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Abstract A coating about 3-mm thick of the amorphous
alloy, ZrgsAly sNijgCuy;75 was fabricated on magnesium
substrates using the technique of laser multi-layer cladding
protected under an atmosphere of argon gas. The coating
exhibited a graded microstructure, which could be gener-
ally categorized into three classes: an amorphous phase, an
amorphous—nanocrystalline composite, and one which is
predominantly crystalline. Formation of the latter two was
due to the reheating effect of the laser cladding process.
With regard to properties, the microhardness and the wear
resistance of the composite material were both higher than
that of the monolithic amorphous material; both materials
showed excellent corrosion resistance in a 3.5% NaCl
solution.

Introduction

Magnesium alloys offer great potential for applications
where weight-saving is of prime consideration. Unfortu-
nately, magnesium alloys have the undesirable properties
of poor corrosion resistance and wear resistance that have
hindered the widespread application of these materials. The
extreme position of magnesium in the electrochemical
series coupled with the fact that magnesium cannot form
self-healing passivating surface films in corrosive envi-
ronments makes it vulnerable to galvanic attack. Over the
years, intensive research efforts have been devoted to
overcoming these shortcomings. Currently, the most com-
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monly used surface modification technologies applied to
magnesium alloys include electrochemical plating, con-
version coating, anodizing, gas-phase deposition processes
and organic coating [1]. However, to date, it is still difficult
to find a single coating technology capable of providing
adequate protection from corrosion and abrasion for mag-
nesium alloys in harsh service environments. For instance,
anodizing coatings have excellent wear and abrasion
resistance, but the coatings are not suitable for load-bearing
applications [2].

One surface engineering technique, namely laser clad-
ding, has attracted much attraction in recent years. Its main
advantage over other techniques is its ability to form a
variety of relatively thick protective coatings and it is a
cleaner process than many of the chemicals-based wet
processes. Previous studies have shown that laser surface
treatment can improve the corrosion resistance of magne-
sium alloys [3—6]. Now, by using laser cladding of metallic
amorphous coatings, further improvements in corrosion
and wear resistance are expected. Up to now, only a few
studies on the laser cladding of amorphous alloys can be
found in the literature. Audebert et al. [7] and Wang et al.
[8] have successfully produced partial Zr-based amorphous
phase coatings on aluminium and titanium substrates,
respectively. Other amorphous alloys, which are based on
the system of Ni—Cr—Al with a high critical cooling rate,
have also been used for laser cladding of amorphous layers
on aluminium alloys [9]. However, similar studies of laser
cladding of amorphous coatings on magnesium alloys can
rarely be found in the literature. This is probably because
the relatively low melting and vaporization temperatures as
well as the ease of oxidation of magnesium alloys makes
the cladding process difficult to control. But, these prob-
lems could be overcome by proper design of the experi-
ment [10, 11].
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Since the first synthesis of a metallic amorphous
phase in 1960, great efforts have been made to develop
glassy metallic alloys, which by nature have excellent
corrosion resistance [12]. With the recently developed
amorphous materials that have a large glass-forming
ability [13, 14], it is now possible to produce metallic
amorphous coatings using the laser-cladding technique.
With regard to mechanical properties of amorphous
materials, it was found that bulk fully amorphous
materials have the problem of low ductility, which has
limited the application of amorphous materials. In the
course of the development of amorphous materials,
amorphous matrix composites (AMCs) have received
much attention in recent years. Although the corrosion
resistance of AMCs may not be as good as the mono-
lithic alloys, they possess higher ductility and better
mechanical properties [15]. Among the AMCs, homo-
geneous nanocrystalline—-amorphous composites exhibit
high hardness and high tensile strength and outstanding
wear resistance with improved ductility [16, 17]. Such
composites are normally formed by reheating to elevated
temperatures or mechanical deformation of amorphous
alloys. As reheating of amorphous materials to elevated
temperatures is a common route to the synthesis of these
composites, it is possible to fabricate such composite
coatings using multiple-layer laser cladding. In using
laser cladding to form amorphous-based coatings on
metal substrates, it was commonly found that, depending
on the processing parameters, an amorphous phase pre-
dominant coating or a crystalline phase predominant
coating can be formed. Apparently, the constituting
phases of the coating will markedly affect its corrosion
and wear properties. Scully et al. [18] has reported that
the localized corrosion properties of two Al-rich glass
alloys formed by the technique of melt spinning, are
very different in the amorphous and crystalline states. It
is envisaged that by forming a suitable nanocrystalline—
amorphous composite on magnesium substrates, a coat-
ing with reasonably good corrosion resistance and
excellent wear resistance can be produced. With this
background in mind, this study aims to establish the
relationship between the microstructure and the corrosion
resistance as well as the wear resistance of ZrgsAlys.
Ni;gCu;75 glass alloy laser cladded on a magnesium
alloy.

