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A B S T R A C T

The aim of this study is to assess the effect of argon gas (0–30%) addition in pure nitrogen and nitrogen‑hy-
drogen admixture on the surface properties of plain carbon steel by cathodic cage plasma nitriding. The surface
hardness is obtained using hardness tester, phase composition is evaluated by X-ray diffraction, surface features
are observed using scanning electron microscope (SEM) along with energy-dispersive X-ray spectroscopy (EDS)
and wear rate is assessed using the ball-on-disc tester. Insignificant change in hardness is found in nitrogen
plasma (with or without argon admixing), whereas it is expressively improved in nitrogen-hydrogen mixture
plasma. The samples treated in nitrogen atmosphere mainly contains oxides, whereas iron nitrides in the ni-
trogen-hydrogen atmosphere, both with and without argon. The thickness of the modified layer is drastically
changed with gasses composition, and the thick layer is achieved in nitrogen‑hydrogen admixture. The wear rate
is also significantly improved while using nitrogen‑hydrogen mixture, and best results are achieved by using
20% argon in this mixture. This study reveals that although argon addition can enhance the reactive species
production, however the presence of hydrogen is compulsory to improve the surface properties.

1. Introduction

Nitriding is a cost-effective thermochemical surface engineering
technique to enhance the tribological and mechanical properties of
various materials [1, 2]. Around a century ago, liquid and gas nitriding
techniques were introduced, which exhibits certain limitations like
environmentally hazardous, poor nitriding excellence and expensive
[3]. Alternatively, those techniques were replaced by direct current
plasma nitriding (DCPN), which is based upon gasses ionization due to
the potential difference among cathodic substrate holder and the
counter electrode. Due to environmental friendly, its demand grows
rapidly at earlier stages, but on commercial-scale applications, it was
not warmly adapted. It happens mainly due to non-uniform distribution
of temperature, non-uniform nitriding at edges and hollow cathode
effect [4].

These drawbacks lead to the development of cathodic cage plasma

nitriding CCPN (originally it was termed as through cage plasma ni-
triding) which involves the isolation of discharge from the sample
surface to a metallic cathodic screen [5]. In this configuration, samples
are at the floating potential instead of cathodic potential, and hence the
problems related with DCPN can be escaped. Furthermore, this system
has additional advantages including reduced sensitivity to grease or
rust, no needs of the conductivity of samples and also valuable for
aesthetic perspective [6–8].

The nitrogen-containing discharges are important in diverse appli-
cations like surface processing of polymers, sterilization and surface
hardening of various materials including steels [9–11]. In these appli-
cations, nitrogen atomic and ionic species are of significant importance.
However, the production of these species by dissociation and ionization
process is limited because of the higher bond strength of nitrogen
(9.67 eV) over other molecules [12]. These processes in nitrogen gas
can be boosted by admixing hydrogen, and therefore nitriding process
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is usually conducted in hydrogen admixed nitrogen discharges. It is due
to the fact that hydrogen has a small collisional cross section over ni-
trogen and additionally it can remove the native oxides barrier to ni-
trogen diffusion. Various authors [13–18] reported that addition of
hydrogen up to certain fraction can enhance the surface hardness, as
well as nitride layer thickness in various systems including RF-dis-
charges, diode plasma nitriding reactor and DC, glow discharges. In
CCPN reactor, Sousa et al. [19] found that for AISI-316, surface hard-
ness, corrosion resistance and layer thickness can be improved for a
small quantity of hydrogen. Recently, some authors [20–24] im-
plemented various diagnostics such as optical emission spectroscopy,
Langmuir probe, quadrupole mass spectrometry and tunable diode laser
infrared absorption spectroscopy, and concluded that hydrogen con-
centration influences the active precursors in processing. In our pre-
vious reports [25, 26], we found that in CCPN reactor, nitrogen active
species concentration is highest when the nitrogen/hydrogen are mixed
in 3/2 ratio.

In last two decades, besides hydrogen admixed nitrogen discharges,
various authors reported that addition of argon can also enhance the
production of nitrogen active species through Penning ionization and
dissociation processes. Reyes et al. [27] found that argon addition up to
70% enhances the production of nitrogen active species and electron
temperature, and suggested that such admixture is probably suitable for
nitriding. Rehman et al. [28] reported increased dissociation of ni-
trogen by addition of argon higher than 60% in RF-CCP. Itagaki et al.
[29] described an increase in dissociation rate of nitrogen by addition
of argon higher than 80% in electron cyclotron resonance plasma. In
inductively coupled discharges, Song et al. [30] found an enhancement

Fig. 1. Schematic illustration of cathodic cage plasma nitriding reactor oper-
ated for various gasses admixture.

