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In this paper, we study the effect of hydrogen pre-charging (in a 1N H2SO4 solution with
a CS(NH2):2 as a recombination potion, at current densities of 10, 100 and 200 mA/cm?,
for 5 hours) on the microstructure and phase composition of a type AISI 321 austenitic
stainless steel during room-temperature rolling. Hydrogen pre-charging enhances the
contribution of mechanical twinning to the fragmentation of the structure and assists to
y—a' and y—e¢ transformations during rolling. Both, twinning and martensitic transfor-
mations, are dependent on hydrogen pre-charging regime: an increase in a current density
during pre-charging of the specimens causes a decrease in the thickness of twin plates,
increases the density of twin boundaries and fraction of o'-martensite in the structure of
the rolled specimens. The formation of a high density of £3" boundaries (twin and &-
martensite) prevents the formation of a misoriented grain structure in austenite during
rolling of steel specimens. Hydrogen pre-charging provides faster kinetics of y—a' phase

transformation in metastable steel AISI 321 during rolling.
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1. INTRODUCTION

The development of modern technologies places increas-
ingly high demands on the performance properties of the
iron-based alloys and, in particular, austenitic stainless
steels. Steels of this class are a common structural material
in the energy, chemical and food industries, the oil and gas
extraction and transportation, and many other applications
related to the human activity [1]. During operation, the in-
dividual constructional elements made of steel often inter-
act with hydrogen-containing media. The problem of a hy-
drogen embrittlement (HE) has not yet been solved for
austenitic stainless steels, although they are more resistant
against HE in comparison, for example, with ferritic or
martensitic steels [2,3].

The currently known hydrogen-affected behavior of
metals, alloys and steels, and the HE models developed
on its basis are diverse [4—7], but they are sometimes spe-
cific, trivial or contradictory. In modern literature, the

following hydrogen-assisted behavior of austenitic stain-
less steels is most often mentioned: HE or, conversely,
hydrogen-induced material plasticization, solid-solution
hardening by hydrogen, hydrogen-enhanced twinning
and phase transformations [6,8—14, and many other re-
search papers]. As a rule, these effects were observed
during experimental work under conditions of simple de-
formation schemes by uniaxial tension, where the strains
before failure are relatively small [2,9,10,12,15]. Never-
theless, under conditions of a real loading of a three-di-
mensional structure, its stress state is much more com-
plicated than that typical of uniaxial tension. Therefore,
it is important to study the effect of hydrogen-charging
on the structure and properties of austenitic steels under
different deformation schemes.

There are not many works devoted to the severe plas-
tic deformation of hydrogen-containing austenitic steels.
For example, it was shown in [16,17] that hydrogen-sat-
uration of AISI 304, 316L, and 310S steels can increase
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or decrease (depending on the hydrogen concentration)
the volume content of deformation a'-martensite in them
under high-pressure torsion. The mentioned research
works do not give a complete picture of the effect of hy-
drogen on the regularities and mechanisms of martensitic
transformations that occur during severe plastic defor-
mation of austenitic CrNi steels. They also do not allow
to unambiguously interpret the relationship of the hydro-
gen-assisted microstructure and the resulting physical
and mechanical properties. In this regard, the effect of
hydrogen-charging on the mechanisms of structural and
phase transformations and the effect of the formed mi-
crostructure on the mechanical properties of austenitic
steels during deformation by methods that allow achiev-
ing high strains remains open. The use of rolling for de-
formation of preliminarily hydrogen-charged samples
looks attractive from the point of view of obtaining large-
sized workpieces and studying their mechanical proper-
ties in comparison, for example, with the high-pressure
torsion method used in [16,17]. Moreover, the high duc-
tility and toughness of austenitic stainless steels make it
possible to carry out their cold rolling to high strain
(more than 90%) [1,18,19].

The primary objective of this paper is to establish the
microstructure and phase transformations during rolling of
hydrogen pre-charged samples of austenitic stainless steel
type AISI 321.

2. MATERIALS AND METHODS

The chemical composition of the type AISI 321 steel is pre-
sented in Table 1. It was determined using a GD-Profiler
HR emission glow discharge spectrometer (HORIBA Jobin
Yvon, France). The billets with the linear dimensions
10x30%30 mm were cut from the industrially produced
steel bars (hot-rolled) using electro-spark unit. Steel billets
were solution-treated at 1100 °C for 1 h and quenched into
water of room temperature. After solution treatment, steels
have an austenitic structure with an average grain size of
15 um (twin boundaries were excluded). Solution-treated
materials were not textured.

