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Introduction

Lightweight austenitic steels (LWASs) have recently attracted increasing attention due to their cost-
effective alloying, high strength, ductility, and impact toughness [1—4]. The presence of such elements as
manganese, carbon, aluminum, and silicon in LWASs decreases the density of the material by up to 18 %
compared to traditional steels, which further increases the attractiveness of these materials for automo-
tive and airspace industries. However, LWASs require the development of new approaches to fabrication
and processing, which is determined by the emergence of a new deformation mechanism - the formation
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of deformation microbands (microband-induced plasticity - MBIP) [5, 6], on the one hand. On the other
hand, during heating of such materials, an aging phenomenon is observed - precipitation of nanoparticles
of k’- carbides, B2- and/or DO,- phases [7-10], which is accompanied by significant strengthening and a
decrease in ductility.

The structure formation of LWASs during cold plastic deformation has currently been studied mainly in
cold rolling and uniaxial tension [5, 11-13]. The high stacking fault energy (SFE) of such materials (60-120
mJ/mz) at room temperature determines dislocation slip as the main mechanism of plastic deformation [1].
In this case, the phenomenon of short-range ordering due to alloying with aluminum causes deformation
due to the formation of microbands in the {111} planes. It has been established that at early stages of defor-
mation (g up to 10 %) in Fe-28Mn-10A1-1C steel a Taylor lattice is formed from dislocation microbands of
two different systems [5]. With an increase in the degree of deformation, an accumulation of misorientation
occurs between the domains of the Taylor lattice, which after € = 60 % leads to the fragmentation of initial
austenitic grains.

Meanwhile, there are other methods of severe plastic deformation without cracking, for example, ra-
dial forging [14, 15]. Recently, it has been shown that cold radial forging with high degrees of deforma-
tion (to 90 %) resulted in the development of heterogeneous structures in austenitic alloys [16—18]. This
phenomenon is caused by the non-uniform distribution of the operating stresses and temperatures across
the rod cross-section during deformation processing. Thus, high compressive stresses act in the rod edge,
and moderate tensile stresses are predicted in the rod core. In addition, due to external water cooling and
deformation-induced internal heating of the rod core, a gradient in the temperature distribution across the
cross-section is observed. However, the effect of radial forging on the microstructure and mechanical prop-
erties of LWASs requires separate consideration.

The purpose of this work is to study the evolution of the microstructure, texture, and mechanical prop-
erties of the lightweight austenitic steel Fe-21Mn-6AI-1C subjected to cold radial forging. To achieve this
purpose, the following objectives were addressed.

- to determine the effect of the degree of deformation on the microstructure in the cross-section of the
rod;

— to determine the effect of the degree of deformation on the texture in the cross-section of the rod;

— to study the distribution of microhardness in the cross-section of the rod after cold radial forging
(CRF);

— to determine the effect of the degree of deformation on the mechanical properties of the material after
cold radial forging (CRF).

Methods

The object of the study was the lightweight austenitic steel Fe-2/Mn-6AI-1C in the form of rods with
an experimental composition including the following components (wt. %): 19.76 % Mn, 6.08 % Al; 0.25 %
Ni; 1.01 % C; 0.004 % P; 0.004 % S, Fe — balance. The initial ingot was obtained from pure materials by
vacuum arc melting. Then, the ingot was subjected to hot working in the temperature range of 900-1,100 °C
in order to obtain a rod for subsequent cold radial forging. The rod with a diameter of 39 mm was annealed
(austenitized) at 1,050 °C for 2 hours with cooling in water. The rod was subsequently cold radially forged
using a radial forging machine with a feed rate of 180 mm/min, a striker frequency of 1,000 strokes per
minute (spm), and a rotation speed of 25 rpm. During the deformation process, the rod was water cooled.
Four stages of forging were carried out: from ~39 mm to ~34 mm, from ~34 mm to ~29 mm, from ~29 mm
to ~24 mm, from ~24 mm to ~18 mm, which amounted to ~20 %, ~40 %, ~60 % and ~80 % of the relative
deformation, respectively.

