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Plasma nitrocarburizing treatments of AISI 4140 low alloy steel have been carried out in a gas mixture of
85% N2-12% H2-3% CO2. All treatments were performed for 5 h at a chamber pressure of 4 mbar.
Different treatment temperatures varying from 520 to 620 �C have been used to investigate the effect of
treatment temperature on the corrosion and hardness properties and also microstructure of the plasma
nitrocarburized steel. Scanning electron and optical microscopy, x-ray diffraction, microhardness mea-
surement, and potentiodynamic polarization technique in 3.5% NaCl solution were used to study the
treated surfaces. The results revealed that plasma nitrocarburizing at temperatures below 570 �C can
readily produce a monophase e compound layer. The compound layer formed at 620 �C is composed of two
sub-layers and is supported by an austenite zone followed by the diffusion layer. The thickest diffusion layer
was related to the sample treated at 620 �C. Microhardness results showed a reduction of surface hardness
with increasing the treatment temperature from 520 to 620 �C. It has also been found that with increasing
treatment temperature from 520 to 545 �C the corrosion resistance increases up to a maximum and then
decreases with further increasing treatment temperature from 545 to 620 �C.
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1. Introduction

Nitrocarburizing is a thermochemical process which in-
volves the introduction of nitrogen and carbon atoms into the
component surface. The microstructure of a nitrocarburized
sample is generally composed of a thin compound layer and
diffusion zone underneath (Ref 1). Plasma nitrocarburizing
treatments can be classified into ferritic and austenitic treatment
categories. Ferritic nitrocarburizing is mainly applied to steels
to improve surface properties by a compound layer which
consists mainly of c¢ and e phases and is supported by a
diffusion zone underneath (Ref 2, 3). e phase has better
corrosion resistance than c¢ phase (Ref 4). Ferritic and
austenitic plasma nitrocarburizing processes have been at-
tempted for the production of a monophase e compound layer
(Ref 5). Some data relating properties of plasma nitrocarburiz-
ing of AISI 4140 low alloy steel have been published in the past
(Ref 6, 7). The objective of this work is to study the influence
of ferritic and austenitic plasma nitrocarburizing treatment at
different temperatures on the characteristic of the nitrocarbu-
rized layers, hardness, and corrosion resistance of AISI 4140
low alloy steel. The results are used to compare the effect of
thickness, type, and the amount of carbonitride formed in the
compound layer and the characteristic of the treated surface on

the corrosion resistance of the nitrocarburized AISI 4140 low
alloy steel.

2. Material and Methods

AISI 4140 disk samples with the chemical composition of
(in wt.%): 0.39% C; 0.93% Cr; 0.67% Mn; 0.2% Si; 0.15%
Mo; and balance Fe, 20 mm in diameter and 8 mm thick, were
placed on the substrate for plasma nitrocarburizing. Surface of
the specimens was mechanically ground by 120-, 400-, 600-,
800-, and 1200-grit wet SiC emery paper and fine polished with
alumina slurry to yield a mirror finish. The experiments were
performed in a 5 kW pulsed cold wall plasma processing unit,
using a gas composition of 85% N2-12% H2-3% CO2 at 520,
545, 570 �C for ferritic and 620 �C for austenitic nitrocarbu-
rizing at a pressure of 4 mbar for 5 h in the range of 600-700 V
discharge voltage and 2-3 A current. After finishing plasma
treatment, the vacuum chamber was pumped down to
10�2 Torr and then all samples were cooled to room temper-
ature with the average rate of 5 �C/min. The treated specimens
were sectioned for metallographic examination. In order to
retain the edges during metallographic preparation, the cut
segments were nickel electroplated in a Watts bath. The
microstructure was revealed using 2% nital for ferrite-treated
samples and a reagent composed of 1 cc conc. HCl mixed with
15 cc ethanol, 1 cc mix in addition to 99 cc of 2% nital (Ref 8)
for austenite-treated samples. The cross section of the treated
specimens was studied using optical and Philips XL30
scanning electron microscopy. The phases existing in the
surface layers were identified using XRD analyzer with CuKa
(k = 1.5418 Å) radiation. The variation in structural composi-
tion across the compound layers was determined by removal of
different thicknesses from the surface using 1200 grade SiC
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abrasive. After each removal, the samples were analyzed with
x-ray diffraction analyzer. Surface hardness and hardness
profile were determined using a Shimadzu-type B Vickers
microhardness tester with 25 and 50 g load for hardness profile
and surface hardness, respectively. At least three measurements
were taken to determine the exact value of each point. The
electrochemical characterization was performed by potentiody-
namic polarization test using an Autolab model PGSTAT20 in
3.5 wt.% NaCl solution with a scan rate of 1 mV/s. The tester
was connected to a standard three-electrode cell comprising the
sample as the working electrode, a saturated Calomel reference
electrode, and a platinum counter electrode.

