
Influence of plasma nitriding on dry wear, corrosion
and tribocorrosion performance of 17-4 precipitation
hardening stainless steel

Auswirkungen des Plasmanitrierens von 17-4
ausscheidungsgehärteten Edelstahls auf Verschleiß, Korrosion
und Tribokorrosionsverhalten
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Plasma nitriding treatment of 17-4 precipitation hardening stainless steels was car-
ried out at 400 °C and 450 °C using a direct current unit. The nitriding layer thick-
nesses of the plasma nitrided at 400 °C and 450 °C were measured as 37.29 μm
and 49.97 μm, respectively. The plasma nitrided sample at 400 °C presented dom-
inant martensite and retained austenite phases; however, the height of main mar-
tensite diffraction peaks increased at 450 °C. The hardness results demonstrated
that the samples at 400 °C and 450 °C were 2.9 and 3.1 times as hard as the un-
treated sample, respectively. The wear rate values of the sample at 450 °C
showed a decrease by 19 % in the corrosive salt solution and 57 % in the dry-
sliding condition compared with that of untreated sample. The corrosion potential
of the sample at 400 °C had more positive potential value and lower current den-
sity value than those of at 450 °C. The corrosion resistance of the sample at
400 °C improved due to the positive effect of the retained austenite phase. In this
study, the wear was more dominant rather than corrosion, therefore plasma ni-
trided sample at 450 °C showed the best dry wear and tribocorrosion resistance.
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1 Introduction

The stainless-steel industry is a vital sector as it is a
part of many different areas including the food,
chemical, health, defense industry, automotive and
marine construction. It also plays a key role in the

manufacturing of power plant components. Al-
though stainless steels are of attractive mechanical
properties and corrosion resistance, their wear re-
sistance and hardness are relatively low. 17-4
(american iron and steel institute 630) is a type of
precipitation hardening stainless containing nearly
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3 % weight copper in its chemical composition.
The precipitations of this copper are spread on to
the matrix to greatly strengthen this steel [1, 2].
The 17-4 precipitation hardening stainless steel is a
low carbon martensitic steel that is used in a wide
range of industries due to high strength, excellent
corrosion resistance, toughness, and good weld-
ability [3]. 17-4 precipitation hardening stainless
steel has been utilized in various areas of manu-
facturing including nuclear reactor components, air-
craft fittings, chemical plants, gears, fasteners, in
the petroleum chemical industry, compressor im-
peller, and oilfield components. However, low
hardness and weak tribological properties of the 17-
4 precipitation hardening stainless steel limits its
areas of use [4–5]. The machine parts used func-
tionally are subjected to many different forces
while performing their function. There are many
surface treatments applied to materials so that they
can operate longer and their characteristics can be
improved. The plasma nitriding process is a ther-
mochemical surface hardening treatment that could
improve the corrosion resistance, surface hardness,
and wear properties of the samples. Plasma nitrid-
ing treatment is carried out at a temperature within
the range of 350 °C to 590 °C by using gases such
as ammonia, nitrogen, hydrogen, and argon. There
are many different factors that affect the plasma ni-
triding process. The pressure, high voltage, and gas
mixtures are crucial. In addition to these factors,
the temperature and treatment time act on the prop-
erties of the nitrided part [6]. The reactions occur-
ring during the plasma nitriding process are given
below [7].

FeþN ¼ FeN

2FeN! Fe2NþN

3Fe2N! 2Fe3NþN ðe-phaseÞ

4Fe3N! 3Fe4NþN ðg0-phaseÞ

Fe4N! 4FeþN

For example, it was reported that the plasma ni-
triding process improved wear resistance, hardness
properties and pitting corrosion resistance of 17-4
precipitation hardening stainless steel [2, 8]. Sur-
face properties and the transformations at the mi-