Table 1
Chemical composition (wt%) of St-37 base sample.

C Si Mn P S Cr Ni Fe

0.11 0.03 0.56 0.007 0.005 0.07 0.03 Balance

Table 2
Gasses mixture used in sample processing; temperature 400 °C, treatment time
4 h, filling pressure 150 Pa and current density 1.38mA/cm2.

Sample code Gas composition (%)

Argon Nitrogen Hydrogen

A – 100 –
B 10 90 –
C 20 80 –
D 30 70 –
E 10 54 36
F 20 48 32
G 30 42 28

Fig. 2. Hardness profile of samples nitrided at various conditions; hardness of
base material is ~154 HV.

Fig. 3. XRD pattern of samples nitrided at various conditions.
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in nitrogen atomic species density by adding 30% argon in nitrogen.
Saloum et al. [12] diagnosed radio-frequency hollow cathode discharge
and showed that nitrogen dissociation fraction is maximum at 50%
argon admixture. Recently, we have reported [31] that admixing of
argon gas in nitrogen discharge in CCPN reactor enhances the pro-
duction of nitrogen active species, electron temperature and electron
number density.

Although the diagnostics results show that addition of argon gas in
nitrogen discharge increases the active species responsible for nitriding.
However, it is questionable that only the addition of argon without
hydrogen is enough to attain the better surface properties of steels. To
the best of authors' knowledge, the comparison of argon addition with
and without the presence of hydrogen in nitrogen discharge is not
studied so far, and it is expected to be valuable for better surface

Fig. 4. Surface morphology of (a) base material, (b) sample A, (c) sample B, (d) sample C, (e) sample D, (f) sample E, (g) sample F, (h) sample G.
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improvement.
In this study, the effect of argon gas admixing (10–30%) in nitrogen

and nitrogen-hydrogen mixture (having ratio 3/2) discharge on surface
properties of plain carbon steels are compared.

2. Experimental details

2.1. Plasma reactor

The plasma reactor used in the current experiment is drawn sche-
matically in Fig. 1. The body of the chamber is of cylindrical geometry
made up of austenite stainless steel AISI-304 with dimension
(height ~ 335mm and internal radius 155mm). It is at a grounded
potential (acting as an anode), whereas a metallic screen is installed at
mid of reactor which is biased by a negative pulse of the power supply
(acting as a cathode, so it is usually termed as a cathodic cage). The
cathodic cage is also made up of austenite stainless AISI-304 sheet
having thickness 0.2 cm and has a dimension of height 180mm;
∅~130mm; holes ∅~8mm on the side wall and ∅~6mm on the
top surface. The reactor is equipped with rotary vane pump to attain the
rough vacuum prior to processing of samples. To monitor the pressure,
the reactor is well-appointed with Pirany gauge (base pressure) and
capsule type gauge (working pressure). To attain the processing tem-
perature, an external heater, as well as thermocouple, is installed with
the sample holder.

2.2. Sample preparation

Samples of plain carbon steels (St-37, chemical composition pre-
sented in Table 1) are sectioned from a commercially available 2mm
thick sheet and dimension is kept ~10mm×10mm. The samples are
mechanically ground in polishing machine assisted with numerous size
emery papers and mirror finished using alumina powder. Prior to
processing, polished samples were cleaned in an ultrasonic bath using
acetone and rinsed with deionized water.

2.3. Sample processing

Inside the cathodic cage, the ceramic insulator is placed on the
sample holder, so that the samples are at floating potential. The vertical
isolation between samples surface and cathodic cage top surface is
around 45mm. The reactor is evacuated to the base pressure of ~1 Pa
and working temperature of ~400 °C is attained. The argon gas is filled
at a flow rate of 50 sccm and pressure of 150 Pa; the samples are
sputtered for 30min (to remove the native oxide layer and better
cleaning). Afterwards, the working gasses mixture (details of gasses
composition are given in Table 2); 10–30% argon is mixed in pure ni-
trogen as well as a nitrogen‑hydrogen mixture (having 3/2 ratio which
we have optimized earlier [25]) keeping same total flow rate and filling
pressure. The treatment time and current density are kept fixed at 4 h
and ~1.38mA/cm2, respectively. After processing, the samples are
cooled down to the room temperature under the vacuum condition. The
details of processing reactor can be found in previous reports [32–34].

