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Abstract—This work studies the structure and texture evolution in the 03Kh19N10 corrosion-resistant meta-
stable austenitic steel (0.05C–18.2Cr–8.8Ni–1.65Mn–0.43Si–0.05P–0.04S wt %, and Fe for balance)
during cold rolling, which results in twinning and martensitic transformation. The strain-induced martensite
nucleates heterogeneously in the microshear bands and at their intersections. The fraction of strain-induced
martensite increases with increasing true strain and approaches 80% at е = 3. The development of deforma-
tion twins, microshear bands, and martensitic crystallites results in the formation of a uniform nanocrystal-
line structure consisting of elongated γ/α' crystallites 100 nm in cross-section size after large deformation
(е = 2–3). The austenite texture after cold rolling is characterized by the strong Brass ({110} 112) and Goss
({110}001) texture components, whereas the strain-induced martensite texture is characterized by strong
texture component I* ({223}110) and an increased orientation density along γ fiber (111 ∥ ND). The ori-
entation of the γ/α'-phase boundaries depends on the strain value.
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INTRODUCTION
Developing the technologies for producing semi-

finished products from high-strength austenitic chro-
mium–nickel steels [1–3] is an important task. These
steels are widely used in various industries because of
their corrosion properties. Heat treatment of austen-
itic chromium–nickel steels traditionally includes
heating in the 1000–1100°C temperature range and
fast cooling. This treatment fixes γ solid solution with
homogeneously-distributed alloying elements and
without М23С6 carbides, which provides the best cor-
rosion properties [1, 4]. However, the austenitic chro-
mium–nickel steels have a low strength after the tradi-
tional solid-solution treatment, which restricts their
application as a structural material. The severe plastic
deformation of austenitic steels increases their
strength significantly both by producing ultrafine-
grained (UFG) and nanocrystalline (NC) structures,
as well as by producing strain-induced martensite
[4‒6]. The kinetics of the formation of these struc-
tures in materials with a fcc lattice is largely dependent
on the stacking fault energy (SFE). Materials with low
SFE (from 20 to 40 mJ/m2) are characterized by a high
rate of structural fragmentation due to deformation
twinning [7–9]. Deformation twinning produces a

high-density three-dimensional network of high-
anglе boundaries of deformation origin. This in turn
improves the strength properties of the material due to
both structural hardening by the Hall–Petch mecha-
nism and dislocation hardening, since the maximum
dislocation density increases by a factor of 5 or more as
the crystalline size decreases from tens of microns to
20–40 nm [9, 10].

The corrosion-resistant austenitic chromium–
nickel steel 03Kh19N10 (AISI 304L) [6] represents a
material with a low stacking fault energy (∼20 mJ/m2).
It should be noted that austenitic chromium–nickel
steels are metastable at room temperature, since the
temperature of the beginning of the γ → α phase trans-
formation lies in the 540–580°С temperature range.
Room-temperature plastic deformation of metastable
austenitic steels with this SFE is accompanied by mar-
tensitic transformation assisted by deformation twin-
ning [1–3, 5, 7–9, 11–16]. The formation of strain-
induced martensite leads to structure fragmentation due
to the formation of interphase γ/α' boundaries [6, 11–14].
The formation of strain-induced martensite is known
to obey the Kurdjumov–Sachs or Nishiyama–Was-
serman crystallographic orientation relationships, at
which interphase γ/α' boundaries with 45° angles are
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formed [11, 15]. However, the stability of the
γ/α' interphase during subsequent deformation has
not been studied in sufficient detail [13]. The relation-
ship between structure-forming mechanisms and tex-
ture evolution in metastable austenitic corrosion-
resistant steels, the cold plastic deformation of which
is accompanied by martensitic transformation, also
remains unclear.

Depending on the mechanism of plastic deforma-
tion, there are two types of textures in fcc materials:
copper texture ({112}111 and brass texture
({011}211) [6, 17–19]. The copper texture is observed
in metals with high SFE, where the main mechanism
of plastic deformation is sliding. The brass texture is
typical of materials with low SFE, in which the main
mechanism of plastic deformation is twinning. How-
ever, the effect of strain-induced martensite on the
texture of metastable austenite has not been suffi-
ciently studied. This work is aimed at studying the
structural and textural evolution in the 03Kh19N10
austenitic corrosion-resistant metastable steel during
severe plastic deformation by cold rolling.

