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Abstract: The effect of high-temperature thermomechanical treatment on the structural transforma-
tions and mechanical properties of metastable austenitic steel of the AISI 321 type is investigated. The
features of the grain and defect microstructure of steel were studied by scanning electron microscopy
with electron back-scatter diffraction (SEM EBSD) and transmission electron microscopy (TEM). It
is shown that in the initial state after solution treatment the average grain size is 18 µm. A high
(≈50%) fraction of twin boundaries (annealing twins) was found. In the course of hot (with heating
up to 1100 ◦C) plastic deformation by rolling to moderate strain (e = 1.6, where e is true strain) the
grain structure undergoes fragmentation, which gives rise to grain refining (the average grain size
is 8 µm). Partial recovery and recrystallization also occur. The fraction of low-angle misorientation
boundaries increases up to ≈46%, and that of twin boundaries decreases to ≈25%, compared to the
initial state. The yield strength after this treatment reaches up to 477 MPa with elongation-to-failure
of 26%. The combination of plastic deformation with heating up to 1100 ◦C (e = 0.8) and subsequent
deformation with heating up to 600 ◦C (e = 0.7) reduces the average grain size to 1.4 µm and forms
submicrocrystalline fragments. The fraction of low-angle misorientation boundaries is ≈60%, and
that of twin boundaries is ≈3%. The structural states formed after this treatment provide an increase
in the strength properties of steel (yield strength reaches up to 677 MPa) with ductility values of 12%.
The mechanisms of plastic deformation and strengthening of metastable austenitic steel under the
above high-temperature thermomechanical treatments are discussed.

Keywords: metastable austenitic steel; high temperature thermomechanical treatment; electron
microscopy; deformation microstructures; grain refinement; mechanical properties

1. Introduction

Austenitic steels are widely used in many industries, but their application is still
limited by relatively low strength properties (yield strength of 200–340 MPa) in the initial
(quenched or solution treated) state [1–3]. The mechanical properties of these steels are
successfully improved relative to the initial values by plastic deformation and (or) by
thermomechanical treatments [4–6]. Under conditions of cold plastic deformation in
metastable austenitic steels, dislocation gliding is not the only deformation mechanism
of plastic deformation; there are also strain-induced γ → ε (face-center-cubic (fcc) →
hexagonal-closed-packed (hcp)) and γ→ ε→ α′ (fcc→ hcp→ body-center-cubic (bcc))
martensitic transformations [1,2,5,7–11]. In austenitic steels with low stacking fault (SF)
energy under these conditions, a high density of microtwin packets is formed [12–15]. It
is shown that with increasing deformation degree the microstructure of 304-type steel
progressively changes: Dislocations (Ds)→ Ds + SFs + ε→ Ds + SFs + Twins + ε→ Ds
+ SFs + Twins + ε + α′ → Ds + Twins + α′ [16]. The heterophase submicrocrystalline
structure of metastable austenitic steel represented by deformation α′-martensite packets
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with a high dislocation density and austenite microtwins, provides a significant increase in
strength (yield strength of more than 1000 MPa) relative to the initial state. This markedly
reduces the plastic properties of the material [15,17]. It should also be noted that as a
result of the formation of α′-martensite, steel becomes magnetic [18], which might limit its
practical application. Under annealing after cold deformation, reverse transformations of
martensitic phases into austenite, recovery and recrystallization of austenite occur. In this
case, the plastic properties increase, but the full completion of the reverse transformations
with the formation of 100% austenite leads to a significant decrease in strength, compared
to the cold-deformed state [19–21].

Under hot and warm plastic deformation of austenitic steels, less deformed structural
states are formed, compared to the cold deformation [22–25]. This is due to the lack
of conditions for the martensitic transformations and mechanical twinning and to the
effects of dynamic recovery and recrystallization. The stacking faults energy increases with
increasing temperature [26,27], so high stresses are required to split perfect dislocations
to partial dislocations, which prevents deformation twinning. The ductility after such
treatments is significantly higher while the strength properties are lower, compared to those
at similar degrees of low temperature deformation. To achieve high-strength states (yield
strength more than 1000 MPa), severe plastic deformations are required [28]. A combination
of high degrees of deformation and temperature-strain rate treatment modes can activate
the processes of dynamic recrystallization. In this case, an equiaxed submicrocrystalline
structure is formed. This structure contains a combination of grains with an increased
dislocation density and low-defect grains [23,28,29].

