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Introduction

Austenitic stainless steels are a unique class of materials that combine high mechanical, physical, and
chemical properties, making them a widely used structural material [1, 2]. However, a major disadvantage
that limits the scope of application of these steels is their reduced strength characteristics [3]. Traditional
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strategies for increasing strength characteristics often lead to a significant decrease in impact strength and
ductility [4—6]. For example, processing an AISI 304 austenitic stainless steel by cold rolling can increase
the yield strength by more than twofold (from 640 MPa to 1,450 MPa). At the same time, a critical decrease
in elongation to failure to 1 % is observed [7]. In this case, the change in mechanical properties is caused
not only by strain hardening but also by the formation of deformation-induced martensite (a’). According
to Ref. [6], deformation-induced martensite (a’/€) can act as a site for crack nucleation because it is a
brittle product of phase transformation, which also causes a decrease in impact toughness and ductility,
simultaneously with an increase in strength characteristics [8]. In this case, the crack can propagate both
within the martensite itself and along the interface between the deformation-induced martensite and the
austenitic matrix [9].

In recent years, it has been shown that increasing strength properties without loss of ductility in
austenitic steels is possible through the formation of heterogeneous structures [9—-15]. A heterogeneous
condition is understood as a structure that consists of structural elements of different sizes or chemical
composition, which significantly impacts the mechanical properties of the material [16]. Such structures
include heterogeneous lamellar structures [17], gradient structures [18], bimodal structures, etc. Thus, it
is shown [17] that titanium samples with a heterogeneous lamellar structure formed during asymmetric
rolling and subsequent recrystallization annealing exhibit strength at the level of samples with an ultrafine-
grained (UFG) structure and ductility comparable to a material with a coarse-grained structure. A1SI 304
steel samples with a gradient structure consisting of a central layer with microtwins and nanotwins in the
subsurface layers have a yield strength of 820 MPa and a uniform elongation of 53 % [18]. In contrast,
samples of such steel with a homogeneous structure demonstrate a yield strength of 268 MPa and a uniform
elongation of 63 %.

The literature reports on the production of heterogeneous structures in rod blanks using cold radial
forging (CRF) [10, 19-22]. It has been shown that the CRF of rods made of A4S 3167i steel to a 95 % area
reduction leads to the formation of a heterogeneous structure in the cross-section. Notably, increasing the
area reduction from 40 % to 80 % positively affects the material’s strength characteristics. Specifically, a
15 % increase in yield strength is observed, while ductility remains at the same level. Furthermore, low-
temperature heat treatment at 400-600°C of the CRF rod causes a significant increase in the yield strength
(from 1,077 to 1,310 MPa) [22]. Along with this, an increase in the elongation to failure from 9 % to
11 % 1is observed. It is important to note that structural heterogeneity is preserved after low-temperature
heat treatment. Despite the existing research on the formation of heterogeneous structures during CRF,
the underlying mechanisms responsible for improving mechanical properties through heterostructuring
treatment remain unclear.

The purpose of this work is to study the effect of heterogeneity obtained during CRF and subsequent
heat treatment on the mechanical properties of 0.08 C-17 Cr-13 Ni-2 Mn-Ti austenitic stainless steel.
To achieve this purpose, the following tasks were set during the study:

— to study the effect of thermomechanical processing on the formation of heterogeneous structure and
texture in the rod;

— to study the effect of the heterogeneous structure obtained during thermomechanical processing on the
mechanical properties of the material under study.

Methods

0.08 C-17 Cr-13 Ni-2 Mn-Ti austenitic stainless steel was selected as the subject of research in the
present study. The chemical composition of the studied steel included the following elements (wt. %):
0.08% C, 16.4% Cr, 12.3% Ni, 2.18% Mo, 1.28% Mn, 0.42% Si, 0.2% Ti, with Fe as the balance.

