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ABSTRACT

Wire electrical discharge machining (WEDM) is highly suitable for processing the hard-brittle materials like
metallic glasses (MGs). However, the electro-thermal energy conversion involved in the WEDM process inevi-
tably introduces some surface defects including bulges, discharge craters, and recast materials on the WEDMed
MG surface, which significantly impedes its practical application. Here, an emerging automated polishing
technology, laser polishing (LP), was performed in the nitrogen-rich environment to simultaneously improve the
surface quality and hardness of the WEDMed Zr-based MG surface. The detailed effects of LP parameters on the
surface roughness and morphology were systematically investigated. The morphology evolution and temperature
distribution of the molten pool during LP were analyzed by simulation analysis. The experimental results indi-
cated that after single LP of four representative WEDMed Zr-based MG surfaces using the optimized laser pa-
rameters, the surface roughness (Sa) was remarkably reduced from 1.27, 2.10, 3.49, and 4.58 ym to 0.09, 0.14,
0.17, and 0.21 pm, respectively, accompanied by an increase in surface hardness from 6.30 GPa to 7.39, 7.67,
8.51 and 8.99 GPa. This study demonstrated that LP could effectively achieve simultaneous enhancement of the
quality and hardness of WEDMed MG surfaces, which would contribute to expanding the application prospects of

MGs.

1. Introduction

Owing to the inherent structural disorder at the atomic scale,
metallic glasses (MGs) possess excellent mechanical properties including
high elasticity, strength and hardness, as well as outstanding resistance
to wear [1-3]. Nevertheless, a high cooling rate is required to prevent
crystallization during high-pressure die casting fabrication of MGs,
which makes it difficult to fabricate MGs with large dimension [4]. Thus,
MGs currently mainly find the applications in high-end precision prod-
ucts, such as micro-molds, precision surgical instruments, micro-engine
parts for mechanical and aerospace applications [5,6]. For the manu-
facture of these high-end MG components with stringent dimensional
accuracy, the mechanical machining techniques such as cutting and
milling are commonly employed [7-9]. For instance, Chen et al. [8]
explored the relationship between cutting parameters and surface
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roughness so as to achieve the precision cutting of Zrs5CuspAl;oNis MG.
Wang et al. [9] employed the cemented carbide cutters to mill micro-
structures on the MG surface, and then the milled microstructures can
serve as tool inserts for the microinjection molding processes, which
indicated that the milling process could allow for the precision
machining of MGs. Maroju et al. [10] focused on the milling process of
MGs, and analyzed the morphology and phase composition of the
machined surface. However, the possible oxidation [11,12] and chip
formation [13,14] caused by these machining processes, as well as the
tool wear when processing the high-hardness materials [15], inevitably
impede their application.

Wire electrical discharge machining (WEDM), as a typical non-
traditional processing method, involves the melting and vaporization
of materials. It is characterized by freedom from material hardness re-
strictions, low stress-deformation, and less cutting stress. Furthermore,

Received 4 July 2023; Received in revised form 15 December 2023; Accepted 20 December 2023

Available online 25 December 2023

0264-1275/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).

Downloaded from Yan Laboratory, Keio University at http://www.yan.mech.keio.ac.jp. Redistribution is subject to copyright licence from the journal publisher.


mailto:huanghu@jlu.edu.cn
www.sciencedirect.com/science/journal/02641275
https://www.elsevier.com/locate/matdes
https://doi.org/10.1016/j.matdes.2023.112599
https://doi.org/10.1016/j.matdes.2023.112599
https://doi.org/10.1016/j.matdes.2023.112599
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
YANJ
テキストボックス
Downloaded from Yan Laboratory, Keio University at http://www.yan.mech.keio.ac.jp. Redistribution is subject to copyright licence from the journal publisher.



J. Hong et al.

it is highly suitable for processing the hard-brittle materials and complex
structures [16,17]. Hsieh et al. [18] demonstrated the machinability of
MG using WEDM, and revealed the relationship between the roughness
of the WEDMed surfaces and the WEDM parameters. Chaudhari et al.
[19,20] employed WEDM to process a nickel-titanium (Ni55.8Ti) super-
elastic shape memory alloy, and assessed the impact of optimized pro-
cess parameters on the material removal rate, surface roughness, and
microhardness. Furthermore, they successfully achieved the machining
of the nickel-based super-alloy-Udimet 720 (an extremely difficult ma-
terials for machining) by means of WEDM [21]. Chen et al. [22] indi-
cated that WEDM can fabricate the hierarchical structures on the surface
of 65 vol% SiCp/Al composites, thereby significantly improving its
surface hydrophobicity. Despite these advantages, due to the material
removal mechanism of WEDM, the specimen surface is typically covered
with bulges, discharge craters, and recast materials, consequently
diminishing its surface quality [23-25].

To address the defects caused by WEDM, the methods including
electrochemical machining, magnetic abrasive finishing, and chemical
corrosion could be employed. Among them, electrochemical machining
offers the advantages in terms of high-precision processing and small
thermal deformation, but it is challenged by the issues like stray current
corrosion, complexity of dimensional accuracy control, material waste,
and environmental pollution [26,27]. Magnetic abrasive finishing uti-
lizes the magnetic abrasives to scratch the specimen driven by shear
force within a magnetic field, thereby enhancing the surface quality
[28,29]. Despite this, this method has limitations when processing the
small-sized specimens and internal structures such as inner cavities,
molds, and narrow grooves. While for chemical corrosion, the protrud-
ing portions of the specimen surface could be dissolved in the specific
chemical solution [30]. This method usually does not introduce the
stress or cracks, and it is suitable for large-area and batch production.
But its effectiveness strongly relies on the composition and concentra-
tion of the chemical solution used. And the issues such as the edge
bluntness, corrosion of sharp features, generation of harmful material
waste, and environmental pollution could occur. Therefore, from the
aspect of practical application, an appropriate post-processing treatment
is urgently pursued for improving the quality of WEDMed MG surface.