3. Results and Discussion

3.1 Microstructure and XRD

SEM micrographs from the cross section of nitrocarburized
specimens are shown in Fig. 1. The results revealed that the
thickness of the compound layer is affected by the treatment
temperature. Increase in compound layer thickness with
increasing the treatment temperature from 520 to 620 �C is
attributed to the greater amount of the interaction between iron
atoms and highly reactive nitrogen and carbon atoms in the
plasma near the surface as well as the higher diffusion of
nitrogen and carbon atoms through the compound layer at
higher treatment temperature (Ref 9, 10).

As it can be seen in the SEM micrographs (Fig. 1a to c), the
microstructure of the samples nitrocarburized at temperatures
below 570 �C is composed of a compound layer and diffusion
zone. However, nitrocarburizing at 620 �C produced three
different zones: a compound layer, a diffusion zone, and a thin
and noncontinuous transformed austenite zone in between,
Fig. 1(d). The compound layer in the specimen treated at

620 �C consists of two sub-layers: a porous layer at the top of
the compound layer and a columnar pattern structure layer in
the inner part of that. Upper porous layer, columnar structure
part of the compound layer, and transformed austenite zone are
clearly visible in the optical micrograph of sample nitrocarbu-
rized at 620 �C, Fig. 2. Dark area next to the compound layer is
the transformed austenite zone. The outer part of the compound
layer is continuous with some pores due to the accumulation
and recombination of atomic nitrogen at the grain boundaries
(Ref 11). In austenitic nitrocarburizing, the austenite region,
which is formed near the compound layer, transforms to ferrite
and Fe4N phases and causes a microstructure which is called
braunite to produce during slow cooling of the sample to room
temperature (Ref 12). Since the samples were slowly cooled in
the chamber, the white area in Fig. 1(d) and the dark area in
Fig. 2, between the compound layer and diffusion zone, is the
transformed austenite region to braunite. Any visible peak of

Fig. 1 SEM images of cross section of AISI 4140 steel plasma nitrocarburized at (a) 520 �C, (b) 545 �C, (c) 570 �C, and (d) 620 �C

Fig. 2 Optical micrograph of cross section of plasma nitrocarbu-
rized AISI 4140 steel at 620 �C
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austenite was not detected in Fig. 3(a) because austenite is
transformed to braunite (Fe-a and Fe4N) phase during slow
cooling and also no austenite was remained.

Figure 3(a) shows XRD patterns of different depths of the
two sub-layer compound layer and transformed austenite zone
formed at 620 �C. The results revealed that the upper porous
sub-layer of the compound layer is mainly composed of e phase
and the columnar pattern structure layer (bottom part of the
compound layer in the depth of 15 lm from the surface) is a
mixed phase layer composed of e and c¢. From the results, it
can be also seen that the amount of e phase decreased from the
surface to the bottom of the compound layer and the amount of
c¢ phase increased. The columnar pattern structure and the
reduction of e phase in the columnar pattern layer in
comparison to the upper part of the compound layer is related
to the formation of a low nitrogen content e phase during high
temperature nitrocarburizing, which tends to decompose into c¢
and e during slow cooling of sample (Ref 3). At the depth of
25 lm from the surface the amount of carbonitride phases
decreases and a small amount of Fe-a and Fe3C in the interface
of the compound layer/austenite zone was detected. Fe3C
formation is due to the enrichment of the bottom part of the
compound layer with carbon in nitrocarburizing of low alloy
steels (Ref 8).

