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Abstract: The evolution of the microstructure changes during hot deformation of high-chromium
content of stainless steels (martensitic stainless steels) is reviewed. The microstructural changes taking
place under high-temperature conditions and the associated mechanical behaviors are presented.
During the continuous dynamic recrystallization (cDRX), the new grains nucleate and growth in
materials with high stacking fault energies (SFE). On the other hand, new ultrafine grains could
be produced in stainless steel material irrespective of the SFE employing high deformation and
temperatures. The gradual transformation results from the dislocation of sub-boundaries created
at low strains into ultrafine grains with high angle boundaries at large strains. There is limited
information about flow stress and monitoring microstructure changes during the hot forming of
martensitic stainless steels. For this reason, continuous dynamic recrystallization (cDRX) is still
not entirely understood for these types of metals. Recent studies of the deformation behavior of
martensitic stainless steels under thermomechanical conditions investigated the relationship between
the microstructural changes and mechanical properties. In this review, grain formation under
thermomechanical conditions and dynamic recrystallization behavior of this type of steel during the
deformation phase is discussed.
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1. Introduction
Martensitic stainless steels (MSS) are a family of alloys composed mainly of iron,
chromium (Cr), and carbon (c) as main elements [1]. MSS have a martensitic crystal
structure in the hardened condition [2]. They are ferromagnetic, treatable and have better
corrosion resistance comparing to other types of stainless steels (SS). Chromium (Cr) in
these steels is usually 10.5–18% weight percentage (wt %) with a higher percentage of
carbon (C) in comparison to ferritic steels [3–5]. The specific amount of C and Cr is used to
ensure the formation of a martensitic structure after a complete cycle of heat treatment [6].
In MSS, an adequate Cr amount is needed to provide corrosion resistance, which is achieved
by the formation of a chromium oxide film on the surface [7,8]. The steel requires at least
11 wt % Cr to have stainless characteristics. On the other hand, the austenite phase cannot
be stable in steels with more than 10.5% Cr. For this reason, carbon, nitrogen, nickel, and
manganese are added to MSS as austenite stabilizers. In addition, some other elements like
molybdenum (Mo) and tungsten (W) are added to carbide for strengthening the MSS [9]. In
such cases, Mo2 C and W2 C can improve the strength of MSS. Elements such as titanium and
aluminum are added to the low carbon MSS to promote the precipitation of intermetallics
(IMC), such as NiTi and NiAl [10].
In addition, the high carbon content favors the formation of some carbides with other
elements like niobium, silicon, tungsten, and vanadium, which increase the wear resistance
of MSS. In some cases, small amounts of nickel are added to MSS to improve corrosion
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second-phase particles, other than alloy carbides, during thermal treatment. Pure copper
particles, NiAl, NiTi, Ni3 Ti and Ni3 Be, are well-known precipitates in this MSS type [18].
Table 2 presents some grades of precipitation strengthened MSS.
Table 1. Chemical composition of various grades of MSS.
Grade

C

410
0.15
416
0.15
420
0.15–0.4
422
0.23
431
0.2
440A
0.60–0.75
440B
0.75–0.95
440C
0.95–1.20
D2
1.50
D7
2.35
8Cr13MoV
0.775

Mn

Si

Cr

Mo

W

P

V

S

Ref.

1.0
1.25
1.0
1.0
1.0
1.0
1.0
1.0
0.3
0.4
0.458

0.5
1.0
1.0
0.75
1.0
1.0
1.0
1.0
0.25
0.4
0.333

11.5–13
12.0–14.0
12.0–14.0
12.0
15.0–17.0
16.0–18.0
16.0–18.0
16.0–18.0
12
12
14.68

0.6
1.0
1.25–2.00
0.75
0.75
0.75
1.0
1.0
0.213

1.0
-

0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.031

0.22
1.0
4.0
0.182

0.03
0.15
0.03
0.03
0.03
0.03
0.03
0.004

[19]
[20]
[21,22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

Table 2. Chemical composition of precipitation MSS grades.
Grade

C

Co

Cu

Cr

Si

Mo

Ni

Al

other

Ref.

