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Nitrogen ion implantation has shown its role in enhancing steel surface properties. In this work, AISI M50 steel was implanted
with nitrogen ions by using the metal vapor vacuum arc technique with a dose of 2×1017 cm−2, and corresponding implanted
energies were at 60 keV, 80 keV, and 100 keV, respectively. )e distribution of implanted nitrogen ions was calculated, and the
samples were tribologically tested and examined. As shown by the results, the microhardness in implanted samples was 1.17 times
greater relative to that of the unimplanted sample.)e implantation of the nitrogen ion leads to a change in the friction coefficient
of the AISI M50 steel. Adhesive wear mechanism occurs in the unimplanted sample, and adhesion resistance tends to increase
when nitrogen-implanted energy increases. )e formation of oxides α-Fe2O3 and Fe3O4 further enhanced the tribological
properties for implanted samples.

1. Introduction

Bearing, as an integral part in various mechanical equip-
ment, is critical for equipment performance, level, quality,
and reliability of the equipment [1]. Advance of science and
technology has stimulated greater demands for bearing
materials, which possess reinforced performance and ap-
plicability to harsh environments [2]. As a representative
metal material marked by favorable mechanical properties,
AISI M50 steel has been extensively adopted by the pro-
duction for aerobearings [3]. AISI M50 steel is often sub-
jected to continuous heavy loads and high speeds, and in
these harsh environments, the material surface can undergo
a variety of failure behaviours, such as damage, wear, and
plastic deformation [4]. In order to reinforce the surface
properties and wear resistance for the steel, many surface
treatment methods have been proposed. It is a feasible
choice to use surface modification technology for the im-
provement of steel surface properties. Compared to other
surface techniques, such as chemical heat treatment [5], laser
melting [6], and chemical etching [7], ion implantation

possesses higher precision and a cleaner environment [8].
Ion implantation can easily create a progressive interface
between the implanted surface layer and the unaffected
material volume, without altering the dimension of original
materials. Ion implantation technique triggers variations in
the material surface and chemical composition, including
microstructure [9], chemical properties [10], and biological
properties [11].

According to former studies, the implantation of ni-
trogen ions and other kinds of ions into specific steels can
improve mechanical and tribological properties, espe-
cially hardness, and this has a connection with wear re-
sistance [12–15]. Moreover, ion implantation is used for
different metallic materials and acts beneficially for pre-
venting from another unique form of damage likewise
cavitation erosion [16, 17]. So far, few studies concentrate
on the surface modifications in AISI M50 steel with ion
implantation, in particular nitrogen ion implantation.
Multiple factors may exert influence on the treated sur-
face’s ultimate quality, including the implanted energy,
type of ions, and doses [18, 19]. However, much attention
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has been paid to the assessment about AISI M50 steel
surface properties under various implantation conditions,
especially the implanted energy. )e research implanted
nitrogen ions containing various energies into the AISI
M50 steel surface and reported the improvement in
surface properties, thus providing valuable references for
industrial applications.

2. Materials and Methods

2.1. Experimental Sample. AISI M50 steel was used as a
metal substrate in the formation of form C: 0.82 wt.%, Cr:
4.00 wt.%, Mo: 4.25 wt.%, V: 1.10 wt.%, Mn: 0.16 wt.%, Si:
0.13 wt.%, and Ni: 0.07 wt.%, balanced with Fe. Prior to
nitrogen ion implantation, AISI M50 steel was cut into flat
samples with a dimension of 30mm× 20mm× 10mm and
then polished by silicon carbide emery papers of 120, 400,
800, and 1200 grit. )e last polishing was made with 3.5 μm
and 1 μmdiamond pastes to a mirror finish with a roughness
of Ra approx. 0.05 μm. All samples were cleaned ultrason-
ically with acetone and dried.

2.2. Ion Implantation Method. )e implantation samples
were implanted with the MEVVA (metal vapor vacuum arc)
source implanter at the Key Laboratory of Beam Technology
andMaterial Modification of Ministry of Education, Beijing.
Nitrogen ions were implanted at a dose of 2×1017 cm−2

under normal ambient temperature, and implantation en-
ergies were implanted with three fluences: 60 keV, 80 keV,
and 100 keV.

