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The paper presents the results of investigations of carbon doped austenitic stainless steel coatings (carbon S-
phase) obtained by the reactive magnetron sputtering in the reactive atmosphere composed of argon and methane
as a carbon source. Stainless steel targets were sputtered under different conditions. During the experiments the
argon to methane proportion varied within a range 11/2-7/6. The other parameters such as temperature, pressure,
sputtering power, etc. were kept constant. The phase composition was determined using the X-ray diffraction.
Electron probe microanalysis (energy dispersive spectroscopy and wavelength dispersive spectroscopy) and glow
discharge optical emission spectrometry techniques were used to study element composition of the coatings. Mi-
crostructure was investigated by scanning electron microscopy. It was found that varying the methane volume in
the reactive atmosphere, it is possible to control the lattice parameter of the carbon S-phase.
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1. Introduction

Austenitic stainless steel is an important structural
material owing to its very good corrosion resistance and
good mechanical properties. However, poor tribological
properties and hardness seriously limit the areas of its ap-
plications. Surface engineering is one of the main ways
to overcome these limitations. One of the methods to
improve mechanical characteristics of austenitic stainless
steel without impairing its corrosion resistance is pro-
duction of the so-called S-phase coatings. S-phase is a
phase with very high hardness and good corrosion re-
sistance which demonstrates a large potential for many
practical applications. It is considered to be a super-
saturated solution of carbon or nitrogen in austenitic
stainless steel [1]. This phase is mostly obtained by the
so-called low-temperature processes, which refers to the
plasma or gas nitriding or carburising at a temperature
below 500°C. The S-phase is metastable and extremely
sensitive to overheating which leads to precipitation of
either nitrides or carbides and negatively affects corro-
sion resistance of steel. Applying plasma or gas ther-
mochemical treatment, the S-phase can be obtained at
the temperatures between 350 and 500 °C. Temperature
rise increases the risk of carbon or nitrides precipitations
while temperature decrease reduces seriously the time of
layer growth [2].

The S-phase can be also produced in an effective way
by reactive magnetron sputter deposition even at a very
low temperature (below 200°C) [3-5]. This process as
well the layer composition allow to be better controlled.
The carbon or nitrogen composition is uniform within the

*corresponding author; e-mail: Sebastian.Fryska@zut.edu.pl

coating in contrast to the gradient layers produced dur-
ing thermochemical surface treatment [2, 4]. The depo-
sition of nitrogen doped S-phase coatings by magnetron
sputtering was very little investigated and even less is
known about the deposition of carbon doped S-phase
coatings [5-7].

One of the characteristics of S-phase is that it demon-
strates a wide range of carbon or nitrogen solubility.
It was reported that nitrogen content in S-phase obtained
by the surface thermochemical treatment can vary in the
range 20-30 at.% while for carbon it can reach the values
up to 15 at.% [1].

The change in nitrogen or carbon content in S-phase
has an influence on its lattice parameter, which in ni-
trogen doped S-phase can be increased even by 10% in
comparison with the austenite lattice [8]. It is a very
interesting feature which could allow the stress level in
coatings to be better controlled. The main objective of
this paper was to investigate the possibility of control-
ling lattice parameter of carbon doped S-phase coatings
by controlling carbon carrier volume in the reactive at-
mosphere during magnetron sputtering deposition.

2. Experimental

The coatings were obtained by reactive magnetron
sputtering in the atmosphere composed of argon and
methane as a carbon source. Three austenitic stainless
steel targets (X2CrNil8-9) were sputtered under differ-
ent conditions. The same steel was used as a deposition
substrate. The samples were grounded, polished by the
use of sandpaper and diamond suspension. Final pol-
ishing was carried out in aluminium oxide to achieve
roughness R, below 0.05 um. Afterwards, vibropolish-
ing was performed to remove ferrite created during hand
mechanical polishing. Finally, substrates were ultrasoni-
cally cleaned for 15 min in acetone and dried in hot air.
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The pressure was pumped down to 1076 Pa and argon
was introduced once the temperature of 200°C in the
chamber was reached. Before opening targets shutters
the stainless steel targets were sputter-cleaned for 15 min
at —170 V and 2.7 Pa. After initial cleaning methane gas
was introduced into the chamber and total pressure was
adjusted to the 0.8 Pa. During the experiments argon
to methane proportion varied within a range 11/2-7/6.
Other parameters as temperature, pressure, sputtering
power, etc. were kept constant. The process parameters
are summarized in Table I. The samples order is pre-
sented in Table II.

TABLE I

Coatings deposition conditions used in experiments.

Substrate X2CrNil8-9
Substrate temperature 200°C
Ar/CH,4 ratio 0.15, 0.23, 0.31, 0.38, 0.46
Target X2CrNil8-9
Total gas flow rate 13 sccm
Sputtering pressure 0.8 Pa
Power 200 W
Substrate bias 50V
Deposition time 2 h
TABLE II

Ar to methane volume ratio of the studied samples.

