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Abstract—The effect of annealing temperature on the structure, texture, and mechanical properties of the aus-
tenitic 08 Kh16N 13M2T stainless steel after cold radial forging to a degree of 95% has been investigated. Prelim-
inary plastic deformation results in the formation of austenitic structural and (111) and {100} textural gradients.
Low-temperature annealing (500—600°C) causes structural polygonization. The intensity of the (111) and (100)
textural components remains unchanged. Annealing at 700°C initiates recrystallization only in the surface layers
of the bar. Annealing at 800—900°C results in static recrystallization processes throughout the bar cross section,
which blurs the textural gradient. Annealing at 400—600°C increases the strength and hardness properties.
Moreover, the plasticity increases with increasing annealing temperature. Annealing at 700°C makes the mate-
rial soften almost to the level of the initial cold-deformed state and significantly increases its plasticity.
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INTRODUCTION

Austenitic stainless steels, due to their excellent
oxidation resistance, high ductility, and high impact
toughness at room and low temperatures, are used in
the marine, aerospace, automotive, petrochemical,
and nuclear industries, as well as in medicine [1—6].
However, this steel has a very significant disadvantage,
which is its low yield strength.

Many studies have been carried out to improve the
yield strength of austenitic steels [7—14]. For example,
room-temperature rolling (to € = 75%) of austenitic
stainless steel 17Cr—14Ni—3Mo significantly increases
its yield strength because of austenite structure frag-
mentation, but such a treatment decreases the plas-
ticity of this steel [ 13]. On the other hand, strength can
be increased without decreasing plasticity via the for-
mation of heterogeneous structures consisting of dif-
ferently sized structural elements [7, 8]. For example,
dynamic forging and subsequent annealing in the tem-
perature range 730—800°C resulted in the formation of
a heterogeneous structure consisting of nonrecrystal-
lized twinned regions and large defect-free recrystal-
lized grains, which provided the synergy of the
strength and plasticity of 316L stainless austenitic steel
[7]. An alternative way to achieve high strength and

plastic properties consists in creating homogeneous
nanocrystalline (NC) and ultrafine grained (UFG)
structures with low dislocation number density. For
example, austenitic 316 stainless steel is reported to
have excellent mechanical properties after high-pres-
sure torsion, which results in an UFG structure, and
subsequent short-term annealing aimed at reducing
dislocation density [8]. However, it is quite difficult to
produce a billet for industrial applications by the tech-
niques used in [7, 8].

Commercial billets with high yield strength can be
produced by cold radial forging (CRF) [9—12]. CRF
deformation of austenitic steels [10, 11] increased dis-
location density and a number of deformation twins
and resulted in structure fragmentation, which
increased the yield strength of 08 Kh16N13M2T steel
by more than four times (from 243 to 1076 MPa) and
significantly reduced its relative elongation (from 62 to
9%). Therefore, CRF is a promising commercial tech-
nique for improving yield strength, but more research
is needed to determine the conditions for achieving
good plasticity without loss of strength. However, we
know that the optimum combination of strength and
plasticity can be achieved by cold plastic deformation
and subsequent annealing [7, 9]. This work is aimed at
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Fig. 1. The results of TEM investigation of (a, b) the center and (c—f) surface layer of the bar: (a—d) bright-field images; (e) elec-
tron diffraction pattern taken from the region of the microstructure indicated by a white circle at Fig. 1d; (f) dark-field image
taken in the austenitic reflection (113) of fragment 2 (Fr. 2). (b) The electron diffraction pattern taken from the microstructure

region indicated by the white circle at Fig. 1d.

investigating the evolution of the structure, texture,
and mechanical properties of austenitic CRF-treated
stainless steel during postdeformation annealing.

EXPERIMENTAL

The material under study was 08Kh16N13M2T
steel of the following chemical composition: 0.08% C,
16.4% Cr, 12.3% Ni, 2.18% Mo, 1.28% Mn, 0.42% Si,
0.2% Ti, and Fe for balance. A steel ingot was prelim-
inarily subjected to hot radial forging to 46 mm and
then quenched at 1050°C in air. The resulting bar was
then deformed by the CRF technique by five passes:
20% (from 46 to 35 mm), 40% (from 35 to 30 mm),
60% (from 30 to 25 mm), 80% (from 25 to 17 mm),
and 95% (from 17 to 12.6 mm) of the initial cross sec-
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tional area of the bar. The state after 95% deformation
was taken as the initial state for the subsequent anneal-
ing. The resulting bar was annealed at temperatures of
400, 500, 550, 600, 700, 800, and 900°C for 2 h and
cooled in air.