Laser polishing (LP), as an emerging automated polishing technique,
possesses the characteristics of high precision, rapid processing, non-
contact operation, waste-free production, environmental friendliness,
and efficient controllability [31-35]. These characteristics of LP allow
for its application not only in the surface polishing of multiple materials
and the specimens with complex surface morphology (e.g., those
machined by WEDM) but also in the precision polishing of the selected
area. For instance, Giorgi et al. [32] focused on reducing the surface
roughness of AISI 304 stainless steel sheets through employing a fiber
laser to induce the material remelting. By effectively repairing cracks
and defects, the significant improvements were observed in both surface
roughness and surface waviness, with reductions of approximately 58 %
and 38 %, respectively. With consideration of the poor surface quality of
the laser deposition manufactured components, Xu et al. [33] conducted
an investigation on the pulsed LP of TiAl alloy. The results demonstrated
a reduction in surface roughness from 16.06 pm (TiAl alloy) to 6.29 pm
after pulsed LP. In addition. Sassmannshausen et al. [36] explored the
application of ultrashort pulse LP on the tool steel surfaces, which
demonstrated the effectiveness of LP for improving the surface quality.

Alongside the investigation of surface quality, the issue of fatigue life
of MGs as surface functional materials in practical applications has al-
ways received considerable attention. It is widely accepted that surface
hardening contributes to enhancing the strength, wear resistance, and
impact resistance of load-bearing surfaces, thereby improving their fa-
tigue life. Currently, the studies on surface hardening of MGs primarily
focus on the methods such as second-phase strengthening [37,38], phase
transformation hardening [39,40], and laser alloying [41,42]. However,
the surface quality achieved by these methods is typically unsatisfac-
tory. To the best of our knowledge, there has been limited research focus
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Table 1

Chemical composition of the Zr-based MG.
Element Zr Ti Cu Ni Be
Composition (at. %) 41.2 13.8 12.5 10 22.5

on addressing the double challenge of significantly improving surface
quality and as well effectively enhancing surface hardness. Especially for
the difficult-to-machine and defect-ridden rough surfaces, such as those
found after WEDM of MGs, there is a notable absence of relevant liter-
ature to date. In this study, inspired by the notable improvement of
surface hardness of MGs after laser alloying [41,42], the feasibility of LP
in a nitrogen-rich environment to simultaneously enhance the surface
quality and surface hardness of the WEDMed MG was explored. The as-
cast Vit 1 MG (Zr41 5Ti;38Cu;2.5NijgBess s) was chosen as the test ma-
terial because of its high glass forming ability and commercial avail-
ability. The detailed effects of LP parameters including the pulse width,
pulse frequency, laser power, scanning speed, and number of LP on
surface roughness and morphology were systematically investigated.
The temperature distribution and morphology evolution of molten pool
during LP were analyzed by simulation analysis. Furthermore, nano-
indentation tests were employed to evaluate the hardness of the LP
surface.

2. Experimental details
2.1. WEDM process of Zr-based MG

The as-cast Vit 1 MG (Zr4;.2Ti13.8Cui25NijgBesss) (Peshing New
Metal Material (Changzhou) Co., Ltd., China) was employed as the
specimen, given that it is now conveniently acquired and possesses
compositional homogeneity as a result of multiple re-melting during the
copper mold suck-casting [43,44], and the detailed chemical composi-
tion is listed in Table 1. It is worth noting that Vit 1 MG contains Be,
which is a relatively small metallic atom. This atom holds promise for
occupying the voids within the defective regions of MGs, thereby
effectively stabilizing the liquid and glass phases. Furthermore, Vit 1 MG
exhibits the high glass forming ability, which paves the way for the
large-scale production of MGs using the traditional casting process and
opens up new avenues for their expanded applications across various
fields [45,46]. Then, for preparing the WEDMed Zr-based MG surface, a
reciprocating type wire cut electrical discharge machining (DK7750,
nantong womu mechanical and electrical equipment engineering Co.,
Ltd., China) was utilized. A molybdenum wire with a diameter of 0.18
mm was employed in the WEDM process. Subsequently, under a stable
feeding path, a strip-shaped specimen of Zr-based MG (dimension: 20
mm x 2 mm x 2 mm) with a WEDMed surface was fabricated as illus-
trated in Fig. 1. Fundamentally, the WEDM process is characterized by
the conversion of the electro-discharge energy into thermal energy be-
tween the tool electrode and the specimen, and its electro-discharge
energy depends on the WEDM process parameters including pulse
spacing, discharge current and pulse duration [47]. Thus, the WEDMed
surface quality strongly depends on the WEDM process parameters. In
order to verify the feasibility of LP, four WEDMed MG surfaces with
varied surface roughness were prepared by adjusting the WEDM process
parameters. For clarity, different sets of the WEDM process parameters
in Table 2 are referred to as WEDM 1, WEDM 2, WEDM 3, and WEDM 4.

2.2. LP of the WEDMed Zr-based MG

Thereafter, LP of the WEDMed MG surfaces was performed by using a
fiber nanosecond pulsed laser (SP-050P-A-EP-Z-F-Y, SPI Lasers, UK).
Fig. 2(a) displays the detail schematic of LP process. Specifically, a high-
frequency pulsed laser beam passes through a pair of mirrors and a F-
theta lens in the optical path system, and then is directed to the
WEDMed MG surface for final focusing. To protect the specimen from
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Fig. 1. Schematic illustrating the WEDM process.