PH15-5
PH7-17
Custom 450
PH17-4
PH13-8
Custom 465
Custom 455
SM2Mo
SM2MoNb
Pyromet X-15
Pyromet X-23
2Cr13
00Cr13Ni5Mo2
18Cr-5Ni-4Cu-N

0.04
0.04
0.04
0.07
0.03
0.02
0.05
0.02
0.022
0.01
0.03
0.18
0.013
0.06

20
10
-

3.0
1.5
3.5
2.0
4.13

15
17.06
11.5
16.5
12.6
11.8
11.5
12.59
12.91
15
10
12.86
12.97
17.63

0.385
0.42
0.41
0.39
0.18
0.86

1.7
1.0
0.5
1.90
2.05
2.9
5.5
2.04
2.11

4.7
7.2
8.5
4.0
7.9
11.0
8.5
5.01
5.16
7.0
0.12
4.92
5.55

1.06
1.0
-

0.20 Nb
0.674 Mn
0.7 Nb
0.3 Nb + Ta
1.7
1.1
0.0062
0.0043
0.53Mn + 0.002S
0.59 Mn + 0.001S
0.08 Nb + 0.13 V + 0.41 N + 0.025 P

[29,31]
[32]
[33]
[34,35]
[36]
[37]
[38]
[36,39,40]
[41–43]
[11]
[11]
[44]
[44]
[45]

-

The third type corresponds to those MSS, which are strengthened by the precipitation
of both alloy carbides and intermetallic. The chemical composition of this group (3rd type)
involves the combined precipitation of NiAl and alloy carbides (secondary hardening). This
type has standard high chromium content and alloying combinations that allow quenching
from the austenitizing temperature to obtain an almost completely martensitic structure
with a small amount of retained austenite [18]. Table 3 presents the chemical composition
of 3rd group samples.
Table 3. Chemical composition of intermetallic-carbide-strengthened MSS grades.
Grade

C

Cr

Ni

Mo

Co

V

Nb

Ref.

AFC77

0.15

14.5

-

5

13.5

-

-

[46]

AFC260

0.08

15.5

2.0

4.3

13.0

-

-

[13]

HSL 180

0.20

12.5

1.0

2.0

15.5

-

-

[11]

CSS-42L

0.13

13.8

2.1

4.7

12.5

0.60

0.04

[11]

