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Interest in finding binary alloys that can form bulk metallic glasses has stimulated
recent work on the Cu–Zr system, which is known to show glass formation over a
wide composition range. This work focuses on copper mold casting of Cu50Zr50 (at.%),
and it is shown that fully amorphous rods up to 2-mm diameter can be obtained. The
primary intermetallic phase competing with glass formation on cooling is identified,
and the glass-forming ability is interpreted in terms of a metastable eutectic involving
this phase. Minor additions of aluminum increase the glass-forming ability: with
addition of 4 at.% Al to Cu50Zr50, rods of at least 5-mm diameter can be cast fully
amorphous. The improvement of glass-forming ability is related to suppression of the
primary intermetallic phase.

I. INTRODUCTION
There has been much interest in finding a binary alloy

composition capable of forming a bulk metallic glass
(BMG), i.e., of forming a glass with a minimum dimen-
sion greater than 1 mm. If a BMG were found with a true
binary or near-binary composition, it would facilitate
fundamental analysis of glass formation; in particular,
atomistic modeling would be much easier than it would
be for the multicomponent systems usually considered
necessary for BMG formation. Also, any binary BMG
would be an excellent starting point for the development
of multicomponent systems giving still better glass-
forming ability (GFA).

The search for a binary BMG has recently focused on
the Cu–Zr system. From early work, it is known that by
melt-spinning Cu100−xZrx (at.%), metallic glasses can be
obtained in an unusually wide composition range of x �
25 to 60 at.%.1 The origins of such comparatively good
GFA have been extensively discussed.2–7 An atomic ra-
dius difference of more than 10% is important for glass
formation,8,9 and Cu–Zr meets this criterion (Gold-
schmidt radii: Cu, 0.128 nm; Zr, 0.161 nm). The size
difference leads to copper being an anomalous fast

diffuser in zirconium10 but zirconium being a slow dif-
fuser in copper. Good GFA is also associated with a
negative heat of mixing, and Cu–Zr shows a particularly
large value of –23 kJ mol–1.11 The diffusional asymmetry
and the negative heat of mixing are favorable for forming
amorphous Cu–Zr by mechanical alloying12 and by the
solid-state amorphization reaction.13

Looking for BMG formation, Xu et al.14 studied
Cu100–xZrx alloys in the composition range x � 34 to
40 at.%. They reported that at the best glass-forming
composition in this range, Cu64Zr36, 2 mm rods can be
cast completely amorphous. In related work, a similar
GFA has been reported for Cu46Zr54.15 Inoue et al.16

studied Cu–Zr in the range 30–70 at.% Zr, and reported
that the best glass-forming composition is Cu60Zr40, at
which 1.5 mm rods can be cast completely amorphous.
Wang et al.17 independently studied the same composi-
tion range as Xu et al.14 and concluded that there is a
very narrow composition range (width <1 at.%) for good
GFA. They estimated the optimum glass-forming com-
position to be Cu64.5Zr35.5. They associated good GFA
with eutectics but noted that their best GFA did not co-
incide with a deep eutectic in the equilibrium phase dia-
gram. Tang et al.18 studied GFA in the Cu100–xZrx system
for x � 40 to 55 at.% and found that Cu50Zr50 rods could
be cast completely amorphous with diameters up to
2 mm.
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There has also been interest in enhancing the GFA
of Cu–Zr by minor additions of other elements. Inoue
et al.19 showed that Cu46Zr47Al7 can be cast fully amor-
phous up to 3 mm in diameter. This system has been
further studied by Xu et al.15 through addition of yttrium:
Cu46Zr47–yAl7Yy; with y � 5 at.% the GFA is maxi-
mized and rods up to 100-mm diameter can be cast fully
amorphous. The enhancement of the GFA of Cu–Zr
through addition of aluminum and other elements was
interpreted in terms of the heats of mixing between the
alloy components.15

The often-cited three empirical rules for BMG forma-
tion7 include criteria based on atomic sizes and heats of
mixing as mentioned above but first state that the alloy
should have more than three components. Although bi-
nary Cu–Zr appears capable of BMG formation, the sys-
tem is clearly distinct from a typical multicomponent
BMG. Liquids of Cu–Zr have been characterized in
terms of Angell’s strong/fragile classification.20 The fra-
gility index m, estimated by heating a Cu–Zr metallic
glass at 20 K min−1, is 62 which is significantly higher
than the values of 30–40 normally associated with mul-
ticomponent BMGs21–23 and identifies the binary liquid
as fragile.

