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INTRODUCTION

This work is a continuation of the studies of the iron
structure obtained by surface severe plastic deformation
under friction (SPDF) in a neutral argon atmosphere
[1]. Based on the experimental data, we showed that a
nanocrystalline iron structure can form during SPDF
under conditions of dynamic recrystallization during
hot deformation, which is provided deformation at dif�
ferent directions, a rate above 102 s–1, and a temperature
of 773 K.

Interest to studying the structure and properties of
materials formed under high�energy mechanical
actions by severe plastic deformation (SPD) that lead
to the refinement of a grain structure to submicro� and
nanosizes is caused by the possibility of obtaining a
high level of physicochemical and mechanical proper�
ties and, therefore, high operating characteristics of
materials [2–8].

From an analysis of the experimental and theoreti�
cal results presented in [2–6, 9], it follows that the
structural peculiarities and properties of nanomateri�
als are substantially dependent on their compositions
and the method of preparing. A high�energy mechan�
ical action can create optimal conditions for physico�
chemical processes for the most effective energy and
material exchange both in the material under process�
ing and in the environment.

The conditions of producing nanomaterials by SPD
provide the formation of a nonequilibrium state with a
fine�grained structure. It is known that such structures
are characterized by an anomalous diffusion mass
transfer and that the solubility of the components
increases significantly [4, 9–12]. Unlike the methods of
bulk deformation [2–4, 6], SPD methods allow one to

change the phase composition of the surface layer of a
material during structure formation due to the diffusion
of interstitial atoms from an external medium. Despite
this fact, in world practices, the problem of refining a
grain structure during SPD with simultaneous satura�
tion with interstitial atoms is scantly known, although
its solution has great importance for an effective control
of chemical and phase compositions, retarding the pro�
cesses of recovery and recrystallization, and an increase
in the tendency of a material toward grain refinement in
the zone of influence of SPD and the conservation of
the obtained ultrafine�grained structure.

One of the effective methods of grain structure
refinement to nanosizes can be a combination of high�
energy mechanical actions, e.g., surface SPDF with
simultaneous nitrogen saturation [10]. A practical
application of such treatment is retarded by the lack of
data on the phase and structural changes occurring
under these conditions.

In the specific characteristics, friction is one of the
most power sources of a high�energy action on materi�
als, as a process of fast supply of mechanical energy.
Therefore, an attempt to obtain ultrafine�grained sur�
face layers with qualitatively new physicochemical and
mechanical properties using friction is thought to be
justified.

The aim of this work is to study the structural
changes in iron under conditions of SPDF with simul�
taneous nitrogen saturation.

EXPERIMENTAL

In this work, as in [1], we studied iron, which is a
basis of structural alloys most widely used in engineer�
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ing. It is known that nitriding is also widely used to
increase the mechanical properties of iron and alloys.
In this work, the results of nitriding during SPDF are
compared to the results of conventional furnace
nitriding at the same temperature.

The studies were performed on cylindrical samples
(8 mm in diameter and 50 mm in height) of an armco
iron of 99.97 wt % purity. Annealed samples with a
coarse�grained structure (grain sizes 80–100 μm) were
subjected to SPDF in the special�purpose setup
described in [1] in an ammonia atmosphere at a con�
stant deformation temperature of 773 K for 1 h. (The
results of preliminary studies showed that it is the tem�
perature at which a nanocrystalline structure forms in
the surface layer under the experimental conditions).

The parameters of treatment (temperature, time,
and strain rate) were chosen the same as during SPDF
of iron in a neutral argon atmosphere [1]; the parame�
ters provide dynamic recrystallization conditions. The
samples were heated to the given temperature (773 K)
due to the friction energy released during the rotation
of a sample at a rate of 6000 rpm between hard alloy
VK8 plates forced against the sample surface. Furnace
nitriding was carried out at a temperature of 773 K in
an ammonia atmosphere.

The structure and phase composition of the sam�
ples after SPDF in an ammonia atmosphere were
studied using the methods as follows: optical micros�
copy (Netphot�21 microscope, resolution of 0.4 μm),
X�ray diffraction (DRON�4.13 diffractometer, 20 kV,
10 mA) using the characteristic radiation of an iron
anode and also by photographing a thin foil by trans�
mitting monochromatized (monochromator is a bent
quartz crystal) radiation of an iron anode in a Guinier
chamber of the Enraf Nonius Delft FR�503G type
with the Zeeman–Bolin focusing, scanning electron
microscopy (FZJ�IWV2004 microscope, operating
voltage EHT = 10 kV, working distance WD = 11 mm)
by the method of electron backscattering diffraction
(EBSD) using an orientation system of images, and
transmission electron microscopy (JTM�CX micro�
scope, accelerating voltage 125 kV). The study of the
structure with the JEM�CX microscope was per�
formed under conditions of bright�field and dark�field
images and microdiffraction. The grain size was found
from a dark�field image as the average grain diameter.

