Arch. Metall. Mater. 70 (2025), 1, 105-117

DOIL: https://doi.org/10.24425/amm.2025.152524

B. VENKATESH®', C. ANIL KUMAR REDDY®', M.S.K. DEEPAK®?, MANISH ROY©®?

COMPARISON OF VARIOUS NITRIDING PROCESS OF M 50 NiL STEEL

M 50 NiL steel is a variety of tool steel having high toughness. This steel is potential materials for several bearings of aero-
engine. This steel is used in carburized condition. However, nitriding has several advantages over carburizing. The main goal
of this work is to compare and contrast the microstructural features, mechanical properties and tribolgical performances of this
steel nitrided by gas, liquid and plasma nitriding processes. In view of the above, M 50 NiL steel was nitrided by the processes
mentioned above. Microstructural characteristics, mechanical properties, sliding wear response in unidirectional and reciprocation
mode were evaluated. The results reveal formation of compound layer in gas and plasma nitrided samples. Surface hardness was
comparable for all three nitrided layers. Liquid nitrided specimen indicates best wear resistance in unidirectional and reciprocating
sliding conditions. The friction coefficient is lower and wear rate is higher under reciprocating sliding than under unidirectional
sliding. While delamination cracks are the main features of unidirectional sliding, cracks perpendicular to the surface were noted

under reciprocating sliding.
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1. Introduction

Rapid development of science and technology of acrospace
engineering resulted in development of materials which can
operate in demanding environment. M5SONIL steel is a case
hardened steel which can resist high-load and high-speed and can
retain its hardness up to certain temperatures [1]. This steel has
high Ni and low carbon content and this gives rise to increased
toughness accompanied by lower hardness. This fact prevents
using M 50 NiL steel in heat treated condition and makes
it mandatory to use in the surface hardened condition achieved
by diffusion treatment. The modification of surfaces of M50 NiL
by diffusion treatment can lead to a large residual compressive
stress on the surface and this can suppress the nucleation and
arrest the propagation of cracks. Diffusion treated M 50 Nil
steel is suitable for the application to advanced turbine where
bearing material requires surviving 100 billion circle under
rolling contact. Although several types of coatings are applied
for bearing components such as PVD, CVD etc. [2-7] research
on diffusion coatings such as gas carburizing [8], nitriding [9],
plasma carburizing [ 10] and nitrocarburizing [11,12] on M50NiL
is more promising.

As mentioned above, there exists different diffusion
coating processes that can be applied to M 50 NiL steel [13].
Although M 50 NiL steel is routinely used in carburized condi-
tion, nitride M 50 Nil can be considered to have more potential.
Nitriding by high energy beam such as laser etc. can be more
promising. However, due to cost, process control and surface
finish, gas nitriding can be seen as more practical for applica-
tion. Nitriding is one such process with associated advantages
of formation of relatively inert layer, introduction of residual
compressive stresses, processing at relatively lower temperature
etc. There are several nitriding processes such as gas nitrid-
ing, liquid nitriding, plasma nitriding etc. Gas nitriding offers
advantages of having large batch size, uniform nitriding effect
at all corners of the parts, less equipment cost etc. In contrast,
liquid nitriding is a fast and simple process. Plasma nitriding
which is most popular and commonly practiced in present day
ensures enhanced process control, least post nitriding operation,
minimum dimensional distortion, clean environment and it is an
energy efficient fast process.

Over the years several steels are nitrided using various
techniques [14-17]. Even M 50 Nil steel has been nitrided em-
ploying liquid and plasma nitriding process [18,19]. The wear
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behaviour of these steels including M 50 Nil is also reported.
However, the work on nitriding of M 50 NiL steel is very much
limited. A systematic comparison on various nitriding processes
and tribological performances of nitided layer of this steel is not
available in the literature. Thus, the present work is undertaken
to compare and contrast the microstructural characteristics and
sliding wear response of M 50 Nil steel nitrided employing
various nitriding process such as gas nitriding, liquid nitrid-
ing and plasma nitriding. Microstructural constituents of the
nitride surface obtained by various processes are highlighted.
The material removal mechanisms during unidirectional and
reciprocating sliding wear were highlighted and were found to
be different.

