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Abstract The crystallization behaviour of
MggsCuysY o bulk metallic glass (BMG) under differ-
ent reheating conditions was investigated. X-ray dif-
fraction spectrometery (XRD), differential scanning
calorimetery (DSC), scanning electron microscopy
(SEM) and atomic force microscopy (AFM) were
employed to examine the crystallization of different
samples and the surface relief generated on as-polished
surfaces during heat treatment. Different phase con-
stituents were found in samples that experienced
different reheating stages. It is proposed that both the
reheating temperature and holding time have a signif-
icant effect on the phase constituents. The BMG was
found to generate surface corrugations of amplitude 1-
2 um during annealing above its crystallization tem-
perature. Such thermally induced surface relief effects
are probably a result of the development of surface
stresses generated by volumetric changes associated
with crystallization of the residual amorphous phase.

Introduction

Alloy systems based on Mg—Cu were found to be glass
formers about two decades ago [1]. Kim et al. [2]
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reported that melt-spun Mg—Cu-Y ribbons possessed a
supercooled liquid region while Inoue et al. [3]
demonstrated that amorphous alloys with a composi-
tion of MggsCu,sY 1o could be produced in thickness up
to 4 mm by conventional mold casting techniques. The
glass forming ability (GFA) of Mg—Cu-Y alloys was
reported to vary with the content of magnesium,
copper as well as yttrium [2-4], and with a maximum
at the composition of MgesCuysY .

The production of Mg-based bulk metallic glasses
(BMGs) has opened up a new area in the develop-
ment of high strength, low density alloys. However,
Mg-Cu-Y BMGs were found to possess little duc-
tility at room temperature, which is expected to limit
the further development of Mg-Cu-Y amorphous
systems. A series of subsequent researches [4-15]
have focused on the modification of GFA of Mg—
Cu-Y and the improvement of its room-temperature
mechanical properties by the addition of other
alloying elements. However, other elements gener-
ally lower the GFA although it was found that
thicker as-cast ingots may be obtained by the
addition of Ag [13-15].

Linderoh et al. [16] have reported the thermal
stability of a MggCuzpY190 BMG in the supercooled
liquid region using DSC at a heating rate of 20 K/min
and found T, = 408 K and T = 458 K where T, is the
glass transition temperature and 7 the crystallization
temperature. The transition from an amorphous to
fully crystalline state was studied by X-ray diffraction
(XRD) as a function of time at specific temperatures in
the region between T, and T,. These workers subse-
quently generated a temperature—time—transition
(TTT) phase diagram, which was used as the basis for
selecting the optimum temperature in the supercooled
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liquid region for carrying out deformation/shaping
operations on their Mg-based alloys. Despite this
work, little research on the Mg—Cu-Y amorphous
system has been reported on the crystallization behav-
iour in the vicinity of the crystallization temperature.
The aim of the present work is to investigate the
thermally induced crystallization behaviour of the
Mg65CU25Y10 BMG.

Experimental procedures

An alloy of composition MggsCuys5Y;y was produced
in ingot form by melting high purity magnesium
(99.98 wt.%) and a Cu-Y master alloy in an electrical
resistance furnace under argon atmosphere. The Cu—
Y master alloy was prepared by arc melting high
purity copper and yttrium (99.99 wt.%) in an argon
atmosphere. Plate-shaped samples of thickness 2 mm
were prepared by a conventional mold casting
method. The as-cast plate was cut to produce rectan-
gular samples of size 5 mm X 5 mm X 2 mm. These
samples were reheated in a salt bath furnace for
various times and temperatures after the bath was
stabilised for 10 min at the required temperature. The
reheating conditions of the various samples are given
in Table 1.

The densities of a range of samples were measured
by an Archimedean method and distilled water at
298 K was employed as the medium. A Philips X1400
X-ray diffractometer using Cu Ko radiation was used
to examine the phase constituents of the samples under
various stages of heat treatment. In order to eliminate
the probable influence of surface oxidation, all samples
were mechanically polished before carrying out XRD.
Differential scanning calorimetry (DSC) was carried
out using a Setaram Labsys 16 DSC where the heating
rate was 20 K/min. The as-treated surfaces of different
samples were examined under scanning electron
microscope (SEM) using a Hitachi S4500 field emission
gun scanning electron microscope (FEGSEM). The
surface relief associated with crystallization was stud-
ied by atomic force microscopy (AFM) using a
Dimension-3000 AFM. AFM examination was carried
out in contact imaging mode in the air and a V-shaped

Table 1 Reheating temperatures and holding times for various
samples

Sample S1 S2 S3 S4 S5 S6 S7 S8 S9

T(K) 483 483 483 503 503 503 523 523 523
tmn) 3 6 9 3 6 9 3 6 9

647
Table 2 Densities of various samples
Sample As-cast S3 S6 As-cast
glass crystalline
Density 3.266 3.269 3.285 3.288
(x10°kg/m®)  +0.002  +£0.002  +0002 =+ 0.002

silicon nitride cantilever with a standard pyramidal tip
was applied. The microstructures of these samples
were then identified using the FEGSEM after mechan-
ical polishing.

