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Abstract: Recent technological development of utilizing an active screen made of solid carbon for
plasma-assisted thermochemical diffusion treatments opens up new possibilities for control over
the in situ generated treatment environment to guarantee reproducible treatment conditions and
material responses. Until now, the investigations of active-screen plasma nitrocarburizing (ASPNC)
using an active screen manufactured from solid carbon focused on the influence of a single treatment
parameter variation on the material response. In this systematic study, experiments were conducted
to vary the H2-N2 feed-gas composition while varying the bias plasma power. The experiments
served to better understand a simultaneous variation in the mentioned parameters on the resulting
treatment environment and material response during ASPNC of AISI 316L austenitic stainless steel.
Therefore, nitriding and carburizing effects in the expanded austenite layer can be obtained. It is
shown that an increased nitriding effect, i.e., nitrogen diffusion depth and content, was achieved
in case of biased conditions and for H2-N2 feed-gas compositions with higher N2 amounts. On the
contrary, an increased carburizing effect, i.e., carbon diffusion depth and content, was achieved in
nonbiased conditions, independent from the H2-N2 feed-gas composition.

Keywords: AISI 316L austenitic stainless steel; low-temperature active-screen plasma nitrocarburiz-
ing; expanded austenite; plasma diagnostics

1. Introduction

The surface properties of conventionally used austenitic stainless steels often do not
fully satisfy the desired characteristics in terms of sufficient surface hardness and wear
resistance for the intended applications. Therefore, modification of these surface properties
is required, aiming at the reliable performance and long lifetime of the components man-
ufactured from such steels. Low-temperature plasma-assisted thermochemical diffusion
treatments such as plasma nitriding (PN) [1,2], plasma carburizing (PC) [3–5] and plasma
nitrocarburizing (PNC) [6] can be effectively applied to improve the surface hardness
and wear resistance of austenitic stainless steels without negatively affecting their high
general corrosion resistance [7,8]. Moreover, it has been shown that the pitting corrosion
resistance to a variety of chloride-containing media improved significantly compared to
untreated steels [9,10]. During such a low-temperature treatment, due to the low mobility
of chromium (Cr) atoms as compared to the interstitial nitrogen (N) and/or carbon (C)
atoms, formation of chromium nitride/carbide precipitates is kinetically suppressed [11,12].
This leads to the formation of a modified surface layer of a supersaturated solid solution
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of N and/or C atoms in the face-centred cubic (fcc) structure of austenite, known as “ex-
panded austenite”, being free of chromium nitride/carbide precipitates [12]. In particular,
PNC treatment of austenitic stainless steel results in a duplex-layer structure of expanded
austenite due to the simultaneous incorporation of N and C atoms, which consists of a near-
surface N-expanded austenite (γN) layer on top of a C-expanded austenite (γC) layer [13,14].
Due to the different nature of the C and N atoms, the properties of the generated duplex
layer (γN+γC) can be different from pure-γN and pure-γC layers. For instance, with PN
treatment, the hardness of the generated γN layer is higher, but the thickness is lower [15],
whereas in PC treatment, the hardness of the γC layer is lower, but the depth can be much
higher [5].

Recent technological developments in plasma-assisted thermochemical diffusion treat-
ments have resulted in the application of a high-cathodic potential to a meshed screen, the
active screen (AS), instead of the workload [16–18]. The AS is placed upstream relative to
the workload so that the workload is located in the afterglow of the AS plasma [19]. The
AS plasma provides (i) the generation of highly reactive gas species from the precursor
feed gases, and (ii) a radiation-controlled temperature homogeneity in the workload. Re-
cently, an AS manufactured from a solid carbon material, such as carbon-fibre-reinforced
carbon (CFC), was used for plasma-assisted thermochemical diffusion treatments [20,21].
By utilizing a CFC-AS, only ASPC and ASPNC treatments can be realized by introduc-
ing H2 and N2+H2 feed-gas compositions into the reactor, respectively [22]. Here, the
carbon-containing gas species for the carburizing effect are generated in situ via chemi-
cal sputtering of the CFC-AS upon interacting with the H2-N2 plasma [23,24], and their
concentrations can be tuned based on the level of the plasma power at the CFC-AS and
the feed-gas composition [25,26]. Moreover, the in situ generation of different carbon-
containing species during ASPC and ASPNC leads to high complexity of the resulting
treatment environment with respect to the variety of molecular reaction products such
as ammonia (NH3), hydrocarbons (CxHy) and CN compounds (CN and HCN) [27,28].
Therefore, in situ plasma diagnostics such as laser absorption spectroscopy (LAS) and
optical emission spectroscopy (OES) are required during treatment to gain insight into the
reaction products, their absolute concentrations and potential interactions with the material
surface [27,29].

