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Abstract
The cathodic cage plasma nitriding (CCPN) is an efficient and cost-effective surfacemodification
technique, extensively used in last two decades. The effectiveness of CCPN is dependent on several
control parameters and the objective of current research is to examine the effect of pulsed current on
CCPNefficiency. The samples of non-alloyed steels are nitrided infixed processing conditions while
using variable pulsed current. The processed samples are analyzed bymicro-hardness test, x-ray
diffraction (XRD), scanning electronmicroscopy (SEM), energy dispersive x-ray spectrometry (EDS)
and ball-on-disc wear tester. The corresponding plasma parameters (such as electron temperature and
nitrogen active species generation) are analyzed using optical emission spectroscopy (OES). The
hardness andwear resistance is found to be significantly enhanced by increasing the pulsed current.
The processed samples contain iron nitrides phases Fe N Fe N, ,3 4( ) whose intensity increases with
increase in pulsed current. The results from surface analysis show a good correlationwith the results
obtained fromOES. This study clarifies the contribution of pulsed current on the nitriding
performance and plasma reactivity inCCPN system in a comprehensivemanner. The results are
comparedwith the previous reports on various systems.

1. Introduction

The non-alloyed steels are of significant importance in a broad range of applications including automotive
components. It ismainly due to their comparative low-cost over alloyed steels. Besides, they reveal poor
mechanical strength andwear resistance, and thus their use is intensely limited inmotion-contact parts
applications. Thus, for effective applicability, surface properties of non-alloyed steelsmust be enhanced.

A nitriding is an effective approach for the improvement of surface properties of severalmaterials including
steels [1, 2]. However, for non-alloyed steels, this process is not very productive because of in-depth diffusion of
nitrogen atoms, and as a result, iron nitrides are established at higher depths. It is reported in the literature that if
alloyed and non-alloyed steels are processed simultaneously by conventional plasma nitriding (CPN), surface
properties of non-alloyed steel are not significantly improved [3].

Recently we have found that cathodic cage plasma nitriding (CCPN) can significantly improve the surface
properties of non-alloyed steels [4]. However, in previous reports, the efficiency of CCPN is found to be
dependent on several control parameters including pulsed duty cycle [4], size of the cathodic cage [5], cathodic
cage top lid configuration [6, 7], cathodic cage-samples distance [8, 9], gasses composition [10], thematerial of
cathodic cage [11], processing temperature [12], substrate biasing [13–15], processing time [16] andfilling
pressure [17].
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It the CPN system, various authors attempted to investigate the role of pulsed current (or power) on the
plasma characteristics. Sharma et al [18] reported an increase in the production of nitriding active species
N N,2 2

+( ) with increasing power density. Díaz-Guillén et al [19] observed a significant increase in hardness
with increasing pulsed current density. Ocha et al [20] found a linear correlation among hardness and current
density in nitrogen ion-beam implantation process. However, according toNaseer et al [21], the hardness of
substrate is highest when processed at lower ion current density.

In a recent study onCCPN, using several diagnostics, Puth et al [22] reported that gas temperature increases
with increasing power of cathodic cage. Also, in our previous reports [23], we found an increase in electron
temperature and active species productionwith increasing power, which is an indication of increased nitriding
efficiency (nitriding active species plays important role in nitriding process [9]).

These literature reports clearly reveal the diverse effects of power (or current) on active species generation,
and thus expected to be valuable for CCPN system efficiency. However, the effect of pulsed current on nitriding
response is not reported comprehensively, and needed to be properly optimized. In current study, an attempt is
made to explore the contribution of pulsed current on the surface properties of non-alloyed steels.

2.Materials andmethods

2.1. Samples preparation
Square shaped pieces of st-37 steels (with composition tabulated in table 1) having dimension∼10mm×10
mm×2mmare prepared from the commercially available sheet. For the surface uniformity and cleaning,
samples are polishedmechanically by silicon carbide papers and finally polished by alumina powder formirror
finishing. Just before processing, samples were cleaned in acetone ultrasonic bath andwashedwith de-ionized
water.

3. Plasma processing

The samples are processed using cathodic cage plasma nitriding reactor and its schematic diagram is illustrated
infigures 1 [4]. The processing conditions are kept constant except pulsed current: filling pressure of 150 Pa,
processing time 4 h, the temperature of 400 °C, gasses composition (28 sccmN2, 20 sccmH2 and 2 sccmAr),
pulsed frequency 40 kHz, pulsed duty cycle 15% and pulsed voltage of∼1 kV. The pulsed current is varied as
0.4, 0.6, 0.8, 1 and 1.2 A. The samples are processed by placing the samples on insulator plate, and thus are at
floating potential.

