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Abstract

Nanosecond pulsed laser nitriding is a promising technique for improving the surface hardness of Zr-based metallic glass
(MG). However, being different from conventional surface enhancement methods, this method generally results in irregular
surface profile and poor surface roughness, which impedes its potential industrial applications and popularization. Here,
nanosecond laser polishing (LP), as a novel post-machining flattening approach, is introduced to flatten the laser nitrided
Zr-based MG surface. The effects of the LP parameters, i.e., laser power, scanning speed, and track overlap, on the micro-
topography and surface roughness (Sa and Sq) of the laser nitrided MG surface are systematically investigated, as well as the
surface hardness variation. Compared with the laser nitrided Zr-based MG surface, homogeneous surface morphologies are
achieved by LP with a remarkable reduction on surface roughness (Sa) by 93.7%, 72.9%, and 84.6% on three demonstrated
laser nitrided MG surfaces. Most of the defects occurred in laser nitriding are removed under the optimal LP conditions.
According to the residual micro-morphology on the LP surface, two kinds of mechanisms in LP are discussed. This study
demonstrates that LP is an important alternative to effectively improve the surface roughness and mechanical performance
of laser nitrided Zr-based MG, which would be meaningful and significant for the functional applications of MG in bio-
chemical and anti-corrosion interface.
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Abbreviations

LP  Laser polishing

FLP First laser polishing
SLP Second laser polishing
P Laser power

1% Scanning speed

f Pulse frequency

Laser spot radius
Pulse distance
Track pitch
Pulse overlap
Track overlap
Energy density
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Metallic glasses (MGs) were first investigated in the
preparation of Au—Si amorphous alloys in the 1960s [1].
After that, more achievements were made in the 1980s
and a variety of MGs with high glass-forming ability were
developed [2—4]. Compared with their crystalline coun-
terparts, MGs present some outstanding properties, such
as superior strength, high elasticity, and excellent corro-
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sion resistance [5—7]. These attractive properties act as
a trigger for numerous potential applications for MGs in
aerospace, precision machinery, military weapons, and
consumer electronic fields [8, 9]. However, MGs suf-
fer from highly localized shear banding deformation at
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ambient temperature, limiting their extensive applications
as structural and engineering materials [10, 11]. Neverthe-
less, the high hardness and anti-corrosion properties of
MGs compared to many crystalline alloys extend some
novel and creative applications as surface functional mate-
rials. Thus, it is essential to focus on their surface physical
and chemical properties to satisfy application demands.

Laser processing [12-18] as an effective approach has
been intensively investigated to modify the surface micro-
morphology and corresponding properties. According to
different processing conditions, the irradiated surfaces can
be tailored from softening, such as laser shock peening,
to hardening, such as laser-induced nitriding, by adjusting
structure or doping components. For example, laser shock
peening was utilized to soften the MG surface by introduc-
ing free volume [14, 18]. On the other hand, after laser
irradiation in nitrogen atmosphere, a thin layer of ZrN
was generated on the irradiated surface as a result of laser-
induced nitriding, resulting in the surface hardening [19].
In general, severe material ablation simultaneously occurs
during the laser nitriding of Zr-based MG surface, leading
to irregular surface morphologies and poor surface rough-
ness. Lot of surface defects are left with the laser nitriding,
such as humps, dents, and micro-sized particles, which
hinder its further applications as functional surfaces.

To solve this problem, LP as a novel approach is intro-
duced to flatten the laser nitrided Zr-based MG surface.
This approach avoids the environmental pollution that
commonly occurs in electrochemical polishing [20], as
well as the uncontrollable removal rate of surface layer
in mechanical abrasive polishing [21]. What’s more, LP
makes it possible to spend less machining time, focus on
selected localized area, and produce no waste and efflu-
ents [22-25]. In particular, LP could be performed on
the same position without resetting after laser nitriding,
which avoids further post-machining treatments and the
corresponding positioning deviations in the following
machining.

