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Abstract. A thermodynamic analysis of glass-formation in binary Cu-Mg and Cu-Zr alloys has
been carried out. To this purpose, the thermodynamic assessment of binary systems has been
reviewed and suitable thermodynamic models for undercooled liquid alloys and for glass transition
have been selected. Various binary Cu-Mg compositions have been prepared and amorphous
samples have been obtained by rapid solidification. Experimental results both on equilibrium and
non-equilibrium phases have been used in the assessment procedure. New parameters have
been introduced in order to describe the liquid/amorphous phase. The agreement between calcu-
lated thermodynamic quantities and corresponding experimental data has been significantly im-
proved. From calculated thermodynamic functions of Cu-Mg and Cu-Zr systems, driving forces for
nucleation of various intermetallic phases have been estimated as a function of temperature and
composition.

1. INTRODUCTION

Glass formation is essentially the result of the com-
petition between undercooled melt and crystalline
phases [1]. In fact, if the nucleation and growth of
crystals is avoided for kinetic reasons, the under-
cooled liquid can reach, during quenching, the glass
transition temperature and then it collapses into a
glass. When dealing with the nucleation frequency,
either a thermodynamic and a kinetic aspect must
be considered, according to:
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where N
v
 is the number of nucleating sites avail-

able per unit volume, R is the gas constant and T
is the temperature. Thermodynamics is mainly re-
lated to the driving force for nucleation (∆G

v
), which

represents the tendency of the liquid to transform

into a crystalline phase. The interfacial energy (γ)
has been often related to other thermodynamic
quantities of the alloy [2]. The diffusion coefficient
(D) contains the kinetic aspect of nucleation and it
is related to the possibility of atoms from the liquid
to move for a distance (a) across the interface, al-
lowing the formation of the nucleus. All quantities
involved in the nucleation frequency are difficult to
be measured and they are often estimated by suit-
able models [3].

The driving force for nucleation might be esti-
mated if the free energy of the undercooled liquid
and crystalline phases is known as a function of
composition and temperature. In fact, when deal-
ing with a nucleating crystal with a composition dif-
ferent from the parent liquid, the driving force can
be obtained from the parallel tangent construction
[4], which is based on the description of the maxi-
mum difference in the chemical potential between
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the liquid and the crystalline phases. This goal might
be reached if a fully thermodynamic assessment
is carried out by the CALPHAD method [5], so that
the chemical potential of various phases can be
calculated as a function of temperature and com-
position. Because nucleation is a process that in-
trinsically happens in metastable conditions (i.e.
when the liquid is in the undercooling regime), spe-
cial care must be taken in the thermodynamic de-
scription of the undercooled liquid. In addition, the
glass transition has to be described from a ther-
modynamic point of view, in order to consider this
transformation during the calculation. A general
characteristic of glass-forming melts is the occur-
rence of a short-range ordering in the undercool-
ing liquid, which has the double effect to stabilise
the liquid with respect to the crystals and to increase
the viscosity, i.e. reducing the diffusivity. This short-
range ordering effect is evidenced by the presence
of an excess specific heat in the liquid [6], which
disappears when the glass transition is reached
on undercooling. The existence of an excess spe-
cific heat leads to a temperature dependence of
the enthalpy and entropy of mixing in the under-
cooled liquid, which become more and more nega-
tive as long as the liquid is cooled.

The CALPHAD method is based on a least
squares fitting of experimental data, which leads
to a parametric description of the free energy. When
the equilibrium phase diagram is assessed, only
equilibrium experimental data are usually consid-
ered and the thermodynamic description of the
various phases is reliable only in the temperature
range of existence of that phase.  In order to de-
scribe the glass formation by using the CALPHAD
method, experimental information on the glassy
phase must be included and a suitable model for
the undercooled liquid and amorphous phases
must be defined [7-9]. In this paper, the glass for-
mation in two Cu-containing binary systems is con-
sidered from a thermodynamic point of view. In fact,
Cu-based bulk metallic glasses have recently
gained strong interest, because of their peculiar
mechanical properties [10]. Even if big sized bulk
metallic glasses are usually obtained for multicom-
ponent systems, the knowledge of the fundamen-
tal thermodynamic properties of the parent binary
systems may drive the discovery of new composi-
tions. The thermodynamic assessments of Cu-Mg
and Cu-Zr binary systems will be described and
the driving forces for nucleation of various crystal-
line phases will be discussed.