Extensive investigations of the effect of thermomechanical control processing on the
grain structure and mechanical properties of austenitic steels have been performed [30–33]
and recrystallization of type 321 steel during and after hot deformation was studied [34,35].
It was shown that for the formation of a recrystallized structure, deformation should be
carried out in the temperature range of 900–1200 ◦C. The recrystallization temperature
depends on the elemental composition of the steels. The reduction in the austenite grain
size is achieved by lowering the rolling end temperature, increasing the cooling rate, and by
increasing the cooling start temperature in the recrystallization region [31]. In this case, low
values of hardening are achieved (the yield point does not exceed 300 MPa). Deformation
at lower temperatures leads to the formation of a pancake structure and localization of
deformation [30]. In this case, the values of the yield strength are generally higher than
400 MPa with a corresponding loss of ductility.

Despite the extensive research into the effect of warm deformation on the microstruc-
ture and mechanical properties of austenitic steels, the effect of deformation in the recrys-
tallization region followed by deformation at lower temperatures remains unclear. Type
321 steel is relatively little studied compared to other austenitic steels such as 304 and 316.
The presence of titanium in the solid solution of 321 steel can lead to rapid precipitation
of dispersed Ti (C, N) particles during warm deformation in the temperature range of
750–800 ◦C [36]. Deformation at 800 and 850 ◦C is accompanied by the formation of M23C6
precipitates at the grain boundaries of austenite [37].

In this work, we focus on the microstructure features and their impact on the strength
and plastic properties of metastable AISI 321 austenitic steel after hot deformation and a
combination of hot and warm deformations at moderate deformation degrees.

2. Materials and Methods

The material used was Russian grade (08Kh18N10T) austenitic chromium-nickel steel
(AISI 321 type) Fe-18.02Cr-9.77Ni-1.4Mn-0.59Ti-0.39Si-0.19Cu-0.1Mo-0.08C (mass.%). Prior
to deformation, the samples were solution treated (ST) at 1100 ◦C for 1 h followed by water
quenching. The initial sample size was≈50× 12× 10 mm3. Thermomechanical treatments
were performed in two modes. The first treatment consisted of hot (with heating up to
1100 ◦C) rolling deformation in 3 passes with a total degree of deformation e = 1.6, where e
is true strain. Heating was carried out in a tubular electric furnace of the T-40/600 type
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(Russia). The temperature was determined by the furnace thermocouple. Before the first
pass, the sample was kept in the furnace for 1 h to align the chemical composition, similar
to ST. Before the second and third passes, the samples were kept in the furnace for 10 and
5 min, respectively, to align the temperature to the sample. After removal from the mill the
samples were quenched in water after each pass. The rolling mill was maintained at room
temperature. The strain rate was ~1 s−1. This treatment is termed as high-temperature
thermo-mechanical treatment-1 (HTMT-1). The second treatment consisted of hot rolling
deformation with heating up to 1100 ◦C, e = 0.8 in one pass, and subsequent deformation
with heating up to 600 ◦C, e = 0.7 in one pass (HTMT-2). As in the first case, after each pass
the samples were quenched in water.

The time before the transfer of the sample from the furnace to the rolling mill was
5–10 s, so the actual deformation temperature was lower than the temperature in the
furnace. The first treatment and the first stage of the second treatment were performed
with heating above the recrystallization start temperature. The deformation temperature in
the second stage of the second treatment is lower than the recrystallization temperature. It
is chosen low enough to significantly increase the strength of the material and prevent the
intensive precipitation of dispersed particles during warm deformation. This significantly
increases the load on the rolling mill.

