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Abstract: The paper presents the results of studies of modification of the
surface structure of structural steels AISI 321 (12Х18Н10Т) and AISI 201
(12Х15Г9НД) after plasma treatment with several pulses. The topology of the
surface and the evolution of the relief are studied depending on the main
processing parameters. In particular, the sequence of phase transitions in
modified layers depending on the processing multiplicity was studied. It is
shown that under a small number of treatments (n = 2) in investigated stainless
steel samples may occur plasma etching and redistribution of crystallites.
In addition, in samples detected traces of blister formation and the presence
of a layered structure, which can be due to planar and linear defects. When
increasing the multiplicity of treatments to 10, the structure becomes more
ordered, the columnar blocks are located relatively evenly over the surface and
their tracks are located mainly along the grain boundaries. The changes in the
structure of the studied structural steels are associated with the formation of
new phases (iron nitride) and microarrays in the crystal lattice. A decrease in
crystallites size to 16 nm was detected. It is shown that the multiple pulse
plasma processing is most effective for grinding austenite crystallites,
especially the iron nitride in stainless steel.
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Introduction

Currently, the problem of improving the technological methods of hardening of metal
materials, including nanoscale structural modification by concentrated energy flows, is an
urgent task in view of the complexity and diversity of the processes taking place.
In this aspect, pulsed plasma treatment is one of the most effective ways of modifying
the surface of a solid body [1–5]. In particular, treatment with high-temperature
plasma flows leads to hardening of the surface and increase of wear resistance of
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industrial steels. During rapid heating and melting of the treated surface, significant
temperature gradients that occur in the surface layer of the material under the pulsed
plasma interaction, contribute to a high rate of diffusion of plasma ions deep into the
modified layer. Rapid cooling of the liquid phase leads to structural changes in the
surface layer, the formation of fine-grained and quasi-amorphous structure in the
following repeated melts [6,7]. Plasma also serves as a source of alloying elements,
which are embedded in the modified layer.
High heating and cooling rates of 106–108 K/s under the pulsed action of plasma
flows (PPF) contribute to the creation of large temperature gradients on the material
surface, which, in turn, serve as a prerequisite for activating chemical reactions on the
surface, stimulate the generation and diffusion of radiation defects, etc. In the process of
crystallisation of the melt, in the surface layer of the material changes are possible,
leading to the formation of new compounds, intermediate states, metastable phases.
The presented results are included in the cycle of works carried out by the authors on
the study of the impact of PPF on structural steels [8,9]. It was shown an increase in
hardness in steels, but a detailed picture of surface modification remained inaccessible.
In this regard, it is currently of interest to study the details of microstructure by AFM
under the influence of pulsed plasma flow and determine the size of the structure, as well
as the possibility of obtaining nanomaterials under such influence.

2

Experiment

In the present work, the generator of pulsed plasma flows is an accelerator with the
coaxial geometry of electrodes KPU-30 (coaxial plasma accelerator) [4,5]. The KPU
forms plasma streams with velocities (10÷100) × 103 m/s and high kinetic energy density
of ions from ~100 eV to 10 keV with pulse duration ~7 μs. The flux density and
effectiveness of the action depend on the conditions under which the target is treated.
As the materials for the study were chosen stainless structural steels grades:
12X18H10T or its American analogue – AISI 321 (the American Iron and Steel Institute)
and 12Х15Г9НД, respectively AISI 201.
Table 1

Processing parameters of stainless steel samples of AISI 201 and AISI 321

Parameters
Gas
Residual gas pressure
Charging voltage
Energy flux density
Pulse duration
Multiplicity of pulses

Values
Air
13.3 Pа
20÷22 kV
14.2÷15.4 J/cm2
10÷20 μs
2, 10

The samples of the studied material were exposed to pulsed treatment on a coaxial
plasma accelerator KPU-30 at a residual air pressure of 13.3 Pa at the processing
parameters given in Table 1. As can be seen from the table, at a voltage of 20÷22 kV, the
energy density of the plasma flows varied in the range of 14.2÷15.4 J/cm2. During
the experiment, the samples were placed in a working chamber at a distance of 7 cm
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from the end of the central electrode in the plasma focus zone. Preliminary samples were
mechanically polished and chemically polished in an acid environment.
Using atomic force microscopy (AFM, NTegra) it is possible to descry in detail the
topography of the surface in two forms images on the plane and in 3D format. Thus,
obtained spatial images of three different areas. Figures 1 and 2 show the AFM images of
the surface of all samples under study: before processing and exposed to twofold and
ten-fold influence of plasma flows.
Figure 1

The AFM images of the surface of initial steel sample AISI 201 (12Х15Г9НД):
(a), (c) – sample profile (30 × 30 μm); (b), (d) – (100 × 100 μm) (see online version
for colours)

