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The pulse plasma process is a kind of surface modification technique. In this study, the

microstructure and mechanical properties of pulse plasma-treated AISI 4140 steel were

studied. Four different sample-plasma gun nozzle distances and three different pulses were

chosen for the surface modification at a constant battery capacity of 800 mf.  The samples

were subjected to optical microscope, SEM and EDS analyses, microhardness testing and

X-ray diffraction (XRD) analysis. The columnar and fine grained structures were formed

in  modified layer. New and hard phases were formed on the modified layer. Hence, the

hardness increased five times after pulse plasma treatment. The amount of wear for all

specimens was evaluated by using the reciprocating wear (linear wear test machine) test

with  a 0.15 m/s constant sliding speed under 5, 7, and 9 N loads along a 200 m sliding dis-

tance. A WC  ball (with 6 mm diameter) was used in this test. The friction coefficient and

wear rate were changed in accordance with the applied load. The friction coefficient values

decreased and the wear resistance increased in the surface-modified specimens compared

to  the non-modified ones. The wear rate and the friction coefficient were changed with the

wear  debris and load. The debris was increased by the resistance to wear of surface. The worn

surfaces of the specimens were studied by using atomic force microscopy (AFM), scanning

electron microscopy (SEM) and electron dispersive spectroscopy (EDS). The abrasive wear
was  shown on worn surface.
©  2019 The Author. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1.  Introduction

The microstructure of tool steels and their surface properties

can be modified with different surface treatment processes by
pulsed laser, ion or plasma beams [1–6]. As one of the surface
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modification techniques, the pulse plasma process is widely
used to improve the surface properties of tool steels. [4–7].

The pulse plasma system consists of; the elasto-plastic
deformation, impact by sound and the pulsed magnetic field,
heat, electric-pulse treatment, deformation of the metals and
alloys during the operation. A jet having energy density is

formed via the detonation combustion of fuel gas mixtures.
Superposition of an electromagnetic field onto a detonation
wave  transforms the latter into a plasma pulse due to the pres-
ence of extra energy present [4]. The surface layer of the target
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Fig. 1 – Schematic presentation of the pulsed-plasma
modification system: 1-detonation chamber, 2-central
electrode, anode, 3-conical electrode, cathode,
4-interelectrode gap, 5-consumable electrode, 6-power
supply, 7-gap between the electrodes, 8-pulsed plasma
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Table 1 – Chemical composition of 4140 steel used for
pulse plasma surface modification.

%W C Si Mn P S Cr Mo

AISI 4140 0.40 0.30 0.70 0.035 0.035 0.98 0.27

Table 2 – Sample codes and the pulse plasma
parameters of the specimens.

Sample no Nozzle-sample spacing (mm) Number of pulse

1 70 15
2 70 10
3 70 5
4 80 15
5 80 10
6 80 5
7 60 15
8 60 10
9 60 5
10 50 15
orming, 9-work surface.

xpose to a rapid melt and solidification with heating and cool-
ng rates typically in the range of 107–1010 K/s. After the pulse
lasma process, the surface layer can have high anti-friction
roperties and wear resistance. The pulse plasma has no size

imitation or residual stress problems, and thus, it is a suit-
ble surface modification technique to treat complex-shaped
ndustrial components [1–4,6]. Compared to laser treatment,
lectron beam treatment and conventional ion implantation,
ulse plasma treatment has high energy conversion and pro-
essing efficiency and facile processing [6–8].

In this work, the substrate was chosen as AISI 4140. AISI
140 steel, which is easily obtainable and extensively used for
ndustrial surface modification applications, was studied to
etermine the effects of pulse plasma treatment parameters
n the structure. The chromium–molybdenum alloy steels are
nown to be widely used in the structural, automotive and
as industries due to their superior hardenability and high
trength [7,8]. In addition, the effects of the pulse plasma
arameters on the reciprocating sliding wear properties and
he related wear mechanisms were investigated.

