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Improving the surface hardness and tribological characteristics of metallic glasses (MGs) is meaningful for their
applications as surface contact materials. In this study, nanosecond laser nitriding was performed on Zr-based
MG to improve its surface properties. Three types of laser nitrided surfaces with different hardness were pre-
pared, and their tribological characteristics were systematically investigated by means of the scratch test. The
experimental results indicated that compared with the as-cast MG, the hardness of these three laser nitrided

surfaces was increased by 47.94%, 114.56%, and 171.99%, and their coefficients of friction were reduced by
29.12%, 65.05%, and 71.84%, respectively. Furthermore, the residual scratches and surrounding chips exhibited
various features under different conditions, and the scratch damage mechanisms were analyzed accordingly.

1. Introduction

Metallic glasses (MGs) benefit from the long-range disordered
structure and thereby exhibit exceptional mechanical, physical and
chemical properties, such as high elasticity, low modulus of elasticity,
excellent soft magnetic property and corrosion resistance [1-4]. In
particular, compared with many crystalline alloys, the relatively supe-
rior hardness and wear resistance provide potential applications for MGs
in the preparation of bearing rollers, defense weapons and medical in-
struments [5-8]. For extending the range of applications and satisfying
the actual service conditions, it is essential to further improve the sur-
face properties of MGs.

Surface modification technologies such as deposition or spraying
[9-12] are generally employed to improve the surface properties of
materials. By these methods, the strengthening layer with excellent
mechanical and tribological characteristics could be introduced on the
material substrate. However, due to the difference in intrinsic properties
between the substrate and the strengthening layer, the adhesion
strength at the interface is difficult to guarantee. Thus, the fracture and
delamination induced by fatigue are prone to occur under high-stress
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conditions. Fortunately, the advances in laser technologies including
laser nitriding [13-16], laser cladding [17-20], and laser carburizing
[21-23] have offered new opportunities in the field of surface modifi-
cation. Among these technological methods, laser nitriding is identified
as an effective method due to the advantages of convenient operation
and environmental friendliness. In some previous studies [13,14], laser
nitriding has been performed on the Zr-based MG surface. During laser
nitriding, due to the chemical affinity of nitrogen and zirconium ele-
ments under high temperature condition, ZrN phase could be generated
in situ and embedded into the substrate to form a nitrided layer,
significantly enhancing the surface hardness of Zr-based MG. However,
the effects of laser nitriding on the tribological characteristics of
Zr-based MG have not been investigated yet.

In this study, by laser nitriding, three types of laser nitrided Zr-based
MG surfaces with different surface hardness were prepared. Then, the
tribological characteristics (the coefficient of friction (COF), residual
scratches and chips) of these laser nitrided surfaces were systematically
investigated by scratch tests. The experimental results indicated that
compared with the as-cast MG, the COFs of these three laser nitrided
surfaces were reduced by 29.12%, 65.05%, 71.84% respectively, and
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Fig. 1. The schematic of the laser irradiation system for preparing the laser nitrided surfaces under nitrogen atmosphere.

Table 1
Laser nitriding parameters corresponding to each case.

Laser power  Scanning speed Track Number of

W) (mm/s) overlap (%) irradiation cycle
Case 3.6 10 70 1
1
Case 3.6 10 70 2
2
Case 3.6 10 70 3
3

narrower residual scratches were obtained correspondingly. Further-
more, the scratch damage mechanisms under different conditions were
analyzed. To further identify the differences in scratch damage mecha-
nisms between the as-cast MG and laser nitrided surfaces, the cross-
sectional analysis was performed as well.