crostructure level played an important role in the
decrease of wear rate of the 17-4 stainless steel
samples after direct current plasma nitriding treat-
ment at the temperature ranging from 350 °C to
480 °C for 4 hours [4]. The wear, corrosion and
corrosion-wear behavior of plasma nitrided 17-4
precipitation hardening stainless steel was studied
at the temperature ranging from 350 °C to 500 °C
for 10 hours. It was also reported that the hardness,
wear, corrosion and corrosion-wear behaviors of
samples were dependent on the process conditions.
Proper treatment conditions were found to improve
the wear, corrosion, and corrosion-wear behaviors
of the sample surface properties [9]. The structure
and properties of american iron and steel institute
304 L steel after plasma nitriding at the temper-
atures ranging from 375 °C to 475 °C were inves-
tigated, and it was published that the plasma nitrid-
ing treatment resulted in a significant decrease in
wear rate compared to untreated materials [10]. The
wear resistance of american iron and steel institute
5140 steel were improved by means of plasma ni-
triding process parameters. The samples had max-
imum surface hardness and the best wear resist-
ance. Therefore, it was suggested that the formation
of a thin white layer and thick-high-hardness dif-
fusion layer reduced wear loss of the material [11].
The wear and corrosion behaviors of plasma ni-
trided F53 super duplex stainless steel samples at
the temperature of 350 °C–570 °C for 2 hours were
studied. It was reported that the creation of differ-
ent types of nitrides altered the hardness, wear and
corrosion behaviour of the material [12]. The ef-
fects of low temperature plasma nitriding on the
corrosion behavior and tribological properties of
american iron and steel institute 420 stainless steel
were investigated. The experimental studies were
carried out with direct current-pulsed plasma nitrid-
ing unit in (1/3) 25 % nitrogen+75 % hydrogen
gas environment at 350 °C, 450 °C, 550 °C for
15 hours. It was further reported that the enhance-
ment tribological properties of plasma nitrided 420
steels were obtained with the combination of good
surface hardness, high compressive residual stress
and the microstructure of the nitrided layer [13].
The tribological properties of plasma nitrided 316
stainless steel samples at the temperatures between
450 °C and 550 C° with a gas composition of 25 %
nitrogen+75 % hydrogen for 5 hours under pres-
sure of 500 Pa were researched. It was reported that
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the wear resistance and tribological properties of
the plasma nitrided material changed with different
types of phases and nitrided layer thickness and de-
pended on the counterface material, the test param-
eters and treatment temperature values [14]. The
plasma nitriding process was used to investigate
wear resistance of a medical cast cobalt chrome
molybdenum alloys. The treatment was carried out
at different temperatures under a constant pressure
of 500 Pa in a pure ammonia gas for 9 hours. The
plasma nitriding process demonstrated positive ef-
fects on the wear behaviour. Eventually, good sur-
face properties can be achieved with proper micro-
structure and a harder and thicker surface. Formed
phases, microstructures, microhardness and dis-
tribution of microhardness of treated layers were
discussed for all the samples [15]. Phase and mi-
crostructure of plasma nitrided 17-4 stainless steel
were studied. Plasma nitriding treatment was car-
ried out at the temperature between 350 °C–500 °C
for 10 h to 30 h under a constant pressure of 500 Pa
in a gas blend of 25 % nitrogen+75 % hydrogen.
The results showed that the microstructures and the
phases of the plasma nitrided layers were highly
dependant on plasma nitriding time and temper-
ature [16]. This study is original in terms of two
different dry wear tests and tribocorrosion tests on
treated samples. The goal of this paper was to re-
search and analyse the hardness, microstructure
properties, dry wear, corrosion, and tribocorrosion
behaviors of the plasma nitrided 17-4 precipitation
hardening martensitic stainless steel under different
plasma nitriding temperature conditions.

2 Material and method

2.1 Material and treatments

17-4 precipitation hardening martensitic stainless
steel was chosen for experimental material in this
study. The chemical composition of 17-4 precip-
itation hardening martensitic stainless steel was
given, Table 1. The samples with a diameter of

25 mm and a height of 1 mm were used in this
work. The planar faces were emeried with sand pa-
per with the number of 180, 400, 600, 800, 1000.
After grinding, these faces were polished by using
1 μm and 0.3 μm alumina paste for having smooth
surfaces. A series of the experiment was carried out
on 17-4 precipitation hardening stainless steel at the
temperatures of 400 °C–450 °C using direct current
plasma nitriding treatment modul in a 75 % nitro-
gen+25 % hydrogen gas mixture at the pressure of
200 Pa for 12 hours [7].

2.2 Characterization

X-ray diffraction measurements were done by an x-
ray diffractometer (PAN analytical, Empyrean) us-
ing a continuous scan mode to collect 2θ° from 10°
to 90° (with a step size of 0.1°). Hardness values
were obtained on the surface of untreated sample
and the cross section of the plasma nitrided sam-
ples. Statical calculations were made and average
hardness values were used. For obtaining the mi-
crostructure images, the untreated sample and plas-
ma nitrided samples were polished using metallo-
graphic methods. Samples were etched for 60
seconds using a solution of hydrochloric acid
(40 %)+nitric acid (20 %)+water (40 %). With
the help of the Nikon LE150 optical microscope,
the microstructures and the treated layer’s surface
morphologies were photographed at 200X and
500X magnifications. It was applied two different
dry wear test for comperating the tribological prop-
erties. The literature was described different ap-
proaches for determining the friction properties
[17]. The dry sliding tribological tests were per-
formed at 13 rpm and 4 rpm. The dry sliding wear
tests of the samples were measured using a ball-on-
disc tribometer at a friction velocity 15 mm/s and
5 mm/s. A normal operating load of 1 kg and
0.7 kg was selected. Trace diameter was chosen
22 mm. Sampling frequency was 4 seconds. Tung-
sten carbide ball used as a counterface material.
Wear loss was evaluated by the help of an ana-

Table 1. Chemical composition of 17-4 precipitation hardening stainless steel.

