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Low temperature plasma nitrocarburizing processes are widely used surface treatment tech-

niques to improve the surface hardness and wear resistance of stainless steels without

loss of their excellent corrosion resistance. In the present study, plasma nitrocarburizing

based on the active screen technology was applied in an industrial-scale cold wall reac-

tor  for the treatment of AISI 316L. Different technological aspects of a cold wall active

screen plasma nitrocarburizing (ASPNC) reactor are addressed. The current study compiles

recent achievements for the ASPNC treatment using an active screen made of carbon fibre-

reinforced carbon under varying plasma conditions. In addition, it is shown that utilizing

an  active screen made of carbon opens up the possibility to control the structural properties

of  expanded austenite by the variation of the plasma conditions. It is revealed that for the

ASPNC treatment using an active carbon screen, the high reactivity of the generated plasma
at  the carbon surface suppresses the requirement to apply a bias discharge.

©  2020 The Author(s). Published by Elsevier B.V. This is an open access article under the

Y-NC
CC  B

.  Introduction

ustenitic stainless steels possess great potential for different
pplications such as chemical and food processing industries
ue to their superior corrosion resistance [1]. However, their

ow hardness and poor wear resistance severely limit their
pplications [2,3]. Low temperature plasma nitrocarburizing

PNC) processes are widely utilized to improve the mechanical
nd tribological properties of austenitic stainless steels with-
ut loss of their excellent corrosion resistance [4–7]. Therefore,
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-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

the deep understanding of technological and phenomenolog-
ical aspects of PNC processes to optimize these properties
is the object of many  scientific studies in past as in current
investigations. From the phenomenological aspects in the PNC
treatment processes of austenitic stainless steels, both nitro-
gen and carbon diffuse into the steel surface forming a near
surface duplex layer consisting of a nitrogen-enriched layer on
top of a carbon-enriched layer known as “expanded austen-
ite” [5–8]. Such a duplex layer combines the high hardness of
N-expanded austenite (�N) being characteristic for PN layers
and the smooth hardness gradient of C-expanded austenite

(�C) at the layer-core interface being typical for PC layers [5,6].
However, the formation of expanded austenite is only possible
at well-defined but very restricted process windows in partic-
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ular regarding the appropriate amount of carbon-containing
gases to avoid carbon soot formation on the component sur-
face and inside the plasma chamber [5,9]. Besides, the PNC
process temperature and duration have great influence on the
thermal stability of the expanded austenite. If a temperature-
duration threshold is exceeded, the precipitation of chromium
nitrides and/or carbides occurs within the expanded austenite
resulting in undesired chromium depletion in solid solution
of austenite, which reduces the corrosion resistance of the
work piece [4,5]. In addition, the structural, mechanical and
corrosion properties of generated expanded austenite layer
are directly related to the content and diffusion depth of
carbon and nitrogen inside the generated expanded austen-
ite. The nitrogen and carbon distribution, in turn, is strongly
dependent on the PNC process parameters such as gas mix-
ture, pressure, temperature, time, type of carbon source and
plasma parameters [10–12]. Therefore, most research efforts
are focused on the variation of the PNC process parameters
to optimize the mechanical and structural properties of the
expanded austenite [13]. This is conducted in a semi-empirical
approach since knowledge of the in situ plasma-chemical
conditions, thermo-chemical diffusion interface, and material
response is generally not given.

From the technological point of view, conventional PNC
processes take place inside a vacuum reactor, by applying a
voltage between a cathodic worktable and the anodic reac-
tor wall in a gas mixture of H2 and N2 with a low-percentage
admixture of CH4 or CO2. The applied voltage ionizes the
gas mixture. Accordingly, an abnormal glow-discharge forms
with a visible glow seam and spreads evenly over the sur-
face of the components to be treated. The charged positive
ions are accelerated and impinge on the negatively charged
workpieces with a relatively high level of kinetic energy [14].
Generally speaking, a minor fraction of applied energy around
10–20% is required for activation of the chemical reactions
and generation of active species, while the large proportion
of plasma energy around 80–90% is dissipated in the form of
heat to increase the components temperature and to adjust
the desired process temperature [15,16]. There are two main
types of reactors with respect to the heating source for the PNC
processes known as cold wall and hot wall reactors [14,16].
In a conventional cold wall PNC reactor, it is necessary to
apply a high plasma voltage (600–800 V) to the components
to reach the desired process temperature and maintain the
temperature during the PNC process. As a result, some prob-
lems like overheating in critical areas such as edges, arcing
and a high power consumption are unavoidable [15,17]. In
contrast, in a hot wall PNC reactor, which was developed to
overcome the problems of cold wall reactor, the components
are heated to the process temperature using ohmic heaters
placed in the reactor wall. Since the plasma only provides the
plasma-chemical conditions, the overall applied plasma volt-
age (400–500 V) at the components is reduced compared to hot
wall PNC reactor [18]. Additionally, hot wall reactors require
less time to reach the target temperature and a more  homo-
geneous temperature distribution can be obtained compared