2. Materials and experiments
2.1. Laser nitriding process

A typical Zr-based MG block (Zr4; 2Ti13.8Cuyo sNijgBegss) with a
dimension of 20 mm x 20 mm x 2 mm was commercially available. The
specimen was ground with a series of sandpapers (400, 800, 1500, 2000,
and 3000) to obtain a smooth surface, and then cleaned with acetone. To
obtain the laser nitrided surface, the specimen was placed in a nitrogen-
filled cavity, and then irradiated by a fiber nanosecond pulsed laser
(SP-050P-A-EP-Z-F-Y, SPI Lasers, UK). This system emits near-infrared
light with a Gaussian energy distribution, and the central wavelength,
pulse width, and repetition frequency are 1064 nm, 10 ns, and 600 kHz,

Indenter

Scratch platform -

respectively. The schematic of the laser irradiation system is illustrated
in Fig. 1, where the laser beam is focused on the MG surface with a focal
length of 160 mm using a F-theta lens and scanned by a computerized
numerical control system. According to the previous study [14], the
degree of laser nitriding depends on the laser parameters such as the
laser power, scanning speed, track overlap between two neighboring
scanning tracks, and number of irradiation cycle. To obtain the laser
nitrided surfaces with various surface hardness, three kinds of number of
irradiation cycles were employed (1, 2, and 3), and the laser power,
scanning speed and track overlap were selected as 3.6 W, 10 mm/s and
70%, respectively, as listed in Table 1. Thus, three laser nitrided surfaces
(cases 1-3) with the processed area of 4 mm x 4 mm were obtained. To
guarantee the comparability of experimental results, laser nitriding ex-
periments were performed on the identical specimen.

2.2. Nanoindentation and scratch tests

It is recognized that nanoindentation is an effective method for
assessing the mechanical characteristics of materials at the micro/nano-
scale [24-27]. Accordingly, the nanoindentation instrument
(DUH-211S, SHIMADZU, Japan) with a pyramidal indenter was
employed to measure the hardness of the as-cast MG and laser nitrided
surfaces. This indenter has an angle of 115° between the ridge and face.
During the nanoindentation process, the load and penetration depth of
the indenter are recorded. By analyzing the recorded data using the
Oliver-Pharr method [28], the surface hardness could be obtained. For
the nanoindentation tests, the maximum indentation load, loading rate,
and load holding time were selected as 120 mN, 10 mN/s, and 5 s,
respectively. To reduce the test error, the nanoindentation tests were
repeated 10 times for each case. For characterizing the tribological
characteristics of the as-cast MG and laser nitrided surfaces, a self-made
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Fig. 2. Schematic diagram illustrating the scratch test on the laser nitrided surface.
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Fig. 3. SEM micrographs and 3D topographies of the laser nitrided surfaces: (a) case 1, (b) case 2, and (c) case 3. SEM micrographs and 3D topographies of the laser

nitrided surfaces after mechanical polishing: (d) case 1, (e) case 2, and (f) case 3.

scratch test system equipped with a diamond Vickers indenter was used,
and its schematic diagram is shown in Fig. 2. Prior to the scratch tests,
the specimen was fixed on the scratch platform. During the scratch tests,
the scratch platform was moved relative to the indenter at a speed of 20
pm/s, and the normal and tangential loads were measured. The normal
loads used for the scratch tests were selected as 50, 100, 200, 300, 400,
and 500 mN.

2.3. Characterization methods

The micrographs of the laser nitrided surfaces, residual indentations,
residual scratches as well as chips generated during scratch were
observed by the tungsten filament scanning electron microscope (SEM,
JSM-IT500A, JEOL, Japan). The applied voltage and working distance
were 10.0 kV and 10.0 mm, respectively. For characterizing the phases
of the laser nitrided surfaces, an X-ray diffractometer (XRD, D8 Discover,
Bruker, Germany) was used. Phase identification was performed with
the 20 angle between 20° and 80°. In addition, the three-dimensional
(3D) topographies of the laser nitrided surfaces and residual scratches

were measured by the laser scanning confocal microscope (LSCM,
OLS4100, Olympus, Japan).