Metal forming (metalworking) consists of deformation processes in which a metal
billet or blank is shaped by the action of tools or dies. The design and control of such
processes or final products depend on the base material’s characteristics, the conditions
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at the tool/workpiece interface, the mechanics of plastic deformation (metal flow), the
equipment used, and the finished product requirements [47]. Among various metals
and alloys, stainless steel is favorable for industries due to its excellent properties and
reasonable price. Hot metalworking is one of the major technologies used to produce
stainless steel products. In this process, the stainless steel as raw material is in billet, rod,
or slab form, and the surface-to-volume ratio in the formed part increases considerably
under the action of primarily compressive loading [48,49]. Rolling, skew mills, ring rolling,
forging, draw benches for tube and rod, and extrusion are samples of manufacturing
processes that form stainless steels in hot condition. Among metallurgical changes of
metallic materials, dynamic recrystallization (DRX) is very crucial to the microstructural
evolution during hot deformation of alloys with low, medium, and high stacking fault
energy (SFE) [50,51]. This phenomenon changes the microstructure substantially through
nucleation and growth of new strain-free grains at the expense of pre-existing ones [52,53].
The DRX is of critical importance from the industrial viewpoint because it reduces the
stored strain energy, and the corresponding softening effect decreases the required force to
shape a workpiece. Taking advantage of DRX to decrease the required energy for shaping
a product and avoiding plastic instabilities or premature fracture is quite a practical way in
different industrial manufacturing processes [6]. In addition to this, DRX often contributes
to improving microstructure, thereby refining the grain structure and improving the final
product’s mechanical properties. For a careful design of the hot working process, having
in-depth information about a material’s dynamic recrystallization behavior is essential [54].
There is sufficient literature about DRX phenomena in stainless steel during hot forming,
but there is not comprehensive literature or review about DRX in martensitic stainless
steels during how working. Based on the mentioned underlying phenomena, this review
article’s aim is a deep understanding of DRX in MSS from an experimental point of view.
2. Hot Formability of MSS
Generally, hot working refers to the temperature of mechanical processing that is
above half of the melting temperature (Tm) of base metal. Being above 0.5 Tm decreases
yield strength and hardness and increases the ductility of metallic materials [55]. From
a metallurgical point of view, the plastic deformation above the metal’s recrystallization
temperature is called hot working (forming) [56].
From the manufacturing processes point of view, metal forming is divided into two
main groups: sheet metal forming and bulk metal forming. One of the main parameters to
find specific material that the specific process can form is workability or formability test.
There are several kinds of formability tests in sheet metal forming. Uniaxial and multiaxial
tensile tests in various temperatures are a well-known approach to find the formability of
sheet metals. The formability limitation, mechanical properties, and prediction of fracture
during sheet metal forming are accessible by formability test results.
On the other hand, in bulk metal forming, like forging, extrusion, coining, rolling, and
stretching, another type of workability test is implemented—this type of test is called a hot
compression test. The dimension of raw materials and applied stress concept informing
process are the main results that caused researchers to use hot compression test in the
laboratory. The compression stress for the flow of materials is the primary stress used in
bulk metals forming like hydrostatic forging, orbital forging, skew rolling, tube forming,
extrusion, and even solid-state additive manufacturing hot conditions. Some research
has been done to develop new workability tests for materials in bulk scale, but so far, the
primary test for formability (workability) of metallic materials, especially steel, is the hot
compression test.
Various forming processes of metals, like forging, rolling, drawing, and extrusion, can
be done in hot conditions [57]. In order to understand the behavior in hot conditions of
metallic materials, such as MSS, hot compression tests are usually carried out to characterize
hot workability (formability). This test consists of isothermal tests in a wide range of
temperature and strain rates. This experiment is pervasive and well-known in laboratories
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3. Dynamic Recrystallization of MSS under Hot Deformation
The word recrystallization usually refers to the replacement of a deformation microstructure by new grains [62,63]. The process of recrystallization during heat treatment
is called static recrystallization (SRX) [64,65]. SRX (primary recrystallization) is one of the
most studied phenomena, which refers to the nucleation and growth of new grains during
heat treatment [40,66]. The schematic view of this process is depicted in Figure 3.
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dynamic recovery (DRV) [82]. Dislocation motions prepare new grains nucleation. In
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During plastic deformation, the dislocations glide and climb to form sub-grains
by
dynamic recovery (DRV) [82]. Dislocation motions prepare new grains nucleation. In this
phase, the bulges without or with a few dislocations are surrounded by accumulated dislocations.
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Figure
4.
materials [85]. The schematic view of dDRX is depicted in Figure 4.
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[87,88]. The cDRX steps consist of cell structure formation, sub-grain rotation and increasthe misorientation, and conversion of grains from LAGB to HAGB [89]. During cDRX,
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materials
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materials
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that as a
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boundaries
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lead the grains to collapse each other, causing grain fragmentation [95]. Both gDRX and the
result of LAGB (sub-grain) formation [94]. This behavior compresses grains serrations on
cDRX have the same features, which are continuous growth of HAGB area and absence of
nuclei [96]. At the same time, gDRX usually occurs due to large deformations when the grains
are extremely elongated and thinned by grain migration [97,98]. The schematic view of cDRX
and gDRX is shown in Figure 5a,b, respectively.
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mentioned, the microstructure behavior is related to the temperature and strain rate. At
high-temperature deformation of MSS, the necklace structure is formed by fine grains
originated in the recrystallization at the elongated grain boundaries. It is reported that, at
low-temperature and high-strain rate (in adiabatic deformation situation of MSS), different
shear forces are created in diverse parts of the sample [100]. In such case, the dislocations
are stuck on the interface of grain boundaries, and inhomogeneous grain distributions are
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low-temperature and high-strain rate (in adiabatic deformation situation of MSS), different shear forces are created in diverse parts of the sample [100]. In such case, the dislocations are stuck on the interface of grain boundaries, and inhomogeneous grain distribudeveloped
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Metals 2021, 11, 572