2. THERMODYNAMIC MODELLING

In the frame of the CALPHAD approach, the free
energy is described as:

G G G Gref id ex= + + ,  (2)

where refG represents the lattice stabilities and idG
is ideal free energy. Lattice stabilities are usually
taken from the SGTE database [11]. The excess
term (exG) is expressed in terms of suitable mo-
dels and, for solution phases, Redlich-Kister
polinomia are often used:
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where νL is the interaction parameter of the solu-
tion phase, which can be temperature dependent,
and x

A
 and x

B
 are the molar fraction of the compo-

nents. In some cases, the liquid phase has been
described on the basis of the associated solution
model [12]. Line compounds are simply described
considering a single value for enthalpy and entropy
of formation, but they may also be modelled on the
basis of suitable sub-lattices, which allows to de-
scribe the composition dependence of the free
energy [5].

A thermodynamic model for the glass transi-
tion has recently been proposed by Shao [9] and it
has been applied to several binary systems. This
approach stems from the recognition of a similar-
ity, in the variation of thermodynamic quantities as
a function of temperature, between glass transi-
tion and paramagnetic-ferromagnetic (Curie) tran-
sition. Despite the successful application of the
Shao’s approach to several binary systems, this
model is not completely suitable to describe the
behaviour of the specific heat of a liquid phase on
undercooling. Kubaschewski [13] has suggested
the following expression for the specific heat (Cp)
of a liquid phase:

C R aT bTp = + + −3 2,  (4)

where a and b are fitting parameters. This expres-
sion provides a good description for the Cp on un-
dercooling but does not account for glass transi-
tion. So, a modification of Shao’s model may be
applied to describe the glass transition, so that in
the polynomial expression of the free energy of the
liquid phase above the glass transition tempera-
ture (T

g
), a T-1 term has been added, according to

Eq. (4).
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Fig. 1. (a) X-ray diffraction patterns of as-quenched Mg-Cu ribbons. The scattering vector is s = 4πsinθ/λ,
where θ is the scattering angle and λ is the X-ray wavelength. (b) DSC traces of as-quenched Mg-Cu
ribbons, obtained with an heating rate of 40K min-1.

Fig. 2. Calculated Cu-Mg phase diagram accord-
ing to the present work (thick lines) and to Ref.
[14] (thin lines). Points represent experimental val-
ues of temperatures of transformation as detailed
in Ref. [14].

Fig. 3. Calculated enthalpy at 400K for liquid (a)
and crystalline phases in the Cu-Mg system. Point
represent experimental values of heat of
crystallisation of amorphous alloys, taken from this
work (circles) and from Refs. [16] (triangles) and
[17] (squares). Enthalpy of mixing of the liquid
phase according to ref. [14] is shown for compari-
son (b).

2.1. Cu-Mg

The Cu-Mg equilibrium phase diagram has been
assessed by several authors and the most recent
thermodynamic description, carried out by Liang
et al. [14] as part of the modelling of the ternary
Cu-Mg-Zn system, has been taken as a starting
point. All solid phases have been described ac-
cording to Ref. [14], but the liquid phase has been
modified as described above, in order to consider
the glass formation. The optimised parameters
have been obtained through a fitting procedure
carried out with the Parrot module in ThermoCalc
software [15].

In order to determine experimental values of
thermodynamic properties related to the amor-
phous phase, glassy ribbons have been prepared.
Glass formation in the Cu-Mg system has been
extensively studied in the past [16,17] and it ap-
pears a glass forming range (GFR) around the
eutectic between hcp-Mg and CuMg

2
 phases. The

synthesis of master alloys with composition
Cu

25
Mg

75
, Cu

20
Mg

80
, Cu

15
Mg

85
 and  Cu

13
Mg

87
 has

been carried out by induction melting of the pure

�
)
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Fig. 4. Heat capacity of the liquid (amorphous)
phase as a function of temperature for Cu

15
Mg

85

(a). Values calculated form Ref. [14] for liquid (b)
and crystalline (c) phases are reported for com-
parison.