In order to obtain the desired surface properties of the generated expanded austenite
layer via ASPNC with a CFC-AS, it is necessary to have knowledge of the relationship be-
tween (i) crucial treatment parameters (such as feed-gas composition, temperature, pressure
and plasma conditions, e.g., AS and bias plasma characteristics such as current, voltage
and power); (ii) the resulting treatment environment, which consists of the generated
reactive process-relevant species, as measured using in situ plasma diagnostics; and (iii) the
characteristics of the generated expanded austenite layer with respect to the contents and
diffusion depths of the interstitial atoms (N and C), which can be considered as nitriding
and carburizing effects. Among the crucial treatment parameters in ASPNC, the feed-gas
composition, treatment duration, treatment temperature and the level of plasma power
applied at the workload, as well as at the AS, have great influences on the nitriding and the
carburizing effects on the treated samples, and thus on the ability to tune the properties of
the generated duplex-layer structure of the expanded austenite layer. Previously, several
studies were conducted to separately optimize the treatment temperature [30], the level of
bias plasma power [25,26] and the feed-gas composition [31] during the ASPNC treatment
of AISI 316L with a CFC-AS to achieve a thick and pure expanded austenite layer with high
surface hardness along with good corrosion resistance. However, due to the novelty of
using solid-state carbon (such as CFC) as an AS material, the connection between the effects
caused by both the feed-gas composition and the bias plasma power on the treatment
environment and, consequently, on the material response has not yet been investigated to
achieve tuneable surface properties of the resulting expanded austenite duplex layer using
ASPNC with an CFC-AS.
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In the present study, the interplay effects between the gas composition and the bias
plasma power on the resulting treatment environments, the nitriding and carburizing
effects and, consequently, the contents and depths of diffusive interstitial N and C atoms
into the austenitic steel are investigated. Therefore, the combination of both parameters to
fully control the nitriding and carburizing effect in the ASPNC process was systematically
studied for a wide range of treatment parameters to meet the treatment requirements for
different applications. The information regarding the generated treatment environment
measured in situ using LAS and OES plasma diagnostics during treatment, as well as
changes in the structural and compositional properties of AISI 316L steel after the ASPNC
treatment with a CFC-AS, were investigated using optical light microscopy and glow
discharge optical emission spectroscopy (GDOES).

2. Materials and Methods

The austenitic stainless-steel-grade AISI 316L (chemical composition in wt.%: C0.03,
Cr16.9, Ni10.3, Mo2.19, Mn1.72, Si0.28 and Fe balance; from Metallzuschnitte, Bad Wildbad,
Germany) was chosen for the ASPNC investigations. Cylindrical samples of 20 mm in
diameter and 5 mm in thickness were machined from a commercial cylindrical bar. All
samples were ground up to 800 SiC paper grid, cleaned with ethanol in an ultrasonic bath,
and dried in hot air prior to the treatments. The ASPNC treatments were performed in an
industrial-scale cold-wall reactor (Figure 1) with a vacuum reactor of 1 m in diameter and
1 m in height using an AS manufactured from CFC material [29,31]. The ASPNC treatment
parameters were chosen on the basis of our previous treatments.
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Figure 1. Schematic diagram of the industrial-scale cold-wall ASPNC reactor with a CFC-AS (centre),
illustrating the plasma diagnostics (left and bottom) and material treatment (right) setups (Adapted
from Ref. [29]).