4. Surface analysis

The hardness of substrate and nitrided samples is assessed usingVickersmicro-hardness tester on the top
surface, using several loads. The probability of error inmeasurement isminimized by repeating the
measurement twelve times, and the average is reported by skipping the lowest and highest readings. For the
structural analysis, x-ray diffractometer (CuKα-radiation, at 40 kV and 30mA) is used. The surface
morphology, elemental composition and cross-sections are analyzed using a scanning electronmicroscope
(SEM) and attached energy dispersive x-ray spectrometry (EDS). For the better reliability of EDS for the nitrogen
depth profile, the data is repeated several times and average value is reported. For the comparison ofwear
resistance and friction coefficient, dry ball-on-disc wear tester is used.Here, a sapphire ball of diameter 6mm,
wear radius of 3.5mm, the speed of 4 cm s−1 and sliding distance of 100munder the load of 1N is used. Thewear
data is analyzed by considering the standardASTMG99 [24].

Table 1.Elemental composition (wt%) of substrate St-37 steel and cathodic cagematerial AISI-304
(Iron is balanced).

Material Si C Mo Mn P Ni S Cr

ST-37 0.03 0.11 — 0.56 0.007 0.03 0.005 0.07

AISI 304 0.4 0.06 0.21 — 0.037 8.3 0.003 18.8

2

Mater. Res. Express 6 (2019) 086537 MNaeem et al



5. Plasma analysis

The plasma properties are evaluated by using optical emission spectroscopy (OES). Themodified Boltzmann
plotmethod is used tomeasure electron temperature andActinometery to compute nitrogen active species
density. The details regarding the optical diagnostics system and data analysis are described elsewhere [25].

6. Results and discussion

The variation ofmicro-hardness as a function of pulsed current atmultiple loads is plotted infigure 2. The
hardness of basematerial atmultiple loads (10, 25 and 50 gf) is∼200HV. After the nitriding process, hardness
is found to be enhanced under all processing conditions, andmaximumhardness is found at a highest pulsed
current of 1.2 A. The hardness shows a linear trendwith the pulsed current. The trend of hardness with current
remains similar atmultiple loads, however, hardness is decreasingwith increasing loads, which is obviously due
to the fact that we aremoving from surface to the core of sample. The increase in hardness with pulsed current is
probably due to an increase in electron energy and thus production of nitrogen atomic species (dissociation of
nitrogen), whichwill be tested at the end of this section. The hardness trend shows a good agreementwith the
results obtained by Sharma et al [18], Díaz-Guillén et al [19], Ocha et al [20] and Puth et al [22], whereas it is

Figure 1. Schematic illustration of CCPN reactor alongwith diagnostics.

Figure 2.Hardness variation (at various loads) as a function of pulsed current.
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contrary to the results ofNaseer et al [21]. This contradictory trend can bewell explained as: Naseer et al [21]
claimed that the reduction in hardness is due to damaging influence of ions bombardment on the substrate with
increasing pulsed current. However, inCCPN, as the substrate is not at a cathodic potential but at the floating
potential, so it does not reduce the surface hardness with increase in current. The improved hardness indicates
certain amendments in the phase structure after plasma nitriding.

The phase structure is identified by x-ray diffraction and is plotted infigure 3. The substrate shows the
diffraction peaks of iron, which is quite understandable that the non-alloyed steelmainly contains iron (shown
in table 1). The nitrided sample shows the diffraction peaks of iron nitrides Fe N Fe N, .3 4( ) However, the
intensities of detected phases are totally dependent upon the processing conditions. The sample processed at low
pulsed current (0.4A) shows the significant appearance of background peaks of ironwhich is probably due to the
thin nitrided layer formation (whichwill be verified later by cross-sectional SEM). However, the samples
processed at high pulsed current (0.6–1.2A) shows that background peaks are suppressed and dominant phases
of iron nitrides appear. This phase structure is an indication of the excessive amount of nitrides as well as thick
modified layer [26, 27]. This is possibly caused by an excessive amount of nitrogen due to higher dissociate rate
of nitrogen at high pulsed current. TheXRD results are appearing to be quite consistent with the hardness: the

Figure 3.XRDpattern of basematerial and nitrided samples at various pulsed currents.
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high amount of nitrogen causes the intense peaks of iron nitrides aswell as it is responsible for highest hardness.
This assumption that nitrogen concentration is highest at high current will be tested later using EDS andOES.

In order to visualize the surface appearance, surfacemorphology of substrate and nitrided samples obtained
fromSEM is presented infigure 4. The substrate (figure 4(a)) just displays the scratches, which are obviously
induced during themechanical polishing. The samples nitrided at the low pulsed current (figure 4 b) show the
appearance of background scratches, which indicates the formation of the thinmodified layer, which is in good
agreementwith XRD results.When the pulsed current is increased (figures 4(c), (d)), the background scratches
are significantly suppressed. The high-resolution images show that each surface is covered by the nano-size

Figure 4. SEMmicrographs of (a) substrate, treated samples at various pulsed currents (b) 0.4 A (c) 0.8 A (d) 1.2 A.

