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Crystallization of Mg-based bulk metallic glass
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Abstract: Mg-based bulk metallic glass fabricated by conventional copper mould method was aged at different temperatures. X-ray
diffractometry(XRD), scanning electron microscopy(SEM), atomic force microscopy(AFM) and focused ion beam(FIB) miller were
employed to examine specimens obtained under different conditions. The crystallization of Mg-based bulk metallic glass depends
upon both the aging temperature and the aging time. As temperature increases or the holding time increases, the microstructure of the
aged specimen varies from glassy one to crystalline one plus glassy phase and then to absolutely multiphase crystalline one. From the
FIB images, it is clear that Mg-based bulk metallic glass could not only crystallize completely but also display dendrite-like growth
style. From the AFM images, there are not only significant variations of microstructures but also surface morphology of specimens
obtained under different conditions. It is proposed that the surface morphology varies as the treating temperature increases. The
Vickers hardness of different specimens increases as the fraction of crystalline phase (s) increases.
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1 Introduction

Since INOUE et al[1,2] reported that amorphous
alloy with the composition of MgssCu,ysYy, could be
produced with thickness up to 4 mm by conventional
mold casting technique, Mg-based bulk metallic glasses
(BMGs) have been proposed as a new kind of bulk
metallic glasses due to their relatively low density[1—13].
It is known that an amorphous phase can serve as a
precursor to prepare an expected structure, e.g.,
nanocrystalline structure. The difference in the densities
between the as-cast bulk metallic glass and the fully
crystallized state is in the range of 0.30%—0.54%, which
is smaller than the previously reported values of about
2% for conventional amorphous alloys with much high
critical cooling rate R,>10° K/s[14]. Such difference
indicates that the multi-component bulk metallic glasses
have dense randomly packed structure and new atomic
configuration. Therefore, it is necessary to investigate the
crystallization behavior and the corresponding products
for the structure design of these alloys.

LINDEROTH et al[15] have reported the thermal
stability of MgeCusoYyy bulk metallic glass in the

supercooled liquid region, where 7,= 408 K and 7,= 458
K. The transition from an amorphous to fully crystalline
state was studied by X-ray diffractometry(XRD) as a
function of time at specific temperatures in the above
region. subsequently  generated a
temperature-time-transition(TTT) phase diagram, which
was used as the basis for selecting the optimum
temperature in the supercooled liquid region for carrying
out deformation/shaping operations on their Mg-based

These work

alloys. Despite this work, little research on the
crystallization behavior of Mg-Cu-Y amorphous system
has been reported. The aim of the present work is to
study the crystallization behavior of the MggsCu,s Yo
bulk metallic glass under different aging conditions. The
Vickers hardness(HV) of different specimens was also
examined to learn the variation of the mechanical
property as the phase contents change.

2 Experimental

Mg-based alloy was produced in ingot form by
melting high purity magnesium (99.98%) and a Cu-Y
master alloy in an electrical resistance furnace under
argon atmosphere. The Cu-Y master alloy was prepared
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by arc melting high purity copper and yttrium (99.99%)
in an argon atmosphere. MggsCu,s Y1, bulk metallic glass
with a thickness of 2 mm was then prepared by the
traditional copper mold method[15]. The amorphous
phase was examined by standard X-ray diffraction.
Differential scanning calorimetry(DSC) analysis with a
heating rate of 20 K/min in Fig.1 shows that 7; and 7
are 418 and 477 K, respectively. The glassy specimens
were cut into small pieces of 5 mm X5 mm X2 mm and
reheated to expected temperatures and then held for
different times. The as-cast glassy specimen and the
specimens obtained under different aging conditions
were then examined under scanning electron microscope
(SEM), focused ion beam(FIB) miller, and atomic forced
microscope(AFM).
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Fig.1 Differential scanning calorimetry analysis result of

MgssCu,sYy, bulk metallic glass with a heating rate of 20
K/min

A Philip X1400 X-ray diffractometer was used to
examine the phase constituents of the specimens under
various stages of heat treatment. In order to eliminate the
probable influence of surface oxidation, all the
specimens were mechanically polished before XRD
analysis. After mechanical polishing, microstructures of
these specimens were then identified under SEM using a
Hitachi S4500 FEGSEM. Seiko 8800 FIB miller was
employed to further examine these specimens. The
surfaces of different specimens were studied by using a
Dimension-3000 AFM machine. AFM examination was
carried out in contact imaging mode in the air and a
V-shaped silicon nitride cantilever with a standard
pyramidal tip was used.

The Vickers hardness testing was carried out by a
HVS-50 machine. The hardness was determined by
indenting each specimen 20 times under a load of 500 N
for 5 s at room temperature and measuring the
indentation sizes by optical microscopy.

