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With laser surface treatment (LST) method, the surfaces of Zr-, Cu-, Fe- and Al-based alloys were melted
and amorphous or amorphous-crystalline composite structures were synthesized, which were related
to the different glass-forming ability of the alloys. Influences of laser processing parameters on glass
formation for CugoZrsoTijo alloy were investigated and the laser treated alloy exhibited a gradient struc-
ture: amorphous surface,amorphous—crystalline composites transitional region and crystalline substrate.

Temperature distributions and thermal profiles of the treated CugoZrsoTijo alloy during the laser pro-
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cess were simulated using finite volume method. The formation mechanism of the gradient structure is
discussed based on the experimental and simulated results.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Due to the high hardness, high corrosion resistance and struc-
tural uniformity, bulk metallic glasses (BMGs) can be a good
candidate for anti-wear and corrosion resistance coatings on metal-
lic components [1-4]. Laser surface treatment (LST) is a feasible
technique to produce metallic glass surface/coatings since the cool-
ing rates during laser processing can achieve 10°-108 K/s, much
higher than the critical cooling rates (R.) of BMGs with good glass-
forming ability (GFA) [5,6]. Studies on the synthesis of metallic
glasses by LST including laser surface melting and laser powder
cladding have been performed. For the alloy systems with low
GFA, amorphous surfaces synthesized by laser processing were only
restricted to thin films [7-9]. Recently, amorphous surface layers
with relatively large thickness have been synthesized in Zr-based
alloys with high GFA[10,11]. With high laser power density, amor-
phous surface coatings of Cu-, Fe-, Ni- and Zr-based alloys have
also been prepared using laser powder cladding method [12-16].
The production of metallic glasses in the form of coatings or sur-
face layers by LST is considered to be an interesting technological
achievement for the wide range of applications in which wear
and corrosion resistance is a main requirement, and the amor-
phous surface coatings exhibit optimized mechanical properties
than the crystalline substrates [5,11-13,16]. For the glass forma-
tion by LST, several issues are critical and under investigation: (1)
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the influences of GFA of alloys and laser processing parameters
on the synthesis of amorphous surfaces, (2) the microstructure
profile along the laser-affected depth subjected to different ther-
mal influences during the LST, and (3) the mechanism of laser
induced microstructure evolution in thermodynamic and kinetics
aspects. In this work, Zr-, Cu-, Fe- and Al-based crystalline sub-
strates were treated by laser surface melting and the formation of
amorphous surface layers were investigated in terms of their sig-
nificant disparity in GFA. The influences of laser scanning speed
and working voltage on the glass formation of CuggZr3gTiqg alloy
were studied. The treated CugpZrsgTijg alloy exhibited gradient
microstructure: amorphous surface, amorphous-crystalline com-
posites transitional region and crystalline substrate. Based on the
experimental and thermal simulated results, the formation mech-
anism of the gradient microstructure is discussed in terms of the
thermodynamic and kinetic factors.

2. Experimental

Alloy ingots with nominal compositions of ZrssAlioNisCusg, ZrsgCusoAlioY2,
CugoZr3oTit0, CueaZrss, [(FeosC005)0.75B0.2Sio.0s]osNba, AlgsSiosNig06C0294Y6SC0s,
and AlgsNisYyo (at.%) were prepared by arc-melting the mixture of the pure ele-
ments under a Ti-gettered, purified argon atmosphere. The ingots were turned over
and remelted at least 4 times to insure the compositional homogeneity. Rectangular
plates of 2 mm in thickness, 10 mm in width and 10 mm in length for laser treat-
ment were machined from the ingots. The plates were polished with 2000-grit SiC
papers followed by cleaning and degreasing with distilled water and acetone. Laser
melting treatment on the surfaces of the plates was carried out using an Nd: YAG
laser with the focused beam diameter of 1 mm, pulse frequency of 8 Hz and pulse
width of 1 ms at various beam scanning speeds and laser working voltages. During
the laser process, an Ar flow was used to prevent surface oxidation. Parallel tracks
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with partial overlapping (~50%) were laid with the focused circular spots of 1 mm
in diameter on the surfaces of the substrate plates.