The microstructural characterization was performed using a Tescan MIRA 3 LMU
scanning electron microscope (SEM) equipped with a field emission gun (FEG) and an
Oxford Instruments Nordlys F electron back-scattered diffraction (EBSD) detector. The SEM
samples were prepared by mechanical polishing followed by ion milling as a final polishing
step. Ion polishing was performed using a Technoorg Linda SEMPrep 2 system. The EBSD
data were obtained with step sizes of 500 nm (ST), 300 nm (HTMT-1), and 100 nm (HTMT-2).
After deformation treatments, the EBSD images were taken perpendicular to the rolling
plane. The microstructure and texture analyses were carried out by the Oxford Instruments
AZtec software. It is assumed in this paper that the average grain size corresponds to
the equivalent circle diameter obtained from EBSD data. The high angle boundaries are
the boundaries with a misorientation angle of >15◦; only these boundaries are taken into
account when estimating the average grain size.

Transmission electron microscopy (TEM) investigations were conducted using a
Philips CM-12 electron microscope at an accelerating voltage of 120kV. Thin foils were pre-
pared from sections perpendicular to the rolling plane by electropolishing in an electrolyte
containing 450 mL of orthophosphoric acid and 50 g of chromic anhydride. The dislocation
density was estimated by the linear intercept method [38].

Mechanical tests were carried out at ambient temperature by the method of static
tensile deformation at a strain rate of ≈2 × 10−3 s−1 on a NIKIMT 1246R-2/2300 high-
temperature vacuum testing machine (Russia) using dog-bone samples with the gage
length of 13 mm and gage section of 2 × 1 mm2. Samples were cut parallel to the rolling
plane. The scheme of microstructure observation and cutting of samples for tension tests is
presented in Supplementary Materials Figure S1.

3. Results
3.1. EBSD Study

The results of EBSD studies and their statistical analysis are presented in Figures 1–3
and in Supplementary Materials Figure S2.
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Figure 1. Electron back-scattered diffraction (EBSD) images of the initial steel microstructure. Orientation maps (a), grain 
misorientation distribution (b), phase maps, where TiC is in green color, austenite is in gray color with high-, low-angle, 
and twin boundaries are denoted by black, blue, and red lines, respectively (c). In other figures, the same boundary color-
ing is used. 
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Figure 1. Electron back-scattered diffraction (EBSD) images of the initial steel microstructure. Orientation maps (a), grain
misorientation distribution (b), phase maps, where TiC is in green color, austenite is in gray color with high-, low-angle,
and twin boundaries are denoted by black, blue, and red lines, respectively (c). In other figures, the same boundary coloring
is used.
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Figure 3. EBSD images after high-temperature thermo-mechanical treatment-2 (HTMT-2). Orientation maps (a), grain
misorientation distribution (b), magnified selected part from image (a): orientation maps with high- and low-angle
boundaries (c), phase maps with high-, low-angle, and twin boundaries (d), and GND map with high-angle boundaries (e).
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According to these data, in the initial (after quenching) state, the steel consists mainly
of austenite (Figure 1). At the same time, sufficiently coarse (up to several microns) TiC
particles and a small amount of the BCC phase (not shown) are detected. In some ar-
eas, its content can reach several percent. It can be the δ-ferrite phase or as an artifact
of strain-induced α′-martensite formed in the final stage of sample preparation during
ion polishing. According to the EBSD analysis, in the initial state, high-angle misorien-
tation boundaries dominate in the material and the fraction of low-angle boundaries is
insignificant (Figure 1b,c). At the same time, it is necessary to note a high fraction of twin
boundaries ≈ 50% (Figure 1b,c). On the histogram of grain misorientation distribution,
this corresponds to a narrow high peak at 60◦. The characteristic shape and size of the
twins indicate that they are annealing twins. Without taking into account the twins, the
average grain size is 18 µm (given the twin boundaries in the ensemble of grain boundaries,
it decreases to 8 µm).

The grain size distribution (see Supplementary Materials Figure S2) implies that in the
initial state the material has a varied-grain state: a significant fraction (≈40%) of fine grains
(up to 5 µm) and ≈15% of coarse (more than 50 µm) grains. Taking into account twins, the
fraction of fine and medium (5–15 µm) grains in the grain size distribution increases, while
that of grains larger than 15 µm decreases.