2. Experimental details
2.1. Gas nitriding

Gas nitriding was carried out by heating the specimen
M 50 Nil to a temperature 545°C and holding in ammonia having
purity of 99.99% for 90 hrs. This is why the process is some-
times known as ammonia nitriding. The pressure of the nitriding
chamber was maintained at 0.01 MPa during the process and the
ammonia flow rate was maintained at 200 ml/min. After nitriding
the ammonia flow was stopped and the specimens were cooled
to ambient temperature in the nitriding furnace. As ammonia
dissociates into hydrogen and nitrogen after coming in contact
with the specimen, nitrogen starts diffusing onto the metal sur-
face and creates a nitrided layer. Depending on the temperature
the solubility of nitrogen into iron varies. Nitriding for long
duration ensures increased depth of nitrided layer and complete
transformation of carbides. The samples were thoroughly cleaned
and degreased prior to nitriding.

2.2. Liquid nitriding

Liquid nitriding was performed in a salt bath containing
alkaline cynates and carbonates in 70 : 30 ratio. The samples were
degreased with trichloroethylene and cleaned in 5% sulphuric
acid followed by rinsing in water and drying prior to nitriding.
The specimen was held at 550°C for 3hrs. As the temperature
is increased, alkaline cynates dissociates and oxidizes to give
nitrogen for nitriding to proceed. Alkaline cynates and carbonates
were periodically added to ensure constant source of nitrogen.
Salt bath nitriding is much faster process than gas nitriding and
depth of nitride layer is determined by time and temperature of
the process.

2.3. Plasma nitriding

Plasma nitriding was carried out in a LDMC-30t plasma
nitriding unit. The samples were cleaned ultrasonically in

acetone and then cleaned in flowing water prior to nitriding.
The vacuum in the nitriding chamber was maintained at 5 mbar
with the help of a rotary pump prior to development of the glow
discharge. The chamber which acts as anode was connected to
ground potential. The specimen holder on the other hand was
connected to negative potential and this acted as cathode. Plasma
nitriding was performed at 520°C for 40 hrs in mixed gases of
nitrogen and hydrogen with flow rates of 80 cm® and 20 cm?.
The samples were cooled slowly to the room temperature in
the chamber in protective of nitrogen atmosphere to eliminate
possible oxidation. The schematic representation of the process
is made in Fig. 1. The temperature and time of various nitriding
procedure are listed in TABLE 1.
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Fig. 1. Schematic representation of plasma nitriding unit

TABLE 1
Time and temperature of various nitriding processes
Nitriding Process Temperature (K) Time (s)
Gas nitriding 818 324000
Liquid nitriding 823 10800
Plasma nitriding 793 144000

2.4. Characterisation of nitride layer

X-ray diffraction (XRD) pattern of the nitrided surface was
obtained using a Philips PW 1830 diffractometer to examine
the structure of the nitrided layer. The setting of the X-ray dif-
fractometer was done at 40 kV and 30 mA with Co K, radiation
target and a nickel filter. The recording of the diffraction patterns
was done at a speed 0f 0.01° 7!, The nitrided samples were then
sectioned transversely and transverse sections were examined
under optical and scanning electron microscopy (SEM) after
metallographically polishing the sectioned surfaces. Micro-
hardness of the nitrided layer was evaluated on the transverse
sectioned surfaces employing ‘Omnitech’ microhardness tester
model No F. AUTO at a load of 50 gms with the help of a Knoop
indenter. Hardness measurement parameters are summarized
in TABLE 2.
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TABLE 2 TABLE 3
Hardness measurement parameters Unidirectional sliding wear test condition
Indenter used Knoop Test Configuration Ball on Disc
Applied load (gm) 50 Applied Load 20N
Loading time (s) 10 Sliding Speed 1 m/s
Holding time (s) 5 Counter body 52100 steel
Unloading time (s) 10
TABLE 4