Structures of the top surfaces of the treated plates were examined by X-ray
diffractometer (XRD) (Bruke D8-advance). For the treated CugoZrsoTiio alloy, vari-
ous layers from the top surface to the crystalline substrate were subjected to the
XRD examinations in the plane view, which were obtained by mechanical polish-
ing the top surfaces to certain depths. The cross sections of the CugoZr3oTiio alloys
treated with different processing parameters were observed by scanning electron
microscopy (SEM) (CS-3400). Microhardness depth profile was measured by Vick-
ers hardness tester (450-SVD) along the depth from the top surface of the treated
CugoZrsoTiyo alloy at a load of 500 g applied for 155, and at least 20 indents were
performed at each position. The density of the CugoZr3oTito alloy was measured with
the Archimedes method.

3. Results and discussion

The surfaces of the Zr-, Cu-, Fe- and Al-based alloys were
treated at various beam scanning speeds and laser working
voltages, and the optimum processing parameters for surface vit-
rification of each alloy were determined. Fig. 1 shows the XRD
patterns of the top surfaces of the Zr-, Cu-, Fe- and Al-based
alloys treated with their optimum laser processing parameters,
respectively. Thermal properties and critical diameters (D) of
these glassy alloys [17-23] are summarized in Table 1. In the
XRD patterns OfZI'55A110Ni5 CU30, Zl'43CLl40A1]0Y2, and CUGOngoTilo
alloys, a broad diffraction maxima without any detectable sharp
Bragg peak is observed, indicating the amorphous structures.
The XRD patterns of (F60.5C00.5 )0.75Bo.zsi0.05]95Nb4, CUG4ZF36, and
AlggSip 5Nig 06C02.94Y6Sco 5 alloys show a-Fe, CuqgZr;, and fcc-Al
crystalline peaks, respectively, besides a broad maxima. For the
treated AlggSip5Nig06C02.94YsSCo5 alloy, the existence of amor-
phous phase on the surface is further confirmed by the differential
scanning calorimetry (DSC) curve which exhibits a heat release
peak corresponding to the crystallization of amorphous phase. The
AlgsNisYqg alloy is still crystalline after laser treated. It is indi-
cated that, in general, the alloys with higher GFA show stronger
glass-forming tendency by laser surface melting. The experimental
results reveal that amorphous surface layers can be easily formed
on the Zr-based alloys by laser surface melting over a wide range
of processing parameters, which is due to their high GFA evidenced
by the centimeter class D.. Though the D. of CugpZr3Tiig alloy
is much smaller than those of the Zr-based alloys, the alloy also
shows amorphous structure on the surface after the laser treat-
ment. For CuggZrsoTiqg alloy, the surface structure induced by laser
is sensitive to the change of processing parameters, which are lim-
ited in a narrow range for amorphous structure to form. This also
makes the CuggZr3gTijg alloy suitable for studying the effect of
laser processing parameters on glass formation. In comparison with
CuggZr3gTiig alloy, the [(Fegs5C0q5)0.75B0.2Si0.05]9sNb4 alloy owns
larger D¢, while the precipitation of crystalline a-Fe on the surface
after laser treated is found. It is considered that, since the laser heat-
ing duration is limited, some cells possibly cannot be melted and
transitorily remain in the melted region, especially for the alloys
with high melting temperatures such as the Fe-based alloy. These
tiny cells can be the heterogeneous nucleation sites and the crys-
talline phases will precipitate and grow with low nucleation energy
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Fig. 1. XRD patterns of the top surfaces of the laser treated Zr-, Cu-, Fe- and Al-based
alloys.

barrier. On the other hand, if the laser energy is too high, the ther-
mal burden would increase which is also unfavorable to the glass
formation. For CU54ZI'36, A1855i0'5 Ni4'06C02_94Y65C0_5 and Algs NiSYlO
alloys, because of their relatively low GFA, amorphous surface can-
not be formed by the laser surface melting in this work.

Besides the disparity in GFA and the melting temperatures,
the compositional inhomogeneity in the crystalline ingots and
microstructural nonuniformity among the untreated substrates for
different alloys could have an effect on the surface microstructures
induced by laser surface melting. Except for CugsZrse, the alloys
investigated here are multicomponent alloys (more than 3 ele-
ments). Therefore, compositional inhomogeneity may exist as the
segregation in the crystalline alloys, and the surface microstruc-
tures after laser treated would be influenced. On the other hand,
though the ZrssAl;gNisCusg ingot was confirmed as crystalline
structure [11], the crystalline grains in the Zr-based alloys are
fine due to their large GFA and the other crystalline alloys with

Glass transition temperature (T ), onset temperature of crystallization (Tx), solidus temperature (Tp,), liquidus temperature (T;) and critical diameters (D) of the Zr-, Cu-, Fe-

and Al-based metallic glasses.

