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Abstract—Methods of Mössbauer spectroscopy and electron microscopy have been used to study the effect
of the severe plastic deformation by high pressure torsion in Bridgman anvils on the dissolution and precipi-
tation of chromium nitrides in the austenitic and ferritic structure of an Fe71.2Cr22.7Mn1.3N4.8 high-nitrogen
steel. It has been found that an alternative process of dynamic aging with the formation of secondary nitrides
affects the kinetics of the dissolution of chromium nitrides. The dynamic aging of ferrite is activated with an
increase in the deformation temperature from 80 to 573 K.
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INTRODUCTION
The development of nitrogen-containing steels of

ferritic and austenitic types is a topical direction of
modern metal science of high-strength materials
[1‒3]. New corrosion-resistant stainless steels of Fe–
Cr–N and Fe–Cr–Mn(Ni)–N systems are promising
materials [1, 2]. In relation to the improvement of
severe plastic deformation methods (equal-channel
angular pressing, hydroextrusion, frictional action,
treatments in ball mills, etc.), the modification of the
structure of steels using large plastic deformation is
widely studied [4–10]. In particular, the mechanical
alloying of steels with nitrogen was performed using
different methods of mechanoactivation [7–10].

Under the conditions of large plastic deformation,
cyclic phase transitions, including both the deforma-
tion-induced dissolution of nitrides, carbides, oxides,
and intermetallic compounds in the metallic matrix
and the precipitation of secondary strengthening
phases are observed in the structure of alloys and steels
[11, 12]. Upon comparing different methods of severe
plastic deformation, the effect of the enhanced local
temperatures during treatment in the ball mill has
been found [13, 14] and the effect of the temperature
and rate of deformation upon torsion in Bridgman
anvils on the mechanism and kinetics of the mechan-
ical synthesis (MS) in the aging Fe–Ni–M alloys has
been confirmed [15, 16]. It has been shown that the

MS associated with the dissolution of intermetallic
compounds upon the cold plastic deformation of
alloys is accompanied by processes of dynamic aging,
which lead to the formation of second-phase particles,
which strengthen the metallic matrix [16, 17]. It is
known that nitrogen as an interstitial element has a
high chemical activity and a high diffusion mobility
even at temperatures below room temperature [18]. In
connection with this, the studies of the processes of
low-temperature dynamic aging of nitrogen-contain-
ing steels under conditions of megadeformation are of
great interest.

The present paper is aimed at the study of struc-
tural and phase transitions and of the diffusion redis-
tribution induced by severe plastic deformation (in
Bridgman anvils) of nitrogen and chromium in the
matrix of austenite and ferrite of the high-nitrogen
steel with the estimation of the effect of the deforma-
tion temperature on this process.

EXPERIMENTAL
As the material for study, an Fe71.2Cr22.7Mn1.3N4.8

high-nitrogen hot-deformed steel was used. The
chemical composition of this steel is presented in
Table 1. The steel was cast under gaseous nitrogen
counterpressure. Samples with dimensions of 5.5 ×
5.5 × 61.0 mm were quenched from 1453 K in water to

