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1. INTRODUCTION

Ni-base alloys are widely used material for 
various applications such as; chemical processing 
plants, gas turbines, heat exchanger, and nuclear 
industries due to excellent corrosion resistance 
and resistance to heat properties. Inconel 600 and 
601 alloys have excellent properties but show 
poor wear resistance, low surface hardness, and 
a high coefficient of friction [1]. These disadvan-
tages can be improved by surface modification. 
Many surface modification processes such as dif-
fusion processes (nitriding, carburizing, boriding 
etc.) and coating processes (CVD, PVD, PECVD 
etc.) have been tried by various researchers [2–7]. 
Pulsed DC plasma ion nitriding is a diffusion pro-
cess and the most promising technique to improve 
the surface properties of Ni and Fe based alloys, 
because it has excellent dimensional control, low 
distortion, environment friendliness and complete 
process is auto control [8]. It is a thermochemical 
process in which nitrogen is introduced into the 
metal surface as an interstitial solid solution [8].

Plasma nitriding of pure iron (Fe) and Fe based 
alloys has been thoroughly explained by various 
researchers [9–14] but very little information on 

 
 

nickel-based alloys is available in the literature. 
Williamson et al. [15] studied that, when Ni-Fe 
alloys are exposed to low energy, high current 
density nitrogen ion beam the nitriding affinity 
reduced with the increasing of Ni concentration. 
Pedraza et al. [16] reported that Ni and Ni-Cr 
based alloys form thinner nitrided layer compared 
to Fe based alloys when these were nitrided un-
der the ion implantation technique. Aw et al. [17] 
studied the plasma nitriding behavior of Inconel 
718 alloy at temperature range 550 to 750 °C for 
16h treatment time. In this study it was found that 
the time and temperature were not effective to in-
crease the nitrided layer thickness. Mindivan et al. 
[18] studied the wear performance of Inconel 600 
by different nitriding processes, it was concluded 
that wear rate is lower for the pulsed plasma ni-
trided samples, but the nitriding processes did not 
significantly affect the surface hardness of such 
alloy. Aw et al. [19] reported the friction and wear 
behavior of plasma nitrided Inconel 718 alloy and 
demonstrated that the hard nitrided layer reduces 
the friction coefficient of the material. It was also 
concluded that the layer was prone to delimitation 
under contact motion resulting in the higher wear 
rate, i.e. a thicker nitrided layer was required to 
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and wear rate of the plasma nitrided samples decreases, but it increases as PIN process temperature increases. 
coefficient and activation energy for the diffusion of nitrogen are in accordance with the literature. Volume loss
was detected at elevated temperature range ~450 0C in Inconel 601 alloy. The calculated values of the diffusion 
and fcc (γ) phase was detected for all temperature range (350 to 450 0C), while the chromium nitride (CrN) phase
technique. It was found that surface micro-hardness increases after the PIN process. A mixed peak of epsilon (ε)
microscope (SEM), X-ray diffraction (XRD) analysis, micro-hardness measurement and wear test by pin on disk 
mation and wear properties were investigated by various characterization techniques such as scanning electron 
at low temperatures. After plasma ion nitriding and microstructural study, growth kinetics of nitrided layer for- 
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achieve improved tribological properties. Sudha 
et al. [20] studied the nitriding kinetics of Inconel 
600 alloy, it was found that surface hardness in-
creased from 200 to 1260 VHN after plasma ni-
triding at 600 °C for 24 h. The calculated value of 
activation energy for the diffusion of nitrogen was 
obtained as 0.65 eV. Sun [21] studied the layer 
growth kinetics during plasma nitriding of Inconel 
600 alloy, it was concluded that the growth of the 
nitrided layer with temperature deviates from con-
ventional diffusion law. It was also concluded that 
the nitrided layer follows two linear regimes, in a 
fast-growth regime the growth of the nitrided lay-
er was governed by nitrogen diffusion in the layer. 
On the other hand in slow-growth regime nitrogen 
diffusion in the developed external scale governs 
the kinetics of nitrided layer growth. Some other 
studies on nitriding behavior of Ni-based alloys 
and Ni–Cr based composites under various exper-
imental conditions have been reported by various 
workers [1, 22-28].