17-4 steel C Cr Ni Cu Si Mn Nb P S Mo Ta

Composition (%) 0.021 15.72 4.73 3.28 0.31 0.71 0.30 0.02 0.001 0.16 0.004
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lytical balance. The other dry wear tests were car-
ried out on the samples using a reciprocating trib-
ometer. An alumina ball with a diameter of 10 mm
was used as counterpart. The wear tests were car-
ried out at room temperature (24.5 °C), and at a rel-
ative humidity between 46 % and 54 % for all sam-
ples. All the tests were performed under a constant
load of 0.5 kg (5 N) at a sliding velocity of
19 mm/s,< while sliding distance was 50 m. The
alumina counterface surfaces were examined under
an optical microscope and worn surface morpholo-
gies of samples were observed by using a Carl
Zeiss AG, SUPRA 40 model field emission scan-
ning electron microscopes. The friction coefficient
was recorded using a computer during the wear
test. The wear was calculated by analysing depth
and width of wear scars developing on sample sur-
faces with the help of a contact stylus profilometer
(SJ400). The electrochemical measurements were
tested in 0.9 wt.% sodium chloride solution at room
temperature via a Gamry model PCI4/750 potentio-
stat/galvanostat controlled by a computer with di-
rect current 105 corrosion analysis software. Po-
tentiodynamic polarization measurements were
carried out with a potential scanning rate 1 mVs� 1

from catholic to anodic, starting from � 1 V up to
+1 V. The corrosion potential (Ecorr) and corrosion
current density (icorr) were determined using the Ta-
fel extrapolation method. The tribocorrosion tests
of the untreated sample and plasma nitrided sam-
ples were made in a triboelectrochemical cell con-
taining 25 ml of 0.9 wt.% sodium chloride solution
by using a home-made tribometer with linear recip-
rocating system coupled with a three-electrode
electrochemical cell. The tribocorrosion tests ob-
tained in the three steps: (1) stabilisation of the
open circuit potential for at least 10 min; (2) fric-
tion under the open circuit potential for 45 min; (3)
stand by at the open circuit potential after friction
for 10 min. The sliding started in a reciprocating
system with 19 mm/s sliding velocity, normal load
of 5 N and total sliding distance of 50 m. All corro-
sion and tribocorrosion tests were repeated at three
times. Finally, the surface images of the corroded
samples were examined using field emission scan-
ning electron microscope, in order to determine the
morphology of the developed corrosion and tribo-
corrosion.

3 Results and discussion

3.1 Microstructure analysis

The nitriding layer thickness of the plasma nitrided
samples at 400 °C and 450 °C were measured as
37.29 μm and 49.97 μm, respectively. When the
microstructures of the plasma nitrided samples at
400 °C and 450 °C were examined, two different
regions which were diffusion layer and matrix were
observed, Figures 1, 2. It is known that the matrix
had martensite packets and copper atoms precip-
itate in the secondary hardened stainless steel [18,
19]. Generally, after plasma nitriding surface treat-
ment, two layers are obtained to diffusion layer and
white layer. Also, white layer called as compound
layer. The white layer was not observed from opti-
cal microscope images of the plasma nitrided sam-
ples at 400 °C and 450 °C, Figures 1, 2. The only
diffusion layer was observed at a different thick-
ness. Mechanical properties change depending on
hardness, the treated layer’s thickness and the
formed phases. Especially, the mechanical charac-
teristic of the material and its surface behaviour are

Figure 1. Optical microscope images of the plasma nitrided
sample at 400 °C.

Figure 2. Optical microscope images of the plasma nitrided
sample at 450 °C.
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affected by the selected parameters. The structural
properties of the compound layer and the diffusion
layer are the most important factors affecting the
properties of the plasma nitrided material [20]. The
x-ray diffraction analysis results of this study gave
clearer informations about the formed phases than
that of optical microscope images. And it was ex-
plained the effect of these phases on the hardness,
dry wear, corrosion and tribocorrosion properties of
the plasma nitrided samples in other analysis sec-
tions.

3.2 X-ray diffraction analysis

Martensite (α) diffraction peaks were observed in
the untreated sample, Figure 3. 17-4 stainless sam-

ples are generally dominated by martensite (α)
phase peaks [16]. The plasma nitrided sample at
400 °C presented dominant martensite (α) and re-
tained austenite (γ’-Fe4N) phases, Figure 3. Re-
tained austenite (γ‘-Fe4N) has a face centred cubic
organizing of iron atoms, which is widely knew to
as ‘white layer’ because it seem white [9]. The op-
tical microscope image of the plasma nitrided sam-
ple at 400 °C was not observed the white layer due
to the low intensity of the peak of γ‘-Fe4N in the
surface regions, Figure 1. For plasma nitrided sam-
ple at 450 °C, the height of main martensite (α) dif-
fraction peaks increased. The peaks of chromium
nitride (CrN) were not observed in x-ray diffraction
patterns of the plasma nitrided samples at 400 °C
and 450 °C, Figure 3. It was described that can not
be observed sharp Bragg reflection peaks at low-
temperature (�420 °C) and can be characterised by
highly overlapped peaks as so-called ‘amorphous-
like features’ [14]. Highly amorphous chromium
nitride peaks at 460 °C were reported [16]. Sharp
martensite (α) diffraction peaks probably over-
shadowed weak and amorphous chromium nitride
peaks in this study. The crystalline size values of
the martensite peak corresponding to 2θ° =44.50°
and 82.0° peaks decreased in the plasma nitrided
sample at 400 °C in comparison to untreated sam-
ple, Table 2. But they remained the same in the
plasma nitrided sample at 450 °C and untreated
sample. The crystalline size values of the x-ray dif-
fraction peak at 2θ° =64.70°, 64.66° and 64.73°,
corresponding to martensite (α) phase, increased

Figure 3. X-ray diffraction patterns of untreated sample and
plasma nitrided samples.

