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Introduction. The development of hydrogen energy implies a decrease in the dependence of various human
activities on fossil energy sources and a significant reduction in carbon dioxide emission into the atmosphere.
Therefore, the requirements for the quality of structural materials, which have the prospect of being used for
storage and transportation of hydrogen, as well as for the creation of infrastructure facilities for hydrogen energy,
are increasing. Therefore, the scientific researches on the hydrogen-assisted microstructure and mechanical
behavior of structural materials in various loading schemes are of great importance. The aim of this work is to
establish the effect of chemical-deformation treatment, including rolling combined with hydrogen saturation,
on the microstructure, phase composition, and mechanical properties of 316L-type austenitic stainless steel.
Methods. Transmission electron microscopy and backscattered electron diffraction, X-ray diffraction, X-ray phase
and magnetic phase analysis, microindentation and uniaxial static tension are utilized. Results and Discussion.
It is shown experimentally that after rolling with 25 and 50 % upset, the morphology of the defect structure and the
phase composition of 316L steel substantially depends on the deformation temperature (at room temperature or with
the cooling of the samples in the liquid nitrogen) and on hydrogen saturation rate (for 5 hours at a current density
of 200 mA/cm?2). The main deformation mechanisms of the steel in rolling are slip, twinning, and microlocalization
of plastic flow, which all provide the formation of ultrafine grain-subgrain structure in the samples. In addition,
deformation-induced € and o’ martensitic phases are formed in the structure of the rolled samples. Regardless of the
regime of chemical-deformation processing, grain-subgrain structures with a high density of deformation defects are
formed in steel, but its morphologies are dependent on the processing regime. The experimental data indicate that
both preliminary hydrogen saturation and a decrease in the deformation temperature contribute to the more active
development of mechanical twinning and deformation-induced phase transformations during rolling. Despite the
discovered effects on the influence of hydrogen saturation on the deformation mechanisms and the morphology
of a defective microstructure formed during rolling, preliminary hydrogenation has little effect on the mechanical
properties of steel at a fixed degree and temperature of deformation.These data indicate that irrespective of the
morphology of the defective grain-subgrain structure, grain refinement, accumulation of deformation defects and an
increase in internal stresses lead to an increase in the strength characteristics of the steel.
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Introduction

The development of methods and technologies gives reason to believe that hydrogen fuel cells will play
an important role in energy production. Advances in hydrogen energy will help one to reduce the depen-
dence on fossil fuels and significantly decrease carbon dioxide emission. Safe storage (ultrahigh-pressure
tanks and containers) and transport of hydrogen (piping, valves, sleeves, springs, and gauges to regulate
pressure) are key issues in the widespread using of hydrogen energy. In this regard, the requirements grow
for the quality and service properties of structural materials that are exposed to hydrogen [1-3]. One of the
important areas of research in this field is the evaluation of the mechanical behavior of structural materials
subjected to hydrogen exposure under various loading conditions.

Austenitic stainless steels (SS) have good corrosion resistance and are less susceptible to hydrogen
embrittlement than other steels [4, 5]. Therefore, such steels are candidate materials for various compo-
nents of hydrogen transportation and storage systems. Cold plastic deformation of austenitic SS causes
the formation of various types of deformation defects in the structure, and in some cases is accompanied
by y—¢ and y—a' phase transformations [6—13]. This leads to deformation and fragmentation of the grain
structure and, consequently, to a change in the mechanical properties of steel under cold deformation (an
increase in microhardness, a yield strength and an ultimate tensile strength, and a decrease in plasticity).
The choice of materials for hydrogen energy should consider the effect of hydrogen as an alloying element
on deformation-induced processes in austenitic stainless steels. Numerous works indicate that SS with high
stability of austenite to phase transformations (for example, Fe-17Cr-14Ni-3Mo or Fe-18Cr-20Ni-2Si) are
less susceptible to hydrogen embrittlement than steel grades with low stability (for example, Fe-18Cr-8Ni,
Fe-18Cr-10Ni, Fe-18Cr-10Ni-Ti) [3, 5, 14-18]. The stability of austenitic SS to phase transformations
depends on stacking fault energy (SFE), which is determined by the steel chemical composition [19-22].
At the same time, it is shown in [4] that not only deformation phase transformations, including those
hydrogen-induced, cause hydrogen degradation of the mechanical properties of austenitic steels, but also
the type of deformation-assisted dislocation arrangment. Stable steels with high SFE, in which a planar
dislocation structure develops, are more susceptible to hydrogen embrittlement than those with wavy slip
[4]. All above-mentioned studies indicate that hydrogen effectively affects both the type of microstructure
and phase transformations in austenitic steels.