to cold wall reactors [14]. Furthermore, modern hot wall PNC
reactors apply a pulsed dc voltage to reduce or even avoid com-
mon  problems such as the edge and the hollow cathode effect
or a non-homogeneous temperature distribution, all associ-
2 0 2 0;9(4):9195–9205

ated with complex geometries [19,20]. However, even for hot
wall PNC reactor, the applied plasma voltage at the surface
of the components is still high and the previously mentioned
issues in cold wall PNC can arise too.

Plasma-assisted thermochemical diffusion treatment pro-
cesses based on the active screen (AS) technology have
been developed to overcome the limitations of conventional
plasma-assisted processes by relocating the high-power dis-
charge from the workload to an additionally introduced steel
mesh screen, the active screen, which surrounds the work-
table and the components to be treated in a cold wall reactor
[21–23]. The AS plasma provides (i) the generation of highly
reactive gas species from the precursor gases, and (ii) a radi-
ation controlled temperature homogeneity on the work table
[24,25]. However, it was shown that a weak bias voltage directly
applied to the components surface is essential for large
industrial-scale reactors to achieve a beneficial treatment
response in case of a steel AS [26,27]. Burlacov and co-workers
conducted a study on using the AS technology for plasma
nitrocarburizing (ASPNC) processes in an industrial-scale cold
wall reactor. By adding different levels of carbon-containing
gases such as CO2 or CH4 to the H2-N2 gas mixture, the spe-
cific contribution of the AS plasma responsible for the control
of the carburizing potential was identified in case of steel
AS [28,29]. Recently, an AS made of a solid carbon material
such as carbon fibre-reinforced carbon (CFC) was developed
as an alternative to a steel AS [25,30]. It was shown that the
generation rates of detectable highly reactive gas species, in
particular HCN and C2H2, are 30 and 70 times higher for the
CFC AS than for the steel AS, respectively [31,32]. In case of AS
made of CFC, recently the influence of the N2-H2 gas compo-
sition on the structure and properties of expanded austenite
was studied using AISI 316L stainless steel [25]. However, an
in-depth investigation regarding the effect of bias conditions
on the ASPNC treatment of AISI 316L stainless steel using a
CFC AS and on the resulting properties is required.

In the present study, the influence of the bias plasma power
at the component as well as AS plasma power on the structural
properties of ASPNC treated AISI 316L austenitic stainless steel
using an AS made of CFC in a cold wall reactor was investi-
gated. Therefore, a specially designed sample holder was used
[29] to provide a simultaneous treatment of both sides of a
sample disk at different plasma conditions. The variations of
structural, mechanical and corrosion properties of AISI 316L
steel after the PNC treatment with an AS made of CFC were
investigated using optical light microscopy, X-ray diffraction
(XRD) analysis, glow discharge optical emission spectroscopy
(GDOES), scanning electron microscopy (SEM), microhardness
measurement and potentiodynamic polarization tests.

2.  Material  and  methods

The austenitic stainless steel grade AISI 316L (wt.%: C 0.05, Cr
17, Ni 11.4, Mo 1.9, Mn  1.5, Si 0.35 and Fe balance) was used for
the investigation. Samples of 20 mm in diameter and 5 mm

in thickness were machined from a commercial cylindrical
bar. Sample with surface finishing of wet ground up to 800
SiC paper grid was prepared, cleaned with ethanol in an ultra-
sonic bath and dried in hot air prior to the ASPNC treatment.
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plasma power is needed to reach the higher process temper-
Fig. 1 – Schematic of the mounted sample

he sample holder (Fig. 1a) provides a simultaneous treatment
f both sides of a sample disk under two different bias plasma
onditions: (i) with the variable bias plasma exposure at the
ront-side and (ii) without bias plasma exposure, i.e. in the
ure afterglow at the back-side. Several radial narrow slits with

 mm width and a distance between two slits of 3 mm in the
ylindrical sample holder provided a flow of the active species
o the back side of the sample during the process (Fig. 1b).
uch a treatment at the two different bias plasma conditions
an be considered as an initial realization for bulk treatment
f components.