After inserting the samples inside the reactor, ASPNC treatment started by evacuating
the reactor to a base pressure of 0.8 mbar. Subsequently, the desired feed-gas mixture
of H2:N2, depending on the treatment condition, was introduced into the reactor at a
total flow rate of ΦTotal = 60 slh to maintain a pressure of p = 1.6 mbar, and the screen
plasma, operating with a commercial pulse DC power supply (Klöckner Ionon GmbH,
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Leverkusen, Germany), was turned on to heat the samples. After reaching a temperature
of 250 ◦C, measured using thermocouples integrated within the workload, the bias plasma
power, operating with a commercial pulse DC power supply (Magpuls GmbH, Sinzheim,
Germany), was set to PBias = 0, 0.6 or 1.2 kW, depending on the desired experimental
conditions, until the samples were heated to 430 ◦C. Next, the total flow rate of the H2:N2
feed-gas mixture was increased to ΦTotal = 80 slh and the pressure was increased to p = 3
mbar. After reaching the desired treatment temperature of 460 ◦C, the treatment conditions
were maintained for 5 h. After the treatment was finished, the reactor was cooled to room
temperature with a H2 flow.

Plasma diagnostics were performed using LAS and OES in a separate experiment
but under comparable treatment conditions, where a model probe, an assembly of inter-
connected steel rings, provided the optical path through the active treatment zone of the
reactor and enabled simulating the biased conditions, replacing the workload (Figure 1).
Each spectroscopic measurement was conducted 20 min after setting the desired treatment
parameters for a new experimental condition to be studied. This waiting-time (stabilization
time) between each measurement was determined to be the minimum interval required to
reach stability of the treatment temperature and AS plasma power. The measurement and
data evaluation procedures for LAS have been described recently in detail in [32]. Briefly,
a single absorption path of 125 cm in length through the reactor was used, considering a
100 cm path inside the inner reactor volume and a 25 cm path through the reactor walls and
holders of the infrared transmissive windows. The spectral lines of HCN 1356.70877 cm−1

and NH3 1388.05517 cm−1 were observed in the spectra. The spectral data, compiled from
the works [33–37] for HCN and [38–42] for NH3, presented in HITRAN database [43] were
used for the determination of the molecular concentrations from absorption spectra. The
effective temperature used, Teff, determined from the Doppler broadening of the absorption
line, and the values of the line strength, S(Teff), are shown in Table 1.

Table 1. Molecules monitored with LAS and relevant spectral line data: wavenumbers (ν), tempera-
ture determined from the Doppler broadening of the line (Teff), corresponding line strength S(Teff)
and references from which spectroscopic-relevant molecular properties have been taken.

Molecule ν, cm−1 Teff, K S(Teff), cm References

HCN 1356.708777 725 ± 75 7.415 × 10−21 [37–41]
NH3 1388.05517 725 ± 75 7.365 × 10−21 [42–46]

For the OES, part of the surface of the model probe was imaged using a quartz lens
onto an input aperture of an optical fibre, which guided the emitted light into a spectrometer.
The spectrometer was a combination of a 0.5 m Acton monochromator (SpectraPro 2500i,
Acton Research Corporation, Acton, MA, USA) with a 2400 grooves per millimetre grating
and an Andor CCD camera (DU440-BU2, Andor Technology, Belfast, Northern Ireland,
UK). The line-of-sight crossed the intensive glow of the AS plasma; thus, both discharge
regions, i.e., the screen and the bias plasma, contributed to the optical signal. The peak
intensities of the (0-0) bands of CN violet system at 388.34 nm and the first positive system
of N2

+ at 391.44 nm were recorded simultaneously in one spectral window, as shown
in [29]. The optical alignment was fixed during the experiment so that the reactor volume
monitored with OES was constant. This allows a relative comparison of the OES signals
under different experimental conditions.

Generally, for reliable thermochemical diffusion treatments of stainless steels, it is
necessary to first remove or reduce the passive layer on the surface (known as surface
activation) to allow diffusion of N and C atoms into the austenite [44]. However, when a
nonbiased condition (PBias = 0 kW) was applied in this work during ASPNC treatments, i.e.,
no plasma was applied at the treated samples, the main mechanism for surface activation
was the reaction of the in situ generated HCN molecules with the surface [45]. In contrast,
under biased conditions (PBias = 0.6 and 1.2 kW), ion sputtering of the surfaces can also
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effectively contribute to the removal of the passive layer in addition to the reaction of HCN
molecules with the surface [44].