This study attempted to verify the feasibility of LP for
flattening laser nitrided Zr-based MG surface, and three
types of laser nitrided surfaces with different initial mor-
phologies as demonstrations were produced first. The effects
of the LP parameters, i.e., laser power, scanning speed, and
track overlap, on surface roughness (Sa and Sq) of laser
nitrided Zr-based MG surfaces were systematically inves-
tigated, and the corresponding mechanisms with different
laser powers and scanning speeds were discussed. The sur-
face microstructure and surface hardness before and after
LP were also measured. Finally, the optimal LP conditions
for flattening the laser nitrided Zr-based MG surface were
obtained, which should be able to provide some valuable
reference for the LP experiments on other similar kinds of
materials.
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2 Materials and experiments
2.1 Materials

The metallic glass (Zr,; ,Ti;33Cu;, sNijoBe,, 5) with the
dimensional size of 20 mm X 20 mm X2 mm was bought
from Peshing New Metal Material (Changzhou) Co., Ltd.,
China. It was prepared by arc melting the constituting ele-
ments of Zr, Ti, Cu, Ni, and Be (purity high than 99.9 wt%)
in a Tigettered argon atmosphere via the copper mold suck-
casting method. The ingot was re-melted several times and
stirred with a magnetic beater to obtain the MG sample with
compositional homogeneity. In order to remove the crystal-
lized layer that may be generated during the manufactur-
ing process and obtain a smooth surface, the sample was
mechanically polished with 400, 800, 1200, and 2000 grit
sand papers in subsequence by a precision lapping/polishing
machine (UNIPOL-802, MTI corporation, China), and final-
ized with polishing pad and diamond abrasive paste. The
polished sample was cleaned up by acetone and alcohol to
remove the chips and abrasives on the final polished surface.

2.2 Preparation of laser nitrided surfaces

A fiber nanosecond pulsed laser system (SP-050P-A-EP-
Z-F-Y, SPI Lasers, UK), characterized by a wavelength
of 1064 nm, pulse width of 10 ns, and pulse frequency of
600 kHz, was employed to irradiate the MG samples in
nitrogen atmosphere for preparing the laser nitrided sur-
faces. The laser irradiation system together with scanning
strategy is illustrated in Fig. 1. The laser beam is focused
on the MG surface by a F-theta lens and moves along the
scanning direction. After single-line irradiation, the laser
beam is offset by a distance relative to the previous scanning
track, and line irradiation is performed again. The param-
eters involved in the scanning strategy can be described by
the following equations [26—29]:

d =V/f 1)
O=1-d./@r) ©)
R=1- dy/(2r) (3)

where V is the scanning speed, f stands for the pulse fre-
quency, r represents the laser spot radius, dx is the pulse
distance between two adjacent laser spots, dy is the track
pitch between two adjacent scanning tracks, and O and R
represent the pulse overlap and track overlap. According to
the previous research [19] and pre-experiments, the detailed
parameters for laser nitriding are listed in Table 1. A slow
scanning speed of 1 mm/s was selected for promoting the
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Fig. 1 The schematic diagram of the laser irradiation system and scanning strategy

laser nitriding. To explore the capability of LP, laser powers,
0.95, 1.56, and 2.78 W, were selected to obtain three types
of nitrided surfaces with different surface morphologies and
surface roughness, which are defined as surfaces A, B, and
C. To ensure the comparability of experimental results, sur-
faces A, B, and C were located on the same surface of one
single sample.

2.3 LP process

After laser nitriding, the same nanosecond pulsed laser sys-
tem was employed to flatten the laser nitrided surfaces A,
B, and C. In order to protect the sample surface from oxi-
dization in LP, the sample was also placed in the chamber
under nitrogen atmosphere during the further LP process. As
reported in Ref. [30], during the process of LP, the irradi-
ated region generally undergoes complex physical changes,
such as the re-melting and solidification of surface materials.
According to the degree of melting, two typical melt-related
LP mechanisms are found, i.e., surface shallow melting

Table 1 Laser nitriding parameters corresponding to surfaces A, B,
and C

Laser power Scanning speed Track
W) (mm/s) overlap
(%)
Surface A 2.78 1 50
Surface B 1.56 1 50
Surface C 0.95 1 50