The XRD patterns of the plasma nitrocarburized samples in
Fig. 3(b) show that with increasing the treatment temperature
from 520 to 545 �C, the intensity of e carbonitride phase in the
surface increased. The increase of the e carbonitride intensity in
the compound layer is related to the higher interaction between

detached iron atoms near the surface and also increased
diffusion coefficient of nitrogen at the higher temperatures (Ref
9, 10). Decrease in the intensity of carbonitride peak in the
compound layer with increasing in temperature to 570 �C is
possibly attributed to the porous surface of the compound layer
formed at 570 �C. After treatment temperature has increased
from 570 to 620 �C, c¢ carbonitride phase was produced along
with e phase. As mentioned before, this can be attributed to the
decomposition of low nitrogen content e phase formed at
620 �C into c¢, e, and Fe-a during slow cooling of sample.
Therefore, a more e dominance compound layer is formed
during ferritic plasma nitrocarburizing (Fig. 3b). Since the
compound layer is quite thick, the XRD results do not show the
phase constitution of the whole compound layer due to the low
penetration depth of Cu Ka x-rays in steel.

3.2 Microhardness

Microhardness profiles (Fig. 4a) were used to determine the
diffusion zone thickness. The case depth is defined as the depth
at which the hardness is 10% above the core hardness. The
results show that total case depth increases from 350 to 540 lm
with increasing the treatment temperature from 520 to 620 �C.
The thickest case depth (540 lm) is observed in the sample
treated at 620 �C, in which the maximum hardness is reached in
the middle part of the compound layer and a continuous
decrease in hardness from the middle of the compound layer
toward both the surface and the core of the specimen is
observed. In contrast, the hardness profiles of the treated
samples at 520, 545, and 570 �C have a continuous decrease
from the surface toward the core of the specimen.

Fig. 3 XRD results of plasma nitrocarburized AISI 4140 steel from
(a) different depths of the compound layer formed at 620 �C and
(b) compound layer surface at different temperatures

Fig. 4 (a) Microhardness profiles and (b) surface hardness of AISI
4140 steel plasma nitrocarburized at different temperatures
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The surface hardness results are shown in Fig. 4(b). It is
found that the surface hardness is decreased with increasing
treatment temperature from 520 to 620 �C. The highest surface
hardness (886 HV0.05) is achieved in sample nitrocarburized at
520 �C.

The depth of the nitrogen and carbon atoms diffusion can be
affected by the treatment temperature. The case depth is
governed by the diffusion of atoms through the material.
Increasing the treatment temperature results in an increased
atom diffusion coefficient and the carbon and nitrogen atoms
penetrate in more distances from the surface (Ref 13).
Therefore, with increasing the treatment temperature from
520 to 620 �C the case depth increased.

The reduction in hardness inside the compound layer toward
the surface in the sample treated at 620 �C is regarded as the
results of the porous zone that extends from the surface through
the compound layer. Broaden and deep porous zone near the
surface can be considered as the main reason for the hardness
drop in the surface in the hardness profile.

At higher treatment temperature, coarser nitrides and
carbonitrides with limited gain in hardness are formed. The
hardness trend with increasing the treatment temperature also
depends on the stability of the nitrides and carbonitrides at the
higher temperatures (Ref 14). On the other hand, the amount of
porosities affects the hardness in the compound layer. As it is
shown in Fig. 1, deeper porous zone in the compound layer
was formed at 570 and 620 �C with respect to those which were
formed at 520 and 545 �C. Thus, the enlargement of carbonit-
rides, solution of carbonitrides and the formation of the deep
porous zone in the compound layer with increasing the
treatment temperature can be considered as the reasons for
the hardness reduction after increasing the treatment temper-
ature.

3.3 Electrochemical Properties

Figure 5 and Table 1 present the results of potentiodynamic
polarization test of samples nitrocarburized at different tem-
peratures as well as the untreated sample. The results show that
with an increase of treatment temperature from 520 to 545 �C,
corrosion potential increases, whereas corrosion current density
decreases. However, with the more increase of treatment
temperature to 570 and 620 �C, corrosion potential reduces and
corrosion current density rises. Nevertheless, the lowest
corrosion current density was observed in the sample treated
at 545 �C. Figure 6 shows the optical micrograph from cross
section of the sample treated at 620 �C after the polarization
test. From the micrograph, it can be seen that there are some
corrosion pits in the upper part of the compound layer which
provide a direct path for the corrosive medium penetration
through the compound layer to the columnar pattern structure
inner layer. More detail information was given in our previous
article (Ref 15).

