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Metallic glasses (MGs) are a promising candidate for advanced structural applications due to their superior
mechanical properties. Improving their surface mechanical properties would be of great importance for pro-
moting their structural and functional applications. In this study, SiC particles were used as the reinforcement to
improve the mechanical properties of Zr-based MG via laser surface alloying. The influences of the average laser
power and overlap ratio between neighboring laser processing lines on the microstructure and mechanical
properties of the laser-alloyed surface layer were investigated. The experimental results indicated that ZrC and
SiC phases were successfully introduced into the MG matrix by laser surface alloying, and the content of these
two hard ceramic phases was dependent on the laser processing parameters. The formed laser-alloyed surface
layers exhibited a significant improvement in overall hardness compared with the as-cast specimen. At a rela-
tively high overlap ratio of 70%, the average hardness of the MG matrix within the laser-alloyed surface layer
reached 28.91 GPa, which was three times higher than that of the as-cast specimen (6.46 GPa). Furthermore, the
microstructural characteristics and mechanical properties of the cross-sections of the laser-alloyed samples were
characterized. The thickness of the laser-alloyed surface layer reached several tens of microns, and the SiC
particles were uniformly dispersed in the whole laser-alloyed surface layer. This study confirms the feasibility for
improving the mechanical properties of MGs by laser surface alloying, which is expected to broaden the
application of MGs as structural and functional components under harsh severe conditions.

1. Introduction

Unlike conventional crystalline materials with long-range trans-
lational symmetry, metallic glasses (MGs) inherit disordered atomic
arrangements from the isotropic liquid state [1-3]. With the absence of
crystalline defects that act as deformation carriers like dislocations and
stacking faults, MGs exhibit more impressive mechanical properties
compared with their crystalline counterparts [4-6], such as ultra-high
strength and excellent anti-wear characteristics [7-9]. These superior
properties enable a wide range of applications of MGs as structural
materials [10,11], for instance, as components for defense weapons and
sport products [11-13]. For practical engineering applications of MGs as
structural materials, their surfaces will inevitably be exposed to harsh
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industrial working conditions for long periods of time. It has been well-
documented that failure of structural materials usually originates from
surface wear and damage [14,15]. Besides this, it is also widely recog-
nized that the wear resistance of materials is dominated by their surface
hardness [16-18]. Therefore, to improve the service reliability and
prolong the service life of MGs, it is urgently required to improve their
surface hardness. Besides the requirement to improve surface hardness,
another pressing issue that needs to be addressed in most MG systems is
their intrinsic brittleness at room temperature [19-21]. The negligible
macroscopic plastic deformation capacity of MGs is primarily due to the
rapid propagation of highly localized individual shear bands under
loading, which is associated with the catastrophic failure of MGs. This
seriously impedes their structural applications as advanced materials
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[22-24]. Therefore, tailoring the mechanical properties of MGs to
simultaneously improve surface hardness and plasticity is of great sig-
nificance in both practical engineering application and laboratory
fundamental research.

An effective approach for solving the above-mentioned problems is
to introduce reinforcement phases into the MG matrix to form MG sur-
face composites [25,26]. The micro/nano-scale secondary phases in MG
composites can act as obstacles to impede the unmitigated propagation
of shear bands initiated in the glass matrix [26,27], thus increasing the
resistance to plastic deformation, which plays a crucial role in hardening
the MG surface. On the other hand, the micro/nano-scale heterogeneity
within the MG composites provides potential nucleation sites for the
formation of multiple shear bands [28,29], and these shear bands can
disperse the applied stress more homogeneously, which helps to
improve the overall plasticity of MGs [5,30].