Multi-pass rolling of steel with heating to 1100 ◦C (HTMT-1) contributes to stretching
of the initial grains in the rolling direction (Figure 2). At the same time, there are equiaxed
grains, but their fraction is insignificant. The grain sizes in the rolling direction may be
several times larger than those in the perpendicular direction. Many low-angle misorienta-
tion boundaries are formed in the material; their fraction is 46%. (Figure 2c). The fraction
of twin boundaries reaches 22% (at a tolerance angle of 8◦), which is less than that in the
initial state. When the tolerance angle is reduced to 5◦, this value is reduced to 16%. Thus,
a significant number of twin boundaries after the above processing experience deviations
from the exact twin position by small angles. In the grain misorientation distribution
two peaks are clearly seen, corresponding to the low-angle and twin (60◦) boundaries.
Both low-angle and twin boundaries lie mainly at the angles less than 30◦ relative to the
rolling direction (Figure 2c). Maps of geometrically necessary dislocations (GND) were
reconstructed based on the EBSD data. It follows from the analysis of the GND map after
HTMT-1 (Figure 2d) that the dislocation density inside the largest grains is rather low (less
than 1 × 1014 m−2). The areas of increased (~1015 m−2) dislocation density correlate with
the locations of low-angle misorientation boundaries in Figure 2c.

The actual deformation temperature was lower than the furnace temperature (1100 ◦C).
However, during heating to this temperature and holding, the samples were undergoing
recovery and initial stages of recrystallization, at which annealing twins were formed.
During deformation, the initial annealing twins experience significant deviations from
the twinning positions and become arbitrary high-angle boundaries. It is not possible to
estimate which parts of the initial annealing twins were retained during deformation in
three passes nor which twins were formed during heating before the last pass.

The average grain size after HTMT-1 is 8 µm (including twins—6 µm). From the
analysis of the grain size distribution after this treatment (see Supplementary Materials
Figure S1), it follows that in the material, the fraction of fine (up to 5 µm) grains increases
(to more than 50%), the fraction of coarse grains decreases, and there are practically no
grains larger than 50 µm. In this case, the shape of the distribution practically does not
change relative to the initial state; the distribution itself shifts to smaller sizes. As in the
case of the initial state, taking into account of twins in the distribution increases the fraction
of fine and medium grains and decreases the fraction of grains larger than 15 µm. It should
be noted that no submicron grains were found after this treatment.

Two-stage thermomechanical treatment with deformation (e = 0.8) with heating to
1100 ◦C and subsequent deformation (e = 0.7) with heating to 600 ◦C (HTMT-2) contributes
to additional stretching of the initial grains in the rolling direction and their refining
(Figure 3) compared to HTMT-1.
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Numerous new low-angle misorientation boundaries are formed, many of which are
roughly parallel to the rolling direction (Figure 3a,d). The boundaries that are perpendicular
to the rolling direction are often curved; these boundaries close the elongated fragments
and form new fine equiaxed grains and subgrains (Figure 3c). However, the fraction of
these boundaries in the overall structure of steel is insignificant; they are formed mainly
along the grain boundaries stretched in the rolling direction. The average grain size is
reduced to 1.4 µm. An analysis of the grain size distribution (see Supplementary Materials
Figure S2) suggests that fine grains up to 3 µm dominate. The fraction of coarse grains is
less than 10%. The distribution type is qualitatively similar to the distributions in the initial
state and after HTMT-1, while the distribution itself is shifted to the fine grain sizes. The
submicron grains are observed with a fraction of ≈50%.

In the distribution of grains by misorientation the fraction of low-angle boundaries
increases and reaches≈60%. At the same time, the fraction of twin boundaries significantly
decreases, compared to the initial state and after HTMT-1, and is 3% at a tolerance angle of
8◦ (1.2% at a tolerance angle of 5◦). The distribution itself has a pronounced peak corre-
sponding to low-angle misorientations and a smooth increase in the fraction of boundaries
with an increase in the misorientation angle to 60◦ corresponding to twin orientations
(Figure 3b).

After HTMT-2 (Figure 2d) on the GND map the dislocation density is ~1015 m−2

in a significant part of the material. In this case, individual grains with a much lower
dislocation density are also observed.

