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Abstract

The rare earth Gd based Gd60Al10Ni10Cu20 bulk metallic glass (BMG) has been fabricated by Cu-mold casting method. The
BMG-forming alloy exhibits a glass transition, obvious multi-crystallization, near eutectic melting and paramagnetic property.
However, the alloy does not have a high reduced glass transition temperature (Trg = 0.55) which is a common feature for other
known BMGs. We also find that a series of alloys with identical composition of M60Cu20Ni10Al10 with different bases (M = Zr,
La, Nd, Pr, or Ce) can be easily cast into bulk glass. The Gd-based BMGs could have potential applications as functional materials.
� 2005 Published by Elsevier B.V.

PACS: 61.43.Dq; 75.50.Kj; 64.70.Dv; 81.05.Kf
The development of bulk metallic glasses (BMGs) has
received great attention because the BMGs have extraor-
dinary structural features, unique properties and wide
potential application [1–6]. A series of BMGs has been
obtained based on Pd, Zr, Ti, Ni, Cu, Co, Fe, and Mg
systems with a critical cooling rate less than 103 K/s for
glass formation and a size with thickness more than
1 mm by conventional casting methods [1–6]. More re-
cently, intensive efforts have been made for the fabrica-
tion of the rare-earth (RE) based BMGs because of the
significance of these BMGs in science and commercial
applications [7–11]. These BMGs with a low glass tem-
perature Tg and stable supercooled liquid state offer
great convenience for investigation of the nature of the
glass transition, supercooled liquid and especially the
metallic glass-forming melts with a large experimental
accessible time and temperature window at low tempera-
tures. On the other hand, the RE-based BMGs could
have promise for application as functional materials
[7–11]. However, compared to conventional metal based
BMGs, only few light RE-based BMGs, such as La–
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Al–Ni(Cu), Pr–Al–Ni–Cu, and Nd–Al–Fe–Co light
RE-based BMGs [7,8,10,12,13], have been developed
and investigated. To date, there have been few reports
on the formation of RE-based BMGs in which the RE
content is more than 50 at.% [13]. Gd based metallic
alloys and compounds are attractive for application as
functional materials because of their magnetic and mag-
neto-optical properties. Gd-based metallic alloys with an
amorphous structure also have some unique properties
compared to their crystalline counterparts. For example,
Gd–TM (TM = Fe,Co,Ni) metallic glassy films are of
excellent magnetic cooling effect [14,15]. In this letter,
we report for the first time that a heavy RE-based
GdAlNiCu alloy system can be readily cast into bulk
glass. The Gd-based BMG exhibits the typical glass tran-
sition and crystallization features. The glass forming
ability (GFA) of the typical Gd60Cu20Ni10Al10 alloy
has been investigated.
Ingots with a nominal composition of Gd60Cu20-

Ni10Al10 were prepared by arc-melting of high-purity
Gd, Cu, Ni, and Al metals in a Ti-gettered argon
atmosphere. The ingots were remelted several times to
ensure the homogeneity of components in samples,
and then were suck-cast into a copper mold under argon
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Fig. 2. DSC trace of the Gd60Cu20Ni10Al10 sample showing the glass
transition, crystallization, and the melting process with a cooling rate
of 10 K/min.
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atmosphere to obtain a cylindrical rod 1.5–5 mm in
diameter. The structure of the as-cast alloys was identi-
fied by X-ray diffraction (XRD) using a MAC M03 dif-
fractometer with CuKa radiation. The cross section of
the samples was used for the XRD experiments. Ther-
mal properties were investigated in a Perkin–Elmer dif-
ferential scanning calorimeter DSC-7 and differential
thermal analyzer DTA-7 under a continuous argon flow
with a heating rate of 10 K/min. The values of Tg and
the onset temperature for the first crystallization peak
Txl, were determined from DSC trace with accuracy of
±1 K. The liquidus temperature was determined from
DTA trace with accuracy of ±1 K. The M–H hysteresis
loop was measured at 300 K by PPMS 6000 of Quantum
Design Company, USA.
The Gd60Cu20Ni10Al10 BMG rod with diameter up to