Experimental approach

Laser cladding of ZrgsAl; sNijoCuy7.5 amorphous alloy was
conducted on a magnesium substrate, which has a purity of
99.9 wt% and a surface area of 30 mm X 30 mm. The
elemental metal powders were premixed according to the
nominal atomic percentage composition of ZrgsAl; sNijq.
Cu,7.5. The composition, size and purity of the constituting
powders are listed in Table 1. The powders were mixed by
a ball mill in an argon gas atmosphere. The laser cladding
experiment was carried out using a laser rapid forming
system consisting of a 5 kW continuous wave CO, laser, a
four-axis numerical control working table and a powder
feeder with a lateral nozzle. The experiment was conducted
inside a glove box, where high-purity argon gas was con-
tinuously supplied at a flow rate of 25 L/min to prevent the
melting pool from oxidation during processing. The
working principle of the system has been described pre-
viously [19]. The laser beam was directed onto the sub-
strate to create a molten pool into which the premixed
powders were injected through the powder feed nozzle; the
powder feed rate was 7.5 g/min. This was different from
the precoat method that was commonly used for laser
cladding of amorphous alloys. In the present work, the
laser beam was focused to a spot size of 3 mm. The
scanning rate was 5 mm/s and the laser power employed
was 4.0 kW. On each substrate, a single track was pro-
duced, which consists four layers of deposition and the
total thickness of the coating was about 3.0 mm.
Transmission electron microscopy (TEM) was used to
examine the microstructure of the coatings. Specimen foils
with a thickness of about 0.5 mm were taken parallel to the
surface of the coating, from the top, middle and bottom
locations. These specimens were labeled A, B and C,
respectively. Furthermore, transverse cross-sections of the
coating were also prepared. TEM specimens were obtained
by electropolishing using a twin jet polisher. A Philips EM
420 transmission electron microscope was employed for the
study. In addition to TEM, the microstructure was examined
by a Leica Stereoscan 440 scanning electron microscope
(SEM) with an energy dispersive X-ray spectroscopy (EDS)
and a Philips Xpert XRD System with CuK,, radiation.
The microhardness of the coating was measured at
various depths across the coating. The wear properties of
the coating were investigated using a Sciland pin-on-disc

Table 1 Specification of the

metal powders Element Zr Al Ni Cu
Mixing ratio (at%) 65 7.5 10 17.5
Purity (mass %) 99.90 99.90 99.95 99.95
Size (mesh) 200-300 200-300 200-300 200-300
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tribometer. The specimens for the wear test have a size of
10 mm X 10 mm. A normal load of 300 g was used; the
test was conducted at room temperature. The rotational
speed of the disc was 150 rpm and the total sliding time for
the test was 1 h. In the corrosion tests, both the potentio-
dynamic polarization technique and electrochemical
impedance spectroscopy (EIS) were employed to evaluate
the corrosion behaviour of the coatings. The corrosion
potential was measured with respect to a saturated calomel
electrode (SCE); the test was performed in a 3.5 wt% NaCl
solution which was prepared using analytical grade re-
agents. The initial pH value of the solution was 6.46, and
after the test the value changed to 6.38. The initial tem-
perature of the solution was 25 °C. Prior to the electro-
chemical test, the specimens were ground with 800 grit
emery papers, and cleaned with deionized water and
alcohol. Before each polarization scan was initiated, the
specimen was allowed to stabilize in the electrolyte. For
the EIS experiment, a sinusoidal voltage of 5 mV and a
frequency range of 1 x 10° to 1 x 102 Hz were used and
the test was conducted under the open-circuit potential
condition.