EXPERIMENTAL
The object of the investigation was the 03Kh19N10

steel of the following chemical composition (wt %):
0.05C–18.2Cr–8.8Ni–1.65Mn–0.43Si–0.05P–0.04S,
and Fe for balance. The preliminary thermomechani-
cal treatment of the steel involved hot forging and
annealing at 1100°C and subsequent water cooling.
The plate rolling of the samples with an initial cross-
section of 30 × 30 mm2 was carried out at room tem-
perature to obtain true strains e ≈ 0.5, 1, 2, and 3. The
structure was examined using a Jeol JEM-2100 trans-
mission electron microscope (TEM) and a Nova
Nanosem 450 scanning electron microscope (SEM)
equipped with an electron back-scatter diffraction
(EBSD) analyzer. The structural examination was
conducted in the longitudinal section (perpendicular
to the transverse direction of rolling) of the rolled sam-
ples. The size of crystallites (grains/subgrains) was cal-
culated on TEM images by a linear-intercept method
in the direction perpendicular to the rolling direction.
Orientation distribution functions (ODF) were built
using the EBSD maps with the aid of TSL OIM Anal-
ysis software. The volume fraction of martensite was
estimated as an average value obtained by X-ray dif-
fraction (XRD) analysis, and ferritoscope and EBSD
methods.

RESULTS AND DISCUSSION
The preliminary treatment resulted in an initial

microstructure with an average grain size of 21 μm
[6, 15, 17]. Figure 1 shows the microstructure of the
03Kh19N10 austenitic corrosion-resistant steel after
cold rolling. The cold rolling to a relatively small true
strain e = 0.5 makes the initial austenitic grains elon-
PHYSICS OF META
gated along the rolling direction and creates a low-
angle subgrain boundary network inside the grains
(Fig. 1a). The formation of the misoriented substruc-
tures can be explained by the difference in acting slip
systems in various regions of the initial grains. Defor-
mation twinning and martensitic γ → α' transforma-
tion are also developed at the early stages of plastic
deformation. The twinning causes further fragmenta-
tion of the austenitic grains due to the formation of
coherent boundaries Σ3 with a misorientation angle of
about 60°. The martensite transformation is responsi-
ble for the formation of a two-phase structure consist-
ing of austenitic and martensitic grains (Fig. 1c). The
fraction of the martensitic grains is about 0.2 (Fig. 2).
Further cold rolling to a true strain of e = 2 provides an
additional fragmentation and the formation of an
ultrafine grain structure with mostly high-angle
boundaries (Figs. 1b, 1d). The fraction of martensitic
grains increases to 0.65 (see Fig. 2). The formation of
the strain-induced martensite also stimulates struc-
ture fragmentation due to the formation of interphase
γ/α' boundaries (Fig. 1d). The fraction of strain-
induced martensite after rolling to e = 3 is close to the
equilibrium fraction of the α ferrite that was calculated
using the ThermoCalc program (see Fig. 2).

Figure 3 illustrates the fine structure of the
03Kh19N10 austenitic steel after cold rolling to vari-
ous true strains. Figure 3a demonstrates a high density
of deformation twins with the {111} twinning plane in
the austenitic grains at the early stages of cold working.
These twins look like thin plates about 50 nm thick. It
should be noted that almost the entire grain volume is
filled with a nanotwin structure (central part of
Fig. 3a). Only one twin system acts in each grain. As a
result, the initial austenitic grains 21 μm in size are
fragmented into plates 50 nm thick, which are sepa-
rated by coherent twin boundaries Σ3.