The microstructure was examined in the cross section of the rod on thin foils using scanning electron
microscopy (SEM) and transmission electron microscopy (7EM). Specimens 0.3 mm thick were cut
using an electrical discharge machine, thinned to 0.1 mm by grinding on abrasive paper and polished in
an electrolyte (electrolyte composition: 5 % perchloric acid, 35 % butanol and 60 % methanol) at room

CM Vol 27No. 22025



MATERIAL SCIENCE OBRABOTKA METALLOV %

temperature and a voltage of 26 V. SEM studies were carried out using a FEI Nova NanoSEM 450 scanning
electron microscope equipped with an EDAX Hikari electron backscatter diffraction (EBSD) camera. EBSD
analysis was performed with a scanning step of 100 nm. For subsequent texture evaluation, only results
with a confidence index (CI) of more than 0.1 were used, which improved the quality of the EBSD analysis
results. TEM studies were conducted using a JEOL JEM-2100 microscope at an accelerating voltage
of 200 kV.

Vickers microhardness was determined using a Wolpert 402MVD hardness tester using a diamond
pyramid with an angle of 136° at the apex. The tests were carried out in the cross section of the rods along
two mutually perpendicular diameters. The indentation step was calculated for each diameter separately,
taking into account 70 measurements per diameter. The load applied to the indenter was 200 g with
an indentation time of 15 s. The results of microhardness measurements obtained along two mutually
perpendicular diameters in the cross-section of the specimen were averaged.

Tensile tests were carried out at room temperature and a strain rate of 1x 10°s"! using an Instron 5882
electromechanical testing machine. Specimens were cut from the center and subsurface layers of the rod in
the axial direction. The dimensions of the gauge of the specimen were 6x3x1.5 mm’. Mechanical properties
(yield strength, ultimate tensile strength, elongation to failure) were determined according to GOST 1497-23.
The elongation of specimens during testing was measured using the VI/C-3D system. For this purpose, one
of the side surfaces of the specimens was first coated with white paint, followed by the application of small
drops of black paint. The VIC 2D program was used to process the obtained data. At least two specimens
were tested at each point.

Results and discussion

Austenitization of Fe-2IMn-6AI-1C steel produced a fully austenitic, face-centered cubic (¥'CC) struc-
ture (Fig. 1, a@). The microstructure, phase, and chemical composition were uniform across the cross sec-
tion of the rod. The average size of austenite grains was 150 pm (Fig. 1, b), but annealing twins further
fragmented the grains, reducing the average distance between high-angle grain boundaries to 55 um. The
fraction of twinned boundaries (23) did not exceed 34 %. The direct and reverse pole figures show a weak
two-component axial texture <111>// rod axis (RA4) and <100>//RA (Fig. 1, ¢ and d).

The results of the study of the microstructure evolution during the CRF process are shown in Fig. 2. 20 %
CRF causes microbanding along various systems. It should be noted that in the direction from the center to
the edge, the deformation microbands become more pronounced (Fig. 2, a, and a,). According to diffraction

a b d

Fig. 1. X-ray diffraction pattern (@), grain misorientation map (b), direct pole figure (c), and inverse pole
figure (d) of the Fe-21Mn-6AI-1C steel in the initial state
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analysis, the misorientation between adjacent regions separated by microbands is negligible (<2°). With an
increase in the CRF reduction to 40 %, mechanical twins appear (Fig. 2, b, and b,). Microdifiraction and
EBSD analysis indicated that the mechanical twins are located in the {111} planes and are misoriented by
approximately 60° relative to the parent austenite (X3 boundary). In this case, parallel primary mechanical
twins of one plane set meet in the center of the rod (Fig. 2, b,), and packets of parallel mechanical twins are
formed at the edge of the rod (Fig. 2, b,). A further increase in the CRF reduction to 60 % is accompanied by
the development of mechanical twinning in secondary systems in the center of the rod (Fig. 2, ¢,). Towards
the edge of the rod, a pronounced lamellar structure is observed to form, resulting from mechanical twinning
on a single system (Fig. 2, ¢,). In addition, shear bands are formed across the twin lamellas (Fig. 2, ¢,).

After 80 % CRF, an increase in the number of twins in the center of the rod is detected (Fig. 2, d,). In
turn, at the edge of the rod, the structure is fragmented due to the formation of shear bands in the original
lamellar microstructure (Fig. 2, d,).