The original rod was obtained by CRF to a 95 % area reduction using a forging machine with radially
moving dies. CRF was carried out using the following parameters: a strike frequency of 1,000 strikes per
minute, a feed speed of 180 millimeters per minute, and a rotation speed of 25 rotations per minute. To
prevent overheating of the workpiece during CRF,, the rod was cooled by an external water supply. The state

CM Vol 27No. 22025



MATERIAL SCIENCE OBRABOTKA METALLOV %

of the rod after CRF to a 95 % area reduction was taken as the initial state. Then, the cold-forged rod was
subjected to heat treatment at temperatures of 600 °C (95 % CRF + HT 600 °C) and 700 °C (95 % CRF +
HT 700 °C) followed by air cooling. The holding time was 2 hours.

For microstructure characterization, steel disks with a diameter of 3 mm, mechanically thinned to 100—
150 um and electrolytically perforated, were examined using a JEOL JEM-2100 transmission electron
microscope (TEM) with an accelerating voltage of 200 kV. To confirm structural heterogeneity, blanks for
TEM studies were cut in the cross-section from the center and edge of the studied steel rod. Perforation was
performed on a 7enuPol-5 setup using an electrolyte consisting of 10 % perchloric acid and 90 % acetic
acid.

Uniaxial tensile tests of steel specimens were carried out at room temperature using an Instron 5882
testing machine at a strain rate of 1.15 x 107 s7'. For a more accurate determination of the deformation
degree, the VIC-3D visual inspection system was used. Subsequent processing of the obtained data was
carried out using VIC-2D software. To determine the mechanical properties of different regions, specimens
were cut from the center (sample C — center) and edge (sample E — edge) of the rod. To determine the
mechanical properties of a specimen with a heterogeneous structure, flat specimens were cut along the
entire diameter of the rod (sample H — with a heterogeneous structure), with a width corresponding to the
diameter of the rod. The cutting diagram is shown in Fig. 1. The gauge length of the steel tensile specimens
was calculated according to GOST 1497-23:

ly =5.65JF, , (1)

where [, is the gauge length of the specimen; F, is the cross-sectional area.

Fig. 1. Uniaxial tensile specimen cutting scheme
and dimensions (mm) for:

central rod portion (C — center), subsurface layer (E —
edge), and the entire structural zone (H — heterogeneous)

For identification of samples in the case of subsequent heat treatment, a number denoting the annealing
temperature is added to the corresponding letter, defining the area of samples cutting (e.g., £600 is a sample
cut from the rod edge subjected to heat treatment at 600 °C). For a deformed sample, the number 95 is
added, denoting the area reduction (e.g., £95 is a sample cut from the edge of a rod subjected to CRF)).

To determine the magnitude of back stresses in each region, load-unload tests were carried out on the
corresponding samples under conditions of uniform plastic deformation at &€ = 2—5 %. Calculations were
performed according to the methodology presented in Refs. [17, 23]. The samples were tested in the state
after CRF to 95 % followed by heat treatment at 700 °C for 2 hours. During the tests, stress-strain curves
with hysteresis loops were obtained (Fig. 2). The level of back stresses was determined by the following
equation [17, 23]:
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G, + 0y

(o3 :T’ (2)

where o, are the back stresses (MPa); 6, are the flow stresses under repeated loading (MPa); 6, are the flow
stresses under unloading (MPa).

Flow stresses under repeated loading and unloading were determined from the hysteresis loops according
to the scheme shown in Fig. 2.

Fig. 2. Schematic showing the method for determin-
ing the yield stress at unloading (c,) and the stress
at reloading (c,)

Results and discussion

The microstructure of the rod center (Fig. 3, @), subjected to 95 % CRF, consists of parallelogram-shaped
domains (marked with a yellow dotted line), formed by mechanical twins of various systems. Dislocation
cells can be observed inside such structural elements (marked with a green dotted line). In turn, the structure
of the subsurface layer (Fig. 3, ) is ultrafine-grained (UFG). In this case, the size of the structural elements
of the central part (700 £ 490 nm) (Fig. 3, a) significantly exceeds the sizes of the elements forming the
structure of the subsurface layer (100 + 50 nm) (Fig. 3, b).