From the solution-treated billets, the plain specimens for
rolling with a gage section of 10x30%1.5 mm were cut using
an electro-spark machining. They were cleaned by a chem-
ical etching in a solution 2 parts HNO3 + 3 parts HCl and
mechanically grinded using sanding paper of different dis-
persion (the direction of the grinding was changed to per-
pendicular one on each sanding paper type). After mechan-
ical grinding, an electrolytic polishing of the specimens in a
supersaturated solution of chromium anhydride (CrO3) in
phosphoric acid (H3PO4) was performed (U = 25-30 V) un-
til the mirror-like surface was obtained. Specimens (plates)
prepared in this way had dimensions of 30x10x1 mm.

Table 1. Chemical compositions of the steel, Fe-balanced.

Element Mass %
Cr 17.43
Ni 8.81
Mn 1.10

Si 0.42

Ti <0.5

C 0.08

N <0.01
S <0.02
P <0.03

Hydrogen pre-charging was conducted in a 1N H,SO4
solution (with a CS(NHa); as a recombination potion) at the
current density of 10, 100 and 200 mA/cm? for 5 hours. Af-
ter charging, hydrogen was distributed inhomogeneously,
as we previously reported in Ref. [20]. Each specimen was
put into the electrolytic bath between two plane electrodes
(stainless steel), so both side surfaces were charged identi-
cally. As a result, surface layers of the specimens were sat-
urated with hydrogen after charging. Such gradient distri-
bution of hydrogen is typical for the electrochemical
hydrogen saturation of the specimens, and it represents real
industrial saturation of the material under cathodic protec-
tion of the steel constructions or corrosion [21]. Before roll-
ing, hydrogen-charged specimens were kept in liquid ni-
trogen to suppress hydrogen diffusion and degassing.
Hydrogen concentration was measured using Leco ONH
spectrometer (Leco, USA).

Hydrogen-free and hydrogen pre-charged specimens
were rolled at room temperature using a rolling mill with
plain rollers (cold rolling — CR). The reduction was varied
between 25 to 85%. After rolling, the hydrogen-affected mi-
crostructure of the steel was studied by a transmission elec-
tron microscopy (TEM, JEM-2100, JEOL, Tokyo Boeki
Ltd., Tokyo, Japan). For TEM study, the specimens were
mechanically grinded to the thickness of 0.2 mm. Thinning
was performed from the different sides of the specimen to
obtain the observation area in the 1/4 depth of the specimen
(in the middle between central and surface parts of the spec-
imens). Flat discs were cut from these thin foils and sub-
jected to electropolishing in a solution of 95% glacial acetic
acid (CH3COOH) + 5% perchloric acid (H3ClO4). Indexing
of selected area electron diffraction (SAED) patterns was
performed as detailed elsewhere [22].

The average grain (subgrain) size d was determined as:

d=%d, /n,

where d, is the size of the i-th grain (subgrain), # is the
number of measured grains.

The average width u of deformation twins (the projec-
tion width of twin plates on the foil plane) and the mean
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distance e between twin boundaries were determined by
the formulas:

u=2u,/nand e=2Xe /n,

where u, is the thickness of the i-th twin, measured along
the line perpendicular to its boundaries, e, is the distance
between the boundaries of adjacent twins, measured along
a line perpendicular to its boundaries, 7 is the number of
measured objects (rn > 30).

The grain structure was investigated using the elec-
tron back scattered diffraction (EBSD) patterns obtained
with scanning electron microscopes Quanta 200 3D and
Quanta 600 FEG at an accelerating voltage of 30 kV with
a step of 0.05+0.15 pm. Kikuchi patterns formed by
backscattered electrons were automatically indexed us-
ing the TSL OIM Data Collection software. The pro-
cessing of data arrays obtained during scanning was car-
ried out using the TSL OIM Analysis software. Data
processing made it possible to obtain images (maps) of
the grain-subgrain structure, the distribution of grain
boundaries over misorientations, and to determine the
linear density of twin boundaries:

EBSD __

(A><B)
" T (SxE)’

where 4 is the fraction of 60° boundaries (twins), B is the
length of all boundaries in the image, S is the area of the
EBSD image, F is the fraction of the austenite phase.

X-ray studies were performed using a Shimadzu
XRD-6000 diffractometer (with a monochromator) and
Rigaku Ultima IV diffractometer using Cu Ko radiation
in the angle range 26 = 40°+100° with a step of 0.02 de-
grees and exposure time at a point of 1 sec (with rotation
of the specimen during the exposure). Samples with a
surface parallel to the rolling plane were prepared for X-
ray studies. To interpret X-ray patterns and qualitatively
evaluate the phase ratio (o'-martensite and y-austenite),
a PowderCell 2.4 software and PDF (Powder Diffraction
File) database were used.