(SSM) and surface over melting (SOM) [30-32], as shown
in Fig. 2a, b respectively. For the SSM mechanism, only
partial peaks are melted under relatively low laser energy,
and the materials of melted peak fill up the valleys due to
capillary pressure and gravity [32], leading to the improve-
ment on surface flatness and roughness. In terms of the SOM
mechanism, a high laser energy causes the thickness of the
melted layer larger than the height difference between peaks
and valleys, and a molten pool is formed. The surface mate-
rials in the irradiated region are redistributed due to capillary
pressure and thermal capillary pressure [31]. However, since
the materials in the irradiated region are over-melted, convec-
tive currents in molten pool generally cause capillary waves,
and thus the surface flatness is commonly worse than that
under SSM.

2.3.1 LP process for surface A

Since the laser power used for surface A was the highest,
remarkable material ablation occurred, generating lots of
micro-grooves and particles on the laser nitrided surface.
Considering the large roughness of surface A, further
subsequent LP process was divided into two stages, i.e.,
the first laser polishing (FLP) and second laser polishing
(SLP). FLP was used to greatly reduce the surface rough-
ness, and then SLP was further employed to remove the
residual defects on the surface after FLP. The schematic
diagram of LP on surface A is presented in Fig. 3. A
series of LP parameters, laser power (P), scanning speed
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Fig.2 Schematic diagrams
of two typical re-melt related
mechanisms in LP: a surface
shallow melting (SSM) and b
surface over melting (SOM)
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(V), and track overlap (R) based on the preliminary exper-
iments are listed in Table 2.

2.3.2 LP process for surfaces B and C

Since the laser power used in laser nitriding on surfaces
B and C was much lower than that used on surface A, the
surface roughness of surfaces B and C was much better
and relatively lower laser power was needed in the follow-
ing LP process. Thus, only one LP process was conducted
on surfaces B and C and the scanning speed was selected
in the range from 100 to 500 mm/s for surfaces B and C.
The laser power and track overlap were determined by
the pre-experiments, and other parameters used in LP are
listed in Tables 3 and 4, respectively.

2.4 Characterization

The surface integrity and morphology of surfaces A, B, and
C before and after LP were characterized by laser scanning
confocal microscope (LSCM, OLS4100, Olympus, Japan)
and tungsten filament scanning electron microscope (SEM,
JSM-IT500A, JEOL, Japan), respectively. The areal average
roughness (Sa) and areal r.m.s. roughness (Sq) were regarded
as the indexes for evaluating the surface integrity. Then, the
hardness of the as-cast MG and LP surface was measured
by nanoindentation instrument (DUH-211, SHIMADZU,

Feed Surface A FLP surface SLP surface

direction/| 7 / —
—

Scanning direction

4

Fig.3 Schematic diagram of two times of LP on surface A
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Japan) with a pyramidal indenter (pyramidal indenter,
TOKYO DIAMOND Tools MFG. Co., Ltd., Japan).

3 Experimental results and discussion
3.1 Morphologies of laser nitrided surfaces

Figure 4 illustrates the SEM morphologies of the surfaces A, B,
and C. In Fig. 4a, remarkable material ablation is occurred on
surface A, remaining numerous micro/nanoscale particles along
the scanning tracks. While on surface B, due to less laser power,
the effect of ablation becomes minor, and small collective laser-
induced defects are visible between the adjacent scanning tracks
as shown in Fig. 4b. Being different from surfaces A and B,
the laser scanning tracks are observed without other notice-
able defects on surface C as shown in Fig. 4c. Accompanied
with micro-defects in laser nitriding, the surface morphology
becomes irregularity and far from its initial surface integrity.
Facing this issue, LP was conducted to flatten surfaces A, B,
and C for enhancing their surface flatness and roughness.