2.3. Properties of the Nitrogen Ion-Implanted Layers. To in-
vestigate the distribution and range of implanted ions,
Monte Carlo simulation program (SRIM-2013 package) was
used to make predictions. )e density of target AISI M50
steel was set to 7.865 g/cm3, and the number of total nitrogen
ions for calculations was set to 2,000,000. X-ray photo-
electron spectroscopy (XPS) analysis was conducted using
)ermo Fisher Scientific K-Alpha+ for determining the
surface. )e microhardness indentations were conducted
under the HXS-1000AK hardness tester with a load of 10 g
for 10 s, and each sample was indented at five different
locations to calculate average hardness.

2.4. Friction Test and Surface Characterization. Friction and
wear were calculated under technically dry friction conditions.
A tribological experiment proceeded on a roller-on-flat con-
figuration with the UMT TriboLab device of Bruker Corpo-
ration. In this test, AISI M50 steel flat slid against a roller (M50
steel) of Φ12×12mm in diameter and a hardness of 710HV.
1Hz test oscillating frequency and a constant load of 30Nwere
adopted in this test. )e track length reached 2.4mm, and the
test lasted for 0.5 h, and each test was repeated three times.
Surface chemical state was detected using the DXRTM Raman
spectrometer, with a wavelength of 514.5 nm laser served as an
excitation source, and its power was set to 5mW.Worn surface
morphology was checked using FEI Quanta 250 scanning

electron microscopy. )e cross section for the wear track was
determined by the Contour GT-K surface profiler of Bruker
Corporation.

3. Results and Discussion

3.1. Distribution of Implanted Ions. )e theoretical distri-
bution of implanted ions arising from implantation on
sample depth was measured using SRIM software [20]. In
comparison with lower energy, higher energy induces the
migration of peak nitrogen concentration to the inside of the
substrate (Figure 1).)e range and depth distribution results
of implanted ions are presented in Figure 2. As indicated by
the results, the calculated range of implanted nitrogen ions
does not exceed 2.0 μm, and the maximum concentration of
the gap can be noted at the depth of around 1.0 μm. With
different implantation energies, the implantation depth
increases with energy. According to the LSS theory (Lind-
hard, Scharff, and Schiott) [21], implantation depth depends
on the ions’ energy, i.e., the higher the ion energy, the higher
the implantation depth. )ese calculated results are highly
consistent with the LSS theory.

Figures 3(a) and 3(b) show the surface N 1s and Cr 2p
core spectra in nitrogen ion-implanted samples. According
to Figure 3(a), the intense peak near 397.4 eV is ascribed to
metal nitrides, such as FexN. As presented in Figure 3(b), the
intense peaks near 583.5 eV and 573.8 eV are possibly caused
by the chromium compound.)e peak at 574.9 eV stands for
the Cr2N phase. )is is in good agreement with literature
findings [22]. )e results of N 1s and Cr 2p spectra further
confirmed the formation of the nitride phase on the surface
after nitrogen ion implantation.

3.2. Mechanical Properties. )e microhardness in unim-
planted samples and nitrogen ion-implanted samples can be
seen from Figure 4.)emicrohardness of implanted samples
under 10 g load far exceeds that of unimplanted samples.)e
microhardness in nitrogen ion-implanted samples reduces
with the increase of energy. As shown in the family of
hardness graphs, the hardness in the unimplanted AISI M50
steel sample is 707HV, and the nitrogen ion-implanted
sample (60 keV) shows the maximum hardness of 830HV.
In contrast to unimplanted samples, the increase approxi-
mately reaches 17%. Nitrogen ion-implanted samples are
shown to have a hardness of 920HV. In contrast to
unimplanted samples, the increase approximately reaches
30%. )e aforementioned hardness-related findings reveal
the concurrent increasing trend between hardness and
implantation energy of nitrogen ions, indicating that a
harder region has formed near the surface. )e micro-
hardness results confirm XPS results, confirming element
concentration distribution along depth with SRIM. Inter-
stitial nitride phase can effectively strengthen the matrix and
improve the hardness.