1.5 mm was prepared successfully by arc-melting and
copper-mold casting. Fig. 1 shows XRD patterns of
the as-cast Gd60Cu20Ni10Al10 rod. The broad diffused
diffraction peaks in the pattern indicate that the as-cast
rod consists of mainly amorphous phase. Some weak
diffraction peaks corresponding to nanocrystalline clus-
ter are seen in the pattern. This is normal for RE-based
BMG-forming alloys which usually contain 5–10%
nanocrystalline particles [8]. The M–H hysteresis loop
of the as-cast alloy at 300 K, as shown in the inset of
Fig. 1, reveals that the BMG exhibits paramagnetic
property, while the other RE-based BMGs, such as
Nd(Pr)–Al–Fe–Co, have hard magnetic property [7,8].
Fig. 2 presents DSC curve of the Gd60Cu20Ni10Al10

BMG at a heating rate of 10 K/min. The inset is a
DTA trace which shows the melting processes of the
alloy. The glass transition might be sheltered by the
DSC background noise. Therefore, there is a reasonable
to doubt if a BMG has or has not a supercooled liquid
region. To eliminate the background in DSC measure-
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Fig. 1. XRD pattern obtained from the cross-sectional slice of the
as-cast Gd60Cu20Ni10Al10 BMG rod. The inset is the M–H curve of
the BMG conducted at 300 K.
ment, a refined DSC measurement was performed,
where the same sample is measured twice: the first in
the amorphous state, and then after crystallization is
complete. This would allow using the curve obtained
with the crystallized sample as a background, which in-
creases the reliability of the method with regard to the
elimination of the instrument background. It is found
from DSC trace that this sample exhibits an obvious
endothermic characteristic of the glass transition fol-
lowed by three characteristic exothermic heat events
indicating the successive stepwise transformations from
supercooled liquid state to crystalline phases. The Tg,
Txl, melting temperature, Tm and liquidus temperature,
Tl, are determined to be 481, 514, 880 and 925 K, respec-
tively. The supercooled liquid region of the alloy, defined
as DT = Txl � Tg, is 33 K. One of the common features
of the known BMGs is that they have large supercooled
liquid region normally more than 50 K [1,2]. However,
compared to other BMGs, the Gd60Cu20Ni10Al10 BMG
does not have a larger supercooled liquid region. DT

has been served as a parameter of the thermal stability
of the supercooled liquid [16], and for some alloys, the
thermal stability has a positive correlation with the
GFA [17,18], but small DT may not often correspond
to lower GFA because the thermal stability is different
from the GFA, the former indicates the resistance
against the crystallization from the supercooled liquid
when heating, while the GFA shows the suppression
of the crystallization from the liquid in the cooling pro-
cesses [19,20]. In fact, both the La–Cu–Ni–Al and
Mg–Y–Cu–Ag–Pd BMGs with a 12 mm diameter rod
reported only have small value of DT of 29 and 32 K,
respectively [20]. This leads to the preexisting cluster in
the BMGs. These crystalline clusters will continue to
grow as soon as Tg is reached, and then markedly re-
duced the value of DT.
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Fig. 4. XRD patterns taken from the as-cast 1.5 mm diameter of
Gd60Cu20Ni10Al10, Gd55Cu25Ni10Al10, Gd65Cu15Ni10Al10, Gd60Cu20-
Ni10Al10, and Gd50Cu30Ni15Al5 BMG rods.
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The reduced glass transition temperature Trg = Tg/
Tm [12], which is a critical parameter in determining
the glass forming ability of an alloy, is 0.55, and smaller
than 2/3 that is an empirical criterion for BMG forma-
tion. From the endothermal signal of the melting, one
can see that this multi-component alloy is very close eu-
tectic point. The distinct glass transition, near-eutectic
melting, and obvious crystallization events further con-
firm the amorphous phase of the BMG.
Fig. 3 exhibits XRD patterns of the Gd60Cu20Ni10-