Of the possible phases (v, €, '), only the o' phase pos-
sesses ferromagnetism. The volume content of the mag-
netic o'-phase formed during the deformation of steels was
determined by the ferritometer (MVP2, Kropus, Russia)
and by the changing the specific magnetization depending
on the magnetic field strength using the N-04 magnetom-
eter (designed in Siberian Physical Technical Institute of
Tomsk State University, Tomsk, Russia). The obtained
dependences were recalculated into the volume content of
the o'-phase (V,.):

exp
V., =22 %100 %,
c

o

where 6" is the specific magnetization measured experi-
mentally, 6, =154 G-cm?/g is the specific magnetization
of o'-martensite.

3. RESULTS

3.1. Structure and phase composition of the steel in
the initial state

In the initial state, steel specimens had an average grain size
of 1510 pm (Fig. 1). X-ray diffraction analysis has shown
that the initial steel structure (after solution treatment) is
austenite with a lattice parameter of 3.592 A. The ferrite
was not revealed in the steel structure using the X-ray dif-
fraction method. But magnetic phase analysis detects about
1% of the d-ferrite in the solution-treated specimens. The
proportion of high-angle boundaries (HABs) with a misori-
entation angle of more than 15° in the original samples is
95%, and 50% of them correspond to the special boundaries
>3 (with a misorientation angle of 60°). The latter is due to
the presence of annealing twins in the microstructure. The
linear density of twin boundaries (annealing twins), deter-
mined by the EBSD analysis, is p,, =0.09-10° m™. This
parameter was introduced as an initial quantitative charac-
teristic describing the deformation twin density in the mi-
crostructure of the steel specimens.

Fig. 1. EBSD grain map for the steel type AISI 321 in the solu-
tion-treated (initial) state.

3.2. Influence of CR on the microstructure and phase
transformations of the hydrogen-free specimens

Rolling at room temperature affects the structure and
phase composition of the steel. Severe plastic deformation
promotes the refinement of the initially coarse austenitic
grains down to the ultrafine-grained scale and is accompa-
nied by phase transformation and accumulation of the
crystal lattice defects of the different nature. A high den-
sity of slip dislocations (p,, ~ 10" m2), deformation twins
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z=[121],

Fig. 2. TEM bright-field (a,d,e) and dark-field (c) images of the microstructure of AISI 321 steel after CR of hydrogen-free specimens.
Images (b) and (f) are SAED patterns for (a) and (¢), respectively. They were obtained from the areas 1.4 pm? and 0.5 pm?, respectively.
Image (c) was obtained in the combined reflections of the (111)y and (110)a' phases. Rolling up to the 50% reduction.

and shear bands are formed in the steel microstructure. A
detailed TEM analysis in this and next sections is given
for an intermediate strain value (CR reduction of 50%).

Figure 2 shows TEM images of the steel microstructure
after CR of hydrogen-free specimens. After CR with a re-
duction of 50%, rather homogeneous misoriented ultrafine-
grained structure is formed in the most grains (Figs. 2a,d).
SAED patterns (Fig. 2b) contain reflections both from the
v- and from the o'-phase. Therefore, CR of AISI 321 steel
causes not only fragmentation of austenitic grains, but also
the y—a' phase transformation with the formation of defor-
mation martensite in the microstructure. The average size of
the structural elements is d = 150 nm (Fig. 2¢). The d-value
was determined from dark-field TEM images obtained in
combined y and o' reflections, so it represents (sub)grain
size calculated taking into account both phases. The average
(sub)grain size of o'-martensite (dy) is 80 nm as determined
using dark-field TEM images. These (sub)grains represent
the fragments of the martensitic lamellas of different mar-
tensite variants (Fig. 2a). The formation of one variant of o'
martensite with lamellar morphology was also observed in
some grains (Fig. 2e).

The SAED patterns obtained for the dual-phase
(y+a') misoriented structure in steel after CR include a
set of reflections: a superposition of several zone axes,
which is characteristic of misoriented polycrystalline
states (Fig. 2b). Reflections have significant azimuthal

diffusions, which indicates both low-angle misorienta-
tions and internal microstresses in the observation area
of material. This is also confirmed by the data of the
EBSD analysis: in Figure 3a there are areas that cannot
be “identified” well (with low CI, confidence index).

e i i‘lw &, SI—ILlIn : <0 .

Fig. 3. EBSD grain maps. (a) CR of hydrogen-free specimens, (b—
d) CR of hydrogen pre-charged specimens: (b) j = 10 mA/cm?; (c)
Jj =100 mA/cm?; (d) j = 200 mA/cm?. CR up to the 50% reduction.
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Despite the existence of the areas with “unsatisfactory”
identification, which obviously correspond to the misori-
ented ultrafine-grained structure revealed by TEM, rather
large fragments of austenitic grains with a size of = 10 pm
are visible on the EBSD maps (Fig. 3a). In such areas the
accumulation of dislocations, deformation twins, lamellas
of o'-martensite takes place under CR with 50% reduction
but ultrafine-grained structure has not been formed yet.