While there is some understanding of why binary Cu–
Zr shows glass-forming ability over a wide composition
range, much remains to be done, in particular to more
clearly delineate BMG formation. The present work fo-
cuses on studying the GFA near the composition
Cu50Zr50 (at.%). Cooling on the margin of glass forma-
tion and x-ray diffraction with in situ annealing are used
to identify the crystalline phases, which are the main
competitors to glass formation on cooling. These phases
are then used to interpret the GFA in terms of eutectics,
including a metastable eutectic.

II. EXPERIMENTAL

Ingots of Cu50Zr50 (nominal composition, at.%) were
prepared by arc-melting copper and zirconium (each
99.9 at.% purity) in a Ti-gettered argon atmosphere. In-
gots of (Cu50Zr50)100–xAlx (x � 0, 2, 4, and 6) alloys
were prepared by arc-melting Cu50Zr50 ingots with alu-
minum (99.99 at.%) under the same conditions. Ingots
were then remelted and suction-cast into a copper mold
to obtain cylindrical rods 50 mm long. To obtain differ-
ent cooling rates, rods were cast with diameters from 1 to
5 mm.

Structural characterization was by mounting rod cross-
sections for x-ray diffractometry (XRD) with Cu K� ra-
diation. The as-cast rods were studied on an MAC M03
XHF diffractometer (Japan). Changes in structure on an-
nealing were studied in situ in a Siemens D500 high-
temperature diffractometer under nitrogen atmosphere.
The diffraction patterns were collected by step-scanning

with a step-length of 0.05°, and the collecting time at
each point was 5 s. Samples were subjected to a sequence
of 30-min anneals at successively higher temperatures.
To calibrate the diffraction peaks, polycrystalline Si
powder was added on the sample for the purpose of
calibration. The accuracy of Bragg-angle determination
permitted by this internal calibration is essential for re-
liable identification of the crystalline phases. Differential
scanning calorimetry (DSC) was carried out in a Perkin
Elmer DSC-7 (USA) at a heating rate of 20 K min−1.
Melting of the samples was studied by differential ther-
mal analysis (DTA) using a Perkin Elmer DTA-7 at a
heating rate of 10 K min−1.

III. RESULTS

Rods of Cu50Zr50 were cast with different diameters to
measure glass-forming ability. As shown by XRD of rod
cross-sections (Fig. 1), samples with diameter d � 2 mm
are fully amorphous, while those with d � 3 mm are
partially crystalline. The full amorphicity of 2 mm diam-
eter samples was further checked by transmission elec-
tron microscopy (TEM), including high-resolution imag-
ing and selected-area diffraction; apart from isolated
1–2 nm particles (less than 5% in overall volume frac-
tion), there was no evidence of crystallinity. For a 1-mm-
diameter sample, high-resolution TEM shows only the
uniform contrast expected for a single glassy phase.

As noted by Lin and Johnson,24 the maximum d for
which samples are fully amorphous can be used to esti-
mate the critical cooling rate Rc, according to

Rc �K s−1� =
10

�d �cm��2 . (1)

Using Eq. (1), Rc for Cu50Zr50 is estimated to be ∼250 K
s–1. With addition of aluminum to this alloy, the glass-
forming ability is clearly increased. With 4 at.% Al, fully
amorphous rods are obtained even at 5 mm, the maxi-
mum diameter tested. For (Cu50Zr50)96Al4 the estimate
of Rc from Eq. (1) is �40 K s–1.

Examination of samples that are not fully amorphous
is useful in identifying the crystalline phases that are
competitors to glass formation during casting. Even for
this simple binary Cu–Zr alloy, there is a complex phase
formation sequence during solidification. The phases
giving rise to the Bragg peaks in Fig. 1 are identified as
far as possible. The key phase identification is that of
Cu51Zr14, based on a match with the data in the Power
diffraction file 42-1185 [Powder Diffraction Data, Inter-
national Center for Diffraction Data, published by
JCPDS, Pennsylvania, 2000] as set out in Table I. The
peak positions fit the standard diffraction data well, es-
pecially in the 2� range 30–60°. The relative intensi-
ties do not match so well, presumably because there is
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preferred orientation of the phase and because of overlap
with peaks from other phases. It is clear, however, that
the main phase is Cu51Zr14 and not the expected CuZr
matching most closely the composition of the glass. Sur-
prisingly, the system favors the more complex structure
Cu51Zr14 with a composition significantly different from
the glass.