Table 2. 2θ(°), crystallite size, and micro-strain values of untreated sample and plasma nitrided samples.

Sample 2 θ (°) Crystallite size (Å) Micro-strain (%)

Untreated 44.49 366.44 0.2778

64.70 196.63 0.3663

82.02 265.65 0.2211

400 °C 44.52 271.43 0.3748

47.77 181.56 0.5242

64.66 236.69 0.3045

82.04 220.50 0.2663

450 °C 44.51 366.46 0.2777

64.73 297.84 0.2417

82.06 265.73 0.2209
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with an increase of plasma nitriding temperature.
The micro strain values changed depending on the
increase and decrease in the crystalline size values
inversely proportionally, Table 2.

3.3 Hardness analysis

The Vickers hardness test method was used for un-
treated sample and the plasma nitrided samples at
400 °C and 450 °C hardness measurements. Micro-
hardness depth profile was carried out up to
400 μm from the surface. The average hardness of
untreated sample was obtained 361.71 HV 1 which
was in line with the observations by literature [14].
The hardness of the plasma nitrided samples at
400 °C and 450 °C were 1042.92 HV 0.025 and
1130.08 HV 0.025 at the 10 μm away from the sur-
face, respectively. The plasma nitrided samples at
400 °C showed an abrupt decrease after a distance
of 10 μm up to a distance of 40 μm, but the plasma
nitrided samples at 450 °C showed a more gradual
decrease. The highest hardness value and gradual
microhardness decrease were obtained at the plas-
ma nitrided sample at 450 °C, Figure 4. Plasma ni-
triding treatment was highly improved the surface
hardness compared to untreated sample. The lower
hardness result of the the plasma nitrided sample at
400 °C than the plasma nitrided sample at 450 °C
was due to the retained austenite (γ’-Fe4N) phase
observed at 2θ° =47.77° determined by x-ray dif-
fraction analysis, Figure 3. In addition, the higher
hardness values of the plasma nitrided samples at
400 °C and 450 °C compared to the untreated sam-
ple were due to the increase in the the crystalline
size values of the x-ray diffraction peaks corre-
sponding to martensite (α) phase, Table 2.

3.4 Dry wear test by ball-on-disc tribometer

The wear tests were performed for untreated sam-
ple and the plasma nitrided samples at 400 °C and
450 °C on the dry sliding contidions. Pin-on-disc
wear test applied. The loads were identified as
9.81 N (1 kg) and 6.867 N (0.7 kg) for this wear
test. The Hertzian contact pressure for the load of
1 kg and 0.7 kg was respectively 1.9929 GPa and
1.773 GPa. The weight of all samples were eval-
uated before and after the wear test by the help of
the analytical balance. The maximum wear loss
was obtained by the plasma nitrided sample at
400 °C with 1 kg and a velocity of 15 mm/s, Ta-
ble 3. And also, wear loss of untreated sample and
the plasma nitrided sample at 400 °C were close to
each other. When sliding velocity was high wear
loss was also high. In other words, sliding velocity
was caused to the increase of wear loss. In this
study, the maximum wear loss occured at 1 kg
load, Table 3. The plasma nitrided sample at
450 °C showed minimum wear loss. Plasma nitrid-
ing treatment made a good effect on wear resist-
ance of the plasma nitrided sample at 450 °C.
Scratch and microcracks were formed under the dry
friction condition on untreated sample because of
low surface hardness (361.71 HV 1), Figures 5, 6.
Adhesive wear is a type of plastic deformation
which results in superficial material debris creation.
The friction between to the abrasive ball and the
contact surface of the sample along the dry wear
test produced the wear debris by the way of frac-
ture. Both abrasive and also adhesive wear was oc-
curred on the untreated sample, Figures 5, 6. Thin
scratches were seen in certain regions. It was ob-
served from the wear weight loss of untreated sam-
ple that wear debris increased with the increased of

Figure 4. Microhardness depth profile and results of untreated sample and plasma nitrided samples.
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sliding distance, Table 3. The abrasive particles be-
tween the sample and the counterface ball increased
abrasive wear for the plasma nitrided sample at
400 °C, Figures 7, 8. Because of this reason, de-
formation and wear loss was also high. The plasma
nitrided sample at 400 °C had principally abrasive
wear. Plastic deformation and scratches occurred
and wear loss was also relatively high, Table 3.
When the sliding velocity or sliding distance in-

creased, the deeper starches were observed, Fig-
ures 7, 8. The optical microscope images of the
plasma nitrided sample at 450 °C indicated super-
ficial scratches, Figures 9, 10. The plasma nitrided
sample at 450 °C exhibited the best wear resistance
in comparison to other samples. Wear loss was
quite low in comparison to the plasma nitrided
sample at 400 °C and untreated sample, Table 3.
There were microcracks and scratching on the plas-

Table 3. Sample weights before and after the dry sliding wear test.

