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Abstract
Mg65 Cu25 Y10 ribbons were produced by melt spinning. Their microstructure was investigated in its as-cast condition, after pressing under 0.5 GPa for 5 min under diﬀerent temperatures – RT, 50, 100, 150, and 200 ◦C – and after ﬁve-minute exposure to the above temperatures
without pressing. The microstructure was characterized by means of XRD, DSC, HRSEM, and
HRTEM. XRD and DSC studies showed that the as-cast material had an amorphous character
and that the material crystallized during exposure to temperature with or without applying
stress. HRTEM revealed that the as-cast Mg65 Cu25 Y10 , although known to be one of the best
glass formers, is nano-crystalline rather than amorphous.
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1. Introduction
Magnesium alloys are characterized by good physical properties: they exhibit high strength, are lightweight, and have good damping absorption and good
thermal and electrical conductivity. Amorphous magnesium alloys, moreover, exhibit higher strength,
hardness, and a large elastic domain in addition to
having excellent corrosion resistance. Among the various existing magnesium alloys, the Mg-Cu-Y system
is known to be one of the best glass formers. The
Mg65 Cu25 Y10 was reported in early publications of Inoue et al. [1, 2], who pointed at Cu content of 25 at.%
as optimal for high glass forming ability (GFA). In [2],
Inoue and Masumoto claimed that amorphous alloys
with a large temperature interval ΔTx (= Tg – Tx ),
where Tg is the glass transition temperature, and Tx
is the onset temperature of crystallization, have high
GFA. Growing interest in high glass forming abilities
(GFAs) has led to the formulation of the following
three empirical rules for the characteristics required
of manufactured bulk metallic glass (BMG) [3]: (1)
multicomponent systems consisting of more than three
elements; (2) signiﬁcant diﬀerence in atomic size ratios above approximately 12 % among the main constituent elements; and (3) negative heats of mixing
among the three main constituent elements.

Many investigations were conducted on amorphous
Mg65 Cu25 Y10 obtained by diﬀerent casting processes.
Namely, pressure die casting [1, 2], injection into a
copper mould [4–11], injection into a water-cooled Cu
mould [12], melt spinning [13–16], rapid quenching
without listing the exact process [17, 18], and permanent mould without stating anything about the mould
[19].
The characterization techniques used in order to
determine the amorphous structure of the Mg65 Cu25
Y10 alloy included X-Ray Diﬀraction (XRD) [1, 4–19],
Diﬀerential Scanning Calorimetry (DSC) [1, 2, 4–6,
8–16, 18, 19], and Transmission Electron Microscopy
(TEM) [1, 4, 6, 7, 11, 14, 16, 17].
Some studies deal with the thermal stability of
the amorphous structure and with the way the alloy crystallizes due to exposure to temperature [4,
7, 11, 18, 19]. Yet all researchers seem to agree that
the Mg65 Cu25 Y10 alloy when cast at suﬃciently rapid
cooling rates, is fully amorphous in its as-cast condition.
Previous studies on melt spun Mg80 Cu15 Y5 and
Mg80 Cu10 Y10 ribbons published by the authors [20]
showed that according to XRD and DSC the material was amorphous. However, High-Resolution Transmission Electron Microscopy (HRTEM) revealed that
the material was, at least partially, nano-crystalline.

*Corresponding author: tel.: +972 4 9901734; fax: +972 4 9901886; e-mail address: michaelr@braude.ac.il

2

M. Regev et al. / Kovove Mater. 55 2017 1–5

Having noticed that none of the above-mentioned references includes HRTEM of amorphous Mg65 Cu25 Y10
it was decided to apply HRTEM in order to investigate the amorphous character of the material, the
thermal stability of the amorphous structure, and the
occurrence of stress-induced crystallization. This paper focuses on HRTEM study of as-cast Mg65 Cu25 Y10
together with other characterization tools, namely,
X-Ray Diﬀraction (XRD), High-Resolution Scanning
Electron Microscope (HRSEM), and DSC. The above
tools were also used in order to investigate the stability
of the microstructure during exposure to high temperatures together with its tendency to stress-induced
crystallization.