3. Results and discussion
3.1. Morphology analysis of laser nitrided surfaces

Fig. 3 presents the SEM micrographs and 3D topographies of the Zr-
based MG surfaces treated by laser nitriding under the parameters listed
in Table 1. It is observed that for all the three laser nitrided surfaces,
apparent material ablation is generated. Especially for case 3, wave
peaks and troughs along the laser scanning track are observed (Fig. 3(a)-
3(c)). This is because under the irradiation of high-energy laser beam,
vaporization of surface materials may occur, leading to the generation of
the recoil pressure. Under the action of recoil pressure, the materials of
the irradiated region are pushed outward until they are blocked by the
previous laser scanning track, finally forming the wave peaks and
troughs. The formation of the surface defects aforementioned would
lead to an increase in surface roughness of laser nitrided surfaces, which
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Fig. 4. XRD patterns of the as-cast MG as well as laser nitrided surfaces after
mechanical polishing.

in turn affects the subsequent nanoindentation and scratch tests.
Therefore, mechanical polishing was performed on the cases 1, 2, and 3
surfaces to reduce the surface roughness. Simultaneously, to minimize
the effect of mechanical polishing on the nitrided layer, the thickness of
the material removal layer during mechanical polishing was controlled
to be less than the values between wave peaks and wave troughs of the
laser nitrided surfaces. Accordingly, the surface roughness of the laser
nitrided surfaces has been remarkably reduced from 0.253, 0.259, and
0.265 pm to 0.038, 0.046, and 0.06 pm, and some surface pores appear
as illustrated in Fig. 3(d)-3(f). These surface pores are relatively evenly
distributed and could act like the micro dimples in surface texturing. In
addition, the laser nitrided surfaces after mechanical polishing were
characterized by XRD and the results are presented in Fig. 4. Only one
broad diffraction peak is detected around 26 of 38° on the XRD pattern
of the as-cast MG, demonstrating its amorphous feature [29-31]. While
for cases 1-3 surfaces, the obvious diffraction peaks of ZrN phase are

(a)
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detected, and the peak intensity is increased from case 1 to case 3 [32].
This indicates that the content of ZrN phase generated during laser
nitriding is enhanced by increasing the number of irradiation cycle.

3.2. Nanoindentation characteristics

To assess the strengthening effect of laser nitriding on the as-cast MG
surface, all specimens were subjected to nanoindentation measure-
ments. Specifically, the hardness of the as-cast MG and cases 1-3 sur-
faces was calculated by data processing software included in the
nanoindentation instrument, which is based on the Oliver-Pharr (OP)
method. The involved equation is given by H = Ppax/A, where H and
P« stand for the nanoindentation hardness and the maximum inden-
tation load, respectively. A represents an area function that predicts the
contact area between the indentation and the surface to be measured.
The results, obtained from ten indentations for each specimen, show that
all the three laser nitrided surfaces possess much higher hardness than
that of the as-cast MG (6.32 GPa), as displayed in Fig. 5(a). Besides, the
surface hardness gradually increases from case 1 to case 3, which can be
directly seen from the load-depth curves in Fig. 5(b) and the residual
indentations in Fig. 5(c), where the maximum indentation depth and the
size of residual indentation decrease from case 1 to case 3. This variation
trend of the surface hardness matches well with that of the peak in-
tensity of ZrN phase in Fig. 4, which indicates that the increase in surface
hardness is closely associated with the ZrN phase. According to the
previous studies [33-35], the in-situ formed ZrN phase acts as the sec-
ondary phase in MG substrate, which could effectively hinder the fast
propagation of the main shear band. Accordingly, the resistance to
plastic deformation is enhanced, contributing to its surface hardening.
On the other hand, the ZrN phase with inherently high hardness is
beneficial to further improve the hardness of the irradiated surface. It is
noted that evident shear bands are observed around the residual
indentation for as-cast MG surface as shown in Fig. 5(b), while they are
barely visible on the cases 1-3 surfaces. As mentioned above, the sup-
pression of the main shear band due to the existence of ZrN phase could
give a reasonable interpretation for this phenomenon [36]. In general,
the above analysis demonstrates that the formation of ZrN phase during
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Fig. 5. (a) Surface hardness, (b) load-depth curves and (b) SEM micrographs of residual indentations for as-cast MG as well as cases 1-3.
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Fig. 6. 3D topographies of the residual scratches on the as-cast MG and cases 1-3 surfaces under various normal loads.

laser nitriding plays a significant role in improving the surface hardness
of MG, and more ZrN phase generally leads to higher surface hardness.