Ar/CH, 11/2 | 10/3 | 9/4 | 8/5 | 7/6
Sample No. 1 2 3 4 5

The phase composition of the coatings was determined
by X-ray diffraction using the X’PERT PANALYTI-
CAL diffractometer with Cu K, radiation. The Bragg—
Brentano geometry was applied within the angle range
20 = 30 + 120°. Grazing angle incidence scan
with a fixed incidence angle of 3° was also per-
formed. Electron probe microanalysis (energy dispersive
spectroscopy (EDS), wavelength dispersive spectroscopy
(WDS); Thermo Scientific, Hitachi SU-70) and glow
discharge optical emission spectrometry (GDOES; GD-
PROFILER 2, HORIBA Jobin Yvon) techniques were
used to study element composition of the coatings. Sur-
face morphology was investigated by scanning electron
microscopy (Hitachi SU-70) and atomic force microscopy
(AFM; MultiMode IV, Veeco) was used to examine sur-
face topography. Thickness of the coatings was measured
by a profilometer (DEKTAK 6M, Veeco). During the de-
position process a part of the sample was shadowed and
the thickness differences between the surfaces of uncov-
ered substrate and the coating were measured.

3. Results and discussion

It was found that the volume of methane in the at-
mosphere affects both the concentration of carbon in
the coatings (Fig. 1) and the speed of their deposition

(Fig. 2). A linear increase in the carbon content in the
coating with an increase of methane volume in the reac-
tive atmosphere was obtained which is consistent with
other research studies [5]. For the analyzed range of
methane volume, the coatings containing carbon between
2.3 and 8.4 at.% were obtained. These values are much
higher than those mentioned in the literature [1] for the
layers produced by surface thermochemical treatment.
However, they are consistent with the data presented by
other researchers for the layers deposited by magnetron
sputtering method [5, 6]. At the same time an increase
of methane rate caused the slowdown in the deposition
process which is also consistent with the paper presented
by Barbee et al. [6], where the decrease of film deposition
rate with the increase of carbon content in the coating
was reported.
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Fig. 1. Carbon concentration in the coatings versus
methane content in reactive atmosphere.
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Fig. 2. Relation between coating thickness and
methane content in reactive atmosphere.

The resulting coatings were characterized by a fine-
grained structure with a grain size in the nanometer and
submicroscopic range (Fig. 3). Increasing grain refine-
ment was observed as long as the carbon content in the
coatings was increasing which is also consistent with the
observations of other researchers [5, 6, 9]. More thor-
ough observation of the surface by SEM demonstrated
that the microstructure of the coatings is much finer
and those submicroscopic grains are composed of much
smaller nanosize grains. An example of such structure is
shown in Fig. 3d. However, such a strong amorphization
of the microstructure as mentioned in the above cited
papers was not observed.
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Fig. 3. Topography of coatings: (a) 1, (b) 4,
(c) 5, AFM, (d) microstructure of the coating 5, SEM.
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Fig. 4. (a) Diffraction patterns of the coatings ob-

tained in experiments; (b) an example of diffraction pat-
tern deconvolution for coating 2, GXRD.

No diffraction peaks were obtained when the X-ray
diffraction in the Bragg—Brentano geometry was used.
It was probably due to strong refinements of the grains.
However, the research conducted by means of grazing
angle diffraction demonstrated however, the presence
of very broad reflections with low intensity (Fig. 4a).
The deconvolution of these diffraction patterns revealed
a series of reflections as shown in Fig. 4b. Two of them
were assigned to the carbon S-phase as originating from
diffraction on (111) and (200) planes. Moreover, in the
samples 14 the additional broad peak was detected.
It was placed in the angle range of 44.4—44.6°. This
peak can be attributed to ferrite (110) planes. The pres-
ence of bee structure was frequently observed by other re-
searchers [5, 6, 9] in the coatings deposited by magnetron
sputtering of stainless steel below 375°C which corre-
sponds to the conditions of this experiment. The forma-
tion of ferrite is explained by the rapid cooling occurring
under the deposition conditions which favours the for-
mation of ferrite in the place of austenite [10]. It was
also reported that increase of carbon or nitrogen con-
tent in reactive atmosphere facilitate the formation of
fce-like structure, and ferrite-like structures disappear,
which was observed in the present research of the coatings

with the highest carbon content as well. The additional
sharp peak detected in the diffraction patterns is in the
position of austenite and originated from the austenitic
substrate. No peaks of carbides were detected from the
diffraction studies.
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Fig. 5. Relation between carbon S-phase lattice pa-

rameter and carbon concentration in the coatings.

The position of reflections from the carbon S-phase
depended on the content of carbon in this phase. A lin-
ear dependence of the average lattice parameter (mea-
sured for the reflections originating from (111) and (200)
planes) on the carbon content was obtained (Fig. 5). For
the carbon concentration in the deposited coatings, the
broadening of lattice parameters of carbon S-phase was
between 2.8 and 4.7% in comparison to the austenite lat-
tice parameter. These values are much greater than those
obtained for the carbon S-phase produced at low temper-
ature gas carburizing. Christiansen et al. [1] registered
an increase of lattice parameters from 1.7 to 2.5%, but
this is due to much lower carbon concentration obtained
in their paper.

4. Conclusions

1. During the reactive sputter deposition of austenitic
stainless steel in the atmosphere containing
methane, it is possible to obtain the carbon doped
S-phase with the carbon content up to 8 wt.%,
which represents much higher values than those
reported for low temperature carburization of
austenitic stainless steel. No presence of carbides
was revealed by the X-ray diffraction method.

2. The carbon content in the S-phase coatings de-
pends in a linear way on the volume of carbon car-
rier (methane) in the reactive atmosphere and can
be easily controlled by gas flow rate.

3. The increasing content of carbon causes the expan-
sion of the S-phase cell and the linear dependence of
the lattice parameter on the carbon concentration
in S-phase was observed. The range of carbon con-
centrations between 2.6 and 8.25 wt%, produced
the linear cell expansion between 2.86 and 4.7%.
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