To synthesize MG composites, a large number of processing tech-
nologies have been successively explored and developed over the past
decades [31,32]. For example, via arc melting using high-purity metal
powders, Zhang et al. [23] prepared large-sized Ti-based MG compos-
ites, which exhibited a high strength and a simultaneous large plasticity.
By spark plasma sintering, tungsten particle reinforced Zr-based MG
composites were fabricated, which showed potential applications as
armor-piercing materials [5]. In addition to the above-mentioned
methods, the introduction of secondary phase into the MG matrix
through the in-situ reaction between MGs and other elements under
direct irradiation of high-energy laser beam has also attracted extensive
attention due to its high efficiency and environmental friendliness
[19,33]. For instance, by laser irradiation in a flowing nitrogen envi-
ronment, surface composite layers containing ZrN phase with thick-
nesses of tens of micrometers could be prepared on a typical Zr-based
MG substrate through the reaction between Zr and N elements, which
changed the plastic deformation behaviors and significantly improved
the surface hardness compared with the as-cast sample [33]. However,
this method is highly dependent on the affinity between the elements in
the MG matrix and the externally added elements, i.e., it lacks universal
applicability. In comparison with this method, laser surface alloying
technology may be more suitable for most kinds of MG systems to pre-
pare surface composite layers due to its wide selection of materials [34].
This technology is a complex physical and chemical metallurgical pro-
cess based on the principle of non-contact heating of the substrate sur-
face with pre-coated powder using high-energy laser, followed by rapid
solidification of the molten materials to produce an in-situ formed
alloyed layer on the bulk substrate [35]. It is worth mentioning that in
addition to good versatility, laser surface alloying technology has
characteristics such as the minimal thermal effect and ultra-fast cooling
rate [36], which offer the possibility of maintaining the properties of the
bulk substrate.

The overall mechanical properties of the surface composite layer are
strongly dependent on the selection of the reinforcement phases. As a
typical ceramic-based hard particle, SiC has been extensively used to
strengthen various materials due to its excellent combination of high
strength and hardness, superior wear resistance and low cost [37-39].
However, until now, the use of laser surface alloying technology to
fabricate MG surface composites containing SiC has been rarely inves-
tigated. In the present study, aiming at obtaining MG surface composites
with good mechanical properties, a Zr-based MG was chosen as the base
material and reinforced by SiC particles via laser surface alloying. The
morphology, chemical compositions, surface hardness and cross-
sectional characteristics of the surface composite layers obtained
under different laser processing parameters were comparably investi-
gated to understand the structure-property relationship. The experi-
mental results showed that the overall hardness of the surface composite
layers was significantly higher than that of the as-cast MG specimen, and
accordingly, the underlying hardening mechanism was discussed. It is
expected that the fabricated surface composite layers with enhanced
mechanical properties can improve the service life of MGs as structural
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components under harsh severe conditions.
2. Experimental procedures
2.1. Specimen preparation and laser surface alloying process

In the experiments, the as-cast Vitreloy 1 MG (Zr4; 2Tii38Cui2s.
NijgBegy s, in at. %) with dimensions of 20 mm x 20 mm x 2 mm was
employed as the base material, with consideration of its excellent glass
forming ability [40,41] and commercial availability. To remove possible
surface oxides and achieve uniform spreading of SiC powder, the MG
specimen was ground with a series of grit SiC papers (P400, P800,
P1200, P2000, P3000) and subsequently polished with 0.5 pm diamond
abrasive paste to obtain a mirror-like appearance with a surface
roughness of ~4 nm. Commercially available SiC powder (99% purity)
was used as reinforcement for the fabrication of surface composite
layers. Figs. 1(a) and (b) present the morphology and particle size dis-
tribution of the SiC powder, respectively. The SiC particles exhibit an
irregular polyhedral shape with an average size of 8.54 pm. The X-ray
diffractogram in Fig. 1(c) reveals that the SiC powder is only composed
of single SiC phase, confirming the absence of other impurities in the SiC
powder.

The preparation route for the pre-coated powder layer is illustrated
in Fig. 2(a). First, the SiC powder and deionized water were mixed in a
mass ratio of 1:19. Next, the mixture was stirred thoroughly to obtain a
homogeneous SiC suspension. Finally, the SiC suspension was injected
into a container with a MG specimen placed at the bottom, followed by
air drying for a long time to obtain a solidified powder layer. The
thickness of the pre-coated powder layer could be easily controlled by
adjusting the volume of the suspension injected into the container, and it
was chosen to be 60 pm in the present study according to the results of
some preliminary experiments.