3 Results and discussion

Fig2 shows the X-ray diffraction patterns of
different specimens. The specimens shown in Figs.2(a),
(b), (c), and (d) are the as-cast glass, the ones aged at 463,
483 and 503 K for 9 min, respectively. There is only a
halo in the pattern in Fig.2(a), while the halo is much
smaller and deformed in Fig.2(b). In Fig.2(c), there are
two crystalline peaks in the pattern, which are identified
as Mg,Cu phase[17]. Meanwhile, there are more
crystalline peaks, which are identified as magnesium
solid solution, Mg,Cu, Cu,Y, and Mgy, Y5, in Fig.2(d).
From this figure, it is clear that the Mg-Cu-Y alloy
changes from absolute glassy phase to modified glassy
phase (probably containing an icosahedral phase, as
KOSTER et al[18] reported), Mg,Cu phase plus glassy
one, and then to absolute crystalline phases as the aging
temperature increases. Further study shows that there is
similar tendency of the microstructure as the holding
time increases from 3 to 9 min at 503 K.
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Fig.2 X-ray diffraction patterns for as-cast amorphous
specimen (a) and specimens aged at 463 K (b), 483 K (c¢), and
503 K (d) for 9 min

Fig.3 shows the SEM images of different specimens.
The SEM image of the as-cast amorphous specimen is
given in Fig.3(a). It can be seen that there is gray
amorphous matrix except a few white oxide particles.
For the specimen aged at 463 K for 9 min, which is
shown in Fig.3(b), there are small white particles with a
diameter of about several hundred nanometers in the
gray matrix, which is similar to the matrix in Fig.3(a).
Fig.3(c) shows the one aged at 483 K for 9 min. It can be
seen that there are white particles with diameter varying
from several hundred nanometers to one micrometer
surrounded by gray layers. Fig.3(d) shows the one aged
at 503 K for 9 min. The white particles in this specimen
are about 2 pm in diameter, embedded in the gray matrix
rather than surrounded by gray layers shown in Fig.3(c).
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Therefore, it 1s clear to see that the microstructure of the
alloy varies with the aging temperature, which agrees
well with the XRD results.

Images of different specimens obtained under an
FIB miller are shown in Fig.4. Fig.4(a) shows the one
aged at 463 K for 9 min, and Fig.4(b) shows the one
aged at 503 K for 9 min. According to Figs.4 and 3, it is
clear that the shape of white particle shown in Fig.3
varies with aging temperature. As the aging temperature
is 463 K, the white particles look like flowers with small
petals. As the temperature is 483 K, there are similar
particles or flowers with small petals except with larger
size, which are not shown here. Dendrites rather than
particles or flowers appear in the image of the one aged

at 503 K. This result agrees well with the X-ray
diffraction pattern for the specimen aged at 503 K for 9
min, which shows several different phases. The FIB
miller images give more details of the microstructure.

We argue here that there are different growth styles
at different aging temperatures. As the temperature is
lower than 7y (477 K), the crystalline phase could only
grow with a relatively low growth rate and finally form
small particles. As the temperature is only a bit higher
than 7, i.e., 483 K, the crystalline phase can grow larger
but still be in the glassy matrix. However, the crystalline
phase(s) will grow rapidly as the temperature is a bit
higher than 7, Crystal(s) will grow faster in some
selected crystallography orientations than others. As a
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result, there will be dendrites rather than particles or
flowers with small pellets formed at lower temperatures.
JOHNSON et al[19,20] and GEBERT et al[21] have
reported dendrite structures in partially crystallized
specimens with glassy matrix obtained directly from
liquid alloys. All these works show dendrites with much
larger sizes than those shown in the current work, which
could probably be due to the much higher growth rate of
the crystalline phases. The growth mechanism of the
dendrites from absolute glassy phase will be studied in
details elsewhere.

In order to examine the surface morphologies of
different specimens, AFM was also employed. AFM
images are given in Fig.5. The one of the polished
as-cast amorphous specimen is shown in Fig.5(a). The
as-aged ones obtained at 483 K and 503 K for 9 min are
given in Figs.5(b) and (c), respectively. From this figure,
it can be seen that there are larger particles formed on the
specimen surface as the aging temperature increases,

which agrees well with the SEM results and the FIB ones.

Considering the work on precision forming of BMGs for
the production of nano-devices[22], it is very important
to understand the surface variation of specimen during
aging. The mechanism of the surface morphology has
been further discussed.

The Vickers hardness of different specimens is
listed in Table 1. The hardness of the as-cast glass is
almost the same as that reported in Ref.[1]. It can be seen
that the hardness increases with increasing aging
temperature. It should be pointed out that the volume
fraction of crystalline phase increases with increasing
aging temperature. This result agrees well with the work
of WOLF et al[23], even though those crystalline phases
mentioned there are nano-scaled.

Table 1 Vickers hardness of different specimens

Aging As-cast 463 K, 483 K, 503 K,
condition glass 9 min 9 min 9 min
Hardness,

v 275 280 310 330

4 Conclusions

1) As the aging temperature increases or the holding
time increases, the microstructure of the aged specimen
varies from glassy one to crystalline one plus glassy
phase and then to almost absolutely crystalline one.

2) An examination under FIB miller gives that the
shape of white phase varies with the aging temperature.
Dendrites or flowers rather than particles appear in the
image of the specimen aged at 503 K for 9 min.

3) There is also variation of surface morphology as
the aging temperature varies. The higher the aging
temperature, the larger the particles formed on the
specimen surface.

(b)

(c)

Fig.5 AFM images of polished as-cast amorphous specimen (a),
and as-aged ones obtained at 483 K (b), and 503 K (c¢) for 9

min

4) The Vickers hardness varies with the aging
condition. The volume fraction of crystalline phase and
in turn the hardness will increase as the aging
temperature increases.
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