After HTMT-1 and HTMT-2, the textures are typical for warm rolling of fcc metals,
namely the components: Goss–{110} <001>, A–{110} <111>, Brass–{110} <112>, and to a
lesser extent Cu–{112} [111] and S–[123] <634>. The texture is dominated by the α-fiber
(<110> parallel to the normal to the rolling plane).

3.2. TEM

The features of microstructure of 321-type steel after initial state (ST), cold rolling,
and annealing are well known and are presented in detail elsewhere [39]. It should be
noted that low stacking faults energies (γsfe ≤ 22 mJ/m−2) of steel lead to the formation of
multiple stacking faults in the quenched state and annealing twins, which is confirmed by
EBSD data (Figure 1).

TEM investigations have shown that under HTMT-1 the fragmentation of the grain
structure with the formation of dislocation substructures and low-angle grain boundaries
occurs. Figure 4a shows an area of thin foil with a width of ≈2 microns, bounded by
parallel boundaries. There are rows of dislocation walls with low-angle misorientations up
to ≈0.5◦ and chaotically distributed dislocations in this area. The orientation of this area is
close to the zone axis of [110] (Figure 4b). Figure 4c shows an area of thin foil in the left
part of which there are straight plates of micro-twins with selected area electron diffraction
(SAED) corresponding to the exact twin position (inset on Figure 4c). In the right part of
this figure the twin boundaries are strongly curved; in the lower part of the figure, there
is a bulging grain boundary. A diffraction pattern with a large selector diaphragm that
captures the area of microtwins (left) and curved boundaries (right) reveals low-angle (up
to ≈ 10◦) azimuthal misorientation around the zone axis of [110] and a deviation of the
diffraction from the exact twin position (Figure 4d).
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The dark-field analysis in the g = 002 reflection with a tilt of thin foil in the goniometer
(Figure 4f–h) reveals submicron fragments with low-angle misorientation boundaries. The
orientation of this region is close to the zone axis [130] (Figure 4e). Taking into account the
angle (≈50◦) between the active reflection and the projection of the goniometer tilt axis, the
1◦ tilt in the goniometer corresponds to a change in the orientation of the dark-field image
by 1◦ × sin (50◦) ≈ 0.7◦. In other words, the misorientations of subgrain boundaries are
found to be from 0.7 to 2.1◦. Note the smooth curved shape of the sub-boundaries and the
presence of almost equiaxed and elongated fragments, as well as an increased density of
dislocations within the fragments (no less than 1014 m−2).

As a result of HTMT-2 the grain structure fragmentation is more intense than after
HTMT-1 (Figure 5). The bright-field image (Figure 5a) shows submicron fragments with
pronounced misorientation boundaries. Some boundaries are strongly curved. The shape of
the fragments is nearly equiaxed. Dislocation substructures are visible inside the fragments.
The density of dislocations within individual fragments reaches 1015 m−2. The dislocation
density estimates are consistent with the data of EBSD GND maps. In SAED patterns
(Figure 5b) two zone axes of [001] and [110] are detected together in a position close to the
reflecting one (the zone axis of [110] is deviated from the exact reflecting position, resulting
in some weak-intensity reflexes). Since the angle between these crystallographic directions
in cubic crystals is at least 45◦, high-angle misorientation boundaries are present in the
area under consideration. In addition to high-angle misorientation boundaries, low-angle
azimuthal misorientations are observed on the SAED pattern.

In addition to almost equiaxed fragments, there are elongated lamellar fragments with
a width of 100–300 nm in the steel structure, Figure 5c. The orientation of these lamellar
microstructures on SAED patterns is close to the zone axis of [112] (Figure 5d). Weak
reflections located near the bright reflections g = −200 and g = 11−1 of this zone axis
indicate the presence of low-angle azimuthal misorientations. Nanoscale TiC particles are
also found in this structure.
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In addition to these structural features, some submicron grains exhibit thin plates of
nanotwins (Figure 5e). In this figure, nanotwins are detected near a TiC particle of about
100 nm in size. It is assumed that this non-deformable particle plays the role of a stress
concentrator under high-temperature deformation. In this case the deformation nanotwins
could have been formed during the relaxation of internal stresses. In SAED patterns
(Figure 5f), in addition to reflections from the zone axis of [112], there are reflections
belonging to other zone axes, twin reflections with a characteristic extension due to the
small thickness of the nanotwins, and reflections of the TiC particles.
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3.3. Mechanical Properties