STRENGTH
AND PLASTICITY
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obtain an austenitic structure. Some samples after
quenching was subjected to aging at a temperature of
823 K for 0.5 h to stimulate the precipitation of dis-
persed nitrides in the austenitic matrix. The other part
of samples after quenching was aged at the tempera-
ture of 923 K for 2.5 h to ensure a more complete
decomposition and to destabilize austenite with the
precipitation of nitrides and the formation of ferrite
upon cooling to room temperature. To study processes
of deformation using shear under pressure in Bridg-
man anvils, i.e., high-pressure torsion, (HPT), sam-
ples with dimensions of 5.5 × 5.5 × 0.75 mm were cut
using an electric spark machine and were thinned by
grinding and electrolytically polishing to a thickness of
~0.65 mm. The samples in the austenitic state after
aging at 823 K were deformed at room temperature.
The samples in the ferritic state, which were prelimi-
narily aged at 923 K, were deformed at temperatures of
80, 293, 473, and 573 K. Figure 1 shows the schematic
of the experiment. To achieve a temperature of 80 K,
the anvils with the sample were placed into a container
with liquid nitrogen. At first, the samples in the Bridg-
man anvils were brought to the required temperature,
which took 10–20 min. Then, at the selected tempera-
ture, the samples were subjected to a pressure of 8 GPa
and the shear was performed by rotating the bottom
anvil. Depending on the treatment regime, the time of
deformation by torsion was 1–10 min. After shear, the
sample was returned to room temperature and
unloaded. After treatment, the sample was disk-shaped
with a thickness of 150 μm and a diameter of 7 mm. To
carry out Mössbauer measurements, the disk was
thinned to a thickness of 20 μm. As a spot for transmis-
sion of γ quanta, the entire area of the sample was used.

The degree of true strain upon HPT was estimated
according to the following formula [16]:

(1)

where εcom is the deformation by compression; φ = k ×
2π is the angle of rotation of the anvils upon shear,
where k is the number of revolutions; r is the distance
from the sample center to the investigated region; and
d is the thickness of the sample after deformation. The
degree of deformation ε, which was determined using
formula (1), was estimated as the average value taking
into account the area of the sample with a certain
radius r. The regimes of deformation action are shown
in Tables 2 and 3.

The Mössbauer spectra of the absorption of γ quanta
with an energy of 14.4 keV at 57Fe were obtained from a
Co(Cr) source at room temperature in the constant-
acceleration regime. The same samples were used for
studies based on the method of thin foils using a
JEM-200CX transmission electron microscope.

φε = ε + +
2 2

1 2
com 2ln(1 ) ,r

d

Table 1. Elemental composition of the Fe71.2Cr22.7Mn1.3N4.8
steel

Fe Cr Mn N C

wt % 75.0 22.2 1.38 1.24 0.08

at % 71.2 22.7 1.33 4.78 0.36

Fig. 1. Scheme of deformation by HPT in the temperature
range of 80–573 K.
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Table 2. Parameters of spectra and the nitrogen content x(N) in austenite of the Fe71.2Cr22.7Mn1.3N4.8 steel after quenching,
aging, and HPT at 8 GPa, ε = 5.7 (3 rev) at room temperature

Treatment

Parameters

M D0 D1

x(N)
at % ±0.4

IS, 
mm/s
±0.01

Γ, 
mm/s 
± 0.02

A, %
IS, 

mm/s 
±0.01

QS, 
mm/s 
±0.02

Γ, 
mm/s 
±0.02

A, % 
± 2

IS, 
mm/s
±0.01

QS, 
mm/s 
±0.02

Г, 
mm/s 
±0.02

A, % 
±2

Quenching –0.10 0.22 25 –0.08 0.22 0.24 60 –0.05 0.48 0.21 15 2.5

Aging at 823 K –0.09 0.20 25 –0.09 0.22 0.24 64 –0.04 0.48 0.22 11 1.7

Aging at 823 K + HPT –0.10 0.21 23 –0.08 0.21 0.24 55 –0.04 0.48 0.22 22 3.7
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The calculation of the Mössbauer spectra was car-
ried out using special software (MS Tools) [19]. The
calculation involved reconstructing the distribution of
hyperfine magnetic fields p(H) and the distribution of
the gravity centers of singlet (apparatus) lines on the
scale of Doppler velocities p(V) using the regulation
method. Then, the p(H) and p(V) distributions were
used to simulate and approximate experimental spec-
tra by the sum of several subspectra that correspond to

different nonequivalent surroundings of 57Fe atoms.

RESULTS

The structural and phase transitions induced by
severe plastic deformation have been studied in two

different initial states of the Fe71.2Cr22.7Mn1.3N4.8 aged

steel, i.e., austenite and ferrite with decomposition
products in the form of chromium nitrides Cr2N

(CrN).