After the ASPNC treatments, a standard procedure including cross sectioning, embed-
ding, grinding and polishing was followed to prepare the cross-sectional specimens for
metallographic examinations. Therefore, the cross-sectional specimens were chemically
etched with the etchant Beraha II to check the microstructure and assess the thickness of
the expanded austenite layer using a Carl Zeiss Neophot 30 optical light microscope (Carl
Zeiss Jena GmbH, Oberkochen, Germany) equipped with a JVC TK C1381CCD camera and
Image C/A4i thickness analysis software (Soft Imaging System GmbH, Münster, Germany).
In addition, the ASPNC-treated samples were analysed with GDOES on a LECO SDP
750 spectrometer (LECO Instrumente GmbH, Mönchengladbach, Germany) to determine
the concentration–depth profiles of nitrogen, carbon and other elements.

3. Results
3.1. Behaviour of Cold-Wall Reactor during ASPNC

During the ASPNC treatments in the industrial-scale cold-wall reactor, the AS plasma
power, current and voltage increased by decreasing the bias plasma power at a constant
feed-gas composition and treatment temperature (Figure 2). A proportional–integral–
derivative (PID) controller (K.S.L AUTOMATION SARL, Ettelbruck, Luxembourg) regu-
lated the AS plasma power to achieve and stabilize the set treatment temperature, measured
with thermocouples next to the workload. Accordingly, when a weak bias plasma power
was applied at the components, the additional heating caused by the resulting bias plasma
power led to the reduction in the AS plasma power to maintain the treatment temperature.
This leads to a decrease in the rate of chemical sputtering of the CFC-AS by increasing the
bias plasma power in case of treatments using a CFC-AS, which leads to lower concentra-
tions of the carbon-containing gas species (Figure 2c). In addition, increasing the amount
of N2 feed gas in the mixture at a constant bias plasma power led to a decrease in AS
plasma power, voltage and current (Figure 2). Here, the AS plasma power was decreased
with further admixture of the N2 feed gas to maintain a desired treatment temperature
(Figure 2c). This may be attributed to the difference in the heat conductivity and density of
H2 compared to N2 [25,26].
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Figure 2. Variation in CFC-AS current (a), voltage (b) and power (c) as a function of feed-gas
composition (N2 in vol.%) under different bias conditions (PBias = 0, 0.6, 1.2 kW) using p = 3 mbar,
T = 460 ◦C and ΦTotal = 80 slh treatment parameters.

3.2. In Situ Plasma Diagnostics

During the ASPNC treatments with a CFC-AS, various saturated (CH4 and C2H6)
and unsaturated hydrocarbons (C2H2 and C2H4), radicals (CH3), ammonia (NH3) and
cyanides (HCN and C2N2) were formed. The absolute concentrations of the two most
important process-relevant species HCN and NH3 were determined by utilizing LAS in situ
at different bias conditions of 0, 0.6 and 1.2 kW as a function of the feed-gas composition (N2
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in vol.%) (Figure 3a,b). The variation in feed-gas composition affected the concentrations of
HCN and NH3 in such a way that the highest concentrations of both species were achieved
at 50% N2 in all three cases of the applied bias conditions, whereas significantly lower
concentrations of both species were gained at 10% and 90% N2. In addition, Figure 3a,b
show that increasing the bias power from 0 to 1.2 kW led to a decrease in the HCN
concentration and an increase in the NH3 concentration.
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Figure 3. LAS and OES data recorded during ASPNC with a CFC-AS under different bias conditions and
feed-gas compositions. (a) Concentration of HCN, (b) concentration of NH3, (c) signal intensity of CN and
(d) signal intensity of N2

+ using p = 3 mbar, T = 460 ◦C and ΦTotal = 80 slh treatment parameters.

Figure 3c,d show the intensities of CN and N2
+ measured in situ by utilizing OES,

respectively. At the lowest N2 feed-gas composition, the highest signal intensity of CN was
observed for all conditions. However, increasing the N2 feed-gas composition resulted in a
decrease in the CN signal intensity (Figure 3c). In addition, the OES data showed that the
application of the bias power enhanced the signal intensity of the N2

+ ion near the surface
of the model probe (Figure 3d). In addition, the admixture of more N2 led to an increase in
the signal intensity of N2

+ for all conditions. It is worth mentioning here that, in the case
of nonbiased condition, the measured signal intensities of N2