Following heat treatment at 600 °C, polygonization is activated over the entire cross section of
the rod, which causes additional refinement of the structure due to the formation of dislocation walls
(Fig. 4, a and 4, b). Heat treatment at 700 °C is accompanied by the formation of recrystallization nuclei
in highly deformed subsurface layers (Fig. 4, d) and the continuation of dislocation redistribution processes
in the rod center. As a result, areas with a reduced dislocation density - “dislocation-free” regions - are

a b

Fig. 3. Fine structure of the center (a) and subsurface layer (b) of a steel rod subjected
to 95% CRF
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c d

Fig. 4. Fine structure of the center (a, ¢) and subsurface layer (b, d) of a steel rod
subjected to annealing at 600 °C (a, b) and 700 °C (c, d)

formed in the rod center (Fig. 4, ¢). However, the heterogeneous structure obtained during CRF has high
thermal stability. The evolution of the microstructure during CRF and subsequent annealing is considered
in more detail in earlier works [21, 22].

Fig. 5 shows the Kikuchi line contrast maps (Fig. 5, @,—a,), kernel average misorientation (KA4M) maps
(Fig. 5, b,~b,), crystal direction maps (Fig. 5, ¢ —c,), direct (Fig. 5, d, —d,) and inverse (Fig. 5, e —e,) pole
figures of the material under study after the thermomechanical treatment. It is worth noting that for the cen-
ter of the rod, the Kikuchi line contrast maps (Fig. 5, a,) and KAM maps (Fig. 5, b,) are of higher quality. 95
% CREF leads to the high K4AM value both in the center and at the edge of the rod (Fig. 5, b,~-b,). Moreover,
in the subsurface layer (Fig. 5, b,), the KAM value is higher than that in the rod center (Fig. 5, b,). In addi-
tion, the pronounced two-component axial texture <001>/<111> is formed in the rod center (Fig. 5, ¢, d).
However, the subsurface layer is characterized by the shear texture B/B (Fig. 5, d,) [24-26]. In addition,
according to the crystal direction maps (Fig. 5, ¢,-c,), a decrease in the volume fraction of grains of both
orientations is observed in the cross section of the rod in the direction from the center to the edge. Namely,
from the center to the subsurface layer, the fraction of <001>-oriented grains decreases from 38 % to 5 %,
with a decrease in the fraction of grains with the <111>-orientation from 50 % to 30 %.

Subsequent heat treatment at 600—-700 °C improves the quality of the Kikuchi line contrast maps
(Fig. 6, a,—a,) and KAM maps (Fig. 6, b ~b,) for all areas. However, of KAM value remains high through-
out the rod cross section with a characteristic increase in the direction from the center to the edge
(Fig. 6, b,~b,). Obviously, the highest KAM value is recorded along the grain boundaries and mechani-
cal twins, while in the body of the grains this indicator is minimal (Fig. 6, b,~b,). In addition, in the sub-
surface layer, the formation of new small areas with the low K4M value is observed (Fig. 6, a, and a,,
indicated by white arrows). In the rod center, the two-component axial texture <001>/<I11> is preserved
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Fig. 5. Kikuchi line contrast maps (a,-a,), KAM maps (b -b,), crystal direction maps (c,-c,), direct (d -d,)
and inverse (e,-e,) pole figures of the steel rod subjected to 95% CRF
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Fig. 6. Kikuchi line contrast maps (a,~a,), KAM maps (b ~b,), crystal direction maps (c,—c,), direct (d,~d,) and
inverse (e,—e,) pole figures of the steel rod subjected to annealing at 600 °C (a,—a,, b,~b,, c;~c,, d~d,, e ~¢,)
and 700 °C (aj-a,, b;b,, c;—<c, d;~d, e,
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(Fig. 6, d,, d;), whereas, in the subsurface layer, the shear texture B/ B  is detected (Fig. 6, d,, d,). In the
direction from the center to the edge, the volume fraction of grains with the <001>-orientation decreases
from 37 % to 4.4 %, and the fraction of grains with the <l111>-orientation decreases from 48 % to 31 %
(Fig. 6, c,—,).