Typical bright-field TEM images of microstructure
regions with rather large fragments of the austenitic
structure, twins and lamellas of o'-martensite in them are
shown in Figures 2d and 2e. Twin and martensitic
lamellas in such austenitic fragments are distorted and
fragmented. The thickness of the individual twins in twin
packets is in the range u = 15+25 nm, and the distance
between them is e = 25+50 nm (Fig. 2d). According to
EBSD-analysis, linear density of special (twin) bounda-
ries is p#? = 0.57x10° m™!, that is, it is six times higher
than in the initial solution-treated state (Table 2). Due to
the limitation in resolution of EBSD analysis relative to
the TEM, it gives an underestimated value of p”**”
because only the boundaries of twin packets with a
thickness of more than tens of nanometers can be visua-
lized and identified correctly. While thinner twin lamel-
las that are part of twin packets are not detected. TEM
analysis provides more correct data on the parameters of
deformation twins (Table 3), but it is difficult to estimate
their density due to the heterogeneity of the structure at
the mesoscale.

XRD and magnetic phase analysis of the specimens
confirm the data obtained by TEM and EBSD methods on

Table 2. Linear density of twin boundaries (p2**”) in the spec-

imens of AISI 321 steel before and after CR up to 50% reduc-
tion. Data obtained by EBSD method.

EBSD

Treatment PP, mrt
Initial 0.09%10°
CR 0.57x10°
j =10 mA/em? + CR 1.82x10°
Jj =100 mA/cm? + CR 2.20x10°
J =200 mA/cm? + CR 0.81x10°

the occurrence of the y—a' phase transformation with the
formation of a significant fraction of deformation marten-
site in the steel structure. XRD lines for &-martensite were
not observed on XRD patterns (also not detected by TEM
studies). That is, no € martensite forms during the CR of
AISI 321 steel and the y—0o' phase transformation is real-
ized without the formation of an intermediate e-phase.
This correlates well with the characteristics of martensitic
transformations in chromium-nickel austenitic steels pub-
lished earlier in [23,24]. The deformation martensite
forms from the very beginning of CR, and with an increase
in strain, the volume fraction of the o'-phase increases
monotonically (data on the kinetics of martensitic trans-
formation will be analyzed in Section 3.4).

The performed analysis indicates the following se-
quence of structural and phase transformations in AISI
321 steel during rolling of hydrogen-free specimens. In the
process of deformation, a high density of dislocations is
accumulated, and the initial austenitic grains are frag-
mented due to multiple slip activity, deformation twinning
and y—a' martensitic transformation. The deformation
conditions during rolling (stress state) contribute to a ra-
ther rapid fragmentation of grains: the formation of twin
lamellas, localized deformation bands, (sub)grains of the
a'-phase (lamellas), and the formation of subboundaries of
a dislocation nature. As a result, the ultrafine-grained
structure is formed, which contains both low-angle, high-
angle and interphase boundaries. These data confirm the
previously described regularities of grain refinement for
metastable austenitic chromium-nickel steels subjected to
severe deformation by rolling [23], high-pressure torsion
[25], and equal channel angular pressing [26].

3.3. Influence of CR on the microstructure and phase
transformations of the hydrogen pre-charged
specimens

Figure 4 shows TEM images of the steel microstructure af-
ter hydrogen pre-charging at current density j = 10 mA/cm?
and subsequent CR with reduction of 50%. This treatment
leads to the formation of an oriented structure consisting of

Table 3. Characteristics of steel microstructure after CR: d is the average size of structural elements, d,. and d, are the average
(sub)grain sizes of the o'-phase and y-phase, p,, is the dislocation density, u is the thickness of twins, e is the distance between twins.

In the right column, the data about the presence of € and o'-martensite are given (“+” is observed,

50%. Data obtained by TEM method.

[TERD)

is not observed). Reduction is

Treatment d, nm P gist> T2 d,,nm y-phase e-phase / o'-phase
dy, nm u, nm e, nm

CR 150 1.3x10" 80 - 15+25 25+50 —+

Jj=10mA/cm*+ CR 230 1.3x10" 85 - 5+10 13+15 +/+

J =100 mA/cm? + CR 210 0.8x10" 90 130 1+10 5+15 +/+

J =200 mA/cm? + CR 230 0.8x10" 110 290 10+15 10+15 +/+
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«z=[11.23]
«z=[831],
z—[918]

Fig. 4. TEM bright-field (a,d,e) and dark-field (c) images of the microstructure of AISI 321 steel after pre-charging at j = 10 mA/cm?
and CR. Images (b) and (f) are SAED patterns for (a) and (e), respectively. Image (c) was obtained in the combined reflection of y and
o'-phase. SAED patterns (b) and (f) were taken from an area of 1.4 pm? and 0.5 pm?, respectively. CR up to the 50% reduction.