In an industrial-scale cold wall ASPNC reactor with a vac-
um chamber size of 1 m in diameter and 1 m in height
s well as CFC AS in the middle with 800 mm  in diameter
nd 750 mm in height [25,30], two types of processes were
erformed. First, ASPNC processes without samples were con-
ucted to investigate the effects of crucial parameters such
s process temperature, bias power, and gas composition on
he AS power. This defines the reactor response. Second,
SPNC processes were performed with AISI 316L austenitic
tainless steel samples placed on the sample holder to inves-
igate the effect of AS power and bias power variations on
he structural, mechanical and corrosion properties of treated
ample. In turn, this defines the treatment response. The
rocess started by evacuating the reactor to a base pressure
f p = 0.8 mbar. Subsequently, a hydrogen-nitrogen gas mix-
ure with a ratio of H2:N2 = 1:1 at a total flow rate of � = 60
lh was introduced into the reactor at p = 1.6 mbar pressure
nd the main power supply was turned on to generate the
ischarge at the CFC AS for heating up the worktable and
amples. After reaching a temperature of 250 ◦C, measured
ith thermocouples placed at the workload, different bias
owers were adjusted until the temperature of the samples
eached 430 ◦C. Then, the total flow rate of the H2-N2 gas mix-
ure with ratio of H2:N2 = 1:1 was increased to � = 80 slh and
he pressure was increased to p = 3 mbar. After the desired
rocess temperature of 460 ◦C was reached within 45–60 min
epending on the bias power values, the set process parame-
ers were maintained (H2:N2 = 1:1, � = 80 slh, p = 3 mbar) for 5 h
o perform treatment process. Finally, after 2 hours of cooling
rocess under 20 slh H2, the samples were removed from the
eactor.

The surface topography of the treated samples was inves-
igated on a MIRA3 TESCAN scanning electron microscope

SEM). The cross sections of the ASPNC treated samples
ere metallographically polished and chemically etched with
eraha II etchant to study the microstructure and to assess
sample holder (a) and its dimensions (b).

the thickness of the expanded austenite layer using a Carl
Zeiss Neophot 30 optical light microscope equipped with
a JVC TK C1381CCD-camera and the Image  C/A4i analysis
software. Microhardness-depth profile measurements were
conducted at a LECO M-400G3 equipped with a Knoop micro
indenter applying a load of 10 g. The phases present in the
treated samples were analyzed by X-ray diffraction (XRD) with
a URD6 (SEIFERT-FPM) diffractometer operated at U = 40 kV
and I = 30 mA.  A conventional �–2� Bragg-Brentano symmetric
diffraction geometry with CoK� (�1 = 1.78897 Å, �2 = 1.79285 Å)
radiation was used. The diffractogram was recorded in an
angular range from 20◦ to 150◦ with a scan rate of 0.7◦/min
realized by Dectris Meteor 1D detector. In addition, ASPNC
treated samples were analyzed by GDOES on a LECO SDP
750 spectrometer to determine the concentration-depth pro-
files of nitrogen, carbon, and other elements after ASPNC.
The corrosion behaviour was examined by potentiodynamic
polarization in a 0.05 M H2SO4 solution using a conventional
three-electrode configuration with the sample as the working
electrode, a saturated Ag/AgCl electrode as reference and a
platinum mesh as the counter electrode. The scan rate was
6 mV/min.

3.  Results  and  discussion

3.1.  Technological  aspects  of  ASPNC  process  in  a  cold
wall reactor

It was shown by Puth et al. that the concentrations of
the detected molecular reaction products depend on the AS
plasma power in a cold wall ASPNC reactor using CFC AS
[31]. Hence, investigation of the AS plasma power variation
as a function of crucial ASPNC process parameters is one of
the key points for controlling the concentrations of molec-
ular reaction products. Therefore, the first set of processes
was performed to realize the effect of ASPNC process param-
eters such as temperature, gas composition and bias plasma
power on the AS plasma power using CFC AS without inserting
any samples (reactor behaviour). Without bias plasma at the
components, the AS plasma power is regulated based on a con-
stant process temperature. It was shown that the AS plasma
power increases by increasing the temperature as higher AS
ature (Fig. 2a). In addition, it was revealed that the variation
of the H2-N2 gas mixture has a significant influence on the
AS power in cold wall ASPNC reactors (Fig. 2b). Increasing the
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Fig. 2 – Technological dependencies of AS power on the temperature (a), gas composition (b) and bias power (b) using CFC
AS in a cold wall ASPNC reactor.