2. Experimental procedure
The chemical composition studied was, as mentioned above, Mg65 Cu25 Y10 . Pure Mg and Cu metals and a Mg-40 wt.% Y master alloy were used
for the alloy preparation. Alloying was carried out
in a graphite crucible under an Ar protective atmosphere. The materials blend was melted and then
homogenized at 800 ◦C for 1 h under an Ar protective atmosphere before casting. The alloy was
then remelted and cast by a melt-spinning machine with a brass drum rotating at 1000 rpm.
The ﬁnal product was ∼ 80 µm thick ribbons. These
Mg65 Cu25 Y10 ribbons then underwent the following
treatments:
1. Pressing under 0.5 GPa for 5 min under diﬀerent
temperatures: RT, 50, 100, 150, and 200 ◦C.
2. Five-minute exposure to the above temperature
without pressing in order to estimate the combined
eﬀect of pressure and temperature.
XRD tests were performed using Stationary Rigaku Smart Lab diﬀractometer equipped with a Cu
tube (λKα = 1.5406 Å). The melt-spun specimen was
ground to a powder having an average grain size of
about 500 µm prior to the XRD tests in order to eliminate any texture inﬂuence. The microstructure was
studied under a Zeiss Ultra Plus HRSEM. TEM investigation was conducted using an FEI Titan 300KV
HRTEM. TEM specimens were prepared as follows:
– 80 µm thick slices were cut from the melt-spun
ﬁlm.
– The slices were ion milled using a Gatan-600
laser-terminated dual ion miller with an acceleration
voltage of 5 kV and a current of 5 mA. The initial
milling angle was 25◦ , which was then changed to 10◦ .
The specimens were continually cooled with the aid
of liquid nitrogen in order to avoid artifacts resulting
from specimen heating.
The DSC study summarized in the current paper is based on scanning experiments. The melt-spun
specimens were heated using a DSC 204F1 Phoenix

Fig. 1. XRD patterns of Mg65 Cu25 Y10 in its as-cast condition (1) and after a 5-minute exposure to 50 ◦C (2), 100 ◦C
(3), 150 ◦C (4), and 200 ◦C (5).

Fig. 2. XRD patterns of Mg65 Cu25 Y10 pressed under 0.5
GPa for 5 min at RT (1), 50 ◦C (2), 100 ◦C (3), 150 ◦C (4),
and 200 ◦C (5).

calorimeter at a constant rate of 10 ◦C min−1 until they
reached 700 ◦C.

3. Results
Figure 1 shows the XRD spectra of the melt spun
Mg65 Cu25 Y10 in its as-cast condition and after ﬁveminute exposure to 50, 100, 150, and 200 ◦C, while
Fig. 2 shows the XRD spectra of the specimens ex-
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Fig. 4. HRSEM image of the as-cast M65 Cu25 Y10 .
Fig. 3. A DSC curve of the as-cast Mg65 Cu25 Y10 .

posed to the same temperatures for the same time
intervals together with pressing under 0.5 GPa.
The ﬁgures show that the XRD spectrum of the
as-cast material is amorphous. The material loses its
amorphous character with exposure to 200 ◦C, where
crystalline peaks of Mg and Mg2 Cu are discernible.
The small peak that appears near 2θ = 34◦ might
be related to the ε (Mg24 Y5 ) phase, which is expected
under equilibrium conditions. The spectra referring to
50, 100, and 150 ◦C remained amorphous. The XRD
spectra in Fig. 2 show that applying stress during
exposure to diﬀerent temperatures did not make any
diﬀerence. Namely, the material remained amorphous
under all temperatures except 200 ◦C.
Figure 3 shows the DSC curve of the as-cast
Mg65 Cu25 Y10 . Three peaks are discernible in this
curve. The ﬁrst peak, at 145 ◦C, corresponds to the
glass transition temperature (Tg ), the second one, at
180 ◦C, is the Mg crystallization peak (Tx ), while the
third one is also a crystallization peak, probably of the
Mg2 Cu phase.
An HRSEM image of the amorphous ribbons in its
as-cast condition is given in Fig. 4, while Fig. 5 shows
an HRSEM image of the material that had been exposed to 200 ◦C for ﬁve minutes prior to its study. The
ﬁgures show that the heat-treated material is composed of equiaxed grains having an average diameter
of a few hundreds of microns, while no grains are discernible in the case of the as-cast material, even under
higher magniﬁcation than in Fig. 4.
An HRTEM micrograph of the as-cast material
and the respective FFT (Fast Fourier Transform) pattern are shown in Figs. 6a and 6b, respectively. The
rectangle shown in Fig. 6a is the region from which
the FFT was taken. Figure 6a shows that the material is nanocrystalline with an average grain size of a

Fig. 5. HRSEM image of the M65 Cu25 Y10 after a 5-minute
exposure to 200 ◦C.

few nanometres, while the diﬀraction pattern given in
Fig. 6b was taken from one of the nano-grains shown
in Fig. 6a and is typical of a crystalline material. The
indexed FFT refers to [011̄1] zone axis taken from an
HCP lattice.