Transmission electron microscopy (TEM) studies
were performed on thin foils using a JEOL JEM-2100
transmission electron microscope at an accelerating
voltage of 200 kV. Standard techniques were used to
prepare the foils [10]. Scanning electron microscopy
(SEM) studies were performed on the surface of thin
foils using a FEI Nova NanoSEM 450 scanning elec-
tron microscope equipped with an EDAX Hikari
EBSD camera. The scanning step was 200 nm to build
crystallographic misorientation maps. Vickers hard-
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Fig. 2. (a), (b) Orientation distribution maps and (c), (d) inverse pole figures for the initial deformed state in the (a), (c) center

and (b), (d) surface layer of the bar.

ness was determined on a Wolpert 402MVD micro-
hardness tester equipped with a diamond pyramid with
an apex angle of 136°. The load applied was 200 g,
and the holding time was 15 s. The measurements
were made in the cross section along two mutually
perpendicular diameters and the results were aver-
aged. Uniaxial tensile tests were performed at room
temperature and strain rate of 1.2 x 1073 s~! using an
Instron 5882 universal tester. Flat test specimens were
cut from the central part of the bar along the axis. All
structural zones of the material were observed in the
cross section of these specimens. The sizes of the spec-
imens were calculated according to GOST 1497—84.

Steel structure in the initial cold-deformed state.
After CRF to a degree of 95%, the steel exhibits mainly
austenitic structure [10]. The structural and textural
gradients were detected along the cross section of the
bar. Electron microscopy studies of the cross section of
the bar showed that the structure in the central part was
fragmented by single deformation twins of different sys-
tems and dislocation cells (Fig. 1a), as well as by twin
packets (Fig. 1b). The surface layers had mainly lamel-
lar structure (Fig. 1c). Microdiffraction and dark-field
analysis (Figs. le, 1f) show that a fragmented submi-
crocrystalline structure with low-angle misorienta-
tions of less than 15° formed along lamellas. Cold plas-
tic deformation with high degrees resulted in the for-
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mation of submicrograins with an average diameter of
100—200 nm and a low defect density in them [15, 16].
Similar single structural elements were also found pre-
viously in the surface layers of severely deformed sam-
ples of the material under study [10].

RESULTS AND DISCUSSION

Cold radial forging also results in the formation of
a sharp axial texture (001) || bar axis (BA) and (111) || BA
in the center of the bar (Figs. 2a, 2c¢), which is sme-
arred towards the edge (Figs. 2b, 2d). The volume frac-
tion of crystals with (001) | BA orientation decreases
from 37 to 6—16% with distance from the center to the
edge, respectively. The volume fraction of crystals with
(111) || BA orientation in the center of the bar and at
half of the radius is about the same level (50—60%).
However, the volume fraction of these crystals also
decreases to 18% as we move toward the edge. The
development of the (111) | BA component during CRF
is due to the twinning of the austenite grains [10, 17],
whereas the grains with the (001) | BA orientation are
textured due to dislocation slip. The formation of the
initial state was described in detail in [10].

Evolution of fine structure during postdeformation
annealing. Figure 3 shows the results of the study of the
fine 08Kh16N13M2T steel structure after annealing.
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Fig. 3. TEM study of the (a, ¢, e) center and (b, d, f) surface of the bar annealed at different temperatures: (a, b) 600, (c, d) 700,
and (e, f) 800°C. (a—c) The electron diffraction pattern taken from the microstructure region indicated by the white circle.

Postdeformation annealing at 500—600°C resulted in
similar structural changes. For example, dislocation-
free subgrains form and mechanical twins/lamellae are
fragmented in the central part (Fig. 3a) and in the sur-
face layers (Fig. 3b) of the bar. These processes develop
more actively in the surface layer. As well, the formation
of the subgrain structure with a subgrain size of about
100 nm is more pronounced in the surface layer
(Fig. 3b). An increase in the annealing temperature to
700°C provides a further redistribution of dislocations
in the center of the bar (Fig. 3¢) and the formation of a
subgrain structure. Meanwhile, new large defect-free
grains about 500 nm in size were observed in the surface
layer (Fig. 3d), which apparently resulted from the
development of static recrystallization [14].

