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a b s t r a c t

In this work, a duplex cathodic cage plasma nitriding (CCPN) process is performed using aluminum (pre
and post treatment) and stainless steel cathodic cages. The duplex treated samples are also compared
with the single treatments. The nitrided samples are analyzed with Vickers micro-hardness tester, X-ray
diffraction and scanning electron microscope along with energy dispersive spectroscopy. It is found that
the duplex post-aluminum CC process attains a surface hardness of ~1124 HV; far higher than the other
treated samples and previously reported in the literature. The crystal structure of post-aluminum
nitrided samples shows the dominant aluminum nitride phase. The compatibility of the reported pro-
cess with the existing industrial systems makes it promising for large-scale industrial uses.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The non-alloyed steels are less expensive and are applicable in
vast areas of interest, including automobile components. Unfortu-
nately, the mechanical features including surface hardness are not
outstanding, and their use is restricted in certain applications [1,2].
Because of low hardness, they show little resistance to scratching
and abrasive wear behavior. The plasma nitriding is believed to be
an effective approach to enhance the surface properties of various
materials including steel [3e5]. Nonetheless, non-alloyed steels are
not suitable for plasma treatment. It happens due to in-depth ni-
trogen diffusion and iron nitrides are consequently established at
greater depths instead of surfaces [2].

It is reported that nitriding of alloyed En40B and non-alloyed
steels Ck45 (having similar bulk hardness) under identical condi-
tions gives out the surface hardness of 900 HV and 470 HV
respectively [6]. Such non-alloyed steels can be nitrided by intro-
ducing interlayer or admixing some distinct nitride forming
elements such as aluminum, tantalum, chromium, etc. [6]. It is due
to the high affinity of such elements with nitrogen, and formation
of hard, stable nitrides on the surface. Among these elements,
aluminum is the strongest nitride forming element. Various au-
thors [2,7e12] have reported surface hardness enhancement by an
aluminum layer deposition before the nitriding process. In all
these approaches, an aluminum layer is introduced by pack
cementation and hot-dip aluminization. Although, such aluminum
interlayer enhances hardness; however, this process requires dual
processing setups (separate for aluminum layer and nitriding),
high-temperature requirement and long treatment time. Further,
the uniform treatment of samples with complex geometry cannot
be achieved. Therefore, such techniques are not feasible for com-
mercial uses where huge quantity is required.

At present the cathodic cage plasma nitriding (CCPN) is an active
method for the enhancement of surface features of various mate-
rials including steel grades [13,14]. In CCPN, the samples are kept on
an insulating base plate (floating potential) whereas the workload
is enclosed within a metal screen known as the cathodic cage (CC).
The CCPNmechanism is based on sputtering and redeposition from
CC [15] which suggests that the nitride forming elements (such as
aluminum) can be deposited with an aluminum CC. It has been
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Table 1
Chemical composition (Wt. %) of AISI-304 cathodic cage and St-37 samples.

Material Cr Ni Mn Mo P S C Si Fe

AISI 304 18.8 8.3 e 0.21 0.037 0.003 0.06 0.4 Balance
ST-37 0.07 0.03 0.56 e 0.007 0.005 0.11 0.03 Balance

Fig. 1. Variation of surface hardness as a function of indentation depth for various
samples (untreated material labeled as without CCPN); nitrided by austenite steel cage
(marked as ASS CC); nitrided by aluminum cage (labeled as Al CC); initially treated
with ASS CC and subsequently treated with Al CC (labeled as post-Al CC); initially
treated with Al CC and subsequently treated with ASS CC (labeled as pre-Al CC).

Fig. 2. XRD pattern of samples without CCPN, nitrided with austenite steel cage, aluminum
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previously utilized for the deposition of various CC materials
including copper [16], silver [17e19] and niobium [20] depending
on the desired outcome. It is, therefore, predictable that if non-
alloyed steels are treated using an aluminum CC, the deposited
aluminum can develop hard and stable nitrides on the surface. To
the best of our knowledge, we are the first to use the duplex process
to improve surface properties of non-alloyed steels.

2. Experimental procedure

Samples of St-37 non-alloyed steels (composition obtained by
optical emission spectroscopy is given in Table 1) with the square
geometry (10� 10mm2) and thickness 2mm are used in this study.
Before the processing, the samples were mechanically polished
with multiple grids (220e2000) emery papers, mirror finished
with alumina powder, cleaned in an ultrasonic bath for 20 min and
finally washed with de-ionized water.

The duplex nitriding is conducted in pulsed DC CCPN reactor
whose further details can be found elsewhere [21,22]. The CC's are
made up of 99.9% pure aluminum and austenitic stainless steel
AISI-304 (composition given in Table 1). The gasses admixture in
both nitriding processes is kept 60/40% nitrogen/hydrogen, which
we have optimized earlier [23]. The processing pressurewas 150 Pa,
current of 1.2 A, voltage ~1 kV, pulse frequency of 40 kHz, pulse
duty cycle of 15% and a processing temperature of 400 �C. The
treatment time with aluminum CC and austenitic stainless steel CC
was 1 and 4 h respectively. Some samples were first plasma
nitrided with austenitic stainless steel cathodic cage and subse-
quently nitrided with aluminum cathodic cage (labeled as post-Al
CC), whereas other samples were treated in reverse order
(marked as pre-Al CC). However, for the sake of comparison, some
samples were also prepared by individual treatment with Al and
cage, and the combination of austenite steel and aluminum cage in alternating order.