CRF£=20% CRF £=40% CRF £=60% CRF £=80%

Center

aj b] C] d]

Edge

ar bg C dz
Fig. 2. Fine structure of the Fe-2/Mn-6A1-1C steel after CRF with &€ = 20% (a,, a,), € = 40%
(b,,b,),£=60% (c,, c,), and € = 80% (d,, d,) in the center and at the edge of the rod

The results of the quantitative analysis of the density of deformation microbands (p,,,) and mechanical
twins (p,) after CRF with different degrees are shown in Fig. 3. The results indicate that CRF leads to
an increase in the density of deformation microbands, beginning at 20 % deformation (Fig. 3, a), and
mechanical twins, beginning at 40 % deformation (Fig. 3, b). It should be noted that after 60 % CRF,
the density of crystal structure defects in both cases is higher in the rod center than that at the rod edge.
80 % CRF causes, on the one hand, a further increase in the density of both deformation microbands and
mechanical twins in the center. On the other hand, a decrease in the density of these defects occurs at the
edge, apparently due to fragmentation of the microstructure during the formation of shear bands. After
80 % CRF, the average size of the elements of the fragmented structure at the edge of the rods of the studied
steels is 200-250 nm, and in the center - 300-350 nm (Fig. 2, d, and d,).

The maps of the distribution of austenite crystal orientations and the direct pole figures of the center
and edge of the rod after CRF with different reductions are shown in Fig. 4. The direct pole figures of the
rod center demonstrate a pronounced axial two-component texture <111>//rod axis (RA) and <100>//RA
(Fig. 4, a,-d,), which in the subsurface layer is replaced by the simple shear texture B/B ™ (Fig. 4, a,-d,).
It is worth noting that increasing the CRF reduction enhances the intensity of these texture patterns on
the corresponding pole figures. A further increase in the CRF reduction to 80 % in the center of the rod
develops the sharp axial texture <111>//R4 (Fig. 4, a,-d,), while the fraction of austenite grains with such
an orientation reaches 70 %. At the same time, after 80 % CRF’, the volume fraction of austenite grains with
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a b

Fig. 3. Density of deformation microbands (p, ) and mechanical twins (p,) as a function of the degree of CRF
in Fe-21Mn-6A1-1C steel rod at various distances from the rod center

CRFe=20% CRF£=40% CRF £=60% CRF £=80%

Center

aj b[ Ci d]

Edge

a; bz C d 2
Fig. 4. Orientation maps of austenitic grains and direct pole figures (111) from

the center and edge of the rod after CRF with € = 20% (a,, a,), ¢ = 40% (b,, b,),
£=60% (c,, c,), and £ =80% (d,, d,)

the <100>//RA orientation in the center does not exceed 18 %. In this case, the fraction of austenite grains
with the <111>//RA orientation in the direction from the center to the edge decreases to 20 %, whereas the
fraction of grains with the <100>//RA orientation in the subsurface layer does not exceed 3 %.

The distribution of microhardness along the rod diameter depending on the degree of CRF of Fe-21Mn-
6AI-1C steel is shown in Fig. 5. In the initial state, the uniform distribution of microhardness is observed
over the rod cross section. The microhardness of the initial rod is at the level of 230 HV,. 20 % CRF causes
an increase in the microhardness of the rod periphery to a greater extent compared to the center, which
leads to the formation of a gradient of microhardness distribution from the center to the edge of the rod.
Subsequent CRF' is accompanied by a further increase in the overall level of microhardness. However, after
a deformation of 60 %, the pronounced peak of microhardness appears in the core of the rod. At the same
time, in the direction from the center to the edge of the rod, the microhardness smoothly decreases, i.e. the
microhardness gradient changes its direction from the edge to the center. After 80 % CRF this peak reaches
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Fig. 5. Microhardness distribution in the cross-
section of rods after various degrees of CRF

600 HV,, and becomes even more pronounced. In this case, the highest overall level of microhardness is
observed — 500-600 HV .

Fig. 6 and Table 1 show the tensile stress-strain diagrams and mechanical properties of Fe-21Mn-6A4I-
1C steel in the initial state (after preliminary quenching to the austenite structure) and after CRF with differ-
ent degrees. In the initial state, the steel under study demonstrates pronounced strain hardening, as well as
a high level of ductility (elongation to failure (8) = 56-58 %; uniform elongation (8 ) = 48-50 %) and good
strength properties (ultimate tensile strength (6,) = 830 MPa; yield strength (o, ,) = 460 MPa).