Table 2
WEDM process parameters of the Zr-based MG.
Pulse spacing (ps) Pulse duration (s) Discharge current (A)
WEDM 1 10 2 30
WEDM 2 8 8 40
WEDM 3 4 30 40
WEDM 4 4 40 50

oxidation while enhancing the surface hardness of MG, a nitrogen at-
mosphere was employed during the LP process. The scanning strategy
adopted for LP is zig-zag pattern as displayed in Fig. 2(b), where the
laser beam moves by 2 mm, then offsets by 8.9 pm in relation to the
preceding scanning path and before performing another line irradiation.

The continuous laser irradiation of WEDMed MG surface results in the
formation of a molten pool. Within this molten pool, the liquid materials
would experience redistribution (Fig. 2(c)), which results in a reduction
of surface roughness [48,49]. For investigating the surface roughness
under different LP parameters, systematic experiments were performed

Table 3

Laser parameters for polishing the WEDMed surfaces.
LP parameter Nomenclature Value
Laser power (W) P 7.12, 8.82,10.5,12.1, 13.7
Scanning speed (mm/s) 1% 200, 300, 400, 500, 600
Pulse frequency (kHz) fr 400, 600, 800, 1000
Pulse width (ns) Dt 10, 20, 30

Fig. 2. Schematic view showing (a) LP experimental setup, (b) adopted LP scanning strategy, and (c) LP principle.
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Fig. 3. (a) Three-dimensional (3D) contour of the WEDMed surface; (b) 2D surface profile derived from 3D contour in Fig. 3(a); (c¢) 2D simulation model.

using the laser parameters listed in Table 3.
2.3. Simulation analysis of LP process

To further clarify the complex hydrodynamics behavior that occurs
during LP process and reveal the underlying mechanism of surface
morphology evolution, the simulation analysis was carried out through
COMSOL Multiphysics finite element software. A two-dimensional (2D)
model was developed, where the 2D experimental profile data of the
WEDMed Zr-based MG was firstly imported into the 2D transient model
to initialize the surface profile (Fig. 3(a) and (b)). Then, with consid-
eration of the occurrence of singularities owing to the high-frequency
noise of the optical profile during geometric modeling, the imported
2D profile data were parameterized. Accordingly, the 2D model with a
dimension of 200 pym x 50 pm was established in Fig. 3(c). During
simulation, a pulsed laser with Gaussian distribution, serving as a heat
source, is directed onto the WEDMed surface and moves along the x axis.
Accordingly, the surface materials begin to melt, generating a molten
pool. To identify the transient temperature and velocity, the heat
transfer and laminar flow modules are employed, and these modules rely
on solving energy conservation equation (see Eq. (1)) and momentum
conservation equation (see Eq. (6))[67], respectively.

2Cr {BH (x,1)

SV (?H(x, t)) } — V(KVH(x,1)) = 7 (x,1) + Qurep (H(x, 1))

(€8]

where p, C,, and k mean the density, specific heat capacity, and thermal

conductivity of the Zr-based MG. H(x, t) and I present the temperature
and flow velocity. .7 (x, t) is the peak laser power intensity. Qeyqp (H(X, t))
stands for the energy loss caused by the surface evaporation, which is
expressed by Egs. (3)-(5),

2
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where P, f;, p;, wo, €, Xo, and V are the laser power, pulse frequency,
pulse width, spot radius, absorption coefficient, initial position, and
scanning speed of laser beam. M, (H(x, t)) stands for the mass of particles
escaping from the molten pool; j,, kg, Po, Pse(H(x,t)) are the inverse
diffusion coefficient, Boltzmann constant, atmospheric pressure, and
saturated vapor pressure; L,, H,, and M represent the latent heat of
evaporation, evaporation temperature, and molar mass of the Zr-based
MG.
The momentum conservation equation is expressed as

’ [63—;7 i _y'{}<v_”7>} =V { - Pwmz“rﬂ(v—»J + (v-»y‘)T) }

+pg + _)fmu.x'/z +-G
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where H,,, H;, Hy, y, and y stand for the melting temperature, liquidus
temperature, solidus temperature, viscosity, and surface tension of the
Zr-based MG. I, g, and P,y stand for the identity matrix, gravity con-

stant as well as the total pressure of molten pool. fml is Darcy damping
force which expresses the energy dissipation of the mushy region. A,
C, and .% stand for the permeability coefficient that can control the
shape of the mushy region, a quite small constant, and liquid volume

fraction. G means the body force in the molten pool. Additionally, the
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Table 4

Thermal physical parameters of the Zr-based MG.
Thermal physical parameter Nomenclature value
Density of solid (g/cm®) Ps 6.125 [50]
Density of liquid (g/cm®) I 6.02 [51]
Thermal conductivity of solid (W/(m x K)) ks 16 [52]
Thermal conductivity of liquid (W/(m x K)) ki 17 [52]
Specific heat capacity of solid (J/(kg x K)) Cps 674 [52]
Specific heat capacity of liquid (J/(kg x K)) Cyl 684 [52]
Latent heat of melting (J/mol) Ly 6184 [46]
Latent heat of evaporation (J/mol) L, 438,000 [53]
Solidus temperature (K) H, 937 [46]
Liquidus temperature (K) H 993 [46]
Melting temperature (K) Hy, 965 [53]
Evaporation temperature (K) H, 3792 [53]
Molar mass (g/mol) M 60.3 [52]

detailed thermal physical parameters of the Zr-based MG are listed in
Table 4.

