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1. Introduction

In general, the solid solution austenitic phase (y) with high chromium content (12 % - 20 %)
is responsible about the excellent corrosion performance of austenitic alloys. This advantage
allows these alloys to use in biomedical, food and chemical, pulp and paper chemical,
petrochemical, heat exchange and nuclear power plant industries [1-4]. However, most of
these applications are suffering from their relatively low hardness and poor tribological
properties.

Various surface modification technologies such as nitriding, carburizing and
nitrocarburizing are used to improve the mechanical and tribological properties of austenitic
stainless steels [5-12]. In most cases an increase in surface hardness is accompanied by a
decrease in corrosion resistance [13]. The decrease in the corrosion resistance is caused by
heavy precipitations of chromium carbide and chromium nitride on the grain boundaries,
which are surrounded by chromium-depleted zones [14]. More investigations are succeeded
to maintain and sometimes to improve the corrosion resistance of stainless steels after
nitriding [15-16]. It is well known that the formation of nitrogen supersaturated solid
solution phase without CrN precipitations should maintain the good corrosion resistance of
stainless steel [5, 17].

In this paper we present the effect of N2 to CoHy gas pressure ratio on the corrosion
performance and tribological properties of AISI 304 austenitic stainless steel after rf plasma
carbonitriding at a relatively low pressure.

2. Experimental work

The samples were treated at a fixed input plasma power of 450 W and for a processing time of
10 min. The gas pressure related to N>/ CoH ratio was varied from 100% N to 100% CyHa. The
pressure was increased from an atypical base pressure of 1.3x10-2 mbar to a total gas pressure
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340 Corrosion Resistance

of 8.4x10-2 mbar. The sample was heated mainly by the rf field. The sample temperature was
measured during the rf plasma process by a Chromel-Alumel thermocouple, attached to the
sample holder. As shown in Fig. 1, the substrate temperature was influenced by the effect of
gas compositions. It was found that the temperature gradually increases from 475 °C for
pure nitriding up to 550 °C for carbonitriding (50% CzHz, 50% N2) and raises up to 600 °C for
pure carburizing. Grazing incidence X-ray diffraction (GIXRD) with Cu Ka radiation was
used to determine the phases, present in the treated layers. For the chosen incidence angle of
2° the (1/e)-penetration depth of the X-rays was approximately 700 nm. The recorded
diffraction pattern shows therefore mainly the structure of the phases formed in this
near-surface region. In this paper we concentrate on the study of corrosion resistance, surface
morphology before and after corrosion, and tribological properties of the treated samples.
The surface roughness was measured by use of the rough machine (Dektak 8000, Veeco
Instrument GmbH). Wear and friction measurement were performed at room temperature in
laboratory air with low humidity of 16 to 24 % using an oscillating ball-on-disk type
tribometer wear tester without lubrication. The 3-mm ball of cobalt tungsten carbide was
moved at mean sliding speed of 15 mm/sec with different normal loads of 3, 5 and 8 N. The
corrosion properties were evaluated using the electrochemical testing technique. The corrosion
tests were performed in a 1 wt. % NaCl solution by application of the potentiodynamic
polarization method. A three-electrode electrochemical cell has been used, counter
and reference electrode were related to Pt and saturated calomel electrode, respectively.
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Fig. 1. Temperature variation as a function of the gas composition.
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The anodic polarization curves were recorded with potential scan rate of 10 mV /sec. The
potentiodynamic polarization curve is plotted using AutoLab PGSTAT 12 + GPES software.
The surface morphology before and after corrosion tests and the chemical composition of
selected parts of the as-prepared layers were examined by scanning electron microscopy
(SEM) and energy dispersive X-ray analysis (EDAX), respectively.