Aging of Fe71.2Cr22.7Mn1.3N4.8 Steel

Austenite with decomposition products in the form
of nitrides was obtained by aging the quenched steel at
823 K for 0.5 h. In the austenite structure, individual
coarse particles of Cr2N nitrides are present with sizes

of ~0.5 μm, which remained undissolved after heating
for quenching [20]. As a result of aging at 823 K, new
fine crystals of CrN nitrides are precipitated in the
austenite matrix (Figs. 2a, 2b). After quenching, the

Table 3. Dependence of 〈H〉 and chromium content x(Cr) in the α phase of the Fe71.2Cr22.7Mn1.3N4.8 steel after aging at
923 K and subsequent HPT at 8 GPa, ε = 5.1 (2 rev) at different temperatures

Calculation 

formula

Treatment

parameters aging, 2.5 h HPT at 80 K HPT at 293 K HPT at 473 K HPT at 573 K

Formula (6) 〈H〉, kOe ± 1 284 276 281 282 285

x(Cr), at % ± 0.5 18.5 21.9 19.8 19.3 18.0

Formula (4) x(Cr), at % ± 1 16 20 17 16 16

Fig. 2. Structure of the Fe71.2Cr22.7Mn1.3N4.8 steel quenched from 1453 K after (a, b) aging at 823 K for 0.5 h and (c, d) subse-

quent deformation by HPT: (a) bright-field image; (b) dark-field image in the 00  reflection; zone axis [130]γ; (c) dark-field

image in the 111γ reflection; (d) dark-field image in the  reflection and electron-diffraction pattern.
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Fig. 3. Mossbauer spectra and p(V) functions of the Fe71.2Cr22.7Mn1.3N4.8 steel. Treatment: (a) water quenching from 1453 K

after holding for 1 h; (b) water quenching from 1453 K after holding for 1 h + aging at 823 K for 0.5 h.
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steel is paramagnetic and its Mössbauer spectrum rep-
resents an asymmetric singlet with an enhanced width
(Fig. 3a). The reason for the broadening is the pres-
ence of substitutional (Cr, Mn) and interstitial (N)
impurity atoms in the surroundings of the resonant
iron atoms. According to [10, 21–23], the main reason
of the broadening is associated with the distribution of
the electric-field gradient (EFG) at the iron atoms. To
improve the resolution of the austenite spectra, the
procedure for reconstruction p(V) was carried out
[10, 19]. The results of approximating the spectrum
using Lorentzian forms make it possible to propose a
model for describing the spectrum in the form of a
superposition of components M, D0, and D1 with
parameters presented in Table 2. The singlet line M is
hypothetically caused by the part of the metallic
matrix that does not contain atoms of chromium,
magnesium, and nitrogen in the nearest surroundings

of 57Fe. The values of the quadrupole splitting and iso-
mer shift of the doublet D0 are close to the hyperfine
parameters of the stainless steel [21]. In addition to
substitutional elements (Cr and Mn), its formation
can be explained by the presence of nitrogen in the
second coordination shell (CS) of the octahedral
interstices [23]. The doublet D1 has hyperfine param-
eters that are close to the parameters of the doublet of
nitrogen interstitials in the first CS of the octahedral
interstices of fcc iron [24]. The spectrum calculated
using the model of three components (with the follow-
ing parameters: isomer shift Is, quadrupole splitting

Qs, width of the Lorentzian lines Γ, and integral inten-

sity А) is in good agreement with the experimental
spectrum (Table 2). The nitrogen content x(N) in the
solid solution of the quenched austenite γ-FeN was
estimated under the assumption of repulsive distribu-
tion (mutual repulsion of nitrogen atoms) [2, 24]
based on the contribution of configurations from iron
atoms with a single nitrogen atom in the nearest octa-
hedral interstices SD1 according to the following for-

mula [24]:

(2)

Here,  is the fraction of octahedral inter-

stices in austenite that are occupied by nitrogen.