.  Experimental  procedure

.1.  Pulse  plasma  treatment

he pulse plasma system is shown in Fig. 1. The plasmatron
onsists of a detonation chamber where the fuel gas mixture
s occured and its detonation combustion is initiated, a central
lectrode-anode, a conical electrode-cathode, inter-electrode
ap (4), a consumable electrode (5) and a power supply (6).

The cyclic thermal effect with a frequency of 3−5 Hz leads

eriodic heating of the surface up to a melting point, which
lters the phase state of the metal layer and accelerates the
ransfer of alloying elements. Multiple heating and cooling of
11 50 10
12 50 5

the surface layer with high temperature gradients cause to
periodic changes in stresses and strains in this layer, which
leads to substantial changes in the structural state of a metal
alloy. Plasma-detonation treatment is participated by a pulsed
mechanical pressure of the high-velocity plasma jet. The
energy (up to 4 kJ) of free gas-dynamic shocks is determined
by mass and velocity of the plasma jet. Mechanical effect is
considered to be an efficient means on the acceleration of
chemical and mass-exchange processes occurring in a solid
body. It activates oscillation processes in a metal alloy, excites
long-wave acoustic phonons, thus accelerating cooling and
crystallisation, and intensifies mass transfer of alloying ele-
ments in the heated layer [1].

The work piece surfaces of the samples were subjected to
detonation process accompanied under a plasma atmosphere
containing alloying elements dissolved from the metal elec-
trode rod in interaction with the constituents of propane and
nitrogen gases used for the process. The tungsten was chosen
as consumable electrode in this work. This process provided
the workpiece surfaces with alloying of plasma components
and hardening of surfaces [1,4,7,8].

Because it is cost effective and commonly used in indus-
trial applications, AISI 4140 steel was selected as the substrate
material. The chemical composition of the AISI 4140 steel
was given in Table 1. The diameter of the cylindrical sam-
ples was 22 mm,  and their thickness was10 mm.  They were
machined by a CNC lathe. The machined samples were not
subjected to any treatment prior to the pulse plasma. The pro-
cess parameters that were applied to the machined samples
were presented in Table 2 with their sample codes.

2.2.  Surface  characterization

After the pulse plasma surface modification, the cylindrical
specimens were cut in to cross-sections to measure the case

depth. The specimens were grinded by 120, 240, 320, 400, 600,
800, 1000, 2400 and 4000 mesh emery papers. Then, the sam-
ples were polished with 3 �m diamond paste and etched by
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Fig. 2 – Micrograph cross-section of modified AISI 4140

steel samples (distance 40 mm,  10 pulse).

using 3 wt.  % nital solution; then the microstructures were
observed by means of an optical microscope, SEM and EDS
(JEOL-JSM 6060 L V). The structures of pulse plasma-treated
samples were investigated by X-ray diffraction (XRD) by a
Rigaku D/MAX/2200/PC model device with Cu-K� radiation
(� = 0.154056 nm).

The cross-sectional hardness values of the specimens were
measured at a spacing of 10 �m from the modified surface at

5 g loads for a dwell time of 15 s (Leica VMHT device). Three sets
of cross-sectional microhardness measurements were carried
out for each sample.

Fig. 3 – SEM micrograph of (a) sample 11 (50 mm
2 0 2 0;9(2):2176–2185

2.3.  Wear  tests

Wear and friction tests were performed in a linear wear test
machine named CSM tribometer. The tests were carried out at
ambient temperature (28 ◦C ± 3 ◦C) under a controlled humid-
ity that was between 40 and 50 % under dry sliding conditions.
The sliding distance (way) is 12 mm on wear surface. The recip-
rocating sliding mode was calculated with a 0.15 m/s  constant
sliding speed under 5, 7 and 9 N loads in a 200 m sliding dis-
tance. Each of the tests was repeated at least three times to
ensure the accuracy of the obtained wear and friction val-
ues A spherical counter-part was oscillating under the load
against the modified steel sample. A WC  ball with a 6 mm
diameter was utilized as the counter-part. The friction force
was continuously recorded by the sensors at the test block so
that the coefficient of friction could be calculated with respect
to normal force. The results shown here were selected from
numerous tests performed at different samples. The friction
coefficient and the wear rate varied as a function of load. The
system enables measuring friction coefficient and time depen-
dent depth profiles by using sensitive transducers. The depth
transducer was located vertically on top of the sample.

