steel, decreasing the ferritic molar fraction and
solidification path and adding one more austenitic
path (L 4+ y) in the Scheil module, as shown in
Fig. 6a. Ni increases parent matrix stability, which
increases the toughness and ductility of alloys. Cr
acts as a ferrite stabilizer, so higher Cr content
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Figure 6 Scheil solidification diagram for the 304NG alloy composition and its influence on solidifications. a effect of Ni, b effect of Si,

¢ effect of Mn, d effect of Cr.

increases the L + o solidification along with reducing
the L + o + y solidification path. Cr also reduces the
length of L + « + y solidification path because of the
austenitic phase and also lowers the solidification
temperature of L+ o+ y 4+ MnS, as shown in
Fig. 6d. In Figure 6b, c , changing Mn and Si content
decreases the solidification temperatures for all
solidification paths, and it does not affect so much the
length of paths or molar fraction of solid w.r.t to
changing in both contents in the prescribed range.

Experimental details

during thermomechanical processing
(TMP)

Table S1(supplementary material) shows the actual
chemical composition of the nitrogen-controlled 304
stainless steel utilized in this work. First, the

experimental materials were machined into cylindri-
cal specimens size of ®10 mm x 15 mm for the
Gleeble 3800 thermal simulator as experimental
equipment (Figure 54 in supplementary material).
During thermal compression, deformation tempera-
tures range from 900 to 1200 °C along with different
strain rates ranging from 0.001 to 1 s'. To maintain a
uniform structure, the specimens were heated to
1250 °C at a rate of 5°C/s for 3 min. After that,
specimens cooled down to deformation temperature
at a rate of 10 °C/s and then held for 1 min. The
Gleeble thermal simulator was also used to feedback
and record the temperature fluctuations of the spec-
imens during compression testing by making the
temperature uniform and then performing thermal
compression at a predetermined strain rate, and the
maximum strain value of 0.7. Immediately after
compression, the sample is water quenched to pre-

serve the dynamic recrystallization structure
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produced during deformation. When the test was
completed, then all the specimens were cut in half
along the compression direction, and half were taken
for grinding and polishing (Figure S4 in supple-
mentary material). The corrosive agent is prepared
with 50 ml concentrated hydrochloric acid and 5 ml
hydrogen peroxide, and it is corroded at room tem-
perature for 20-25 s. Scanning electron microscope
(SEM) was used to examine the microstructure at the
cross-sectional plane’s center. The grain structure of
specimens that have been subjected to hot compres-
sion shows different microstructures depending on
the processing variables. The entire test procedures
are schematically illustrated in Fig. 7.

Stress—strain curves and toughness
calculations.

Figure 8 illustrates true stress—strain curves of 304NG
specimens produced at 900-1200 °C with four dif-
ferent strain rates. Flow stress curves typically have
comparable characteristics, such as a noticeable work
hardening phase at strains less than 0.2, followed by a
flow softening stage, and occasionally a stable stage

............

at high strain zones. These flow patterns are similar
to previous low stacking faults energy materials like
austenitic steels, demonstrating that DRX can occur
during hot deformation [43]. The dislocation density
continues to rise, and dislocations rapidly accumulate
throughout the work hardening stage, resulting in a
rapid increase in stress flow. The effect of work
hardening can be somewhat negated during the
softening stage by the occurrence of dynamic soft-
ening mechanisms such as DRV and DRX [16], which
can lead to a drop in flow stress (Figure S5 in sup-
plementary material).

