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a b s t r a c t

Present study concerns with the effect of plasma nitriding on hardness of low alloy steel. Plasma nitriding
had been performed at elevated temperature of 500 �C which improved the hardness to �1200 Hv. The
case depth was found to be �80 mm. With the variation of time the case depth also varied. The plot of
the square of the case depth vs. nitriding time and the corresponding line drawn by a linear regression
and extrapolation passes almost through the origin. From the plot the nitrogen diffusion co-efficient cal-
culated to be �2.23 � 10�13 m2/s.
The structural and morphological studies have been made by following the X-ray diffraction (XRD) and

scanning electron microscopic (SEM) and EDS analyses. XRD revealed the presence of a-Fe, c0 and e
phases.
� 2019 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 1st International
Conference on Manufacturing, Material Science and Engineering.

1. Introduction

Tool industries recently have paid attention towards the
enhancement of hardness, wear and corrosion resistance proper-
ties of the tools to prolong their service life. The improvement of
these properties may be done by following the surface hardening
and by depositing the corrosion resistant layer. There are several
physical and chemical methods which can improve these proper-
ties by depositing hard and corrosion resistant layer. Physical
vapour deposition is one the popular methods to improve these
surface dependent properties [1–3]. The poor adhesion of the
coated layer made its application limited [4]. In this regard, nitrid-
ing has been proved to satisfy the industrial requirements for the
enhancement of hardness, corrosion and wear resistance proper-
ties [5–8].

Plasma nitriding has been recognized as one of the most indus-
trially accepted plasma mediated surface engineering methods as
it is advantageous due to its environmental friendly, efficient
method [9–11]. In this process the sample after polishing to mirror
finish kept inside the vacuum chamber of the nitriding reactor and
evacuated to low pressure. A mixture of nitrogen and hydrogen at

certain ratio is fed into the chamber raising the pressure to around
50–500 Pa. The substrate is biased at a �ve voltage to accelerate
the positively charged ions towards it. Between the anode and
cathode plasma is generated in the chamber. Nitrogen ions attract
towards the substrate and adsorb on the surface and subsequently
diffuse into the subsurface region. The schematic of the process is
given in some other literature [12,14]. Though several reports on
hardness are presented so far but less is known about wood
machining tool steel. The diffusion studies have also not been
known to satisfactorily.

In present work a d. c. glow discharge assisted plasma of N2 and
H2 mixture at 80:20 ratio has been utilized for nitriding on low
alloy steels used as the cutting tools. An attempt has been made
to know about the diffusion co-efficient of nitrogen in the present
study. The optimized condition of a thick and hardened layer has
also been found. The process had been carried out at two different
temperatures 450 �C and 500 �C at various time of exposure 3, 6, 8,
10 h in N2 and H2 gas mixture. X-ray diffraction studies have been
made for the phase evaluation. The hardness measurements were
taken by utilizing Vickers’s micro hardness tester. Subsequently,
the case depth measurements and the diffusion co-efficient of
nitrogen in the post nitrided samples were calculated.

Plasma nitriding has been recognized as one of the most indus-
trially accepted plasma mediated surface engineering methods as⇑ Corresponding author.

E-mail address: rammohanrao.k@gmail.com (K. Ram Mohan Rao).

https://doi.org/10.1016/j.matpr.2019.08.224
mailto:rammohanrao.k@gmail.com
https://doi.org/10.1016/j.matpr.2019.08.224
http://www.sciencedirect.com/science/journal/22147853
http://www.elsevier.com/locate/matpr


it is advantageous due to its environmental friendly, efficient
method [9–11]. In this process the sample after polishing to mirror
finish kept inside the vacuum chamber of the nitriding reactor and
evacuated to low pressure. A mixture of nitrogen and hydrogen at
certain ratio is fed into the chamber raising the pressure to around
50–500 Pa. The substrate is biased at a �ve voltage to accelerate
the positively charged ions towards it. Between the anode and
cathode plasma is generated in the chamber. Nitrogen ions attract
towards the substrate and adsorb on the surface and subsequently
diffuse into the subsurface region. The schematic of the process is
given in some other literature [12,14]. Though several reports on
hardness are presented so far but less is known about wood
machining tool steel. The diffusion studies have also not been
known to satisfactorily.