After the wear test, the worn surfaces were characterized
by SEM, EDS and AFM analysis. The calculations of the wear
rate were performed by using a Perthometer MAHR surface
roughness apparatus after the wear test. The amount of wear
on the surface after each test was calculated by measuring

the wear width, depth and the amount of surface roughness
by using a surface profilometer and low magnification optical
micrographs.

–10 pulse), (b) sample 7 (60 mm–15 pulse).
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Fig. 4 – XRD results of (a) untreated sample, (b) sample 1, sample 2 and sample 3 (70 mm distance, 15-10-5 pulse number),
( -5 pulse number).
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Fig. 5 – Relationship between pulse plasma parameters and
c) sample 4, sample 5 and sample 6 (80 mm distance, 15-10

.  Results  and  discussions

ig. 2 shows the optical micrograph of modified sample. As
xpected, for classical surface modification treatments, a sur-
ace layer was composed of an external compound layer with
n underlying diffusion layer [9–13].

The compound layer, the diffusion layer and the substrate
ere easily observed due to the contrast in colour. Nitrogen

hat was diffused into the steel surface was combined with
n alloying element along the electrode to form fine dispersed
itrides. As a result, a thin iron nitride layer, which composes
f nitride phases that is mentioned to the white layer due to
he lack of etchant, was produced on the surface [16]. There
ere high concentration of nitrogen ions and the presence
f weighty non- ionized nitrogen molecules (compound layer)

11]. The compound layer has a porous structure. These find-
ngs are similar to the experimental results reported by Sirin
t al. [10]. Stahli and Sturzenegger investigated the formation
f a thin modified layer of a new structure and same results
ere observed [12].

Depending on the nitrogen concentration in the gas mix-
ure utilized during pulse plasma process, the compound layer

ay be constituted by �-Fe2–3 N or �Fe-Fe4N phases or a mix-
ure of both.
Fig. 3(a and b) shows SEM micrograph of sample 11
50 mm–10 pulse) and sample 7 (60 mm–15 pulse). In these fig-
res, plastic deformation presents in the modified surface
microhardness.

layer, where the microstructural morphology differs from the
matrix. Existence of a very fine microstructure was associ-
ated with the plastic deformation, which was believed to
occur because of the repeated heating and cooling due to
the increasing number of pulses. The deformation of metallic
materials can enhance the nitrogen diffusion into iron, leading

to a decreased grain size and dislocation density [16].

The thickness of the modified layers was changed as a func-
tion of the different process parameters. When the number
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Fig. 6 – The relationship between the wear rate and applied
load for modified samples for 5 pulse.

Fig. 7 – The relationship between the wear rate and applied

Fig. 8 – The friction coefficient values for different load,

whereas the lowest microhardness value was measured as 700
load for modified samples for 15 pulse.

of pulses was increased, the compound and diffusion layer
thicknesses were also increased shown in Fig. 3(a and b) [11].
This effect is due to the high temperature of the surface dur-
ing the plasma treatment which results in the melting surface
layer and the subsequent liquid phase mixing of the ionized
gases, which were deposited earlier, with the substrate mate-
rial [12,15]. Thus, an increase in the pulse number results in
a deeper penetration of tungsten and nitrogen into the bulk,
and tungsten and nitrogen-rich layers are produced on the
steel surface. Yang Li et al. [9] also reported the same findings
for 4140 steel.

Additionally, the nozzle-sample spacing is another impor-
tant parameter. Increasing the nozzle distance resulted in a
decrease in thickness of the modification layer due to the pro-
jectile effect of the plasma. Another reason for this decrease
is that the ionized gases that were exhausted from the noz-
zle could not reach the surface of the specimen clearly and
homogeneously. When the nozzle-sample distance decreases,
the surface is overheated. The fused areas can be seen on

the surface in this case. These results are in agreement with
the literature as [10,14] Tyurin and friends reported the same
results [8].
nozzle spacing and pulse numbers.