Wear loss (g) 15 mm/s 5 mm/s

1 kg 0.7 kg 1 kg 0,7 kg

Untreated sample Initial 48.2801 49.0394 47.6539 49.7877

Final 48.2743 49.0353 47.6526 49.7866

Difference 0.0058 0.0041 0.0013 0.0011

400 °C Initial 50.3878 49.4987 47.3657 48.2801

Final 50.3816 49.4932 47.3630 48.2785

Difference 0.0062 0.0055 0.0027 0.0016

450 °C Initial 49.6439 49.1912 48.5508 48.1296

Final 49.6401 49.1880 48.5506 48.1294

Difference 0.0038 0.0032 0.0002 0.0002

Figure 5. Optical microscope images of untreated sample
at the 0.7 kg load, 5 and 15 mm/s sliding velocity by ball-on-
disc tribometer.

Figure 6. Optical microscope images of untreated sample
at the 1 kg load, 5 and 15 mm/s sliding velocity by ball-on-
disc tribometer.

Figure 7. Optical microscope images of the plasma nitrided
sample at 400 °C at the 0.7 kg load, 5 and 15 mm/s sliding
velocity by ball-on-disc tribometer.

Figure 8. Optical microscope images of the plasma nitrided
sample at 400 °C at the 1 kg load, 5 and 15 mm/s sliding ve-
locity by ball-on-disc tribometer.
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ma nitrided sample at 450 °C, but it was minimal in
comparison to the plasma nitrided sample at 400 °C
and untreated sample. Deep scratches were ob-
served with the increasing of sliding velocity and
loading amounts for the plasma nitrided sample at

450 °C. The sliding wear resistance of the nitrided
material was evaluated using a pin-on-disc trib-
ometer sliding against a tungsten carbide ball by
the study [9]. It was observed similiar images with
this study and reported that 17-4 precipitation hard-
ening sample abrasive and adhesive wear tracks as
evidenced by grooves and adhesive craters, re-
spectively. After plasma nitriding, the wear tracks
were shallow, superficial and very smooth on a
macroscale. On a microscale, adhesion and plastic
deformation with deep abrasive grooves were oc-
cured. Untreated sample showed the highest co-
efficient of friction variation in all conditions ex-
cept 0.7 kg load and 5 mm/s condition, Figure 11.
Although it started with a higher friction coefficient
than both nitrided samples at the beginning, it
showed friction behavior below the plasma nitrided
sample at 400 °C in the first 20 meters sliding dis-
tance and also below the plasma nitrided sample at
450 °C in the last 20 meters sliding distance at
0.7 kg load and 5 mm/s condition. In addition, the
plasma nitrided sample at 400 and 450 samples rep-
resented similar friction coefficient changes in the
last 20 meters sliding distance, Figure 11. This re-
sult was due to the absence of abrasive wear tracks
in the optical microscope image of the untreated
sample, and its all-wear surface had adhesive wear
tracks. Abrasive wear tracks were clearly visible at
the plasma nitrided samples at 400 °C and 450 °C,

Figure 9. Optical microscope images of the plasma nitrided
sample at 450 °C at the 0.7 kg load, 5 and 15 mm/s sliding
velocity by ball-on-disc tribometer.

Figure 10. Optical microscope images of the plasma ni-
trided sample at 450 °C at the 1 kg load, 5 and 15 mm/s sli-
ding velocity by ball-on-disc tribometer.

Figure 11. Friction curves of untreated sample and plasma nitrided samples obtained with a ball-on-disc tribometer.
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Figures 7, 9. In other conditions, the plasma ni-
trided sample at 400 °C had the lowest friction co-
efficient variation with more adhesive wear tracks.
In addition, when the sliding speed values were
kept constant, it was determined that the friction
coefficient of nitrided samples decreased with the
increased of load.

3.5 Dry wear test by reciprocating tribometer

The stable friction coefficients of the untreated
sample and the plasma nitrided sample at 400 °C
were found to be similar (1.27�0.2 for the un-
treated sample, 1.29�0.1 for the plasma nitrided
sample at 400 °C), Figure 12. However, the sliding
curves of the untreated sample exhibited larger
fluctuation than the plasma nitrided sample at
400 °C. This large fluctuation in the sliding curves
resulted from the lower surface hardness of the un-
treated sample. The friction coefficient values of
the reciprocating wear test results that performed at
a lower load (0.5 kg) but at a higher speed
(19 mm/s) were compatible with the ball on disc
wear tests results. The friction coefficient value of
the plasma nitrided sample at 450 °C at 0.5 kg and
19 mm/s was 1.12�0.5 but same sample had fric-
tion coefficent values 0.9�0.3 at 0.7 kg at 15 mm/s
and 0.7�0.1 at 1 kg at 15 mm/s, Figures 11, 12.
This result showed that the friction coefficient de-
creased with the increased loading in both wear test
results at almost close sliding velocity. The lowest
friction coefficient value was obtained for the plas-
ma nitrided sample at 450 °C, Figure 12. The plas-