Table 1 – Concentrations of active species for the ASPNC
process in the industrial-scale cold wall reactor without
and with bias power at 500 ◦C temperature using a CFC
AS [25,33].

Gas composition Plasma
conditions (kW)

Concentration
(1015 cm−3)

Pbias PAS HCN NH3 CH4
H2:N2 = 1:1 (80 slh) 0 7.8 5.5 1.5 2
H2:N2 = 1:1 (80 slh) 1.25 4.6 3 0.8 0.3

N2 in the H2-N2 gas mixture led to a strong decrease in AS
plasma power. Moreover, in case of applying a bias voltage to
the components, it was observed that the AS plasma power
was reduced due to the additional heat inserted by the bias
plasma power (Fig. 2c). In this case, both the AS power and
the bias power are responsible for heating up the samples and
adjusting the process temperature. In order to further support
the above findings, evidences for the strong dependency of
the AS power and resulting active species concentrations on
the bias conditions were selected from Dalke et al. [25] and
Puth et al. [33]. There, infrared laser absorption spectroscopy
(IRLAS) was used to determine the concentrations of C2H2,
CH4, HCN, and NH3 during ASPNC using a CFC AS under non-
biased and 1.25 kW biased conditions at 500 ◦C temperature in
the same cold wall reactor used in this study. Comparing these
two investigations [25,33], it is concluded that by increasing
the bias power from 0 W to 1.25 kW, the AS power decreased
from 7.8 kW to 4.6 kW. As a result of decreasing AS power, the
chemical sputtering of the solid carbon source as well as the
concentrations of important process-relevant species such as
HCN, NH3, C2H2, and CH4 decreased (Table 1) [31].

3.2.  Effect  of  plasma  condition  on  the  structural
properties  of  treated  samples

The sample holder (Fig. 1) was utilized for ASPNC of AISI 316L
to simultaneously treat both sides of a sample disk under
two different plasma conditions. Fig. 3 shows selected cross-
sectional optical micrographs captured from the front and the

back side of ASPNC treated samples. It is shown, that for all
investigated conditions a dual-layer consisting of nitrogen-
expanded austenite �N on top of a carbon-expanded austenite
�C is formed on both sides of the treated samples. The driv-
ing force behind the duplex layer formation is a difference
between the diffusion coefficients of carbon and nitrogen
atoms in the crystalline structure of austenitic stainless steels
as well as the so called pushing effect of nitrogen on carbon
interstitial atoms [8,34]. This dual-layer is more  homogeneous
along the surface at the front side compared to the back side
and the thicknesses of �N and �C depend on the bias power and
the AS power as well as the concentrations of active species.

Fig. 4 shows the thicknesses of �N and �C layers as well as
the entire layer thickness �N + �C as a function of the AS power
and the bias power, estimated by light optical microscopy
measurement of etched cross sections. At the front side of the
treated sample without bias power, the thicknesses of �N and
�C are roughly identical �N ∼= �C ∼= 8 �m (Fig. 3a). At a low bias
power condition of 0.15 kW on the front side where a plasma
glow seam was formed, the thickness of �N is increased up to
12 �m,  while the thickness of �C is reduced to 4 �m.  The ratio
of �N/�C as well as the total thickness of expanded austenite
�N + �C is comparable for all five examined bias power set-
tings ranging from 0.15 to 1.25 kW. Puth et al. [31] showed
that in ASPNC process using CFC AS, the reduction of AS
plasma power led to the reduction of active species concen-
trations. However, in our investigated AS power range, it can
be supposed that the concentrations of active species are still
sufficiently high to produce comparable total layer thicknesses
of the resulting expanded austenite (Fig. 3a). The generation
of active species in case of CFC AS is generally related to the
chemical sputtering during plasma-solid carbon interaction at
the AS [35] which results in a much higher production rate
of volatile products at low threshold energy (several eV) in
contrast to physical sputtering [36].