elongated non-equiaxed grains and subgrains (Fig. 4a). The
linear dimensions of the elements of the (sub)grain structure
vary in the range of 200+350 nm, and the average value is
d =230 nm (averaged for both phases) as it has been deter-
mined from dark-field TEM analysis. The SAED patterns
are of a quasi-ring nature (Fig. 4b), which indicates a greater
proportion of the high-angle boundaries in the steel struc-
ture as compared to CR without hydrogen pre-charging.
Significant azimuthal diffusions of the reflections indicate
the presence of high internal stresses and low-angle contin-
uous misorientations in the microstructure. In addition to y-
and o'-phases, thin plates of twins and e-phase in austenite
grains were observed (Figs. 4e,f). On SAED pattern ob-
tained for a sufficiently large area (Fig. 4b), diffuse rings
with interplanar spacings corresponding to e-martensite are
visible. This confirms the high dispersion of this phase.
After 50% reduction by CR, combined with hydrogen
pre-charging at current densities of 100 and 200 mA/cm?,
the structure of AISI 321 steel is even more inhomogeneous
than those corresponding to the specimens treated at
j =10 mA/cm? or rolled in hydrogen-free state (Figs. 3a—d,
4a, 5a). Figure 5 represents TEM images for specimens pre-
charged atj = 100 mA/cm? before CR; for j = 200 mA/cm?,
the microstructure is qualitatively similar. Along with the
ultrafine-grained (y+a') dual-phase structure, large austen-
itic grains with a high density of twin boundaries and &-
phase are observed (Figs. 3c,d, Se, 5f). The SAED patterns

are of a quasi-ring nature from regions with misoriented
y+o' ultrafine-grained structure and e-phase (Fig. 5b).
Along with the quasi-ring distribution of the reflections,
SAED patterns simultaneously contain intensive point re-
flections from the austenitic phase, which correspond to
the single zone axis and have diffusions typical of twin-
ning and y—-e¢ transformation (Fig. 5b). It should be noted
that e-martensite plates are quite rare in the structure of the
studied specimens compared to o'-martensite and defor-
mation twins.

For steels with low stacking fault energy (SFE) (or at
low-temperature deformation, when the SFE decreases), the
y—e—a' phase transformation is accompanied first by an
increase in the volume fraction of e-martensite, and then (at
high strain values) the fraction of o'-phase increases, while
the content of the e-phase decreases [27,28]. X-ray analysis
does not reveal e-martensite (it was also not observed at
lower degrees of reduction, Figure 6). The above data of
XRD, TEM and EBSD indicate that hydrogen pre-charg-
ing does not change the sequence of the phase transfor-
mation from y—a' to y—e—a'. And y—e-martensitic
transformation develops with very slow kinetics during
CR in addition to the main y—a' phase transformation.
That is, hydrogen charging contributes to the development
of a series of phase transformations in AISI 321 steel dur-
ing CR: deformation of specimens without hydrogen pre-
charging is accompanied by the y—a' transformation, and
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Fig. 5. TEM bright-field (a,e,f) and dark-field (d) images of the microstructure of AISI 321 steel after pre-charging at j = 100 mA/cm?

and CR. Images (b,c) are SAED patterns to (a); they were taken from the areas of 1.4 pm? and 0.5 um?, respectively. In (c), the traces
of twin planes are indicated by the dotted lines. Image (d) was obtained in the reflection of the o'-phase. Rolling up to 50% reduction.
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Fig. 6. XRD patterns for steel specimens after rolling in hydrogen-free (a) and hydrogen precharged (b—d) states: (b) j = 10 mA/cm?;
(¢)j =100 mA/cm?; (d) j = 200 mA/cm?. Reduction ratio: (1) —25%, (2) — 50%, (3) — 75%, (4) — 85%.
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during CR of hydrogen pre-charged specimens the y—¢
martensitic transformation is also realized in addition to
the main y—a' one. In Ref. [8], the appearance of defor-
mation y—g-martensitic transformation was observed dur-
ing uniaxial tension of hydrogen-charged specimens of
AISI 321 steel, and the formation of e-martensite was as-
sociated with a hydrogen-assisted decrease in the SFE of
austenite.