The laser surface alloying experiments were performed by using a
nanosecond pulsed fiber laser (SP-050P-A-EP-Z-F-Y, SPI Lasers, UK),
which produced a Gaussian laser beam with central wavelength of 1064
nm, pulse duration of 7 ns, repetition rate of 800 kHz and spot size of
about 43 pm. Fig. 2(b) presents the schematic representation of the laser
processing system and the scanning strategy (i.e., zig-zag pattern) used
during the experiments. The laser source was directed through a pair of
mirrors and then focused by the F-theta lens onto the MG substrate pre-
coated with SiC powder at normal incidence. Argon (99.999% purity)
was used as the shielding gas during the experiments to minimize
oxidation. To investigate the influence of average laser power and
overlap ratio between neighboring laser processing lines on the micro-
structure and mechanical properties of the surface composite layer,
three tested cases corresponding to different processing parameters were
selected according to some pre-experiments. The detailed processing
parameters are listed in Table 1.

2.2. Characterization of microstructure and mechanical properties

The surface and cross-sectional morphological characteristics of the
fabricated surface composite layers were characterized by using a
scanning electron microscope (SEM, JSM-IT500A, JEOL). The phase
composition and elemental distribution of the fabricated surface com-
posite layers were identified by a combination of energy dispersive X-ray
spectrometer (EDS, EX-74600U4L2Q, JEOL), X-ray diffractometer (XRD,
D8 Advance, Bruker) and Raman spectrometer (Alpha300 R, WiTec). A
nanoindentation instrument (DUH-211S, Shimadzu) equipped with a
Berkovich-type indenter was employed to measure the surface and cross-
sectional hardness of the fabricated surface composite layers in the load
control mode. A maximum indentation force of 200 mN with a loading
speed of 10 mN/s was applied. For statistical analysis, 30 nano-
indentation measurements were performed for each case, and the cor-
responding average value with standard deviation was recorded. After
nanoindentation measurement, the morphology of the residual indent
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Fig. 2. (a) The preparation route for the pre-coated powder layer. (b) Schematic representation of the laser processing system and the scanning strategy used during
the experiments.
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Table 1
Detailed processing parameters for three selected cases.

Average laser power (W) Overlap ratio (%) Scanning speed (mm/s)

Al 6.45 30 5
Bl 10.30 30 5
C1 6.45 70 5

was observed by SEM to understand the underlying deformation
behavior.

3. Results and discussion

Figs. 3(a)-(c) presents the SEM micrographs of the laser-alloyed
surface layers corresponding to the three tested cases. A large number
of micro-pores are observed for case Al, as indicated in Fig. 3(a). Being
similar to the selective laser melting process, the formation of micro-
pores during the laser surface alloying process is mainly due to the
incomplete re-melting of some localized areas [42] and the unstable
melt flow under the influence of driving forces such as Marangoni force
and recoil pressure [43]. When increasing the average laser power (case
B1) or overlap ratio (case C1), both the number and size of micro-pores
decrease, as evidenced by the SEM micrographs shown in Figs. 3(b) and
(c) as well as the statistical results of porosity for the three tested cases
displayed in Fig. 3(d). This is due to that during the line-by-line laser
scanning process, when a higher average laser power or a higher overlap
ratio is employed, a more adequate melting of the target processing area
is expected since more input energy will be consumed in melting the SiC
particles and re-melting the micro-pores formed in the preceding line
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scanning process, resulting in a relatively low porosity. Moreover, it is
worth noting that the high input energy and the resultant high tem-
perature gradient will induce stronger thermal stress, which will pro-
mote the formation of micro-cracks [44,45], as indicated in Figs. 3(b)
and (c).