Results and discussion
Microstructure

Figure 1 shows a low-magnification optical image of the
cross-section of the coating, which has a thickness of about
3.0-mm thick. No cracks or voids are observed within the
coating. Figure 2 shows the constitutional distribution of
the alloy elements in the coating as well as the coating—
substrate interface region. In general, the coating has a
reasonably uniform distribution of alloy elements.
Although, there is indication of a mixing zone of the
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Fig. 1 SEM micrograph showing a transverse cross-section of the
coating
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Fig. 2 Distribution of alloy elements across the substrate and the
coating

cladding material and substrate material at the interface
region (Fig. 2), a rather sharp substrate—coating interface
was observed. An EDS line scan of the interface region
(Fig. 3) showed that the extent of the mixing was only
short range, only about 40 um, and there was no evidence
of a considerable amount of Mg having entered the coating.
This is believed to be due to the limited solubility of Mg in
Zr. The absence of such a dilution effect is important to
guarantee the formation of the ZrgsAl; sNijoCu;75 amor-
phous phase and to ensure good corrosion resistance for the
coating.

Fig. 3 SEM micrograph of the coating—substrate interface and an
EDS line scan of magnesium across the interface
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Fig. 4 Transverse cross-sections of the coating (a) near the surface,
and (b) towards the bottom

Figure 4(a, b) shows the transverse cross-section SEM
images of the coating near the surface and toward the
bottom position, respectively: a kind of featureless struc-
ture was observed near the surface of the coating, while

Fig. 5 TEM images and SAED
patterns of (a) specimen A, (b)
specimen B, and (c¢) specimen C

@ Springer

dendritic structures with sizes ranging from 1 to 10 pm
were found embedded in the matrix toward the bottom
section of the coating. An EDS analysis showed that the
composition of the featureless structure was close to the
desired composition of the amorphous alloy. The micro-
structure of the coating was further studied using TEM.
Figure 5(a—c) shows the TEM images obtained for speci-
mens A, B and C, respectively. The broad halo ring in
Fig. 5a is a selected-area electron diffraction (SAED)
pattern taken of the microstructure of Fig. 5a, which indi-
cates that this region consists primarily of an amorphous
phase. For specimen B, a dark field image shows that at a
position in the middle of the coating, the microstructure
comprises some fine precipitates with a diameter less than
30 nm (Fig. 5b). A SAED pattern of this microstructure
shows both continuous diffraction rings and halo rings,
suggesting that nanocrystals have developed in a matrix of
amorphous phase. While in specimen C (Fig. 5¢), i.e., at
the bottom position of the coating, some relatively coarse
crystalline particles are found in a mixed crystalline—
amorphous matrix. The SAED pattern (bottom insert in
Fig. 5¢) of one of these particles (P) clearly shows that it is
a crystalline phase, while a SAED pattern of the matrix (M)
indicates that it comprises crystalline and amorphous
phases (top insert in Fig. 5c).

Figure 6 shows the XRD patterns of specimens A, B and
C. The pattern of specimen A reveals that the microstruc-
ture is in an amorphous state, and the XRD results agreed
with the findings of Inoue et al. [20] for the ZrgsAl; 5.
Ni;(oCuy75 amorphous phase. The XRD pattern of speci-
men B indicates that the microstructure is a mixture of
crystalline and amorphous phases. This result agreed with
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Fig. 6 X-ray diffraction patterns of specimens A, B and C

the TEM image (Fig. 5b) which indicated formation in the
middle section of the coating, of a composite consisting of
an amorphous phase and a nano-scale face-centered cubic
phase (0.5272 nm). For specimen C, the XRD pattern
shows that in the microstructure, there are two crystalline
phases and an amorphous phase. The two crystalline phases
were identified as hexagonal hP-Zrgs 4Aly;7Nij6Cuyy s
phase (0.8209, 0.3329 nm) and body-centered tetragonal
tI-Zrg7 oAl 7Nig 4Cuy; o phase (0.3212, 1.1146 nm). These
two phases have been reported to be the products of
crystallization in cast ZrgsAl; sNijgCuy7 5 amorphous alloy
[21]. The SAED pattern shown in Fig. 5S¢ (bottom insert)
corresponds to the tI phase. The dendritic structures ob-
served in Fig. 4b are believed to be of this phase. From the
collective results of TEM, SAED and XRD, it can be
concluded that the coating roughly consists of three sec-
tions with different types of microstructure; this is sup-
ported by the microhardness measurements presented in a
later section. Up to about one-third of the thickness of the
coating measuring from the top, the microstructure is
composed primarily of the amorphous phase ZrgsAl;s.
Ni;oCuy75; in the middle of the coating, a composite of
amorphous—nanocrystalline structure was formed. In fact, a
similar microstructure was observed in a Zr-based amor-
phous alloy after annealing at 645 K [22]. Also, nano-
crystals were produced in Zr-based alloys by reheating of
the amorphous phase with proper processing parameters
[23]. Towards the bottom of the coating, a crystalline
dominant structure with a trace of amorphous phase was
evident.