The steel of composition Fe-17Cr-13Ni-3Mo-0.01C (analog of AISI 316L) is a type of austenitic
chromium-nickel stainless steel. It possesses high strain hardening rate, low tendency to deformation phase
transformations at room temperature due to its high SFE [7, 10, 11, 19]. Despite the fact that the processes
of hydrogen embrittlement for chromium-nickel steels with different SFE is studied in detail in uniaxial
tension [3-5, 1418, 23], there are almost no data on the effect of hydrogen on the structure refinement and
hardening of these steels under other types of loading, for example, during rolling.

In this work, we investigated the effect of chemical-deformation processing regimes, including multipass
rolling with preliminary saturation with hydrogen of the specimens, on phase composition, microstructure,
deformation mechanisms and mechanical properties of Fe-17Cr-13Ni-3Mo-0.01C austenitic steel.

Methods

The industrially melted stable austenitic stainless steel Fe-17Cr-13Ni-3Mo-0.01C is chosen as the
material for investigation. The steel billets with the shape of the rectangular plates were cut using an electric
spark machine. After cleaning in the aqua regia, the plates were kept at a temperature of 1100 °C for an
hour and water-quenched at room temperature. Heat treatment was carried out in an inert gas (helium)
environment. After heat treatment, the plates were mechanically ground and electrolytically polished in
a solution of 25 g CrO; + 210 ml H,;PO,. Before hydrogen saturation, all plates had the same size of
10x20x 1 mm’.

The first portion of specimens was electrolytically hydrogen saturated for 5 hours at room temperature.
Hydrogen saturation was carried out in IN aqueous solution of sulfuric acid (H,SO,) with add of
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thiourea (CH,N,S) at a current density j = 200 mA/cm’. Immediately after hydrogen saturation, the plates
were rolled using two regimes: regime I — at room temperature (23 °C), regime Il — with cooling of the
plates down to liquid nitrogen temperature (—196 °C) before each rolling path. Plastic deformation per
single pass through the rolls of the rolling mill was =3—4 %. The rolling reduction was calculated as
e=((hy—h)/hy)100 %, where hO is the initial plate thickness (1 mm), h1 is the plate thickness after rolling.
The total reduction was 25 and 50 %. The second portion of specimens was rolled using the identical
regimes, but without preliminary saturation with hydrogen. Further in the text, the specimens after heat
treatment (but non-deformed) are named as initial one.

The microhardness of the specimens was determined by the Vickers method on a Duramin 5 microhardness
tester with a load on the indenter of 200 g. Uniaxial static tension was carried out on an Instron 3369
testing machine at room temperature with an initial strain rate of 4.2x1 0*s"'. Dumb-bell shaped flat tensile
specimens were cut from the rolled plates. The tensile specimens had the dimensions of 9x2.6xh; mm in
gauge section.

X-ray phase and X-ray structural analyses (XRD) of phase composition and structural parameters of steel
were carried out on a Rigaku Ultima IV diffractometer (CuKa radiation). The calculation of a crystal lattice
microstrain (Ad/d) and the sizes of coherent scattering regions (CSR) were performed by the approximation
method. The volume fraction of strain-induced o'-martensite (V) formed in specimens was determined by
the measuring of a specific magnetization depending on magnetic field strength using a Magnetometer N-04
device (magnetic phase analysis, MFA) [26].

Electron microscopic studies of the specimens’ structure were carried out using a JEM-2100 transmission
electron microscope (TEM) at an accelerating voltage of 200 k'V. Foils for TEM research were prepared by the
standard method described in [27]. The dislocation density was calculated according to the procedure given
in [27]. The grain size of the initial heat-treated billet was determined using the grain maps reconstructed
from the electron backscattered diffraction (EBSD) data (a Quanta 200 3D scanning electron microscope,
an accelerating voltage of 30 kV).

Results and Discussion
XRD results

Figure 1 shows the X-ray diffraction patterns obtained for steel specimens in the initial state and after
various regimes of the chemical-deformation processing. According to XRD results, the initial austenitic
structure of Fe-17Cr-13Ni-3Mo-0.01C steel possesses a lattice parameter @ = 0.3603 nm, microstrain of the
crystal lattice — Ad/d = 7.3x10 * and CSR >200 nm.