This process was also applied to M2  steel surface [20]. The
M2 steel (high speed steel) is high alloy steel. However, the
same morphology was observed in both steels [20]. These
works show that, the pulse plasma process can be applied to
the steels whose carbon content is higher than 0.4 wt.  % C.
High amounts of alloying elements in steel are not necessary
for this process.

Fig. 4 shows the X-ray diffraction profiles of the untreated
sample and the samples modified by the pulse plasma. Sam-
ples 1, 2 and 3 were treated in 70 mm spacing with 15, 10, 5
pulses, respectively; samples 4, 5 and 6 were treated in 80 mm
spacing with 15, 10, 5 pulses, respectively. The samples con-
tained strong diffraction peaks for the �-Fe phase, as well as
weak diffraction peaks for �-Fe, Fe2-3N (hcp), W3O and FeN
[16,20]. The nitride and tungsten-rich phases can be formed
during short pulse heating, the interaction of the phases have
introduced impurities, and further rapid cooling [9–11]. Addi-
tionally, the intensity of diffraction peaks decreased compared
to the untreated specimen, which suggests that the grains
of the pulse plasma-treated specimen were refined and the
mean lattice microstrain was increased. The amount of tung-
sten oxide phase increases with decreasing the nozzle-sample
spacing as observed in sample 1. Li et al. suggested that the
Fe2-3N and FeN nitride phases increased due to the increasing
pulse number [13].

The XRD pattern of the treated specimen shows that the
full width at half maximum (FWHM) of the diffraction peak
was broadened. It has been well known that the FWHM broad-
ening occurs as a result of decreased grain size [21–23]. The
residual stress occurs after rapid pulse-treatment. The com-
pressive residual stress on the surface lead to a broadening of
the diffraction peaks [21].

Fig. 5 displays the microhardness values of the samples as
a function of different parameters. The highest surface micro-
hardness value of the modified AISI 4140 steel was measured
as 950 HV0.05 at a 15 cycle pulse and 50 mm nozzle spacing,
HV0.05 at 5-cycle pulse and 80 mm nozzle spacing. The hard-
ness increased 5 times with respect to original, untreated base
metal that was measured as 180 HV.
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Fig. 9 – SEM analyses of samples after wear testing (a), untreatment sample, (b) wear track of sample 2 for 5 N, (c) sample 2
f

c
i
m
l
t
w
a
u
T
i

i

�

W
r
t
A
i
t
c
u
c
i

or 7N.

The hardness gradually decreases due to the alloy con-
entration near the core, resulting in a diffused case–core
nterface. The fast cooling and solidification of surface melting

aterial could produce very fine microstructure. The surface
ayer consisted of nano-crystalline grains and a plastic layer
hat was severely deformed, which is composed of sub-grains
ith many  defects, such as dislocations and grain bound-

ries that can be formed in the pulse plasma method. The
ltra-fine grains are one of the reasons for surface hardening.
he microstructure of modified surface will become finer with

ncreasing number of pulses [11].
The relationship between a material’s micro-hardness and

ts grain size can be explained by the Hall–Petch formula;

y = �0 +ky/
√

d

here �y is the yield strength of material which can usually be
eplaced by micro-hardness (HV), �0 is the lattice friction resis-
ance, ky is a constant, and d is the average grain diameter.
ccording to this equation, the micro-hardness of a material

s inversely proportional to its average grain size. In addition,
he nanostructured surface layer of the AISI 4140 steel signifi-

antly promotes the diffusion of gases when many  pulses are
sed, resulting in the formation of new hard phases [24]. We
an safely propose that the hard phases and new structure
mproved the surface hardness [25–27].
The pulse plasma process can be applied to different steel
groups [28]. Not only the 4140 steel but also M2  steel hardness
values were increased after the pulse plasma treatment. The
hardness values of high speed steel (i.e.M2) was increased 4
times [20]. This property is very important to steel industries.