2.5. Wear testing

Ball on disc configuration was used for wear testing in
this work in line with ASTM G-99-10. Tests were done at room
temperature at 70% humidity. Tests were performed for loads
20 N, and at sliding speeds of 1.0 m/s under unidirectional test.
Under reciprocating test also applied load was 20 N. Friction
coefficient was continuously monitored. Repetition of each test
was done for three times. The schematic diagram of the rig is
presented in Fig. 2. Test was conducted for a sliding distance
of 1800 m under unidirectional sliding. The wear test condi-
tions under unidirectional sliding and reciprocating sliding are
listed in TABLE 3 and TABLE 4 respectively. Wear volume
was measured at the end of the test using non-contact optical
profilometer of Taylor Hobson bearing model no CCI MP M 112
4424 02. The wear test rig is manufactured by Rtec Instrument
having model no MFT 5000. The wear volumes of the disc ()
and that of the ball (W},) were estimated using the equation given
below [20]

W, =2rr,A (1)

Where, r,, and A4 are the radius of the wear track and the cross
sectional area of the track respectively.

2 f—
Wb:w )
h=R-\R*-r? 3)

Where, R, r and / are the radius of the ball, the radius of the wear
scar and the height of the worn surface respectively.
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Fig. 2. The schematic diagram of the wear test facility

Reciprocating sliding wear test condition

Test Configuration Ball on Disc
Applied Load 20N
Stroke Length 6 mm

Frequency 10 Hz
Counter body 52100 steel

2.5. Examination of worn surfaces

The worn surfaces were viewed with the help of a SEM hav-
ing energy dispersive spectrometer (EDS) to assess the chemistry
and the morphology of the worn surfaces and to understand the
material loss mechanisms. The transverse sections of the worn
surfaces were also examined under SEM to substantiate under-
standing of degradation mechanism.

3. Results and discussion
3.1. Microstructural features

The X-ray diffraction pattern obtained from as received
nitride surfaces are presented in Fig. 3. Peak corresponding to
cubic y-Fe,N and hexagonal e-Fe, ;3N are identified in addition
to cubic matrix phases a-Fe and tetragonal o/-Fe (N). €-Fe, ;N
contains broad range of nitrogen from F;,N (24 at%) to F,N
(33 at%). However, such alteration of nitrogen content gives
rise to the maximum 1% volume change. The nature of pattern
is more or less similar for all three nitriding processes. However,
marginal shifting of peaks can be noted due to strain as a result
of the processes. The transverse sections of the nitrided layers
are illustrated in Fig. 4. Fig. 4a, 4b and 4c correspond to gas
nitrided, liquid nitrided and plasma nitrided sections. A weak
contrast between the core and the nitrided layer is to be noted.
Both samples nitrided by gas and liquid nitriding techniques
exhibit the presence of 4-5 um thick continuous white layer.
In contrast, no white layer can be noted on the surfaces of plasma
nitrided sample. It however, shows the presence of pores near
the surface region. The presence of such white layer is noted
in M 50 Nil and other steel nitrided by plasma nitriding technique
[21-23]. As one goes further interior from the surface, ferritic
layer saturated with interstitials can be noted as evident from
XRD pattern for all three nitrided samples. Since diffraction
pattern exhibits presence of y-Fe,N and e-Fe, 3N, the white layer
consists of both the phases. As noted in previous investigations,
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Fig. 3. XRD pattern from various nitride surfaces