Alloy (at.%) T (K) Tx (K) Tm (K) T, (K) D¢ (mm) Ref.
ZrssAlioNisCusg 685 774 1090 1156 10 [17]
Zl’43CU4gAl]0Yz 670 768 1040 1153 12 [18]
CugaZrsg 787 833 1158 1223 2 [19]
CugoZr3oTito 724 746 1106 1175 4 [20]
[(Feo.5C00.5 )0.75Bo.2Si0.05 lasNb4 820 870 - 1390 5 [21]
AlggSio5Nig06C02.94Y6SC05 - 497 903 1055 ~1 [22]
AlgsNisYqo 537 560 906 1249 <0.2 [23]
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Fig. 2. XRD patterns of the CugpZrsoTiio alloy treated with different processing
parameters: (a) working voltage is 175V and scanning speed changes in the range
of 400-1600 mm/min, (b) scanning speed is 1200 mm/min with working voltages
from 175V to 300 V.

relatively low GFA could contain coarse crystallites by compari-
son. In the process of laser melting, the melted region would be
rapidly quenched by self-substrate chilling through thermal con-
duction and convection, so the substrate microstructures could
affect the resultant surface structures. Furthermore, the laser pulse
affected zone is relatively localized and the convection current in
the molten pool can be different for various alloys and laser process-
ing parameters, which could further induce nonuniform elements
distributions [24].

Fig. 2 shows the XRD patterns of the CugpZr3Ti;g alloys treated
with different scanning speeds and working voltages. Firstly, the
working voltage is fixed at 175V and the scanning speed changes
in the range of 400-1600 mm/min. As shown in Fig. 2(a), when
the scanning speed is lower than 1400 mm/min, sharp Bragg peaks
corresponding to CuygZr; intermetallic phase are detected in the
patterns. When treated at higher scanning speeds of 1400 mm/min
and 1600 mm/min, the top surfaces are amorphous, which could
be resulted from the enhanced cooling rates due to the increase in
the intervals between the successive laser spots and the reduction
of the annealing effects between each spot [15,25]. Secondly, when
the scanning speed is fixed at 1200 mm/min, proper high working
voltages are beneficial to the formation of amorphous structure.
As seen in Fig. 2(b), when the working voltage is 175V, 200V and
225V, the precipitations of CujgZr; intermetallics are observed.
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Fig. 3. SEM images of the cross-sections of the laser surface treated CugoZrs3oTiio
alloys. (a) working voltage of 175V and scanning speed of 1200 mm/min, (b) working
voltage of 250V and scanning speed of 1200 mm/min.

When treated at higher working voltages of 250V and 275V, the
surfaces exhibits amorphous structures. The results indicate that,
though the relatively higher working voltages would induce higher
temperatures and thicker melted layers and increase the thermal
burden, the cooling rates are still high enough for amorphous struc-
ture to form. However, when the working voltage increases to
300V, the alloy surface after laser treated is consisted of crystalline
and amorphous phases. It is suggested that at this high voltage
the melted region was enlarged and the temperature increased,
so that the melted layer could not be cooled below the glass tran-
sition temperature (Tg) within the limited time and crystallization
occurred.

Fig. 3(a) and (b) are the SEM back scattered images of the cross
sections of the CugpZr3gTiig alloys treated at the scanning speed
of 1200 mm/min, and the working voltages of 175V and 250V,
respectively. The edge of the melted zone is clearly visible in the
micrographs, and the thickness of the melted layer is around 80 pm
at the voltage of 175V and increases to 150 wm at the voltage
of 250V. The upper part of the melted zone exhibits featureless
morphology, while the nether part reveals a relatively dark region
where crystallites are seen. The crystalline substrate consists of
developed dendrites, which disappear at the border to the melted
zone. It is concluded that when a low working voltage is applied,
the low laser power density will induce a thin melted region as
illustrated in Fig. 3(a). Though the low energy decreases the ther-
mal burden, crystals can nucleate and grow from the crystalline
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Fig. 4. XRD depth profile of the laser surface treated CugoZrsoTijo alloy.

substrate and easily pass through the thin melted layer to the top
surface. In contrast, a thick melted layer induced by the proper
high working voltage is beneficial to the formation of amorphous
structure in the surface layer.