3.2 Surface roughness after LP on laser nitrided
surfaces

3.2.1 Surface roughness after LP on surface A

(A) Surface roughness after FLP

Figure 5 illustrates the variation of surface roughness
(Sa and Sq) in accordance with the laser power, scanning

Table2 FLP and SLP parameters on surface A

LP parameter Value

3.75,5.42,7.12, 8.82
100, 200, 300, 400, 500
80, 90

Laser power (W)
Scanning speed (mm/s)
Track overlap (%)
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Table 3 LP parameters on surface B

LP parameter Value

3.75,5.42,7.12
Scanning speed (mm/s) 100, 200, 300, 400, 500
Track overlap (%) 80

Laser power (W)

speed, and track overlap after FLP on surface A. From the
obtained results in Fig. 5a, it is noted that small laser power
(3.75 W) fails to improve the surface roughness. As the laser
power increases to 5.42 W, the surface roughness is notably
reduced at the scanning speed of 100 mm/s, but the surface
flattening effect is gradually decreased with the increase of
scanning speed. Further increase of the laser power above
7.12 W leads to a remarkable reduction by approximately
80% in surface roughness regardless of the scanning speed.
The above results indicate that surface roughness is remark-
ably affected by the laser power and scanning speed. Accord-
ing to the Eqgs. (1)—(3), the scanning speed affects the laser
energy by changing the number of pulses per unit area. Sim-
ilarly, the relationship between the laser power and laser
energy can be described by the following equation:

E=P/(fxxr) @)

where E is the energy density, P is the laser power, f stands
for the pulse frequency, and r represents the laser spot radius.
It is seen that laser power strongly affects the laser energy
emitted by the laser beam in case of the fixed pulse fre-
quency and laser spot radius. Therefore, as the laser power
or scanning speed changes, the laser energy will change
accordingly. Since LP is a thermal energy-based manufactur-
ing process, the laser energy incident on the sample surface
majorly contributes to the heat transfer during LP. Therefore,
laser energy with different intensities would make the laser
irradiated region undergo different melting states (SSM and
SOM), thus leading to the variation of the surface roughness.

Next, the effect of the track overlap on surface roughness
was investigated. Based on the above experimental results,
the laser powers of 7.12 and 8.82 W, which present nota-
ble improvement on the surface roughness, were further
adopted with different track overlaps, and the correspond-
ing variation of surface roughness is shown in Fig. 5b. It
is observed that for each laser power, the track overlap has
minor influence on the surface roughness. Nevertheless, the

Table 4 LP parameters on surface C

LP parameter Value

2.49,2.78,3.10,3.41,3.75
Scanning speed (mm/s) 100, 200, 300, 400, 500
Track overlap (%) 80

Laser power (W)

track overlap of 90% would be slightly better in terms of the
reduction in surface roughness compared to the track overlap
of 80%. In summary, after FLP, the remarkable reduction in
surface roughness is obtained at the laser power of 8.82 W,
track overlap of 90%, and scanning speeds of 300, 400, and
500 mm/s, as illustrated in Fig. 5b.

For further evaluating the surface roughness of the FLP
surfaces obtained under the above parameters, the 3D mor-
phologies are obtained as shown in Fig. 6. As shown in
Fig. 6a—c, the initial surface morphology is removed, but
the laser scanning tracks during LP are clearly observed.
In addition, some surface defects such as spatial fluctuation
and un-melted particles are left on the FLP surface. Thus,
the single LP process might be not enough for removing all
the surface defects on surface A. To achieve a better surface
quality, the second LP should be performed on the surface in
Fig. 6b to remove the irregularities and laser scanning tracks.