The results of the studies of mechanical properties of steel obtained during tensile
tests of the samples in the initial (ST) state and after HTMT-1 and HTMT-2 treatments are
presented in Figure 6 and Table 1. The data imply that HTMT-1 results in an ≈1.7 yield
strength increase of steel, while the tensile strength increases by ≈1.3 times compared to
the initial state. The elongation-to-failure reaches 26%, which is 1.5 times lower than in
the initial state. Based on the above studies of the structural features of steel by the EBSD
and TEM methods, its mechanical properties are determined by a decrease (relative to
the initial state) in the average grain size down to 8 µm and a formation of preferentially
low-angle misorientation boundaries (46% of all boundaries) and dislocation substructures
during processing.
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Table 1. Mechanical Properties of AISI 321-type Steel.

Treatment Yield Strength, MPa Tensile Strength, MPa Elongation to Failure, %

ST 272 ± 11 554 ± 26 39 ± 3
HTMT-1 477 ± 38 637 ± 41 26 ± 7
HTMT-2 677 ± 34 793 ± 34 12 ± 6

After HTMT-2, the yield strength increases by a factor of 2.5, and the ultimate strength
increases by a factor of 1.4 relative to the initial state. In this case, the elongation to failure
decreases to 12%, which is ≈ 3 times lower than in the initial state. According to the
results of structural investigations, the average grain size resulting from HTMT-2 reaches
down to 1.4 µm; the structure contains numerous low-angle misorientation boundaries
(60% of all boundaries) and an increased dislocation density. It should be noted, however,
that the grains (and subgrains) after these treatments are mainly elongated in the rolling
direction. Small equiaxed grains are formed, but they are much fewer than elongated
grains (Figure 3).

4. Discussion

Based on the results of the microstructure and mechanical properties studies, it was
found that grain refinement with the formation of an elongated grain-subgrain structure
with a high fraction of low-angle boundaries provides an increase in the strength of the
321-type steel relative to ST values. After HTMT-2, the average grain size is finer and the
structure is more defective than after HTMT-1, in which a significant (25%) fraction of
twin boundaries is found. These twins are formed during annealing at 1100 ◦C before
rolling, which is confirmed by the high (50%) fraction of twin boundaries in the ST state. A
significant number of twin boundaries in metastable austenitic steels was also observed
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by EBSD method [25,37,40] in ST and hot deformed states. Deformation at 600 ◦C almost
completely destroys the annealing twins; as a result, the fraction of twin boundaries
decreases to 3%. A significant number of high-angle boundaries after thermomechanical
treatments have small (several degrees) deviations from the exact twin position. This
occurs as a result of the incorporation of gliding dislocations into twin boundaries.

It should be noted that the main deformation mechanism under above treatments is
dislocation slip (including cross slip or/and climb). It provides for the formation of multiple
sub-boundaries within the grains, the elongation of the original grains along the rolling
direction, and the deviation of the twin boundaries from the exact position. As a result,
the fraction of low-angle boundaries in the distribution of boundaries by misorientations
reaches 46% after HTMT-1 and 60% after HTMT-2. The detected thin nanotwins are likely
to form as a result of local stress relaxation from concentrators (for example, TiC particles)
after treatment. The formation of geometrically necessary dislocations also takes place in
the process of the studied treatments. The used degrees and temperatures of deformation
do not provide a transition from preferentially low-angle deformation misorientation
boundaries to high-angle ones, which is clearly seen in the distribution of grain boundaries
by misorientations (Figures 3 and 4).

The deformation temperatures used in this work prevent intense precipitation of TiC
and M23C6 particles, which can form under conditions of hot deformation of type 321 steel
in the temperature range of 750–850 ◦C [36,37].