In present work a d. c. glow discharge assisted plasma of N2 and
H2 mixture at 80:20 ratio has been utilized for nitriding on low
alloy steels used as the cutting tools. An attempt has been made
to know about the diffusion co-efficient of nitrogen in the present
study. The optimized condition of a thick and hardened layer has
also been found. The process had been carried out at two different
temperatures 450 �C and 500 �C at various time of exposure 3, 6, 8,
10 h in N2 and H2 gas mixture. X-ray diffraction studies have been
made for the phase evaluation.

2. Materials and methods

As-received sheet of the steel samples was exposed to heat
treatment process. The steel sheets were austenitized and
quenched in oil bath tank and then tempered at �530 �C. The steel
sheets so obtained had a hardness of �657 ± 30 Hv. The sheets
were then cut into samples of dimensions 10x10 mm2 and a thick-
ness of 6 mm. The chemical composition of the samples is given as:
C (0.5), Mn (0,5), Cr (8.0), Mo (1.5), V (0.5), Si (1.0), Fe (88).

The metallographic sample preparations were followed from
coarse to fine grits SiC papers and alumina suspension and to a
mirror polish on the polishing wheel. Samples were then exposed
to ultrasonic cleaning in acetone bath to remove the dirt and then
placed in the nitriding chamber. The chamber was evacuated to an
initial pressure of 0.5 Pa and the working pressure of 500 Pa. Ini-
tially, the Ar+ ions were sputtered on the sample surface at a pres-
sure of 800 Pa and continued the sputtering until the desired
temperature for the nitriding was achieved. At this stage of the
process cycle the sputtering was stopped and the nitriding stage
of the cycle began. The samples were kept on the sample holder
biased at �250 V. In glow discharge assisted plasma of N2 and H2

gas mixture the nitriding process continued up to the desired
length of time. Subsequent to this stage when nitriding process
was complete, the cooling stage of the process cycle started where-
upon the nitride samples were cooled down to room temperature.

As the temperature, time and the gas mixture influence the
nitriding process, a careful study of these parameters gives the
insight of the nitriding and control of the properties of the formed
layer. The present work was concentrated on the influence of time
and temperature by keeping the gas mixture N2 and H2 at a ratio
80:20. To avoid the risk of softening of the core of the sample
the treatment temperature was restricted to 450 �C and 500 �C.
On the other hand, to understand the influence of time on the
formed layer it was exposed to variable time lengths of 3, 6, 8
and 10 h. The post treated samples were subjected to Vickers’s
micro hardness testing (Vicker’s hardness tester; Model: LECO
MHT-210 micro hardness tester) at 50 g applied load hardness of
the modified layer. To understand about the structural modifica-
tions after nitriding all the samples along with the as-received
samples were exposed to detailed X-ray diffraction in Bragg
Brentano mode using Co-ka target (0.17902 nm).

3. Results and discussion

3.1. Micro hardness profile

The hardness depth profiles of the nitrided samples treated at
different temperatures have been shown in Fig. 1. It is obvious
from Fig. 1 that the increase in temperature causes an increase in
hardness and also the depth of the nitrided layer. However, the
increase in hardness is found to be significant at temperatures
500 �C for 8 h nitriding as shown in Fig. 2. At lower temperature
450 �C the depth of the hardened layer reaches to �40 mm (shown
in other studies), the peak hardness 1150 ± 20 Hv whereas at the
higher temperature there is an increase in the formed layer to
�80 mm with peak hardness 1250 ± 20 Hv. A wider layer formation
has application in the wear resisting properties. The hardness from
the surface gradually decreases from a significantly high hardness
to the hardness �650 Hv as observed in the as-received condition.
On the other hand, at 500 �C treatment temperature the increase in
treatment time from 6 h to 10 h the layer thickness increases from
�40 mm to �80 mm (10 h) where it attains the bulk hardness
�657 Hv. Thus, the incorporation of nitrogen with increasing time
to a greater depth is evidenced. If 100 Hv increase of hardness over
the bulk hardness 657 Hv is considered, the layer depth ranges
approximately between 110 and 120 mm. These results evidence
the formation of large nitride layer in this type of steel after nitrid-
ing at 500 �C for 10 h. The nitriding for a lower treatment time of
3 h has could not bring the improvement in the hardness signifi-
cantly. This may be due to the insufficient amount of nitrogen
incorporation to cause the nitride phase formation.