Since the secondary twinning does not develop in
the 03Kh19N10 steel, the plastic deformation by the
twinning mechanism is not possible. Plastic f low at
e = 1 localizes to form microshear bands [7, 8]. The
microshear bands are located at an angle of 30° to the
rolling direction inside nanotwin stacks (Fig. 3b).
Microshear bands and their intersections are mainly in
the regions where the deformation martensite nucle-
ates. Their formation increases the fraction of marten-
site at intermediate strain values. The plastic f low
localization in the microshear bands induces further
structural fragmentation. The microshear bands thus
consist of slightly-elongated alternating γ/α' crystal-
lites with a cross section of about 100 nm. Subsequent
large deformation by cold rolling (e = 2, 3) makes the
boundaries between the crystallites thinner, increases
the misorientation between the boundaries of the
shear bands, and changes (strongly deviates from
60.4°) the misorientation of special boundaries (that
become incoherent), as indicated by ring electron dif-
fraction patterns (Figs. 3c, 3d). Due to the formation
of microshear bands and deformation martensitic
LS AND METALLOGRAPHY  Vol. 121  No. 7  2020
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Fig. 1. (a), (b) Microstructure and (c), (d) phase composition of the 03Kh19N10 austenitic corrosion-resistant steel after cold
rolling at (a), (c) е = 0.5 and (b), (d) 2. The crystallographic direction along the normal (ND) to the rolling plane is indicated by
the color in (a) and (b) images.
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Fig. 2. Effect of true strain e on fraction of strain-induced
martensite FM and transverse size of crystallites d in the
03Kh19N10 corrosion-resistant austenitic steel.
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crystallites, there is a transition from a two-dimen-
sional twin nanostructure to a three-dimensional
mixed structure. The cold rolling to e = 3 forms a
structure that consists of austenitic and martensitic
nanocrystallites with a transverse size of about 80 nm.
The nanocrystallites are strongly elongated along the
rolling direction.

Figure 4 shows the distribution of γ/α' interphase
grain boundaries misorientation after the cold rolling
of the 03Kh19N10 steel. The distribution of γ/α'-
interphase grain boundaries misorientation exhibits
one peak that corresponds to angles of about 45°. This
peak is associated with the strain-induced martensite
transformation that occurs by the shear mechanism,
since the orientation relations between austenite and
martensite in corrosion-resistant steels are close to
those of Kurdyumov–Sachs and Nishiyama–Wasser-
man, which correspond to misorientation between γ
and α phases at 42.9° and 46°, respectively [11, 15]. At
relatively small true strains e = 0.5 and 1, the peak cor-
responding to the angles of about 45° is acute
(Figs. 4a, 4b) due to the formation of new martensitic
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 121  No. 7  2020
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Fig. 3. Fine structure of the 03Kh19N10 austenitic corrosion-resistant steel after cold rolling at true strains е: (a) 0.5, (b) 1, (c) 2,
and (d) 3. Regions where the electron diffraction patterns were taken are circled.
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grains. However, the maximum fraction of interphase
boundaries corresponds to an angle of 46°, i.e., the
Nishiyama–Wasserman orientation relationship is
fulfilled mainly between austenitic and martensite
grains [11, 15]. Subsequent cold rolling at e = 2 and 3
results in the formation of both new martensitic crys-
tallites, since the fraction of deformation martensitic is
gradually increasing over the entire true strain range,
and the reorientation of previously formed γ/α' inter-
phase boundaries. The peak corresponding to ~45°
(see Figs. 4c, 4d) is blurred towards the interphase
boundaries with a misorientation of about 35°. Conse-
quently, the deformation process reorients the γ/α' inter-
phase boundaries, resulting in two peaks at angles of
about 35° and 45°.

Figure 5a is a schematic representation of orienta-
tion distribution functions (ODFs) of the main texture
components for austenite and martensite. Their Euler
coordinates are given in Table 1. Figure 5b shows the
ODFs for the 3Kh19N10 austenitic steel after cold
rolling to various true strains. The texture of the aus-
PHYSICS OF META
tenite after cold rolling is characterized by the forma-
tion of a higher orientation density along the ζ fiber
(110 || ND) and γ fiber (111 || ND). The ζ fiber is
characterized by two pronounced maximal intensities
near the Brass ({110}112) and Goss ({110}001) texture
components, which are typical of rolled fcc materials
with low or medium stacking fault energies that are
usually deformed by twinning and with shear band for-
mation. Thus, the ζ fiber appears in the austenite tex-
ture after relatively small deformation and becomes
stronger with increasing true strain. It is worth noting
that the fraction of the Brass texture component pre-
vails over the fraction of the Goss texture component
in the entire strain range under consideration [6]. The
formation of the γ fiber and maximum intensities,
which correspond to the E ({111}110) and F
({111}112) texture components, is associated with the
formation of ultrafine grains in the shear bands. The
γ fiber forms in the true strain range from 1 to 2. How-
ever, its formation slows down with increasing true
strain, when the crystallites are reoriented within pre-
LS AND METALLOGRAPHY  Vol. 121  No. 7  2020
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Fig. 4. Distribution of γ/α' interphase grain boundary misorientations in the 03Kh19N10 austenitic corrosion-resistant steel after
cold rolling at true strains е: (a) 0.5, (b) 1, (c) 2, and (d) 3.
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viously formed shear bands. In addition, the E and F
texture components become less pronounced due to
the martensite transformation process, which develops
easily in microshear bands, and therefore decreases
the fraction of orientations associated with shear
bands in austenite.