3. Results
3.1 Phase formation

The microstructure of the untreated sample and samples treated at different gas
compositions (N2/CoHy) obtained by GIXRD have been studied by us before [11] and it is
shown in Fig. 2. It is briefly described here to correlate tribological and corrosion results to
the microstructure of the modified surface layers. Only fcc austenitic stainless steel (y) and
bec ferritic iron (a) were detected in the untreated sample. After treatment at 100 % Ny, the
Fe:N and CrN phases are observed. The formation of CrN phase is typical for such a high
treatment temperature (475 °C). Residual signals from fcc y-austenite and bcc ferritic iron
are present. At high percentage of nitrogen (90 %) iron nitride phases of Fe:N, FesN and
chromium nitride phase CrN are detected beside the main phase/phases, cubic FesN
and/or nitrogen-expanded austenite (yn). Due to an overlapping of the strong reflections,
the existence of both phases is possible. The intensities of the CrN are lower in comparison
to the case of pure nitriding. This might be due to nitrogen atoms, which are dissipated in
favor of the formation of the iron nitrides (FesN, Fe;N) and y, phases. In the sample treated
at high carbon content (75 % CoHz and 25 % N»), most of the peaks are correlated to FesC,
carbon-expanded austenite (y.) beside the CrN phase. For the sample treated at 100 % CoHo,
the y. and CrC phases are only detected.

3.2 Surface roughness

Fig. 3 shows the relative surface roughness, determined by the ratio of the roughness of
treated samples to untreated one, as a function of different CoH>/N> gas pressure ratios. The
value of the surface roughness of the untreated sample was 46.3 nm. Due to pure nitriding
the surface roughness is increased only by a factor of 1.33. By addition of CoHy, the surface
roughness increases abruptly up to a maximum value of 4.12, reached at 30 % CH. The
value is nearly the same up to a gas content of 50 % CoH> and decreases significantly for
samples treated at high carbon content (75 % C>Hyz) and at pure carburising.

3.3 Wear test and friction coefficient

The friction coefficient is a mechanical parameter, which depends on the surface material
composition and the nature of the surface itself. Fig. 4 presents the relative friction
coefficient for the samples treated at different gas composition. It relates the friction
coefficient of the treated sample to the value of the untreated stainless steel (0.78). The
measurement of the friction coefficient has been done for different number of tracks. For
pure nitriding, after the first 2000 tracks, at which the wear depth is lower than 0.6 pm, in all
examined treated samples, the friction coefficient is reduced to 59 %. While the C;H/N> gas
ratio increases, the values of the friction coefficient decrease significantly and reaching
approximately 14 % for pure carburizing. As a function of gas composition, the friction
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342 Corrosion Resistance

coefficient for 20000 numbers of tracks has nearly the same values. This reveals the
homogeneity and the mechanical stability of the microstructure of the treated layer within
the examined range in the near surface region.

The sliding wear behaviour of the untreated and treated samples was assessed using
oscillating ball-on-disk type tribometer. The depth of the wear tracks of examined samples
as a function of wear path at a load of 3 N is shown in Fig. 5. Generally, the wear resistance
of the untreated samples in comparison to the treated is extremely poor. For all treated
samples, examined up to 320 m wear path, maximum one micrometer wear depth has been
observed and the wear depth slowly increases with increasing wear path. Otherwise the
wear rates have been accounted as total volume loss in mm3 divided by the total sliding
distance in meters. The wear rates for the untreated material were accounted in order to
know the improvement in the wear rates for treated one. The wear rate for the untreated 304
austenitic stainless steel was 2.4 x 104 mm?3/m at 20000 numbers of tracks (80 m wear path).
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Fig. 2. X-ray diffraction pattern obtained at 2° grazing incidence from 304 stainless steel of
untreated samples and samples treated at different CoH,/ N> gas pressure ratios.
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Fig. 5. Wear depth of treated samples at different gas composition compared to an untreated
sample.