3.3. Tribological Behavior. Figure 5 presents the friction
coefficient curve related to four samples. Obviously, the
friction coefficient in unimplanted samples quickly grows to
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around 0.5, primarily due to the loss at the surface oxide
layer and adsorption layer (Figure 5(a)), whereas the friction
coefficient shows a stable trend in the following experi-
mental processes (steady state). It indicates the wide rubbing
and poor wear resistance in unimplanted samples. By
contrast, in case that nitrogen ion-implanted samples are at
60 keV, the friction process will maintain its stability in the
first 70 cycles and subsequently deteriorate quickly, indi-
cating that wear life of samples at 60 keV energy is ∼70
cycles. Furthermore, in case that nitrogen ion-implanted
samples are at 80 keV energy, a similar friction process can
be found, and corresponding sample wear life is 140 cycles.
For samples at 100 keV energy, friction coefficient will in-
crease slowly to a similar level, and sample wear life is 320

cycles. )e improvement for samples at 100 keV was four
times as much as that of samples at 60 keV. Interestingly,
despite the similarity between unimplanted and implanted
samples in the stability friction coefficient, the friction curve
at certain stages is not smooth, showing that the impact of
implantation and following interactions and relationships
with material properties such as wear is rather complicated,
and more investigations should be performed. Mean values
of the steady state in friction coefficients of the samples are
shown in Figure 5(b). )e unimplanted sample exhibited
high friction coefficients. With nitrogen ion implantation,
the samples presented a lower friction coefficient. )e mean
values of steady friction coefficients of nitrogen ion-
implanted samples reduced as energy increased. )ese re-
sults indicate that the wear life in nitrogen ion-implanted
samples in the friction experiment is greatly extended.

Wear tracks were examined by the surface profiler
(Figure 6) and scanning electron microscopy (Figure 7). )e
wear depth of the unimplanted sample was obviously deeper
than that of the nitrogen ion-implanted samples on worn
scars of AISI M50 steel. From the worn surface, there are
many grooves and peelings on the surface of unimplanted
samples in the sliding direction (Figure 7(a)). )e presence
of a plastic deformation zone at the bottom suggests the
removal of metal partially. For the implanted sample at
60 keV, some microgrooves and slight cracking can be
observed from worn scars. Meanwhile, plastic deformation
is weakened (Figure 7(b)). For the implanted sample at
60 keV, there are few pits and peelings on the worn surface
(Figure 7(c)). For the nitrogen ion-implanted sample at
100 keV energy, the wear tracks become smooth
(Figure 7(d)).

Figure 8 demonstrates the cross section of wear track
profiles for unimplanted samples, with a large wear depth.
Track depth for ion implantation is more irregular. )e
wear area is remarkably lessened among nitrogen ion-
implanted samples. It was further demonstrated that ni-
trogen ion implantation might effectively alleviate the wear
loss on the AISI M50 steel surface. )e obtained profiles for
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Figure 1: SRIM software simulations for nitrogen profiles of the implanted sample. (a) 60 keV. (b) 80 keV. (c) 100 keV.
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Figure 2: )eoretical distribution of implanted nitrogen ions
performed at the energy 60 keV, 80 keV, and 100 keV into the AISI
M50 steel.
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individual sliding tracks fit the microscopic observational
results. )e wear track shape of unimplanted and nitrogen
ion-implanted samples confirms the existence of grooves
and wear particles. As is known, material transfer between
contacting surfaces will occur during sliding contact, in
particular under dry friction conditions. )e results show
the similarity between unimplanted samples and implanted
samples in wear mechanism. A well-known fact is that the
steel surface is subject to both adhesive wear and abrasive
wear. Adhesive wear arises from the high pressure during
individual contact of asperities, which leads to local ad-
hesion, and such contact is later sheared to form junctions
[23]. Relative sliding between contact surfaces leads to
rupture in the junctions and frequent transfer of material
from one surface to the other. As damage increased, ad-
hesion potentially causes scuffing. It can be ascribed to a
large increase in friction coefficient. Depending on the
simple operating conditions and the elements of the tri-
bosystem, a single wear mechanism possibly plays a
dominant role [24]. As mentioned above, adhesion has to
be expected as the dominating wear mechanism of those
samples. With nitrogen ion implantation, the wear

mechanism still belonged to adhesive wear. However,
adhesion resistance shows a trend of increase with nitro-
gen-implanted energy since abrasion resistance will in-
crease when the hardness of wearing material is greater
than that in countersamples.