12 of 25

Metals 2021, 11, x FOR PEER REVIEW

12 of 25

the critical peak and steady-state strains are essential in characterizing the DRX behavior
of a particular alloy.
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The micrograph of base metal revealed coarse austenite grains with 158 µm size. At
the deformation temperature of 1223 K and strain rate of 0.1 s−1, the original coarse austenite grains are elongated, and some sub-grains are formed along boundaries (Figure 9b).
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The micrograph of base metal revealed coarse austenite grains with 158 µm size. At
the deformation temperature of 1223 K and strain rate of 0.1 s−1 , the original coarse austenite grains are elongated, and some sub-grains are formed along boundaries (Figure 9b).
Microstructure investigation revealed that the DRX is insufficient and incomplete in high
strain rate (10−1 ), and partial DRX or DRV was detected as the primary deformation mechanism. Some serrated grain boundaries, together with local bulges, were observed on the
newly formed boundaries. The reason may be that the grain boundary (or deformation
band) has a larger driving force and more nucleation sites for DRX. It seems that the
larger density of dislocation in the corresponding regions is the root of this phenomenon.
Figures 8d and 9c show the typical microstructures of the deformation twin phenomenon,
deformed at the strain rate of 10 s−1 and the deformation temperature 1273 K, 1373 K,
respectively. The deformation twin phenomenon may be that the grain deformation and
grain boundary sliding are inhibited by the low-level dynamic recovery [61].
The obtained microstructure at different thermo-mechanical regimes of stable deformation during hot forming of 410 MSS shows an equiaxed appearance of original austenite
grains extracted from the final martensitic structure, which implies the occurrence of DRX.
It is very well documented that grain size remains almost unchanged at strains over the onset of steady-state flow. The steady-state grain size, also known as DRX grain size, increases
with temperature, decreasing with strain rate. This demonstrates that DRX grain size is
almost independent of the initial grain size. Therefore, different models are recommended
to express the dependence of DRX grain size to processing parameters incorporated in the
Zener–Hollomon parameter (Z). Thus, concluded that DRX grain size depends on the Z
parameter and is almost independent of the initial grain size so that the DRX grain size
decreases with an increase in the Z [126].
Kishor et al. studied the characteristics of 13Cr-4Ni microstructure during hot deformation [62]. The optical microstructure of ASR 13Cr-4Ni martensitic stainless steels
before the deformation is shown in Figure 10a, consisting of a full-lath martensite structure. According to the achieved results, after the hot deformation, all the microstructures
predominantly exhibited a martensitic structure for all the deformation conditions. Microstructural evolution after hot deformation was characterized to validate the occurrence
of DRX and to confirm the stable and unstable regions. Uniform grain growth and small
equiaxed grains along the grain boundaries were observed at the deformation conditions
of 1000 ◦ C, 0.001 s−1 and 1050 ◦ C, 0.1 s−1 , as can be seen in Figures 9c and 10b, respectively.
These features demonstrate the occurrence of DRX that was achieved by optimum hot
working domains. For 950 ◦ C, 0.1 s−1 deformation condition (Figure 10d), the microstructure revealed partially recrystallized features (seen as equiaxed grains) and remaining
recovered structure (seen as inhomogeneous distribution of grains). This is representative
of the incomplete softening mechanism during 950 ◦ C, 0.1 s−1 deformation condition.
Microstructure in Figure 10e corresponding to the instability region 900 ◦ C, 10 s−1 revealed
localized flow structure and shear bands (marked by arrow) due to the absence of steadystate behavior. It also shows refined grains formed due to recrystallization within the
bands. According to the processing map, this condition is located in the instability region.
Microalloying of MSS can change the DRX during hot deformation. The standard
and well-known element in MSS is niobium (Nb) that has an intense effect on DRX. The
microstructure changes of MSS micro-alloy during the hot compression test are shown in
Figure 11. The initial microstructure was a completely coarse equiaxed austenitic grain
structure. At a low strain rate, the austenite grains were elongated, and DRX was not
detected. Many Nb precipitates with lamellar shape appeared alongside the austenite
grain boundaries. With increasing temperature, the precipitates along grain boundaries