X-ray phase analysis of steel specimens subjected to different regimes of chemical-deformation
processing revealed the presence of y-phase only. Thus, austenitic SS maintains a single-phase fcc
crystal structure regardless of the processing regime (Fig. 1). XRD analysis indicates the deformation-
induced refinement of the structure and the increase in internal stresses in the specimens. Regardless of
the deformation temperature and hydrogen saturation, the microstrain of the crystal lattice increases after
rolling up to 1.5-2.9x10°. Rolling significantly reduces CSR values (Table 1). The lattice parameter of
austenite changes insignificantly after all processing regimes. It should be noted that at the same reduction
in rolling, two factors — a decrease in the rolling temperature and preliminary saturation with hydrogen—
promote the increase in CSR values in comparison with specimens rolled at room temperature and without
preliminary saturation with hydrogen. This result indicates, first, a hydrogen-assisted and temperature-
assisted change in the fragmentation of the microstructure and, probably, the deformation mechanisms in
specimens during rolling. Second, these data indicate similar effect of both aforementioned factors on the
microstructure of the steel during rolling.

A comparative analysis of the XRD patterns shows a decrease in the intensity and broadening of X-ray
lines with an increase in the reduction (strain) (Fig. 1). During rolling, deformation texture of the {220}
type is formed in the rolling plane, as it is illustrated by changing in the ratio of the X-ray lines intensi-
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Fig. 1. XRD pattens for Fe-17Cr-13Ni-3Mo-0.01C steel in the initial state, after processing according to
regime | (@, b) and regime Il (¢, d); a, ¢ — rolling of hydrogen-free specimens; b, d— rolling of hydrogen
saturated specimens. The reduction in rolling is shown in the figures

Table 1

Relative intensities of XRD maxima, the ratios of intensities for 111y and 022y reflections and sizes
of the coherent scattering regions (CSR) for Fe-17Cr-13Ni-3Mo-0.01C steel before and after
chemical-deformation treatment

CDT 111y 002y 022y 113y L, 1‘{/1022“{ CSR, nm
initial 100.00 20.67 26.76 13.50 3.74 >200
Rolling without hydrogen saturation
regime [, e =25 % 44.44 19.13 100.00 23.90 0.44 11
regime I, € =50 % 78.64 3.05 100.00 7.96 0.79 7
regime II, e =25 % 92.16 20.97 100.00 28.07 0.92 44
regime II, e = 50 % 73.73 0.78 100.00 6.24 0.74 30
Rolling after hydrogen saturation
regime [, e =25 % 83.19 36.57 100.00 26.59 0.83 14
regime I, € =50 % 36.35 2.94 100.00 7.55 0.36 7
regime I, € =25 % 98.50 20.47 100.00 29.28 0.98 70
regime II, € = 50 % 42.04 1.91 100.00 9.39 0.42 40
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ties (Fig. 1, Table 1). At 25 % reduction, that is, at early deformation degrees, hydrogen saturation and a
decrease in the test temperature insignificantly suppress the formation of {220}-type texture in the rolling
plane. With an increase in the reduction up to 50 %, over against, both these factors contribute a significant
increase in the relative intensity of austenitic 220y line in comparison with a lower strain (Table 1). To-
gether with data on the change in CSR values, this may indicate the activation of deformation twinning and/
or y—¢ deformation-induced transformation at low strains due to preliminary saturation with hydrogen and
the decrease in the test temperature. Both these mechanisms contribute the formation of special boundaries
»3", which inhibit dislocations motion, propagation of microshear bands, and impede the formation of a
misoriented grain/subgrain structure with boundaries of general type [28—30]. As a result of the destruction
of the grid of the special boundaries, which has been formed at small strains, the rolling texture is formed
during subsequent rolling to 50 % reduction by analogy with specimens deformed without preliminary
saturation with hydrogen (Fig. 1, Table 1).

Results of transmission electron microscopic studies

The initial specimens have the homogeneous grain structure. The average grain size of austenite
is 15 pm, as it is determined by EBSD-maps. Chemical-deformation processing promotes significant
grain refinement and the formation of a grain/subgrain structure with a high density of defects of the
crystal structure (Figs. 2 and 3). The dislocation density increases from ~1012 to ~1015 m” during
rolling.