Due to the design of the sample holder, no plasma glow
seam was formed at the back side of the treated samples in
case of biased condition. At the back side, in the case no bias
voltage (PBias = 0 W)  was applied (Fig. 4b), the total layer thick-
ness decreased compared to the front side of sample for the
comparable bias condition (highlighted by green in Fig. 4a and
b). However, the thickness ratio of �N/�C remained identical.
For the back side of the treated samples where different bias
voltage values (PBias = 0.15–1.25 kW)  were applied (Fig. 4b), the

thickness of �N and �C are also roughly identical �N ∼= �C. How-
ever, by increasing the bias power which means the AS power
is decreasing, the total thickness of expanded austenite �N + �C

decreased.
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Fig. 3 – Cross-sectional optical micrographs captured from front side and back side after ASPNC treatment at different
plasma conditions showing expanded austenite layer (etchant: Beraha II reagent).

Fig. 4 – Thickness of nitrogen-expanded austenite �N and carbon-expanded austenite �C as well as the entire layer
thickness �N + �C as a function of the AS power and the bias power measured at cross sections for front side (a) and back
side (b) of ASPNC treated samples (non-biased conditions at the front side and the back side of a sample are highlighted by
g

n
a
(
t
t
a
d
o
s

reen).

Fig. 5 shows schematics of ASPNC processes at biased and
on-biased conditions. Generally, for the ASPNC process using

 CFC AS without applying a bias voltage at the components
Fig. 5a), the process is characterized by the mechanisms of
he afterglow nitrocarburizing [37]. In this afterglow process,
he main detected reaction products are CH4, C2H2, NH3, HCN,
nd CO where HCN is the most important species due to its

ual ability for (i) an activation of the passivated surface in
rder to remove the chromium oxide passive film, and (ii) the
upply of both carbon and nitrogen for ensuring the diffusion
of both elements during nitrocarburizing treatment of stain-
less steels [32]. Considering all influencing variables, e.g. H2-N2

gas mixture, pressure, temperature and time that are constant
in this work, the generation of HCN mainly depends on the
AS plasma power (Table 1). Here, in case of ASPNC treatment
without applied bias, the AS plasma power had its maximum
value at about P = 6.5 kW, and it continuously decreased by
AS

increasing the bias plasma power at the samples (Fig. 2b). The
AS plasma power reached its minimum value PAS = 4.8 kW in
case of the maximal bias power of PBias = 1.25 kW. It is proposed
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Fig. 5 – Schematics of two different processes using non-biased (a) and biased (b) conditions at the sample and sample

holder.

that even at a low AS plasma power of PAS = 4.8 kW, a sufficient
concentration of HCN was produced to generate a similar thick
layer of expanded austenite like in the case of a high AS plasma
power (PAS = 6.5 kW)  at the front side of the treated samples
(Fig. 5a). In addition, it is shown that in case of the non-biased
condition, the total thicknesses of expanded austenite signif-
icantly decreased at the back side compared to the front side
of the treated samples. It can be proposed that in case of non-
biased condition, the concentration of active species resulting
from the interaction of AS plasma and CFC surface were
decreased at the back side due to the narrow slits with 1 mm
width in the cylindrical sample holder compared to the front
side.

Comparing the cross-sectional optical micrographs of the
biased samples with the non-biased sample at the front
sides (Fig. 3), it can be proposed that the increase of the
thickness of nitrogen-expanded austenite �N is due to the
fact that, in addition to carbon and nitrogen from HCN,
positive ions have significant influences on the thickness
of nitrogen-expanded austenite �N. Different positive ions
such as N+, NH+, NH2

+, NH3
+, NH4

+, N2
+ produced in the

glow seams [38] can be attracted by the negatively charged
(biased) sample surface (Fig. 5b). In addition, it is also
revealed that the thickness of nitrogen-expanded austen-
ite �N is independent on the amount of bias power as
roughly identical thickness of �N was achieved for different
values of bias powers at the front side of the treated sam-
ples.