Results and discussion

The densities of various samples are given in Table 2
with an error of measurement of 0.002 x 10 kg/m>. It
is clear that there is very small difference between the
densities of different samples, which agrees with the
results on other BMGs reported by Inoue et al. [17].
However, it is also clear that the density difference
between the fully crystalline sample and the partially
crystallized samples is larger than that between the
as-cast and partially crystallized samples. Although the
Mg,Cu phase that forms has a relatively high density
(3.41 x 10° Kg/m® [18]), the density variation of the
material during partial crystallization is only slight due
to the formation of the residual glass with relatively
low density as there is a lower copper content in the
this phase compared with Mg,Cu. It is also well known
that that the glass phase has a density of up to 1% less
than the corresponding crystalline phase(s) [17].

Figure 1 gives XRD spectra of the as-cast sample
(Fig. 1a) and samples heat treated for the indicated
conditions. The spectrum in Fig. 1a is indicative of an
amorphous state while the peaks in the spectra of the
heat treated samples (Fig. 1b-d) indicates a transfor-
mation from the modified amorphous phase (probably
containing the icosahedral phase, as reported in [19])
to an amorphous phase containing Mg,Cu and, finally,
to Mg solid solution containing Mg,Cu, Mg,,Ys and
Cu,Y. The XRD results of samples obtained at other
temperatures show that the constituents of the
reheated samples change from a modified amorphous
state (S1) to amorphous and Mg,Cu (S2 and S3) at
483 K, and from the modified amorphous state (S7) to
amorphous and Mg,Cu and eventually to Mg solid
solution containing Mg,Cu, Mg,,Y5s and Cu,Y (S8 and
S9) as the holding time increases at 523 K.

DSC was used to study the progress of crystalliza-
tion during continuous heating. Figure 2 shows DSC
results for various samples. From Fig. 2a it can be seen
that the reheating temperatures employed are above
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Fig. 1 XRD spectra of: (a) as-cast BMG and BMG heat treated
at 503 K for (b) 3 min (specimen 4), (¢) 6 min (specimen 5) and
(d) 9 min (specimen 6). The as-cast alloy in the fully crystalline
state is given in (e)
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Fig. 2 DSC patterns of: (a) as-cast BMG and BMG heat treated
for 6 min at: (b) 503 K (specimen 5) and (c¢) 523 K (specimen 8)

the crystallization temperature, i.e. the onset temper-
ature of crystallization during reheating. However,
comparison of Figs. 2a and b shows that samples with
different starting structures undergo different phase
transitions during heating. FEGSEM was used to
examine the microstructure of different samples. Fig-
ure 3 gives a series of SEM micrographs during various
stages of heat treatment. It is clear in Fig. 3a that the
amorphous starting material shows no surface detail
other than oxide films which form during casting as
reported by Men et al. [12]. The fully crystalline
structure, Fig. 3b, obtained from a large as-cast crys-
talline ingot, is different from Fig. 3a with the former
showing eutectic grains with some oxides, as shown in
Fig. 3a, in the as-cast sample. Figures 3c and d show
the presence of Mg,Cu particles which were found to
coarsen with increasing temperature. The microstruc-
tures observed by SEM correlate closely with the
phases identified by XRD.
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Fig. 3 SEM micrographs

of as-cast (a) BMG and (b)
fully crystalline alloy, and
BMG heat treated for 9 min
at (c) 483 K (specimen 3) and
(d) 503 K (specimen 6)

a).As-cast glass

Fig. 4 SEM micrographs of
the as-polished surface of the
BMG heat treated for 9 min
at (a) 483 K and (b) 523 K;
(¢) and (d) are cross-sections
of the sample heat treated for
9 min at 523 K

a) 483K, 9min

An interesting aspect of the heat treatment of the
as-cast BMG was the generation of surface corruga-
tions on as-polished samples during heating. Samples
6, 8, and 9 were found to consistently develop these
surface features during heat treatment. Figure 4 shows
a series of SEM micrographs of samples 3 and 9.
Figure 4a and b are as-polished and as-polished and
heat treated surfaces, respectively, clearly showing the
formation of banded features on the surface after heat
treatment. Figures 4c and d are through-thickness