The formation of the amorphous—nanocrystalline com-
posite is considered to be due to the reheating effect of the
laser multiple-layer cladding process. In the cladding
experiment, four layers were deposited on the substrate.
The top surface layer will not experience a reheating effect

since it is the last layer to be deposited. It is known that the
critical cooling rate for the formation of the amorphous
phase was about 1.5 K/s for the present Zr—Al-Ni—Cu alloy
[20], and in laser cladding, the cooling rate is normally in
the order of 10° K/s or even higher [24]. Therefore, the
solidified microstructure of the top layer is expected to be
in an amorphous state. For the rest of the layers, the ori-
ginal solidified structure should also be amorphous. How-
ever, due to the subsequent heating effect from the
cladding of the overlaying layers, nucleation of crystalline
phases would be induced. Previous studies have shown that
the size of the crystalline phase, which nucleates in an
amorphous phase increased with decreasing reheating/
cooling rate and increasing reheating time [25]. It is
apparent that such a condition was experienced by the
layers when traveling towards the substrate. Indeed, the
size of the crystalline phases was found to have increased
towards the bottom of the coating (Fig. 4b).

Wear and corrosion properties

Figure 7 shows the microhardness of the coating at various
depths from the surface: the hardness rose sharply in the
middle of the coating and reached a peak value of about
700 HV at a distance 1.8 mm from the surface. This peak
value was much higher than that of the amorphous phase
located at the upper portion of the coating. As the micro-
structure of the middle section of the coating is composed
of amorphous and nanocrystalline phases, the increase in
microhardness is attributed to the reinforcement of the
nanocrystalline particles. Towards the bottom of the coat-
ing, the microhardness decreased. This is believed to be
due to the coarsening of the crystal phases. An abrupt drop
in hardness was obtained at the coating—substrate interface;
this is due to a rather distinct interface with only a narrow
mixing zone of the cladding and substrate materials.
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Fig. 7 Microhardness values measured across the coating
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From the results of the wear test, the average volumetric
loss of the substrate and those specimens extracted from
the top and middle portions of the coating were obtained
and are presented in Table 2. These specimens represent
the microstructure of the substrate Mg, a full amorphous
alloy, and an amorphous—nanocrystalline composite,
respectively. In terms of volumetric loss, both the full
amorphous alloy and the amorphous—nanocrystalline
composite exhibited a much higher wear resistance than the
substrate. The wear resistance of the amorphous—nano-
crystalline composite was some 16 times higher than that
of the substrate and was slightly higher than that of the full
amorphous alloy. This showed that the nanocrystals
improved the wear resistance of the amorphous alloy.
Figure 8 shows the change of coefficient of friction of the
amorphous—nanocrystalline composite specimen with time.
After a sliding distance of 100 m, the coefficient of friction
of the specimen has only reached a figure of 0.3, which is
significantly lower than the figure of 0.52 obtained for the
as-cast ZrgsAl; sNijgCuy7.s amorphous alloy [8]. Further-
more, with increasing testing time, the coefficient only
increased slightly. The increase was probably mainly due
to some relatively hard nanocrystals which were detached
from the coating.

To compare the corrosion properties of the various mi-
crostructures, potentiodynamic anodic polarization curves
were obtained for the amorphous layer, the amorphous—
nanocrystalline composite and the substrate. These speci-
mens were extracted from different positions of the laser-
clad sample. Typical potentiodynamic polarization curves
of these specimens are shown in Fig. 9. Although, the re-
gion of passivity was doubled for the amorphous phase, the
open-circuit corrosion current density (i.) and the cor-
rosion potential (E..,) were nearly the same for the
amorphous and the amorphous—nanocrystalline materials.
The i, of the these two specimens was significantly lower
than that obtained for the magnesium-based substrates that
were coated with Al-12Si alloy [26] or stainless steel [27]
by laser cladding when tested under a similar corrosion
condition. This indicates that both the amorphous layer and
the amorphous—nanocrystalline composite have superior
corrosion resistance to the untreated material and many
other laser-clad Mg-based materials. The fact that the