decreased, and a small amount of DRX with fine grains formed in hot deformed areas. It
is proved that a high density of dislocations could be produced during the martensitic
transformation and distribution of a large number of nanosized precipitates [127].
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well-known element in MSS is niobium (Nb) that has an intense effect on DRX. The microstructure changes of MSS micro-alloy during the hot compression test are shown in
Figure 11. The initial microstructure was a completely coarse equiaxed austenitic grain
structure. At a low strain rate, the austenite grains were elongated, and DRX was not detected. Many Nb precipitates with lamellar shape appeared alongside the austenite grain
boundaries. With increasing temperature, the precipitates along grain boundaries decreased, and a small amount of DRX with fine grains formed in hot deformed areas. It is
proved that a high density of dislocations could be produced during the martensitic transformation and distribution of a large number of nanosized precipitates [127].
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Restoration mechanisms in metals during hot work have been one of the main issues
in recent decades. In most cases, DRV has been reported as the only restoration mechanism for alloys with high stacking fault energy [128,129]. Besides, in metals and alloys
with high SFE, cDRX occurs instead of dDRX. cDRX plays a prominent role in producing
finer grains through hot deformation [3–5]. This mechanism mostly occurs in low carbon
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Restoration mechanisms in metals during hot work have been one of the main issues
in recent decades. In most cases, DRV has been reported as the only restoration mechanism
for alloys with high stacking fault energy [128,129]. Besides, in metals and alloys with
high SFE, cDRX occurs instead of dDRX. cDRX plays a prominent role in producing finer
grains through hot deformation [3–5]. This mechanism mostly occurs in low carbon ferritic
steels and even to some extent in austenitic stainless steels as well as MSS [130]. Generally,
ferritic microstructures prefer the work softening by an extended DRV, resulting in cDRX
at higher applied strains [88,131]. Dynamic restoration leads to an increase in the density
of dislocations at LAGBs, thereby transforming them into HAGBs [132]. It accepted that
sub-grains might rotate to the point that the adjacent sub-grains reach a similar orientation
due to boundary diffusion processes [133]. In this case, already existing LAGBs will be
deleted [11]. These sub-grains will combine and convert to larger subgrains. The driving
force necessary for this process will be obtained by decreasing the surface area of LAGBs
in unit volume [134].
4. Analysis of MSS Flow Stress under Hot Deformation
Metals flow stress graph relates strain, strain rate and temperature. Many mechanical
or metallurgical parameters could change the results of flow stress. The addition of alloying
elements in MSS could increase the flow stress value and reduce the hot workability.
The properties of stress–strain graph are determined by the deformation temperature,
strain rate, microstructural, and the final crystallized grain size. Generally, the flow stress
decreases with increasing temperature and increases with increasing strain rate at a constant
parameter during compression test [77].
During hot deformation of MSS, three types of flow stress graphs have been reported
that indicate that there are cDRX and DRV [135]. In the first case, during high-temperature
plastic forming, the flow stress graph shows a continuous increase until reaching saturation
stress. This behavior, depicted in Figure 11a, indicates a steady state of flow, which is
the result of strain hardening decrease during deformation. In these cases, DRV is the
main restoration process during hot deformation [136]. This type of graph is usually seen
during hot deformation of MSS with low strain rates (ε < 1), and it is justified by the
fact that the softening produced by DRV is able to balance the strain hardening rate. In
the second case, which is referred to as the dDRX phenomenon, the flow stress graph
in high-temperature compression shows a gradual increase until it reaches a stress peak
(Figure 12). Then with increasing strain, the flow stress decreases until a steady-state
trend. In exceptional cases, some decreasing peaks of heights form before the steady-state
behavior. During straining (from starting point and before reaching peak stress), the graph’s
increase is the result of new grains appearance, which leads to softening due to decreasing
the rate of work hardening. After the peak stress, the steady flow stress is the result of the