e-Fe, 3N is harder and more brittle than y-Fe,N [24]. Thus, higher
content of y-Fe,N in the white layer is desirable. A network of
white precipitates can be noticed throughout the nitrided layer
after gas nitriding. These precipitates are expected to be y-Fe,N
[25]. Long duration of gas nitriding helps in transforming car-
bides to nitrides. The released carbon will diffuse to the diffusion
front of nitrogen and form cementite precipitate along the grain
boundary [26,27]. Some amount of carbon will be escaped from
the surface giving rise to decarburization and this condition is
favorable for the formation of y-FeyN [28]. The diffusion zone
of gas nitrided layer can further be divided into two different
sub layers namely sub layer containing carbides transformed to
nitrides and sub layer containing untransformed carbides. The
liquid nitrided sample exhibits presence of multilayer as noted

by other investigators [29-31]. Although, maximum number of
peaks can be seen in liquid nitrided condition, peaks correspond-
ing to similar phases can be seen in other nitrided conditions as
well. Small shifting of peaks and broadening of peaks can be
seen. This is due to residual stresses, nitrogen content or size of
lattice parameter and defect structures of nitrided layers [32]. The
presence of S phases [33], CrN phase or other oxide phases as
noted by other on the surface of salt bath nitrided layer [34,35]
was not detected. Inside the a-Fe (N) layer, Fe,N are dispersed
uniformly. Plasma nitriding of steel including that of M 50 Nil
steel [18,19] has been carried out by several investigators
[36-38]. y-Fey4N and e-Fe, 3N phases were identified in plasma
nitrided samples of steels [37,38] including M 50 NiL steel [19].
It is to be stated that, if plasma nitriding is carried out at lower
temperature, y-Fe4N phase does not form [39]. The thickness of
nitrided layers observed under microscopy is presented in Fig. 5.
Clearly the thickness of plasma nitrided layer is significantly
higher than layers obtained by other two nitriding processes. The
presence of white layer is reported for gas nitrided H13 steel by
Berraiset al. [40] and gray cast iron by Zheng et al. [41]. A com-
parable thickness of nitrided layer of a gas nitrided high carbon
high chromium steel was reported by Duan et al. [42]. Although
the thickness of nitrided layer was comparable to the present
work, the thickness of the compound layer was significantly
less. They however, carried out the nitriding for a significantly
less time. A thickness of 100 pum nitrided layer for H13 steel
is obtained by Castro et al. [43] at 580°C for 3 hrs and around
50 to 62 pm with 316 LN SS by Murali et al. [44] at 560°C for
1 to 2 hrs. through sursulf process. This thickness is in line with
present work. However, they have not seen compound layer
when nitrided for less than 7 hrs. In contrast, Peng et al. [45],

at 520°C for 40 hrs



Shih et al. [46] Wang et al. [33] observed presence of compound
layer and the thickness of compound layer was around 4 pm
when nitrided in salt bath at 530°C for an hour with AISI 1045
steel and 3 pm when nitrided at 650°C for 2 hrs. with 304 SS.
The thickness of their nitrided layer was also close to 100 pm
when nitrided for 2 hrs. The presence of compound layer during
plasma nitriding of steel is confirmed by Valdes et al. [47], Chen
et al. [48], Yang et al. [49], Jacobsen et al. [23], Zagonel et al.
[50], Soleimani et al. [51], Fernandes et al. [52] and Karamis
et al. [53]. Thickness of plasma nitride compound layer was
found to be 1 to 3 pm by Chen et al. for 304 SS [48], 3 to 4 um
by Yang et al. [49] for 4140 steel, 4 um by Jacobsen et al. [23]
for H13 steel and 4 to 5 by Karamis et al. [53] for H11 steel.
Around 100 pm thick nitrided layer for M 50 steel is obtained by
Yao et al. [44] by nitriding at 530°C for 6hrs. Significant lower
thickness of plasma nitrided layer is reported by Manfrinato et
al. [54]. Jacobsen et al. [23], Zagonel et al. [50]. Jacobsen et al.
[21] however, obtained a compound layer of 13 um thickness
and a diffusion layer of in excess of 200 um thickness by carry-
ing out plasma nitriding under high current density. Soleimani et
al. [51] and Fernandes et al. [52] reported thickness of nitrided
layer close to 400 pm for H13 steel by plasma nitriding and this
thickness is consistent with present work.
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Fig. 5. thickness of various nitride layers