+ and CN were mainly from
the negative glow that formed around the AS due to the lack of discharge plasma at the
model probe. In this case, the dependence of the intensities of the species on the amount
of N2 feed gas is governed by the variation in the AS plasma power due to the different
N2 amounts.
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3.3. Structural Properties of Expanded Austenite Layer
3.3.1. Effect of Gas Composition in a Nonbiased Condition

The cross-sectional optical micrographs of ASPNC AISI 316L samples treated at dif-
ferent feed-gas compositions under a nonbiased condition (PBias = 0 kW) are illustrated in
Figure 4a–c. For all gas compositions investigated, a dual-layer structure consisting of a
nitrogen-expanded austenite (γN) on top of a carbon-expanded austenite (γC) was formed
(Figure 4a–c). The concentration–depth profiles of C and N in wt.%, measured with GDOES
from the generated expanded austenite layers, are shown in Figure 4d. From the GDOES
results, it can be concluded that for all feed-gas compositions investigated, the highest
nitrogen content of about 6–8 wt.% was achieved near the surface (Figure 4d). In contrast,
the maximum carbon content of up to 2–2.5 wt.% was introduced in the γC layer. The
thicknesses of the expanded austenite layers generated in the case of a nonbiased condition
are shown in Figure 4e. It was found that for ASPNC-treated samples, the thicknesses of
γN and γC were roughly identical (γN ∼= γC) at each gas composition (Figure 4e). Further-
more, it was observed that the total thicknesses of expanded austenite layers (γN+γC) were
approximately identical at about 15.8 µm.
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Figure 4. Cross-sectional optical light microscopy images (a–c), concentration–depth profiles (d) and
layer thicknesses (e) of ASPNC AISI 316L samples treated in a nonbiased condition (PBias = 0 kW),
under variation in the feed-gas composition at p = 3 mbar, T = 460 ◦C, ΦTotal = 80 slh and t = 5 h as
treatment parameters. In sub-figures (a,b) and (e), γN indicates the N-expanded austenite layer and
γC indicates the C-expanded austenite layer.

3.3.2. Effect of Gas Composition at 0.6 kW Biased Condition

The cross-sectional optical micrographs of ASPNC AISI 316L samples treated at differ-
ent feed-gas compositions under a 0.6 kW biased condition applied at the treated samples
are illustrated in Figure 5a–c. Similar to the nonbiased condition, it was found that for all
investigated feed-gas compositions, a dual-layer structure consisting of a γN layer on top
of a γC layer was formed (Figure 5a–c). The concentration–depth profiles of C and N in
wt.% are shown in Figure 5d. From the GDOES results, it can be concluded that for all
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investigated treatment conditions, the highest nitrogen content was around 11–14 wt.%
(Figure 5d). A maximum carbon content of up to 3 wt.% was introduced in the γC layer in
the case of 25% N2, whereas a maximum carbon content of up to 1.3 wt.% was achieved in
the other conditions. The thicknesses of the expanded austenite layers generated under
0.6 kW biased condition are shown in Figure 5e. It can be concluded that by increasing
the N2 content, the total thickness of the generated expanded austenite layers (γN+γC)
remained approximately the same at about 15.6 µm (Figure 5e). Furthermore, it was found
that the thicknesses of γN and γC varied depending on the amount of N2 feed gas added
(Figure 5e).
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Figure 5. Cross-sectional optical light microscopy images (a–c), concentration–depth profiles (d) and
expanded austenite layer thicknesses (e) of ASPNC AISI 316L samples treated in a 0.6 kW biased
condition (PBias = 0.6 kW) under variation in the feed-gas composition using p = 3 mbar, T = 460 ◦C,
ΦTotal = 80 slh and t = 5 h treatment parameters.

