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Formation of Amorphous Phase in the Binary Cu-Zr
Alloy System
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The aim of this work is to elucidate the formation of the amorphous phase in the Cu-Zr binary alloy system.
It was found that 1 mm diameter rods with a fully amorphous structure can be prepared in a relatively wide
range of compositions. In contrast, the formation of 2 mm diameter rods was achieved only for the CugZrse
alloy and in the range of Cus;Zrsy; - CusoZrso, which are compositions near the energetically stable Cu,Zr
and CuZr intermetallic compounds. The difference between the calculated Gibbs free energy of the amorphous
phase and the intermetallic compounds gives insight into the range of glass formation. In addition, the formation
of the energetically stable phases can be kinetically by-passed owing to the crystallization of several competing

phases.
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1. INTRODUCTION

Following the discovery by Klement, Willens, and Duwez
[1], a large number of metallic amorphous alloys has been
prepared by rapid solidification from either a vapor or
through melting using techniques such as vapor co-deposi-
tion, melt-spinning, splat quenching, laser ablation, or thermal
spray deposition. However it has also been demonstrated
that the formation of an amorphous phase does not necessar-
ily require a high cooling rate, and can be achieved using
various processing methods such as a solid-gas reaction [2],
a solid-solid reaction [3,4], ion implantation and irradiation
[5], electrodeposition [6], or mechanical alloying [7]. Conse-
quently, it is no longer correct to advance that the amorphous
state corresponds to a kinetically frozen liquid. Indeed, Cahn
and Bendersky have even proposed that some glassy alloys,
which they termed Q-glasses, can nucleate and grow from
the melt through a first-order transition [8]. Thus, the amor-
phous phase formation appears to result from a thermody-
namic driving force; i.e., its free energy is lower than that of
crystalline phase’ as demonstrated for the glass formation in

the diffusion couple Au-La [3] and the reverse-melting in
Ti-55 %Cr alloy [9]. While the rate can be controlled by the
kinetic, the formation of the amorphous phase seems to obey
the law of thermodynamics [10,11].

Although the formation of the amorphous phase was
reported as early as 1968 in a wide composition range of the
binary Cu-Zr alloy system with high solidification rates [12],
the synthesis of 1.5 and 2 mm diameter rods with a fully
amorphous structure was achieved only recently [13-15].
Due of the limited number of constituent elements, this
binary metallic glass provides a new opportunity for experi-
mental and fundamental investigations of the amorphous
phase formation, stability, atomic structure and properties.

A study on the formation of the amorphous phase through
a suction casting technique was thus undertaken in the com-
position range of CuuZrsy - CuzoZrs. In this paper, the com-
position range of the amorphous phase formation in 1 and
2 mm diameter rods is initially reported. Secondly, an
attempt is made to explain the amorphous phase formation
based on a thermodynamic approach and an analysis of the
crystalline phase formation in 3 mm diameter rods.

This article is based on a presentation made in the symposium “The 7" KIM-JIM Symposium & the 3" International Symposium on nanostruc-
tured Materials Technology”, held at KINTEX, Ilsan, Korea, October 27-28, 2005 under auspices of the Korean Institute of Metals and Materials,
The Japan Institute of Metals and Center for Nanostructured Materials Materials Technology.
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2. EXPERIMENTAL PROCEDURE

Ingots of nominal compositions of Cu;goxZtx (x =30 to 60 at.%)
were prepared by arc melting mixtures of Cu and Zr pieces
having a purity of 99.997 and 99.97 %, respectively. The arc
melting was performed in a Ti-gettered high purity Ar
(99.9999 %) atmosphere. An appropriate amount of each ingot
was remelted and then sucked by vacuum pump into copper
molds having cylindrical cavities of 1, 2 and 3 mm diameters
and 50 mm in length. The thermal properties associated with
the glass transition and crystallization for the copper mold
cast alloys were determined by means of differential scan-
ning calorimetry (DSC; Perkin Elmer DSC-7) at a constant
heating rate of 0.667 K/s.

3. RESULTS

3.1. Glass formation

The thermal properties of the binary alloys prepared in the
form of cylindrical rods with diameters of 1 mm were ana-
lyzed by DSC, and the traces of seven alloy compositions
are presented in Fig. 1. The DSC curves are characterized by
a shallow endothermic peak and a pronounced exothermic
peak indicative of the existence of the amorphous phase. As
shown in Fig. 2, the glass transition temperature, T,, and
crystallization temperature, Ty, decreased as the Zr content
increased. The values of T, and Tx obtained for the 1 mm
diameter specimens are in agreement with those of splat
quenched specimens and melt-spun ribbons [16-19].