According to the experimental data, aging at 823 K
according to (2) leads to a decrease in the nitrogen
content in the γ solid solution from 2.5 (in the
quenched state) to 1.7 at % (Table 2).

The ferrite of the Fe71.2Cr22.7Mn1.3N4.8 steel with

decomposition products was obtained after aging at
923 K for 2.5 h, which leads to a depletion of nitrogen
of the austenite and a decrease in its stability upon
cooling (in water) to room temperature. Figure 4
shows the structure of the steel after aging at 923 K for
2.5 h. As a result of the γ → α transformation, there is
formed a pearlite-like structure consisting of extended
elongated grains or whole packets of ferrite grains
(Fig. 4a) and thin interlayers of Cr2N nitride, which

shinet in the dark-field image taken in the nitride
reflection (Fig. 4b). No structures with equiaxed
nitrides have been detected.

= −D1 6 (1 ).S p p

= −(1 )p x x
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The experimental Mössbauer spectrum of the fer-

rite sample obtained by annealing at 923 K for 2.5 h is

a sextet with broadened lines (Figs. 5a, 6a). The view

of the spectrum is similar to the spectrum of the α (bcc)

solid solution of a binary Fe–Cr alloy of close compo-

sition [25]. In the integrated spectrum, sextets are

observed, while in the p(H) distribution, there are

peaks that correspond to the surroundings of resonant

iron atoms with different amounts of chromium impu-

rity atoms in the nearest sites of the bcc lattice [25, 26].

The values of the hyperfine field of the sextets S(n)
coincide with the fields characteristic of binary Fe–Cr
alloys of close composition [26]:

(3)

where H(0, 0) is the hyperfine magnetic field at a 57Fe
nucleus without chromium atoms in the nearest two
CSs; ΔH1 and ΔH2 are the changes of the fields that are
caused by chromium atoms located in the first and
second CSs, respectively; n1 and n2 are the amounts of

= + Δ + Δ1 2 1 1 2 2( , ) (0,0) ,H n n H n H n H

Fig. 4. Structure of the Fe71.2Cr22.7Mn1.3N4.8 steel quenched from 1453 K after (a, b) aging at 923 K for 2.5 h and subsequent

deformation by HPT (c, d) at 923 K and (e, f) at 573 K: (a) bright-field image; (b) dark-field image in the 00  reflection and

electron-diffraction pattern (zone axes [ 37]α and ); (c) dark-field image in the 110α reflection; (d) dark-field image in

the  + 110α ref lection and electron-diffraction pattern (Cr2N and bcc rings are indicated by arrows); (e) dark-field image

in the 110α ref lection; (f) dark-field image in the  reflection and electron-diffraction pattern (Cr2N and bcc rings are

indicated by arrows).
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chromium atoms in the first and second nearest CSs of
iron atoms.

Taking into account the similarity of the two CSs
and of the values of the disturbances ΔH1 and ΔH2, the

integrated spectra of Fe–Cr alloys can be approxi-
mated by the superposition of sextets corresponding to
the atomic configurations with n chromium atoms in
the nearest two CSs without their separation. The par-
tial contributions from the sextets S(n) are propor-
tional to the probability W(n) of the occurrence of n
chromium atoms in the nearest two CSs of iron. The

separation of the partial contributions of the sextets
makes it possible to estimate the effective chromium
concentration in the aged bcc solid solution and after
deformation according to the following relation:

(4)

where n = n1 + n2; z1 = 8, z2 = 6 for the first and second
CSs. The p(H) distribution (Fig. 5a) shows the ranges
of effective magnetic fields. In Fig. 6a, the sextets that

+

= +∑
1 2

1 2( ) ( ) ,

z z

n

x Cr nW n z z

Fig. 5. Mossbauer spectra and p(H) distribution function of the Fe71.2Cr22.7Mn1.3N4.8 steel. Treatment: (a) quenching from