SEM micrographs which show very little microstruc-
tural difference between the surface region and the bulk
of the material. AFM was used to examine the surface
topography of the as-cast and polished samples during
various stages of heat treatment. Figure 5 gives a typical
AFM image of the surface relief that is generated by the
heat treatment which clearly shows the surface corru-
gations generated by the heat treatment. Figure Sa
shows a band height of 1-2 um with a band width of
20-50 pm. An interesting feature of the AFM images of
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Fig. 5 AFM surface images
of: (a) and (b) as-cast and
polished BMG after heat
treatment for 9 min at 523 K;
(¢) as-cast BMG, and (d) as-
polished surface of BMG

10

the ridged regions is the presence of clustered features
on the surface (Fig. 5b) which were absent in the as-cast
(Fig. 5¢) and as-polished samples (Fig. 5d).

The formation of the Mg,Cu phase during heat
treatment of an as-cast MggCuszpY19 BMG between
the glass transition temperature (7, = 408 K) and the
crystallization temperature (7 = 458 K) was reported
by Linderoh et al. [16], which is confirmed in the
present work. However, micro-sized particles (~2 um
in diameter) rather than nanocrystalline Mg,Cu parti-
cles were formed in the present alloy after reheating
and isothermally annealing above the crystallization
temperature (7 = 479.4 K). As the reheating temper-
ature is increased, it is expected that both the nucle-
ation rate and growth rate of the crystalline phase will
increase, which will allow Mg,Cu particles to form
readily from the amorphous phase with the high
temperatures resulting in further particle coarsening.
Consequently, as temperature is increased, the struc-
ture progressively changed from the amorphous state
to a modified amorphous state, then to an amorphous
phase containing Mg,Cu particles, and finally, to a
crystalline state containing various phases (Fig. 1d).
There is a second crystallization temperature, Ty,
which is above 523 K (Fig. 2a) and indicates that
complete crystallization of the BMG does not occur
unless longer annealing times are used to completely
crystallize the residual amorphous phase.

An interesting aspect of the heat treatment of the
as-cast glass is the generation of surface relief effects
(Fig. 5Sa). However, there was no significant difference
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between the SEM micrographs that show only the
Mg,Cu phase in the XRD patterns and samples 6, 8 and
9 besides a small size difference of the Mg,Cu particles.
Further analysis of both the different phases observed
by SEM and XRD spectra indicates that the residual
amorphous phase was consumed in samples 6, 8 and 9.
Therefore, the generation of these surface corrugations
is likely to be a result of crystallization of the residual
amorphous phase rather than the formation of Mg,Cu
phase. Table 2 shows that the density of the as-cast
crystalline sample is largest with the density difference
between the fully crystalline sample and the partially
crystallized samples being larger than that for the
as-cast and partially crystallized samples. It is possible,
therefore, that a given sample will undergo a compres-
sive stress in the vicinity of the sample surface during
crystallization of the residual amorphous phase. If these
compressive stresses are large enough, the surface
regions will deform to produce these unusual surface
rumpling effects.

On a final note, the generation of surface irregular-
ities of amplitude 1-2 pm during crystallization of the
Mg-base BMG may be problematic, considering the
recent work on precision forming of BMGs for the
production of nanodevices [20]. It was shown that Pd-
base BMGs have exceptional microformability through
their ability to replicate very fine and complex surface
features of a die. However, crystallization-induced
surface rumpling during or after forming must be
avoided, that is, forming must be carried out below the
crystallization temperature.
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Conclusions

The crystallization behaviour of an as-cast
MgesCuysYp BMG was studied by heating in the
vicinity of its crystallization temperature. During iso-
thermal annealing at 503 K, crystallization was found
to proceed as follows: fully amorphous to a modified
amorphous phase to a residual amorphous phase
containing Mg,Cu particles and, finally, to the fully
crystallized state. Heat treatment of the as-cast BMG
generated surface corrugations on an as-polished
surface. The generation of this surface relief is likely
to be a result of crystallization of the residual amor-
phous phase that generates surface compressive
stresses as a result of the density differences between
the crystalline and amorphous phases.
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