2.4. Characterization

The microstructural characteristics of the WEDMed MG surfaces
before and after LP were investigated by the tungsten filament scanning
electron microscope (SEM, JSM-IT500A, JEOL, Japan). The 3D contours
and surface roughness values were analyzed by using the laser scanning
confocal microscope (LSCM, OLS4100, Olympus, Japan). The hardness
of the LP surfaces was evaluated using a nanoindentation instrument
(DUH-211, SHIMADZU, Japan). A specific indentation load of 120 mN
and a loading rate of 10 mN/s were employed. To more clearly
demonstrate the variation of surface hardness, the morphologies of the
residual indentations were captured by SEM. And the phase constituent
changes experienced from the WEDMed MG surface during LP were
examined by an X-ray diffractometer (XRD, D8 Discover, Bruker, Ger-
many). An energy dispersive X-ray spectroscopy (EDS, EX-74600U4L2Q,
JEOL, Japan) was used to investigate the element distribution along the
depth direction of the WEDMed MG surface and LP region.

3. Results
3.1. Removal effect of LP

Fig. 4 illustrates the comparison of the SEM morphologies between
the WEDMed MG surfaces obtained under the parameters in Table 2
(named as WEDMS1, WEDMS2, WEDMS3, and WEDMS4) and the cor-
responding single LP surfaces (named as SLP1, SLP2, SLP3, and SLP4).
The WEDMS1-WEDMS4 surfaces exhibit quite rough texture, charac-
terized by plenty of discharge craters and recast materials as depicted in
Fig. 4(a), (b), (d), (e), (g), (h), (j), and (k). These surface features are
associated with the electro-thermal process during WEDM [25,54].
Specifically, when the Zr-based MG block is subjected to high electro-
discharge energy, the interface materials between MG and the tool
electrode undergo melting and potentially even evaporation, thus
leading to the rough WEDMed surfaces. However, after performing
single LP with the optimized parameters as listed in Table 5, the initial
surface features for all investigated cases have completely disappeared,
and the smoother surfaces compared to the WEDMed surfaces are
generated as presented in Fig. 4(c), (f), (i), and (I). Meanwhile, some
laser-remelted tracks along the laser scanning direction as well as slight
spatial undulation features can be visible, and the existing subtle bumps
and pits on the SLP1-SLP4 surfaces are marked by dotted lines. Then, the
areal surface roughness (Sa) as a metric is employed to quantitatively
evaluate the surface quality, and the results are illustrated in Fig. 5,
where the roughness of the WEDMS1-WEDMS4 surfaces is remarkably
reduced from 1.27, 2.10, 3.49, and 4.58 pm to 0.09, 0.14, 0.17, and 0.21
pm, respectively, after single LP. In summary, the evolution of the
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surface microstructure and surface roughness indicate an evident
improvement of the surface flatness by using LP, regardless of whether
the test specimen is WEDMS1, WEDMS2, WEDMS3 or WEDMS4.

On the other hand, it is noted that among the optimized single LP
parameters in Table 5, the pulse width exhibits a more pronounced
difference in comparison with the other parameters, i.e., the pulse width
is 10 ns for WEDMS1 and WEDMS2 surfaces, while for WEDMS3 and
WEDMS4 surfaces, it is 20 ns and 30 ns, respectively. This is because, as
the WEDM process proceeds from WEDM1 to WEDM4 (see Table 2), the
increase of pulse duration and discharge current would cause more
discharge energy to be released and penetrate into the materials, thereby
leading to an increase in the dimension of the discharge craters and
apparent surface undulations [47]. Given that the pulse width during LP
determines the energy emission time of laser beam [55], thus, to provide
sufficient time for the molten micro-peak materials to flow into the
micro-valleys so that the initial morphologies of the WEDMed surfaces
are sufficiently melted, the pulse widths of WEDMS3 and WEDMS4
surfaces are determined to be increased.

3.2. Hardness of LP surface

To evaluate the mechanical properties of the SLP1-SLP4 surfaces at
the micro-scale, nanoindentation tests were conducted. Fig. 6(a) and (b)
present the surface hardness and the corresponding load-depth curves.
Obviously, a maximum hardness (8.99 GPa) is obtained for SLP4, fol-
lowed by SLP3 (8.51 GPa), and the surface hardness for SLP1 and SLP2 is
7.39 GPa and 7.67 GPa, respectively. These statistical results can be
supported again by the SEM morphologies of the residual indentations
presented in Fig. 6(c)—(g), from which a gradual decreasing trend in the
dimension of these indentations from the as-cast MG to SLP4 is observed.
From the aforementioned results, it is evident that the SLP1-SLP4 sur-
faces exhibit a higher hardness than the as-cast MG surface, suggesting
an enhancement in the mechanical properties of the as-cast MG surface
after WEDM and subsequent LP.

To clarify the reason for the above phenomenon, the crystalline
phases of the WEDMS1-WEDMS4 surfaces, SLP1-SLP4 surfaces, and as-
cast MG are examined by XRD. It is visible that the XRD spectrum of
as-cast MG specimen exhibits a typical broad diffuse peak at about 38° in
Fig. 7(a), indicating its amorphous feature. In contrast, the XRD spec-
trum of the WEDMS1-WEDMS4 surfaces exhibits several crystalline
peaks with small intensities that are embedded in the XRD spectrum of
as-cast MG (Fig. 7(a)). By retrieving phase with JADE software, these
crystalline peaks are determined as the ZrO, phase, which may arise
from the oxidation that occurs during WEDM. While for the SLP1-SLP4
surfaces, except for preserving the diffraction peaks occurring in the
spectrum of the WEDMed surfaces, some new peaks with greater in-
tensities are detected at the diffraction angles of 34.42°, 39.82°, 57.54°,
68.78°, and 72.24°, which can be identified as the ZrN phase (Fig. 7(b)).
The generation of ZrN phase can be ascribed to the utilization of the
nitrogen-rich environment during the LP process, which facilitates the
introduction of the ZrN phase to the MG substrate [41,42]. Since ZrN
phase possesses intrinsically high hardness, so it is potentially respon-
sible for the increased surface hardness. Additionally, the in-situ formed
ZrN phase acts as the secondary phase in MG substrate, which could
involve the large amount of crystal defects and stimulate the formation
of multiple shear bands. Accordingly, the resistance to plastic defor-
mation is enhanced, contributing to its surface hardening [56].