1453 K in water and annealing at 923 K for 2.5 h; quenching from 1453 K in water and annealing at 923 K for 2.5 h + HPT (2 rev,

0.3 rev/min, P = 8 GPa) (b) at Т = 293 K; (c) at Т = 80 K; (d) at Т = 473 K; (e) at Т = 573 K.
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correspond to n(0, 1, 2, etc.) Cr impurity atoms in the

nearest two CSs relative to iron are indicated. To

describe the lines of sextets S(n), the modified Lorent-

zian form with the same width was chosen. The

neglect of the overlap of fields from atomic configura-

tions with an increased impurity content leads to an

underestimation of the values of x(Cr). The verifica-

tion of the proposed estimate of x(Cr) was performed

on binary Fe–Cr alloys using the comparison of the

results of the theoretical calculation of W(n) with the

results of the approximation of the spectrum by sextets
[25, 26].

Apart from the direct calculation of x(Cr), data on
the connection between the chromium content in bcc
Fe–Cr alloys and the average hyperfine magnetic field
were used. According to [25], the dependence of 〈H〉
on the chromium content х(Cr) in the solid solution is
linear:

(5)

Manganese that is present in the steel (~1.33 at %),
just as chromium, can lead to a decrease in 〈H〉
[28, 29]. The effect of the insignificant amount of
manganese can be taken into account as a fixed addi-

tive in 〈H〉. According to [28], this contribution 
is estimated as –3.5 kOe. Then, the 〈H〉 dependence
on the chromium content in the steel is described as
follows:

(6)

The presence of nitrogen in the state of the solid
solution in bcc Fe–Cr–N has only an insignificant
effect on 〈H〉 [11].

Aging at 923 K for 0.5 and 2.5 h leads to the partial
and complete disappearance, respectively, of the aus-
tenite singlet in the spectrum of the steel (Fig. 5a). The
increase in 〈H〉 of the sextet of the α phase from 282 to
284 kOe with an increase in the aging time from 0.5 to
2.5 h at 923 K indicates a decrease in the chromium
content in the matrix and confirms its escape from the
matrix into the chromium nitrides [28, 29].

ROOM-TEMPERATURE HIGH-PRESSURE 
TORSION OF AGED Fe71.2Cr22.7Mn1.3N4.8 STEEL

HPT at 8 GPa with ε = 5.7 (3 rev) of Austenite Aged 
at 823 K for 0.5 h

Figures 2c and 2d show the structure of austenite
deformed by HPT. It can be seen that, as a result of
HPT, submicrocrystalline austenite is formed in a
mixture with nanosized nitrides. The relative intensity
of the D1 doublet increases by 11% in the Mössbauer
singlet of the deformed sample, which, according to
the formula (2), corresponds to an increase in the
nitrogen content in the γ solid solution to 3.7 at %
(Fig. 7, Table 2). In addition, after HPT, additional
third and fourth lines of the sextet of the α phase
appear.

HPT at 8 GPa with ε = 5.1 (2 rev) of Ferrite Aged 
at 923 K for 2.5 h

Figures 4c and 4d show electron-microscopic
images of the structure of ferrite deformed by HPT. It
can be seen that a dispersed submicrocrystalline struc-
ture is formed, which contains both fine (up to several
nanometers) crystallites and coarse crystalline frag-
ments of submicron sizes (Fig. 4c). The electron-dif-

= − ×330 230.1 (Cr).H x

Δ MnH

= + Δ − ×Mn330 230.1 (Cr).H H x

Fig. 6. Calculation of Mössbauer spectra of

Fe71.2Cr22.7Mn1.3N4.8 steel with resolution of subspectra

S(n) corresponding to configurations with n chromium

atoms in the first two CSs of 57Fe atoms. Treatment:
(a) quenching from 1453 K in water and annealing at
923 K for 2.5 h; quenching from 1453 K in water and
annealing at 923 K for 2.5 h + SP (2 rev, 0.3 rev/min, P =