A further increase in the annealing temperature to
800°C causes a complete recrystallization of the cold-
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deformed structure and the formation of equiaxed
defect-free austenite grains 4—6 um in size both in the
central part of the bar and in the surface layer
(Figs. 3e, 3f). As a result, the structural gradient
formed during the preliminary CRF disappears.

Texture evolution during postdeformation annealing.
The orientation distribution maps and inverse pole
figures of the investigated steel after annealing are
shown in Fig. 4. After annealing at 600—700°C, a
sharp (001) || BA and (111) || BA texture are observed in
the center of the bar. As the annealing temperature
increases to 800—900°C, the sharpness of both the
{001) || BA and (111) || BA components decreases. The
smearred axial (001) || BA and (111) || BA texture com-
ponents are observed in the surface layer of the bar in
all cases. The annealing temperature has a weak effect
on the characteristics of this texture.
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Fig. 4. (a—d) Orientation distribution maps and (e—h) inverse pole figures for the (a, b, e, f) center and (c, d, g, h) surface layer
of the bar annealed at different temperatures: (a, c, e, g) 600 and (b, d, f, h) 900°C.

In addition, the fraction of grains with orientations
(111) || BA and (001) || BA as a function of annealing
temperature was built (Fig. 5). After annealing at 600
and 700°C the fraction of (111) || (BA) oriented grains
remains 50—60% in the central part and at half of the
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bar radius (Fig. 5a). The fraction of grains with this
orientation does not exceed 16—17% in the surface
layer. Annealing at higher temperatures (800—900°C)
results in the levelling of the fraction of (111) | (BA)
oriented grains over the bar cross section at the level of
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Fig. 5. Annealing temperature effect on the distribution of the volume fraction of grains with textural (a) (111) || (BA) and

(b) (001) || (BA) components.
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Fig. 6. The hardness distribution across the bar cross section after 95% CRF and annealing at different temperatures.

17—25%. On the other hand, for each annealing tem-
perature, the maximum volume fraction of (001) || BA
oriented crystals is observed in the center of the bar
(Fig. 5b). The initial gradient of the textural (001) | BA
component is retained along the direction from the
center to the edge of the bar after annealing at 600—
800°C. The fraction of crystals with the (001) || (BA)
orientation leveled (to 11%) throughout the cross sec-
tion of the bar, when the annealing temperature is
increased to 900°C.

Finally, annealing at 600—700°C retains the initial
twinned structure in the center of the bar, so that the
volume fraction of grains with the (111) || (BA) orien-
tation does not change. We should note that the vol-
ume fraction of (001) || (BA) oriented grains decreases
slightly in this case, apparently due to the redistribu-
tion of dislocations during polygonization. Static
recrystallization processes tend to decrease the volume
fraction of (111} || (BA) and (001) || (BA) oriented grains
when the annealing temperature increases to 800 and
900°C, respectively. The lower thermal stability of
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(111) || (BA) oriented grains is caused by the accumula-
tion of a large number of defects during CRF due to the
simultaneous development of mechanical twinning and
dislocation slip, as compared to {(001) | (BA) grains
where dislocation slip predominated.

The annealing effect on the hardness distribution
over the cross section of the bar. Hardness measure-
ments showed that hardness in the initial state is not
uniformly distributed across the cross section of the
bar and ranges from 350 to 400 H, (Fig. 6). The max-
imum hardness is in the surface layer of the bar. It
decreases to a minimum at half the radius and reaches
its maximum in the central part. Annealing at tem-
peratures of 400—600°C does not change the value and
pattern of cross sectional hardness distribution signifi-
cantly. However, annealing at 700°C slightly reduces
the hardness of the steel under study and makes it
more homogeneous along the cross section (Fig. 6).
The hardness values range from 315 to 355 Hj.
Annealing at 800—900°C decreases the hardness and
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aligns it to the level of 165—170 H, across the section
of the bar.

The nonuniform distribution of hardness over the
bar cross section can probably be explained by the pres-
ence of residual stresses generated by CRF [18, 19]. The
compressive and tensile stresses were generated in the
center and surface layers, respectively, whereas com-
pressive stresses fully compensate tensile stresses at
half the radius, causing a minimum of hardness there.
Residual stresses are obviously retained up to 700°C,
and an increase in the annealing temperature up to
800°C removes them and equalizes the hardness
across the section.