ma nitrided sample at 450 °C had the lowest wear
volume and wear rate than those of samples, Ta-
ble 4. Comparing with untreated sample and the
plasma nitrided sample at 400 °C, the plasma ni-
trided sample at 450 °C possessed both the best
friction-reducing ability and wear resistance. Ac-
cording to the wear rates, it was quantified that
wear resistance of the plasma nitrided sample at
450 °C was 57.44 times higher than that of the un-
treated sample. It was reported that dry-sliding
wear resistance decreases with increasing formation
of chromium nitrides and chromium iron oxide but
was claimed that excellent wear resistance can be
provided with the formation of a small quantity of
chromium iron oxide [15]. In this study, the peaks
of chromium nitride (CrN) were not observed in x-
ray diffraction patterns of the plasma nitrided sam-
ples at 400 °C and 450 °C but as described in the x-
ray diffraction analysis section intense martensite
(α) diffraction peaks probably covered up weak and
amorphous chromium nitride peaks in this study,
Figure 3. Chromium nitride was probably formed at
the plasma nitrided sample at 450 °C. The presence
of retained austenite at the x-ray diffraction pattern
of the plasma nitrided sample at 400 °C could be
shown as the reason of the decrease in wear resist-
ance. Because the expanded (γN) and retained (γ’)
austenite peaks were not available at 450 °C. In this
temperature, the formation of mixed layer of mar-
tensite (α) phase and chromium nitride was fa-
voried in the example (γN!α+CrN) and marten-
site (α) predominated in this mixed layer.
Therefore, the formation of some amount chro-
mium nitride increased the wear resistance at the
plasma nitrided sample at 450 °C.

The wear width of untreated sample and the
plasma nitrided sample at 400 °C got big than that
of the plasma nitrided sample at 450 °C, Figure 13.
From the high magnification images of the un-
treated sample and the plasma nitrided sample at

Figure 12. Friction curves of untreated sample and plasma
nitrided samples obtained with a reciprocating tribometer.

Table 4. Wear volumes and wear rates of samples un-
der dry sliding condition.

Samples Wear volumes (mm3) Wear rates (mm3/Nm)

Untreated 0.1983 3.9×10� 4

400 °C 0.2700 5.4×10� 4

450 °C 0.0834 1.66×10� 4
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400 °C, it can be seen that the severe adhesive wear
by plastic deformation tracks were found dominant.
On the other hand, micro-delamination was evident
in the surface images, because a large number of
fragments of surface were produced during the se-
vere wear process, Figure 13. The wear resistance
of 17-4 precipitation hardening stainless steel was
investigated and reported that the wear mechanisms
of 17-4 stainless steel was micro-grooving, adhe-
sion and micro-delamination [21]. It was expected
to be much lower friction coefficient, wear volume
and wear rate values of the plasma nitrided sample
at 400 °C than the untreated sample. Due to wear
debrises acted as a second body, the plasma ni-
trided sample at 400 °C exhibited the lowest wear

resistance. In order to explain this unexpected re-
sult, the alumina ball counterfaces were analysisd
by optical microscope. The worn surface morphol-
ogy of alumina ball against untreated sample was
similar to that of the plasma nitrided sample at
400 °C and they have rather dense transfer film on
the alumina balls but also the transferred debris was
obseved outside the center of the alumina ball that
contacted with the plasma nitrided sample at
400 °C, Figure 13. This image of counterface was
consistent with the results obtained from friction
coefficient, wear rate and wear volume of the plas-
ma nitrided sample at 400 °C, Figure 12, Table 4.
The wear tracks of the plasma nitrided sample at
450 °C depicted less and smaller wear debris as

Figure 13. Field emission scanning electron microscope images of worn surfaces and the alumina ball counterfaces of
samples obtained with a reciprocating tribometer.
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compared to the untreated sample and the plasma
nitrided sample at 400 °C and adhesive, micro-
delamination wear tracks decreased on a large
scale, Figure 13. Wear tracks of the plasma nitrided
sample at 450 °C showed formation of thin and uni-
form a transfer layer on the alumina ball surface.

3.6 Potentiodynamic corrosion tests

The current density (Icorr) value of the plasma ni-
trided sample at 450 °C was higher than that of un-
treated sample and the plasma nitrided sample at
400 °C but current density values of untreated sam-
ple and the plasma nitrided sample at 400 °C were
quite similar, and the corrosion potential (Ecorr) val-
ues of the plasma nitrided samples were more neg-
ative than that of untreated sample, Figure 14, Ta-
ble 5. The untreated sample showed the best
resistance to corrosion in 0.9 wt. % sodium chlo-

ride solution, Figure 14. The corrosion potential of
the plasma nitrided sample at 400 °C had more pos-
itive potential value (� 244 mV) and lower current
density value (0.515 A/cm2) than those of the plas-
ma nitrided sample at 450 °C (� 422 mV and
14.3 A/cm2).