As shown in Fig. 1, in Cu50Zr50 there are also other
unidentified competing phases. It can also be seen from
Fig. 1 that when aluminum is added to the alloy, the main

crystalline phase is changed. From the observed peaks it
is not possible to identify the additional phase, and we
designate it “unidentified.”

Figure 2 shows DSC curves for the as-cast Cu50Zr50

and (Cu50Zr50)94Al6 BMGs. Each alloy has a distinct
glass transition at Tg and a sharp crystallization onset at
Tx, further confirming the glassy structure of the alloys.
Larger values of the reduced glass transition temperature
Trg (� Tg/Tl,

25 where Tl is the liquidus temperature of
the alloy) or of the temperature range of the supercooled
liquid �T (� Tx – Tg) are expected to indicate better
glass-forming ability. With 6 at.% addition of Al to
Cu50Zr50, Trg increases from 0.55 to 0.60, and �T from
47 to 69 K. The increase in glass-forming ability on
addition of aluminium is accompanied by a substantial
increase in thermal stability of the glass: Tx is increased
from 717 to 770 K. Figure 3 shows DTA curves obtained
on melting the Cu50Zr50 and (Cu50Zr50)94Al6 BMGs as
well as the Cu50Zr50 BMG pre-annealed for ∼4 h above
Tx (∼800 K). There are some differences, not significant,
between the melting behaviors of the as-cast and the
annealed Cu50Zr50 BMG, the latter presumably having a
phase constitution close to equilibrium. In each case,
there is a wide melting range, showing that these com-
positions do not undergo simple eutectic melting. This is
in contrast to many BMGs, which form at the composi-
tions of deep eutectics.

The effects of annealing the BMGs were studied using
in situ XRD. This technique has the advantages that its
good time resolution can permit the detection of inter-
mediate stages of crystallization, which might otherwise
be missed. The results of a series of isothermal 30-min
anneals of the same Cu50Zr50 BMG (2 mm diameter) are
shown in Fig. 4. (The Si diffraction peaks are from the
polycrystalline Si powder for calibration.) As noted

FIG. 1. X-ray diffractograms of as-cast rods of Cu50Zr50 and
(Cu50Zr50)100–xAlx (at.%). The diameters of the rods are indicated and
the phases giving rise to the Bragg peaks are identified as far as
possible.

TABLE I. The positions and relative intensities of Bragg peaks of the
as-cast Cu50Zr50 alloy with a diameter of 3 mm (shown in Fig. 1)
measured in the present work, compared with Powder Diffraction File
42-1185 [Powder Diffraction Data, International Center for Diffraction
Data, published by JCPDS, Pennsylvania, 2000], to identify the phase
Cu51Zr14.

(hkl)

2� (degrees) Relative intensity

NoteFile Measured File Measured

(202) 28.30 28.50 2 3
(302) 35.17 35.25 2 70 Superposed on Zr(002)
(400) 36.935 36.93 10 100 Superposed on Zr(101)
(222) 38.683 38.71 6 8
(312) 39.863 39.80 34 12
(213) 40.875 40.90 65 80
(321) 41.873 41.70 17 30
(410) 42.565 42.45 100 55
(303) 43.010 43.00 22 35
(411) 43.983 43.95 42 45
(223) 46.156 45.95 23 15
(412) 48.173 48.00 8 20
(430) 57.548 57.50 8 10
(432) 62.163 62.19 3 5
(441) 67.625 67.60 7 50