The annealing effect on mechanical properties. In
the initial state, a tensile diagram (Fig. 7a) is typical of
cold-deformed austenitic steel with high strength
(0,= 1217 MPa, o, = 1077 MPa) and low plasticity
(0 =9.4%) (Fig. 7b). The uniform strain is 1.7% and
the localized strain is 7.7%. Annealing at 400°C does
not change the tensile diagram, but the yield strength
(0, ,) increases considerably to 1381 MPa and the ten-
sile strength (c,,) to 1402 MPa. The relative elongation
(0) decreases to 7.4%, and the uniform elongation J,,,;
decreases to 0.6%. After annealing at 500—600°C, o, ,
and o, stabilize at 1310—1350 and 1360—1380 MPa,
respectively (Fig. 7b). The plasticity properties
increase (8 grows to 10.5%), but J,,; remains at the
level of 0.6—0.7%. However, annealing at 700°C
changes the tensile diagram, namely, an extended
strain-hardening region of ~8.5% appears. The
strength properties decrease virtually to the level of the
initial cold-deformed state (G, to 1027 MPa, ¢, to
1145 MPa) and the plasticity increases ( to 16.1%).

On the one hand, the increase and subsequent sta-
bilization of the strength after annealing in the tem-
perature range 400—600°C are probably the result of
the formation of segregation of the alloying elements
at dislocations. As is shown in [20], the formation of
grain boundary Mo—Cr—Si segregations in these
steels increases the critical stress threshold necessary
for a boundary to have dislocations; as a result, the
yield strength of the material increases. In addition,
such segregations pin dislocations, which also
increases threshold stresses and, as a result, increases
strength. On the other hand, the plasticity of steel
increases when the annealing temperature is increased
from 400 to 600°C due to the redistribution of disloca-
tions throughout the volume of the material and dislo-
cation-free microvolumes are expected to form;
therefore, the material can be plastically deformed
due to dislocation movement along the dislocation-
free microvolumes. A gradient structure, where sur-
face layers are initially more hardened than the core,
also contributes to a good combination of strength
and plasticity due to the redistribution of strains and
stresses between the center and the more hardened
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Fig. 7. (a) The stress—strain curves and (b) tensile proper-
ties of the steel.

edge of a bar [10]. An increase in the annealing tem-
perature to 700°C causes a decrease in strength owing
to the development of static recrystallization in the sur-
face layers [14], which is also accompanied by an
increase in plasticity due to the formation of defect-
free austenitic grains (Fig. 3d).

CONCLUSIONS

The effect of the annealing temperature on the evo-
lIution of the structure, texture, and mechanical prop-
erties of the initially cold-deformed 08 Kh16N13M2T
austenitic stainless steel was investigated. The follow-
ing conclusions were drawn from the study:

(1) Annealing at 400—600°C cleans subgrains from
dislocations and causes the fragmentation of mechan-
ical twins. A subgrain structure forms in the surface
layer. Annealing at 700°C results in the formation and
growth of recrystallization nuclei in the surface layer
and the formation of a subgrain structure in the center
of the bar. Annealing at 800—900°C causes complete
recrystallization of the initial deformed structure.

(2) Cold radial forging forms a gradient of two-
component axial texture in the bar ((001), (111)), with
the intensity of the texture decreasing from the center
to the edge of the bar. Annealing in the temperature
range 600—700°C slightly reduces the (001) texture
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intensity in the center of the bar and keeps the (111)
texture intensity at the same level. An increase in the
annealing temperature to 800 and 900°C smears the
gradients of (111) and {(001) textures, respectively.

(3) After 95% CREF, the hardness is nonuniformly
distributed across the cross section of the bar. The
hardness level and its distribution pattern across the
cross section remain the same after annealing at 400—
600°C. An increase in the annealing temperature to
700°C reduces the hardness. Annealing at tempera-
tures of 800—900°C levels out and decreases the gen-
eral hardness across the cross section of the bar.

(4) Annealing at temperatures of 400—600°C
increases the strength of initially cold-deformed steel
(0p, to ~1350 MPa, o, to 1380 MPa). The relative elon-
gation gradually increases (from 7.4 to 10.5%) as the
annealing temperature increases. A further increase in
the annealing temperature to 700°C increases the plas-
ticity (6 to 16.1%) and decreases the strength character-
istics almost to the level of the initial cold-deformed
state (0, to 1027 MPa, ¢, to 1145 MPa).
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