In addition, comparing the biased condition at the front
side and the back side of treated samples (Fig. 5b), the total
thicknesses of expanded austenite decreased at the back side
compared to front side (Fig. 5). There are two different rea-
sons for such a behaviour at the back side at biased condition.
First, it is proposed that the AS plasma power as well as the
resulting active species concentrations decreased due to the
increase of bias power at the front side (Fig. 2c). In addition, the
concentrations of active species in particular positive ions can
be further decreased at the back side as they were attracted by

front side of the sample as well as sample holder in addition
to the reduction due to the narrow slits with 1 mm width in
the sample holder.
Microhardness-depth profiles measured from the surface
to the core on the front side (Fig. 6a) and back side (Fig. 6b) of
ASPNC treated samples are shown in Fig. 6. In all cases, in the
expanded austenite the hardness decreased gradually from
the surface towards the core, such that a gradient hardness
profile results, which is a characteristic for PNC treatments of
stainless steels. From Fig. 6a, it was revealed that at the front
side of ASPNC treated samples, a maximum hardness value
of around 1400 HK 0.01 was achieved without bias power. As
the negative bias was applied to the samples, the hardness
value increased up to 1700 HK 0.01 and remained constant for
different bias powers. In contrast, at the back side of ASPNC
treated samples (Fig. 6b), the hardness was influenced by a
significant decrease of the AS power which is correlating with
a reduction in active species concentrations. Accordingly, for
the lowest AS power of about 4.8 kW and the associated low
concentrations of active species at the back side of samples, a
minimum expanded austenite layer thickness of around 6 �m
as well as a low hardness value of around 600 HK 0.01 were
measured. The maximum hardness of about 1350 HK  0.01
measured at the back side of the samples was achieved for
a AS plasma power of 5.8 kW which is related to the thicker
expanded austenite layer (around 10 �m)  for this condition.
In addition, the results of microhardness-depth profile mea-
surements at the front and back side of examined samples
(Fig. 6) are directly correlated with the thickness measurement
of �N and �C layers (Fig. 4). Generally, in case of the ASPNC pro-
cess, high interstitial content of atomic carbon and nitrogen is
obtained due to the relatively strong affinity of N atoms and to
a lower extent of C atoms for Cr, leading to a short-range order-
ing of Cr and nitrogen or carbon. Due to the low mobility of Cr
atoms as compared to interstitial nitrogen and carbon atoms
at the treatment temperature, chromium nitrides or carbides
do not precipitate until after long exposure times according to
stability curve thus thermochemically diffused nitrogen and
carbon are kept in solid solution and cause the expansion of
austenitic lattice [12,34]. The expansion of the austenitic lat-
tice parameter is responsible for the increase of compressive

residual stresses in this phase, which together with solid solu-
tion hardening result in an increased hardness at the surface
of expanded austenite.
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Fig. 6 – Microhardness-depth profiles for different plasma conditions measured at the front side (a) and back side (b) of
A indi
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.3.  Effect  of  bias  power  variation  on  the  properties  of
xpanded  austenite

.3.1.  Structural  and  compositional  analysis
ue to the weak structural and mechanical properties of
xpanded austenite at the back side of ASPNC treated samples,
urther investigations were conducted only at the front side of
SPNC treated samples. Fig. 7a shows the X-ray diffraction
atterns for an untreated and for treated AISI 316L sam-
les. For the untreated AISI 316L, two characteristic peaks
ere observed at angles of 51.1◦ and 59.7◦, corresponding to

ace centred cubic (fcc) �(111) and �(200) peaks of austenitic
tainless steel, respectively. In case of ASPNC treated sam-
les at biased condition, two defined peaks of the metastable
itrogen-expanded austenite, indicated at �N(111) and �N(200),
ppear at lower shifted angles of around 47.2◦ and 53.6◦ com-
ared to untreated samples, respectively. In addition, it is
evealed that the peak positions are roughly similar for sam-
les treated at different bias powers. Moreover, compared to
he untreated fcc austenite peaks, a broadening of the peaks
s observed [39,40]. It is worth to mention here that due to the
igh thickness of nitrogen-expanded austenite of �N ∼= 12 �m

n case of biased samples, the carbon-expanded austenite
eak is only visible for the sample treated at non-biased con-
ition, at which a thickness value of only 8 �m is measured
or �N (Fig. 7a). For the sample treated at non-biased condi-
ion, two defined peaks of the metastable nitrogen-expanded
ustenite, indicated as �N(111) and �N(200), appear at lower
hifted angles of around 48.2◦ and 54◦ compared to untreated
ample, respectively. It is shown that for non-biased condition,
he diffraction peaks attributed to the �C phase are closer to
he lines related to the untreated � phase than those from
he �N phase. This is explained by the lower carbon content
n expanded austenite compared to nitrogen. The shift to the
eft and the anisotropic broadening of the diffraction peaks in
xpanded austenite can be explained by both the expansion of
he fcc lattice and the formation of compressive stresses that
uild up in the surface layer due to the high nitrogen content
ntroduced during the ASPNC [41].
Fig. 7b shows the concentration-depth profiles of nitrogen

nd carbon measured by GDOES analysis on the front side of
cates the PBias = 0 W).