As the laser-alloyed surface layers shown in Figs. 3(a)-(c) are quite
rough and accompanied by undesirable micro-pores, they were me-
chanically polished prior to the subsequent characterization of chemical
composition and mechanical properties. Figs. 4(a)-(c) present the SEM
micrographs of these surface layers after polishing, where obvious
micro-pores shown in Figs. 3(a)-(c) are not observed, suggesting that the
subsurface layer of the laser-alloyed sample may be more dense than its
top surface layer. Furthermore, the polished surfaces present two well-
defined regions with remarkable difference in contrast: dark grey and
light grey. In particular, in terms of geometric profile, the dark grey
regions are very similar to the SiC particles shown in Fig. 1(a).
Considering the high melting point of the SiC particles, it is inferred that
these dark grey regions represent SiC particles that have not been
completely decomposed during the laser surface alloying process [46].
Corresponding to the SEM micrographs displayed in Figs. 4(a)-(c), the
statistical results of SiC particle size are shown in Figs. 4(d)-(f). For all
three cases, the average size of the SiC particles within the laser-alloyed
surface layers is significantly smaller than that of original SiC powder
(8.54 pm), which confirms that the SiC particles might be partially
decomposed during the laser surface alloying process. In addition, it is
worth noting that the average size of the SiC particles for case B1 and
case C1 is smaller than that for case Al, which could be due to that
increasing the laser input energy will promote the decomposition of SiC
particles [46].
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Fig. 3. SEM micrographs of the laser-alloyed surface layers corresponding to the three tested cases: (a) case Al, (b) case B1, and (c) case C1. (d) The statistical results

of porosity for the three tested cases.
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Fig. 5. XRD patterns of the laser-alloyed surface layers after polishing as well
as the as-cast specimen.

To investigate the chemical composition evolution induced by laser
surface alloying, the phases of the laser-alloyed surface layers after
polishing were characterized by XRD and compared with the as-cast
specimen. Fig. 5 presents the corresponding results. Being clearly
distinguished from the broad diffraction hump without any trace of
diffraction peaks exhibited on the XRD pattern of the as-cast specimen,
some sharp crystalline peaks overlapping to the amorphous hump are
observed for the three tested cases, indicating the existence of both
crystalline and amorphous phases in the laser-alloyed surface layers.
Meanwhile, for the three tested cases, the diffraction peaks located at the
identical angular position suggest similar chemical compositions, and
the corresponding dominant diffraction peaks can be well-indexed to the
ZrC and SiC phases. Here, the SiC phase arises from incompletely
decomposed SiC particles, and the ZrC phase may be formed by the in-
situ reaction between the Zr atoms root in the MG matrix and the C
atoms resulting from the decomposition of the SiC particle. In addition,

the evident changes from case Al to case Bl or Case C1 are that the
intensity of ZrC phase is increased but the intensity of SiC phase is
decreased, which indicates that the content of these crystalline phases is
strongly dependent on the laser processing parameters.

The above XRD analysis results indicate that both ZrC and SiC phases
have been introduced into the laser-alloyed surface layers after laser
surface alloying. To further reveal the element composition of the dark
and light grey regions shown in Figs. 3(a)-(c), EDS line analysis across
the dark grey region arbitrarily selected from the laser-alloyed surface
layer corresponding to case Al was performed (see Fig. 6(a)). The
elemental distribution along the marked line L1 in Fig. 6(a) is illustrated
in Fig. 6(b). It is seen that the concentration of Si elements in the dark
grey region is significantly higher than that in the light grey region;
however, the concentration of Zr element is opposite. At the same time,
there is significant elemental diffusion from the dark grey region to the
light grey region, indicating the presence of interfacial compounds be-
tween these two regions. For further quantitative characterization, the
element concentrations in the dark grey region and light grey region, as
well as the interface between these two regions, were determined by
EDS point analysis (marked as spots 1, 2, and 3). Fig. 7(a) presents the
corresponding results. For spot 1, almost only Si and C elements are
detected, confirming that the dark grey regions represent the SiC par-
ticles. In contrast, spot 2 is mainly composed of C and Zr elements, which
suggests that the ZrC phases revealed in the XRD patterns of Fig. 5 may
mainly exist in the interfacial region. As for spot 3, it mainly includes the
elements contained in the MG substrate (Zr, Ti, Cu and Ni) rather than Si
or C elements, indicating that the light grey regions probably represent
the MG matrix. To verify the above conjecture, Fig. 7(b) provides the
Raman spectral patterns for the above selected three spots. The results
indicate that the dark grey region is made of the SiC phase, and the
interfacial region is composed of ZrC and SiC phases. Moreover, the
absence of any sharp peaks on the Raman spectral pattern for spot 3
confirms that the light grey region retains amorphous characteristics.