(B) Surface roughness after SLP

Figure 7 illustrates the variation of surface roughness
(Sa and Sq) after SLP in accordance with the laser power
and scanning speed. Due to the minor effect of track
overlap in FLP, similar performance might be occurred
in SLP. Therefore, the track overlap in SLP is kept con-
stant as 80%. As illustrated in Fig. 7, at the laser power of
2.17 or 3.75 W, the surface roughness presents no nota-
ble improvement. This may be due to a low laser power
(2.17 or 3.75 W) could not provide enough laser energy
to melt the surface defects left on the FLP surface. To
confirm this speculation, the 3D morphology of the SLP
surface under the experimental parameters of P=2.17 W,
V=400 mm/s, and R =80% is illustrated in Fig. 8a. It is
found that the laser scanning tracks and spatial fluctuation
are observed, which indicates that the laser power needs
to be increased. With the increase of the laser power to
5.42 W, an overall reduction trend in surface roughness
is evident. Especially, at the scanning speed of 400 mm/s,
the minimum surface roughness of 0.066 pm (Sa) can be
achieved. This indicates that the laser energy under this
condition is the optimal for surface flattening, and the cor-
responding 3D morphology is illustrated in Fig. 8b. When
the scanning speed is decreased from 400 to 200 mm/s, the
distance between the adjacent laser pulses is reduced, lead-
ing to the increase of the number of pulses per unit area.
Thus, the laser energy excesses the optimal value, leading
to a switch of LP mechanism from SSM to SOM. Conse-
quently, the surface materials are over-melted, and capillary
waves are generally induced due to the surface tension
gradient [33], which limits the reduction in surface rough-
ness, as shown in Fig. 8c. In comparison, as the scan-
ning speed is increased from 400 to 500 mm/s, the current
laser energy is insufficient to re-melt the micro-particles
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Fig.4 SEM morphologies [ Stitface A

of three demonstrated laser
nitrided surfaces: a surface A, b
surface B, and ¢ surface C

or surface defects, hindering the improvement of surface
roughness, as shown in Fig. 8d. According to the above
analysis, it can be concluded that by varying the laser
power or scanning speed, the absorbed laser energy on
the sample surface is different, which leads to the onset
of SOM or SSM mechanism, thereby affecting the final
surface roughness.

3.2.2 Surface roughness after LP on surface B

Figure 9 illustrates the surface roughness (Sa and Sq) chang-
ing with the laser power and scanning speed, as well as the
3D morphology after LP on surface B. It is observed that
as the scanning speed increases from 100 to 500 mm/s, the
surface roughness gradually decreases for each laser power.
At the scanning speed of 100 mm/s, LP leads to a negative
effect on the surface roughness regardless of laser power.
For example, when the laser power and scanning speed
are 5.42 W and 100 mm/s, the surface roughness of the LP
surface is obviously larger than that of surface B as shown
in Fig. 9b. As analyzed above, this phenomenon should be
related to over-melting of the surface materials caused by
excessive laser energy, which can be further confirmed by
the capillary waves in Fig. 10a. In addition, the ablation of
surface materials is observed in Fig. 10a, which might limit
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the improvement of surface roughness as well. When the
scanning speed increases from 200 to 500 mm/s, surface
roughness is gradually decreased for each selected laser
power. This may be attributed to the reduction of capillary
waves. It is found that when the laser power and scanning
speed are 5.42 W and 500 mm/s, the surface roughness (Sa)
is greatly reduced from 0.059 pm to 0.016 um, showing a maxi-
mum reduction of 72.9%, and smooth LP surface is obtained
as shown in Fig. 10b.

3.2.3 Surface roughness after LP on surface C

Figure 11 illustrates the surface roughness (Sa and Sq)
changing with the laser power and scanning speed after LP
on surface C as well as the 3D morphology of surface C.
Being different from the LP results of surfaces A and B,
the roughness of surface C overall tends to increase with
the increase of the scanning speed for each laser power.
It is observed that when the laser power is set as 3.75 W,
the surface roughness is significantly improved. Especially
at the LP parameters of P=3.75 W, V=300 mm/s, and
R =80%, the maximum reduction in surface roughness (Sa)
of 84.6% is obtained, and the flattened LP surface is obtained
as shown in Fig. 12a. However, when the scanning speed
gradually increases from the 300 mm/s (optimal value) to
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Fig.5 Surface roughness (Sa and Sq) after FLP obtained under a various laser powers and scanning speeds and b various track overlaps
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Fig.6 3D morphologies of surface A after FLP at experimental parameters: a P=8.82 W, V=300 mm/s, and R=90%; b P=8.82 W,

V=400 mm/s, and R=90%; and ¢ P=8.82 W, V=500 mm/s, and R=90%

500 mm/s or laser power gradually decreases from 3.75 W
to 2.49 W, the surface roughness tends to increase. This may
be due to that the valleys on surface C (Fig. 11b) cannot
be completely filled caused by the insufficient laser energy.
For example, when the laser power and scanning speed are
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Fig.7 Surface roughness (Sa and Sq) after SLP changing with the
laser power and scanning speed

3.10 W and 500 mm/s, only parts of peaks are melted, thus
some residual valleys are still observed on the LP surface as
shown in Fig. 12b.