Figure 8a shows the flow stress—strain curve with a
constant deformation temperature of 900 °C with
various strain rates. It can be perceived that under the
condition of different strain rates, from 0.001 to
— 157, flow stress gradually decreases, and the peak
area steadily declines. At lower temperatures, under
900 °C and 1000 °C, and high strain rate, there is no
apparent peak stress and steady-state stress, that is,
the flow stress has been increasing with the increase
of the strain, for the following reasons: At low tem-
perature insufficient atomic activity makes it difficult
to nucleate DRX grains, and nucleation is not
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Figure 7 a Predicted solidification path for baseline specimen, b predicted solidification path for modified specimen, ¢ thermomechanical
processing of 304NG steel along with microstructures of 304NG at 0.01 s™' strain rate with different temperatures(900 °C to 1200 °C).
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conducive to the growth of DRX grains. During TMP
compressions, low deformation temperatures and
high strain rates make softening effect of dynamic
recrystallization low. Higher strain rates and lower
temperatures allow for faster energy buildup and
reduce mobility at borders, resulting in the nucle-
ation and development of dynamically recrystallized
grains and dislocation annihilation. Theoretically,
preventing recrystallization or precipitation can
improve material strength to some extent, increases
the true stress-true strain curve [44]. At the same
time, due to high deformation temperatures and low
strain rates, more DRX gains nucleate, and grain
boundaries are easier to migrate to make DRX grains
grow, which enhances softening effect of dynamic
recrystallization. The same characteristics are vali-
dated in microstructure evolution for other strain
rates as the temperature increases (Figure S3 in sup-
plementary material). Because atoms have higher
activity at higher temperatures, dislocations are
effortlessly merged with vacancies through climbing,
and the hardened pinned dislocations are loosened
and softened, therefore enhancing the dynamic
recovery [45]. Following a significant increase in
stress to a peak value, the flow stress declines into a
steady-state regime with a variable softening rate,
signaling the start of DRX. Furthermore, it is rea-
sonable to deduce that the stress evolution with strain
follows three distinct steps based on stress—strain
curves. During the first stage, when work hardening
(WH) dominates, flow stress rapidly grows critical. In
the second stage, the flow curve grows at a slower
rate until it hits a peak or inflection in the work
hardening rate, suggesting that thermal softening
owing to DRX and dynamic recovery (DRV) becomes
increasingly dominant eventually surpassing WH.
Three sorts of curve variation tendencies can be
generalized at the third stage: decreasing after peak
stress and gradually stable state with DRX softening
(900 ~ 1200 °C and 0.01 s™" and 0.001 s™"), contin-
uing higher stress level without substantial softening
and work hardening (900 ~ 1100 °C at 0.01 s~ '), and
growing uninterruptedly with substantial work
hardening (900 ~ 1200 °C at 1 s71) [46]. As a result,
the traditional flow curve with DRX softening, con-
sisting of a single peak followed by a steady-state
flow as a plateau, is more noticeable at higher tem-
peratures and lower strain rates. Because a higher
DRX softening rate slows work hardening at lower
strain rates and higher temperatures, the peak stress

@ Springer

and the start of steady-state flow are shifted to lower
strain levels (Figure S5 in supplementary material)
[47]. The consumed dislocations by DRX are strongly
connected to the lowering of flow stress.

Figure 8b, d, f, and h illustrates the toughness
calculation of all specimens by integrated stress—
strain values originated by the Gleeble simulator. In
the first part of this work, computational optimiza-
tion of the toughness by eliminating hard particles
that fracture easily and introducing ductile barriers to
the propagation of cracks were discussed regarding
CALPHAD strategies. In the second part, improved
strength—toughness combinations are discussed
experimentally by grain refinement during hot
deformation of austenitic steel specimens. Figure 8§
illustrates that low-temperature deformation has
high toughness values than high-temperature defor-
mations. The growth of DRX grain reduces the
toughness because DRX grain size increases or coar-
sens, as illustrated in Fig. 9.

Microstructural evolution during TMP

The microstructures of all specimens subjected to
¢ = 0.7 with numerous strain rates and various
deformation temperatures are presented in Figure S3
(supplementary material). A wavy nature can be
observed in the grain boundaries for all deformation
conditions. Fig. S3 (supplementary material) also
shows multiple annealing twins in many specimens,
especially as-cast and high-temperature deformation
specimens. Twins are generated by a specific sort of
shearing that occurs inside the grain as a result of
plastic deformation. The imposed processing
parameters, such as strain, temperature, and strain
rate influence the kinetics of DRX. As illustrated in
Fig. S3 (supplementary material), DRX grains and
their size increase at lower strain rates and high
deformation temperature. The favored DRX nucle-
ation sites are the multiple junctions of the initial
grains. It happened due to the ease of creating stress
concentrations, and nucleation triggered [48]. At a
lower strain rate, increasing deformation temperature
increases DRX grain size observed in the
microstructure. This is because, in the later stage,
both the nucleation of DRX and the development of
grains produced by grain boundary migration
require time (Fig. 9). It takes longer to compress to 0.7
at a low strain rate, permitting the grains formed by
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Figure 9 The microstructure
evolution of 304NG at strain
rate 1.0 s~" with different
transformation temperature

a 900 °C, b 1000 °C,

¢ 1100 °C, d 1200 °C.

dynamic recrystallization enough time to grow (Fig-
ure 57 in supplementary material). As a result, com-
plete recrystallization occurs at high temperatures
and low strain rate (0.1 s™'). After complete dynamic
recrystallization, the structure is rather consistent,
and the average grain size is 40-60 um (Fig. 9).