During the modification process, the rapid heating and
cooling generates small grains resulting in better wear resis-
tance [13,14]. The hard compound layer could significantly
increase the wear resistance of the plasma-modified 4140 steel
compared to the untreated zone [28–30]. The cracks are always
initiated from the contact surfaces for both untreated and
pulse-plasma treated samples. The occurrence of compound
layer affects the crack initiation and the columnar structure
occurred in diffusion zone retards the crack the propagation
on surface [13]. Therefore, the compound layer on the surface
should have a significant influence on the surface wear behav-
ior. In traditional nitriding process, the compound layer can
be brittle. In pulse plasma treatment, the surface becomes
much more  ductile than traditionally nitrided surface [13],
due to the sputtering effect during the pulse plasma pro-
cess. The compound layer has a certain degree of ductility
despite its high hardness. This will bring additional benefits
to the modified compound layer with respect to wear protec-

tion. However, Gualtieri et al. used the Hall–Petch equation
[19], and they found that the relationship between the grain
size reduction and hardness increment obeys the Hall–Petch
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Fig. 10 – SEM and EDS results of after wear test (a) sample 3 (at 5 N load), (b) sample 3 (at 9 N load), (c) sample 7 (at 5 N load),
(d) sample 7 (at 9 N load).

face 
Fig. 11 – The AFM results of wear sur

behavior [13,14]. With a reduction in grain size, the dislocation
activity becomes limited, preventing crack propagation and
grain boundary sliding occurs (i.e Hall–Petch effect). Also, the
presence of nitrogen and tungsten based phases can explain
the improvement in tribological properties [24,27,28]. Because
of the high nitrogen concentration in iron lattice, the signif-
icant compressive stresses occurred which has an important
role in hardness increment and improves the wear resistance

[6–15]. C.X. li et al. and Guan et al. indicated that the nitrogen
based phases improved the wear properties of surface, sharply
[12–16].
sample 3 for (a) 5 N load, (b) 9 N load.

The parameters of pulse plasma affected the grain size and
columnar structure. In the maintime, the increase in energy
density and the number of pulses led to lower surface rough-
ness [14]. The smaller the ratio of temperature gradient (G)
to crystallization rate (R), the greater probability of fine crys-
talline structure formation, while a larger G/R ratio promotes
the formation of columnar crystal structures. The columnar
structure contributes to mechanical properties. Especially, this

structure can be prevents crack propagation.

After pulse plasma treatment, the modified surface layer
provided a better performance by untreatment surface. The
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Fig. 12 – AFM results of wear surfac

odified layers have been used to improve the tribological
ehaviour [13–15]. The effect of the nozzle distance (mm)  on
ear rate (mm3/n.m) for five pulses was displayed in Fig. 6.
hen the nozzle increases, the wear rate increases for 5

ulses. In Fig. 7, the wear rate changes with nozzle spacing
hen 15 pulses were used.

The wear rate decreased from 2.1 × 10−7 to
 × 10−7 mm3/n.m after surface modification treatment.
he similar ratios were calculated by Ozbek et al. [15] and
uana et al. [16]. Formation of higher amount of cracks
auses fine wear debris because of small sized delamination
ayers formed by crack propagation, breakage and adhesion
f the wear debris. The columnar structure improve the wear
roperties. Especially, this structure can be prevented crack
ropagation [17–24].

The optimum wear rate was observed in 60 mm distances.
he wear rate was changed with load and pulse number. When

he load was increased, the wear rate also was increased
15]. The largest wear rates were obtained under 9 N loads
or all samples. The wear resistance of the modified surface
ncreased when the number of pulses was increased. The com-
ound layers were quite easy to be brittle after pulse plasma
rocess. One possible solution was to enhance the number of
ulses on the surface. When the number of pulses increased
he wear properties of surface was improved due to high
nergy and alloy elements (nitride and tungsten) [10,23,25].

There fast heating and melting procedures, where the
issolution of precipitation hardening particles and interdif-
usion with the encircled material will be greatly promoted.
he local concentration of alloying elements can be destroyed
ffectively in the modification layer. Due to the short duration
f pulse plasma effect of modification layer, the high-
emperature surface layer undergoes superfast solidification
nd cooling processes. Thus, the homogenous distribution
nd super-saturated dissolution of alloying elements can be
etained along with the formation of remelted layer oriented
referentially along direction.