Fig. 5. Driving force for nucleation of hcp-Mg (con-
tinuous lines) and CuMg

2 
(dashed lines) from

Cu
13

Mg
87

 liquid as a function of temperature, ac-
cording to present work (thick lines) and to Ref.
[14] (thin lines).

parent elements. Amorphous ribbons have been
prepared by melt spinning in controlled Ar atmo-
sphere. The results of the X-ray diffraction analy-
sis are shown in Fig. 1a and they confirm the oc-
currence of a fully amorphous phase up to 85%
Mg. For higher Mg content, crystals of Mg have
been obtained embedded in an amorphous ma-
trix. The crystallisation of the amorphous phase has
been studied by DSC and the results are reported
in Fig. 1b. The crystallisation behaviour is strongly
dependent on composition, as already evidenced
for samples with similar compositions [17], but in
all cases the crystallisation products appear as Mg
and CuMg

2
. An experimental evidence of the glass

transition at 401K was possible only with the
Cu

15
Mg

85
 alloy, when analysed with a DSC scan-

ning rate higher than 40 K/min. In fact, values of T
g

in Cu-Mg amorphous alloys have only been esti-
mated, either by a thermodynamic cycle [16] or by
molecular dynamics [18] and they appear in good
agreement with the obtained experimental value.
Data on the glass transition temperature and on
crystallisation enthalpy have been collected and
they have been added to the equilibrium data for
the fitting procedure. The details on the assessed
parameters will be reported elsewhere [19].

The calculated equilibrium phase diagram is in
good agreement with experimental values of trans-
formation temperatures, as shown in Fig. 2, where

the phase diagram calculated according to Ref. [14]
is also reported for comparison. The results are
well comparable, in the frame of the experimental
uncertainty, with a maximum deviation of the eu-
tectic temperatures of 15K. The calculated enthalpy
of the various phases at 400K is reported in Fig. 3
as a function of the composition. The temperature
for the calculation has been selected as an aver-
age of the crystallisation temperature of the fully
amorphous alloys. Experimental values of the en-
thalpy of crystallisation are reported in Fig. 3, start-
ing from the equilibrium of the crystallisation prod-
ucts, and they appear in good agreement with the
calculated enthalpy of the amorphous phase. The
extrapolation at 400K of the enthalpy of mixing of
the liquid phase calculated according to Ref. [14],
clearly underestimate the enthalpy of the amor-
phous phase, strongly supporting the needs of a
re-assessment of the Cu-Mg system for the de-
scription of the glassy phase.

As already stated above, the occurrence of a
short range ordering in the undercooled liquid is
evidenced by the presence of an excess heat ca-
pacity. The calculated heat capacity for the liquid
(amorphous) and solid phases Cu

15
Mg

85
 is reported

in Fig. 4, together with the trend calculated for the
liquid phase according to ref. [14]. The C

p
 of the

liquid progressively increases on undercooling and
rapidly drops to that of the crystalline phases be-



34 M. Baricco, M. Palumbo, M. Satta and G. Cacciamani

Fig. 6. Driving force for nucleation of crystalline
phases from Cu

50
Zr

50
 liquid as a function of tem-

perature, according to Ref. [23]. The same quan-
tity calculated for the CuZr phase according to Ref.
[22] is reported as a thick line.

Fig. 7. Driving force for nucleation of crystalline
phases from liquid Cu-Zr alloys, as a function of
composition and temperature. Continuous lines:
CuZr; dashed lines: CuZr

2
; dotted lines: Cu

10
Zr

7
.

Numbers represents the driving force for nucleation
in KJ mol-1.

low T
g
. It is clear that the modelling of the glass

transition according to the approach described
above allows a more realistic description of Cp of
the undercooled liquid, with respect to that sug-
gested by the assessment of the equilibrium sys-
tem [14]. Even if the lack of C

p
 data on amorphous

Cu-Mg alloys does not allow a direct comparison
with experimental values, the suggested approach
has been proved to be valid for the Mg-Cu-Y sys-
tem [20], where several experimental values of the
glass transition temperature and of the C

p
 differ-

ence between the undercooled liquid and crystal-
line phases are available.

From the calculated free energy of all phases,
the driving force for nucleation can be calculated
as a function of composition and temperature. As
an example, the results obtained for the eutectic
composition, Cu

17
Mg

83
, is shown in Fig. 5, where

the results obtained considering the assessment
reported in ref. [14] are also shown for compari-
son. The present assessment leads to a reduction
of the calculated driving forces for nucleation, be-
cause of the presence of an excess specific heat.
This effect is much higher for the CuMg

2
 compound,

with respect to hcp-Mg, so that the tendency to
nucleation of the crystalline phases becomes simi-
lar, promoting the glass formation by rapid solidifi-
cation. An higher Mg content in the alloy brings

rapidly to the nucleation of hcp-Mg, as observed in
Cu

13
Mg

87
 alloy.