Analysis of the obtained results showed that a pronounced heterogeneous structure is formed in the
cross-section of the rod during the applied thermomechanical treatment. The phenomenon is associated
with the non-uniform stress state of the rod during CRF [21]. Specifically, moderate tensile stress acts in
the rod center and high compressive stress operates in the subsurface layers. The non-uniform stress state
leads to the activation of various plastic deformation mechanisms in the center and subsurface layers of
the rod. Mechanical twinning and dislocation slip are observed in the center of the rod, developing large
structural elements in the form of regions with dislocation cells limited by packages of mechanical twins.
In this case, according to Ref. [25], twinned microvolumes have the <111>-orientation, and microvolumes
with a cellular structure have the <100>-orientation, which ultimately leads to the formation of the axial
two-component texture <001>/<111> in the rod center.

On the other hand, high compressive stresses in the subsurface layer contribute to the formation of shear
bands, since the possibilities for deformation accommodation due to dislocation sliding and mechanical
twinning are quickly exhausted during CRF. At the same time, shear bands were found after CRF with
a degree of 60 % [21]. The formation of shear bands leads to the formation of a UFG structure via the
rotational recrystallization mechanism, which was proposed by V.F. Nesterenko et al. [27]. In essence, during
the deformation process, a shear band is enhanced, within which there are randomly distributed dislocations
that form elongated dislocation cells. The latter transform into subgrains with an increase in accumulated
plastic strain. During further deformation, these subgrains are fragmented with the subsequent formation
of equiaxed micrograins. In addition, the change in the predominant mechanism of plastic deformation
explains a decrease in the proportion of grains with <100>- and <111>-orientations in the direction from
the edge to the center. It should be noted that the shear texture B/B in the subsurface layer is caused by
shear banding.

Heat treatment at 600 °C does not have a significant effect on the microstructure and texture of the rod.
However, partial polygonization occurs throughout the entire cross-section. After heat treatment at 700 °C,
recrystallization nuclei were found in the subsurface layer, the fraction of which in the microstructure is
less than 10 %.

Tensile stress-strain curves (Fig. 7) were obtained for samples of different types (Fig. 1). After 95 %
CRF for all types of samples (Samples C, E and H) the stress-strain curve is typical for cold-deformed steels
with high strength and low ductility (Fig. 7, a,). When the yield strength is reached, a peak is observed on
the curve, followed by a region of strain localization. Heat treatment at 600 °C does not have a significant
effect on the shape of the stress-strain curves of the £600 and H600 samples, but an increase in strength
characteristics is observed (Fig. 7, b,). In this case, the sample C600 shows an increase in the uniform
deformation area and a decrease in strength characteristics. In turn, after heat treatment at 700°C, the curves
in all cases demonstrate a lower level of strength characteristics and an increase in ductility (Fig. 7, c).

Based on the curves of strain hardening rate, it is evident that for all three types of samples after 95 %
CRF, only one stage of strain hardening is observed, which is limited by the onset of strain localization (Fig.
7, a,_,). In turn, heat treatment at 600°C did not significantly affect the nature of the curve of samples £600
(Fig. 7, b;) and H600 (Fig. 7, b,). While on the curve obtained for the sample C600 (Fig. 7, b,), three stages
of strain hardening can be distinguished. At the first stage, a sharp decrease in strain hardening occurs.
The beginning of the second stage is characterized by a change in the slope of the curve, stabilization and
an increase in strain hardening rate. Apparently, a decrease in the strain-hardening rate is related to the
activation of dynamic recovery.