3.2.4 LPresults on surfaces A, B, and C

From the results of the above experiments, it can be found
that the surface roughness for surfaces A, B, and C has
been significantly improved by LP, which is mainly attrib-
uted to the principle of LP. The corresponding schematic
diagram is illustrated in Fig. 13. When the laser beam is
focused on the surface of sample, the temperature of the
irradiated region rises sharply, resulting in a temperature
gradient along the depth direction of sample. Accordingly,
the heat is transferred from the surface with high tempera-
ture to the interior of sample by convection. Simultane-
ously, partial heat is dissipated into the environment by
radiation, as shown in Fig. 13a. Due to the accumulation
of heat, the materials of the irradiated region are melted as
shown in Fig. 13b. The degree of melting depends on the
laser energy, which is controlled by the laser parameters.
When the laser nitrided surface is irradiated with optimal
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laser parameters, its surface defects (spatial fluctuation
and particles) are just melted without material ablation,
thus leading to the minimum surface roughness. However,

when the laser parameters are greater or less than the opti-
mal value, the excessive or insufficient melting occurs,
thus hindering the improvement of surface roughness. The
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Fig.9 a Surface roughness (Sa and Sq) changing with laser power and scanning speed after LP on surface B and b 3D morphology of surface B
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Fig. 10 3D morphologies of the LP surfaces under the experimental parameters: a P=5.42 W, V=100 mm/s, and R=80%; b P=5.42 W,

V=500 mm/s, and R=80%

above analysis indicates that appropriate laser parameters
play a vital role in improving the surface roughness. For
comparing the difference in optimal LP conditions of these
three nitrided surfaces and providing reference for similar
LP experiments, the roughness of laser nitrided surfaces
and LP surfaces, number of LP cycle, laser power,
scanning speed, and track overlap are listed in Table 5. It
is worth mentioning that the number of LP cycle is greatly
affected by the roughness of the initial laser nitrided sur-
face. For flattening surface A, LP is needed to be per-
formed two times (FLP and SLP); while for surfaces B
and C, only one LP is needed. In the other word, a rough
laser nitrided surface is less likely to achieve remarkable
improvement in surface roughness by single LP. Addi-
tionally, a relatively high laser power is more suitable for
polishing surface with large surface roughness.

3.3 Effect of LP on the microstructure evolution
of laser nitrided surface

3.3.1 Effect of LP on the microstructure evolution
of surface A

Figure 14 illustrates the micro/nano structures of surface
A and the surface morphologies after FLP (P=8.82 W,
V=400 mm/s, and R=90%) and SLP (P=5.42 W,
V=400 mm/s, and R=80%). It is observed that surface
A gradually becomes flattened as the number of LP cycle
increases, accompanied by the evolution of surface micro-
structures. As shown in Fig. 14a, b, on surface A, the humps
are formed at the overlapped regions of the adjacent laser
scanning tracks, accompanied by large numbers of col-
lective micro-particles. The generation of humps may be

g
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Fig. 11 a Surface roughness (Sa and Sq) changing with the laser power and scanning speed after LP on surface C and b 3D morphology of sur-

face C
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Sa=0.021 pm

Sa=0.055 pm
Sq=0.070 pm

(b)

Fig. 12 3D morphologies of the LP surfaces under the experimental parameters: a P=3.75 W, V=300 mm/s, and R=80%; b P=3.10 W,

V=500 mm/s, and R=80%

related to the recoil pressure caused by the vaporization of
the MG surface materials when irradiated under a high laser
energy. Under the action of recoil pressure, the materials of
the irradiated region are pushed to flow outward and until they
are blocked by the previous laser scanning track, forming the
humps [34]. After FLP, surface A is re-melted, thus micro-
particles disappear and the irregular ripples appear as shown
in Fig. 14c, d. The formation of irregular ripples may be
attributed to uneven melting caused by inhomogeneities of
surface morphology of surface A [35]. In addition, some
cracks perpendicular to the scanning tracks are observed
on the FLP surface, and these cracks could be caused by
the inhomogeneities of solidification rate and thermal stress
during LP [36]. After SLP, the surface materials are re-melted

Fig. 13 The schematic diagram
of LP on the laser nitrided sur-
face: a processes of heat transfer
and radiation and b smooth
surface after LP

Scanning
direction

=)

Laser polished \ .

surface
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Melted region

again at a small laser energy, and a flat and uniform surface
is achieved, as shown in Fig. 14e, f.