Fig. 4 shows the XRD patterns taken in the plane view at differ-
ent depths from the top surface of the CuggZr3gTiqg alloy treated
at 250V voltage and 1200 mm/min scanning speed, which indicate
the continuously evolution of microstructure in depth direction.
Combining the XRD results with the SEM images in Fig. 3, the
laser treated CuggZr3gTiqg alloy shows a gradient structure along
the depth from the top surface towards the underneath substrate:
amorphous surface (0-30 wm), composite layer consisted of ultra-
fine crystalline particles and amorphous phase (transitional layer
A, 30-100 pm), composite layer containing dendrites and residual
amorphous phase (transitional layer B, 100-150 wm) and crys-
talline substrate (>150 pwm). Fig. 5 shows the SEM images taken
from transitional layers A and B in the plane view. For transitional
layer A, the XRD patterns exhibit crystalline peaks imposed on the
halo, while contrast is hardly observed in the SEM images in Fig. 3(b)
and Fig. 5(a), indicating the existence of ultrafine crystallites with
low volume fraction in the amorphous matrix. Transitional layer B
corresponds to therelatively dark region in Fig. 3(b). It can be clearly
seen from Fig. 5(b), the transitional layer B shows dendrites and
residual amorphous/ultrafine-crystalline phases composite struc-
ture. The dendrites exhibit more than 10 wm length for primary
dendrite arms and large quantity in volume. Besides the dendrites
grown from the nucleated particles after laser melting, part of
the developed dendrites of the crystalline substrate could also be
reserved, which were broken and stirred by the laser pulse and ran-
domly distributed in the residual amorphous/ultrafine-crystalline
phases.

Fig. 5. SEM images taken from (a) transitional layer A and (b) transitional layer B in
the plane view of the laser surface treated CugoZrsoTio alloys.
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Fig. 6. Microhardness depth profile of the laser surface treated CugoZr3oTiio alloy.
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Table 2

Physical and thermal properties of CugpZr3oTiio glassy alloy used in thermal simulation.

Density p Thermal conductivity Convective heat Emissivity for thermal Specific heat G, Laser powder density
(kg/m3) k (W/mK) transfer h (W/m? K) radiation & (J/kgK) Py (W/m?)
7.3 9 at 300K [27] 20 at 2000 [29] 0.4[26] 340 [30] 3.5x 108

734K [28]

The microhardness depth profile of the CugyZrsgTiig alloy
treated at 250V and 1200 mm/min is shown in Fig. 6. The hardness
firstly increases with the increase in depth until about 120 pwm and
then gradually decreases to the hardness of the substrate. The hard-
ening of the alloy in the depth range of 0-120 wm is attributed to
the decrease in free volume of the relaxed amorphous phase and the
precipitation of hard intermetallics. The highest hardness (650 HV)
measured at about 120 wm in depth is in the transitional layer B.
The gradual drop in hardness from 120 pm depth is due to the exis-
tence of coarse crystals. The hardness depth profile also reflects the
evolution of the gradient structure for the treated Cu-based alloy.

For a better understanding of the formation mechanism of the
gradient structure in the laser treated CuggZrs3oTiqg alloy, finite vol-
ume method was used to simulate the process of laser surface
melting with super high heating/cooling rates. At the alloy surface,
the heat balance between the laser power absorbed by the sam-
ple and the radiation losses obeys the equations reported in Ref.
[26]. The thickness of the rectangular specimen is 2 mm. The sur-
faces except for the top one are considered thermally insulated. The
laser processing parameters and the relevant physical and thermal
properties of the alloy are listed in Table 2.
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In this model, a single laser pulse is employed and the treated
surface is regarded as a homogeneous target. Heat transfers
through conductivity, convection and radiation. The acting time (tp)
of a laser pulse is 1 ms and three different timing scenes at 0.5 ms,
1 ms and 5 ms, which correspond to the stages of heating, heating
end and cooling, respectively, are investigated. Fig. 7(a—c) shows
the temperature distributions at the top surface and the cross sec-
tion of the CuggZr3gTiqg alloy treated at the working voltage of 250 V
and the scanning speed of 1200 mm/min. At 0.5 ms, the peak tem-
perature is 1550K and the thickness of the heat affected zone is
about 170 wm. When the pulse ends at 1 ms, the peak temperature
increases to 2400 K, which is much higher than the melting tem-
perature of CuggZrsgTiig alloy. At 5 ms, the temperature of the top
surface is 960K and the heat affected zone is as thick as 560 wm.
The heating/cooling profiles of the layers at different depths are
presented in Fig. 7(d). It is seen that, at 10 ms, the temperature has
already decreased below the T of CugpZrsgTiqg alloy (724K) [31].
It indicates that the cooling rate is in the order of 10° K/s and the
surface vitrification is thermodynamically achievable.