3.3. Scratch characteristics

3.3.1. 3D topographies of residual scratches

To evaluate the tribological characteristics of the as-cast MG and
cases 1-3 surfaces, scratch tests were performed under the normal loads
of 50, 100, 200, 300, 400, and 500 mN. Fig. 6 illustrates the 3D to-
pographies of the scratch regions for the as-cast MG and cases 1-3 sur-
faces under various normal loads. It is clearly seen that for all the cases,
the pileups and chips on both sides of the residual scratches have been
generated. For each normal load, the width of the residual scratch on the

as-cast MG surface is always greater than those of the cases 1-3 surfaces,
which suggests the excellent scratch resistance of the laser nitrided
surfaces. Furthermore, from case 1 to case 2, and further to case 3, the
width of the residual scratch shows some regular variations. For quan-
titatively analyzing the widths and depths of these residual scratches,
the corresponding cross-sectional profiles are extracted along the di-
rection perpendicular to the residual scratches, as shown in Fig. 7. To
reduce the measurement errors, the cross-sectional profiles are extracted
from five different locations of each residual scratch, and the average
width and depth are obtained and summarized in Fig. 8(a) and (b). It is
seen that both the width and depth of the residual scratch exhibit a
continuously decreasing trend from the as-cast MG to case 3 under each
normal load. Also, the volume loss induced by scratch was measured by
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Fig. 7. Cross-sectional profiles of the residual scratches on the as-cast MG and cases 1-3 surfaces under the normal loads of (a) 50 mN, (b) 100 mN, (c) 200 mN, (d)

300 mN, (e) 400 mN, and (f) 500 mN.

LSCM analysis software and presented in Fig. 8(c). Being similar to the
aforementioned results, for a given normal load, the as-cast MG always
possesses the maximum volume loss, followed by case 1, case 2, and case
3. These observations indicate that the scratch resistance tends to
gradually increase with the increase of the number of irradiation cycle.
Furthermore, it is noted that the scratch resistance is proportional to the
surface hardness in Fig. 5(a). This phenomenon can be explained by the
equation R = H/K, where R represents the wear resistance coefficient in
Pa, H is the hardness in Pa, and K stands for a constant [37].

On the other hand, it is seen that the cross-sectional profiles of the
residual scratches possess various features under different conditions as
shown in Fig. 7. For the as-cast MG, when increasing the normal load
from 50 mN to 300 mN, the width and depth of the cross-sectional
profile are remarkably increased. For instance, the width increases
from 5.11 pm to 11.80 pm, and the depth increases from 0.40 pm to 1.51
pm. Besides, the height of the pileup on both sides of the corresponding
residual scratch increases gradually, as shown in Fig. 7(a)-7(d). As the
normal load further increases to 500 mN, the width of the residual
scratch presents a milder increasing trend (from 11.80 pm to 12.99 pm)
compared with the depth, and the pileup is apparently weakened as
shown in Fig. 7(d)-7(f). In comparison, for case 1, case 2, and case 3

surfaces, when the normal load is in the range from 50 mN to 400 mN,
the apparent increase in both the width and depth of the cross-sectional
profile is observed. For instance, the widths increase from 5.03, 3.44 and
3.30 pm to 12.41, 11.51 and 11.10 pm, and the corresponding depths
increase from 0.33, 0.15 and 0.07 pm to 1.49, 0.95 and 0.85 pm,
respectively, accompanied by the slight increase in the height of the
pileup (Fig. 7(a)-7(e)). When the normal load increases from 400 mN to
500 mN, the widths of the residual scratches present a slight increase
(from 12.41, 11.51 and 11.10 pm to 12.95, 12.73 and 12.51 pm,
respectively). The above different features may be correlated with
different scratch damage mechanisms, which would be discussed later.