2.4. Sample characterization

The hardness of base material and nitrided samples is attained using
Vickers micro-hardness tester, at numerous loads. The measurement
error is reduced by repeating the measurements ten times and the
average value of eight readings is reported by eliminating lowest and
highest values. The phase structure is analyzed by X-ray diffractometer
equipped with the CuKα-radiation source, the voltage of 40 kV, a cur-
rent of 30mA and scan step of 0.026°. To find out the alterations of
microstructure, scanning electron microscope (SEM) is used. The
thickness of the nitrided layer is also evaluated from cross-sectional
SEM images. The elemental composition of samples is obtained using
energy dispersive spectroscopy (EDS), which is attached with SEM. The
changes in friction coefficient and wear pattern are compared by using
the dry ball-on-disc tester. In this analysis, the sapphire ball having a
radius of 3mm, 1 N load, wear radius 3.5 mm, sliding speed of 4 cm/s
and total sliding distance of 66m is used. To calculate the volume of the
wear track, ASTM G99 is used.

3. Results and discussion

3.1. Surface hardness observation

The hardness of samples nitrided at various conditions as a function
of indentation loads is plotted in Fig. 2. It clearly illustrates that
hardness of nitrided samples is improved irrespective of gasses com-
position over the base material (~154 HV). Even the sample nitrided in
pure nitrogen (labelled as A) also shows an increase in hardness, which
contradicts the results of DCPN in which no increase in hardness is
reported [35]. This fact is probably attributed to the mechanism of
CCPN, which involves the “deposition of sputtered iron nitrides-de-
composition of such nitrides-diffusion of nitrogen in sample” [36].

When argon is admixed in nitrogen plasma (labelled as B-D), the
hardness is found to be increased with the rise in argon percentage. This
increase in hardness can be credited to increased concentration of ni-
trogen active species due to Penning ionization and excitation processes
due to the presence of argon metastable states. The argon metastable
states Arm∗(3P2,3P0) occupy the energies of 11.55 eV and 11.72 eV,
which are comparable to the energies required for ionization and dis-
sociation of nitrogen.

On the other hand, when the argon is admixed in nitrogen‑hydrogen
mixture plasma (labelled as E–G), the hardness increases up to 20%
argon and then decreases. The increase in hardness with argon can be
attributed to Penning effect, as described above. Beyond 20%, the de-
crease in hardness is caused by a usual reduction in nitrogen molecular
concentration in gasses mixture due to the large quantity of argon and
hydrogen. More interestingly, even same amount of argon is admixed in
a pair of samples (B and E; C and F; D and G), the hardness of samples E,

Fig. 5. EDS spectrum of base material and nitrided samples at various condi-
tions.
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F and G is significantly higher. Its credit goes to the dual action of
hydrogen: due to a small collisional cross section of hydrogen, the
production of active species due to electron impact rises; and secondly,
it reduces the presence of oxygen. The oxygen in the processing en-
vironment (either sputtered from native oxide layer on sample or
contaminant in commercially available gasses) reacts with the

hydrogen and as a result water vapours are removed through evacua-
tion system [37]. The hardness profile clearly reveals that even the
argon gas can increase the species responsible for nitriding; however,
the addition of hydrogen is necessary to enhance the hardness.

Fig. 6. Cross-sectional SEM images of (a) sample A, (b) sample B, (c) sample C, (d) sample D, (e) sample E, (f) sample F, (g) sample G.
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3.2. XRD observation

For further clarification of hardness behaviour with gasses compo-
sition, the phase structure is plotted in Fig. 3. The samples nitrided in
pure nitrogen (A) depicts that it mainly contains α-Fe phase and iron
oxides; and a small quantity of compounds of iron nitrides (Fe4N and
Fe2−3N) are formed. It happens due to a significant amount of oxygen in
plasma environment (sputtering of native oxide layer due to ions
bombardment or impurities in the processing gasses) [38]. Among the
various species in the plasma environment, oxygen sticking factor is
higher and as a results probability of iron oxides formation is higher
(either by chemical adsorption or by dissociate adsorption) [39]. The

appearance of intense α-Fe phase in these samples indicates that the
modified layer is comparatively thin in these conditions, and this fact
can be demonstrated later in cross-sectional morphology. It is probably
caused by the oxygen barrier to the diffusion of nitrogen. However,
when the argon is admixed in nitrogen discharge, no dominant change
in the phase structure is observed. The quantity of iron nitrides is found
to be increasing with argon up to 20%, which is caused by enhanced
production of nitrogen active species due to Penning reactions.