Additionally, ZrN content exhibits a rising tendency from SLP1 to
SLP4, which is supported by the intensified ZrN diffraction peaks in
Fig. 7(b). By analyzing the LP parameters in Table 5, it is evident that the
pulse width is the main factor affecting the ZrN content. The physical
mechanism behind it may be that the increase of the pulse width can
allow for an extended residence time of laser irradiation, promoting the
reaction between the MG material and the surrounding nitrogen [57].
Furthermore, it should be mentioned that the SLP1 surface possesses the
same pulse width as the SLP2 surface, but the intensity of ZrN phase in
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Fig. 4. SEM morphologies of the WEDMed MG surfaces: (a)-(b) WEDMS1, (d)-(e) WEDMS?2, (g)-(h) WEDMS3, (j)-(k) WEDMS4 as well as the corresponding LP

surfaces: (c¢) SLP1, (f) SLP2, (i) SLP3, (1) SLP4.

Table 5
Optimized single LP parameters for each WEDMed surface.
Laser Scanning speed (mm/  Pulse Pulse
power s) frequency width
W) (kHz) (ns)
WEDMS1 10.5 400 800 10
WEDMS2 10.5 400 1000 10
WEDMS3 10.5 400 1000 20
WEDMS4 10.5 400 1000 30

the diffraction spectrum of the SLP2 surface is slightly higher compared
to the SLP1 surface. This phenomenon could be correlated with the
surface roughness, i.e., the roughness of WEDMS2 surface is slightly
larger than that of WEDMS] surface, which means that more laser en-
ergy would be absorbed for WEDMS2 surface [58]. According to the
above analysis, it can be concluded that in comparison with as-cast MG
surface, the hardness of the SLP1-SLP4 surfaces exhibits a pronounced
increase. This improvement in hardness can be primarily ascribed to the
formation of ZrN phase.
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Fig. 5. 3D surface contours of (a)-(d) WEDMed MG surfaces and (e)—(h) SLP1-SLP4 surfaces.
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Fig. 6. (a) Surface hardness and (b) load-depth curves of as-cast MG as well as the SLP1-SLP4 surfaces. Fig. 6(c)—(g) show the residual indentations on the as-cast MG

as well as SLP1-SLP4 surfaces, respectively.
4. Discussion
4.1. Surface roughness evolution

To achieve a more thorough comprehension of LP, a quantitative
analysis is performed on the variation of roughness of the WEDMS1-
WEDMS4 surfaces with the laser power (7.12 W-13.7 W), scanning
speed (200 mm/s-600 mm/s), and pulse frequency (400 kHz-1000
kHz). The obtained results from Fig. 8 clearly demonstrate that the
roughness of the WEDMS1-WEDMS4 surfaces is highly sensitive to LP
parameters, and Sa and Sz exhibit similar variation trends when sub-
jected to the same LP parameter.

For sake of brevity, a detailed analysis of surface roughness variation

with different LP parameters is presented specifically for WEDMS4
surface. As illustrated in Fig. 8(j), an increase in laser power (7.12-10.5
W) leads to a gradual decrease in surface roughness (Sa) (0.375-0.243
pm), resulting in a minimal surface roughness. However, with a further
increase in laser power (10.5-13.7 W), an opposite trend is observed for
the surface roughness (Sa), increasing from 0.243 pm to 0.322 pm. This
implies that the surface smoothing behavior is weakened when using a
relatively large laser power. Subsequently, the surface roughness vari-
ation with scanning speed from 200 mm/s to 600 mm/s is investigated
by keeping a fixed laser power of 10.5 W. As is depicted in Fig. 8(k),
surface roughness initially decreases (200-400 mm/s) and subsequently
increases (400-600 mm/s). After setting the laser power (10.5 W) and
scanning speed (400 mm/s), the surface roughness changing with pulse
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Fig. 9. Schematic illustrating the spatial distance and time interval between the adjacent laser pulses.

Fig. 10. Effect of (a)-(c) laser power, (d)-(f) scanning speed, and (g)-(i) pulse frequency on morphology of WEDMS4 surface.

frequency is further explored in Fig. 8(1), where the surface roughness
(Sa) drops from 1.626 pm to 0.243 pm with the pulse frequency
increasing from 400 kHz to 600 kHz, after which it slowly continues to
decrease until the pulse frequency increases to 1000 kHz.

From above analyses, it is evident that selecting appropriate LP pa-
rameters plays a critical role in achieving effective reduction of surface
roughness. Fundamentally, pulsed LP is a complex thermodynamic
process characterized by the emission of a series of discrete laser pulses
with Gaussian distribution [35,59]. Irradiated by the pulsed laser, a
transient high-temperature region is generated, and the resulting tem-
perature change over time can be described by a series of thermal cycle
profiles as presented in Fig. 9. Every thermal cycle profile can be divided
into two distinct stages: the heating cycle and the cooling cycle. During
the heating cycle, LP region absorb the irradiation energy from the

pulsed laser, resulting in the increased surface temperature. Thereafter,
the LP region undergoes a phase change from solid to liquid, forming a
molten pool [60,61]. This allows for the liquid materials in the molten
pool to flow from micro-peaks to micro-valleys. As the laser is turned off,
LP region experiences a gradual decrease in temperature, initiating the
cooling cycle. In this process, the detailed melting state of molten pool
and its temperature distribution are controlled by the LP parameters
including the pulse width, laser power as well as pulse frequency, since
they could affect the heat input (i.e., peak laser power intensity) (Eq.
(10)) [62],

P
ol  fipow} a0

Furthermore, the distribution of the discrete laser pulses also affects
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Fig. 11. Instantaneous change in the contours of molten pools at the laser power of (al)-(a5) 7.12 W, (b1)-(b5) 10.5 W, (c1)-(c5) 13.7 W.

the redistribution of the liquid materials. Referring to the following
equations [55],

1%

Mx=z an

At =7

It is evident that the spatial distance Ax and the time interval At
between the adjacent laser pulses depend on scanning speed and pulse
frequency (see Fig. 9). Accordingly, these two laser parameters deter-
mine the surface remelting times per unit area or per unit time, thereby
exerting a pivotal influence on the extent of heat accumulation. In
summary, the above laser parameters jointly influence the temperature

(12)

10

distribution and flow behavior of molten pool, and determine the final
effect of LP.