3.3.2. SEM morphology and scratch damage mechanism

To analyze the scratch damage mechanism for as-cast MG and cases
1-3 surfaces under the applied normal loads, the SEM micrographs of
the residual scratches are shown in Fig. 9. It is observed that the residual
scratches with smooth grooves are formed on the as-cast MG and cases
1-3 surfaces under all the normal loads, which exhibits the typical
characteristic of abrasive wear. According to some previous studies
[38-40], abrasive wear primarily includes three modes, i.e., ploughing,
micro-cutting and wedge. Among them, ploughing is mainly beneficial
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Fig. 8. (a) Widths, (b) depths and (c) volume loss of the residual scratches for as-cast MG, case 1, case 2, and case 3 surfaces under various normal loads.

for the extrusion and accumulation of materials to the sides of the re-
sidual scratch [39]. While micro-cutting primarily leads to the removal
of materials along the depth direction of the scratch and the formation of
chips [41].

For the as-cast MG, when the normal load reaches 50 mN, a narrow
groove coupled with the slight pileup is observed (Fig. 9(al)), which
reveals that the principal damage mechanism is ploughing. When
increasing the normal load to 100 mN, the penetration depth of the
indenter becomes larger, leading to a wider and deeper residual scratch
as well as the occurring of chipping events (Figs. 8 and 9(a2)). This in-
dicates that the damage mechanism may have changed from ploughing
to the mixed mode of ploughing and micro-cutting. As the normal load
increases from 100 mN to 300 mN, both the width and depth of the
residual scratch (Fig. 8) increase gradually as well as the height of the
pileup (Fig. 7(b)-7(d)), and the segmented or continuous chips are
generated (Fig. 9(a2)-9(a4)). This suggests the increasing effects of
ploughing and micro-cutting. While, when increasing the normal load
from 300 mN to 500 mN, the width of residual scratch shows a moderate
increasing trend compared to the corresponding depth (Figs. 8 and 9
(a4)-9(ab)). Besides, the pileup is weakened (Fig. 7(d)-7(f)), and some
longer chips are formed and separated from the scratch region (not
shown here). This phenomenon could be ascribed to the dominant role
of micro-cutting.

Compared with the as-cast MG, the scratch damage for cases 1-3
surfaces is indeed milder in terms of the dimension of the residual
scratches as well as the chips and pileups. To further reveal the reasons
for the differences in scratch damage, the cross-sectional analyses for
cases 1-3 were performed. Specifically, cases 1-3 surfaces were first
sectioned by low-speed diamond cutting, and then polished to obtain
smooth cross-sections. Then, the SEM micrographs of the cross-sections
for cases 1-3 surfaces are illustrated in Fig. 10(a), 10(c), and 10(e),
where numerous cluster structures appear, being clearly distinguishable
from the MG substrate. To identify the chemical composition evolution
induced by laser nitriding, EDS line scanning tests were performed along

the depth direction of the cross-sections with the lines 1, 2, and 3 as the
measurement originations for cases 1, 2, and 3, respectively. By
observing the microstructures in the cross-sections and the distributions
of Zr and N elements, it is seen that the depths of the nitrided layer are 6,
13, and 18 pm for case 1, case 2, and case 3, respectively. Further
combining the EDS line scanning results (Fig. 10) and the XRD results
(Fig. 4), these cluster structures might be the in-situ formed ZrN phase.
During scratch, ZrN phase in the MG substrate acts as the load carrying
part with the action of normal and tangential forces, which considerably
cuts down the direct load subjected by the MG substrate [42], as illus-
trated in Fig. 11. Therefore, cases 1-3 surfaces have an edge in resisting
scratch damage compared to the as-cast MG. On the other hand, plenty
of residual surface pores are distributed on the laser nitrided surfaces, as
seen in Figs. 3, 6 and 9. These surface pores play a role in reducing the
volume of materials around the indenter tip and capturing partial chips
[43,44], which may contribute to the further weakening of the scratch
damage. To sum up, the evident differences in the scratch damage be-
tween the laser nitrided surfaces (cases 1-3) and as-cast MG should arise
from the presence of ZrN phase and surface pores. Also, upon the ob-
servations on the different distributions of nitrided layers for cases 1-3
in Fig. 10, it is anticipated that these three laser nitrided surfaces could
possess some different scratch damage mechanisms. In Fig. 9(b1)-9(d1),
the residual scratches obtained under a low normal load of 50 mN reveal
that the damage mechanism for cases 1-3 surfaces is ploughing. When
increasing the normal load to 100 mN, partial materials in case 1 and
case 2 surfaces are squeezed to the sides of the residual scratches to form
some scattered debris, accompanied by the continuous increase in the
widths and depths of the residual scratches (Figs. 8 and 9(b2)-9(c2)).
This indicates their damage mechanism becomes the mixed mode of
ploughing and micro-cutting. While for case 3, the damage mechanism
still remains the ploughing mode (Fig. 9(d2)), indicating that the tran-
sition of its damage mechanism has been delayed. This is primarily due
to that the content of ZrN in the MG substrate is apparently increased by
tuning the number of irradiation cycle from 1 to 3 (Figs. 4 and 10),
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Fig. 9. SEM micrographs of the residual scratches for (al)-(a6) as-cast MG, (b1)-(b6) case 1, (c1)-(c6) case 2, and (d1)-(d6) case 3 surfaces under the applied