The stage-by-stage nature of the strain-hardening behavior are described in detail in Ref. [28]. Namely,
the first stage of strain hardening can be associated with the redistribution and annihilation of dislocations,
which causes a decrease in the strain-hardening rate. With an increase in true strain, the second stage be-
gins, which is associated with mechanical twinning. Therefore, the strain-hardening rate increases or sta-
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Fig. 7. Stress-strain curves (a,, b,, ¢,) and work hardening behavior of the center (a,, b,, ¢,), edge (a;,
b,, ¢,) and heterogeneous (a,, b, c,) material after different modes of thermo-mechanical treatment

bilizes. Due to the saturation of mechanical twinning, the strain hardening rate decreases at the third stage
(Fig. 7, b,).

In the present study, the stage-like strain hardening is ascribed to the heterogeneous microstructure
(Fig. 7). On the curves for all three types of samples obtained from a rod after heat treatment at 700 °C, two
stages of strain hardening can be distinguished (Fig. 7, b, ). The first stage is also characterized by a sharp
decrease in strain hardening. At the second stage, the slope of the curve changes, and the decrease in strain
hardening rate becomes less intense.

Table presents that all three types of samples after 95 % CRF have high strength and low ductility.
The ultimate tensile strength (o,) is 1,240-1,300 MPa, and the yield strength (5, ,) is 1,150-1,210 MPa.
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Mechanical properties characteristics

Region Heterogeneous (H) Centre (C) Edge (E)
95% CRF
c,(MPa) 1,242 +7 1,259 £ 28 1,303 £ 13
c,, (MPa) 1,210 £ 11 1,147 £ 100 1,197 £ 1
3 (%) 83x12 84+1.4 11.5+£0.9
3, (%) 1£0.1 0.7£0.2 1.1+0.1
95% CRF + HT 600°C for 2 hours
c,(MPa) 1,355+£2 1,225 £ 35 1,374 £3
c,, (MPa) 1,330 £ 8 1,060 £ 30 1,252 +23
d (%) 10.3£0.5 16.1£0.5 11+£0.3
3, (%) 0.8+£0.1 9103 1£0.1
95% CRF + HT 700°C for 2 hours
c,(MPa) 1,145 £ 11 1,091 £4 1,102 £ 13
c,, (MPa) 1,054 £ 14 927+ 15 877+£9.2
d (%) 16£2.7 18.5+0.8 1613
3, (%) 8.1+0.1 11.6 £0.5 88+1.3

Meanwhile, the elongation to failure (8) is in the range of 8-12 %, while the uniform elongation (8, ) does
not exceed 1 %. After heat treatment at 600 °C, an increase in ¢, and 6, , of the £600 and H600 samples to
1,360-1,370 MPa and 1,250-1,330 MPa, respectively, is observed but ductlhty does not change (Table).
However, the strength characteristics of the C600 sample decrease after heat treatment at 600 °C. Namely,
6, is 1,225 MPa, and o, is 1,060 MPa. Along with this, ¢ increases to 16 %, and ¢, increases to 9 %
(Table) Heat treatment at 700 °C provokes a decrease in strength and an increase in duct111ty In particular,
the H700 sample possesses the attractive strength-ductility combination (6, = 1,145 MPa; 6, ,= 1,054 MPa;
6=16%;8 =8 %).

The heterogeneous structure and texture in the cross section of the rod affect the mechanical behavior
of the material under study. High strength characteristics and low ductility of the material after CRF are
associated with a highly deformed structure. However, the material with the UFG structure (from the
subsurface layer) exhibits somewhat greater strength and ductility (Fig. 5, a,). The increased strength of
this region is attributed to the Hall-Petch strengthening [29, 30], while an increase in ductility is caused by
the new grain nucleation [21].