dynamic equilibrium existing between strain softening and strain to harden. This dynamic
equilibrium is the result of new grains formation with grain boundary migration. The third
type of graph is obtained at high strain rate (5−1 ) experiments. In these cases, DRV occurs
in the substructures at the early stage of straining and sub-grains misorientations till they
attain HAB values [84,87,112,135]. During the hot forming of MSS, the relation between the
DRV rate and the grain boundaries migration velocity determines the formation of dDRX
and cDRX. With increasing temperature, the critical strain for the dDRX decreases, which
leads to a reduction in metal grain size [135,137]. The addition of elements in MSS during
production can affect the flow stress during hot deformation. For example, Niobium (Nb)
precipitates effectively postpone or inhibit DRX in MSS. During hot deformation, Nb atoms
impose solute dragging force on the moving dislocations and grain boundaries.
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In another type of hot testing, a hot tensile test has been done on 13CrMoNbV steel.
The engineering stress–strain curves of the steel at various temperatures are depicted in
Figure 12d,f [138]. The increasing temperature decreased the engineering stress during
the tensile test, similar to the hot compression behavior. On the other hand, the ultimate
tensile strength values increase with decreasing temperature. The 13CrMoNbV steel shows
high values of plasticity in the range of 1100 ◦ C–1275 ◦ C [138]. The fracture surface of
tensile samples consists of traces of intensive deformation before failures, such as microvoids, dimples, and sharp crests. The fracture surface becomes more heterogeneous with a
temperature increase from 1100 ◦ C to 1200 ◦ C. The dimples’ size increases with increasing
deformation temperature due to a more intensive plastic deformation and the coalescence of
micro-voids during a longer deformation process at high deformation temperatures [139].
5. Precipitates and Dislocations
Generally, the martensitic matrix of MSS contains precipitates after thermo-mechanical
processing. Depending on the strain rate and temperature, the size of precipitates and
also morphologies of obtained martensite after transformation could be different [140].
During thermo-mechanical processing of MSS, the probability of nanosized precipitates
formation and density of dislocations increase. During the hot working, the martensitic
matrix changes to martensitic blocks, and the blocks are further divided into several parallel
laths [141–145]. TEM images of martensitic lath and precipitates in 403Nb steel after hot
working are shown in Figure 13. The small-block and martensitic lath are detectable in
the TEM images. The large carbides (thick black arrows), nanosized MX carbides (thin
black arrows), and undissolved precipitates (white arrows) arisen during solid solution
treatment are detected [146]. The big carbides that mostly had M23 C6 chemical composition
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precipitated along with the martensite lath and blocks. This carbide type is regularly
detected in conventional 9–12% Cr steel [147–149].
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of MSS, but at a higher temperature and high strain rate, the carbides at grain boundaries
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is accelerated. These two factors greatly accelerate the softening process and reduce flow
stress. In Cu-bearing MSS, the degree of dynamic recrystallization is tremendous, and for
starting DRX lower strain rate is needed. In this type of MSS, the CrN and Cr23C6 phases
were detected during hot compression, strengthening the grain boundary and significantly
affecting the strain limit of the material [152].
The fine MX carbides are distributed mainly within that lath and along boundaries.
In some cases, deformation-induced phase transformation caused an increase of dislocation density in the martensite and induced a concentration of dislocations at the boundaries [153]. During the hot forming, the piling up of dislocations on the boundaries creates
internal stress concentration [154]. Furthermore, the number of dislocations in martensite
lath boundaries increased. Therefore, the density of dislocations near the transformed lath
is much higher than in the initial martensite matrix [155,156].
During the hot compression test of MSS, the metal atoms can diffuse sufficiently
at a low strain rate, which is advantageous for the occurrence of dynamic recrystallization [157]. At low strain rates, the longer DRX times make it easier for recrystallized grains
to grow [158]. Further, a lower strain rate results in less coarse energy obtained by metal