Conversely, when argon is added in nitrogen‑hydrogen mixture
discharge (E–G), the intensity of iron nitrides is higher and iron oxide
peaks are not present. This can be attributed to the reduction/removal
of oxygen contents in the processing environment due to the

Fig. 7. Wear tracks of (a) base, (b) sample A, (c) sample B, (d) sample C, (e) sample D, (f) sample E, (g) sample F, (h) sample G.
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elimination of vapours through evacuation system. The peak of α-Fe is
also reduced/suppressed in this condition, which indicates thick layer
formation. At 20% argon admixture, the iron nitrides peaks are intense
and iron peaks are vanished. This is due to combined action of argon
and hydrogen (removal of oxygen and active species enhancement) in
nitrogen discharge. However, beyond 20% argon, the quantity of ni-
trogen molecules to be dissociated is small, and so reactive species
quantity is reduced. These phases support the results of hardness: i.e.
nitrogen-hydrogen mixture discharge with 20% argon admixture is
more favourable for nitriding.

3.3. SEM observation

The variation in surface appearance of sample with gasses compo-
sition is presented in Fig. 4. The base material contains grazes on the
surface, which can be attributed to mechanical polishing prior to the
plasma processing. The sample nitrided in pure nitrogen (A) contains
the uniform distribution of polygonal particles. When argon is added in
the nitrogen discharge (B–D), the surface is covered with lamellae type
structure, and the surface is more crowded by such pattern by in-
creasing the argon concentration. However, when the argon is added in
nitrogen‑hydrogen mixture discharge (E–G), the surface is uniformly

covered by spherical particles, and size of such particles contracted by
increasing argon concentration. This contrast in surface appearance
with gasses composition can be better clarified by the basic working
principle of CCPN, as described by Gallo and Dong [36] as well as Saeed
et al. [40]. The mass transformation of nitrogen in CCPN is a multiple-
step process including deposition of sputtered material from cathodic
cage-decomposition on the surface of sample-diffusion of nitrogen in-
side the sample.

In the absence of hydrogen, native layer obstructs the nitrogen
diffusion, and particles appear on the surface [35]. In nitrogen dis-
charge, when argon concentration is added, the size of lamellae type
structure is increasing, which can be ascribed as follows: when argon is
added, dissociation rate of nitrogen increases due to Penning reaction,
which increases the nitrogen atomic species density. But as the diffusion
rate is slow because of the presence of oxygen on the surface, and thus
the size of lamalle structure is increasing.

Conversely, when the argon is admixed in nitrogen-hydrogen mix-
ture plasma (labelled as E–G), oxygen removes the native oxide layer,
and rate of diffusion of nitrogen increases, and thus fine white particles
with small size appear on the surface.

Above explanation can be further justified from the EDS analysis
presented in Fig. 5. It shows that base material contains only iron,
which is the main element of plain carbon steel. The sample A treated
with nitrogen plasma contains a significant amount of oxygen, which
obstructs the diffusion of nitrogen. In the sample treated with nitrogen-
hydrogen admixture (e.g. sample F), oxygen contents are reduced, and
as a result, better hardness is achieved.

The cross-sectional images are shown in Fig. 6 clearly shows that
thickness of the modified layer in nitrogen plasma (with or without
argon) is very thin ~1.06–2.25 μm. The reasoning is obviously that
oxygen contents occupies the interstitial sites, and inhibits the diffusion
of nitrogen. However, in nitrogen‑hydrogen admixture, oxygen con-
tents are removed due to the presence of hydrogen, and nitrogen dif-
fusion probability is higher. Thus the compound layer is significantly
thick ~4.81–7.21 μm.

3.4. Wear analysis

The wear tracks of base material and samples nitrided under various
conditions are presented in Fig. 7. It clearly shows that wear pattern of
base material and samples treated using various gasses composition is
not similar. The base material (Fig. 7 a) displays the grooves and ridge-
like pattern, and the track is appearing to be much broader. The high-
resolution tracks in the box indicate that the worn region along with its
adjacent area have in-depth plough and notched morphology. The
metallic debris and micro-cracks are also evident at higher resolution,
which shows dominant role of abrasive wear mechanism. This can be
justified because of low hardness of base material and the possibility of
micro-ploughing or plastic deformation is relatively higher.

The samples nitrided in pure nitrogen plasma (Fig. 7 b) shows that
the width of wear track is reduced and worn tracks are less scratched.
This point out improvement in wear behaviour. However, on the worn
tracks, metallic particles clearly reveal that still it occupies abrasive
wear as dominant mechanism. However, when argon is admixed in
nitrogen plasma (Fig. 7 c, d, e), the tracks are becoming narrower and
relatively smoother. But still it contains metallic particles on the tracks,
and thus mechanism is abrasive wear.