* matrix
35 Otwin

c d

Fig. 2. TEM images of the microstructure in steel after processing in regime I:

a, ¢ — rolling of hydrogen-free specimens; b, d — rolling of hydrogen-charged specimens.
Reduction:25%(a,b)and50%(c,d).Selectedareaelectrondiffractionpatternsareobtained from
an area of 1.4 umz
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Fig. 3. TEM images of the microstructure in steel after processing by regime II: a, ¢ — rolling of
hydrogen-free specimens; b, d — rolling of hydrogen saturated specimens. Reduction: 25 % (a, b)
and 50 % (c, d). Selected area electron diffraction patterns are obtained from an area of 1.4 umz

Figure 2 shows bright-field TEM images of the microstructure and the corresponding selected area
electron diffraction patterns (inserts) for specimens rolled at room temperature (regime I). After rolling of
specimens without preliminary saturation with hydrogen with € = 25 %, the initial large austenitic grains
are seen. The diffraction contrast inside of these grains testifies the accumulation of high dislocation density
(Fig. 2, a, Table 2). Microdiffraction patterns for such a microstructure have a point character, with weak
azimuthal diffusion of reflections. The dislocation arrangement indicates that the steel is characterized
by “wavy” slip, typical for deformation of steels with medium-to-high SFE [31]. Both grains, in which
deformation is realized due to slip only, and those with active slip and twinning are observed in TEM images.
This is due to the orientation dependence of the twinning in austenitic steels [32, 33]. Under conditions of
constrained deformation, the twinning stresses in Fe-17Cr-13Ni-3Mo-0.01C steel, which does not contain
interstitial atoms, are not achieved in all grains, but in some grains this mechanism is realized. Twins with a
thickness (lamella width) = 50—-100 nm and with a distance between lamellas e = 60—100 nm are frequently
observed (Table 2). The linear density of twin boundaries in such grains is p, = 2x 10°m" (Table 2). Rarely,
individual grains are observed, in which the density of twin boundaries is higher than the average value
(p,, = 12x 10° m_l). Obviously, these grains were most favorably oriented for the development of mechanical
twinning (these grains possess the maximum Schmid factors for twinning).

The inhomogeneous grain/subgrain structure is formed after rolling with 50 % reduction (Fig. 2, c).
Microdiffraction patterns contain numerous reflections of the austenite phase, distributed over the ring
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Table 2

Microstructure characteristics (p — dislocation density, t — twin thickness, e — distance between twins,
p,, — the linear density of twin boundaries) of steel microstructure after chemical-deformation processing

CDT P, m’ t, nm e, nm Py m'
Rolling without hydrogen saturation
6
. e 15 50-100 60-100 2x10°
regime [, e =25 % 0.4x10 (15-257) (15-407) (]2><106 )
6
. eno 15 60150 40-130 6x10°
regime [, € =50 % 0.8x10 (15-30") (20-40") (16><106 )
regime II, £ = 25 % 0.7x10" 20-100 50150 7x10°
regime 11, € = 50 % 1.0x10" 30-60 30-60 10x10°
Rolling after hydrogen saturation
6
. e 5 50200 (20— - ee 8x10°
regime [, € =25 % 0.8x10 50)* 70-250 (25-50) (29%10%)
6
. eno 15 50-100 50-150 13x10°
regime [, € =50 % 1.2x10 (15-45") (30-50") (34><106 )
regime II, £ = 25 % 0.8x10" 10-60 40150 30x10°
regime 11, € = 50 % 1.5x10" 1040 20-60 40x10°

" In individual grains that are favorably oriented for twinning.

(Fig. 2, c, insert). This indicates the formation of high-angle misorientations in the steel structure as a result
of plastic deformation, while high azimuthal diffusions of the reflections confirm the presence of low-angle
misorientations as well. Localized deformation bands (shear bands) of various scales are formed in rolling.
Broken and separated twin boundaries are observed inside and between such bands (Fig. 2, ¢). Deformation
twins are observed in most grains after 50 % reduction. The analysis of TEM images indicates the increase
in the linear density of twin boundaries and the density of dislocations in comparison with the specimens
rolled to 25 % reduction (Table 2).