FIG. 2. Differential scanning calorimetry traces of the as-cast rods of
Cu50Zr50 and (Cu50Zr50)94Al6 alloys. The temperatures of the glass
transition Tg and of crystallization onset Tx are arrowed.
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above, high-resolution TEM (HRTEM) shows some iso-
lated 1–2-nm particles, ∼5% in volume fraction. The cor-
responding crystalline phase(s) cannot be detected by
continuous-scanning XRD in Fig. 1, but they become
detectable by step-scanning XRD. Even in the as-cast rod
(labeled RT in Fig. 4) there are two weak crystalline
peaks (between 30° and 40°), which are above the amor-
phous background. Crystallization starts to become evi-
dent after the anneal at 673 K, which is just above Tg, in
the supercooled liquid region. At this stage, the detect-
able phases are Cu51Zr14 and trace amounts of �–Zr. The
Cu51Zr14 crystallites are of nanometer scale (∼12 nm), as
evidenced by the width of their diffraction maxima. At
the higher annealing temperature of 723 K, just above Tx,

the crystallization products are Cu10Zr7 and CuZr2. Even
after this heat treatment, there is still no evidence for the
formation of the expected CuZr

Figure 5 shows the effects of annealing a 5 mm diam-
eter sample of Cu50Zr50, which is not fully amorphous
as-cast. The Cu51Zr14 phase when annealed at 723 K
gives way to Cu10Zr7 and CuZr2. The corresponding in
situ XRD results for (Cu50Zr50)94Al6 BMG (5-mm diam-
eter) are shown in Fig. 6. For anneals at higher tempera-
ture, during which the sample becomes fully crystallized,
the predominant phases are different from the crystalli-
zation products of the binary Cu–Zr BMG.

IV. DISCUSSION

The equilibrium phase diagram of Cu–Zr (Fig. 7), re-
cently computed by Zeng et al.,26 shows many eutectics
depressing the liquidus far below the melting tempera-
tures of the constituent elements, a feature associated
with glass-forming ability. As noted above, the primary
crystalline phase in Cu50Zr50, both on casting at the mar-
gin of glass formation and on annealing of the glass,
is Cu51Zr14 (hexagonal, P6/m, a � 1.130 nm, c �
0.824 nm).27 This phase is formed by solid-state reaction
in Cu–Zr multilayers28 and is the primary crystallization
product in amorphous Cu60Zr20Ti20.27 It has the highest
melting point of all the Cu–Zr intermetallics. It has also
been observed that in ternary systems with copper and
zirconium, e.g., Cu–Ti–Zr,29 the Cu51Zr14 phase features
in many invariant points, especially for copper-rich com-
positions.

Nevertheless, it is surprising that this phase is promi-
nent for Cu50Zr50 alloys, since its composition is so rich

FIG. 3. Differential thermal analysis traces of as-cast rods of Cu50Zr50

and (Cu50Zr50)94Al6 BMGs as well as the Cu50Zr50 BMG pre-annealed
for ∼4 h above Tx (∼800 K), showing the temperature range of melting.

FIG. 4. X-ray diffractograms of a 2-mm-diameter cast rod of Cu50Zr50

during in situ annealing. The as-cast rod is fully amorphous. A se-
quence of anneals is performed, with 30 min at each of the tempera-
tures shown. The Bragg peaks for silicon arise from the polycrystalline
powder added for calibration.

FIG. 5. X-ray diffractograms of a 5-mm-diameter cast rod of Cu50Zr50

during in situ annealing. The as-cast rod has Cu51Zr14 as its predomi-
nant crystalline phase. A sequence of anneals is performed, with
30 min at each of the temperatures shown.
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in copper. On increasing the copper content around their
best glass-forming composition of Cu64.5Zr35.5, Wang
et al.17 found that the primary phase changed from
Cu10Zr7 to Cu8Zr3, the intermetallics closest to the alloy
composition. For Cu50Zr50, the closest intermetallic is
evidently CuZr; this has not been detected in the present
work, even after annealing for 30 min at 723 K. In com-
position, the next closest intermetallics are CuZr2 and
Cu10Zr7, which are the phases seen on annealing at 723
K. Weihs et al.28 claim that Cu51Zr14 is a metastable
compound, but this is inconsistent with thermodynamic
modeling of the Cu–Zr system.26 In the present work, the
disappearance of Cu51Zr14 on annealing results simply

from its not being an equilibrium phase at an overall
composition of Cu50Zr50. The apparent importance of
Cu51Zr14 as a primary phase in the present work is dif-
ficult to explain but may reflect the influence of
quenched-in nuclei, given the evidence for some nm-
scale crystallites in the as-cast alloy.