Fig. 6 presents the variation in the wear rate at different number of tracks as a function of
gas composition ratios for a load of 3 N. The wear rate after treatment was reduced by more
than two orders in comparison with the untreated material. At 20000 wear tracks, a decrease
of the wear rate was observed as much as the C;H, gas ratio increases. However, this
improvement was continued up to 75 % CoHz and 50 % CyH> at 40000 and 80000 numbers of
tracks, respectively. The decrease in the wear rate by increasing the CoH» content is related
to some improvement in the friction coefficient of treated layers due to fine carbon
precipitations which work as solid lubricant on the first few hundred nanometers. However,
for samples treated at high carbon content, a small increase in the wear rate can be seen with
increasing the sliding distance.

Fig. 7 shows the resistance of treated samples toward physical wearing by accounting the
wear rate at different loads of 3 N, 5 N and 8 N. The wear rate of untreated sample is
increased by one order from 2.7 x 104 mm3/m to 2.7 x 103 mm3/m at 5 N and 8 N,
respectively. Generally, for all treated samples the wear rate increases in the same order
with the load. The wear rate decreases significantly with the increase of the CoHy/N> gas
ratio and for relatively high load (8 N) it reaches a minimum at 50 %.
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3.4 Corrosion test and surface morphology

Fig. 8 shows the anodic polarization curves obtained from treated and untreated 304-AISI
samples. These results was published elsewhere and represented here to make a correlation
to the study of the surface morphology before and after corrosion effect [12]. The increase in
the corrosion current and decrease in corrosion potential indicate a degradation of the
corrosion resistance for the treated samples. The highest degradation in comparison to the
untreated sample is observed for the sample treated in pure nitrogen and carbon plasma.
The lowest degradation in the corrosion resistance is observed for the sample treated at the
gas composition of 70 % Nz and 30 % CoHo.

The SEM pictures, given in Fig. 9, show the surface morphology of the untreated in
comparison to treated samples. Moreover the treated surfaces have been scanned after
corrosion test. The original material (304-AISI) may be characterized by a non-uniform
shapes, thin grain boundaries and very weak links between the grains. In general the treated
samples have wider grain boundaries and smaller grain size. Nitrocarburized samples show
also a tendency of grain coalescence. At preparation with 100 % C,H,, the grain boundaries
are not clearly visible, which is caused by the higher carbon precipitations at the surface.
However, it seems that the grain size is larger than that obtained in the nitrocarburized
samples.

1e-2F =

—
—3
-

1e-3+

7 100 %N,

le-4+ R
/\100°/002H2 ‘o

1e-5¢

Current (A/cm?)

1e-7+t

1e-8

T
-

1e-9
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

Potential (V)

Fig. 8. Anodic polarization curves for untreated and treated samples at different C2Hz/N>
gas pressure ratios obtained in 1 wt. % NaCl solution.
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Fig. 9. SEM pictures of the surface of untreated 304 AISI and treated samples, respectively,
in comparison with pictures of treated samples after corrosion test. The last image is for
treated sample at 100 % C>H> scanned after removing few tens nanometers from the
surface.

Two distinguishable regions are observed on the surface of the samples, beside the white
points and the black base. For 100% N>, one observes a very fine white uniform deposition
all over the surface. On the surface of sample treated with 100% C,H, the white deposition is
larger. For 50% N, surface fractures and little particle deposition can be seen. EDAX
analysis shows that the white precipitations contain more carbon than the black ones. The
elemental composition of the untreated, treated samples and selected parts was analysed by
EDAX and the results are listed in Table 1. For nitrocarburizing with 50 % N> and 50 %
C;Ho, the nitrogen concentration is higher than that of carbon.
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N (at.%) C (at.%) Fe (at.%) Cr (at.%) Ni (at.%)
304 ASS 0 0 72.3 19.1 8
100 % N2 15.2 0 58.5 17.6 8
50 % N2 18.8 12.1 46.2 15.5 6.9
100 % C2H2 0 46 37.9 9.3 5.8

Table 1. Surface elemental composition of ASS and selected treated samples determined by
EDAX.