Effect of various deformation temperatures
on DRX

Figures 10 and 11 present a series of micrographs at
strain rates of 1s™' and 0.1s™' under different
transformation temperatures, respectively. It can be
seen from Fig. 10a that when the deformation tem-
perature is 900 °C, only a small part of the DRX
grains nucleate along the grain boundaries with the
presence of inclusions or pinning particles. Because
there is less atomic activity at low temperatures, so
the driving force for grain boundary migration is low,
and crystal grains are difficult to grow; smaller grains
form at the grain boundaries of the retained auste-
nitic grains.

Figure 10a, b illustrates that the original grain
structure had not been fully recrystallized, and the
grain boundaries are jagged, resulting in

Inclusions

100 um

(b) " Prior austenite grain
boundaries

l()() um

Twin boundaries

100 pm

substructures [44]. The grain elongation and saw-
tooth of the grain boundaries increase as deformation
increases, as grains become more in deformation. As
a result of the DRX process, refined grains arise.
However, because the driving force of grain bound-
ary migration is less at low temperatures, and crystal
grains are difficult to grow, more smaller grains
formed at the grain boundaries of the initial crystal
grains [7] illustrated in Fig. 12b.

Figure 11 shows the microstructure of 304NG steel
specimens at different deformation temperatures at a
strain rate of 1.0 s™'. Figure 11a illustrates that when
the deformation temperature is 900 °C, only a small
part of dynamic recrystallization occurs, and new
DRX grains nucleate along the grain boundaries. In
Figs. 11a, b, c, original grains are still retained at
900 °C, 1000 °C, and 1100 °C showing incomplete
recrystallization along with melted grain boundaries.
As the temperature rises, more DRX grains nucleate
around the boundaries. At 1200 °C in Fig. 11d, DRX
phenomenon has entirely occurred, and the entire
structure is evenly distributed with equiaxed DRX
grains.
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Figure 10 The microstructure (a)
evolution of 304NG at strain
rate 0.1 s™' with different
transformation temperature

a 900 °C, b 1000 °C,

¢ 1100 °C, d 1200 °C.

Melted
boundaries

It was observed that when the deformation tem-
perature amplified, the volume proportion of DRX
grains also increased, implying that DRX behavior
happened more efficiently at higher deformation
temperatures, as shown in Figs. 11a, b, ¢, d. At higher
deformation temperatures, this effect is linked to a
decreased driving force and increased grain bound-
ary mobility. The distribution and density of dislo-
cations, on the other hand, are hypothesized to affect
the occurrence of DRX [49], as illustrated in Fig. 12b.
Dislocation slip, climb, annihilation, and vacancy
diffusion rate increase as the deformation tempera-
ture rises, resulting in simpler activation of dynamic
recovery and even dynamic recrystallization to
overcome hardening [50].

Effect of various strain rates on DRX

Figures 13 and 14 illustrate a series of microstruc-
tures at 900 °C and 1000 °C with different strain
rates, respectively. During the compression process at
900 °C, the original structure has not been completely
recrystallized, and some initial grains are retained.
As the strain rate decreases, more dynamic

@ Springer
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transform DRX
grains

lOO pn 100 um

recrystallization occurs, and it can be seen that the
initial grains gradually decrease and the DRX grains
increase. There is enough time for dynamic recrys-
tallization nucleation and grain formation at a lower
strain rate. The microstructure illustrated in Figs. 13a,
b exhibits sluggish DRX kinetics.

The critical dislocation density reduces as the
deformation temperature rises, decreasing the critical
strain necessary for DRX to occur [51]. Figure 14
shows the microstructures of specimens with various
strain rates at 1000 °C. It has been observed that due
to strain rate decreases, the more dynamic recrystal-
lization occurs, initial grains gradually decrease, and
DRX grains increase. At 1000 °C, the driving force for
migration of grain boundary is higher, and the grains
are easier to grow. However, because there is lesser
atomic activity at low temperatures, the driving force
for migration of grain boundary is reduced, and
crystal grains are difficult to grow. It can be seen that
the recrystallized grain size at 1000 °C is greater than
at 900 °C. At the same time, there are only a small
amount of large deformed grains, and fewer original
grains are remaining. The recrystallized grains
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Figure 11 The microstructure
evolution of 304NG at 900 °C
with different strain rates a 1
s'b0.1s'c00ls!
a0.001s ",

261

Melted
boundaries

Prior austenite grain

boundaries

gradually replace the original grain structure, making
the softening effect more obvious. While comparing
Figs. 13 and 14, it can be seen that the strain rate
drives the DRX process. In another sense, the strain
rate significantly impacts the size and volume frac-
tion of DRX grains. When the strain rate is reduced,
the volume % and size of DRX grains rise. This occurs
because there is enough energy buildup to reduce the
driving force at a lower strain rate, increasing the
DRX process. DRX, on the other hand, is considered
to be triggered by the alloys’ propensity for distortion
during deformation.