3.4. Raman Spectroscopy of Wear Scars. Raman spectra
measurements are made for detecting different phases
collected from both unimplanted and implanted AISI M50
steel surfaces after tribological tests. As seen from Figure 9,
several oxide phases’ features could be seen from the Raman
spectra on worn surfaces. )ey might be attributed to the
tribo-caused oxidation on the surface. Some published
works suggest that α-Fe2O3 comes under the R-3c crystal
space group, and seven phonon lines may emerge in the
Raman spectrum, including two A1g phonon modes and five
Eg phonon modes [25, 26]. Peaks at 227 and 494 cm−1 have a
connection with the A1g phonon mode, and peaks at 245,
292, 299, 409, and 609 cm−1 are associated with the Eg
phonon mode. )us, it can be seen that the wear product is
α-Fe2O3. Comparatively, softer phase for oxides such as
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Figure 3: High-resolution XPS spectra of the nitrogen ion-implanted sample. (a) N 1s. (b) Cr 2p.
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α-Fe2O3 may take shape during initial sliding stages with a
low formation temperature. A peak at 680 cm−1 appeared in
the Raman spectrum of the implanted sample, indicating the
presence of Fe3O4, and no similar phenomenon could be
seen from wear tracks on unimplanted surfaces. Raman
bands at 366 cm−1 at a lower nitrogen ion energy belong to
the α-Fe2N phase [27].

Lots of scholars indicated that tribo-oxide layers were
efficient in decreasing wear, and Fe3O4 produced more
protective layers compared with Fe2O3 [28]. Oxides
α-Fe2O3 and Fe3O4 reinforce sliding resistance, which

leads to the stability of friction, as seen from Figure 5.
Such metallic oxides constitute adhesive bonding be-
tween interfaces and thus influence the sliding move-
ment. )erefore, a conclusion can be drawn that nitrogen
ion implantation treatment promoted the wear resistance
for the substrate. Nitride phases harden the surface and
have a low shearing factor, which helps reduce friction
and reinforce wear resistance. In the meanwhile, con-
sistent with the expectation, α-Fe2O3 and Fe3O4 are
formed, and tribological properties in implanted samples
are also enhanced.
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Figure 5: Friction coefficient of unimplanted and nitrogen ion-implanted samples at various energies. (a) )e whole test process. (b) Mean
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Figure 6: 3D optical profilometer images of the wear tracks for the different implanted energies studied after wear tests. (a) Unimplanted.
(b) 60 keV. (c) 80 keV. (d) 100 keV.
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Figure 7: Micromorphologies of worn surfaces. (a) Unimplanted. (b) 60 keV. (c) 80 keV. (d) 100 keV.

0.8

0.0

-0.8

-1.6
-2 -1 0

Width (µm)

D
ep

th
 (µ

m
)

1 2

un-implanted

60 KeV

80 KeV

100 KeV

Figure 8: Depths of wear scar measured by surface profilometer. (a) Unimplanted. (b) 60 keV. (c) 80 keV. (d) 100 keV.

0 400

22
7 

cm
–1

29
2 

cm
–1

40
9 

cm
–1

60
9 

cm
–1

13
22

 cm
–1

800

Raman shift (cm–1)

In
te

ns
ity

 (a
.u

.)

1200

un-implanted

1600

(a)

29
2 

cm
–1

68
0 

cm
–1

60
9 

cm
–1

40
9 

cm
–1

49
4 

cm
–1

82
5 

cm
–1

10
81

 cm
–1

13
22

 cm
–1

22
7 

cm
–1

60 KeV

0 400 800

Raman shift (cm–1)

In
te

ns
ity

 (a
.u

.)

1200 1600

(b)

Figure 9: Continued.
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4. Conclusions

Nitrogen ion implantation improves AISI M50 steel tribo-
logical properties through modifications on the surface layers
of thematerial. As the nitrogen ion-implanted energy increases,
both implantation depth and microhardness increase. Material
mechanical performance has been significantly improved, and
microhardness of the implanted layer at energy 100 keV is 1.3
times greater than that in unimplanted samples. Nitrogen ion
implantation at a higher implanted energy can more effectively
and efficiently improve wear resistance, and wear life in
samples at 100keV before the steady stage is 4 times greater
comparedwith that in samples at 60 keV. It has also been found
that oxides α-Fe2O3 and Fe3O4 form the adhesive bonding
between the interfaces of implanted samples and increase wear
resistance. To sum up, the wear mechanism is still mainly
adhesive wear upon nitrogen ion implantation, whereas ad-
hesion resistance shows a trend of increase with nitrogen-
implanted energy.
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