Preliminary saturation with hydrogen before rolling promotes the development of deformation twin-
ning, which leads to a significant increase in the linear density of twin boundaries in comparison with the
structure after rolling in regime I without hydrogen saturation (Table 2, Fig. 2). Twinning is observed in
almost all grains at 50 % reduction (Fig. 2, d). Mechanical twinning as a deformation mechanism is facili-
tated primarily due to a decrease in SFE of steel alloyed with hydrogen atoms. The formation of twins can
be observed even in grains unfavorably oriented for this deformation mechanism [34, 35]. TEM studies also
show the presence of thin e-martensite lamellae inside of austenitic grains, but its amount is not high (Fig. 2,
b, d). Since the e-phase is not determined by XRD, its volume fraction is not above 5 %. The formation of
the e-phase also confirms the decrease in SFE of hydrogen-alloyed steel. After rolling up to 50 % reduction,
diffraction patterns are predominantly point-like, although azimuthal diffusions of the reflections are pres-
ent (Fig. 2, d, inserts). TEM studies have shown that preliminary saturation with hydrogen of the specimens
before rolling contributes to the formation of a less misoriented structure relative to those deformed without
preliminary saturation with hydrogen. This is obviously associated with the formation of a high density of
special boundaries (twins and e-phase). Along with the twinning, an increase in dislocation density is ob-
served in comparison with specimens rolled to the similar reduction (strain) but without preliminary satu-
ration with hydrogen (Table 2). This may be due to the hindered transfer of shear across twin boundaries
and the accumulation of slip dislocations in the regions between special boundaries. Microstructural TEM
studies confirm X-ray structural analysis data on the texture formation during rolling of the specimens,
presented and discussed above. In terms of the special boundaries network formation, the microstructure
of hydrogen saturated and rolled specimens is more uniform in comparison with one produced without
preliminary saturation with hydrogen.
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After low temperature deformation of hydrogen-free specimens (cooling of the plates before each rolling
cycle, regime II), the details of its microstructure are quite similar to those deformed at room temperature
after preliminary saturation with hydrogen (Figs. 2 and 3). A decrease in SFE of steel due to decrease in the
deformation temperature is a well-known fact, and here it causes effect similar to alloying of the specimens
with hydrogen before rolling.

Figure 3, a shows bright-field TEM image of microstructure and corresponding microdiffraction pattern
(inserts) after rolling according to regime II without hydrogen saturation (¢ = 25 %). A decrease in the de-
formation temperature promotes the formation of the larger number of twins in the microstructure, thinner
twin plates and shorter distances between it relative to the room-temperature deformation. This contributes
to the increase in the linear density of twin boundaries (Table 2). Analysis of the diffraction pattern (Fig. 3,
a, inserts show variants of interpretation of reflections corresponding to twins and the e-phase) indicate that,
in addition to twins in the austenite grains, plates of e-martensite are observed. It ought to be noted that in
deformation regime I, e-martensite plates have been observed only after rolling with hydrogen saturation
(Fig. 2, b).

Figure 3, ¢ shows bright-field TEM image of misoriented grain/subgrain structure corresponded to the
rolling of the steel in regime II with 50 % reduction without preliminary saturation with hydrogen. Compar-
ison of TEM images in Figures 2, ¢ and 3, ¢ indicates that, in contrast to deformation at room temperature,
the cooling of the specimens is accompanied with the formation of a more homogeneous misoriented struc-
ture with deformation microbands, twins, and high density of dislocations (Table 2). Diffraction analysis
of these specimens indicates the formation of a'-phase in the structure. Selected area electron diffraction
pattern has a quasi-ring character. It shows numerous austenitic reflections with high azimuthal diffusions,
as well as reflections of €- and o’-deformation martensite (Fig. 3, ¢, insert). However, the fraction of &- and
a’-phases is not high, since it is not identified by XRD (Fig. 1, ¢). According to magnetic phase analysis, the
volume fraction of o’-martensite in these specimens is ¥V, = 4.5 %.

In specimens after hydrogen saturation and rolling in regime II (¢ = 25 %), a homogeneous dense grid
of twin boundaries is formed (Fig. 3, b). It consists of twin lamellae of 30-60 nm thick. Inside of this grid,
there are even thinner twins of 10-15 nm thick and the density of twin boundaries reaches p, = 30x1 0°m’
(Table 2). Selected area diffraction patterns show point reflections corresponding to a’-phase, as well as
reflections for y-phase with strong azimuthal diffusions (Fig. 3, d, insert). In this case, the austenitic reflec-
tions do not form a quasi-ring pattern in contrast to that for the specimens rolled without hydrogen satura-
tion (Fig. 3, ¢, insert). Magnetic phase analysis indicates that a deformation o’-phase is also present in the
specimens processed according to this regime, but its volume fraction is lower than that in specimens rolled
without hydrogen saturation (¥, = 2.7 %). This experimental fact requires further detailed research and
analysis in a separate publication.