The existing information available in the liter-
ature was insufficient to understand the behavior 
of nitrided layer growth and wear properties at a 
low- temperature range. Therefore, the present 
work was focused to investigate the properties of 
Inconel 600 and 601 alloys at a lower temperature 
range ~350 - 450 °C after pulsed dc plasma ion 
nitriding.  All the experiments were performed in 
Nitrogen (N2) and Hydrogen (H2) gas environ-
ment at the ratio of N2-H2 (50-50) % at three dif-
ferent temperatures (350, 400, and 450 °C). After 
plasma nitriding, samples were characterized by 
various characterization techniques such as; scan-
ning electron microscope (SEM), X-ray diffrac-
tion (XRD) analysis, micro-hardness measure-
ment, and wear test by pin on disk method.

2. SAMPLE DETAILS AND PREPARATION

Samples used for assessment were commer-
cially available Inconel 600 and 601 alloys. The 
chemical compositions of these standard Inconel 
alloys are given in Table 1. Circular disc-shaped 

samples of two sizes: 15mm diameter x 20mm 
thickness prepared for SEM, XRD analysis and 
hardness measurement, and 10mm diameter x 
10mm thickness sample prepared for wear testing. 
Initially, samples were polished with SiC emery 
papers of 240, 320, 400, 600, 800 grit size fol-
lowed by a diamond paste of 1 μm grain size and 
alumina paste of 0·05 μm grain size. After polish-
ing, the samples were washed with acetone for re-
moval of dust/oil contamination from the surface 
and finally dried.

3. PLASMA NITRIDING EXPERIMENTAL 
SET-UP       

The schematic diagram of the experimental 
set-up for plasma ion nitriding has been shown in 
Fig 1. The main components of the experimental 
setup are; vacuum pump, gas cylinders, mass flow 
controllers (MFC), pulsed dc power supply, and 
thermocouple.

Fig.1. Plasma nitriding experimental setup.

Initially the chamber was evacuated up to the 
base pressure of ~5x10-3 mbar with the help of a 
rotary pump. After that Argon (Ar) and Hydrogen 

Table 1: Chemical compositions in wt% of selected Inconel alloys.

Steel grade Cr Ni Mn Si Al Fe
Inconel 600 15.5 75.5 0.20 0.30 00 8.5
Inconel 601 23 60.5 0.25 0.45 1.4 14.4
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(H2) gases were introduced into the chamber hav-
ing a volume ratio of 50% Ar and 50% H2 to main-
tain a gas pressure of 1 mbar which was measured 
by an absolute gauge. At this gas pressure, initial-
ly a glow discharge plasma was ignited between 
the chamber wall as anode and substrate table as 
a cathode by applying pulsed dc voltage of ~400 
Volts at ~30 kHz frequency. This Ar-H2 discharge 
was utilized to remove the oxides and contami-
nants from the sample surface. After an hour,  
N2-H2 gases were introduced into the chamber in a 
volume ratio of 50% N2 and 50% H2 through mass 
flow controllers (MFC). A typical working gas 
pressure of ~4 mbar was maintained for carrying 
out the plasma nitriding process. A thermocouple 
was used to measure the sample temperature. The 
typical plasma nitriding operating parameters are 
given in Table 2. 

4. RESULTS AND DISCUSSION

4. 1. Micro-Hardness Measurement and Analysis of 
Surface Morphology

Fig. 2 shows the variation in surface mi-
cro-hardness with plasma nitriding process 
temperatures. The surface micro-hardness was 
observed to increase as process temperature in-
creases.  Initially, it is observed that the surface 
micro-hardness increases slowly up to the process 
temperature of 400 0C, while beyond this temper-
ature range the surface micro-hardness increases 
rapidly in both the alloys. The maximum surface 
micro-hardness ~306 HV and ~330 HV were ob-
served in Inconel 600 and 601 alloys, respective-
ly. The increments in the surface hardness value 
after plasma nitriding from its initial surface hard-
ness value (200-220 HV) were due to the forma-
tion of nitride phase during plasma nitriding at the 
surface. 

Fig. 2. Variation of surface micro-hardness with plasma 
nitriding temperature.

Sudha et al. [20] observed ~900 VHN surface 
micro-hardness in Inconel 600 alloy after nitrid-
ing at temperature 450 0C for 24 hours. It was also 
observed that surface hardness remain the same till 
5000C, beyond which it increased further with in-
creasing temperature. Mindivan et al. [18] observed 
very slight changes in surface hardness when Inconel 
600 alloy was plasma nitrided at 520 0C for 12 hours. 
Figs. 3 and 4 show the surface morphology images of 
Inconel 600 and 601 alloys, before and after plasma 
nitriding at different process temperatures. 

Fig. 3. SEM surface morphology of Inconel 600 alloy  
(a) untreated sample. (b) plasma nitrided at 350 0C. (c) plas-

ma nitrided at 400 0C.  (d) plasma nitrided at 450 0C.