3.2. Mechanical properties of the nitride layers

The bar diagram showing the surface hardness of all three
nitrided layers are given in Fig. 6. The hardness is around 800 HV
for liquid and gas nitride samples. The plasma nitrided sample
exhibits marginally higher value. Comparable surface hardness
was reported by Duan et al. [42] for high carbon high chromium
steel, Zheng et al. [41] for grey cast iron processed through gas
nitriding. The surface hardness of 1100 HV were obtained for gas
nitrided additively manufactured maraging steel by Funch et al.
[55], H13 steel by Berrais et al. [40]. Similarly comparable hard-
ness was obtained with the help of salt bath nitriding of chrome
moly steel by Chen et al. [17], of 1045 steel by Peng et al. [45].
Higher hardness close to 1100 HV is noted by Castro et al. [43]
for H13 steel, by Luo et al. [56] for 316L steel nitride through
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liquid nitriding. A hardness of 1400 HV is reported by Wang et
al. [33] for 321 stainless steel, Murali et al. [44] for 316 LN stain-
less steel, nitrided using salt bath nitriding technique. A hardness
between 800 to 1000 has been attained through various plasma
nitriding of 1045 steel by Naeem et al. [16], maraging steel by
Godec et al. [56], AISI 321 steel by Manfrinato et al. [54], 4140
steel by Yang et al. [49], H13 steel by Jacobsen et al. [23], H13
steel by Fernandes et al. [52] and HI1 steel by Karamus et al.
[53]. Hardness in excess of 1200 HV through plasma nitriding
is noted by Yao et al. [22] for M 50 steel, Zagonel et al. [50]
for H13 steel. Significantly lower hardness around 500 HV is
reported by Soleimani et al. [51] for plasma nitrided cold work
tool steel. The hardness profiles showing the variation of hard-
ness with the depth of nitrided layer is provided in Fig. 7. The
thickness of nitrided layer as evident from the profile is around
150 pm for gas and liquid nitrided samples. It is significantly
higher and is around 450 um for plasma nitrided sample. This
observation is in line with that observed under electron mi-
croscopy. It is also to be stated that the hardness monotonically
decreased from the highest value on the surface to beneath
the surface in the present work and such response is noted for
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all three types of nitriding process namely, gas nitriding, liquid
nitriding and plasma nitriding. Available literature on gas nitrid-
ing [40-42,55] and salt bath nitriding indicates the trend similar
to present work. Most investigators observed similar trends in
measurement of hardness profiles [16,21,22,49,50,54,56] even in
case for plasma nitriding. However, few investigators observed
the maximum hardness few microns below the surface [52,53].
Others observed both monotonaically decreasing hardness and
the maximum hardness at intermediate region [23,51]. The
reason for this type of response can be attributed to the fact that
most processes which exhibited the maximum hardness at an
intermediate region were carried out for long duration and the
surface contained lower amount of e-Fe, ;N phase than y-Fe,N
phase. A soft y-FeyN phase results in lower hardness on the
surface. It is also possible due to the formation of oxide scale
having lower hardness than both the e-Fe, 3N and y-Fe,N phases,
on the surface. Plasma nitrided layer did not show the presence
of any white layer. Thus, the nitride layer is containing various
amounts of cubic y-Fe,N, cubic a-Fe and tetragonal o/-Fe (N) in
such proportion that the hardness of the nitrided layer is nearly
constant throughout except near interface.