3.3.2 Effect of LP on the microstructure evolution
of surfaces Band C

Figure 15a, b show the SEM morphologies of surface B
and the LP surface, respectively. In Fig. 15a, some irregular
stripes caused by material ablation can be observed. These
stripes are mainly distributed in the middle of the laser scan-
ning tracks, which should be due to the Gaussian distribution
of laser energy [34]. When irradiated by the laser beam, the
temperature in the middle of the single laser scanning track is
higher than the temperature at the edge, thus the materials in
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Table5 Optimal LP conditions Laser nitrided surface Surface A Surface B Surface C
and results of surfaces A, B,
and C Roughness of laser nitrided surface (um) 1.049 0.059 0.136
Roughness of LP surface (pm) 0.066 0.016 0.021
Number of LP cycle 2 1 1
Laser power 8.82/542 W 542W 375W
Scanning speed 400/400 mm/s 500 mm/s 300 mm/s
Track overlap 90%/80% 80% 80%

the middle region are easier to be ablated. After LP, the laser ~ scanning can be clearly captured as illustrated in Fig. 15c,
scanning tracks and irregular stripes disappear due to there-  and almost no ablation is observed due to the relatively low
melting of surface materials, but some tiny ripples are formed.  laser energy. After LP under the optimal parameters, the
Nevertheless, surface B becomes flattened after LP. As for ~ materials of melted peaks fill up the valleys, which leads to
surface C, the peaks and valleys generated by multi-line laser ~ a smooth and homogeneous surface, as shown in Fig. 15d.

Fig. 14 SEM morphologies of
a surface A, ¢ FLP surface, and
e SLP surface. The Fig. 14b,

d and f are enlarged views of
local zones in Fig. 14a, c and e,
respectively

SLP surface
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Surface B
Iy ; after LP
Tinrrgular pples

(b)
'

f ‘ Valleys

/

(d)

Fig. 15 SEM morphologies of a surface B and ¢ surface C. The Fig. 15b,
d are morphologies of LP surfaces corresponding to surfaces B and C,
respectively

4 Effect of LP on the surface hardness
of laser nitrided surface

Besides the enormous improvement in surface roughness of
laser nitrided surfaces after LP, the surface hardness of the
LP surface was investigated as well. The surface hardness
was obtained by nanoindentation tests, and the indentation
load and loading rate were 150 mN and 10 mN/s respec-
tively. To eliminate the random error in the tests, nanoinden-
tation tests were repeated ten times at different positions of
each surface. Then, the surface hardness of surface A after
SLP is given as an example. For comparison, the as-cast MG
and surface A are also included. Accordingly, the load-depth
curves and average hardness obtained for the as-cast MG,
surface A and SLP surface are illustrated in Fig. 16. It is
observed that the surface hardness is increased from the as-
cast MG of 6.22 GPa to surface A of 7.02 GPa with~ 12.86%
improvement after laser nitriding, and further to SLP surface
of 7.32 GPa with~4.27% improvement. It has been reported
that the enhancement in surface hardness after laser irradia-
tion in nitrogen atmosphere is related to the introduction of
ZrN phase on the surface [19, 37]. Thus, compared to the
as-cast MG, the increase in the surface hardness of surface
A is caused by ZrN phase. Since LP was also carried out in
the nitrogen atmosphere after laser nitriding, therefore, it is
reasonable to speculate that the generation and accumula-
tion of ZrN phase during LP lead to the further improve-
ment of the surface hardness of SLP surface. To confirm
this, the crystal phases of the as-cast MG, surface A, and
SLP surface were characterized by XRD. As illustrated in
Fig. 17, the typical amorphous characteristics are exhibited
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Fig. 16 Load-depth curves and average hardness obtained on the as-
cast MG, surface A, and SLP surface under an indentation load of
150 mN