On the other hand, when argon is added in nitrogen‑hydrogen
plasma, wear tracks becomes more contracted and shallow, with
smoother appearance, and no metallic debris are found on the surface
even at high resolution. It clearly reveals that wear resistance is sig-
nificantly upgraded and wear mechanism is dominantly adhesive. Such
improvement in wear resistance can be justified by enhanced surface
hardness (Fig. 2) because it competes with the plastic deformation and
also escapes the occurrence of micro-cracks. Moreover, these samples
do not display any evidence of metallic debris on the tracks or adjacent

Fig. 8. Wear rates of base material and various treated samples.

Fig. 9. Friction coefficient as a function of sliding distance for base material and
various nitrided samples.
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area, which clearly reveals the dominant contribution of adhesive wear
mechanism. The EDS results (not presented here) of wear tracks in-
dicates the presence of oxygen, which shows that oxidation reaction
takes place on wear track [41]. This can be attributed to dense contact
among sliding ball and sample, which as a result increase the tem-
perature on the sliding track. The residual contents of oxygen in the
chamber react with the surface at high temperature, and oxides are
formed.

For the sake of quantifiable comparison, wear rates are plotted in
Fig. 8. It shows that wear rate is reduced with argon addition, both in
nitrogen and nitrogen-hydrogen plasma. However, the wear rate in
nitrogen-hydrogen mixture is significantly lower, particularly for
sample G (with 30% Argon). This behaviour of wear rate with gasses
composition supports well the Archard's equation (V=kW /H, where
V is the volume of wear, H is hardness, W is the width of wear track and
k is constant named as wear coefficient). This equation shows the in-
verse relation between hardness and wears volume and our results in
Fig. 2 and Fig. 8 agrees well with Archard's equation. Physically, the
reduction in wear rate can be ascribed as: in nitrogen‑hydrogen mixture
plasma with a higher amount of argon, higher concentration of nitrogen
active species is generated in plasma, which are diffused at interstitial
sites. Conclusively, the chances of slipping of planes of atoms (sub-
strate) in the sliding process are decreased, which decrease the wear
rate.

The friction coefficients as a function of sliding distance are shown
in Fig. 9 and average values are shown in Fig. 10. It shows that base
material and the sample treated in nitrogen or nitrogen-argon mixture
plasma reveals higher friction coefficient, which is credited to higher
wear rate and low surface hardness [41]. Moreover, these samples show
rapid increase and decrease in friction coefficient with sliding distance,
which can be ascribed as: the decreasing step is due to the oxidation
process during the sliding contact due to the presence of residual
oxygen contents, while the increasing step is because of removal of such
oxide layer [42]. This reasoning is in good agreement with wear tracks
in Fig. 7, which displays the alternating pattern of darkened (more
oxygen contents) and bright regions (low oxygen contents), which fa-
vours our assumption i.e. oxidation process-removal of the oxide layer.

In contrast, the sample treated in nitrogen‑hydrogen mixture
(samples E–G) shows the lower and quite smoother value of friction
coefficient. This result is ascribed to higher hardness under this con-
dition (Fig. 2) because it can resist the plastic deformation. The
smoothness is obviously because of clean, smooth and imperfection free

surface appearance [43].

4. Conclusions and final remarks

This work mainly based on practical analysis of previous literature
reports that addition of argon and hydrogen can enhance the nitrogen
reactive species, which are responsible for nitriding. However, in this
study, in the first step, argon is added in nitrogen plasma, and secondly,
argon is added to nitrogen-hydrogen plasma. Main achievements from
this analysis are as follows:

1. The hardness of plain carbon steel cannot be significantly improved
in nitriding processing by addition of argon in nitrogen plasma.
However, argon addition in nitrogen‑hydrogen mixture can improve
hardness considerably. This is mainly credited to the removal of
oxygen contents due to the presence of hydrogen.

2. Treated samples mainly contain oxides in nitrogen plasma even with
the addition of argon, but nitrides are formed while using nitrogen-
hydrogen mixture.

3. The thickness of the modified layer is dependent on gasses mixture,
and the thick layer can be developed while using nitrogen‑hydrogen
mixture plasma with argon.

4. The wear resistance can be expressively upgraded while using argon
added nitrogen-hydrogen mixture plasma. However, only argon-ni-
trogen discharge is insufficient for the up-gradation of wear re-
sistance.

5. This study recommends that hydrogen in nitriding atmosphere must
be added to improve surface properties of plain carbon steel.
Although, argon admixing in nitrogen plasma can boost the reactive
species production (well known in literature), but it is incon-
sequential due to the presence of residual oxygen contents. This can
be avoided by using ultra-high vacuum, but it is not favourable
because of its high cost. So our report suggests adding hydrogen in
nitrogen plasma to remove oxygen contents through vaporization,
and the addition of argon in their mixture is additionally valuable.
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