Combined with the above XRD, EDS and Raman spectroscopy anal-
ysis, it can be concluded that the dark grey region and the light grey
region within the laser-alloyed surface layer represent the SiC particles
and the MG matrix, respectively. It is well known that phase composi-
tion determines the mechanical properties [47], and accordingly, the
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mechanical properties of SiC particles and MG matrix within the laser- hardness measurements. As shown in Fig. 9(a), the as-cast specimen has
alloyed layers may have large differences. To confirm this, for each an average hardness of 6.46 GPa with a relatively small standard devi-
tested case, nanoindentation tests were performed on the MG matrix and ation, indicating that its surface mechanical property is considerably
the SiC particles, respectively, as illustrated in Fig. 8. homogeneous. For all three tested cases, the SiC particles within the

Fig. 9(a) presents the hardness of the MG matrix and SiC particles for laser-alloyed surface layers exhibit a high hardness being over 30 GPa,
the three tested cases. For comparison, the hardness of the as-cast which is approximately 4 times higher than that of the as-cast specimen.
specimen is also given in Fig. 9(a). The bars associated with each Surprisingly, the average hardness of the MG matrix within the laser-
average hardness value represent the standard deviation of each set of alloyed surface layers is also significantly higher than that of the as-
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Fig. 9. (a) The hardness of the MG matrix and SiC particle within the laser-alloyed surface layers corresponding to the three tested cases. (b) The representative load-
depth curves of the MG matrix and SiC particle within the laser-alloyed surface layer corresponding to case Al. For comparison, the results of the as-cast specimen are

also included.

cast specimen. For case Al, the MG matrix within the laser-alloyed
surface layer has an average hardness of 20.05 GPa, showing an in-
crease of more than 2 times over that of the as-cast specimen. Further-
more, the average hardness of the MG matrix within the laser-alloyed
surface layers corresponding to cases Bl and C1 reaches 26.22 and
28.91 GPa, respectively, which is very close to that of the SiC particles
within the laser-alloyed surface layers. This substantial increase in
hardness of the MG matrix might be due to the following reason. When
nanoindentation experiments are performed on the MG matrix, the SiC
particles and in-situ formed ZrC phase around the MG matrix can pro-
vide a high resistance to plastic deformation, resulting in enhanced
hardness. Moreover, the increase in average hardness of the MG matrix
within the laser-alloyed surface layer from case Al to cases B1 and C1
might be attributed to the increased content of ZrC phase induced by the
increased average laser power and overlap ratio during laser surface
alloying.

Fig. 10(b) presents representative load-depth curves of the MG ma-
trix and SiC particle within the laser-alloyed surface layer corresponding
to case Al. For comparison, the load-depth curve of the as-cast specimen
is also included. The maximum penetration depth for the MG matrix and
SiC particle is significantly smaller than that for as-cast specimen, which
is consistent with the hardness measurement results. In addition, unlike
the pronounced serrated flows exhibited by the load-depth curve of the
as-cast specimen, a smooth loading curve is observed for the MG matrix,
indicating that the microplastic deformation behavior of the fabricated
laser-alloyed surface layer is different from that of the as-cast specimen.
This can be further confirmed by analyzing the representative residual
indent morphologies displayed in Fig. 10. It is seen that macroscopic

As-cast

shear bands appear around the indent of the as-cast specimen, but they
almost disappear for the MG matrix. Generally, the pronounced serrated
flows on the load-depth curve usually correspond to apparent shear
bands near the indents [48,49], and this is consistent with the case in the
present study. Furthermore, radial cracks are observed around the re-
sidual indent for the SiC particle, which is due to its intrinsic high
brittleness [50].

The above analysis of the laser-alloyed surface layers is performed in
the horizontal plane; however, from an engineering application point of
view, the cross-sectional characteristics of the laser-alloyed surface
layers also need to be investigated because they have a significant in-
fluence on the service life of the laser-alloyed sample under harsh ser-
vice conditions. For this purpose, EDS line analysis and hardness
measurement were performed on the cross-sections of the laser-alloyed
samples corresponding to the three tested cases. These cross-sections
were prepared via diamond wire cutting, followed by polishing using
diamond abrasive paste. Figs. 11(a), (c) and (e) show the SEM micro-
graphs of the polished cross-sections for cases Al, B1 and C1, respec-
tively, and Figs. 11(b), (d) and (f) present the element distribution along
the marked lines in Figs. 11(a), (c) and (e), respectively. The SEM mi-
crographs of the cross-sections for the three tested cases reveal that the
SiC particles are uniformly dispersed in the laser-alloyed surface layers
(see Figs. 11(a), (c) and (e)). Moreover, for all three cases, the laser-
alloyed surface layer and the MG substrate can be easily distinguished
on the basis of morphological observation and elemental distribution. As
shown in Figs. 11 (b), (d) and (f), the thickness of the laser-alloyed
surface layer corresponding to case Al is 62.29 pm, and it is increased
to 68.42 and 71.39 pm for cases B1 and C1, respectively. This is due to