The SEM pictures of the treated layer after corrosion test show that the corrosion occurs
predominantly by bitting, intergranular or by general attack, depending on the difference of
the corrosion rate of the grain boundary zones or the grain faces. This difference in rate is
determined not only by the metallurgical structure and the composition of the boundary,
but also by the characteristics of the corroding solution. The corrosion attack decreases with
increasing the carbon content up to 30 % CoH». After that the attack increases again. At 100
% N the surface undergoes significant corrosion leading to visible intergranular stress
corrosion cracking. The surface obtained by treatment with 100 % C;H> exhibits dealloying
by selective material dissolution over large surface regions. The substrate is anodic to
carbon-bound region and corrodes, leaving behind a mass of carbon compound related
areas. In both cases, with pure nitriding or pure carburizing, the loss of corrosion resistance
is associated with the depletion of Cr in regions near the grain boundaries. That component,
however, is necessary for regeneration of corrosion protective film.

These results are in accordance with those from potentiodynamic polarization curves, as
shown in Fig. 8. Samples treated at 100 % Nz or 100 % CpH: corrode significantly as
evidenced by their more negative corrosion potentials and high corrosion currents.
Moderate nitrogen content appears to degrade the corrosion resistance insignificantly,
especially for the gas ratio 70 % N2/30 % CoHo.

4. Discussion

The plasma efficiency may be increased due to creation of more plasma species such as H,
CH, NH, HCN or CN by adding C;H> to N> gas during rf plasma carbonitriding. The
microstructure of the modified layers depends on the pressure ratio between nitrogen and
acetylene plasma gas. The nitride phases and their intensities increased by adding C,H,. The
effect of adding acetylene has been also observed in [18] where 0.7 % of CoH> was used in
addition to the N> gas. Even though Blawert et. al. [8, 19] has observed the nitrogen and
carbon expanded austenite phases nearly at the same peak positions as in our case.
However, we can not ignore that at high N-content by XRD the y, phase can not be easily
distinguished from the Fes;N phase. Both nitride and carbide phases contribute to the
improvement of the mechanical properties of the treated samples. Nitride phases (yn) are
harder than the carbide phases (y.) [8]. The interplay between the temperature and gas
composition might be caused by the effect of hydrogen from the acetylene gas. Compared to
carbon and nitrogen the mass difference between plasma species and the ionization
potential of atoms can play an important role in the resulting plasma temperature (electron
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and ion temperature) which has an influence on the temperature of the substrate. In this
case, the ionization potential of hydrogen is 6.4 % lower than of that nitrogen and the light
hydrogen ions are easily to accelerate by the rf plasma field. These ions itself contribute to
the plasma heating due to secondary electrons generation by elastic collisions with the
plasma species.

Most probably, the high increase in the surface roughness, especially for the samples treated
at high nitrogen content, is correlated with the increase in the sample temperature beside
some physical reactions between the heavy plasma species such as CN and HCN and the
surface. In a comparable study concerned with nitriding of stainless steel by plasma
immersion ion implantation, the formation of expanded austenitic phase in the matrix was
accompanied by a high improvement of the microhardness. However, the surface roughness
increased by a factor of 4.6 and 7 at 450 °C and 520 °C, respectively [20]. Blawert et. al. [21]
has attributed to the increasing in the surface roughness of treated 304-AISI samples to the
sputtering surfaces caused by ion bombardment during the treatment. Even though, an
increase in the substrate temperature has been observed for samples prepared at high and at
pure carbon content, the surface roughness is sharply decreased. It might be due to the
decrease in the physical reactions and the high amount of fine precipitations from carbon on
the surface.