4. Discussion
As stated earlier, XRD spectra of the as-cast material and those referring to 50, 100, and 150 ◦C are
amorphous, and applying stress during exposure to
temperature does not seem to enhance crystallization.
Contrary to the above spectra, the material lost its
amorphous character during exposure to 200 ◦C. This
change can be related to exposure to high temperature. It should be mentioned that the Mg and Mg2 Cu
peaks are slightly shifted to lower angles (higher
d-spacing). This shift can be related to the existence

4

M. Regev et al. / Kovove Mater. 55 2017 1–5

Fig. 6. (a) HRTEM image of the as-cast material; (b) an
indexed FFT taken from the grain designated in (a).

of dissolved Y. The Mg-Cu phase diagram [21] shows
that both Mg and Mg2 Cu co-exist at RT under equilibrium conditions. No peaks of Mg-Y intermetallics
were identiﬁed whatsoever. Therefore, the assumption
is that due to the extremely high cooling rates the Y
appears in a Mg solid solution.
According to Chen and Spaepen [22], the DSC
signals of nucleation and growth of truly amorphous
materials exhibit characteristic diﬀerences from the
grain growth of pre-existing grains. In the case of a
grain growth peak, the leading edge is steeper than
the trailing edge, while in the case of nucleation and
growth the opposite is true. It is diﬃcult to determine
the character of the Mg crystallization peak (Tx ) at
180 ◦C, while the crystallization peak around 280 ◦C
seems to be a grain growth peak.
Contrary to Fig. 5, in which clear grains and grain
boundaries are discernible, no grain structure can be
identiﬁed in Fig. 4, in line with the XRD and DSC results. The average grain size in the case of the material
exposed to 200 ◦C for 5 min was around 1 µm, while
no grain structure was recorded by HRSEM even un-

der higher magniﬁcation than that in Fig. 4. However,
the HRTEM study revealed that the material is nanocrystalline in its as-cast condition, and its grains are
a few nanometres in size. Moreover, an FFT as shown
in Fig. 5b provides clear evidence for the material being nano-crystalline. As stated earlier, all researchers
seem to agree that the Mg65 Cu25 Y10 alloy, when cast
at suﬃciently rapid cooling rates, is fully amorphous
in its as-cast condition. This means, in turn, that
the current results are not in line with previous results summarized in the introduction section. However, none of the above-mentioned studies included
HRTEM. The ambiguous readings of the various characterization tools can be reconciled as follows. Under
the assumption that the grains are spherical with an
average grain size of about 8 nm and that the width of
the grain boundary region is about 2 nm (10–15 times
the magnesium lattice parameter), as can be seen in
Fig. 5, the volume fraction of the grain boundaries
turns out to be about 70 %. Keeping in mind that
the amorphous XRD pattern obtained in the case of
the as-cast melt spun specimen originates both from
the contribution of the grain boundaries and from
the presence of very ﬁne crystals, the contribution of
the grain boundaries, which are amorphous by deﬁnition, is responsible for the amorphous character of
the XRD spectrum. In summary, according to XRD
and DSC, the as-cast Mg65 Cu25 Y10 can be regarded
as amorphous. No crystalline structure can be identiﬁed by means of HRSEM, while clear nano-grains
were observed by means of HRTEM. Keeping in mind
that the Mg65 Cu25 Y10 is known to be one of the best
glass formers, the general question left to be answered
is whether there are ”true” amorphous materials or
whether crystallinity will always be revealed under the
suﬃciently high resolution.

5. Conclusions
– The microstructure of melt spun Mg65 Cu25 Y10
in its as-cast condition was investigated by means of
XRD, DSC, HRSEM, and HRTEM. XRD study was
conducted on the material after ﬁve-minute exposure
to 50, 100, 150, and 200 ◦C as well as on specimens
exposed to the same temperatures for the same time
intervals together with pressing under 0.5 GPa.
– The XRD pattern of the as-cast material was
found to be amorphous, while the material lost its
amorphous character with exposure to 200 ◦C. The
spectra referring to 50, 100, and 150 ◦C remained
amorphous. Applying stress during exposure did not
seem to expedite crystallization.
– Glass transition peak and crystallization peak of
Mg were identiﬁed during DSC study, while another
crystallization peak recorded probably refers to the
Mg2 Cu phase.
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– HRSEM revealed grain structure in the case of
exposure to 200 ◦C. The material was found to be composed of equiaxed grains having an average diameter
of a few hundreds of microns.
– HRTEM study showed that the melt spun
Mg65 Cu25 Y10 in its as-cast state is nanocrystalline
with an average grain size of about 8 nm.
– The amorphous character of the XRD and DSC
spectra is proposed to be due to the contribution of
the grain boundaries, the volume fraction of which can
be estimated to be about 70 %.
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