As shown by AFM analysis (Figure 1) on the initial surface is clearly seen etched on the
grain structure, obtained by electrolytic etching at the stage of sample preparation of test
samples.
Block structure becomes more distinct after plasma exposure, which confirms the
possibility of plasma etching at the nanoscale with the specified parameters of treatment
even without preliminary etching of the initial surface (Figure 2).
In some cases, plasma etching is accompanied by a certain ‘delamination’ of the
surface structure and clearly defined contours of the track lines. Their contours are clearly
visible at large magnifications (Figure 3).
In addition, when twofold treatment surface melting leads to the local formation of
blisters and even the opening of blister plaques (Figure 4(a)), and there are areas with
columnar crystallites formed in the direction perpendicular to the surface (Figure 4(b)).
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Figure 2

Surface relief of the sample steel АISI 201 after twofold processing without preetching: (а), (b) – sample profile No. 4 at 30 × 30 μm and 100 × 100 μm (2nd area,
P = 13.3 Pа, Q = 12.5 × 104 J/m2, U = 19 kV) (see online version for colours)

Figure 3

Laminated structure of twofold-treated steel AISI 201 (sample No. 2), obtained
by AFM: (а), (b) – sample profile at 30 × 30 μm and 100 × 100 μm (1st area of sample
No. 2) (see online version for colours)

Ten-fold treatment leads to the strengthening of the effect of twofold treatment, and
columnar crystallites move mainly to the boundaries of grains (blocks) in accordance
with Figure 5. The paper presents quantitative estimates of crystallite sizes.
The AFM analysis of processing results of steel AISI 321(12Х18Н10Т) showed that,
in contrast to steel AISI 201 (12Х15Г9НД), the height of columnar crystals already at
twofold processing is much more than is typical for AISI 201, but, as well as in case of
AISI 201 (n = 10), the columnar crystallites are mainly located at the grain boundaries.
In some areas of the steel AISI 321, as well as for the steel AISI 201 it is noticeable
traces of blistering formation. Furthermore, for this grade of steel it is not detected traces
of delamination surface that, apparently, it is not typical for this steel.
Changes in the structure of the investigated structural steels, associated with the
formation of new phases and microarrays in the crystal lattice, were investigated by
X-ray diffraction analysis on diffractometer D8 ADVANCE (Bruker AXS, Germany).
Based on the X-ray data, the AISI 201 steels have two phases: austenite with a lattice
parameter а = 3.5958 ± 0.0006 Å (austenite parameter is somewhat less than the initial
sample, which may be associated with distortion of the crystal lattice of steel during
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plasma treatment.), and iron nitride FeN0,076 with a lattice parameter equal to
а = 3.6263 ± 0.0007 Å. On a comparison between intensities of diffraction lines of iron
nitride and austenite for the same planes, we can conclude that the nitride is not the
dominant phase. It is possible that the iron nitride is in the surface layer, and the austenite
is a little deeper. In this case, the thickness of the nitride is small.
Figure 4

Surface relief of sample No. 2 (2nd area) (P = 13.3 Pа, Q = 14.15 × 104 J/cm2,
U = 21 kV, n = 2) (see online version for colours)

Figure 5

AFM images of АISI 201 steel surface after ten-fold treatment (P = 13.3 Pа, U = 20 kV,
Q = 15.7 × 104 J/cm2) (see online version for colours)
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Ten-fold treatment with plasma flows of AISI 321 steel at a pressure of 13.3 Pa is also
accompanied by the formation of new phases: FeN5,6 iron nitride and Fe3C iron carbide,
although the number of Fe3C lines is extremely small for identification. According to the
X-ray analysis, the austenite crystallites size is reduced more than in four times on
multiplicity of treatment n = 10 in comparison with the untreated AISI 321. In addition,
after ten-fold treatment, the size of crystallites of both phases are identical. Therefore,
multiple pulse plasma treatment is more effective for the grinding of the austenite
crystallites and, in particular, of iron nitride as in the case of AISI 201 steel.

3

Conclusions

AFM analysis on the surface of the material under study at twofold treatment detected
traces of blister formation, the presence of a layered structure and tracks, and the
formation of columnar structures, which can be caused by planar and linear defects.
At ten-fold processing, the structure is more ordered, the columnar blocks are located
relatively evenly over the surface and their tracks are located mainly along the grain
boundaries.
According to the research results, it can be concluded that changes in the structure of
the investigated steels are associated with the formation of a new phase – iron nitride and
a reduction in the size of crystallites to 16 nm, and this can lead to hardening of the
material [10–13]. It is shown that the multiple pulse plasma processing is the most
effective for the grinding austenite crystallites, especially, the iron nitride in stainless
steel.
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