3.3. Friction response

The variation of friction coefficient as function of time
under unidirectional sliding condition is shown in Fig. 8. The
friction coefficients are around 0.5 to 0.6 and are equal for all
three nitrided surfaces. Comparable friction coefficient of vari-
ous nitrided layers on different substrates was reported previ-
ously [21,57]. The friction coefficient of gas nitrided grey cast
iron was significantly higher than this value [41]. The friction
coefficient of salt bath nitrided H13 steel [43] and 316LN steel
[44] are in conformity with present work. Significantly lower
friction coefficient was noted for plasma nitrided H13 steel by
Leite et al. [15]. However, slightly higher friction coefficient
of plasma nitrided layer than present work was obtained by
Jecobson et al. [23] for H13 steel, Yang et al. [49] for 4140
steel, Uzun [14] for 316L steel. Work due to Yao et al. [22] and
Wang et al. [33] indicated friction coefficient comparable to the
present study for M 50 and M 50 NiL steel respectively nitrided
by plasma technique. Naeem et al. [16] reported friction coef-
ficient lower, comparable and higher than this work depending
on plasma nitriding conditions for 1045 steel. Similarly the vari-
ations of friction coefficient as function of sliding time under
reciprocating sliding condition for all three nitride layers are
given in Fig. 9. Under reciprocating sliding condition, friction
coefficient is significantly lower than that under unidirectional
sliding. Fiction coefficient is around 0.1 for gas and plasma
nitrided sample. It is slightly higher around 0.15 for liquid
nitrided sample. These values are substantially lower than that
obtained by Duan et al. [42] during fretting wear of gas nitrided
high carbon high chromium steel, by Godec et al. [56] during
reciprocating wear of plasma nitrided additively manufactured
maraging steel.
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3.4. Wear behaviour

The bar diagram showing the wear depth under unidirec-
tional sliding of various nitrided layers is presented in Fig. 10.
It is clear from Fig. 10 that the highest wear depth corresponds
to gas nitrided layers. In contrast, the least wear depth pertains
to liquid nitrided layer. The plasma nitrided layer exhibits in-
termediate wear depth under unidirectional sliding. The wear
depth of gas nitrided layer is nearly 3 times the wear depth of
liquid nitrided layer under unidirectional sliding. The bar dia-
gram showing wear depth under reciprocating sliding is shown
in Fig. 11. The wear depth is higher during reciprocating wear
than that during unidirectional sliding for specimens nitrided
under similar condition. Under reciprocating sliding condition
also liquid nitrided layer exhibits the minimum wear depth.
The highest wear depth however, is shown by gas nitrided
layer under reciprocating sliding also. Plasma nitrided layer
is having an intermediate wear depth. Unlike unidirectional
wear the wear depth of gas nitrided layer is nearly double the
wear depth of liquid nitrided layer under reciprocating sliding.
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TABLE 5
Hardness and wear rates of various nitrided layers
Nitridin Surface Wear Wear
rocessg Hardness | (unidirectional) | (Reciprocating)
P (HV) (mm) (mm)
Gas nitriding 899 17.12 21.86
Liquid nitriding 927 5.95 12.67
Plasma nitriding 334 12.85 15.4

The hardness and wear rates of various nitride layers are provided
in TABLE 5. Clearly hardness does not correlate with wear
rate. As the unidirectional test was conducted for 1800 m, the
specific wear rates under unidirectional condition corresponds
to 0.0095, 0.0033 and 0,0071 pm/m for gas, liquid and plasma
nitrided samples respectively.