According to TEM data, the frequency of detection of
austenitic fragments, in which deformation twins are ob-
served, is significantly higher than in the case of rolling of
hydrogen-free steel. EBSD-analysis confirms that prelim-
inary hydrogen charging of steel specimens contributes to
an increase in fraction of £3 boundaries and an increase in
the linear density of twin boundaries in austenite during
CR (Table 2). The data of the EBSD-analysis in Table 2
should be treated with caution and used only for qualita-
tive analysis. Nevertheless, the arguments about the in-
crease in the contribution of mechanical twinning to the
formation of the structure due to hydrogen charging prior
to rolling are justified. According to the EBSD-analysis,
the linear density of twin boundaries decreases with in-
creasing current density during the hydrogen-precharging.
However, the EBSD method makes it possible to identify
twins with a width of more than = 60 nm, and during TEM
studies, deformation twins with a lamella thickness
u=1+15nm and an average distance between twins
e =5+15 nm were observed (Table 3). But even despite
this fact, the density of twin boundaries, determined using
EBSD-analysis, is higher for specimens rolled after hydro-
gen pre-charging. Hydrogen-assisted activation of defor-
mation twinning and the e-phase correlates well with the
data of Refs. [8,29,30] on the hydrogen-induced decrease in
the SFE of steel, since the stresses for twinning are inversely
proportional to the SFE value. And the hydrogen-induced
enhancement of twinning favorably affects the tendency of
steel to y—a' transformation. In this case, the y—¢—a' tran-
sition (# is twinning) plays an important role [31].

The formation of a high density of twin boundaries in
austenitic grains prevents the formation of a misoriented
grain structure due to the difficulty of transferring plastic
shear through the coherent boundary of a “thin” twin, as
was shown earlier in works on severe plastic deformation
of TWIP steels (TWinning Induced Plasticity) [32]. Since
an increase in the current density during hydrogen pre-
charging contributes to the formation of twins with thinner
plates, this causes the experimentally observed inhomoge-
neity of the structure at the mesoscale—rather large areas of
austenite with twins are observed in the structure, in which
the formation of subboundaries of dislocation origin is hin-
dered. Twins and e-martensite are not formed immediately
in all grains due to the existence of the orientational depend-
ence of this deformation mechanism [33,34]. Therefore, in

those grains where the development of twinning is “diffi-
cult”, the formation of a misoriented grain-subgrain struc-
ture occurs.

Thus, the electron microscopic analysis of the phase
composition and microstructure of hydrogen pre-charged
and rolled specimens showed that hydrogen charging en-
hances the contribution of mechanical twinning to the
fragmentation of the steel structure and promotes the for-
mation of e-martensite. Both factors cause an increase in
the proportion of high-angle special boundaries and con-
tribute to the formation of a'-martensite in the steel struc-
ture during rolling. An increase in the current density dur-
ing hydrogen charging of AISI 321 steel specimens before
deformation causes a decrease in the thickness of twin
plates and, accordingly, increases the density of twin
boundaries in the structure of rolled specimens, which also
contributes to the transformation.

3.4. Influence of hydrogen pre-charging on the
kinetics of the y—a' phase transformation

XRD patterns for specimens subjected to different pro-
cessing modes are shown in Figure 6. The XRD patterns
for the rolled specimens contain lines with interplanar
spacings corresponding to the y- and o'-phases. With an
increase in strain during CR and current density during hy-
drogen pre-charging, the values of the parameters of the
crystal lattice of both phases change withing a measure-
ment error. The ratio of X-ray lines at different strains in-
dicates the formation of texture in the rolled specimens.

Kinetic curves describing the change in the fraction of
a'-martensite depending on the true strain for steel speci-
mens after different deformation regimes are shown in Fig-
ure 7. Regardless of the current density during hydrogen
pre-charging, when the strain value reaches 85%, the steel
structure consists predominantly of the o'-phase (95+99%).

Data in Figure 7a shows that the hydrogen pre-charg-
ing changes the kinetics of the deformation phase trans-
formation during rolling of the steel. The analytical de-
scription of the martensitic transition kinetics in recent
theoretical works takes into account a large number of pa-
rameters and their change during deformation (dislocation
density, deformation bands, twinning, frequency of for-
mation of nuclei of o'- and e-martensite, etc.) [27,28,35].
In this work, we describe the change in the transformation
kinetics using the basic ratios for modified Olson-Cohen
model and sigmoid relation [36]:

V e” b

o e, 1
V. [ A j M)
V.

V‘; =1—exp(—ke™). 2)

o
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Here V, is the volume fraction of martensite, V is the as-
ymptotic value of ¥, at e — oo, e is the true strain (during
rolling e=(2/ NE) )In(h, / h,), where h, and &, are the ini-
tial and final plate thicknesses), k, m, 4, B are constants.
These analytical dependences are not based on any spe-
cific model ideas about the nucleation of martensite, the
defect structure of austenite, and other structural parame-
ters, but they qualitatively correctly describe the different
stages of transformation observed in the paper for hydro-
gen-free and hydrogen pre-charged specimens during roll-
ing. For the case of rolling of hydrogen-free specimens,
the kinetics is qualitatively correctly described by equa-
tion (1) with the following parameters (Fig. 8b):

V> =100%, 4 =1.04, B=0.87,
that is

100% e

= ~—.100%.
“ 7140956 l+e ’

For the case of rolling of hydrogen pre-charged speci-
mens atj = 200 mA/cm?, the kinetics of the transformation
is described with high accuracy by equation (2) with the
following parameters:

Ve =99.4%, k=1.5,m=1,

that is
V., =(1—-exp(-1.5¢€))-99.4% = (1- exp(—%e)) -100%.