Fig. 3. SEM micrographs of (a) base (b, c) nitrided with ASS CC (d, e) nitrided with Al
CC (f, g) pre-Al CC (initially treated with Al CC and subsequently treated with ASS CC)
(h, i) post-Al CC (initially treated with ASS CC and later treated with Al CC).
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ASS CC.
The samples are characterized using various diagnostics; the

hardness variation as a function of indentation depth is acquired
with Vickers hardness tester. To avoid the possibility of error in
measurement, the hardness is repeated eight times, and an average
of six measurements is reported by eliminating the lowest and
highest value of hardness. The amendments in phase structure are
analyzed using X-ray diffraction operated at 40 kV with Cu-Ka ra-
diations. The surface changes are examined using scanning electron
microscopy (SEM) and elemental depth profile by energy dispersive
spectroscopy (EDS) semi-quantitative analysis [24,25]. The reli-
ability of elemental depth is improved by taking the average of
several acquisitions.

3. Results and discussion

The variation in the hardness of the base material, single and
duplex nitrided samples as a function of indentation loads are
plotted in Fig. 1. It depicts hardness improvement under each
processing condition, and particularly for post-Al CC sample (1124
HV) significantly higher than previous reports on non-alloyed/plain
carbon steels [1,2]. The hardness pattern of samples treated with
aluminum CC and pre-Al CC show the sharp gradients with the
indentation load, which indicates that hardness is enhanced on the
top surface of the layer. The results from hardness point out that
duplex cathodic cage treatment with post-Al CC can be used
effectively for non-alloyed steels, which are commonly believed to
be unfavorable for nitriding.

The hardness improvement represents beneficial phase
changes, as presented in the XRD pattern in Fig. 2. It depicts that
base material contains the a-iron phase which is entirely sup-
pressed under each processing condition, which is due to the for-
mation of the nitrided layer. The ASS CC nitrided sample contains
iron nitrides ðFe4N; Fe2�3NÞ which enhances the surface hardness,
as already has been reported [26]. Such formation of nitrides is
credited to the mechanism of CCPN, which involves the sputtering
of cathodic cage material (iron) as well as pre-existing iron nitrides,
and there deposition on sample surface [15]. The samples nitrided
by Al-CC dominantly consist of AlN phase along with small quantity
of Fe4N. The formation of aluminum nitride is credited to the
overlap of sputtered aluminum from CCwith nitrogen. On the other
hand, the appearance of iron nitride indicates that besides the
sputtering of aluminum from the CC, sputtering from samples also
takes place; as a result, sputtered iron overlaps with nitrogen to
form iron nitride. In the pre-Al CC nitrided samples, both aluminum
nitride and iron nitride are formed. Conversely the post-Al, CC
nitrided samples, phases developed during ASS CC nitriding are
suppressed with aluminum nitride ðAlNÞ phases. The significant
improvement in hardness in case of post-Al CC nitrided samples is
justified by the presence of individual AlN phase, whose hardness is
significantly higher than Fe4N [10]. It happens due to the fact that
AlN with hcp structure have less number of slip planes over Fe4N
with fcc structure, and as a result probability of deformation is
reduced.

The changes induced in surface morphology by single and
duplex nitriding process is depicted in Fig. 3. The base material
displays scratches (Fig. 3 a), which are apparently induced during
mechanical polishing. The treated surfaces (Fig. 3 bee) are covered
with uniformly distributed particles sputtered from the CC, either
aluminum or steel. However, some scratches also appear in the
background of the Al-CC sample (Fig. 2 c); which shows the thin
layer formation. The uniform appearance of treated surfaces in-
dicates that our treatments are more effective because of smoother
appearance in contrast to previous studies where rough and porous
modified surfaces were reported when aluminum was introduced
[2,10e12]. The cross-sectional analysis (Fig. 2 fei) also shows that
surfaces are quite uniform with no porosity. The sample treated
with ASS-CC shows more thick layer deposition as compared to Al-
CC sample, which is obviously due to the difference in treatment
time. However, in the duplex treated samples, nitrided layer dis-
plays two regions in which the inner layer is slightly different than
the single nitrided layer. It shows that duplex treatment modifies
the single layer. Elemental depth profile analysis can interpret these



Fig. 4. Elemental depth profile of duplex treated samples (a) pre-Al CC (b) post-Al CC.
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two regions.
Fig. 4 shows EDS line scan profile which presents a further clear

picture. In the pre-aluminized sample, the layer of aluminum is a
high barrier to nitrogen diffusion (due to a higher affinity with
nitrogen). Hence, nitrogen is not diffused to greater depth and
shows similar depth profile with aluminum. On the other hand, the
post-Al CC nitrided sample indicates that nitrogen is diffused to
greater depths whereas aluminum appears in the region close to
the surface. The higher concentration of aluminum and nitrogen in
the near surface zone enhances the surface hardness due to the
formation of AlN. These results recommend that duplex nitriding
process with post-Al CC is helpful for the surface hardening of non-
alloyed steels.

4. Conclusions and final remarks

The non-alloyed steels, generally believed to be incompatible
with the nitriding process are treated by the unique duplex
cathodic cage plasma nitriding (CCPN) process. In duplex CCPN,
one-hour pre or post-nitriding with aluminum CC is applied along
with the four-hour ASS cathodic cage nitriding. It is found that the
duplex post-aluminum CC process achieves excellent film quality,
aluminum nitride as the leading phase and a surface hardness of
~1124 HV; far higher than the other treated samples and previous
reports in the literature. The use of a single CCPN industrially
compatible unit, low-temperature processing and the small effec-
tive treatment time make this duplex CCPN process more suitable
for large-scale utilization. The use of multiple combinations of
cathodic cage materials offer significant possibilities of future
research and applications beyond the ASS and aluminum combi-
nation used here.
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