R. Kumar, et al.

Table 2: Plasma nitriding process parameters.

Gas Pressure 4 mbar

Gas Ratio (N2: H2) 50:50 (%)

Applied Voltage 620 Volts

Nitriding Time 4 hours

Temperature 350 0C, 400 0C, 450 0C



Iranian Journal of Materials Science & Engineering Vol. 17, No. 2, June 2020

23

Fig. 4. SEM surface morphology of Inconel 601 alloy  
(a) untreated sample. (b) plasma nitrided at 350 0C.  

(c) plasma nitrided at 400 0C. (d) plasma nitrided at 450 0C.

The average crystallite size of 5-9 nanome-
ters was roughly calculated using the Scherrer 
formula [29] after plasma nitriding. In this cal-
culation, peak broadening due to microstrains 
and instrumental broadening was not taken 
into consideration. It was observed from sur-
face morphology images, the crystallite size 
increased as process temperature increased. 
Sudha et al. [20] calculated CrN crystallite 
size around 10nm after plasma nitriding for  
24 h at 600 0C.

4.2. Identification of Phase Composition in the Nitrid-
ed Layer

The results of X-ray diffraction analysis of In-
conel 600 and Inconel 601 are shown in Figs 5 
and 6. The untreated sample shows only the fcc 
(γ) phase corresponding to the Ni-Fe-Cr based 
matrix. After plasma nitriding an additional peak 
appeared at a position of 2θ (37.50) which was 
identified as chromium nitride CrN phase in (111) 
plane. This CrN peak was observed only in the 
samples of Inconel 601 alloys which were plasma 
nitrided at 450 0C. A mix peak of epsilon (ε) phase 
with fcc (γ) phase of (111) and (200) planes at the 
2θ position of 41.620, 43.280, and 51.140 were 
observed in all the plasma nitrided samples for 
all temperatures (350-450 0C). Sun [21] suggest-
ed that this mix peak may be resulted due to the 
formation of a thermodynamically unstable com-
pound of   ε-Ni3N or (Ni, Cr, Fe, Mn)3N1-x in the 
nitrided layer. It has been known that ε-Ni3N is 
unstable under normal pressure and formed only 
at high nitrogen potentials [30].

Fig. 5. Comparison of the XRD pattern of Inconel 600 
alloy before and after plasma nitriding.

Fig. 6. Comparison of the XRD pattern of Inconel 601 
alloy before and after plasma nitriding. 

The characteristic of mixed peak formation 
during plasma nitriding was not observed in the 
study by Sudha et al. [20] and Mindivan et al. 
[18] for Inconel 600 alloy. The observed γ peaks 
were found to be asymmetric and broad in the 
plasma nitrided samples as compared to untreat-
ed samples. The peak broadening in the plasma 
nitrided samples were related to the development 
of stress in the sample matrix due to the diffusion 
of nitrogen.

4.3. Growth Kinetics of Nitrided Layer

Figs. 7 and 8 show the cross-sectional micro-
graphs of the plasma nitrided samples of Inconel 
600 and 601 alloys obtained from a scanning 
electron microscope. The obtained micrograph 
shows the variation in the thickness of the ni-
trided layer with nitriding temperatures 350, 400 
and 450 0C. 
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It was observed that the thickness of the ni-
trided layer increases in both the alloys as plas-
ma nitriding process temperature increases. The 
maximum thickness of the nitrided layer ~3.70 
µm and ~3.15 µm were observed in Inconel 600 
and 601 alloys respectively. It was also observed 
that at 450 0C nitrided layer is divided into two 
sub-layers. The existence of the formation of a 
double layer structure in the nitriding of Ni-Cr al-
loys was reported in the literature [23, 31]. Sun 
[21] observed a ~7µm thick nitride layer for 5h 
nitriding and ~11µm thick nitride layer for 12h 
nitriding at 450 0C. It was also observed that the 
further increment in the nitriding temperature led 
to a reduction in nitrided layer thickness. The 
temperature of 500-600 0C did not affect the lay-
er thickness. Sudha et al. [20] observed a ~14µm 
thick nitride layer for nitriding at a temperature of 
600 0C for 24h. In this study it was also observed 
that the layer thickness increased with increasing 
time for all nitriding temperatures 450-600 0C, but 
for longer treatment time increase in layer thick-
ness was steeper than for shorter treatment time. 
Mindivan et al. [18] observed a 7 µm thick nitride 

layer for 12h nitriding at 520 0C.  
Further, to understand the influence of plasma 

nitriding process parameters, the thickness of the 
nitrided layer was plotted as a function of plasma 
nitriding process temperature, as shown in Fig 9. 
Thickness was taken as the total nitrided layer (addi-
tion of sub-layers in case of the plasma of the sam-
ples nitrided at 450 0C). 