After cold rolling the texture of the strain-induced
martensite is characterized by the development of η
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1

Table 1. Textural components that are typical of austenite an

Component, symbol {hkl}uvw

Cube (С) {001}100
Rotated cube (H) {001}110
E {111}110
F {111}112
I* {223}110
Goss (G) {110}001
Rotated Goss (RtG) {110}110
Brass (B) {110}112
A {110}111
Copper (Cu) {112}111
fiber (001 || ND) and γ fiber (111 || ND). The η fiber
with maximum intensities near the H({001} 110) tex-
ture component becomes more pronounced at e = 2
and is remained the same at e = 3. The γ fiber exhibits
a high orientation density near the F ({111} 112) tex-
ture component at relatively small true strain e = 1.
The formation of the F texture component in the mar-
tensite texture at the first stage of plastic deformation
21  No. 7  2020

d martensite

Euler angles

ϕ1 Φ ϕ2

45 0 45
0/90 0 45
0/60 55 45

30/90 55 45
0 43 45

90 90 45
0 90 45

55 90 45
35 90 45
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Fig. 5. (a) Schematic representation of the ODFs of the main texture components for austenite and martensite. (b) ODFs of the
03Kh19N10 austenitic corrosion-resistant steel after cold rolling at various true strains.
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is associated with the γ → α' shear phase transforma-
tion according to the Kurdyumov–Sachs and Nishi-
yama–Wasserman orientation relations, as a result of
the transformation of the austenite with the Brass tex-
ture component (Fig. 6) [6]. An increase in the true
strain leads to an alignment of the orientation density
along the entire γ fiber. It should be noted that the
PHYSICS OF META
strain-induced martensite after large true strain е = 3
is characterized by a strong texture component I*
({223} 110) that is usually attributed to the base slip
system, namely {110} 111 in bcc metals. The I* tex-
ture component is more stable than the F texture com-
ponent, which additionally confirms the reorientation
of the γ/α' interphase boundaries (resulting from the
LS AND METALLOGRAPHY  Vol. 121  No. 7  2020
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Fig. 6. Martensite orientation resulted from the austenite
transformation at the {110}112 Brass component accord-
ing to Kurdyumov–Sachs and Nishiyama–Wasserman
orientation relationships.
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shear martensite transformation) during the deforma-
tion process. The angles between martensite and aus-
tenite, between the I* and Brass and between I* and
Goss orientations are 31° and 45°, respectively. Thus,
there are two particular peaks in the misorientation
distribution for interphase boundaries due to the for-
mation of the I* texture component.

CONCLUSIONS

The cold rolling of the 03Kh19N10 austenitic cor-
rosion-resistant steel is accompanied by deformation
twinning and martensite formation, and therefore,
rapid microstructure fragmentation. Microshear
banding at intermediate true strains facilitates the
transformation of the strain-induced martensite and,
hence, increases its volume fraction. The martensitic
transformation occurs according to the Kurdjumov–
Sachs and Nishiyama–Wasserman crystallographic
orientation relationships. This fact is supported by the
formation of γ/α' interphase boundaries with an angle
of 45°. A large fraction of γ/α' interphase boundaries
have a misorientation of 46°; i.e., the strain-induced
martensite mainly forms according to the Nishiyama–
Wasserman orientation relationship. As the true defor-
mation increases, the austenitic and martensite crys-
tallites reorient. As a result, the γ/α' interphase bound-
aries tend to a more stable orientation with a 35° misori-
entation. The nanocrystalline structure that comprises
severely elongated austenitic and martensitic grains/sub-
grains with a cross-section size of about 80 nm, is formed
during cold rolling at e = 3. The austenite texture evolu-
tion during the cold rolling is characterized by an increase
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
in Brass ({110}112) and Goss ({110}001) components
that form ζ fiber (110 || ND). The martensite texture
at the intermediate true strains is described by F
({111}112) strong texture component. The γ → α'
phase transformation that is described by the Kurdyu-
mov–Sachs and Nishiyama–Wasserman orientation
relationships, is responsible for the appearance of the
F component. The I* ({223}110) component tends to
increase with increasing the true strain. This fact
points to its more stable orientation and, as a conse-
quence, to the reorientation of γ/α' interphase bound-
aries formed by the martensite-transformation shear
mechanism.
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