That Cu51Zr14 is the primary phase of importance for
analyzing glass formation shows it may be useful to con-
sider metastable phase equilibria. The link between meta-
stable eutectics and metallic glass formation was first
explored by Highmore and Greer.30 They showed that
solid-state amorphization in systems such as Ni–Zr could
be understood as eutectic melting in a metastable phase
diagram. At the temperatures of reaction of polycrystal-
line nickel and zirconium in deposited multilayers, the
intermetallic phases are initially unable to nucleate; the
relevant phase diagram is then a very deep metastable
eutectic between the terminal solid-solution phases. Sys-
tems showing solid-state amorphization, of which Ni–Zr
and Cu–Zr are both examples, are characterized by a
great asymmetry in their atomic diffusivities. The small
late-transition-metal atoms (e.g., Ni in Ni–Zr) have in-
terstitial-like diffusivities, orders of magnitude higher
than those of the large early-transition metals (e.g., Zr in
Ni–Zr). Fast diffusion of the late-transition metal permits
mixing of the elements with slow diffusion of the early-
transition metals inhibits the nucleation and growth of
the equilibrium crystalline intermetallics.

In the present case, the relevant metastable phase dia-
gram does not have all the compounds missing, but has
Cu51Zr14 still present. The heavy lines sketched in Fig. 7
are extrapolations of equilibrium liquidus lines and show
the metastable eutectic between Cu51Zr14 and �–Zr. In-
terestingly, this metastable eutectic is predicted to be in
the composition range relevant for the good glass-
forming ability seen at Cu50Zr50 and neighboring com-
positions. Wang et al. suggest displacement of best glass-
forming compositions from eutectic compositions may
be attributable to asymmetry in the coupled zone.17 Here
we point out that apparent displacement of glass-forming
compositions can also result from the operation of meta-
stable eutectics of the kind shown in Fig. 7. (We note in
passing that yet other explanations of metallic glass for-
mation displaced from eutectic compositions have been
offered in terms of the difficulty of nucleating both crys-
talline phases.31,32)

Even if a single deep metastable eutectic is relevant for
glass formation, the intermetallic compounds whose ab-
sence gave rise to the metastable eutectic do eventually
succeed in nucleating during heating of the alloy. By the
time melting starts, the sample is likely to consist of a
complex mixture of intermetallics not yet fully in equi-
librium. The melting behavior seen for example in Fig. 3
can then be complex, and is not itself a good guide to
glass formation.

FIG. 6. X-ray diffractograms of a 5-mm-diameter cast rod of
(Cu50Zr50)94Al6 during in situ annealing. The as-cast rod is fully amor-
phous. A sequence of anneals is performed, with 30 min at each of the
temperatures shown.

FIG. 7. The equilibrium phase diagram of Cu–Zr, according to the
thermodynamic fitting by Zeng et al.26 The bold lines indicate the
extrapolated liquidus lines for the metastable eutectic of Cu51Zr14 and
�–Zr. This eutectic is significant in the absence of the compounds
CuZr2, CuZr, Cu10Zr7, and Cu8Zr3.
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The obviously improved glass-forming ability and
thermal stability of the glass on addition of aluminum
can be associated with destabilization of the Cu51Zr14

phase.33–34 This appears to be the case, as shown by the
data in Figs. 1 and 6.

V. CONCLUSIONS

The binary alloy Cu50Zr50 (at.%) can be cast fully
amorphous in rods up to 2 mm in diameter. Casting
larger-diameter rods on the margin of glass formation
and annealing amorphous alloys show that the crystalline
phase, which is the main competitor to glass formation in
cooling, is Cu51Zr14, despite its enrichment in copper
relative to the alloy composition. The glass-forming abil-
ity of Cu50Zr50 can be interpreted in terms of a deep
metastable eutectic between Cu51Zr14 and �–Zr. This
shows that the best glass-forming ability should be dis-
placed from the eutectic compositions shown on the
equilibrium phase diagram. Addition of aluminum to
Cu50Zr50 greatly improves its glass-forming ability. With
an addition of just 4 at.% Al, rods with diameters of at
least 5 mm can be cast fully glassy. The addition of
aluminum appears to destabilize Cu51Zr14 and thereby
promote glass formation. The prospects are good for fur-
ther development of BMGs based on minor alloying ad-
ditions to Cu50Zr50.
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