normal loads.

resulting in a stronger load-carrying effect for the case 3 surface. Sub-
sequently, the SEM micrographs for cases 1-3 surfaces under the normal
loads of 200, 300, and 400 mN suggest that the principal damage
mechanism is the mixed mode of ploughing and micro-cutting. When
increasing the normal load to 500 mN, the width of residual scratch for
case 1 surface basically remains unchanged (Figs. 8 and 9(b6)), and
those of case 2 and case 3 surfaces show a moderate increase (Figs. 8 and
9(c6)-9(d6)). Besides, the pileup behavior is alleviated, and the gener-
ated chips are separated from the scratch region. This suggests that the

micro-cutting may play a dominant role. In general, scratch damage
mechanism is not only related to the applied normal load but also to the
ZrN phase and surface pores induced by laser nitriding.

In Fig. 9, accompanied by the change of the scratch damage mech-
anism, the micrographs of the chips exhibit different features as well.
Accordingly, the enlarged SEM micrographs of the chips for as-cast MG
and cases 1-3 surfaces under two representative normal loads of 200 mN
and 400 mN are shown in Fig. 12. When the normal load is 200 mN, the
long and thick chips appear on the as-cast MG surface; while for cases
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Fig. 11. Schematic diagram illustrating the scratch process on the case 1 surface.

1-3 surfaces, the segmented chips (Fig. 12(c)) or debris (Fig. 12(e) and
(g)) are distributed on both sides of the residual scratches. This differ-
ence in chip morphology may be ascribed to the combined effects of the
following factors: (1) in-situ formed ZrN phase could cause the reduction
of removal materials during scratch [45]; (2) the ZrN phase with
intrinsic brittleness may cause a rise in brittleness of the laser nitrided
surface [46]; (3) discontinuous pores in the laser nitrided surface are
likely to cut off the chips and capture partial chips. This can be

supported by Fig. 9(b2)-(d2), where the surface pores are almost filled.
As the normal load increases to 400 mN, the increasing effect of
micro-cutting causes the generation of the chips with large dimension.
Especially, for as-cast MG and case 1 surfaces, the continuous strip chips
are generated. While for case 2 and case 3 surfaces, although the
dimension of the chips is larger than that obtained under the normal
load of 200 mN, the chips are still discontinuous.
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Fig. 12. SEM micrographs of the chips for (a)-(b) as-cast MG, (c)—(d) case 1, (e)-(f) case 2, and (g)-(h) case 3 surfaces under the normal loads of 200 mN and

400 mN.