From Fig. 7(d), it can be seen that the top surface experi-
ences the highest peak temperature and the highest heating and
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Fig. 7. Finite volume simulation results including the temperature distributions on the top surface and the cross-section of the laser surface treated CugoZr3oTiqo alloy (250V,
1200 mm/min) at (a) 0.5 ms, (b) 1 ms and (c) 5 ms, and (d) the temperature profiles of different layers.



220 B. Chen et al. / Journal of Alloys and Compounds 511 (2012) 215-220

cooling rates. The peak temperature and heating/cooling rates
gradually recede with increasing depth from the top surface. The
peak temperature at 100 wm depth (1500K) is higher than the
melting temperature of CuggZr3gTiyg alloy (T, = 1106 K), while that
at 150 wm (1100K) is lower than the Ty. Accordingly, it is con-
cluded that the thickness of the melted surface layer is in the
range of 100-150 pm with the present processing parameters. The
simulated results agree well with the SEM observations shown
in Fig. 3(b), though the melted zone observed is a little thicker
because of the thermal interactions between the neighboring laser
spots [32]. As discussed above, the transitional layer B locating
in the depth range of 100-150 wm can involve the liquid-solid
two-phase region (T;=1175K and T, = 1106 K) [31]. In this region,
the phases with lower melting temperature of CuggZr3gTiqg alloy
can be melted; however, the solid phases including intermetallics
(CuyoZry) [33] with higher melting temperatures were reserved,
leading to a semi-solid state. The melted phases were rapidly
quenched to form the amorphous phase. The unmelted solid phases
were broken and stirred by the heat current transferred from the
upper layers and randomly distributed in the matrix as shown
in Fig. 5(b). In transitional layer A, though the peak tempera-
ture is higher than the liquidus temperature of the alloy, the
phases with higher liquidus temperatures could not be melted
completely and transitorily remained in the liquid phase due to
the very limited heating duration (1 ms). Moreover, in the pro-
cess of laser surface melting, oxidation may happen and the single
phase oxide particles with high melting temperatures would also
exist in the melted alloy. These residual infusible tiny cells and
particles could be the nucleus of heterogeneous nucleation and
ultrafine crystallites would precipitate and distribute in amorphous
matrix.

4. Conclusions

Glass formation by laser surface melting is related to the
GFA and melting temperatures of the alloys as well as the
compositional inhomogeneity and microstructural nonunifor-
mity. Amorphous surfaces were formed for Zrs5Al1oNisCusg,
Zr4gCuygAligY2, and CugpZrsgTiqg alloys with high GFA after laser
melting. The laser treated CugsZrsg, AlggSig5Nis06C0294Y5SCo5,
and [(FEO‘SCOO,S)0'75B0.2Si0.05]96Nb4 alloys with low GFA/hlgh
melting temperature exhibited amorphous-crystalline compos-
ite structures on the surface. For the CugpZr3gTiig alloy,
fast scanning speeds and proper high working voltages are
beneficial to the glass formation. The laser surface treated
CugoZrsgTiig alloy exhibits gradient structure including amor-
phous surface, amorphous-crystalline composites transitional
region and crystalline substrate, and the transitional layer B
with amorphous-dendrite composite structure shows the highest

microhardness. Simulation of the peak temperatures and heat-
ing/cooling rates of the layers at different depths from the top
surface was performed, and the simulated and experimental results
indicate that the formation mechanism of the gradient structure is
related to the heating/cooling profiles during the laser surface treat-
ment as well as the effect of heterogeneous nucleation caused by
the substrate.
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