for the as-cast MG, while the peaks of ZrN phase are clearly
observed in the patterns for surface A and SLP surface. Fur-
thermore, the intensities of the peaks of ZrN for the SLP
surface are slightly stronger, which indicates that the ZrN
phase is further accumulated on the surface after SLP. Thus,
it can be concluded that the increase in surface hardness of
SLP surface is related to the generation of ZrN phase during
the laser nitriding and LP processes.

Despite the improvement in surface hardness of the LP
surface, further research is conducted to explore whether
much higher surface hardness could be obtained by laser
nitriding and the subsequent LP. As analyzed above, laser
nitriding has a greater impact on improving the surface hard-
ness than LP. Therefore, in order to further improve the sur-
face hardness of the LP surface, the parameters for the initial

Intensity (a.u.)

20 30 40 50 60 70 80

20 (degree)

Fig. 17 XRD patterns obtained for the as-cast MG, surface A, and
SLP surface
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Fig. 18 SEM morphologies of a surface D, b surface D after LP, and ¢ 3D morphologies after LP

laser nitriding process are critical. In the following experi-
ment, another set of laser nitriding parameters is selected
based on the above experiments for supporting the inference.

Accordingly, another laser nitrided surface (surface
D) was prepared under the laser nitriding parameters of
P=5.42 W, V=20 mm/s, and R=50%, which employed
higher laser power in laser nitriding. The SEM morphology
is shown in Fig. 18a. It is observed that surface D is covered
by tinny ripples without obvious peaks and valleys. After
LP at the optimal LP parameters (P=10.5 W, V=400 mm/s,
and R=80%), the surface roughness of surface D is greatly
reduced from 0.106 pm to 0.054 pm. The SEM morphology
and 3D morphologies of the LP surfaces are shown in Fig. 18b,
¢, respectively. Accordingly, the same nanoindentation tests
were performed on the LP surface, and the corresponding
surface hardness and residual indent morphologies are

Surface D after LP
Surface D

As-cast

Fig. 19 Surface hardness and residual indent morphologies observed
for the as-cast MG surface, surface D, and surface D after LP. The
nanoindentation parameters are the same with the above experiment

illustrated in Fig. 19. From the obtained results, the surface
hardness is greatly increased to 8.03 GPa after laser nitrid-
ing (~29.1% enhancement), and further increased to 8.31
GPa after LP (~3.5% enhancement). It is clearly observed
that even though the surface hardness of the LP surface is
further increased, the laser nitriding plays a vital role in the
increase of surface hardness.

5 Conclusions

In the paper, LP was performed to flatten the laser nitrided
Zr-based MG surfaces, and its feasibility was demon-
strated through polishing three types of laser nitrided
surfaces with different initial morphologies (surfaces A,
B, and C). By systematic experiments and analysis, the
following conclusions could be obtained:

1. For surface A, LP process is performed consecutively
two times (FLP and SLP), and the surface roughness
(Sa) is greatly decreased from 1.049 pm to 0.144 pm by
FLP, and further decreased to 0.066 pm by SLP, achiev-
ing a remarkable reduction in surface roughness (Sa)
of 93.7%. While for surfaces B and C, the maximum
reductions in surface roughness (Sa) after only single LP
are 72.9% (from 0.059 pm to 0.016 pm) and 84.6% (from
0.136 pm to 0.021 pm), respectively. In addition, due to
the re-melting of the surface materials caused by LP, most
of the surface defects such as lumps, cracks, and micro-
particles have been fully removed. It is indicated that LP
is an effective method to improve the surface quality.

2. By varying the scanning speed or laser power, the laser
energy on the sample surface is different, leading to the
different mechanisms of LP, involving SOM or SSM,
which in turn dominates the final surface roughness.

3. The increase in surface hardness of the LP surface has
been observed compared to the as-cast MG surface, which
should be attributed to the generation and accumulation
of ZrN phase in laser nitriding and the following LP.
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