The decrease in the friction coefficient for samples treated at high CoH> content can be
attributed to the fine precipitation from carbon on the surface, which works as solid
lubricant between sliding surfaces in wear experiment. After that, as the wear path
increased, the effect of fine precipitation of carbon nearly disappeared. Therefore, the
friction coefficient increases with the number of wear tracks. This suggestion is supported
experimentally by imaging the carburized surface after removing a few hundred
nanometres by a fine mechanical polishing (Fig. 9). The high number of carbon
precipitations is nearly removed after polishing. Obviously, the wear behavior is influenced
by the microstructure of the first sublayer which is created in dependence of the gas
composition by the process of nitriding, carburizing or nitrocarburizing. Blawert [8] has
reported that nitrogen expanded austenite layers are harder than those of the carbon
expanded and therefore this results in smaller wear depth at low load (5 N). The role of the
oxide layer is completely different in the wear behavior of untreated and treated samples. In
untreated samples the oxidized wear particles lead to severe wear resulting in a high friction
coefficient for the sliding of surfaces. However, for all treated samples, the oxide layer
works in the opposite direction. The oxide layer of samples treated at high nitrogen content
or high carbon content contains low or high amount of fine precipitations from carbon on
the surface, respectively. This oxide layer acts as a lubricating layer, which prevents metal-
to-metal contact, decreases the friction coefficient, reduces adhesive wear and therefore
generally reduces the wear [17].

The high concentration of nitrogen detected by EDAX on the surface of the nitrocarburized
sample is supported by the XRD results, which show that more nitride phases are created in
the compound layer.

The solid solution phase yn should maintain the good corrosion resistance of stainless steel
[5, 21]. But in our case, microstructure reveals that high parts of chromium nitride or
chromium carbide are detected on the surface precipitated at the grain boundaries, which
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are responsible for the breakdown in the corrosion resistance [20]. The degradation in
corrosion resistance of the modified layers is mostly related to the concentration of CrN and
CrC. It is well known that the nature of the corrosion reactions depends on the
microstructure of the treated surface which controlled by gas composition and treatment
temperature. Using XPS, Borges et al. [18] have recently observed a decrease in the
chromium concentration on the nitride surface by adding small amount of acetylene. The
authors interpreted this decrease in chromium concentration on the surface by the chemical
formation of Cr-Hx (x = 1, 2) which is partly removed by the vacuum system. Former
experiments involving the reaction of chromium atoms with H; and matrix isolation of the
products have provided the spectroscopic evidence for the molecules CrH; and CrH [22]. In
our case the intensity of CrN decreases with the increase of C;H, up to 30 %, onward it
increases again. This is in a good agreement with the sharp increase in the corrosion
resistance of the same sample in comparison with the pure nitrided or pure carburized
layer. Maybe the formation rate of the CrH, and CrH on the surface is higher than the
precipitation rate of CrN in the grain boundaries on the surface of the sample prepared at 30
% CoHy. But by the increase of the substrate temperature higher than 525 °C, the balance in
the two rates has been changed.

5. Conclusions

The gas composition has a significant influence on the microstructure of the modified layers.
At nitrocarburizing, most of phases related to nitride phases (such as y,, Fe:N, FesN, FesN
and CrN) and carbide phases (such as y., Fe3C and CrN or CrC) for samples treated at high
nitrogen content and high carbon content, respectively. In dependence on the gas
composition ratio (N2/CyHj), the sample temperatures varied from 475 °C to 600 °C. The
surface roughness was found to increase as the C;H; content increases up to 50 % but it
decreases for higher ratios. The amount of fine precipitations of carbon on the surface is
responsible for the gradually decrease in the surface roughness and friction coefficient for
samples prepared at high and pure carbon content. In comparison to the untreated samples,
the wear rate is reduced by more than two orders. The carbonitrided layer exhibits higher
corrosion resistance in comparison to the layers obtained after pure nitriding or pure
carburizing treatment. The lower content of the CrN phase leads to a good corrosion
resistance. Pure nitriding samples are exposed to a strong biting corrosion surrounded by
intergranular corrosion where the carburized layer is exposed to general corrosion.
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