deformation. Consequently, the recrystallization driving force decreases accordingly, and
the area where recrystallization can occur also decreases simultaneously [159]. In precipitation MSS grades, carbides at grain boundaries have hindered the movement of dislocations,
grain boundary slip, and metal recrystallization growth. During hot compression test,
at low-temperature and low strain rate, these carbide remains in the microstructure of
MSS, but at a higher temperature and high strain rate, the carbides at grain boundaries
gradually dissolved into the matrix [160]. On the other hand, at the high-temperature
compression test, it is shown that during the high strain rate hot compression test of MSS,
the number of carbides at grain boundaries was reduced [161]. This phenomenon indicated
that strain is greater than the time effect on dissolving of carbides. This issue can be used
in the processing efficiency of MSS [162]. The carbide precipitates dissolved at the grain
boundaries, thereby weakening the pinning effect on grain boundaries, and consequently,
DRX was easier to occur in precipitation MSS grades at a higher temperature [163].
6. Summary and Further Investigation
The main contributions of the experimental characterization of dynamic recrystallization of martensitic stainless steels during hot deformation are analyzed in this paper,
focusing on its applicability to bulk forming operations.
The experimental technique mostly used for the characterization of MSS workability
in hot forming conditions is the hot compression test, as for most metals. Flow stress
behavior of the material under different plastic deformation conditions are obtained, as
well as relevant information of grain evolution that has been used for understanding DRX
phenomena. There are three types of DRX: discontinuous, continuous and geometrical.
In the dDRX, dislocation motion and accumulation favor new grain nucleation at grain
boundaries leading to a new finer cell structure. It is rarely reported in high chromium MSS
during hot deformation since it is related to low and medium stacking-fault energy (SFE)
steels, and MSS are in the category of high SFE materials. The cDRX directly changes the
orientation of sub-grains and forms new grains. During cDRX, dislocations are generated
and rearranged to form LAGB sub-grains boundaries. The cDRX is very common in high
stacking-fault energy (SFE) materials like MSS. Finally, gDRX is a mechanism of grain
refinement by grain elongation, thinning, and fragmentation. gDRX and the cDRX have the
same features, which are continuous growth of HAGB area and absence of nuclei. These
types of grain refinement added to the analysis of stability have been recurrently studied
in the literature reviewed for different grades of MSS.
Regarding the analysis of MSS flow stress during hot deformation (at temperatures
above 0.5 Tm ), it has been found that DRV and DRX phenomena counteract strain hardening
and lead to strain softening at large strains. In MSS, as high SFE materials, deformation is
.
controlled mainly by DRV, especially at low strain rates (ε < 1 s−1 ). During hot forming,
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the redisposition and annihilation of dislocations readily happen over DRV, leading to
the formation of subgrains. DRV and cDRX cause strain-softening of MSS during hot
deformation. In cDRX, a critical strain is needed to nucleate new grains and HABs are
formed during high strain deformation conditions. These new grains contain high densities
of dislocations. The grains structure after cDRX is nearly homogeneous.
In addition, the presence of precipitates, main carbides of different compositions (NbC,
Cr2 N, M23 C6 ) and Cr compounds (CrN and Cr23 C6 ) cause hardening of the grain boundary,
facilitates the activation of thermal deformation and ease the nucleation of the DRX process.
As a result, an acceleration of the softening process and a reduction of flow stress are usually
observed in MSS under high-temperature forming conditions due to precipitations. Despite
the significant effort made in studying the microstructural structures of MSS produced
by DRV and DRX reviewed here, some notable features remain to be explained. First, the
application of cDRX to microstructure control in MSS grades does not consider allotropic
transformations. Second, the effects of the continuous multiphase hot bulk metal forming
on the DRX of MSS have not been considered. In hot bulk metal forming, the sub-DRX
and microstructural changes could be interesting. Third, the deformation twinning role in
producing cRDX grain refinement is also an interesting contribution for the future.
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