In order to check whether the 1 mm diameter rods were
fully amorphous or partially crystallized, values of the enthalpy
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Fig. 1. DSC traces of the &1 mm rods for compositions ranging from
Cll4()ZI"60 to CUG(,ZI"34.
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Fig. 2. Variation of the glass transition and crystallization temperature
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of crystallization obtained from the DSC measurements of
the rods were compared with those of the melt-spun rib-
bons. Figure 3(a) shows that, for most compositions, the
values of the enthalpy of crystallization as measured from
the 1 mm diameter rods are identical to those measured
from the melt-spun ribbons or splat quenched alloys
[16,18,19], indicating that these compositions resulted in
the formation of 1 mm diameter rods with a fully amor-
phous structure. However, for a small number of composi-
tions, particularly in the range CusoZrs - CuseZrss, the
measured enthalpy of crystallization, AHy, for the 1 mm
rods was significantly lower than that for the rapidly
quenched alloys, indicating that these specimens were
not fully amorphous. To summarize, the formation of the
amorphous phase in the 1 mm diameter rods occurred in
the composition ranges CuesZrss- CugZrs and CussZrss -
CusZrsy.

As shown in Fig. 3(b), the range of composition leading to
the formation of the fully amorphous phase in 2 mm diame-
ter rods was found to be significantly reduced. Only the
alloys with the composition of CugsZrs and those with com-
positions between Cus;Zrs; and CusoZrsy have a glass form-
ing ability high enough to form a fully amorphous structure
in 2 mm diameter rods. These compositions include compo-
sitions recently reported by Xu et al. [14] and Tang et al.
[15], and values of the T,, Tx and AHy are in clear agreement
with those reported by these authors.

To understand the range of the composition of the amor-
phous phase, it is important to inspect the phase diagram of
this alloy system. To the authors’ knowledge, the most recent
version of the Cu-Zr system is that proposed by Braga et al.
[20]. The phase diagram of this binary alloy system is rather
complex; it contains three eutectics and ten intermetallic
compounds. These compounds are line compounds and the
structure of a number of the phases has yet to be fully iden-
tified. The experimental data obtained for the 1 mm diameter
rods in this study indicates that the amorphous phase can
form for compositions near the Cu,Zr (orthorhombic, unde-
termined space group) and CuZr (b.c.c. CsCl-type, Pm3m)
and away from the CusZr; (orthorhombic, Pnma), CuyoZr;
(orthorhombic, Aba2) and CusZrs (orthorhombic, undeter-
mined space group) intermetallic compounds [20]. According
to Braga er al [20], a eutectic with the composition
Cus 571485 exists between the CuyoZr; and CuZr phases. In
contrast, the formation of the Cu,Zr is not yet clear, but may
result from the decomposition of the orthorhombic Cu4Zr3
at temperatures below 1200 K. It is worth noting that both
the Cu,Zr and CuZr compounds are high temperature phases
which decompose into CusZr; + CuyoZr; below 1100 °C and
CuyoZr; + CusZrs below 970 °C, respectively. The CugZr; and
CusZrs line compounds also decomposed into CusiZri4 +
CuyoZr; below 870 °C and Cu,oZr; + CuZr, below 945 °C,
respectively [20].
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3.2. Thermodynamic properties of the binary Cu-Zr alloys

A major problem in the construction of the Gibbs free
energy diagram of glass forming alloys is the determination
of the thermodynamics functions of the amorphous and crys-
talline phases. Experimental data for these quantities are
scarce, thus approximations have to be used.

During the liquid-to-solid phase transition, the Gibbs free
energy change, AG, of a binary A-B system can be expressed
as:

AG=x,AG,+x3AG,+AG"™™ (1)

where x; is the concentration of the element i (i= A, B), AG; is
the excess free energy change and AG™ is the Gibbs free
energy of mixing. AG; can be written as:

AG, = AH,—TAS, Q)

where AH,, AS; and T are the excess enthalpy, excess entropy
and temperature, respectively. The excess enthalpy and excess
entropy quantities can be expressed as a function of the spe-
cific heats at constant pressure, CE‘I», and its evolution as a
function of the temperature:

Hi~H, = Ay~ [ (Ch,~ C )dT 3)
and
I AHp Doy o \dT
Si—Sj - T_Ir (CP,I'—OP,I')—T‘ (4)

Several expressions have been proposed to estimate the
integral terms in Eqs. 3 and 4 that correspond to the differ-
ence between the enthalpy and entropy of the undercooled
and solid states, respectively. Among these expressions,
Perepezko and Paik [21] have shown that the equation pro-
posed by Singh and Holz [22] provides the best approxima-
tion. It assumes a linear variation of ACp; = CIP,,«— Cp,; with
the temperature, which has been experimentally observed
[21]. Using the Singh and Holz expression, the Gibbs free
energy change becomes:

AG :xaA]_[f,'a(Tf'i_T)( 7T T)

Tra  Mut+6
AHfb(be_T)( 7T ) mix
+ +
T T, +6T AG Q)

The Gibbs free energy of mixing, AG™, was calculated
according to the formalism thoroughly described by Alonso
[23] which is based on the Miedema semi-empirical model
[24].