5

Mater. Res. Express 6 (2019) 086537 MNaeem et al



particles, which according toXRD are iron nitrides particles. The appearance of these particles is due to
sputtering and re-deposition process, which is a verywell-knownmechanismofCCPN [28]. The size and
density of such particles increases with the rise in pulsed current, which is due to enhanced ionsflux on the
cathodic cage. For the elemental composition of substrate and nitrided samples, EDS spectra are presented in
figure 5, and corresponding elements percentage is presented infigure 6. The EDS spectra show the additional
presence of nitrogen and chromiumover the substrate. The presence of chromium is due to sputtering fromCC,
and it ismainly responsible for the improvement in hardness because chromium is nitride forming element
(having high affinity with nitrogen) [11]. The percentage composition shows that the quantity of nitrogen,
chromium andnickel increases with an increase in current. The increase in nitrogenwith pulsed current is
probably due to increased dissociation rate (verified later), whereas the increase in chromium is due to increased
ionsflux on the cathodic cage (and thus sputtering). The highest amount of nitrogen at high pulsed current
verifies our previous results of hardness andXRD. The highest hardness and intense iron nitride peaks are due to
excess amount of nitrogen diffusion.

The cross-sectional SEM images of samples nitrided at various pulsed currents are shown infigure 7, which
shows a significant increase in layer thickness with increasing pulsed current. This increase in thickness can be
attributed as: when the pulsed current is increased, ionsflux on the cathodic cage surface increases and thus
sputtering fromCC,which leads to the formation of the thickmodified layer. For the better clarification of
results, the EDS line scan (which shows the composition of nitrided samples as a function of samples depth,

Figure 5.EDS spectra of the substrate and processed samples at various pulsed currents.
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which is repeated several times for better reliability) is shown infigure 8. It clearly reveals the highest amount of
nitrogen on the surface aswell as in-depth diffusionwith increasing pulsed current. The thickness of the nitrided
layer and elemental line scan are appearing to be quite consistent with each other. The nitrided layer contains a
significant amount of nitrogen up to certain depth (∼2.29, 3.09 and 4.33μm), and beyondwhich small amount
of nitrogen appearwhich is due to diffusion of nitrogen at a temperature of 400 °C.

Now for the sake of practical applicability of this work inmotion-contact parts applications, wear resistance
is analyzed using the ball-on-disc tester. Theworn tracks of the substrate and nitrided samples are shown in
figure 9. The tracks illustrate that wear pattern of substrate and samples nitrided at various pulsed currents are
not identical. The substrate (figure 9(a)) shows that worn surface is broader and the surface contains wear debris
on the track. The presence ofmetallic debris on the tracks specifies dominant contribution of abrasive wear
mechanism. Physically this can be attributed to the lowhardness of substrate, and thus plastic deformation is
somewhat easier. The sample nitrided at low pulsed current (0.4A,figure 9(b)) shows a slight decrease inwidth
of wear track and presence of wear debris and abrasion grooves. It also indicates that abrasive wearmechanism is
dominant. However, when the pulsed current is increased (figures 9(c), (d)), thewide track is changed to
narrower/shallower track and the surface is appearing to be smooth. It points out that wear resistance is
expressively upgraded and the dominant wearmechanism is adhesive. This upgrading can be credited to
increased surface hardness, thus it overcomes the plastic deformation/micro-cracks. The elementalmapping of
worn tracks (not presented here) shows the presence of oxygen on the tracks, which illustrates that oxidative
wear also contributes. This oxidation is due to dense contact between sliding ball and surface of the sample, and
thus the temperature of sliding path increases. The remaining oxygen contents in the chamber react with the
heated track and thus oxidize it.

For the sake of numerical assessment, thewear rates are plotted infigure 10. Thewear rate is found to be
decreasedwith increasing pulsed current. This tendency is in good agreementwith the Archard’s equation
V kW H ,=( )/ whereH is the hardness,W is thewidth of wear track,V is the volume ofwear track and k is wear
coefficient. This equation depicts an inverse relation among hardness andwears rates, and results presented in
figure 2 (micro-hardness) andfigure 10 (wear rates) satisfies this relation. The physical reasoning behind the
wear resistance improvement can be attributed as follows: when the current is highest, dissociation rate of
nitrogen is highest due to electrons acceleration, these nitrogen atoms are diffused at interstitial sites. Decisively,
due to the presence of nitrogen atoms at interstitial sites, slipping probability of atoms (substrate) in the
scratching process is reduced, which decrease thewear rates.