With the increasing pulses the microstructure in depth of
everal micrometers was refined [26]. In the process of cooling,
he rate of temperature change can be reached to 108 K/s. On

ne hand, this kind of extreme processing promoted precip-

tation of a great number of small size grain and amorphous
itride alloys [12–17] with high brittleness there was the ther-
al  stress concentrated on modified surface. These factors
mple 5 for (a) 5 N load, (b) 9 N load.

were affected the wear properties. The wear properties were
improved the surface properties. The pulse number was pos-
itively affected [18–20].

The coefficients of friction obtained from the wear tests
for the samples under 5, 7 and 9 N were shown in Fig. 8. The
friction coefficient of the untreated sample was 0.49. The coef-
ficient of friction for the untreated sample kept increasing
during the first 2−3 h and then became relatively stable at
a high value. However, the friction coefficients of the modi-
fied samples only changed merely between 0.12 and 0.19. The
distance affected the friction coefficient. As shown in Fig. 8,
there is primarily a separate low friction coefficient window,
which began at the 70 mm nozzle distance and extended to the
50 mm distance. As decreasing the nozzle distance to 50 mm
resulted in an increased hardness and an increased wear resis-
tance, the shear forces decreased and caused to low friction
coefficient. One interesting result is that for the 70 mm nozzle
distance under all of the applied load conditions, the friction
coefficient is low.

Despite of the increased hardness for the 50 mm nozzle
distance, the friction coefficient only slightly increased under
low load (5 N) conditions. This is believed to be related to
the wear mechanisms and the microcrack formation, and
the related abrasive mechanism is responsible for the higher
friction coefficient. Under the increased load conditions, the
surface temperature rises and leads to more  oxidation, which
is beneficial in decreasing the friction coefficient.

Qualitative assessment of the wear scars was carried out
using SEM. Fig. 12 shows a plan view secondary-electron
(SE) micrograph. The analysis has shown the presence of
the compound layer because of its compact and closely
packed hexagonal structure and higher nitrogen content. The
presence of a compound layer that has very good friction
characteristics produced even lower friction coefficients. This
result is in agreement with Fattah’s study [30]. The compound
layer provides the tribological characteristics, while the dif-
fusion zone determines the strength of the modified layer.
The Fig. 9(a) shows the worn surface of untreated sample. The
worn surfaces exhibited a seizure of the wear debris on the
sliding surface and the subsequent plastic deformation hard-

ening, as evidenced by the micro-cracks on the surface. The
abrasive wear occurred on the worn surfaces and was asso-
ciated with various grooves. Thus, micro-cutting is the main
wear mechanism in these samples [25].



 o l . 
2184  j m a t e r r e s t e c h n

It is also possible to serve the formation of fine wear parti-
cles, in the shape of platelets that developed in the surface of
the diffusion layer. The repeated loading action by the harder
asperities and/or wear debris on the softer surface induces
plastic deformation, which increases with the progress of wear
test. This behaviour can be explained by the complete or
almost complete destruction of the superficial modified layer.

In addition to these free particles acting as a third body,
there are also hard asperities on the counter-body that cause
abrasion between the two bodies. It is necessary to consider
that the type and configuration used in these tests, that is, the
reciprocating and sphere-plane, contribute to maintain the
wear debris inside the system due to the bidirectional move-
ment and inexistence of centrifugal forces. In this type of test,
the free wear debris is transported forward sand backwards,
and being eliminated from the system in the perpendicular
direction of the sample movement.

The wear tracks of sample 2 were shown in Fig. 9(b and c).
The wear track width is 497 �m under 5 N load, while average
is 580 �m under 7 N loads. The width of wear track increases
with increasing wear load. During the initial period of slid-
ing, the compound layer with a high stress fractured and then
transformed the abrasive particles. After removal of the com-
pound layer, the wear track exhibited plastic deformation and
deep grooves. The widespreading wear mechanism combines
the adhesive wear and abrasiveness, which was found for all of
the pulse plasma-treated specimens. However, the presence of
a compound layer causes the appearance of a more  abrasion-
wear component as the compound layer breaks down during
sliding and becomes hard [28].