To determine the stability of the amorphous phase in the
concentration range of a binary alloy, the Gibbs free energy
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Fig. 4. Calculated Gibbs free energy of the amorphous phase and solid
solution, and a comparison with the Gibbs free energy of the interme-
tallic compounds.

must be compared with that of the solid solution as well as
possible intermetallic compounds.

3.3. Prediction of the glass formation range
Figure 4 shows the calculated dependencies of the Gibbs
free energy of the amorphous phase and solid solution at 300 K.
In this figure, values of the Gibbs free-energy of the CuoZr,
CLI51ZI'14, Cungg, CUQZI', CuloZr7, Cqu, CuSZTg and Cquz
intermetallic compounds calculated at 1123K by Zaitsev et
al. [25] using the associated-solution model are reported for
comparison. If the thermodynamic functions of the inter-
metallic compounds could have been determined at room
temperature, the Gibbs free energy would have been lower.
With the allowance of the temperature difference, the com-
parison of the Gibbs free-energy sheds light on the forma-
tion range of the amorphous phase in the binary Cu-Zr
alloys. The concentration dependencies indicate minimal
values of the Gibbs free-energy for the stable Cu,oZr; and
CuZr; intermetallic compounds. In contrast, Cu,Zr is char-
acterized by a Gibbs free-energy only slightly lower than
that of the amorphous phase. The difference in the Gibbs
free-energy between the amorphous and intermetallic com-
pounds is reported in Fig. 5. It is significant that the amor-
phous phase was found to form experimentally for the
composition which has the lowest difference in the Gibb
free energy, owing to the strong thermodynamic driving
force near the CugsZrse alloy composition. In contrast, the
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Fig. 5. Difference between the Gibbs free energy of the amorphous
phase and the intermetallic compounds, showing the range of the

amorphous phase formation.
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Fig. 6. XRD traces of the 3 mm diameter rods; (a) CueZrss and (b)
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Fig. 5 indicates clearly that the amorphous phase will not
form for compositions near the stable Cu,oZr; and CuZr,
intermetallic compounds; both of the Gibbs free-energy
values for these compounds are significantly lower than



Formation of Amorphous Phase in the Binary Cu-Zr Alloy System 211

that of the amorphous phase. However, the thermodynam-
ics cannot explain satisfactorily the formation of amor-
phous phase near the CusoZrsy alloy composition. XRD of
the 3 mm diameter rods with the CugZrss and CuseZrso
alloy compositions are presented in Fig. 6(a) and (b),
respectively. It is clear that several crystalline phases can
be identified. As explained above, the Cu,Zr phase, stable
in the temperature range 1100-1250 K, decomposes into
the CusZr; and CuioZr; compounds. These three phases
were detected in the XRD of the 3 mm diameter rod of the
CusZrse alloy composition (Fig. 6(a)). For the CusiZrso
alloy, four phases could be identified; the CuZr (B2 struc-
ture, CsCl-type), Cu,oZr; and CuZr, phases as expected
from the phase diagram and, in addition, the metastable
monoclinic CuZr (Fig. 6(b)). This metastable monoclinic
CuZr phase was not accounted for in the XRD of 5 mm
diameter rod of the CusyZrsy alloy recently reported by
Wang et al. [26] certainly due to the lower cooling rate. In
contrast, upon rapid cooling the decomposition of the CuZr
with a B2 structure can induce the formation of the meta-
stable CuZr phase with monoclinic structure (space group
P2,/m) that exhibits martensitic characteristics [27]. Conse-
quently, as not a single phase but several phases were
found to nucleate and to grow in 3 mm diameter rods with
the compositions of CueZrss and CuseZrs, it can be easily
understood that the glass forming ability is also signifi-
cantly influenced by the crystallization of competing
phases. Although the Cu,Zr and CuZr intermetallic com-
pounds are energetically more stable than the amorphous
phase, the formation of these two crystalline phases can
easily be bypassed owing to a competing crystallization
process, resulting in 2 mm diameter glassy rods for the
alloy compositions near CuesZrss and CusoZrsy, respec-
tively.

4. SUMMARY

The formation of the amorphous phase in the binary Cu-
Zr alloy system was investigated using the suction casting
technique. 1 mm diameter rods with a fully amorphous
structure were obtained in a wide range of compositions,
except for compositions near the CusZrs, CujoZr; and
CusZrs intermetallic compounds. Glassy rods with diame-
ters of 2 mm were obtained in a narrow composition range
near the Cu,Zr and CuZr phases. The Gibbs free energy
diagrams, constructed using the Singh and Holz approxi-
mation for the excess energy and the Miedema expression
for the mixing enthalpy, provide insight into the formation
range of the amorphous phase. However, the relatively
large glass formation ability, particularly around the
CueZrse and CusoZrsy alloy compositions, resulted from the
competition between the crystallization of several complex
intermetallic compounds.
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