111

25
Recprocating Wear test
Load: 20N 1
—_ Duration: 7200s !
H 20 | StrokeLength: 6mm
g Frequency: THz Plasma Nitrided
E o I
z 15 Liquid Nitrided - l
g I s
= 1 5
10 2
1 ©
—
E N
=
-
£ s
a S
0

Fig. 11. Bar diagram showing the wear depth of various nitride layers
under reciprocating sliding

3.5. Characterisation of worn surfaces

The low magnification SEM images of the surfaces, worn
at 20 N load under unidirectional sliding of liquid nitrided, gas
nitrided and plasma nitrided samples are presented in Fig. 12.
The presence of wear debris can be seen on all worn surfaces.
Features of plastic deformation are visible on the worn surface of
liquid and gas nitrided samples. In contrast, plasma nitrided worn
surface is relatively featureless. High magnification micrographs
of liquid, gas and plasma nitrided worn surfaces are illustrated in
Fig. 13. Gas nitrided surface exhibits transfer of materials from
counter-body indicating adhesion dominated wear mechanism.
Delamination wear and the presence of surface cracks are pre-
dominant features of liquid nitrided surface. Finally, parallel
ridges can be seen on the worn surface of plasma nitrided surface.

Fig. 12. Low magnification SEM images of the surfaces worn under unidirectional sliding at 20 N applied load, a) gas nitrided for 90 hrs., b) liquid

nitrided at 550°C for 3 hrs., ¢) plasma nitrided at 520°C for 40 hrs
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Fig. 13. High magnification SEM images of the surfaces worn under unidirectional sliding at 20 N applied load, a) gas nitrided for 90 hrs. b) liquid

nitride for 3 hrs., ¢) plasma nitrided at 520°C for 40 hrs
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Fig. 14. Transverse section of nitride samples worn under unidirectional sliding at 20 N applied load, a) gas nitrided for 90 hrs. b) liquid nitride

for 3 hrs., ¢) plasma nitrided at 520°C for 40 hrs

This indicates abrasion in addition to adhesion contributes to
the wear of plasma nitrided layer. Transverse sections of worn
surfaces are shown in Fig. 14. Transverse section of gas nitrided
layer shows complete removal of white layer and delamination
cracks parallel to the surface. Similar features characterised by
delamination crack can be noted on the surfaces beneath the
worn surface of liquid nitrided and plasma nitrided surface.

However, white layer is found to be adherent to the diffusion
layer in liquid nitrided surfaces. This white layer being very hard
is wear resistant and leads to decreased wear rate. In contrast,
the poor adhesion of white layer to the diffusion layer gives rise
to increased wear rate of gas nitrided layer. Further, exposed
diffusion layer is susceptible to adhesion of transfer layer from
counter-body as noted in Fig. 13b. Adherent white layer was



also obtained by surf sulf process by Krishnaraj et al. [58].
Of course no white layer was noted for plasma nitrided surfaces.
The plasma nitrided surface has high hardness and slowly wears
out by delamination wear. Because of high depth of hard layer,
adhesion of materials from the counter-body was negligible.
Further diffusion layer allowed entrapment of debris between
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the plasma nitrided layer and the counter-body giving rise to
abrasive wear. These reasons are responsible for intermediate
wear rate of plasma nitrided surface. Similar entrapment of hard
debris on nitrided surfaces is reported by Karamis et al. [53],
Castro et al. [43], Murali et al. [44] and Nacem et al. [16]. Adhe-
sion and abrasion controlled wear mechanism is also observed
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Fig. 15. Low magnification SEM images of the surfaces worn under reciprocating sliding at 20 N applied load, a) gas nitrided for 90 hrs., b) liquid

nitride for 3 hrs., ¢) plasma nitrided at 520°C for 40 hrs
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Fig. 16. High magnification SEM images of the surfaces worn under reciprocating sliding at 20 N applied load, a) gas nitrided for 90 hrs., b) liquid

nitride for 3 hrs., ¢) plasma nitrided at 520°C for 40 hrs
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Fig. 17. Transverse section of nitrided samples worn under reciprocating sliding at 20 N applied load, a) gas nitrided for 90 hrs., b) liquid nitride

for 3 hrs., ¢) plasma nitrided at 520°C for 40 hrs

by Yao et al. [22] for M 50 steel plasma nitrided at low and high
temperature respectively.

