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Abstract—Accumulation of nitrogen in nanosized surface layers of 03Kh17N12M2 stainless steel has been
detected upon N+ ion implantation up to 14 at % together with metal nitrides, mainly of chromium nitride
CrN and interstitial solid solution. It has been demonstrated that N+ ion implantation accompanied by pre-
liminary irradiation by Ar+ and O+ ions decreases maximum nitrogen concentration by at least two times. It
is assumed that this is stipulated by segregation to surface layers of iron atoms upon irradiation by Ar+ ions as
well as formation of chromium oxide Cr2O3 and chromium hydroxide CrOOH upon irradiation by O+ ions.
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INTRODUCTION
Performance properties of metals and alloys (wear

resistance, cyclic fatigue, and others) are determined
by structural and phase state of surface layers, they can
be significantly improved by surface modification. As
is known, surface treatment of metals and alloys is exe-
cuted by ion implantation [1–3]. A peculiar feature of
this method in comparison with other ionic vacuum
treatments is minimum variations of geometrical sizes
of items and the possibility of low temperature treat-
ment, which in most cases eliminates item shrinkage.
However, despite numerous studies in this field, for-
mation of nanosized surface layers of metals upon ion
implantation is not studied in detail. In particular, the
influence of alloy components on accumulation of
implanted elements and formation of chemical com-
pounds upon ion implantation remains unclear.

In this regard this study is aimed at comparative
studies of influence of N+ ion implantation, consecu-
tive Ar+ and N+ ion implantation, and consecutive O+

and N+ ion implantation on accumulation of nitrogen
atoms and formation of chemical compounds in nano-
sized surface layers of 03Kh17N12M2T stainless steel.

EXPERIMENTAL
Plates of 03Kh17N12M2T stainless steel with a

length of 30 mm and cross section of 8 × 2 mm were
cut out of an as-delivered sheet by spark cutting. The
composition of the initial samples was as follows: Fe,
base; C, 0.03%; Cr, 17%; Ni, 12%; Mo, 2%; Mn, 1%;
and Ti, 0.6%. The samples were mechanically pol-
ished using polishing pastes and cleaned in organic

solvents. Recrystallization annealing of the samples was
carried out at 750°C for 30 min in vacuum ~10–4 Pa.

Ar+ or N+ ion implantation and consecutive Ar+

and N+ or O+ and N+ ion implantation was performed
using pulse vacuum arc in pulse periodic mode ( f =
100 Hz, t = 1 ms) with a binding energy of 30 keV, radi-
ation dosage of 1018 ion/cm2, and pulse current density
of 3 mA/cm2.

Chemical composition of nanosized surface layers
before and after irradiation was studied by X-ray
photoelectron spectroscopy (XPS) using SPECS and
ES-2401 spectrometers with MgKα excitation of pho-
toelectron spectrum (E = 1253.6 eV). X-ray photo-
electron spectra Fe 2p3/2, Ni 2p3/2, Cr 2p, Mo 3d,
Ti 2p, N 1s, O 1s, and C 1s were recorded. Spectral
data were processed by Casa XPS software. The first
processing stage was smoothing, which increases sig-
nal to noise ratio; then, the background was subtracted
by the Shirley method and integral intensity of the
component was determined (area under curve). Based
on integral intensity of photoelectron peaks the com-
position of the considered alloy was determined as fol-
lows:

where C is the concentration, Ca is the signal integral
intensity of the photoelectron line, Sa is the factor of
relative sensitivity in XPS for the given substance,
Σ(Ci/Si) is the sum of ratios of integral intensities to
factors of relative sensitivity for all elements in the
solid composition. The relative error of determination
of element concentration was ±3 at %. Layer by layer
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Fig. 1. Concentration profiles of element depth distribution in 03Kh17N12M2T stainless steel in initial state (a), after irradiation
by N+ ions (b), after irradiation by Ar+ ions (c), and after consecutive irradiation by Ar+ and N+ ions (d).
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XPS analysis was performed using surface dispersion
by argon ions at a surface etching rate of ~1 nm/min
using reference data [4–6].

RESULTS AND DISCUSSION
XPS studies of the initial sample revealed that

starting from a depth of ~6 nm the concentrations of
iron atoms reach 60 at %, nickel atoms, 14 at %, and
chromium atoms, 17 at %, and remains steady with
variation in depth (Fig. 1a). In addition, molybdenum
and titanium atoms of 2 at % were revealed on the sur-
face of the initial sample together with 1 at % of man-
ganese (Table 1).