samples treated at different bias plasma powers. The graphs
show the nitrogen concentrations ranging from 0 to 20 wt.%
and the carbon concentrations ranging from 0 to 5 wt.%. At
non-biased condition, a carbon content of 2 wt.% and a nitro-
gen content of 10 wt.% were measured. As a low bias power
(0.15 kW)  was applied to the sample, the nitrogen content at
the surface increases to around 20 wt.% while carbon content
decreases to 1.5 wt.%. The increase in the nitrogen content for
biased samples compared to the non-biased sample is because
positive ions were attracted by the negatively charged (biased)
samples in addition to carbon and nitrogen from HCN. In addi-
tion, it is shown that by increasing the bias plasma power
from 0.15 kW to 1.25 kW, the nitrogen and carbon contents
did not change. However, there was a slight increase in dif-
fusion depth of atomic nitrogen observed at a nearly constant
total case depth. These results are in good agreement with
the results obtained for the thickness of �N and �C for biased
and non-biased conditions at the front side of treated samples
(Fig. 4a).

3.3.2.  Surface  topography  analysis
Fig. 8 shows the surface topography captured by SEM in two
different magnifications of samples treated with different
bias plasma powers. At non-biased condition, a uniform layer
develops on the surface of the austenitic steel and no grain
boundary effects are visible (Fig. 8a). However, in the case
where a bias voltage was applied to the sample, grain bound-
ary effects were observed on the surface as indicated by white
arrows (Fig. 8b and c). This can be explained by the highly dis-
torted expanded austenite, as the presence of the interstitial
elements, e.g. in particular nitrogen, is above the solubility
limit. During ASPNC processes, the distortion of the lattice
causes the formation of compressive residual stresses with
the consequence of the development of defects inside the
grains like stacking faults, sliding bands, twins etc., which
generate asymmetric strains according to different crystallo-
graphic orientations [39–41]. To avoid these undesired effects,

it is necessary to reduce the nitrogen content in the �N layer
and thus to preserve the surface state of the treated samples
as observed for the case without bias power. In addition, high
magnification SEM images revealed the formation of nano-



9202  j m a t e r r e s t e c h n o l . 2 0 2 0;9(4):9195–9205

Fig. 7 – X-ray diffraction patterns (a) and GDOES concentration depth profiles of nitrogen and carbon (b) measured at the
front side of ASPNC treated samples under variation of the bias power.

Fig. 8 – Surface topography (SEM) of ASPNC treated samples for different plasma conditions: (a, d) PBias = 0 W,  PAS = 6.5 kW; (b,
 at tw
e) PBias = 600 W,  PAS = 5.6 kW; (c, f) PBias = 1250 W,  PAS = 4.8 kW

sized particles on the surface of the ASPNC treated samples in
case of biased samples (Fig. 8e and f) while without bias power,
the density of these particles is significantly lower (Fig. 8d). It
can be proposed that the formed nanoparticles at the surface
are iron nitride, carbide and carbonitride as well as chromium
nitride as suggested by other researchers [17,42]. The forma-
tion of these nanoparticles could be attributed to sputtering of
iron and chromium from the initial steel surface, which react
with carbon and nitrogen active species, and are re-deposited
on the sample surface under bias condition. The formation of
chromium carbide, however, is not favourable at the applied
process temperature [15,42].

3.3.3.  Corrosion  behaviour

In order to further characterize the influence of the expanded
austenite layers generated by different bias plasma powers,
their passivation behaviour was investigated by means of
potentiodynamic polarization tests in a 0.05 M H2SO4 elec-
o different magnifications.

trolyte (pH = 1.4). The results are presented in Table 2 and Fig. 9.
For both untreated and ASPNC-treated samples, a compara-
ble corrosion potential Ecor in the range of about −0.5 mV was
determined (Fig. 9). With increasing polarization, however, the
passivation behaviour of ASPNC treated samples differs sig-
nificantly from that of the untreated base material. Generally,
the ASPNC treated samples undergo an accelerated corrosion
characterized by the increased passivation current density iP,
but they passivate faster as they reach the passive state at
lower potentials compared to the untreated material (Table 2).
Flis [43] attributed the fast passivation to accumulation of pro-
tective corrosion products as the existing passive layer on
nitrided stainless steels contains small amounts of oxygen
containing species on top and Cr-N species in deeper regions.