4.2. Surface morphology evolution

To gain a more profound insight into the LP, the morphology evo-
lution of the WEDMS4 surface under different LP parameters is inves-
tigated, and the SEM morphologies of some representative LP surfaces
are illustrated in Fig. 10. As displayed in Fig. 10(a)-(c), the initial
contours caused by the WEDM process have been eliminated under these
three LP conditions. Simultaneously, some distinctive morphological
features emerge from the LP surfaces. Specifically, the evident un-
dulations and residual particles appear on the SEM morphology
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Fig. 12. The thermal cycle profiles and contours of molten pools obtained at different laser powers: (a)-(b) 7.12 W, (c)-(d) 10.5 W, and (e)-(f) 13.7 W.

indicated in Fig. 10(a), which may be an indicator for the insufficient
melting of materials owing to a low heat input. To verify this specula-
tion, the corresponding numerical simulation is performed, and the
instantaneous change in the contours of molten pools at different laser
powers is depicted Fig. 11. It is observed that after laser irradiation
duration of 6696 ns, no significant change appears in the contours of
molten pools (Fig. 11(al), (bl), and (c1)). Upon applying the laser
power of 13.7 W and a laser irradiation duration of 15030 ns, the surface
roughness gradually decreases due to the cumulative effect of heat,
exhibiting a tendency towards smoothing (Fig. 11(c2)). When the laser
irradiation duration increases to 66697 ns and 70030 ns, the contours of
molten pools at the laser power of 13.7 W remain relatively stable
(Fig. 11(c4)—(c5)). In contrast, for the laser powers of 7.12 W and 10.5
W, the smoothing of the surface contour experiences a slight delay
(Fig. 11(a2)—(a5) and Fig. 11(b2)—-(b5)), and there are some differences
in the stable contour shape. For revealing the hydrodynamic behavior of
molten materials, a comprehensive analysis is conducted on the tem-
perature and velocity distribution of a representative pulse period in the
stabilization stage.

Fig. 12(a) presents the time-varying maximum temperature at the
laser power of 7.12 W. It is evident that with an increase in the pulse
number, the maximum temperature tends to increase due to heat
accumulation and eventually stabilizes at 1684 K, indicating the
attainment of a stabilization stage in the heat exchange process. Then,
the contour evolution of molten pool within a pulse period, from 58333
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ns to 60000 ns of laser irradiation duration, is shown in Fig. 12(b1)-
(b6). It is observed that the temperature of LP region exceeds the lig-
uidus temperature (993 K) at 58333 ns. This results in the generation of
a molten pool, which is depicted at time point A in Fig. 12(b1). Under
continuous laser irradiation, the temperature of LP region increases
sharply until reaching a peak temperature (1684 K) at 58363 ns. At this
time, the dimension of molten pool exhibits a significant increase
compared to that at time point A, and the flow of the molten materials is
governed by the combined influence of gravity and surface tension.
Subsequently, the temperature of molten pool rapidly decreases and falls
below the solidus temperature (937 K) within 59140 ns due to the laser
beam being turned off. Corresponding to the temperature change from
time point C to time point E, the dimension of molten pool decreases
continuously as shown in Fig. 12(b3)-(b5). Upon analyzing the thermal
cycle profile and instantaneous contour of molten pool obtained at the
laser power of 7.12 W, it is apparent that only partial melted micro-
peaks flow into the micro-valleys within a lifetime of 807 ns. Thus,
some surface defects including undulations and particles still remain on
the LP surface as illustrated at time point F in Fig. 12(b6).

When increasing laser power to 10.5 W, no evident surface defects
are observed except for the laser-remelted tracks as presented in Fig. 10
(b). Given the thermal cycle profile illustrated in Fig. 12(c), this phe-
nomenon should be because the temperature of LP region always re-
mains between the liquidus temperature (993 K) and the vaporization
temperature (3792 K). Accordingly, the lifetime of molten pool is
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Fig. 12. (continued).

considerably prolonged to 1667 ns, and molten micro-peak materials
sufficiently flow into the micro-valleys under the action of gravity and
surface tension (see Fig. 12(d1)-(d8)). While at the laser power of 13.7
W, plenty of micro-cracks appear on the LP surface (see Fig. 10(c)). This
is due to that temperature of molten pool significantly exceeds vapor-
ization temperature (3792 K) during the laser irradiation duration from
58342 ns to 58365 ns, as indicated in Fig. 12(e). The resultant tem-
perature gradient intensifies, inducing the development of thermal
stress, ultimately causing the initiation and propagation of micro-cracks
[63,64]. Additionally, the evident surface deformation is visible on the
LP surface as displayed in Fig. 10(c). This is primarily due to that the
recoil pressure resulting from vapors escaping from the evaporation
surface dominates the fluid flow, and thus the molten materials
dramatically flow to the bottom of molten pool (see Fig. 12(f2)-(f3)).
Upon termination of the laser pulse after a duration of 30 ns, the tem-
perature drops swiftly below the vaporization temperature (3792 K),
causing the recoil pressure to cease action. Despite this, the downward
flow of materials within the molten pool persists due to the collective
influences of gravity and the preceding recoil pressure (see Fig. 12(f4)—
(f6)). With this premise, the current surface quality deteriorates signif-
icantly compared to that obtained at the laser power of 10.5 W, which is
consistent with the results of surface roughness in Fig. 8(j).