8 GPa) (b) at Т = 80 K; (c) at Т = 573 K.
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fraction patterns contain discontinuous rings
(Fig. 4d). In the electron-microscopic images, an
elongation of grains is observed, and the formation of
dislocation cellular and banded structures occurs. The
electron-diffraction patterns in the form of nonuni-
form rings and the relatively small contrast between
bright and dark regions in the bright-field images indi-
cate the predominance of low-angle misorientations
between ferrite subgrains. Because of a close location
of the Cr2N reflection near the 110α ring, the dark-

field image upon the dark-field analysis in the nitride
reflection is in fact obtained in the complex 110α +

Cr2N (Fig. 4d) reflection. The coarser elongated crys-

tals belong to the α phase; the fine particles located
predominantly along the boundaries of extended
coarse crystals are dispersed nitrides formed as a result
of the fragmentation of the Cr2N coarse nitrides.

In the Mössbauer sextets of ferrite after HPT there
is observed a strong magnetic texture caused by the
preferential location of magnetic moments in the
plane of the sample (Figs. 5, 6). After deformation at
293 K, an increase in the intensity of p(H) peaks in the
range of fields of 170–200 kOe occurs owing to a
decrease in the intensity in the range of 300–340 kOe
(Figs. 5a, 5b). The changes in p(H) are associated with
the growth of chromium-rich atomic surroundings of
iron atoms (with 4 and 5 chromium atoms) owing to a
decrease in the amount of atomic surroundings with 0
and 1 chromium atoms in the nearest CSs of iron
atoms. The observed changes in p(H) cause a decrease

in 〈H〉 from 284 to 281 and 279 kOe and, according to
the dependence (6), an increase in the effective chro-
mium concentration x(Cr) in the solid solution of the
α phase from 18.5 at % in the aged state to 19.8 at %
(after HPT 2 rev) and 20.6 at % Cr (3 rev). The direct
calculation according to the formula (4) also shows an
increase in x(Cr) (Fig. 6; Table 3).

HPT of Ferrite of Fe71.2Cr22.7Mn1.3N4.8 Steel 
in the Temperature Range of 80–573 K

The metallic matrix of the steel before and after
deformation to ε = 5.1 (2 rev) in the temperature range
of 80–573 K is retained in the α (bcc) modification.
The Mössbauer data and concentrations x(Cr) in the
solid solution in the α phase after aging and deforma-
tion are given in Figs. 5 and 6 and in Table 3. It follows
from the spectra and from the p(H) distributions that
the changes observed after deformation at 80 K are
similar to those after HPT at room temperature. The
greatest increase in the contribution from chromium-
rich atomic configurations is observed after deforma-
tion at 80 K, which leads to a decrease in 〈H〉 from 284
to 276 kOe (Fig. 5c). The average effective chromium
concentration increases to 19.8 and 21.9 at % after HPT
at 293 and 80 K, respectively. The analogous data fol-
low from the calculations using relation (4) (Fig. 6;
Table 3).

The opposite result is observed upon an increase in
the deformation temperature. After HPT at 473 K,

Fig. 7. Mössbauer spectra and p(V) functions of the Fe71.2Cr22.7Mn1.3N4.8 steel. Treatment: (a) aging at 823 K for 0.5 h; (b) aging

at 823 K for 0.5 h + HPT (3 rev, 0.3 rev/min, P = 8 GPa) at Т = 293 K.
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there is observed an increase in the intensity of p(H) in
the range of fields of ∼310 kOe, which correspond to the
surroundings with a single chromium impurity atom,
due to a decrease in the intensity in the range of 170–
200 kOe (Figs. 5c, 5d). This tendency is enhanced with
an increase in the deformation temperature to 573 K
and, according to the dependences (4) and (6), indicates
the absence of changes or a decrease in the chromium
content in the matrix α phase from 18.5 to 18.0 at %
(Figs. 5e, 6c; Table 3). The electron-microscopic data
indicate an enhancement of the process of aging under
deformation conditions at 573K (Figs. 4e, 4f). The
dark-field image shows the formation of a submicro-
crystalline structure (Fig. 4e). In the electron-diffrac-
tion pattern, there are reflections of the Cr2N nitride