As a result of the reduced strain rate, the alloy
atoms have enough time to completely diffuse, con-
sequentially in the release of sufficient distortion
potentials to drive the DRX process nucleation. Grain
boundary serration and bulging are often aided by a
low strain rate, allowing grain boundary movement
and DRX formation [52].

Furthermore, the DRX process appears to be
speeding up in a high strain rate environment. High
strain rates encourage the buildup of dislocations and
stored energy, allowing critical dislocation density to
be achieved. Softening during hot deformation

100 um

resulted from the generation of discontinuous DRX,
which is not found at higher strain rates. DRX refines
microstructure in a unique way as a consequence.
Most critically, twinning during grain expansion
necessitates boundary migration. Twinning as a
result of growth accidents accelerated growth and
leads to nucleation, affecting DRX kinetics [8]. In
these low SFE alloys, twin boundaries formed by heat
deformation or annealing play a crucial role. The
creation of twin boundaries is not only a result of the
recrystallization structure, but also plays an integral
part in the recrystallization process. The production
of twins, which speeds the separation of bulged sec-
tions from the original grain boundaries, was expec-
ted to improve the DRX of austenite stainless steels
[7, 53]. Dislocations tangle and interact inside
deformed grains as the strain rate increases, causing
slip mechanisms to hamper. As a result, substruc-
tures of micro-bands with high-dislocation density
are formed, which is advantageous in light of the fast-
increasing misorientation of boundaries. The bulging
process is unlikely to progress when the pre-existing
grain boundaries are entirely covered by new grains
[7]. Internal tensions rise when the rate of dislocation
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Figure 12 The microstructure RSP . - (b)
evolution of 304NG at ; i
1000 °C with different strain
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accumulation during deformation exceeds the rate of Figure 9 illustrates the grain size distribution of
dislocation relaxation. The dynamic recovery of aus- specimens at three stages: as-cast specimen, at
tenitic materials induced by dislocation cross-slip and 1250 °C (coarse grains), and fully recrystallized form
ascent is recognized to be insufficient to compensate (DRX grains). As a result, DRX is favored during hot
for the work hardening caused by low SFE [54]. deformation, which occurs in the low strain rate zone.
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Figure 14 a Grain size distribution of 304NG at 0.1 s~', 1200 °C, b grain size distribution of 304NG as-cast specimen, ¢ Grain size

distribution of 304NG at 1250 °C.

The nucleation and development of DRX grains can
result in the annihilation of dislocations, which
reduces the rate of work hardening; as a result, it
causes apparent softening. The size and distribution
of prior austenite grain, on the other hand, had an
impact on toughness. At 1200 °C at various strain
rates, Figure S7a (supplementary material) shows a
typical “S”-shaped dynamic recrystallization fraction
curve. The ultimate recrystallization fraction is 0.98
when the strain rate is 1.0s™', and it eventually
reaches 1 under other strain rates, demonstrating that
complete recrystallization has occurred at low strain.
The dynamic recrystallization fraction curves at var-
ious temperatures with a strain rate of 0.01 s™' are
shown in Figure S7b in supplementary material. The
final recrystallization fraction at 900 °C is only about
0.8, indicating that this specimen is not totally
recrystallized, which is consistent with the
microstructural graph at this temperature. These
findings are in line with the findings of microstruc-
tural investigations (Figures S3 supplementary
material). At 1000 °C, the final recrystallization frac-
tion was 0.91, rising to 1 at 1100 °C and 1200 °C,
demonstrating that complete dynamic recrystalliza-
tion was placed at high deformation temperatures.