Fig. 9. Variation in the total thickness of the plasma nitrided 
layer of Inconel 600 and 601 alloys with different plasma 

nitriding temperatures.

R. Kumar, et al.

Fig.7. SEM image of plasma nitrided layer of Inconel 600 
(a) plasma nitrided at 350 0C. (b) plasma nitrided at 400 0C.  (c) plasma nitrided at 450 0C.

Fig. 8. SEM image of plasma nitrided layer of Inconel 601 
(a) plasma nitrided at 350 0C. (b) plasma nitrided at 400 0C.  (c) plasma nitrided at 450 0C.
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Fig. 9 shows that the thickness of the nitrided 
layer increases linearly with increasing plasma 
nitriding process temperature. As per the theory 
of diffusion in solids, the thickness of the nitrid-
ed layer ‘X’ is related to the nitriding time ‘t’ 
through the following relation written as in equa-
tion (1) [32].

        		        	                       (1) 	
			                       

Here; ‘Dn’ is the diffusion coefficient of nitro-
gen, which was related to the activation energy 
‘Q’ and the pre-exponential term ‘D0’ by a relation 
written as in equation (2) [32].

				       	           (2)

Or				  
                                                                     

(3)

Here; ‘D0’ is the pre-exponential term and ‘Q’ is 
the activation energy, ‘R’ is the gas constant 8.62x10-5 

eV/atom-K, and ‘T’ is the absolute temperature. Using 
the measured values of nitrided layer thickness from 
SEM images for nitriding time duration 4h, values of 
diffusion coefficient ‘Dn’ were calculated by Equation 
(1), within the temperature range of 350 0C - 450 0C.  
The value of Dn varies from 2.5x10-16 m2/s to 9.5x10-16  
m2/s and 7.2x10-17 m2/s to 6.8x10-16 m2/s for Inconel 
600 and 601 alloys respectively. Using Equation (3) 
ln(Dn) Vs reciprocal of temperature (1/T) were plotted 
in fig 10.

From this fig the values for activation energy 
‘Q’ were calculated ~1.21 eV and ~1.24 eV for In-
conel 600 and 601 alloys. Sudha et al. [20] report-

ed that the value of activation energy was 0.65 eV 
for Inconel 600 alloy. Leroy et al. [23] obtained 
the value of diffusion coefficient of nitrogen  
~10-15 m2/s and activation energy ~1.1 eV at  
400 0C in Inconel 690 alloy. Matsuda et al. [33] 
reported the diffusion coefficient of nitrogen  
~8x10-16 m2/s and activation energy ~0.43 eV 
at 650 0C in Ni-20 wt.% Cr-2 wt.% Ti alloy. In 
another study made by Kodentsov et al. [34] re-
ported values of diffusion coefficient of nitrogen 
~1.8x10-16 m2/s and activation energy ~1.5 eV at 
600 0C in Ni-5 at.% Cr alloy.  On the other hand 
the similar calculated values of activation energy 
for the diffusion of nitrogen are presented by Sun 
[35] for the plasma carburizing kinetics of AISI 
316L and AISI 304L stainlests steels and Menthe 
and Rie [36] for the plasma nitriding of AISI 304L 
steel. It is to be noted that all the nickel alloys and 
steels having high Cr and Ni contents, which ex-
plains the similarity of the activation energy val-
ues. The higher value of activation energy and the 
linear behavior of plasma nitriding thickness as a 
function of the square root of treatment time in-
dicate that the whole process is controlled by the 
diffusion of the nitrogen atom in the layer.  

4.4. Wear Analysis of Plasma Nitrided Samples

Wear test was performed on these alloys by 
the pin on disk method to analyze the wear prop-
erties. This test was performed in the dry con-
dition with a 10N applied load. After the wear 
test mass loss was measured using three digits 
balancing machine. Using the values of mass 
loss, volume loss was calculated by using the 
well-known relation between mass, density, and 

Fig. 10. Arrhenius plot of logarithmic of diffusion coefficient vs reciprocal of temperature 
(a) for 600 alloy and (b) for 601 alloy.
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volume. The calculated values of volume loss for 
both the alloys have reported in Table 3. It is evi-
dent that, the volume loss decreases after plasma 
nitriding. The minimum volume loss ~2.12 x 10-3 
cm3 and ~~2.8 x 10-3 cm3 observed in the samples 
which were plasma nitrided at 350 0C. The vol-
ume loss was found to increase with increasing 
nitriding temperature. It was also revealed that, 
at 450 0C volume loss exceeded in nitrided sam-
ples as compared to untreated samples for both 
the alloys. 