N+ ion implantation leads to accumulation of
nitrogen atoms in surface layers of stainless steel up to
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Table 1. Relative concentration of elements in surface layers o

h, nm Fe, at % Ni, at % Cr, at % Mo,

1 40 11 17 1
3 56 14 14 2
6 58 14 16 2

10 57 14 17 2
15 58 14 17 2
20 59 14 17 2
30 61 14 17 2
40 61 14 17 2
14 at % and rearrangement of iron atoms as well as of
major dopants (Fig. 1b). An extra thin surface layer
with a depth of less than 10 nm is enriched with nickel
atoms to the maximum concentration of 20 at % and
depleted with iron atoms. Distribution of chromium
atoms in surface layers is characterized by a dome
shape with the maximum concentration of 20 at %, its
distribution pattern corresponds to that of nitrogen
atoms (Fig. 1b). It is assumed that segregation of
nickel atoms into an extra thin surface layer is stipu-
lated by the fact that nitrogen atoms penetrating sur-
face layers chemically interacts with chromium gener-
ating chromium nitrides in the form of atomic clusters
or nanosized phases, which displace nickel atoms to
the surface. This assumption is confirmed below. It
should be mentioned that irradiation by N+ ions and
f 03Kh17N12M2T stainless steel in the initial state

 at % Ti, at % Mn, at % O, at % C, at %

1 0 26 2
2 1 7 3
2 1 4 3
2 1 4 2
2 1 3 3
2 1 2 2
2 1 1 1
2 1 1 1
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Table 2. Relative concentration of elements in surface layers of 03Kh17N12M2T stainless steel after irradiation by N+ ions

h, nm Fe, at % Ni, at % Cr, at % Mo, at % Ti, at % Mn, at % O, at % C, at % N, at %

1 30 12 10 1 0 0 31 8 7

3 41 20 12 1 1 0 6 6 11

6 42 15 17 1 1 0 4 4 14

10 44 12 19 1 1 0 3 3 14

15 48 12 17 1 1 1 3 3 12

20 53 12 16 1 1 1 2 2 10

30 58 11 14 1 1 1 2 2 8

40 59 11 14 1 1 1 2 2 7
by other ions used in this study does not lead to segre-
gation of additional dopants, such as molybdenum,
titanium, and manganese, into surface layers (Table 2).
The data in the table for a sample in the initial state

and after irradiation by N+ ions demonstrate that N+

ion implantation does not lead to segregation of minor
dopants and we will not pay attention to this fact in
this study.

Irradiation by Ar+ ions causes segregation of Fe
atoms into surface layers and depletion with nickel and
chromium atoms (Fig. 1c). The concentration profiles
of element distribution in nanosized layers consecu-

tively irradiated by Ar+ and N+ ions (Fig. 1d) corre-

spond qualitatively to those after irradiation by N+

ions (Fig. 1b). However, maximum concentration of
nitrogen atoms decreases twofold to 7 at %.

XPS analysis of Cr 2p3/2 spectra is evidence that in
nanosized surface layers of the initial sample chro-
mium atoms are in a metallic chemically unbound
state corresponding to their position in nodes of crys-
talline lattice of solid solution (Fig. 2b). This is con-
firmed by the electron binding energy of 574.2 eV in
chromium atoms at the energy level of 2p3/2 [4, 5].

After N+ ion implantation, firstly, the maximum elec-
tron binding energy at the 2p3/2 level of chromium
atoms is shifted towards higher binding energy of
574.4–574.6 eV and, secondly, the lines of these spec-
tra are expanded, mainly at depths up to 20 nm
(Fig. 2a). XPS analysis of the 2p3/2 spectrum of chro-
mium atoms using spectrum decomposition into con-
stituents made it possible to reveal that this shift can be
attributed to formation of chemical compound CrN
(Fig. 3a). The electron binding energy at the 2p3/2
energy level in a chromium atom for this compound is
575.4 eV [4]. Formation of metal nitrides is confirmed
also by the existence of a peak with the maximum
binding energy of 393.2–393.3 eV in 1s XPS spectrum
of nitrogen atoms (Fig. 3b). In the binding energy
range from 390 to 397 eV in the 1s spectrum of nitro-
gen atoms there exists a peak corresponding to elec-
trons at the energy level of 3p3/2 from molybdenum
atoms (Fig. 3b). Analysis of this spectrum shows that
molybdenum is only in a metallic state but also in the
form of a chemical compound with nitrogen: Mo–N

[4, 5]. This is demonstrated also by chemical shifts in

the most intensive lines of molybdenum Mo 3d, which

were used for prediction of relative concentrations;
however, this is not focused on much since the molyb-

denum concentration after irradiation does not exceed

1 at % (Table 2), that is, it is even less than in the initial

sample (Table 1). Titanium and manganese are char-

acterized by similar behavior (Tables 1 and 2). In some

cases, for instance after consecutive irradiation by Ar+

and N+ ions as well as by O+ and N+ ions, their con-
centration is at the level of 0 at %. Thus, it is assumed

that generally metal nitride is comprised of chromium

and nitrogen atoms. Moreover, it follows from the

N 1s spectrum that nitrogen atoms in addition to the

chemical state corresponding to nitrides of 3d metals
are in the state with a binding energy of 398 eV (Fig. 3b).