EXPERIMENTAL RESULTS

It was found in [1], where samples were studied
after SPDF in an argon atmosphere, that a character�
istic peculiarity of the deformed surface layers is a
structural gradient, namely, a decrease in the grain
sizes from micro� to submicro� and nanometer�scale
level and an increase in the dislocation density in the
direction from the undeformed base to the surface. In
this case, the average dislocation density increases by
almost five orders of magnitude from 1011 m–2 in the

undeformed base to 1016 m–2 at the surface; the aver�
age coherent domain size at the surface is 13 nm.
According to the electron microscopy data, the grain
size in the surface layer is approximately 20 nm. Based
on the experimental data, it was shown that a nanoc�
rystalline iron structure can be formed during SPDF
as a result of dynamic recrystallization during hot
deformation that is provided by variously directed
deformation at a rate higher than 102 s–1.

In this work, the SPDF conditions were the same as
in [1], which allowed us to clearly characterize the
influence of nitrogen saturation simultaneous with
SPDF on the structure and properties of the surface
layers. During SPDF of iron in an ammonia atmo�
sphere, as well as under friction in argon atmosphere,
a gradient layer with different degrees of dispersion of
a grain structure forms at the sample surface (Fig. 1a):
from micro� (regions 4 and 3) to submicro� and
nanometer�size (regions 2 and 1) dispersion. However,
the thicknesses of the entire dispersed layer and each
structural region are significantly larger than those
after SPDF in an argon atmosphere.

The usual methods of optical microscopy do not
detect grain boundaries in the regions adjacent to the
surface (regions 1, 2), and these methods detect high�
disperse grains in the treatment zone in the material
only at some distance from the surface (region 3). The
microstructure of region 4 of the deformed layer is
characterized by a pronounced grain shape anisotropy
(morphological texture), and it consists of elongated
structural elements disposed at an angle to the sample
radius. This angle (β) decreases with increasing dis�
tance from the surface.

The electron microscopy studies confirm a gradi�
ent character of iron after SPDF. In layer regions with
tilted elongated and equiaxed microsized grains
(regions 4, 3), a cellular structure forms. As the surface
is approached and the rate and degree of deformation
increase, the grains of the initial structure are frag�
mented into submicrometer� (Fig. 1b) and nanome�
ter�scale (Figs. 1c, 1d) grains. In the surface layer, the
grain size determined from a dark�field image is about
10 nm (Fig. 1d).

The electron microdiffraction pattern (Fig. 1c)
obtained from a foil portion with an area of about
0.25 μm2 contains very diffuse interference rings con�
sisting of numerous point reflections. The existence of
individual reflections arranged on a ring indicates the
formation of a granular structure with high�angle grain
boundaries [2, 3, 14�16]. The significant smearing of
the diffraction pattern indicates a high dispersion of
the grain structure, a substantial level of microstresses,
a high chemical inhomogeneity, and a crystal lattice
distortion related to a high nitrogen content in α�Fe.
All reflections in the electron diffraction patterns
belong to the α�Fe(N) crystal lattice, i.e., the solid
solution of nitrogen in iron; no other phases were
detected.
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The formation of a grain�type structure with high�
angle boundaries is confirmed by different contrast of
neighboring crystallites (Fig. 2a) obtained by electron
backscattering diffraction (EBSD) method [17]; this
contrast indicates different crystallographic orienta�
tions of the grains. The misorientation distribution of

crystallite boundaries established by EBSD using an
orientation system of images shows that they are pre�
dominantly high�angle, as in the case after SPDF in a
neutral atmosphere (argon).