The potential difference of a phase or material, which is
used as a coating with respect to the substrate, defines the
ability of the coating to protect the substrate material against
electrochemical corrosion. Carbonitrides such as c¢ (Fe4N,C)
and e (Fe2-3N,C) are noble phases and are positive with respect
to steel in electrochemical series (Ref 16, 17). Hence, they
provide mechanical protection while they remain intact (Ref
16). Therefore, after plasma nitrocarburizing, the corrosion
resistance increases due to the formation of iron carbonitride
phases on the surface.

As iron nitrides are noble phases, the denser the nitrides, the
better the protective quality (Ref 17). Thus, increase in Ecorr

with increasing in nitrocarburizing temperature from 520 to
545 �C is attributed to the thicker compound layer and higher
amount of carbonitride formed at 545 �C with respect to
520 �C, as shown in Fig. 1(a), (b) and 3(b).

Fig. 5 Potentiodynamic polarization curves for untreated and trea-
ted AISI 4140 low alloy steel at different temperatures

Table 1 Polarization test results

Sample code Plasma treatment Temperature, �C Ecorr., V Icorr., A/cm
2 Corrosion rate, mm/year

1 Nitrocarburizing 520 �0.74 1.579 10�6 3.649 10�2

2 545 �0.56 4.5 9 10�7 1.069 10�2

3 570 �0.70 1.4 910�6 3.229 10�2

4 620 �0.8 1.869 10�6 4.31910�2

5 Untreated sample … �0.74 1.959 10�6 4.5379 10�2

Fig. 6 SEM image of cross section of AISI 4140 steel plasma
nitrocarburized at 620 �C after the polarization test
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Defects on the surface such as pores affect the corrosion
resistance of the surface. The oxygen concentration at the
valleys and the tops of the pores is different during the
polarization test. Therefore, the valleys and the tops act as local
anode and cathode, respectively, leading to the formation of pits
(Ref 18). So the pitting corrosion behavior is due to the porous
compound layer. From Fig. 1, it can be seen that the amount of
pores increased with increasing the treatment temperature from
545 to 570 and 620 �C and the most porous compound layer
was related to the sample treated at 620 �C. Figure 6 shows that
the pitting growth begins from pores in the upper layer of the
compound layer. The amount of pits in the sample treated at
620 �C with the higher amount of pores in the compound layer
is more than that of treated sample at 570 �C. Cross-sectional
micrograph for sample treated at 570 �C after polarization test
and detail information were reported previously (Ref 15).

In the other hand, e phase has better corrosion resistance
with respect to the c¢ phase owing to its crystalline structure
and higher nitrogen content (Ref 5). Therefore, the corrosion
resistance improvement of the surface after nitrocarburizing
depends on the type of the phases formed in the compound
layer. The amount of e phase in the compound layer is the most
important parameter for improving the general and localized
corrosion resistance of the treated surface. Furthermore, the
corrosion resistance of the surface increases with increasing the
amount of e phase in the compound layer (Ref 19). It can be
observed from Fig. 3(b) that with the increase in treatment
temperature from 570 to 620 �C the intensity of e phase
decreased and c¢ phase was formed in the compound layer.
Thus, decrease in corrosion resistance with increasing the
treatment temperature from 545 to 570 and 620 �C is probably
due to the pitting corrosion in the porous compound layer
formed at 570 and 620 �C as well as the reduction of e and
formation of c¢ in the compound layer.

4. Conclusions

This research demonstrates that the possibility of c¢ phase
formation and thickness of the compound layer and diffusion
zone increases by increasing the treatment temperature from
520 to 620 �C. In austenitic plasma nitrocarburizing at 620 �C,
a thin austenite zone was formed beneath the compound layer
and the type and the amount of the carbonitride phases varied
from the surface to the bottom part of the compound layer. The
compound layer formed on the treated sample at 545 �C
showed the maximum amount of e phase. In the austenitic-
treated sample at 620 �C, the maximum hardness across the
compound layers was seen in the middle part of the compound
layer which decreased with a sharp reduction in the outer part
of the compound layer. Nitrocarburizing can improve the
corrosion resistance of the surface. Corrosion resistance
improvement is affected by the amount and type of the
carbonitride phases formed in the compound layer and the

compound layer thickness and also the amount of surface
porosity. The effect of type of the carbonitride phase in the
compound layer and the characteristic of the compound layer
surface is more dominant than the effect of compound layer
thickness on the corrosion resistance.
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