The above data on the kinetics of the phase transfor-
mations and the data of micro-structural analysis indicate
that hydrogen stimulates the y—a' transformation. The in-
tensity of the transformation (increment of the relative
fraction of the a'-phase per unit of strain) is higher in spec-
imens with hydrogen, and it increases with increasing cur-
rent density during hydrogen pre-charging (Fig. 7a). In

1 a
100 A
1 - - ”////// i
80 ke L
] +/’ ¥
=} 4 s 1
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Fig. 7. The fraction of the a'-phase (V) vs. true strain (e) for the steel specimens subjected to the CR after hydrogen pre-charging (the
charging regimes are indicated on the diagrams): (a) experimental data for all regimes, (b) approximation of experimental data by equations

other words, at a fixed strain (25, 50, 75%), the transfor-
mation in specimens with hydrogen is more complete.

The concentration of hydrogen atoms in the specimens
immediately after charging for 5 h is 30 ppm and it weakly
depends on j-value. At first glance, this result looks unex-
pected, since the concentration of ionized hydrogen in the
electrolyte near the surface of the saturable specimen dur-
ing saturation increases with increasing j. But in this work
we use electrochemical charging with high values of
j =(10+200) mA/cm?, when we are in the saturation re-
gime on the C, (/) dependence. The hydrogen charging of
the specimens is determined by the diffusion of hydrogen
along the grain boundaries and in the crystal lattice of the
austenitic phase, that is, the effective diffusion coefficient.
It has a finite value. After 5 h of hydrogen pre-charging,
hydrogen diffuses to a depth of no more than 5 pm, re-
gardless of the current density, and is found only in the
surface layer of the specimens [20]. An increase in the hy-
drogen concentration at the saturating surface can lead to
the activation of the so-called “skin effect” [37], which
consists in “blocking” the diffusion of hydrogen into the
specimen, provided that its concentration in the surface
layer of the specimen becomes excessively high. With the
accumulation of the same total hydrogen concentration in
the surface layers at different j, the observed differences
in the phase transformation kinetics for the considered
specimens indicate the formation of different hydrogen
distribution profiles in the surface layers of the samples
saturated with hydrogen. The mechanisms that determine
these processes require detailed research in the framework
of independent work. But it can be said that for specimens
saturated with hydrogen at j = 200 mA/cm?, the hydrogen
concentration near the surface can be higher than for satu-
rated at lower current densities, that is, the depth distribu-
tion profile of hydrogen is steeper.

If we consider the entire specimen as a set of volumes
of small thickness AV (layers parallel to the saturation sur-

1004 o j=200mA/cmz —; b
80—- V_~A(l-exp(-Be)) /,,—+" g
o 1 A=99.4% -
S 604 pors t
SR
404 ¢
] /
/
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(1) and (2), for specimens rolled without hydrogen pre-charging and after hydrogen-charging at j = 200 mA/cm?,
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face with thickness A/ — 0), then as a result of the load ap-
plication during rolling, in »n surface layers containing a
high concentration of hydrogen, twinning, deformation lo-
calization, and nucleation of martensite are actively devel-
oped. During rolling, hydrogen-induced twinning and y—¢
martensitic transformations and the formation of the o'
phase in the material develop as a self-organizing process.
The diffusion mobility of hydrogen in ferrite is significantly
higher than in the austenitic phase: D, = (1.4+8.0)-10'° m?/s
and D, ~107'°+10"2 m%*/s at room temperature [38,39].
Therefore, the martensite lamellas formed in the surface
layers of thickness nAl act as diffusion channels for hy-
drogen into deeper layers of the material [40]. Further, in
the next volume of the austenitic phase from the surface,
hydrogen again stimulates twinning and the formation of
the a'-phase, and the process is repeated until it succes-
sively spreads over the entire thickness of the specimen.
The process has a dynamic nature since during rolling a
high strain rate and high stresses are realized—all these
factors contribute to the diffusion of hydrogen, the devel-
opment of twinning and martensitic transformations,
along with the hydrogen-induced decrease in the SFE and
the facilitation of dislocation slip, dislocation annihilation,
and microlocalization processes (HELP effect [4,6,41]).
During saturation at lower current densities, the hydrogen
distribution profile is flatter, the hydrogen concentration
near the surface is lower, and the transformation intensity
(the tendency to twinning and microlocalization) is lower,
which determines the slower kinetics of the deformation
phase transformation.