Similar corrosion results with this study were re-
ported by literature [2]. 17-4 precipitation harden-
ing stainless steel was plasma nitrided at 400 °C for
5 and 10 hours, 450 °C for 5 hours and 500 °C for
5 hours. The corrosion potential of samples nitrided
at 400 °C is more noble than that of those nitrided
at 450 °C and 500 °C. This result to the formation
of passive oxide film on the surface was attributed
since the chromium remained in the matrix at this
temperature [2]. But a protective passive layer did
not form due to chromium nitrides could form at
450 °C and 500 °C and the amount of chromium
could reduce in solid solution. The positive effect
of retained austenite (γ‘-Fe4N) phase in improving
the corrosion resistance of treated 17-4 stainless
steel was explained by other study [9]. In another
study, it was reported that the reduction of the dif-
fusion of chromium and the formation of chro-
mium-rich precipitates, the formation of the mar-
tensite can improve corrosion resistance [22]. The
presence of retained (γ’) austenite phase peak at the
x-ray diffraction pattern of the plasma nitrided sam-
ple at 400 °C could be shown as the reason of the
increase in corrosion resistance, Figure 3.

The low and high magnification field emission
scanning electron microscope images of untreated
and plasma nitrided samples after Tafel polarisation
test in 0.9 wt.% sodium chloride, Figure 15. The
plasma nitrided sample surfaces seemed less dam-
aged in low magnification field emission scanning
electron microscope images. On the other hand, on
the untreated sample surface, there was signatures
of corrosion attack, and shallow pits. In the high
magnification field emission scanning electron mi-
croscope images of samples, the plasma nitrided
samples had deep corrosion pits that unevenly dis-
tributed in the whole surface. These deep pits
caused to reduce of corrosion resistances at the
plasma nitrided samples. The field emission scan-
ning electron microscope images indicated that lo-
cal corrosion occurred at plasma nitrided samples.
And also, the corrosion surfaces of the plasma ni-
trided samples appeared quite different, Figure 15.
The surface of the plasma nitrided sample at 450 °C

Figure 14. Tafel polarisation curves of untreated sample
and plasma nitrided samples 0.9 wt.% sodium chloride solu-
tion.

Table 5. Corrosion data obtained from Tafel polarisation
tests of untreated sample and plasma nitrided samples in
0.9 wt.% sodium chloride.

Untreated 400 °C 450 °C

Corrosion potential (mV) � 151 � 244 � 422

Current density (A/cm2)×10-6 0.434 0.515 14.3
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was smoother, while the surface of the plasma ni-
trided sample at 400 °C looked rougher. In addi-
tion, there were very small pits in the plasma ni-
trided sample at 400 °C but were observed in the
plasma nitrided sample at 450 °C. This difference
between the surfaces affected the corrosion re-
sistances of plasma nitrided samples and it was pre-
sented similar images in the literature [2]. They ob-
served very small diameter pits at 400 °C. In
contrast their samples had fewer but higher average

diameter at 450 °C and 500 °C. In these temper-
atures, growth of the nucleated pits increases be-
cause nitrogen atoms bonded with chromium and
iron to make their nitrides and lack of free nitrogen
atoms cause lack of ammonia and ammonium for-
mation in the solution.

Figure 15. Low and high magnification field emission scanning electron microscope images of untreated sample and plas-
ma nitrided samples after Tafel polarisation test in 0.9 wt.% sodium chloride.
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3.7 Tribocorrosion test

Before starting of the sliding, open circuit potential
of untreated sample was higher than the plasma ni-
trided samples, Figure 16. But, when sliding start-
ed, a very higher drop in the potential of untreated
sample was observed than plasma nitrided samples.
Both plasma nitrided samples had a small drop.
The sudden drop of open circuit potential indicated
a partial removal of the passive film. And it was
understood that more stable passivation layer
formed on the surface of plasma nitrided samples
owing to the nitriding treatment. The synergistic ef-
fect of wear and corrosion action caused an in-
crease in susceptibility of the untreated sample, and
therefore a need for surface protection. When slid-

ing started, it can be clearly seen that the plasma
nitrided samples always presented relatively higher
potentials and indicating a lower tendency to corro-
sion and wear than untreated sample, Figure 16.
Once the sliding motion stopped, the open circuit
potential of all samples did not recover the initial
value, the plasma nitrided samples showed similar
increases, but untreated exhibited a little more in-
crease due to passivation of active surfaces with
oxidation. Besides, the corresponding high friction
coefficient value and its fluctuations for the un-
treated sample provided supplemental evidence for
the open circuit potential variations. Plasma ni-
trided samples had lower and more stable friction
coefficent values compared to untreated sample,
Figure 17.

The wear volume and rate values of the plasma
nitrided sample at 400 °C increased both tribo-
corrosion and dry wear conditions Tables 4, 6. This
result was attributed that retained austenite (γ‘-
Fe4N) with surface layer of the plasma nitrided
sample at 400 °C removed by mechanical rubbing
led to poor dry wear resistance and poor tribocorro-
sion resistance [9]. But the wear rate of the plasma
nitrided sample at 450 °C decreased by 19 % in the
corrosive salt solution and 57 % in the dry wear en-
vironment compared with that of untreated sample,
Tables 4, 6. Less reduction in wear rate was an ex-
pected result due to corrosive solution. It was de-
termined that the plasma nitrided sample at 450 °C
was resistant to dry wear condition, but the plasma
nitrided sample at 400 °C was more robust to corro-
sion. And also, in the tribocorrosion test, it was un-
derstood that wear was more dominant rather than
corrosion, because the plasma nitrided sample at
450 °C showed the best result. Characterization of
the worn samples using field emission scanning
electron microscope revealed that the untreated
sample /alumina ball contact yielded deep grooves
in the wear track along the sliding direction as well

Figure 16. Variation of the potential during the open circuit
potential tribocorrosion tests.