X�ray diffraction (XRD) shows that SPDF with
simultaneous nitrogen saturation causes the formation
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Fig. 1. Structure of armco iron after SPDF with simultaneous nitrogen saturation. (a) Fe4N (γ' phase) layer and α�Fe[N] disperse
layer regions: (1) nanocrystalline, (2) submicron grains, (3) microcrystalline with equiaxed grains, (4) microcrystalline with mor�
phological texture, and (5) base metal. (b), (c) Bright�field image and microdiffraction pattern of the disperse layer regions shown
by the arrows in (a) (electron microscopy). (d) Dark�field image taken with the (110)α reflection.
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Fig. 2. (a) Structure of armco iron after SPDF with simultaneous nitrogen saturation and (b), (c) misorientation angle distribu�
tion of grain boundaries: (1) nanocrystalline structure, (2) submicrocrystalline structure, (3) microcrystalline structure with equi�
axed grains.
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of a thin (less than 3 μm) layer of cubic nitride Fe4N
(γ'�phase), which is well revelaed upon metallographic
studies (Fig. 1). Hexagonal nitride Fe[2–3]N (ε�phase),
a thick layer of which always forms at the iron surface
under conditions of nitrogen saturation without defor�
mation (upon furnace nitriding) and subsequent cool�
ing [18] (Fig. 3], is almost absent after SPDF in an
ammonia atmosphere. X�ray diffraction patterns show
only the traces of Fe2–3N at the sample surface, and
metallographic studies do not detect this nitride.

Layer�by�layer XRD of the samples after SPDF
with simultaneous nitrogen saturation shows that the
α�Fe[N] phase is the basis of regions 1–4 in the sur�
face layer (Fig. 1) and there are no precipitates of
nitride phases there. The X�ray diffraction patterns of
the samples taken with monochromatic radiation,
which provides a higher sensitivity to phases, do not
detect any precipitates of iron nitrides or other phases
in regions 1–4 of the layer saturated with nitrogen dur�
ing SPDF in any marked amounts: this layer com�
pletely consists of nitrogen ferrite (Fig. 4). The results
are confirmed by transmission electron microscopy
(TEM) data. The interferences of the α�Fe(N) solid
solution have strong smearing, and they are signifi�
cantly shifted toward lower Bragg angles as compared

to the initial annealed state (Table 1). The changes in
the lattice parameter and nitrogen content in the
α�Fe[N] phase across the thickness of the layer sub�
jected to SPDF with simultaneous nitrogen satura�
tion, which were determined from the position of the
(220) line of the α phase according to the procedure
described in [19], are shown in Table 1 and Fig. 5.

The nitrogen saturation during SPDF in an ammo�
nia atmosphere favors higher refining of the grain
structure as compared to friction in an argon atmo�
sphere [1]. It is found that the dispersion of the grain
structure very strong influences the diffusion activity
and solubility of nitrogen in α�Fe during deformation
under friction. The thickness of the layer saturated
with nitrogen during SPDF is much more than the
thickness of the nitrided layer obtained during nitro�
gen saturation with no deformation [18] (Fig. 5), and
the nitrogen content in the refined α�Fe(N) solid
solution (in a 100�μm�thick layer) is higher by a factor
of three as compared to the nitrogen concentration in
α�Fe that is determined by the Fe–N equilibrium dia�
gram at the temperature of its maximum solubility
(863 K (590°C)) and is two order of magnitude higher
than the usual nitrogen content in coarse�grained
α�Fe(N) after furnace nitriding at 773–863 K with no
deformation and after cooling to room temperature [18].

The strong smearing and shift of the (220) interfer�
ence lines of α�Fe[N] are caused by its structural state
and are due to a high dislocation density, structure dis�
persion, and a high solubility of interstitial elements

10 μm

α�Fe[N] α�Feγ'ε

base metal

Fig. 3. Microstructure of iron after furnace nitriding at
773 K for 2 h.

(110)α�Fe[N]

Fig. 4. (110) Interference line of the α�Fe[N] phase after
SPDF with simultaneous nitrogen saturation.

Table 1. Changes in the profile shape and position of the (220) K
α

 diffraction line, the lattice parameter, and the nitrogen
concentration across the surface layer thickness in armco iron after SPDF with simultaneous nitrogen saturation

Distance from the surface, 
µm (220) K

α
 line profile Lattice parameter, nm Nitrogen content, wt %

5 0.2872 0.31

30 0.2872 0.31

50 0.2872 0.31

100 0.2872 0.31

150 0.2871 0.24

200 0.287 0.14

250 0.2867 0.003

350 0.2867 0.003

2θ = 145.7°
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within α�Fe nanograin boundaries [11]. A high nitro�
gen solubility in the α phase determines the absence of
precipitates of nitride phases in the dispersed layer.

Using layer�by�layer XRD and hardness measure�
ments (as will be shown in part II of this paper), we
determined the diffusion layer thickness after SPDF in
an ammonia atmosphere and after furnace nitriding
upon holdings for 0.5, 1, 1.5, 2, and 3 h and con�
structed kinetic curves for the diffusion layer growth
(Fig. 6). Based on the results of many experimental
studies [20–22], we used the initial law of diffusion
layer growth in the form of the power dependence

hn = kτ, (1)

where h is the diffusion layer thickness, τ is the isother�
mal holding time, and k is a coefficient.