Using the values of volume loss, calculated 
wear rate was calculated by using the following 
relation given in equation (4).

Wear rate = Volume loss /(Sliding distance x Load)    (4)

For the fixed value of the sliding distance 
(2000m), values of wear rate (mm3/Nm) obtained 
have been shown in Fig. 11. 

Fig. 11. Wear rate (mm3/Nm) of untreated and plasma 
nitrided samples of Inconel 600 and 601.

The minimum wear rates ~1.06 x 10-4 mm3/
Nm and ~1.4 x 10-4 mm3/Nm were found for the 
samples of Inconel 600 and 601alloys which 

were nitrided at 350 0C respectively. The wear 
rate was found to increase with increasing 
nitriding temperature. At 450 0C the wear rate 
exceeded ~4.84 x 10-4 mm3/Nm and ~4.19 x 10-4 
mm3/Nm as compared to untreated samples ~4.13 
x 10-4 mm3/Nm and ~2.83 x 10-4 mm3/Nm for both 
the alloys. It is also observed that the increase 
of wear rate is fast in the Inconel 601 alloy as 
compared to Inconel 600 alloy. It may be relat-
ed to the formation of a thin hard phase (CrN) 
at the surface of the Inconel 601 alloy at this 
particular temperature (450 0C). The thin hard 
CrN phase has the brittle nature that increases 
the wear rate. Kahraman et al. [37] reported 
that the samples which were nitrided for 10 h 
duration show maximum wear resistance due 
to the formation of thick compound and diffu-
sion layer as compared to the samples which 
have a thin compound layer.   

Fig. 12. SEM image of untreated and plasma nitride sam-
ples of Inconel 600 alloy after wear test.

R. Kumar, et al.

Table 3: Volume loss of Inconel 600 and 601 alloys before and after plasma nitriding.

Volume Loss (cm3)

Temperature Inconel-600 Inconel-601

Untreated 8.26 x 10-3 5.67 x 10-3

350 0C 2.12 x 10-3 2.8 x 10-3

400 0C 5.78 x 10-3 4.43 x 10-3

450 0C 9.68 x 10-3 8.38 x 10-3
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Fig. 13. SEM image of untreated and plasma nitride sam-
ples of Inconel 601 alloy after wear test

5. CONCLUSIONS 

Based on this study following conclusions can 
be drawn:
1.	 Plasma nitriding of Inconel 600 and 601 al-

loys at a temperature between 350 to 450 0C 
can produce a thin nitrided layer ~3.15 µm 
and ~3.70 µm. The thickness of the nitrided 
layer increases as nitriding temperature in-
creases.

2.	 Surface microhardness was found to in-
crease after plasma nitriding. It increases 
slowly up to 400 0C. The maximum surface 
micro-hardness ~306 HV and ~330 HV were 
observed at 450 0C in Inconel 600 and 601 
alloys respectively. 

3.	 CrN Phase was not detected in Inconel 600 al-
loy for all temperature range (350 – 450 0C). 
However, CrN Phase was detected in Inconel 
601 samples that were plasma nitrided at 450 
0C only. A mix peak of the epsilon (ε) phase 
with the γ phase of (111) and (200) planes 
were observed in all the nitrided samples for 
all temperature range 350 to 450 0C.

4.	 The values of diffusion coefficients ~9.5 x 
10-16 m2/s and ~6.8x10-16 m2/s and the values 
of activation energy for the diffusion of ni-
trogen ~1.21 eV and ~1.24 eV were obtained 
for Inconel 600 and 601 alloys respectively. 
The whole process was seemed thermally ac-
tivated and the growth of the nitrided layer 
was controlled by the diffusion of the nitrogen 

atom.
5.	 The volume loss and wear rate were found 

to decrease after the plasma nitriding process. 
The minimum wear rate ~1.06 x 10-4 mm3/
Nm and ~1.4 x 10-4 mm3/Nm were found in 
the samples of Inconel 600 and 601 alloys, 
which were nitrided at 350 0C. The SEM im-
ages agreed with the trends of our calculated 
values of wear rate with some anomaly.
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