Fig. 1. Micro hardness vs. depth profile of plasma nitrided samples at 500 �C for
variable treatment times.

Fig. 2. Bragg-Brentano mode of X-ray diffraction of as-received and samples after
plasma nitriding for variable times.



A diffusion gradient layer without any abrupt change as found
in the case of coated layers enhances the mechanical integrity
without any abrupt change in the mechanical properties.

3.2. Phase evaluation and the modification of microstructure of the
nitrided layer

Fig. 3 reveals the diffraction patterns of the nitride samples in
Bragg-Brantano geometry. The Fe (1 1 0) peak is found to be shifted
towards the lower angle when treated at both the temperatures
450 �C and 500 �C. The same can be observed with the treatment
at increasing process time. The lower angle shifting may be attrib-
uted to the introduction of nitrogen in the crystal lattice and hence
the generation of stress. This could be one of the reasons for the
enhanced hardness and improvement in fatigue strength.

With the increase in treatment temperature the peak intensities
of the c0 and e phases increase and also the Fe (2 1 1) and Fe (2 0 0)
peaks disappear. Disappearance of these peaks also occurs at
500 �C with variable treatment time. In any case, it may be attrib-
uted to the consumption of Fe causing the formation of its nitrides.
When the FWHM (full width at half maximum) of the nitride peaks
at low temperature is compared to the similar nitride peaks at
higher temperature the latter peaks are found to be sharper. This
means that with the rise of temperature more nitrogen was incor-
porated into the crystal lattice and also enhances its mobility to
form the crystalline phases. In the entire range of nitriding process
the e-phases are dominating and hence accounts for the high hard-
ness of the nitrided samples.

Thus, it can be concluded that the e and c0 phases are responsi-
ble for the enhanced hardness of the treated samples. Additionally,
the e-phases have already been recognized for its corrosion protec-
tion property [15].

3.3. Diffusion kinetics

Fig. 3 as shown below represents the relationship of case depth
square (w2) with respect to variable time of nitriding. An approxi-
mate value of rate constant (k) which is proportional to the diffu-
sivity, D has been calculated from the linear regression of the given
data points [16] by following the equation:

w2 ¼ k � t ð1Þ
Assuming that, k is proportional to D, the diffusion co-efficient

(d. c.) of nitrogen in this study was calculated to be
2.23 � 10�13 m2/s at 500 �C nitriding temperature. The diffusion
co-efficient of nitrogen at the same temperature for glow discharge

assisted plasma nitriding of Fe-19% Cr (d. c. of nitro-
gen = 1.8 � 10�13 m2/s) is found to be comparable as compared to
the d. c. of nitrogen in the present study i.e. of the same order of
magnitude [17]. However, nitrogen d. c. in the conventional nitrid-
ing of plain carbon steel as obtained by Dimitrov et al.
(1 � 10�14 m2/s) was found to be lower by an order of magnitude
when compared to the one obtained in the present study [18]. This
concludes that the plasma nitriding of steel has faster kinetics than
the conventional nitriding.

4. Conclusions

In the present study, plasma nitriding of low alloy steel in N2-H2

gas mixture (80:20) proved to improve the hardness significantly
which may lead to the improvement of wear resistance property.
In actual service conditions for these tool steels e.g. cutting or
machining tools, the wear resistance property plays a significant
role to prolong their life. It has been shown in this study that the
increase in treatment time increases the thickness of the nitride
layer (�120 mm) with a significantly high hardness of 1200 ± 30
Hv.

The XRD analyses reveal e and c0-nitrides as the dominating
phases in the post nitrided samples. The high hardness may be
attributed to the presence of these phases and the developed micro
stresses. From the earlier report it is known that the presence of e-
nitride is also beneficial from the corrosion resistance point of
view. This would enable the cutting tools to sustain more in the
corrosive environment. The plasma assisted nitriding of the steel
in the present study has proved that the diffusion kinetics is faster
than the conventional nitriding. The diffusion co-efficient of nitro-
gen in the present study is found to be �2.23 � 10�13 m2/s.
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