Coefficient k and exponent n were found by con�
structing the graphic dependence in the lnh–lnτ coordi�
nates. As a result, we obtained n = 2 and k = 7.84 × 10–9

for furnace nitriding and n = 1.82 and k = 5.13 × 10–7 for
SPDF with simultaneous nitrogen diffusion. Expo�
nent n = 2 found for the case of steady heating during
furnace nitriding agrees well with the generally
accepted concepts that an increase in diffusion layer
thickness h with time τ obeys the parabolic law h2= kτ

(or h = ) [20–23]; therefore, coefficient k is diffu�
sion coefficient D of nitrogen in iron. In this case, the
value k = 7.84 × 10–9 agrees well with the values of the
diffusion coefficient of nitrogen in α�Fe at 773 K (D =
(3.93–13.8) × 10–9 cm2/s) calculated from the tem�
perature dependences in [24]. In the case of SPDF
with simultaneous nitrogen saturation, exponent n =
1.82 differs from the exponent for the purely diffusion
process, and the value of k is approximately two orders
of magnitude higher. In this case, coefficient k has no
adequate physical meaning and, according to [25], is a

kτ

“practical” constant of the process rate. Coefficient k
can also be called the effective diffusion coefficient
during SPDF. The deviation of the law of layer growth
from the parabolic law is likely due to the influence of
plastic deformation during SPDF nitrogen saturation.
In this case, nitrogen diffusion is accelerated due to
diffusion along grain and subgrain boundaries and also
along dislocation lines. The mass transfer under plastic
deformation conditions has specific features and can
occur by a mechanism other than a usual diffusion
mechanism [26].

An estimation of the SPDF contribution to the
acceleration of nitrogen diffusion shows that the time
of formation of a 100�μm�thick nitrided layer on iron
during deformation under friction decreases by almost
an order of value as compared to the nitrogen satura�
tion with no deformation.

After SPDF of iron in an argon atmosphere, the
degree of true strain e at the sample surface found in
[1] was 13.5, and the corresponding shear strain was
γ = 23.5. Since the SPDF conditions (the tempera�
ture, the rate of sample rotation, and the treatment
time) and the hardness of the surface nanocrystalline
layer prepared in both ammonia and argon atmo�
spheres (part II of this work) are the same, the degrees
of deformation of a thin surface layer during SPDF in
ammonia and argon atmospheres are assumed to be
the same.

The results show that the thicknesses of the entire
deformation layer and each of its structural regions
after friction in ammonia aree larger than after friction
in argon.

DISCUSSION OF THE RESULTS

The deformation fragmentation of a grain structure
under SPDF conditions (treatment in the temperature
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range of hot deformation using the mechanism of
dynamic recrystallization that is provided by variously
directed deformation at a high rate  > 102 s–1 at 773 K)
[1] is due to formation, motion, redistribution of
structural defects and to recrystallization in the most
strongly distortion portions. The surface layer formed
during SPDF is in an active state, which substantially
increases the reactivity and diffusion susceptibility of
the material during its treatment in active media.
Atomic nitrogen (the product of ammonia dissocia�
tion on the sample surface heated by friction) interacts
actively with iron. In the case of heating of iron with
no deformation, nitrogen reacts with iron, forming
nitrogen solid solution (α�Fe[N]) and metastable
nitrides (γ' and ε phases) [18, 23, 24].

A high diffusion rate of nitrogen atoms substan�
tially influences the refining of an iron grain structure
during SPDF; the influence is expressed as an increase
in the disperse layer thickness and the degree of refin�
ing upon SPDF in an active nitrogen�containing
atmosphere as compared to SPDF in argon atmo�
sphere (Fig. 7, Table 2). After SPDF with simulta�
neous nitrogen saturation, the disperse layer thickness
is larger by a factor of 3.5 and the minimum grain size
in the nanocrystalline region of the α�Fe[N] solid
solution adjacent to the γ' phase layer is half that in
α�Fe after SPDF in argon.

According to [28, 29], grain size d during dynamic
recrystallization is determined by the semiempirical
relationship

d = kZ–m. (2)

Here, d is the grain size (μm); Z =  is the

Zener–Hollomon parameter taking into account the

ε

ε
Q

RT
������exp

influence of the deformation temperature and rate,
where  is the strain rate (s–1); T is the deformation
temperature; Q is the activation energy of grain�
boundary migration (254 kJ/mol), which is close to
the self�diffusion activation energy of iron atoms; and
R is the gas constant.

To obtain a fine grain, parameter Z should be
increased, which is provided by an increase in strain
rate  at a constant temperature [1].