The results obtained confirm the previously identified main regularities of the mi-
crostructure formation in series 300 austenitic steels under hot deformation conditions.
In [30–32], using thermomechanical control processing, it is shown that deformation above
the recrystallization start temperature leads to a slight decrease in the grain size and an
increase in the yield strength relative to ST by 50–100 MPa at good values of elongation.
As the rolling end temperature decreases below the recrystallization start temperature, a
deformed structure is formed which is elongated in the rolling direction. This leads to the
formation of a well-developed substructure, a significant increase in the yield strength, and
a corresponding decrease in the elongation. A decrease in the temperature and an increase
in the degree of deformation are limited by a significant increase in the rolling load [32].

In the HTMT-1 and HTMT-2 mode, the temperature of hot and warm rolling was
determined by the furnace temperature and the time of the sample transfer to the rolling
mill (without heating the rolls), in contrast to thermomechanical control processing [32].
Therefore, in our case the actual rolling end temperature was lower than the furnace tem-
perature. It should also be noted that after each pass, the samples were quenched in water.
These differences in the processing conditions determine the features of the resulting struc-
tural states and the mechanical properties of steel 321. The formation of a well-developed
substructure (Figures 2 and 4) in steel 321 after HTMT-1 makes an additional contribution
to strengthening compared to typical values [32] of the yield strength of austenitic steels
after hot deformation above the recrystallization start temperatures. The new processing
scheme (HTMT-2), combining deformation in the recrystallization region with warm defor-
mation at a relatively low (600 ◦C) temperature, is aimed at further increasing the density
of defects, including sub-boundaries. The formation of these microstructure features is
confirmed in detail by the EBSD and TEM methods (Figures 2–5).

In this work, the strengthening of metastable austenitic steel of 321-type under condi-
tions of hot and warm deformation is achieved due to fine grains elongated in the rolling
direction, high density of submicron subgrains, and dislocations. Moreover, there are
too few defect-free grains in the steel structure, the formation of which contributes to an
increase in the ductility of steels. The specified features of the microstructure of steel lead
to weaker strengthening compared to the equiaxed fine-grained structure with similar
grain sizes as in [28,29,41]. In these works the conditions of dynamic recrystallization in
the process of hot and warm plastic deformation of austenitic steels were achieved by a
higher strain (e ≥ 2) with the corresponding choice of temperature–rate treatment modes.
To sum up, in this work we have observed the initial stages of recrystallization only. For
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HTMT-2, some recrystallized grains can appear in the first stage of deformation at 1100 ◦C
and persist during the subsequent deformation at lower temperatures.

5. Conclusions

In this work, for the first time, the microstructure and mechanical properties of 321-
type steel have been studied in detail after a combination of the deformation above the
recrystallization start temperature and significantly below this temperature. It has been
shown that multiple rolling of AISI 321 steel with heating to 1100 ◦C with a moderate strain
of e = 1.6 leads to a decrease in the average grain size (down to 8 µm), elongation of the initial
grains in the rolling direction and the formation of preferentially low-angle misorientation
boundaries (46%) and twin (25%) boundaries. These features of the microstructure lead to
increase (by a factor of 1.7) in the yield strength relative to the initial state and high values
of the elongation-to-failure (26%). The combination of deformation with heating to 1100 ◦C
(e = 0.8) and subsequent deformation with heating to 600 ◦C (e = 0.7) provides a decrease
in the average grain size down to 1.4 µm. Grains and subgrains after this treatment are
more elongated in the rolling direction; the fraction of low-angle misorientation boundaries
increases and reaches 60%, while the fraction of twin boundaries decreases to 3%, compared
to the first treatment. In grains and subgrains, an increased dislocation density is observed
(1014–1015 m−2). The yield strength after this treatment increases by a factor of about
2.5 relative to the initial values at a ductility of 12%. The main deformation mechanism
under the above treatments is dislocation slip (including cross slip or/and climb).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/met11040645/s1, Figure S1: The scheme of sample cutting for microstructure observation
and tension tests; Figure S2: Histograms of grain size distribution with (a,c,e) and without (b,d) twin
boundaries after: ST (a,b), HTMT-1 (c,d) and HTMT-2 (e).
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