Tensile testing of the cold-forged Fe-21Mn-6AI-1C steel specimens showed that the material of the cen-
ter and edge of the rod demonstrates significantly different mechanical behavior (Fig. 6) and, consequently,
mechanical properties (Table). Thus, the specimen cut from the center of the rod subjected to 20 % CRF
possesses high ductility (6 = 51.4 %; 8 = 37.9 %) along with pronounced strain hardening (Fig. 6). At

d e

Fig. 6. Uniaxial tensile stress-strain curves of Fe-21Mn-6AI-1C steel in the initial state (a) and after CRF with
€£=20% (b), e =40% (c), ¢ = 60% (d), and &€ = 80% (e)
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Mechanical properties of Fe-21Mn-6A4I1-1C steel samples in the initial state and steel samples cut from
the center and edge of rods after various CRF reductions

€ 0% 20 % 40 % 60 % 80 %
Position Center | Edge | Center | Edge | Center | Edge | Center | Edge
6, MPa 818 1,009 1,133 1,505 1,381 1,853 1,621 2,062 1,741
G,, MPa 459 705 1,028 1,499 1,303 1,838 1,531 2,062 1,626
9, % 55.6 514 32.7 18.6 20.3 10 16.9 5.7 15.4
8, % 479 37.9 10 0.3 1.8 0.3 1.4 0.2 1.2

the same time, an increase in the yield strength to 705 MPa and ultimate tensile strength to 1,009 MPa is
observed (Table). The ductility of the edge of the rod is noticeably lower (8 = 32.7%; &, = 10%), while the
strength characteristics are higher (6, = 1,133 MPa; 6, = 1,028 MPa). Further CRF' is accompanied by a
change in the above-mentioned ratio of strength and plasticity between the center and the edge of the rod
to the opposite: the strength becomes higher at the central part of the rod, and plasticity - at the edge. For
example, after 80 % CRF', the uniform elongation (8 ) of the center and edge material decreases to 0.2 %
and 1.2 %, respectively.

In this case, the elongation to failure of the center material is 5.7 %, and of the edge material — 15.4 %,
which is mainly determined by concentrated deformation. The strength properties, in turn, of the center
in the rod (o6, = 2,062 MPa; 6, = 2,062 MPa) exceed these characteristics of the edge (6, = 1,741 MPa;
6,, = 1,626 MPa) by 18-27 %. With an increase in the degree of CRF, the strain-hardening rate decreases

(Fig. 7).

a b c

Fig. 7. True stress and strain-hardening coefficient (SHC) as a function of true strain during uniaxial tensile testing
of samples cut from the center and edge of the rod after CRF with &€ = 20% (a), € = 40% (b), and & = 80% (c)

Previously, using finite element modeling, it was predicted that in CRF, moderate tensile/compressive
stresses act at the center of the rod, and high compressive stresses operate at the edge of the rod [16, 17].
Such a non-uniform stress condition leads to the accumulation of greater plastic deformation at the rod
edge compared to the core. TEM methods have shown that in the studied steel, during CRF,, various defor-
mation mechanisms are activated, resulting in a whole spectrum of structural states along the rod radius.
Thus, in the Fe-21Mn-6A1-1C steel, the following stages of microstructure formation are observed (Fig. 2):
after low degrees of deformation (& =20 %) — formation of deformation microbands along various systems
in the center and parallel deformation microbands at the rod edge; after medium degrees of deformation
(¢ =40-60 %) — formation of single mechanical twins of various systems in the center and parallel packets
of twins at the edge; after high degrees of deformation (¢ = 80 %) — twinning according to various systems
in the center and formation of a fragmented microstructure at the edge. The results of EBSD analysis show

Cm
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that with increasing degree of CRF, pronounced textural gradients develop. These texture gradients are due
to the fact that a sharp two-component axial texture <111>//R4 and <100>//RA, is formed in the center of
the rods, which weakens towards the edge. It should be noted that the shear texture B/B develops at the
edge of the rod after 40 % CRF and higher [19, 20].

The distribution of microhardness in the cross section of the rods shows the development of a gradient
structure during CRF (Fig. 5). In the case of the initial state with a homogeneous structure, a uniform
distribution of microhardness is observed across the cross-section of the rods of both steels. 20 % CRF' is
accompanied by a general increase in the hardness of the program steel. However, the hardness of the rod
edge increases to a greater extent. Texture analysis showed a relatively uniform distribution of grains with
<111>//RA and <100>//RA orientations across the section after 20 % CRF, 1.e. this factor does not have a
significant effect. Meanwhile, the increased density of microbands and mechanical twins is observed at the
edge (Fig. 3), which is due to high strain accumulation in this place and determines an increased level of
hardness. These structural changes also affect the results of uniaxial tensile tests of samples cut from the
center and edge of rods of both steels. At the same time, the strength of the edge material of the rods was
significantly higher than that of the material from the center (Table). Plasticity at the edge was lower mainly
due to a decrease in uniform elongation due to the accumulation of a higher density of crystalline structure
defects (Fig. 3).