phase in addition to the reflections of the α phase; a

 ring is clearly observed (Fig. 4f). In the elec-

tron-microscopic image taken in the nitride reflec-
tion, fine particles of nitrides are shining. The mor-
phology of these particles does not differ from the
morphology of the nitrides in Fig. 4d, but the amount
of nitride particles increases.

DISCUSSION

Under the conditions of cold deformation at room
temperature, an increase is observed in the nitrogen
content in the state of the interstitial solid solution in
the matrix of the aged steel with the austenite structure;
in the structure of ferrite, an increase in the chromium
content in the substitutional solid solution in the
α phase is observed. This indicates the deformation-
induced dissolution of chromium nitrides. As a result of
HPT at room temperature, in Fe71.2Cr22.7Mn1.3N4.8 steel

aged at 823 K for 0.5 h the nitrogen content in the aus-
tenitic fcc matrix increases by 2 at % (Table 2). It
should be noted that the amount of nitrogen in the

2Cr N2 10

solid solution in the initial austenite (2.5 at %) is
noticeably smaller than the nitrogen concentration
specified upon melting (4.8 at %), which is associated
with an incomplete dissolution of nitrides during heat-
ing for quenching [20]. The increase in the nitrogen
content to 3.7 at % in the γ solid solution after defor-
mation at room temperature indicates the deforma-
tion-induced dissolution of nitrides. Earlier [10], the
deformation-induced dissolution of chromium
nitrides formed as the products of the cellular decom-
position of the Fe56.9Mn21.5Cr18.6N3.0 austenitic steel

aged at 1073 K was observed after plastic deformation
by sliding friction and HPT in Bridgman anvils. The
increase in the nitrogen content in the austenitic
matrix was also observed after deformation [10].

The deformation-induced dissolution of chro-
mium nitrides also occurs in the ferritic matrix of the
investigated steel. Under similar conditions of defor-
mation by HPT at room temperature, the chromium
content in the matrix of the α phase increases from
18.5 to 19.8 and 20.6 at % at ε = 5.1 (2 rev) and ε =
5.7 (3 rev), respectively. It can be assumed that nitro-
gen enters into the matrix together with chromium
(2.1 at %). Taking into account the stoichiometry of
the Cr2N nitride, the alloying of the matrix bcc solid

solution with nitrogen in the amount to 1.0 at %
occurs. This amount is smaller than that of nitrogen
(2 at %) mechanically dissolved in the austenite aged
at 823 K after HPT.

To understand the mechanism of the deformation-
induced redistribution of nitrogen in the matrix of the
steel, the results of the experiments on the effect of the
temperature of deformation by HPT on the kinetics of
the dissolution of nitrides in the α phase are important
(Fig. 8; Table 3). It follows from Mössbauer data that
there is a substantial increase in the content of chro-
mium coming from the chromium nitrides into the
α phase, i.e., from 18.5 at % in the aged steel to 19.3,
19.8, and 21.9 at % for HPT at temperatures of 473,
292, and 80 K, respectively. This increase can be
explained by the weakening of the alternative process
of dynamic decomposition of the metastable solid
solution supersaturated with nitrogen (deformation-
induced dynamic aging [16, 30]), which accompanies
the nonequilibrium deformation-induced dissolution
of the nitride particles. The occurrence of a thermally
activated process of dynamic aging is confirmed by the
data on the deformation of the steel at 575 K, which
leads to an additional (with respect to the initial state)
decrease in the Cr concentration from 18.5 to 18.0 at %
(Figs. 5, 8; Table 3). The formation of second-phase
particles of chromium nitrides arising as a result of
mechanical alloying using mills and upon HPT in Fe–
Ni-based nitrogen-containing alloys was shown also
in [8].