As a rule, this is the state of nitrogen atoms in which

they exist in interstitial positions of a crystalline lattice

of solid solution [4]. It follows from XPS of the 2p3/2

spectrum of chromium atoms for a sample irradiated

by N+ ions that not all chromium atoms participate in

formation of CrN compound and their main portion is

in a metallic chemically unbound state with the bind-

ing energy of 574.2 eV (Fig. 3a). In this state chromium
atoms are in the nodes of a crystalline lattice of solid

solution of this multicomponent system. Iron and

nickel atoms are also in a metallic chemically unbound

state, moreover, not only in the initial sample but also

in irradiated samples. For instance, this is shown by
the electron binding energy at 2p3/2 energy levels for

iron and nickel atoms equaling 707 eV and 853 eV,

respectively, for a sample irradiated by N+ ions (Fig. 4).
These electron binding energies correspond to iron

and nickel atoms located in the nodes of a crystalline

lattice of solid solution [4, 5].

Therefore, based on the aforementioned experi-

mental results it is possible to assume that N+ ion
implantation into 03Kh17N12M2T stainless steel is

accompanied by formation of metal nitrides, mainly

chromium nitride CrN, and nitrogen interstitial solid

solution into a crystalline lattice of this multicompo-

nent system.
TECHNICAL PHYSICS  Vol. 64  No. 8  2019
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Fig. 2. Cr 2p3/2 XPS spectra from surface layers of stainless steel after irradiation by N+ ions (a) and in the initial state (b).
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Fig. 3. Cr 2p3/2, N 1s, and Mo 3p3/2, XPS spectrum acquired at a depth of 10 nm in a sample irradiated by N+ ions.
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As a consequence of preliminary treatment by Ar+

ions the maximum nitrogen concentration in surface

layers of stainless steel upon subsequent N+ ion

implantation with parameters similar to N+ ion

implantation without ionic preliminary treatment

decreases twofold to 7 at % (Fig. 5a). Probably, this

could be attributed to the fact that upon irradiation by

Ar+ ions iron atoms segregate to the surface (Fig. 5b).

It is assumed that iron atoms characterized by lower

chemical activity to nitrogen atoms in comparison

with chromium atoms act as a barrier for nitrogen

accumulation upon subsequent N+ ion implantation.
TECHNICAL PHYSICS  Vol. 64  No. 8  2019
A similar result is observed also in the case of consec-

utive Ar+ and O+ ion implantation into copper nickel
alloy Cu50Ni50 [7]. Segregation of copper atoms onto a

surface under irradiation by Ar+ ions decreases accu-

mulation of oxygen atoms upon subsequent O+ ion
implantation more than by an order of magnitude.

Upon consecutive irradiation by O+ and N+ ions
the maximum nitrogen concentration in nanosized
surface layers of stainless steel decreases more than
twofold to 6 at % (Fig. 5a). It appears that in this case
the nanosized surface layer is enriched with chromium
and oxygen atoms to 26 and 28 at %, respectively (Fig. 6).
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Fig. 4. Fe 2p3/2 (a) and Ni 2p3/2 (b) XPS spectra from surface layers of a sample irradiated by N+ ions.
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Fig. 5. Nitrogen distribution in surface layers of samples after N+, Ar+ + N+, and O+ + N+ ion implantation (a) and iron distri-

bution in initial samples after Ar+ ion implantation and N+ ion implantation (b).
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Fig. 6. Concentration profiles of element distribution in
surface layers of stainless steel after consecutive irradiation
by O+ and N+ ions.
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Enrichment with chromium and oxygen atoms is

accompanied by formation of chromium oxide Cr2O3

and chromium hydroxide CrOOH (Fig. 7a) [4, 5].

Chromium nitride CrN is also formed in addition to

these compounds (Fig. 7). It is assumed that the

decrease in nitrogen accumulation upon preliminary

irradiation by O+ ions can be attributed to the fact that

chromium atoms, which determined nitrogen accu-

mulation to 14 at %, in this case, are occupied by oxy-

gen in oxide Cr2O3 and hydroxide CrOOH phases.

Therefore, based on the presented experimental

results it is possible to conclude that accumulation of

nitrogen atoms in nanosized surface layers of

03Kh17N12M2T stainless steel upon N+ ion implan-

tation is mainly determined by the existence of chro-

mium atoms in alloy.
TECHNICAL PHYSICS  Vol. 64  No. 8  2019
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Fig. 7. Cr 2p3/2 and O 1s XPS spectra acquired at a depth of 10 nm in a sample consecutively irradiated by O+ and N+ ions.
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CONCLUSIONS

N+ ion implantation into 03Kh17N12M2T stain-
less steel is accompanied by accumulation of nitrogen
atoms in nanosized surface layers up to 14 at %, forma-
tion of metal nitrides, mainly chromium nitride CrN,
and nitrogen interstitial solid solution into a crystal-
line lattice of a multicomponent system.

It has been demonstrated that accumulation of
nitrogen atoms in nanosized surface layers of

03Kh17N12M2T stainless steel upon N+ ion implan-
tation is mainly determined by chromium atoms.
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