Al10 alloy quenched with different cooling rates. When
the diameter of the cast rod is larger than 1.5 mm, there
are crystalline peaks on the diffused peak that indicating
that these rod samples are a mixture of amorphous and
crystalline phases. The critical cooling rates for the full
glass formation of the alloy can be estimated by using:
dT/dt (K/s) = 10/R2 (cm) [21], where R is the typical
dimension of the formed amorphous alloy. For the
Gd60Cu20Ni10Al10 alloy, its critical cooling rate is about
500 K/s. The precipitation crystalline phases for the rod
with / = 2 mm are identified as hexagonal Al3Gd and
other unidentified phases as indicated in Fig. 3. With
decreasing cooling rate, more crystalline phases like
cubic AlNi, and cubic Al2 tetragonal Al2Gd3 and cubic
AlGd are also found. The precipitation of crystalline
phases is different with the decreasing of cooling rate.
Fig. 4 shows XRD patterns taken from the as-cast rod
with / = 1.5 mm for the GdCuNiAl alloy with different
compositions. Except for the Gd60Cu20Ni10Al10, the
altering of atomic ratio of multicomponent Gd–Cu–
Ni–Al alloy leads to the appearance of crystalline phases
in amorphous matrix. The replacement of Cu by Fe does
also not improve its GFA. The Gd–Cu–Ni–Al BMG has
a small composition range compared to other known
BMGs.
It is known that the BMG-forming alloys are very

sensitive to their components and composition [1,2].
Surprisingly, we found that a series of different BMGs
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Fig. 3. XRD patterns of the Gd60Cu20Ni10Al10 alloy quenched with
the different cooling rates.
with the same composition of M60Cu20Ni10Al10 (M =
Zr, La, Nd, Pr, or Ce) can also be obtained by conven-
tional casting. The multicomponent alloys have excel-
lent GFA when other various element (Zr, La, Nd, Pr,
or Ce) is selected as the base element instead of Gd.
Table 1 lists thermodynamic parameters of Tg, Txl,
DT, Tm, and Trg for the various obtained BMGs. It
seems that M60Cu20Ni10Al10 represents a special compo-
sition point for BMG formation. It is worth to note that
the atomic weight of the RE has obvious effect on the
glass forming ability of the alloys. The La-based alloy
with the lightest atomic weight of La has the best
GFA, the Gd is of the highest atomic weight, and the
Gd-based alloy has poorest GFA in these RE based
BMG-forming alloys. The mechanism is not clear yet,
and more work is needed.
In conclusions, the heavy Gd-based Gd60Cu20-

Ni10Al10 BMG with a good GFA is obtained by conven-
tional Cu-mold casting method. We report that the
other alloys has identical composition of M60Cu20-
Ni10Al10 (M = Zr, La, Nd, Pr, or Ce) can also be cast
into BMG. Gd is an important RE element with mag-
netic properties. So the Gd-based BMGs could have un-
ique properties and have potential applications as a
Table 1
Thermodynamic parameters of M60Cu20Ni10Al10 (M = Gd, La, Nd,
Pr, or Ce)

BMGs Tg (K) Txl (K) DT (K) Tm (K) Trg

Gd60Cu20Ni10Al10 481 514 33 880 0.55
La60Cu20Ni10Al10 387 447 60 694 0.56
Pr60Cu20Ni10Al10 413 461 48 708 0.58
Ce60Cu20Ni10Al10 374 441 67 645 0.58
Nd60Cu20Ni10Al10 438 478 40 728 0.60
Zr41Ti14Cu12.5Ni10Be22.5 623 680 57 941 0.66
Pd40Ni10Cu30P20 582 718 95 804 0.72

For comparison, the typical Pd40Ni10Cu30P20 and Zr41Ti14Cu12.5-
Ni10Be22.5 BMGs are also presented.
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functional material as well. Related properties studies
are in progress.
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