3.3.3. Coefficient of friction (COF)

To quantitatively evaluate the scratch resistance of the as-cast MG
and cases 1-3 surfaces, a comparative analysis of the coefficient of
friction (COF) is performed. Accordingly, the COF curves in the stable
stage for as-cast MG and cases 1-3 surfaces under various normal loads
are illustrated in Fig. 13(a)-13(f), and the corresponding average COFs
are summarized in Fig. 13(g). It is observed that regardless of the normal
load, the average COFs for cases 1-3 surfaces are always less than that of
the as-cast MG, and the average COF gradually decreases from case 1 to
case 3. For instance, when the normal load reaches 50 mN, the COFs for
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as-cast MG, case 1, case 2, and case 3 surfaces are 0.103, 0.073, 0.036,
and 0.029, respectively (Fig. 13(g)). That is, the COFs for case 1, case 2,
and case 3 surfaces are reduced by 29.12%, 65.05%, and 71.84% in
comparison with the as-cast MG. This indicates that scratch resistance is
increased from as-cast MG to case 1, case 2, and case 3 surfaces, which
matches well with the above analysis on the 3D topographies (Fig. 6)
and SEM micrographs (Fig. 9) of the residual scratches. As motived
above, compared with the as-cast MG, the reduction in the average COF
is primarily ascribed to ZrN phase which reduces the direct load sub-
jected by the MG substrate, and the surface pores may contribute to the
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Fig. 13. COF curves for as-cast MG and cases 1-3 surfaces under the normal loads of (a) 50 mN, (b) 100 mN, (c) 200 mN, (d) 300 mN, (e) 400 mN, and (f) 500 mN.

(g) presents the average COFs under various conditions.

further reduction in the average COF due to the decrease in the volume
of materials around indenter tip.

On the other hand, there are some similarities in the COF curves and
average COFs between the as-cast MG and cases 1-3 surfaces. Firstly, all
the COF curves exhibit some fluctuations, which get more pronounced
as the normal load increases. This fluctuation behavior may be related to
the plastic deformation and generation of chips in the scratch region
[47,48]. As a chipping event occurs or plastic deformation intensifies,
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the scratch indenter tends to lose balance and support, leading to a
decline in the tangential force. Subsequently, owing to the material
resistance and the surface roughness caused by the chips, a relatively
high tangential force is required to keep indenter tip moving forward.
Thus, a fluctuated COF curve is presented. Combined with the above
analysis, the relatively stable COF curves for as-cast MG and cases 1-3
surfaces in Fig. 13(a) are mainly owing to the slight plastic deformation
without the chips (Fig. 9(a1)-9(d1)). When increasing the normal load
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from 100 mN to 500 mN, the plastic deformation aggravates and the
dimension of the chips increases, leading to more pronounced fluctua-
tions in the COF curves in Fig. 13(b)-13(f). Secondly, the average COFs
tend to increase with the increase of the normal load from 50 mN to 500
mN (0.103to 0.279 for as-cast MG, 0.073 to 0.252 for case 1, 0.036 to
0.225 for case 2, 0.029 to 0.191 for case 3). This could be owing to that
the materials around the indenter tip are severely accumulated at the
relatively large normal load. Thus, the tangential force increases
accordingly to overcome the larger material resistance [39,41,49].
Nevertheless, laser nitriding has successfully improved the scratch
resistance of MG and significantly reduced the COF, which could
contribute to the extension of its service life.

4. Conclusions

In summary, by laser nitriding, three types of laser nitrided Zr-based
MG surfaces with different surface hardness were prepared. Then, a
systematic investigation on the tribological characteristics of these three
laser nitrided surfaces was performed by scratch tests. By experiments
and analysis, the following conclusions could be obtained.

(1) After performing laser nitriding on the Zr-based MG surface with
the selected laser parameters, its hardness had been improved
from 6.32 GPa (as-cast MG) to 9.35 GPa (case 1), 13.56 GPa (case
2), and 17.19 GPa (case 3).

Under a given normal load, the cases 1-3 surfaces presented
narrower residual scratches as well as less chips and pileups
compared with the as-cast MG.

Compared with the as-cast MG, the average COFs for case 1, case
2, and case 3 surfaces were reduced by 29.12% (from 0.103 to
0.073), 65.05% (from 0.103 to 0.036), 71.84% (from 0.103 to
0.029), respectively.

The difference in scratch characteristics between the as-cast MG
and laser nitrided surfaces was due to the in-situ formed ZrN
phase as well as the surface pores.

(2
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