It is worth noting that the pronounced effect of structural and textural heterogeneity on mechanical
properties under tension is attained after heat treatment. After heat treatment at 600 °C, the strength of the
heterogeneous material increases, while elongation to failure is of 10-11%. On the one hand, an increase in
strength characteristics is likely due to the formation of segregations of alloying elements on dislocations
[31]. On the other hand, the preservation of ductility is associated with the partial polygonization (Fig. 4, a).

Heat treatment at 700 °C, in turn, leads to further softening and an increase in ductility due to the
development of polygonization in the center of the rod and the onset of static recrystallization in the subsurface
layer. The latter is due to greater accumulated plastic deformation and thereby lower thermal stability [32].
It should be noted that the heterogeneous material after heat treatment at 600-700 °C demonstrates the
highest yield strength and good ductility.

According to Ref. [33], a similar effect is ascribed to the increased value of back stresses. Structural
heterogeneity is associated with strain partitioning during tensile testing [34]. So, in the strong subsurface

Vol. 27 No. 2 2025 %



CM OBRABOTKA METALLOV MATERIAL SCIENCE

layer, strain localization occurs at the initial stages of plastic strain, but the more ductile rod core prevents
further strain localization in subsurface layers, which changes the stress distribution. Such deformation
behavior causes the generation and accumulation of geometrically necessary dislocations (GND) at the
boundary of layers with different structures. In turn, GND interact with mobile dislocations and fix them
in this area, which provokes additional strain strengthening. In addition, such a stress condition can be
accompanied by the activation of additional slip systems [35].

Based on the results of load-unload tests, it is shown that the material with a heterogeneous structure
exhibits the highest value of back stresses (Fig. 8). The difference in the value of back stresses is comparable
to the difference in the yield strength (Table).

Fig. 8 Back stress levels obtained for specimens
with different microstructures, subjected to 95 %
CRF, followed by annealing at 700 °C

Thus, based on the results of mechanical tests as a function of the temperature of post-deformation heat
treatment for the steel under study, three areas can be distinguished with different strength and ductility
ratios, which is graphically shown in Fig. 9. It is obvious that changing the structure type significantly
affects mechanical properties. Specifically, the material with a cold-deformed structure is characterized
by high strength and low ductility. Steel with a homogeneous structure obtained during post-deformation
heat treatment has high ductility and low strength. Whereas, the material with a heterogeneous structure
possesses a good balance between strength and ductility.

Fig. 9. Relationship between yield strength (o, ,)
and proportional elongation (8,) of the steel un-
der study in various microstructural conditions

Conclusion

The effect of a heterogeneous structure obtained during to a 95 % area reduction and subsequent heat
treatment at 600-700 °C on mechanical properties of the AISI 3167i steel was studied. The following con-
clusions are drawn:

1. The proposed thermomechanical treatment forms a heterogeneous structure in the studied steel. The
microstructure of the cold-deformed workpiece is changed from a twin-matrix structure in the rod center
to a UFG structure in the subsurface layer. Heat treatment at 600-700 °C is accompanied by polygoniza-
tion over the cross section of the rod. Additionally, heat treatment at 700 °C activates the formation of
recrystallization nuclei in the subsurface layer. Furthermore, from the center to the edge of the rod, texture
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changes from the axial two-component texture <001>/<111> in the rod center to the shear texture B/B in
the subsurface layer.

2. Heterostructured material (annealed at 700 °C) exhibits an enhanced strength-ductility combination
(6, = 1,145 MPa; 6,, = 1,054 MPa; 6 = 16 %; 6, = 8 %) compared to the material of the center and edge
of the rod. Conversely, heat treatment at 600°C results in high strength and low ductility (6, = 1,355 MPa;
6,,= 1,330 MPa; 6 = 10.3 %; 8, = 0.8 %), while heat treatment at 800 °C causes pronounced softening and
an increase in ductility, which does not allow achieving a good balance of mechanical properties.
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