4. CONCLUSIONS

The effect of hydrogen pre-charging (in a IN H>SO4 solu-
tion with a CS(NH>), as a recombination potion, at the cur-
rent densities of 10, 100 and 200 mA/cm?, for 5 hours) on
the microstructure and phase transformations of a type
AISI 321 austenitic stainless steel during room-tempera-
ture rolling has been investigated. The main results can be
summarized as following:

1. A hydrogen-assisted change in the kinetics of defor-
mation y—a' martensitic transformation during rolling has
been experimentally confirmed for metastable austenitic
steel. Deformation induced phase transformation is real-
ized more completely and with the higher intensity in steel
specimens, which were hydrogen pre-charged before cold
rolling.

2. Hydrogen-charging contributes to a more active de-
velopment of mechanical twinning and stimulates y—¢
martensitic transformation during rolling of metastable
steel type AISI 321.

3. Preliminary hydrogen-charging of the type AISI 321
steel specimens assists the formation of a high density of

special boundaries 3" (twin and e-martensite) during roll-
ing, which prevents the formation of a misoriented struc-
ture in austenite with the formation of low-angle and high-
angle boundaries of dislocation origin.
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BoxopoaHo-uHaynMpyemMbie MAPTEHCUTHBIE NIPEeBPALICHUS U
ABOMHUKOBAHNE B ayCTEHUTHOM HepxkaBewen ctaiau AISI 321 npu
NMpPOKaTKe

E.I'. Acragpyposa, E.B. Meabuuxkos, C.B. Acradypos

JlaGoparopust Gpu3nuKK HEepapXUUECKUX CTPYKTYP B METaJUIaX U CIUIaBaX, MHCTUTYT QH3HKU POYHOCTH M MATECPUATIOBEICHUS
CO PAH, Akagemuueckwuii nip., 2/4, Tomck, 634055, Poccust

AnHOTanus. Vcciie1oBaHO BIMSHIE 3IEKTPOIIMTHYECKOTO HACkIIEHUs Bo1opoaoM (B pactBope 1N H2SO4 ¢ no6asinennem CS(NH2)2,
npu wioTHOCTsX Toka 10, 100 u 200 MA/cM? B TeueHHE 5 4aCOB) HA MEKPOCTPYKTYPY ¥ (ha30BbIi COCTAB ayCTEHUTHON HEPHKABEIOLIEH
cramu AISI 321 Bo BpeMst IpoKaTKH IpH KOMHATHOM TeMIiepaType. DKCIIepHMEHTAIBHO IIOKa3aHo, YTO HACHICHNE CTAIBHEIX 00pas-
L[OB BOJOPOJIOM YCHJIMBACT BKJIAJ MEXaHHYECKOTO JBOWHHMKOBAHMS B ()parMEHTANNIO HX CTPYKTYPHI U CHOCOOCTBYET peann3anuu
Y—0' 1 y—€ IpeBpalieHuil Bo BpeMs npokarku. Kak qBoliHUKOBaHMe, TaK U MAPTCHCUTHBIC IPEBPALLCHUS 3aBUCAT OT PEKUMa HABO-
JIOPO’KUBAHMS: YBEINUCHUE INIOTHOCTH TOKA IIPH HACHIIIIEHUH 00Pa3IioB BOAOPOIOM BEI3BIBACT YMEHBIICHHE TOIIIMHEI JBOHHIKOBBIX
IUTACTHH, YBEINYUBACT IUNIOTHOCTH JBOMHUKOBBIX TPAHHMI] U JIOJTIO O'-MapTEHCHTA B CTPYKTYpeE MPOKAaTaHHBIX 00pa3oB. OOpa3zoBanue
BBICOKOH IUIOTHOCTH TpaHHI X3" (IBOMHHMKOBEIX M MAapPTEHCHTHBIX) IPEMSATCTBYET 00pa30BaHUIO Pa30PHEHTUPOBAHHOMN 3epeHHOMN
CTPYKTYPHI B ayCTCHUTE IIPU NPOKaTKe CTaJIBHBIX 00pa3noB. [Tokasano, 4To npeaBapuTeIbHOE HACKIIIEHHE BOIOPOOM 00eCcIIeunBaeT
Gostee OBICTPYIO KHHETHKY (ha30BOTO TPEBpAIeHHUs Y— 0 P IIPOKaTKe MeTacTabuibHol cTamu AIST 321.

Knrouesvie cnosa: ayCTCHHUTHAas HEPKaBCrolllas CTajlb; BOLOPOL; HBOﬁHHKOBaHHC; MapTEHCUTHOC IIPEBPAILICHNUE; MUKPOCTPYKTYpa
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