The friction coefficients with sliding distance and its average values are plotted infigure 11 andfigure 12
respectively. The substrate exhibits the higher friction coefficient, which can be attributed to the low surface
hardness and lowwear resistance [29]. Furthermore, it shows that the rapid fluctuationswith the sliding
distance. Such fluctuations can be attributed as: the declining step is due to the surface oxidation (because of
residual oxygen) and rising step is due to the deletion of such oxidation layer during the further sliding process.
This reasoning is further supported by theworn tracks, which shows changing pattern of bright (having low
oxygen contents) and dark (high oxygen contents), and thus assumption (oxidation-removal of the oxide layer)
is favoured.With increasing pulsed current, the friction coefficient is appearing to be smoother and lowest. This
is due to the increased hardness of samples at high current (figure 2) because it can oppose the plastic
deformation. The surface smoothness is credited to surface cleanness, imperfection-free and smooth surface
appearance (as shown inwear tracks infigure 9) [4].

Now for better clarification of results obtained from surface processing of samples, OES is used. The electron
temperature as a function of pulsed current is plotted infigure 13. It clearly shows thatwith increasing pulsed

Figure 6.Elemental composition of samples nitrided at various pulsed current.
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current, electron got accelerated, which as a result increase the plasma reactivity. Actinometrymethod is used for
the evaluation of nitrogen atomic species density, which is plotted infigure 14. The nitrogen atomic species
density is found to be increasingwith increasing pulsed current, which is obviously due to increased electrons
average kinetic energy. Thus electron impact dissociation rate is increased. Thus, it provides a solid justification
of results achieved: the increase in hardness andwear resistancewith the pulsed current increment is due to the
enhanced dissociation rate of nitrogen. Although inCPN, some authors reported the decrease in hardness with

Figure 7.Cross-sectionalmicrographs of nitrided samples at various pulsed currents (a) 0.4 A (b) 0.8 A (c) 1.2 A.
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increasing current (due to direct ion impact damaging of substrate) [21]. However, inCCPN, samples are at
floating potential rather than cathodic potential, thus this study recommends operating the reactor to high
pulsed current (up towhich a stable discharge can bemaintained).

7. Conclusions andfinal remarks

Thiswork examines the role of pulsed current on the efficiency of cathodic cage plasma nitriding (CCPN)
system, and conclusions can be summarized as follows:

1. The pulsed current is found to be an active parameter on the CCPN effectiveness. The hardness is found to
be increasing with increasing pulsed current. A similar trendwith pulsed current is observed atmultiple
loads, however, hardness decreases with increase in indentation loadwhich is due to surface to core
transition.

Figure 8.EDS elemental line scan of nitrided samples at various pulsed currents (b) 0.4 A (c) 0.8 A (d) 1.2 A.
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2. The nitrided samples contain iron nitrides phases Fe N Fe N, ,3 4( ) whose intensity is sharply dependent on
the processing current. The intensity of nitrides is increasingwith increase in pulsed current and
background peaks are found to be decreasing.

3. The nitrided surface is covered with nano-size iron nitrides particles, which are sputtered and re-deposited
from the cathodic cage. The size and density of particles increase with an increase in pulsed current. The
elemental composition also shows an increase in nitrogen and chromium concentration on the surfacewith
an increase in pulsed current.

4. The cross-sectionalmorphology indicates the increase in thickness of the nitrided layer, which also indicates
the increased efficiency of CCPN system. The EDS line-scan also shows that the diffusion depth of nitrogen
also increases with pulsed current.

Figure 9.Wear tracks of (a) substrate, samples nitrided at various pulsed currents (b) 0.4 A, (c) 0.8 A (d) 1.2 A.

Figure 10.Wear rates of substrate and samples nitrided at various pulsed currents.
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5. The wear behaviour is also found to be changing after processing, particularly at high pulsed current. The
substrate and sample nitrided at low current shows abrasive wear and nitrided at high current show the
adhesive wear as dominantmechanism. This transformation occurs due to an increase in hardness. The
friction coefficient is found to be decreasing and become smoother when samples processed at high current.

6. The electron temperature and production of nitrogen active species are found to be significantly increased
with a pulsed current, which provides a physical justification of results obtained from the surface analysis.
All results fromOES and surface analysis supports well with each other.

Figure 11. Friction coefficients as a function of the sliding distance of basematerial and samples nitrided at various pulsed currents.

Figure 12.Average friction coefficients of substrate and samples nitrided at various pulsed currents.

Figure 13.Variation of electron temperature as a function of pulsed current.
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This study strongly recommends operating theCCPN reactor tomaximumavailable pulsed current to
improve the nitriding performance. This is due to the efficient production of nitrogen active species and
increased electron temperature. This study contradicts the few previous reports inwhich it was claimed that
hardness decreases at high current due to ion impact damaging of substrate. However, inCCPN samples are at
floating potential and thus only increase in hardness is observed.
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