The surface morphologies changing with the scanning speed at the
laser power of 10.5 W and pulse frequency of 600 kHz are illustrated in
Fig. 10(d)-(f). To provide characterization of the thermal behavior
during LP, the corresponding thermal cycle profiles are displayed. In
Fig. 10(d), at the scanning speed of 200 mm/s, numerous micro-cracks
can be observed throughout the LP surface; while at the scanning
speed of 500 mm/s or 600 mm/s, surface undulations and un-melted
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particles are clearly observed, even accompanied by micron-sized sur-
face defects. Interestingly, even though the LP surfaces exhibit the
markedly distinct features, the corresponding thermal cycle profiles
display hardly any noticeable difference (see Fig. 13). This should be
because during LP, the scanning speed primarily impacts the spatial
distribution of discrete laser pulses, thereby affecting the heat accu-
mulation in the LP region (see Eq. (11)). Consequently, at the scanning
speed of 200 mm/s, the spatial distance between adjacent laser pulses is
relatively small, resulting in the excessive heat accumulation and thus
the formation of microcracks. However, when the scanning speed rea-
ches above 500 mm/s, the increased spatial distance causes the decrease
of heat accumulation and limits the sufficient melting of materials,
leading to several un-melted particles and surface defects.
Additionally, the morphologies of LP surfaces are further investi-
gated by varying the pulse frequency while maintaining a constant laser
power of 10.5 W and scanning speed of 400 mm/s. The resulting SEM
morphologies and thermal cycle profiles are displayed in Fig. 10(g)-(i)
and Fig. 14, respectively. It is seen that the peak temperature in the
thermal cycle profile obtained at the pulse frequency of 400 kHz (4635
K) significantly exceeds the vaporization temperature (3792 K); while
the peak temperature obtained at the pulse frequency of 800 kHz (3085
K) or 1000 kHz (2562 K) is always in the range between the liquidus
temperature (993 K) and the vaporization temperature (3792 K). This
implies at the pulse frequency of 400 kHz, more heat has been intro-
duced to melt the surface materials and even start an ablation process.
On the other hand, compared to the pulse frequency of 800 kHz or 1000
kHz, utilizing the pulse frequency of 400 kHz results in a larger spatial
distance and time interval between the adjacent laser pulses, which
would intensity the inhomogeneity of the temperature distribution.
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Fig. 12. (continued).
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Fig. 13. The thermal cycle profiles of the LP regions obtained at different
scanning speeds.

Overall, the collective influence of the aforementioned factors in-
tensifies the temperature gradient between the high and low tempera-
ture regions when operating at the pulse frequency of 400 kHz, which
triggers a considerable number of micro-cracks and asperities (Fig. 10
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Fig. 14. The thermal cycle profiles of the LP regions obtained at the pulse
frequencies of 400 kHz, 800 kHz, and 1000 kHz.

(). In comparison, at the higher pulse frequencies of 800 kHz and 1000
kHz, the pulse distribution is more uniform, thus the relatively flat
surfaces with only laser-remelted tracks and subtle surface undulations
are visible as displayed in Fig. 10(h) and 10(3i).
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Fig. 15. SEM morphology of the WEDMS4 surface changing with the number of LP: (a) 2, (b) 4, (¢) 6, (d) 8, and (e) 10.

Fig. 16. Hardness and roughness of WEDMS4 surface changing with the
number of LP.

4.3. Effect of the number of LP on surface quality

By evaluating the variations in roughness and morphology of the
WEDMed MG surfaces under various LP parameters, the effectiveness of
LP in improving surface quality can be clearly observed. Nevertheless,
there are still some surface undulations on the LP surface after per-
forming single LP, especially for the surfaces with higher initial rough-
ness (WEDMS3 and WEDMS4 surfaces). This observation may be
attributed to the collective influence of several factors. Firstly, the rapid
remelting and cooling process of pulsed LP may result in the inadequate
filling of the micro-peak materials into the distant micro-valleys.
Moreover, the Gaussian distribution of the laser beam can potentially
cause inhomogeneity of the laser energy deposited on the LP region.
Therefore, it is considered to employ continuous multiple LP to reduce
undulations by repetitively inducing surface melting. For brevity, the
evolution of the surface morphology after multiple LP and correspond-
ing surface roughness are detailed only for WEDMS4 surface, as dis-
played in Figs. 15 and 16. It is apparent that when the number of LP
increases from 2 to 10, the spatial undulations are gradually weakened,
and the surface roughness decreases continuously from 0.204 pm to
0.083 pm. After performing 10 remelting cycles, a uniform LP surface
virtually free of surface defects is obtained in Fig. 15(e). On the other
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Table 6
Element content for WEDMS4 surface treated by different numbers of LP.

Number of LP Element content

Zr (at. %) Ti (at. %) Cu (at. %) Ni (at. %) N (at. %)
2 49.93 15 11.19 10.46 13.42
4 50.49 14.64 11.07 9.73 14.06
6 48.46 14.89 10.95 9.88 15.82
8 49.85 14.19 9.54 8.62 17.80
10 51.13 12.18 5.58 6.59 24.52

hand, an increment in the number of LP is expected to result in an
extended duration of the melting process, possibly enhancing the reac-
tion of nitrogen and zirconium elements. Thus, to further investigate the
surface properties shown in Fig. 15(a)-(e), a comprehensive analysis is
performed by combining EDS and nanoindentation tests, and the results
are shown in Fig. 16 and Table 6. Evidently, both surface hardness and
the content of nitrogen element exhibit a gradual rise with an increase in
the number of LP. The above results indicate that executing repeated LP
on the same region can effectively mitigate the spatial undulations by
facilitating more frequent remelting of materials, and simultaneously
improve the surface hardness as well.