For the comparison of the passive current density ipass, that
describes the protective effect of the passive layer, a potential
in the passive state at +500 mV  was chosen (Table 2). For the
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Table 2 – Corrosion parameters of the untreated and ASPNC treated AISI 316L at different bias powers tested in 0.05 M
H2SO4 solution.

PBias (kW) Ecor (V) ipass (mA/cm2) EP (V) iP (mA/cm2) N (wt.%) C (wt.%)

Untreated −0.320 0.0025 0.25 0.016 – –
0 −0.322 0.007 0.1 0.17 12 5
0.6 −0.336 0.02 −0.2
1.25 −0.352 0.035 −0.1

Fig. 9 – Potentiodynamic anodic current density/potential
curves measured at untreated and ASPNC treated AISI 316L
s
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Freiberg, Institute of Materials Engineering) for potentiody-
amples at different bias plasma power settings.

SPNC treated sample conditions, the passive current densi-
ies ipass increased by a factor of 3 for the unbiased condition
p to a factor of 14 for the biased samples compared to the
ntreated material (Table 2). This indicates a lower protec-
ive effect of the passive layer on nitrocarburized samples
gainst an acidic solution that correlates to literature data for
ow temperature thermochemical treated austenitic stainless
teels [12,43–45]. Nevertheless, the differences in the dissolu-
ion rate, expressed in the higher passive current density iPass,
bserved between the biased and unbiased condition could be

 result of the different surface states concerning the nitrogen
nd carbon contents present at the surface (Table 2). For the
nbiased sample, the transition between the active/passive
rea starts later compared to the biased samples. While in
he initial range up to a potential of 0 V a very low current
ensity is present, this increases abruptly up to the passiva-
ion current density iP. Since the amount of nitrogen within
he nitride layer has a great influence on the corrosion results
45], the correlation of the surface properties, e.g. type and
hase composition of the particles, with the ASPNC parame-
ers is essential. In accordance with the surface morphologies
nd the observed presence of particles (Fig. 8), the influence
f Cr-N and/or Cr-C compounds formed at the surface will be
onsidered in future investigations.

.  Conclusions
ifferent technological aspects of ASPNC with CFC AS were
ddressed to perform a reliable treatment in an industrial-
cale cold wall reactor. Hence, the AS plasma power was
0 0.21 20 4
5 0.1 20 2

characterized as a function of set temperature, H2-N2 feed
gas composition and bias plasma power. It was shown that
each of these process parameters has a strong influence on
the AS plasma power which can be correlated to the concen-
trations of important active species. In addition, the change
in the AS plasma power as a function of the bias plasma
power in wide ranges as well as utilizing a specially-designed
sample holder allowed the investigation of different condi-
tions for sample treatment. It was demonstrated that in the
case a bias voltage was applied to the samples with a glow
seam formation, additional nitrogen from positive ions was
attracted by the negatively charged samples in addition to car-
bon and nitrogen from HCN. Therefore, without bias power,
the thicknesses of �N and �C are comparable while for biased
samples, �N is thicker than �C. The concentration of HCN
as a result of the different plasma conditions can be corre-
lated with the structural changes of the expanded austenite.
This finding emphasizes the importance of controlling the
plasma-chemical conditions in plasma-assisted nitrocarbur-
izing processes to optimize both nitrogen and carbon uptake
in austenitic stainless steel. The present study demonstrates
that for PNC treatment using a carbon AS, the effect of both
bias and AS plasma powers process parameters are crucial
influencing the resulting materials surface properties. Beyond
that, it also shows that due to the high reactivity of the plasma-
chemical environment generated by use of the carbon AS, the
use of a bias is optional, which in turn may enable the ASPNC
treatment of bulk materials. Furthermore, for the deep under-
standing of the effect of the process parameters on the sample
response, localized and near surface spectroscopic investiga-
tion is required in future work.
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