Since the strains in similar structural regions of the
iron surface layer upon SPDF in argon and ammonia
are almost the same (without regard for the deforma�
tion because of lattice distortions induced by dissolved
nitrogen atoms) (Fig.7), it should be suggested that the
strain rates are almost the same as well. On this basis, the
strain rate at the sample surface during SPDF with simul�
taneous nitrogen diffusion is  = 2.4 × 103 s–1 and the
Zener–Hollomon parameter is Z = 3.6 × 1020 s–1 at a
constant temperature T = 773 K; i.e., they are the
same as in the case of SPDF in argon [1]. In this case,
the minimum grain size after SPGF in ammonia is
half that after SPDF in argon.

With allowance for the equality of the strain rates
during SPDF in argon and ammonia, we constructed
dependences (2) in logarithmic coordinates (Fig. 8).
The processing of the results gives m = 0.49 and k =
11.7 × 107 for SPDF with simultaneous nitrogen diffu�
sion and m = 0.43 and k = 1.48 × 107 for SPDF in argon
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Fig. 7. Changes in grain size d across the surface layer
thickness in armco iron after SPDF in (1) ammonia and
(2) argon [1]. Disperse layer regions: (1) nanocrystalline,
(2) submicron grains, (3) microcrystalline with equiaxed
grains, (4) microcrystalline with a morphological texture.

Table 2. Parameters of the surface layer in armco�iron after
SPDF in gaseous media

Medium
Layer thickness, µm Minimum grain 

size, nmdispersed deformed

Argon 40–50 80 20

Ammonia 16–170 300 10
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Fig. 8. Grain size d vs. Zener–Hollomon parameter Z after
(1) SPDF with simultaneous nitrogen saturation and
(2) SPDF in argon.
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[1]. In the grain size range under study (d < 2 μm), SPDF
with simultaneous nitrogen diffusion leads to grain
refinement (see Fig. 8): the smaller the grain size, the
stronger the effect. It may be suggested that the nitro�
gen influence disappears at larger grain sizes.

In addition, we have revealed a significant influ�
ence of a dispersed grain structure on the diffusion
activity and high nitrogen solubility in α�Fe during
SPDF. The dislocation density in the dispersed layer
saturated with nitrogen cannot be measured, since a
high nitrogen concentration substantially influences
the diffraction line width. However, taking into
account that nitrogen atoms retard dislocation
motion, we suggest that the dislocation density after
SPDF in ammonia is higher than that after SPDF in
argon at the same grain size. As a result, the rate of
nucleation of recrystallization centers increases,
whereas the migration rate of grain boundaries
decreases by nitrogen atoms segregating on them. The
increase in the number of recrystallization centers with
decreasing migration rate of grain boundaries is likely to
result in grain refinement under dynamic recrystalliza�
tion conditions during SPDF in ammonia.

Thus, the main difference between SPDF with
simultaneous nitrogen saturation and SPDF in a neu�
tral medium is the mutual intensifying influence of
deformation�induced grain refinement and the mass
transfer of nitrogen atoms in iron: they intensify struc�
tural evolution during deformation and enhance the
nitriding efficiency. This is the reason why SPDF with
simultaneous nitrogen saturation significantly increases
the dispersed�structure layer thickness, decreases the
minimum grain size, increases the nitrided layer thick�
ness, and provides an anomalously high nitrogen con�
tent in the layer.

CONCLUSIONS

(1) SPD with simultaneous nitrogen saturation
under dynamic recrystallization conditions (tempera�
ture of 773 K, variously directed deformation rate  >
102 s–1) leads to the formation of a gradient structure
with grain sizes decreasing from initial 80–100 μm to
nanocrystalline 10 nm at the iron sample surface. In
this case, the nanograin size at the surface is smaller by
a factor of two and the thickness of a nanocrystalline
region in the alloy is larger by a factor of three as com�
pared to SPDF in a neutral medium.

(2) As compared to furnace nitriding at the same
temperature (773 K), the diffusion rate of nitrogen
atoms increases by almost two orders of magnitude,
the thickness of the nitrided layer formed at the same
time increases by a factor of five–six, and the nitrogen
concentration in the nitrided layer measured at room
temperature increases by two orders of magnitude.

(3) The decrease in the nanograin size during
SPDF with simultaneous nitrogen saturation under
dynamic recrystallization conditions is associated with

ε

a decrease in the dislocation mobility in the presence
of nitrogen atoms, which increases the dislocation
density and the nucleation rate of recrystallization
centers and decreases the migration rate of grain
boundaries.
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