The data on the nonequilibrium dissolution of
nitrides upon a decrease in the deformation tempera-
ture from room temperature to cryogenic tempera-

Fig. 8. Dependence of chromium content in matrix of

Fe71.2Cr22.7Mn1.3N4.8 steel on temperature of deforma-

tion by HPT (3 rev, 0.3 rev/min, P = 8 GPa).
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tures are of special interest (Figs. 5b, 5c, 8). In
[31, 32], the possibility of the lattice diffusion of nickel
was shown in the case when the atoms pass into the
interstitial state with a relatively low activation energy
of 0.1–0.2 eV. Upon HPT, the transition of atoms into
the interstitial positions is caused by the achievement
of critical local stresses [5, 33] and by large gradients of
stresses [34, 35]. The activity of the relaxation constit-
uent related to aging, which partially compensates the
processes of nonequilibrium dissolution of intermetal-
lic particles, is retained up to low temperatures. On the
example of the deformation-induced dissolution of
γ′(Ni3M) intermetallic particles in the fcc matrix of

Fe–Ni–M alloys, the strong dependence of the kinet-
ics of the dynamic aging on the temperature and rate
of deformation, as well as on the diffusion mobility
and chemical activity of the alloying elements was
shown in [15–17]. Thus, with a decrease of the defor-
mation temperature to 80 K, a decrease is observed in
the diffusion mobility of point defects. However, even
at room temperature, the mobility of the interstitial
atoms providing the possibility of diffusion in the
fields of stresses of moving dislocations is retained
[36]. In the present paper, this follows from the data
on the increase in the degree of dissolution of chro-
mium nitrides following a decrease in temperature
from room temperature to 80 K. The dynamic aging in
the high-nitrogen steel under investigation is stimu-
lated by the high chemical activity of the formation of
chromium nitrides [29], the generation of a large
amount of point defects and by the high diffusion
mobility of nitrogen atoms, even below room tempera-
ture [2].

CONCLUSIONS

(1) The use of methods of Mössbauer spectroscopy
and electron microscopy made it possible to detect
processes of the dissolution of chromium nitrides in
austenite and ferrite of the Fe71.2Cr22.7Mn1.3N4.8 aged

high-nitrogen steel, which were induced by the shear
deformation under pressure (high-pressure torsion,
HPT) in rotating Bridgman anvils.

(2) Under conditions of cold deformation (293 K)
by HPT at 8 GPa with a degree of deformation ε = 5.7
(with three revolutions of the anvils (3 rev)), the nitro-
gen content in the interstitial positions in austenite of
the steel preliminarily aged at 823 K increases by 2 at %
because of a noneqiulubrium diffusion of nitrogen
from nitrides. The total nitrogen content in austenite
after deformation exceeds that obtained upon quench-
ing due to the deformation-induced dissolution of
chromium nitrides in the austenitic matrix.

(3) In the ferrite of the steel aged at 923 K and con-
taining Cr2N chromium nitrides, there is an increase

in the chromium content in the bcc matrix from the
initial values of 18.5 at % to 19.3, 19.8, and 21.9 at %
with a decrease in the temperature of the HPT from

473 to 293 and 80 K, respectively, at ε = 5.1 (2 rev)
because of the dissolution of chromium nitrides and a
decrease in the activity of the competing deformation-
induced aging.

(4) An additional decrease or retention of the chro-
mium content in the matrix occurs upon an increase
in the deformation temperature to 573 K in the steel
preliminarily aged at 923 K for 2.5 h. This fact is
explained by an acceleration of the decomposition of
the metastable solid solution supersaturated with
nitrogen, which leads to a nonequilibrium dissolution
of chromium nitrides because of the high diffusion
mobility of nitrogen and continuous generation of a
high amount of point defects upon megaplastic defor-
mation by HPT.
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