Matrix

2 um

Fig. 10. Representative morphologies of residual indents for (a) as-cast specimen, (b) MG matrix and (C) SiC particle within the laser-alloyed surface layer cor-

responding to case Al.
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that when increasing the average laser power or overlap ratio, more
laser energy will be delivered to the MG substrate pre-coated with SiC
powder, resulting in a more severe ablation, and correspondingly, a
thicker laser-alloyed surface layer will be produced.

Fig. 12 presents the cross-sectional hardness distribution of the laser-
alloyed samples corresponding to the three cases investigated. For all
three cases, the maximum hardness values occur in the subsurface layer
with some distance from the top surface layer, which may be due to its
denser microstructure. Moreover, although the average hardness of the
laser-alloyed layers corresponding to the three tested cases exhibits
obvious difference at different depths, they are all approximately 17-23

GPa higher than the MG substrate. As mentioned above, this substantial
increase in hardness could be attributed to the presence of the hard ZrC
and SiC ceramic phases within the laser-alloyed surface layers.

4. Conclusions and outlook

In summary, SiC particle reinforced Zr-based MG surface composite
layers were successfully fabricated via laser surface alloying. The in-
fluences of laser processing parameters, including average laser power
and overlap ratio between neighboring laser processing lines, on the
microstructure and mechanical properties of the laser-alloyed surface
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Fig. 12. The cross-sectional hardness distribution of the laser-alloyed samples
corresponding to the three cases investigated: (a) case Al, (b) case B1, and (c)
case C1.

layer were investigated in detail. Based on the experimental results and
analysis, several conclusions could be drawn as follows:

(1) For all cases, SiC particles were uniformly distributed in the laser-
alloyed surface layers. The average size of SiC particles within the
laser-alloyed surface layer was decreased with the increase of the
average laser power or overlap ratio, which could be due to that

Surface & Coatings Technology 446 (2022) 128784

increasing the input energy would promote the decomposition of
SiC particles.

(2) The results of chemical composition analysis indicated that the
ZrC and SiC phases were introduced into the MG matrix after
laser surface alloying. Among them, the SiC phase rooted in
incompletely decomposed SiC particles, and the formation of ZrC
phase was due to the in-situ reaction between the Zr atoms root in
the MG matrix and the C atoms resulting from the decomposition
of the SiC particle.

(3) The generated laser-alloyed surface layers exhibited a significant

improvement in overall hardness and changed the microplastic

deformation behavior compared with the as-cast specimen. At a

relatively high overlap ratio of 70%, the MG matrix within the

laser-alloyed surface layer had an average hardness of 28.91 GPa,
increasing by over 3 times compared with the as-cast specimen

(6.46 GPa). This substantial increase in hardness originated from

the presence of the hard ZrC and SiC ceramic phases.

Cross-sectional analysis revealed that the average hardness of the

laser-alloyed surface layer at different depths was significantly

higher than that of the MG substrate. Moreover, the thickness of
the laser-alloyed surface layer was dependent on the employed
laser processing parameters.

(4

—

It should be noted that although the laser-alloyed surface layers with
high hardness were successfully fabricated on the MG substrate, some
defects such as pores and cracks were observed at the interface between
the MG substrate and the laser-alloyed surface layer (see Figs. 11(a), (c)
and (e)), which would significantly deteriorate the overall properties of
the fabricated laser-alloyed sample. With this in mind, the experimental
conditions including the thickness of the pre-coated powder and laser
processing parameters will be further optimized in our future work,
aiming to obtain defect-free laser-alloyed samples with good mechanical
properties.
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