Table 2 Average volumetric loss measured after a wear testing time
of 1 h

Specimen Average volumetric loss
[range of five
measurements] (><10'3 mm3)

Amorphous 6.1 [4.4-8.4]

Amorphous—nanocrystalline composite 5.3 [3.7-6.9]

Substrate 83.4 [63.4-122.5]

@ Springer
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Fig. 8 The coefficient of friction measured for the amorphous—
nanocrystalline composite

passive region of the amorphous—nanocrystalline compos-
ite was smaller than that of the amorphous phase, and the
pitting potential of the former was some 150 mV lower
than that of the latter, indicates that the presence of
nanocrystals in the matrix of amorphous phase had resulted
in a decrease of corrosion resistance. This could be mainly
due to compositional inhomogeneity caused by the crys-
tallization of the nanocrystalline phases in the amorphous
matrix as these phases are different in composition to the
glassy phase. Consequently, pitting sites could be devel-
oped at interface regions between the nanocrystals and the
amorphous matrix.

The potentiodynamic polarization test primarily mea-
sures the corrosion activities of the vulnerable corrosion
sites on the surface of a test specimen. To evaluate the
corrosion response of the surface layer as a whole, the EIS
experiment was conducted and the results were displayed
as Nyquist plots. The plots for the amorphous layer and
the amorphous—nanocrystalline composite are shown in
Fig. 10(a) and (b), respectively. The plots of both
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Fig. 9 Potentiodynamic anodic polarization curves of the untreated,

the amorphous and the amorphous—nanocrystalline composite spec-
imens
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Fig. 10 Nyquist plots for the (a) amorphous structure, and (b)
amorphous—nanocrystalline composite, tested in a 3.5-wt% NaCl
solution under the open-circuit potential condition

specimens consist of only one capacitive loop, indicating
that the process of electron-transfer was the prime electro-
chemical activity. This implies that both the amorphous
layer and the amorphous—nanocrystalline composite have
similar electrochemical corrosion behaviour under the
open-circuit potential condition. The equivalent circuit
shown in Fig. 11 is employed to interpret the EIS spectra.
The equivalent circuit component values have been cal-
culated and are presented in Table 3. The polarization
resistance of the surface layers of both specimens was very
high, indicating that both the amorphous and amorphous—
nanocrystalline composite were in a passivation state and
this agrees with the results of the potentiodynamic polari-
zation test. Moreover, the EIS measurements (Fig. 10)

CPEg

]

sol

Fig. 11 Equivalent circuit for fitting the one capacitive loop
impedance plots, as shown in Fig. 11. Ry, represents solution
resistance; CPEy, represents the capacitance of the surface layer;
and R;, represents polarization resistance of surface layer

Table 3 Calculated values of the equivalent circuit components of
the plots shown in Fig. 11

Specimens Ca ,chm_2 R, Q
Amorphous 2.65 3.86 x 10°
Amorphous—nanocrystalline composite ~ 2.20 1.17 x 10°

indicated that an effect of the film-diffusion was insignif-
icant and that the electrode reaction was controlled only by
charge transfer. This indicates that a stable and tight pas-
sive oxide layer of Zr is most likely developed at the sur-
face of the coating, despite the presence of nanocrystals in
a matrix of amorphous phase.

Conclusions

The ZrgsAl;sNijgCuy;5 alloy can be laser cladded on
magnesium substrates with a good metallurgical bond
without formation of sizeable porosity or cracks at the
coating—substrate interface. In addition, a rather sharp
coating—substrate interface was formed with no evidence of
any significant diffusion of magnesium into the coating.
With regard to the microstructure, under the condition of
this study, the alloy solidified broadly into three types of
structures: towards the top of the coating, an amorphous
phase was produced; in the middle portion, an amorphous—
nanocrystalline composite was formed; while towards the
bottom section, it was primarily in crystalline form. Those
crystalline phases were resulted from the crystallization of
the amorphous layer induced by the reheating during
cladding of the subsequent layers.

The microhardness of the amorphous—nanocrystalline
composite was found to be higher than that of the mono-
lithic amorphous layer. The former has a higher wear
resistance than the latter. Regarding corrosion properties,
the corrosion resistance of magnesium was significantly
increased by laser cladding of the amorphous layer at the
surface, when tested in a 3.5% NaCl solution. Both the
amorphous layer and the amorphous—nanocrystalline
composite showed excellent polarization resistance with
the former better than the latter.
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