Figure 17. Variation of friction coefficient during the open
circuit potential tribocorrosion tests.

Table 6. Wear volumes and wear rates of samples after
the open circuit potential tribocorrosion tests.

Samples Wear volumes (mm3) Wear rates (mm3/Nm)

Untreated 0.0105 0.21×10� 4

400 °C 0.0121 0.24×10� 4

450 °C 0.0089 0.17×10� 4
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as pores due to the corrosion tests, Figure 18. On
the contrary, the plasma nitrided sample at 400 °C
and the plasma nitrided sample at 450 °C alumina
ball contact yielded a smooth morphology slightly
affected by the tribological contact. However, there

were more pits on the surfaces of the plasma ni-
trided samples at 400 °C and 450 °C compared to
untreated sample. The same size pits were seen in
the plasma nitrided sample at 400 °C, but big and
little mixed pits were appeared in the plasma ni-

Figure 18. Worn surface field emission scanning electron microscope micrographs of untreated sample and plasma nitrided
samples after tribocorrosion tests.
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trided sample at 450 °C, Figure 18. This result con-
firmed the corrosion results again. The untreated
sample showed the best resistance to corrosion than
the plasma nitrided samples in the corrosion test
and presented less porous images after corrosion
and tribocorrosion tests.

4 Conclusion

In this study, plasma nitriding process was applied
at the temperatures of 400 °C and 450 °C for
12 hours at the steady pressure 200 Pa condition
and in a gas combination of 75 % nitrogen+25 %
hydrogen gas on 17-4 precipitation hardening stain-
less steel. The microstructure, dry wear, corrosion
and tribocorrosion behaviours of plasma nitrided
samples were examined. According to the results
and discussion sections, the conclusions obtained
from this research were given below.
* According to optical microscope images and x-
ray diffraction analysis results, martensite (α)
phase dominated at untreated sample but the
plasma nitrided sample at 400 °C had martensite
(α) and retained austenite (γ’-Fe4N) phases. And
thickness of the treated layer enhanced from
37.29 μm for the plasma nitrided sample at
400 °C to 47.97 μm for the plasma nitrided sam-
ple at 450 °C.

* The plasma nitriding treatment improved the mi-
crohardness of the plasma nitrided samples. The
maximum hardness value obtained the plasma ni-
trided sample at 450 °C average 1130 HV 0.025.
The crystalline size value of the x-ray diffraction
peaks corresponding to martensite (α) phase, in-
creased with an increase of plasma nitriding tem-
perature and supported the rise in both α phase
and microhardness value at the plasma nitrided
sample at 450 °C.

* Wear rate of untreated sample, the plasma ni-
trided samples at 400 °C and 450 °C increased
with the sliding velocity at pin-on-disc wear test.
Wear behaviour of the untreated sample was
poor due to having low hardness. After the plas-
ma nitriding treatment, dry sliding wear behav-
iour of the plasma nitrided sample at 450 °C had
the best wear resistance. The maximum amount
of wear loss was seen in the plasma nitrided sam-
ple at 400 °C. Minimal microcracks and scratch-
ing were observed on the plasma nitrided sample

at 450 °C, but abrasive-adhesive wear tracks
were present at the plasma nitrided sample at
400 °C and untreated sample and the deep starch-
es were observed at the same samples when the
sliding velocity or sliding distance increased.

* The other dry wear test results (reciprocating
test) showed that the plasma nitrided sample at
450 °C possessed the lowest friction coefficient
value, wear volume and wear rate than those of
samples. The wear resistance of the plasma ni-
trided sample at 450 °C was 57.44 times higher
than that of the untreated sample.

* The decrease in wear resistance of the plasma ni-
trided sample at 400 °C attributed to the presence
of the retained (γ’) austenite phase. A small quan-
tity of chromium nitride (CrN) at the plasma ni-
trided sample at 450 °C caused the best friction-
reducing ability and wear resistance. The severe
adhesive wear by plastic deformation was evi-
dent on the surface images of the untreated sam-
ple and the plasma nitrided sample at 400 °C. But
the adhesive and micro-delamination wear tracks
decreased on a large scale at the plasma nitrided
sample at 450 °C.

* The formation of passive oxide film on the plas-
ma nitrided sample at 400 °C surface due to the
presence of retained (γ’) austenite phase caused
the plasma nitrided sample at 400 °C had more
positive potential and lower current density val-
ues than those of the plasma nitrided sample at
450 °C.

* The plasma nitrided sample at 400 °C had both
poor dry wear resistance and tribocorrosion re-
sistance but the plasma nitrided sample at 450 °C
showed decrease by 19 % in the corrosive salt
solution and 57 % in the dry wear environment
compared with that of untreated sample. Under
open circuit potential conditions, the plasma ni-
trided sample at 450 °C exhibited better tribo-
corrosion performance when compared to the un-
treated and the plasma nitrided sample at 400 °C.
This was attributed to their improved high hard-
ness and therefore high resistance to wear.
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