Fig. 10 shows the SEM-EDS morphologies of the worn
surfaces for sample 3 (Fig.10a,b) and sample 7 (Fig.10c,d)
demonstrating the different wear mechanisms under both
5 N and 9 N loads. The EDS results show oxygen rich areas,
which suggests oxidative wear on the modified surfaces.
When load increases, the characterization of wear mecha-
nism has changed and severe wear rate intensity is seen as in
Fig. 10(b and d). The worn surfaces exhibited a seizure of the
wear debris on the sliding surface and the subsequent abrasive
deformation is evidenced by the micro-cracks on the surface.
The nitrides phases on surface was affected to characteriza-
tion of wear. The brittle layer was formed delamination zone
[16]. Cracks, wear debris and surface layer delamination were
observed at the modified surface. Parallel groves in the direc-
tion of the intended displacement were formed at the worn
area [25–28,31].

Fig. 11(a and b) display the AFM results of the surface for
sample 3 after wear test. The surface morphology is usu-
ally flat and compact; the structural defects include small
holes or caves. The abrasive wear was formed on the sur-
face. Surface ruptures formed during the wear test on the
surface, and trenches formed due to material removal as well
as wear debris near the 2000 nm × 20 nm area. The regions
where higher asperities occurred were maintained by their
high wear resistance. The wear depth is not high. The surface
topography was well described even when the load increases

[31,32].

The character of the surface layer after the wear test is
clearly visible by AFM analysis. Fig. 12(a and b) show the
specimen-5 also suffered from a combination of adhesive and
2 0 2 0;9(2):2176–2185

abrasive wear with a smoother wear track was gained. The dif-
ference of elevation on surfaces can be seen easily, while the
load changes. The height of yellow colour area is higher than
that of red area. There is cleavage failure between modificated
surface layers due to wear process.

4.  Conclusions

• The microstructure of the surface layer in all plasma-
modified specimens consisted of a compound layer and a
diffusion zone from the surface to inward.

• The rapid heating - cooling and diffusion leading to a
decrease in grain size on the surface.

• The process parameters, such as the nozzle distance and the
number of pulses, were necessary to improve and change
the surface mechanical properties. The thickness of the
modified layer increased with increasing number of pulses
and at the optimum nozzle distance.

• The consumable electrode causes the ionization of Tung-
sten (W)  and Nitrogen (N) atoms where and these ions are
doped into the surface by means of diffusion mechanism.

• The surface modification process for the AISI 4140 steel
produced a surface layer with more  favorable properties.
Tungsten and nitride-rich phases such as Fe2-3N, W3O,
W, FeN and �-Fe were formed; due to the pulse plasma
treatment. The intensity of peak which stands for the
relevant phases was increased with increased number of
pulse

• The hardness value of 4140 steel can be increased up to 4–6
times higher compared to untreated sample in a very short
time (e.g. 1 min.) by means of pulse plasma treatment. The
new hard phases and structure were improved the micro-
hardness value. The increase in pulse number of energy
absorbed by the surface leads to the increase in microhard-
ness value

• The modified layer provided wear and anti-scuffing prop-
erties to the surface. The wear resistance of the modified
surface was approximately 2–3 times greater than unmodi-
fied surface due to the change in the modified surface. The
hard phases and structure play a key role in improving the
wear resistance by increasing the surface properties.

• The friction coefficients were decreased after the pulse
plasma treatment.

• The values of wear resistance and friction coefficients are
changed with process parameters.

• The process parameters affected the wear properties such
as number of pulse and distance.

• When the increase the number of pulse increased, the wear
rate was decreased.

• Wear rate and coefficient of friction were decreased while
the nozzle distance decreased

• Abrasive and adhesive wear were occurred on surface.
There were small cracks on surface after wear test.
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