Further 40-85 % CRF is accompanied by an increase in the microhardness of the rods. After 40 % CRF,
the previously obtained microhardness gradient is smoothed out (Fig. 5). Subsequent 60-85 % CRF leads
to the formation of the microhardness peak in the center of the studied rod. The results of the quantitative
analysis of the microstructure of the studied steels showed that after 40-60 % CRF, an increased density
of lattice defects is still observed at the edge of the rod compared to the core (Fig. 3). Additionally, a
pronounced gradient of the volume fraction of austenite grains with the <111>//RA orientation is formed
across the rod cross-section (Fig. 4). Thus, in the center of the rod, a high proportion (up to 70 %) of
grains with the <111>//RA orientation is observed. Due to the active development of shear bands at the
edge of the rod, the shear texture B/B is formed. In this case, the determining factor in the occurrence of
a microhardness gradient is the texture gradient, since such grains with the orientation <111>//RA perform
a low value of the Schmid factor for mechanical twinning and dislocation slip (Fig. 8). The highest level
of the Schmid factor is observed in grains with the orientation <100>//RA, however, the proportion of
such crystals in the center of the rod does not exceed 18 %. The observed changes in the microstructure
and texture during CRF of the studied steels to 40-85 % deformation are accompanied by a change in the
ratio between the strength and ductility of the center and edge of the rod (Fig. 6). In this case, the highest
strength and the lowest ductility are found in the material from the center of the rod. Following CRF to

a b c

Fig. 8. Orientation map of austenitic grains with orientations <111>//BA and <100>//BA (a), grain distribution based
on Schmid factor for dislocation slip (b) and mechanical twinning (¢) of Fe-2IMn-6AI-1C steel after CRF with
€ = 60% in the center of the rod
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60 % or higher reductions, the material from the rod center exhibits a decrease in uniform elongation
to 0.2-0.3 % and a relative elongation of less than 10 % (Table). The material of the edge of the rod
demonstrates a uniform elongation at the level of 1.2-1.7 %, and a relative elongation of about 14-17 %.

Conclusion

Based on the results of the study of the evolution of the microstructure, texture and mechanical proper-
ties of the lightweight austenitic steel Fe-21Mn-6A4I-1C after various cold radial forging (CRF) modes, the
following conclusions can be drawn:

— During CRF, the following stages of the microstructure formation are observed: low degrees of defor-
mation (g up to 20 %) — formation of deformation microbands of various systems in the center and parallel
deformation microbands at the edge of the rod; medium degrees of deformation (¢ = 40-60 %) — formation
of single mechanical twins of various systems in the center and parallel packets of twins at the edge; high
degrees of deformation (¢ = 80 %) — twinning according to various systems in the center and formation of
a fragmented microstructure at the edge.

— With an increase in the degree of CRF, pronounced texture gradients are formed in the rod. The two-
component axial texture <111>// rod axis (R4) and <100>//RA develops in the center of the rod, which is
weakened towards the edge. Meanwhile, the pronounced shear texture B/B is found at the edge of the rod
after 40 % CRF and higher.

—20 % CRF causes an increase in microhardness of the rod edge to a greater extent compared to the
center. Subsequent CRF is accompanied by a further increase in the overall level of microhardness. After a
deformation of 60%, a pronounced peak of microhardness appears in the core of the rod. After 80 % CRF,
this peak reaches 600 HV ) ,.

— After 20 % CRF, the material of the rod center exhibits higher strength and lower ductility compared
to the material of the rod edge. With further CRF, the strength becomes higher at the center of the rod,
whereas the ductility is higher at the edge. Thus, after 80 % CRF, elongation to failure is 8 = 6 % at the
center and & = 15 % at the edge. The strength properties of the central part of the rod (6, =,2062 MPa;
6,, = 2,062 MPa) exceed these characteristics of the edge (6, = 1,741 MPa; 6, = 1,626 MPa) by 20-30 %.
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