Low magnification micrographs of nitrided surfaces worn
by reciprocating motion are given in Fig. 15. Generally feature-
less surfaces with scattered debris can be seen. High magnifica-
tion micrographs from Fig. 16 indicate highly deformed surfaces.
Adhesion again plays important role in wear of gas nitrided
sample under reciprocating condition. Transverse sections of
the worn surfaces are provided in Fig. 17. Vertical cracks origi-
nated from the surfaces can be noted. It can also be noted that
adhesion of white layer is good for both gas nitrided and liquid
nitrided layer and this resulted disappearance of adhesion layer
from counter-body on the worn surface of gas nitrided layer. The
presence of white layer is also responsible for lower differences
of the wear rate between gas nitrided and liquid nitrided layer.
Further, the presence of vertical cracks is able to accommodate
shear stress giving rise to lower friction coefficient in case of
reciprocating wear than unidirectional sliding wear. However,
such vertical layers results higher wear rate during reciprocating
wear than that during unidirectional sliding wear. Plasma nitrided
layer exhibits cracks parallel to the surface as noted in unidi-
rectional sliding. It is interesting to note that cracks parallel to
the surface in case of plasma nitrided surface is more prominent
beneath the surface in case of unidirectional sliding and more
prominent near the surface for reciprocating sliding. It is also to
be stated that abrasion marks are not seen on the surfaces worn
by reciprocating sliding and this rules out entrapment of debris.
The friction coefficient is found to be comparable irrespective
of prevailing wear mechanism during unidirectional sliding of
various nitrided layers. In contrast, friction coefficient is higher
for gas nitrided layer than layers nitrided by liquid nitriding or

plasma nitriding process. This confirms that adhesion governs
friction coefficient during reciprocating sliding of gas nitrided
layers also. At this stage, it is pertinent to mention that features
associated with mild oxidation or severe oxidation wear [59] are
not seen on the surfaces worn either by unidirectional sliding or
reciprocating sliding. Further various types of transfer layers such
as mechanically mixed layer or composite layers etc. as reported
earlier [60,61] are also not noted in present investigation.

4. Conclusions

In the present study M 50 NiL steel has been nitrided using
gas, liquid and plasma nitriding processes and are subjected to
unidirectional sliding wear and reciprocating sliding wear. The
main conclusions are:

e Qas nitriding and liquid nitriding results in formation of
4-5 um thick white layer also known as compound layer.
No such layer is formed by plasma nitriding.

»  Surface hardness is comparable for all three nitrided layers.
However, depth of plasma nitrided layer is significantly
higher than that of gas or liquid nitrided layers.

e The friction coefficients under unidirectional sliding are
comparable for all three nitrided layers. During reciprocat-
ing sliding friction coefficient of gas nitrided layer is higher
than that of liquid or plasma nitrided layer. Further, friction
coefficient during reciprocating sliding is lower than that
of unidirectional sliding for surfaces nitrided under similar
conditions.

e The wear rate of gas nitrided layer is the highest under
unidirectional or reciprocating sliding. In addition, wear



rate under reciprocating sliding is higher than that under
unidirectional sliding for samples nitrided under identi-
cal condition. Liquid nitrided layer exhibits the best wear
resistance under both type of wear.

Delamination cracks characterized by the formation of
cracks beneath the worn surface and propagation of cracks
parallel to the worn surface are the main features of the
subsurface of specimen subjected to unidirectional sliding.
In contrast, under reciprocating sliding, cracks perpendicu-
lar to the worn surface are formed.

As future outlook, a more comprehensive wear study i.e.
nitrided samples are to be subjected to wear under different
conditions, should be carried. Wear in presence of corroding
environment also constitutes important direction of future
study as nitrided layers are more inert than as received
surfaces. Finally, examination of laser nitrided layers is
also a potential area of future research.
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