3.3.3. Effect of Gas Composition at 1.2 kW Biased Condition

The cross-sectional optical micrographs of ASPNC AISI 316L samples treated at differ-
ent gas compositions under a 1.2 kW biased condition (PBias = 1.2 kW) are illustrated in
Figure 6a–c. Again, in all gas compositions investigated, a dual-layer structure consisting
of a γN layer on top of a γC layer was formed (Figure 6a–c). The concentration–depth
profiles of C and N in wt.% are shown in Figure 6d. From the GDOES results, it can be
concluded that in the case of 25% N2, the highest N content of about 6 wt.% was obtained,
whereas for the other feed-gas compositions, the highest N content of about 11–14 wt.%
was obtained (Figure 6d). Moreover, in the case of 25% N2, a maximum carbon content
of up to 2 wt.% was introduced in the γC layer, whereas for the other gas compositions
a maximum carbon content of up to 0.9–1.1 wt.% was introduced. The thicknesses of
the expanded austenite layers generated under a 1.2 kW biased condition are shown in
Figure 6e. It was revealed that by increasing the N2 feed-gas content, the total thickness
of the generated expanded austenite layers remained approximately the same, at about
15.6 µm (Figure 6e). In addition, it was found that the thicknesses of γN and γC varied
depending on the amount of N2 feed gas added (Figure 6e).
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Figure 6. Cross-sectional optical light microscopy images (a–c) as well as concentration–depth profiles
(d) and expanded austenite layer thicknesses (e) of ASPNC AISI 316L samples treated in a 1.2 kW
biased condition (PBias = 1.2 kW) under variation in the feed-gas composition using p = 3 mbar,
T = 460 ◦C, ΦTotal = 80 slh and t = 5 h treatment parameters.

3.4. The Interplay Effects between Feed-Gas Compositions and Bias Conditions

In the current work, it is shown that the ability to change crucial treatment parameters,
such as feed-gas composition and/or bias plasma conditions, in ASPNC treatments with a
CFC-AS allows one to influence the concentrations/intensities of the generated reactive
process-relevant species (such as CN, N2

+, HCN and NH3) in the resulting treatment
environment (Figure 3). This, in turn, allows one to control the surface properties of
the generated C- and N-expanded austenite layers by tailoring the γN- and γC-layer
thicknesses, as well as the contents of interstitial N and C diffused into the austenite
(Figures 4–6). In order to better clarify such correlations, the interplay effects between
the feed-gas composition and the bias plasma condition in the ASPNC treatment with
a CFC-AS and their influence on the structural properties of the generated expanded
austenite layers, the characteristics of the generated modified layer can be evaluated based
on two factors, namely, the thickness of the generated γN and γC layers (diffusion depth
factor, LN,C) and the contents of interstitial N and C atoms inside the expanded austenite
(concentration factor; AN,C):

LN or C = Layer thickness of γN or γC/Sum of the γN and γC layer thicknesses
AN or C = Integrated area over the concentration profile of N or C/Sum of the integrated

areas over concentration profiles of N and C
The main objective is thus to find a correlation between (i) the treatment parameters

(Figure 2) (gas composition and bias condition), (ii) the resulting treatment environment in
terms of the type and concentrations/intensities of generated species (CN, N2

+, HCN and
NH3) (Figure 3) and (iii) the material response in terms of the two defined factors (LN, C
and AN,C).

Table 2 gives the estimated values for the thickness of the γN and γC layers, as well as
the integrated area over the N and C concentration–depth profiles (

∫
N and

∫
C) extracted

from the GDOES results of the treated samples in the different conditions investigated. From
the data in Table 2, the diffusion depth factors (LN and LC) and the concentration factors (AN
and AC) were determined, which are presented in Figure 7. The variations in the defined
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factors LC, LN, AC and AN (LN and AN correspond to the nitriding whereas LC and AC
correspond to the carburizing effects at the treated samples) as a function of the N2 amount
in the feed-gas composition and/or bias conditions are shown in Figure 7a,b, whereas the
variations in the HCN, CN, N2

+ and NH3 concentrations/intensities (corresponding to the
reactivity of the generated treatment environment) as a function of the N2 amount in the
feed-gas composition and/or biased conditions are shown in Figure 7c,d. Therefore, the
correlation between concentrations/intensities of the generated process-relevant species
(Figure 7c,d) in the treatment environment with the resulting nitriding and carburizing
effects (Figure 7a,b) in the treated sample under a defined treatment condition can be
extracted. As an example, from Figure 7b,d, it can be concluded that the N concentration
factors (AN) followed a similar trend as the N2

+ signal intensities, and to a lesser extent as
the NH3 concentrations, by varying the N2 feed gas and/or bias conditions.