4.4. Mechanism of LP and simultaneous hardening

To reveal the mechanism of LP and simultaneous hardening, the
cross-sections of the WEDMS4 surface and its surface after 10 times of LP
are provided in Fig. 17. In Fig. 17(a) and (b), the WEDMS4 surface ex-
hibits an observably rough cross-sectional profile, accompanied by some
cracks and pores. However, after LP, the defects caused by WEDM
disappear, and the cross-sectional profile becomes smoother, alongside
the formation of an affecting layer (Fig. 17(c) and (d)). Within this
affecting layer, large numbers of cluster-like structures are evenly
distributed. Subsequently, EDS line scanning was performed along the
depth direction of the cross-sections of the WEDMS4 surface and its LP
surface to analyze the element distribution. The measurement origina-
tion is the top surfaces of the cross-sections. The EDS results indicate that
four main elements (Zr, Ti, Cu, Ni) of the MG substrate are detected in
the cross-section of the WEDMS4 surface, and the elemental content
nearly does not change along the depth direction, as illustrated in Fig. 18
(a). While for the LP surface, N element could be detected, and the
concentration of Zr and N elements within the affecting layer exceeds
that of the MG substrate, as shown in Fig. 18(b) and (c). This observation
is consistent with the XRD results presented in Fig. 7 and provides
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Fig. 17. (a) and (c) illustrate the SEM morphologies of the cross-sections of WEDMS4 surface and its LP surface. (b) and (d) are local enlarged images of Fig. 17(a)

and (c), respectively.
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Fig. 18. Element distribution of (a) WEDMS4 surface and (b)-(c) its LP surface along the depth direction of the cross-sections.

additional evidence for the formation of the nitride phase.

Based on simulation and experimental analysis, a schematic diagram
isillustrated in Fig. 19 to qualitatively describe the mechanism of LP and
simultaneous hardening. With the action of the laser beam, the irradi-
ated area undergoes heat transfer, leading to a temperature increase, as
shown in Fig. 19(a). When the temperature in the irradiated area rises
above the liquidus temperature of MG, a liquid molten pool is generated
(Fig. 19(b)). Nitrogen molecules are absorbed at the air/molten pool
interface through convection and diffusion, and subsequently dissociate
into nitrogen atoms [65,66]. Due to the chemical affinity between zir-
conium atoms and nitrogen atoms at high temperature, the nitrogen
atoms in the surface of the molten pool combine with zirconium atoms,
forming ZrN phases (Fig. 19(b) and (c)). These in-situ generated ZrN
phases continue to move within the molten pool with the role of Mar-
angoni convection and tend to distribute uniformly in the MG substrate
during multiple LP. Simultaneously, driven by surface tension, the liquid
materials tend to redistribute, which means that the micro-peak
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materials of the WEDMed surface liquefy and flow towards the micro-
valleys. When the laser beam proceeds, the ZrN phases begin to pre-
cipitate and grow from the liquid phase during rapid cooling. As a result,
a smooth surface embedded with the ZrN phases is obtained, as shown in
the Fig. 19(d).

5. Conclusion

This paper aimed to explore the feasibility of employing pulsed LP as
an approach for simultaneously improving the surface quality and
hardness of WEDMed Zr-based MG surfaces. The evolution of surface
roughness, morphology and hardness under different LP parameters
including the pulse width, pulse frequency, laser power, and scanning
speed were systematically evaluated. Based on experimental and simu-
lation analysis, several conclusions can be drawn:
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Fig. 19. Schematic diagram illustrating the mechanism of LP and simultaneous hardening. (a) Heat transfer in the irradiated area; (b) formation of a molten pool; (c)
interaction between Zr atoms and N atoms; (d) formation of a smooth surface with ZrN phases embedded.

(1) The roughness (Sa) of the WEDMS1-WEDMS4 surfaces was
remarkably reduced from 1.27, 2.10, 3.49, and 4.58 pm to 0.09,
0.14, 0.17, and 0.21 pm, respectively, after performing single LP
on four representative WEDMed surfaces using the optimized
laser parameters. Correspondingly, the microstructure evolution
from the WEDMS1-WEDMS4 surfaces to the SLP1-SLP4 surfaces
indicated an evident increase in the surface flatness as well.

In comparison with the as-cast MG surface, the hardness of the
SLP1-SLP4 surfaces exhibited a pronounced increase. According
to the XRD results, the formation of ZrN phase during LP is
responsible for this improvement in hardness.

The pulse width, laser power, and pulse frequency were able to
tailor the heat input acting on the surface materials; while the
pulse frequency and scanning speed can determine the surface
remelting times per unit area or per unit time. These laser pa-
rameters jointly influenced the temperature distribution and flow
behavior of the molten pool, and determined the final effect of LP.
Taking WEDMS4 surface as a representative example, as the
number of LP increased from 2 to 10, the spatial undulations were
gradually weakened, and the surface roughness decreased
continuously from 0.204 pm to 0.083 pm, alongside a gradual
increase in surface hardness. These results indicated that
executing repeated LP on the same region can effectively mitigate
the spatial undulations by facilitating more frequent remelting of
materials, and simultaneously improve the surface hardness as
well.

(2)

3

(4

—

This study verifies the feasibility of employing pulsed LP as an
approach for simultaneously improving the quality and hardness of
WEDMed Zr-based MG surfaces. In the current study, the surface
roughness, morphology evolution and mechanical properties have been
systematically investigated. While, to further expand the application
prospects of MGs, the friction performance could require further anal-
ysis and evaluation in the future.
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