The realization of phase transformations, deformation microscopical localization (shear bands), high
linear density of twin boundaries and dislocations after chemical-deformation processing by regime II
all contribute to intensive grain refinement and formation of more uniform grain/subgrain structure in
comparison with that in specimens subjected to processing in regime I. Preliminary saturation with hydrogen
of austenitic SS and decrease in the deformation temperature both facilitate high density of twin boundaries
in the microstructure of the specimens in this case.

Tensile test results

Fig. 4 shows “stress-elongation” diagrams obtained by uniaxial static tension of the specimens pro-
cessed according to different chemical-deformation regimes. The mechanical properties determined from
these diagrams (elongation (3), yield strength (o, ,) and ultimate tensile strength (o)) are summarized in
Table 3.

In Fig. 4, curve 1 demonstrates the tensile diagram of the initial coarse-grained specimen (without any
deformation pre-treatments). At the initial state steel possesses high ductility (= 63 %) and low values of
the yield strength (o, ,=370 MPa) and ultimate tensile strength (6, = 660 MPa). Chemical-deformation pro-
cessing leads to an increase in microhardness, a significant increase in strength properties and a decrease in
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Fig. 4. Tensile diagrams of the initial (curve 1) steel specimens and those treated according to regime I (a, b)
and regime II (¢, d) (curve 2 — e=25 % and curve 3 — € = 50 %); a, ¢ — after rolling of hydrogen-free specimens;

b, d — after hydrogen saturation and rolling

Table 3
The mechanical properties of Fe-17Cr-13Ni-3Mo-0.01C steel in the initial state
and after chemical-deformation processing

CDT o,,, MPa oy, MPa 3, % Hu, GPa

initial 370 660 63 2.17
Rolling without hydrogen saturation
regime [, e =25 % 830 900 14 3.18
regime [, € =50 % 1110 1150 9 3.53
regime I, e =25 % 850 950 18 3.27
regime I, £ = 50 % 1230 1270 7 3.97
Rolling after hydrogen saturation

regime [, e =25 % 910 950 15 3.31
regime [, e = 50 % 1120 1170 9 3.92
regime 11, £ =25 % 950 990 18 342
regime II, € = 50 % 1230 1300 7 4.19

Cm
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plasticity of the steel (Table 3). Depending on processing regime, the values of the yield strengths increase
by factor of 2.5-2.6 and ultimate strength by factor of 1.4—1.6, while elongation to fracture decreases drasti-
cally (Table 3). When the yield point is reached in specimens subjected to chemical-deformation process-
ing with 50% reduction, bands of localized plastic deformation are formed and a neck is formed, in which
fracture occurs.

Grain refinement, an increase in the linear density of twin boundaries and the formation of deformation
martensite all contribute to a significant increase in the strength characteristics of the steel. However, there is
a high tendency to macroscopic localization of deformation, which is typical for steels with highly defective
grain/subgrain structures of a submicron scale [36]. Despite the differences in the microstructure of the
specimens treated in different modes of chemical-deformation processing, no principal differences are
found in the mechanical properties of the specimens rolled to the same reduction. Nevertheless, hydrogen
saturated and deformed with cooling specimens possess the highest mechanical properties (Table 3).

Conclusions

Chemical-deformation processing of austenitic stainless Fe-17Cr-13Ni-3Mo-0.01C steel in rolling
combined with hydrogen saturation provides the formation of a highly defective grain/subgrain structure.
The deformation temperature and hydrogen saturation significantly affect the deformation mechanisms,
phase transformations and final microstructure of the specimens in rolling.

Preliminary hydrogen saturation and decrease in deformation temperature (due to cooling of specimens
before each rolling path) promote mechanical twinning and phase transformations during rolling of the
specimens. Despite the formation of a small fraction of € and o’ martensitic phases in the structure, the main
deformation mechanisms of the steel during rolling are slip, twinning, and microlocalization of plastic flow,
which all assist the formation of the ultrafine-grained structures with various morphologies.

Grain refinement, accumulation of the defects of the crystal structure and the increase in internal
stresses lead to an increase in the strength characteristics of the steel. Despite the fact that preliminary
hydrogen saturation and decrease in temperature significantly affect the morphology of grain/subgrain
structure and defective microstructure formed by rolling, they do not cause the significant hardening
and plasticity loss of the specimens relative to those rolled at room temperature without preliminary
saturation with hydrogen.
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