Table 2. Measured values for the thicknesses of the γN and γC layers and the integrated area over N
(
∫

N) and C (
∫

C) inside the expanded austenite layers prepared at different feed-gas compositions
under the variation in the bias plasma power.

PBias
[kW]

25% N2 50% N2 75% N2∫
N γN

∫
C γC

∫
N γN

∫
C γC

∫
N γN

∫
C γC

0 46.9 8.1 µm 28.1 8.3 µm 37.6 7.4 µm 19.2 7.5 µm 28.8 7.3 µm 18.9 7.5 µm
0.6 68.7 6.1 µm 24.5 9.2 µm 100.5 12.3 µm 8.9 4.6 µm 92.9 7.7 µm 8.4 6.6 µm
1.2 32.36 8.3 µm 15 6.2 µm 127 11.2 µm 6.6 4.6 µm 70 11.7 µm 5.1 3.5 µm
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Figure 7. Diffusion depth factors, LN or C (a) and concentration factors, AN or C (b) for N and C
extracted from generated expanded austenite layers of ASPNC AISI 316L samples treated in different
feed-gas compositions under the variation in bias plasma power. Concentrations of HCN and NH3

evaluated from in situ LAS measurements, as well as the intensities of signals of detected CN and
N2

+ measured with OES for comparable treatments (c,d). The error bar for the concentration factor
was around 8%, whereas the error bar for diffusion depth factor was around 10%. The size of the
symbols increases with increasing level of N2 feed-gas admixture. Blue color refers to PBias = 0 kW,
green color refers to PBias = 0.6 kW and red color refers to PBias = 1.2 kW.
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4. Discussion

The duplex-layer structure of expanded austenite generated with the nitrocarburizing
treatment combines the advantages of both carburized and nitrided layers: a smooth case–
core transition of hardness and residual stress and a high hardness in the outer zone to
improve wear resistance. In addition, the combination of C and N expanded austenite layers
results in a higher load-bearing capacity of the material. Moreover, the graded interstitial
content in the duplex-layer structure of the expanded austenite is beneficial for the fatigue
properties [46,47]. During ASPNC treatments, there are three driving forces governing the
N diffusion (and thus the nitriding effect) into the austenite: (i) The negatively charged
sample can attract positively charge ions such as N2

+ more efficiently in the case of the
biased condition than in the nonbiased condition. (ii) By increasing the level of bias plasma
power at the workload, the amount of N2

+ generated that contributes to the nitriding
effect also increased (Figure 3d). (iii) As the content of N2 in the feed gas increased, the
amount of N2

+ increased. Consequently, there was more N2
+ available for the nitriding

effect (Figure 3d).
As mentioned before, in case of ASPNC treatments with a CFC-AS at nonbiased condi-

tion (PBias = 0), the main mechanism for surface de-passivation is governed by the reaction
of the in situ generated CN compounds (such as HCN and CN) with the surface [45].
Here, due to the generation of these CN compounds with relatively high concentrations
at different feed-gas compositions (Figure 3a,c), the passive layer at the surface was ef-
fectively de-passivated for all feed-gas compositions investigated. Moreover, such high
concentrations of CN compounds provide sufficient amount of N and C at the surface that
can diffuse into the de-passivated steel, and an identical total layer thickness of expanded
austenite (γN+γC) of about 15.8 µm were obtained (Figure 4e) for all feed-gas compositions
investigated. Therefore, it can be concluded that the surface activation and the total thick-
ness of expanded austenite layer (γN+γC) generated in ASPNC treatments with a CFC-AS
at a nonbiased condition were independent from the feed-gas composition (Figure 4).

It was shown that by increasing N2 in the feed-gas composition, the detected CN
intensity near the sample surface slightly decreased under nonbiased condition (Figure 7c).
This may be related to the slightly lower AS plasma power at the low N2 content (Figures 2c
and 3c). It is worth to mention here that the measured N2

+ intensity at nonbiased condition
is mainly attributed to the ionization of N2 due to the plasma at the AS. It should be noted
that for treatments at nonbiased condition, the main mechanism for N and/or C uptake
is the adsorption (physical or chemical) of gas molecules (in particular CN compounds)
from the treatment environment at the surface of the treated samples. Therefore, the
nitriding effect induced by attracting of N2

+ ions at the surface are really minor due to the
noncharged samples.