Discussion

Based on the discussions above, two things were
proposed, (1) optimum alloying conditions and (2)
optimum thermomechanical process for refined
grains of 304NG alloy with a high toughness-strength
combination. The reason for changing the composi-
tion of alloying elements like Cr, Si, Mn, and Ni to
control the mechanical properties by phase

transformations of alloy, ie., Mjy3Cs Sigma, and
G-phase, is to minimize or optimize according to the
requirement of the application. In 1st part, according
to Fig. 2, increasing Cr content also increases M»3Cs,
and o phase, which is detrimental for toughness, so
we use the minimized value of Cr. Ni decreases
molar fraction of the Sigma phase, stabilizes the
parent phase, and reduces the G-phase, so it could be
fruitful to use high content (~ 9 wt%) of Ni for better
toughness. As discussed above in Fig. 4, Mn is a
suitable replacement for Ni because it also stabilizes
the austenite phase, so medium Mn content (~ 1.05
wt%) is more fruitful for RPV application require-
ments. Silicon contents increase G-phase and Sigma
phase detrimental to the toughness of alloy, By
eliminating G-phase through decreasing the content
of Si (0.45 wt%) also affects the toughness of alloy.
In the second part, DRX mechanism in the high or
low strain rate regime along various deformation
temperatures was developed based on the flow
characteristics and microstructure development
illustrated in Fig. 12. As discussed above, discontin-
uous DRX is favored during hot deformation, which
occurs at a low strain rate. The annihilation of dis-
locations can occur as a result of the nucleation and
development of DRX grains, lowering the work
hardening rate and resulting in apparent softening.
Dislocations tangle and interact inside deformed
grains as the strain rate rises, obstructing slip mech-
anisms. The initial as-cast specimen exhibits anneal-
ing twins shown in Figure S3 (supplementary
material). The dynamic recovery of y-FCC materials
induced by dislocation cross-slip and climb is well
known to be insufficient to compensate for the work
hardening caused by low stacking fault energy. As a
result, high-dislocation density micro-band
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substructures are generated, which aid the quick
misorientation of grain boundaries. Furthermore,
high strain rate regimes with high deformation tem-
peratures are linked to wuniform and refined
microstructures (Fig. 11d). The thermal energy inside
the deformed sample is modest at lower tempera-
tures and strain rates (900 °C and 0.001 s™'). The
pinning effect is barely overcome by dislocation at
the pinning point when performing cross-sliding and
climbing actions, resulting in increased dislocation at
the pinning point (Fig. 10). Simultaneously, the sub-
structures are produced, but the dynamic recovery
does not provide enough thermal energy for them to
nucleate. As a result, at lower temperatures, the
substructures are smaller and more tightly packed
than at higher temperatures, and the recrystallized
grains are significantly finer, as seen in Fig. 11d.
Furthermore, at lower temperatures, the number of
substructures with many dislocations is greater than
at higher temperatures (Fig. 11a and d). The strategy
employed in this study provides the way for the alloy
composition adjustment of 304NG in order to
enhance this alloy’s toughness—strength ratio and
creep resistance in a variety of applications.

Conclusion

This study suggested the CALPHAD-based compu-
tational method for optimizing the 304NG composi-
tions according to phase transformations and
mechanical properties such as hardness and
strength—toughness combination for high-tempera-
ture applications. The following is a summary of the
key findings:

1. The CALPHAD strategy was used to produce
304NG industrial steel with low Carbon and
Nitrogen composition (Table S1), with alloy
design standards that included excellent
strength—toughness combination, castability, and
formability. The specified steel was cast, then
thermo-mechanically processed to generate
refined grains to optimize the strength-toughness
ratio.

2. Primary recrystallized grains developed at low
strain rates. A further rise in strain causes
recrystallized grains to distort. Primary recrystal-
lized grains can act as deformed grains, resulting

@ Springer

in additional their

surroundings.

recrystallized grains in

3. Deformation temperature and strain rate influ-

enced DRX kinetics and austenite grain size in
304NG steel; the size of DRX grains after com-
plete recrystallization increased as high deforma-
tion temperature and low strain rates.

4. The network of inclusions and pinning particles

is entirely broken and effectively diffused into the
matrix phase at the same strain rate, with an
increase in deformation temperature. Because the
diffusion rate rises with increasing temperature,
grain boundaries are less likely to be disrupted
during hot deformation and accelerated grain
boundary migration.

5. Discontinuous DRX occurred during hot defor-

mation in the low strain rate region
(0.001-0.1 s™1), which resulted in the nucleation
of new grains and subsequent grains develop-
ment. The development of both strain-induced
grains and twin boundaries aided the bulging
process of nucleation. Twin boundaries are pro-
duced mainly during the growth of DRX grains
developmental stage. This type of DRX process
was accelerated in this regime due to the decrease
in strain rate along with high deformation tem-
perature. As a result, more twin boundaries were
created during grain development.
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