It was also shown that under this condition (PBias = 0), approximately identical diffu-
sion depth factors for both N and C of 0.5 were estimated (LC = LN) for different amounts
of N2 feed gas (Figure 7a). Therefore, the LC and LN at nonbiased condition are comparable
and independent of the added amount of N2 feed gas (Figure 7a). However, the concentra-
tion factors for N and C are estimated to be about 0.6 and 0.4, respectively (Figure 7b), for
different amounts of N2 feed gas. Therefore, it can be concluded that estimated values of
AC and AN at nonbiased conditions are independent from the added amount of N2 feed
gas and AC < AN. As a result, in case of treatments under nonbiased condition, more N
diffused into the austenite than C, whereas comparable layer thicknesses were measured
for both N and C.

In the two biased conditions (0.6 and 1.2 kW), both N2
+ and CN compounds (HCN

and CN) can effectively contribute to the nitriding and carburizing effects. At the low
amount of N2 feed gas (25%), the detected CN intensity was higher than in the nonbiased
condition (Figure 7c). Furthermore, in this condition, the detected N2

+ intensity at the
samples position (model probe) was relatively low due to the low amount of N2 in the
feed-gas composition (Figure 7d). It can be proposed that for both biased conditions using
25% N2 feed gas, both nitriding and carburizing effects were still governed by the surface
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adsorption of CN compounds, whereas N2
+ made a minor contribution to the nitriding

effect. However, at a bias power of 0.6 kW, the diffusion depth factors were LC ' 0.6 and
LN ' 0.4 whereas at a bias power of 1.2 kW, the diffusion depth factors were LC ' 0.4
and LN ' 0.6. This can be correlated to the higher N2

+ intensity at the 1.2 kW bias power
condition compared to the 0.6 kW condition, which increases the N2

+ ion contribution.
Furthermore, the concentration factors of AC ' 0.3 and AN ' 0.7 were estimated for both
biased conditions using 25% N2 feed-gas admixture. As the N2 feed gas increased (to
50% and 75%), due to the presence of more N2 for ionization, the intensity of N2

+ near
the sample surface (model probe) enhanced and consequently there was more N2

+ at the
samples that could reach the sample surface and be effectively taken up by the negatively
charged samples (Figure 7d). On the other hand, the intensity of CN, which is mainly
responsible for the carburizing in this condition, decreased by increasing the N2 feed-gas
admixture. As a result, a more dominant ion nitriding effect is expected by increasing the
N2 feed-gas admixture rather than the surface adsorption of CN compounds. Furthermore,
in case of both biased conditions (0.6 kW and 1.2 kW), the same trend for the N and C
concentrations factors was observed when varying the feed-gas composition. For both
biased conditions, a high N concentration factor of about 0.9 was estimated, whereas the C
concentrations factor was estimated to be about 0.1 (Figure 7a). It can be suggested that the
amount of C and N diffused into the austenite was independent of the level of bias plasma,
if any was applied.

5. Conclusions

It was shown that the ability to adjust the crucial ASPNC treatment parameters, such as
feed-gas composition and/or level of bias plasma power, offers a wide range of possibilities
to influence the treatment environment in terms of the concentrations of the process-
relevant species generated, and thus tailor the carbon and nitrogen diffusion profiles (depth
and concentration) within the treated material. This, in turn, provides different options
for the modification of the structural properties of the generated dual-layer structure of
expanded austenite (γN+γC), which may have some potential applications. In addition, it
was shown that despite the variation in the N2 feed gas, the bias plasma condition (biased
or nonbiased) at the treated samples as well as its level strongly influenced the nitriding
and carburizing effects. Therefore, the applicability and combination of both approaches
for controlling the nitriding and carburizing effects in ASPNC treatment were successfully
demonstrated. The nitriding effect, i.e., nitrogen diffusion depth and content within the
expanded austenite, strongly increased when applying bias plasma under high-N2 fractions
in the H2-N2 feed gas, whereas an increased carburizing effect, i.e., carbon diffusion depth
and content, was achieved under nonbiased conditions and independent from the H2-N2
feed-gas composition. Such an adjustment is possible with the interplay effects between
the composition of the feed gas and the bias conditions due to their effects on both the
diffusion depths and the contents of imposed N and C.
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