2.2. Cu-Zr

Glass formation in Cu-Zr alloys has been widely
studied in the past, either by rapid solidification and
by ball milling. The system became recently of in-
terest because bulk metallic glasses have been
obtained by copper mould casting for compositions
close to the central part of the phase diagram [21].
Several assessments of the equilibrium phase dia-
gram has been proposed and the most recent has
been considered in the present paper [22]. In this
case, the liquid phase is described as a Redlich-
Kister polynomial (Eq. (3)), without any tempera-
ture dependence of the enthalpy of mixing. In ad-
dition, a thermodynamic assessment of the Cu-Zr
binary system has been recently published by Abe
et al. [23], including experimental data involving the
amorphous phase. In this case, the liquid phase
has been described by the associate solution
model, considering a single Cu

2
Zr

1
 associate. The

glass transition has been described on the basis
of the Shao model [9], without any further contri-
bution to the heat capacity of the undercooled liq-
uid. All solid phases has been treated as a line
compound and the corresponding thermodynamic
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data have been taken from Ref. [24]. It is worth
noting that the existence of a Cu

5
Zr

8
 phase is con-

sidered in Ref. [23], but it is not generally accepted
and it was not considered in Ref. [22]. The calcu-
lated phase diagrams are rather similar and both
agree reasonably with equilibrium experimental
data. On the contrary, when an extrapolation of the
liquid in the undercooling regime is carried out, the
two approaches differ significantly. As an example,
the driving force for nucleation of the CuZr cubic
phase from a Cu

50
Zr

50
 liquid alloy is reported in Fig.

6 as a function of temperature. It is clear that, be-
cause of the model used for the undercooled liquid
and for the glass transition, the driving force calcu-
lated on the basis of Ref. [23] is much lower than
that obtained on the basis of the assessment re-
ported in Ref. [22]. As a consequence, a reduced
driving force for nucleation increases the glass
forming tendency of the alloy, thus explaining the
amorphous phase formation obtained by moder-
ate quenching rates, i.e. by copper mould casting.
The calculated driving forces for nucleation of vari-
ous crystalline phases are also reported in Fig. 6.
It can be observed that the degree of liquid under-
cooling reached on nucleation has a strong effect
on the phase selection. From the present analysis,
the Cu

50
Zr

50
 liquid alloy does not show any driving

force for nucleation of the Cu
51

Zr
14

 phase, even at
very high undercoolings.

In order to understand the role of the alloy com-
position on glass formation, the driving force for
nucleation of the crystalline phases has been esti-
mated as a function of composition and tempera-
ture. The calculation has been performed on the
basis of the assessment reported in Ref. [23] and
the results are reported in Fig. 7, where the calcu-
lated phase diagram is also reported for compari-
son. For clarity, the Cu

5
Zr

8
 phase has not been

considered in the calculation. It is clear that high-
est values of the driving force occur for composi-
tions corresponding to the crystalline phases and
it increases on undercooling. The CuZr

2
 phase

shows the fastest increase of the driving force,
which reaches a value close to 2 KJ mol-1 for an
undercooling of about 150K. The value of the driv-
ing force for nucleation of the various crystalline
phases is very sensitive on composition, suggest-
ing a significant change in the glass forming ten-
dency of the alloys even for small changes in com-
position. As a consequence, the best glass form-
ing alloy can be found as off-eutectic, as actually
shown in the Cu-Zr system [25]. As an example,
for the composition range shown in Fig. 7, a local

minimum in driving forces is observed for the com-
position with 48 at.% Zr, where only a low driving
force for nucleation of the CuZr phase is acting for
more than 120K of undercooling.

The proposed analysis of the glass formation
in the Cu-Zr system, based on the values of the
driving forces for nucleation as a function of tem-
perature and composition, might be partially over-
come by the effect of the interfacial energy on the
nucleation frequency (Eq. (1)). Even if some mod-
elling of the interfacial energy has been suggested
[2], this parameter cannot be easily estimated. In
addition, its temperature dependence on undercool-
ing might change significantly the phase selection
scenario. Furthermore, it has been suggested that
a spinodal decomposition might act in the amor-
phous Cu

50
Zr

50
 amorphous alloys after annealing

below the glass transition [26]. From a careful analy-
sis of the radial distribution function of the annealed
sample, the composition of the separated amor-
phous phases has been estimated close to Cu

10
Zr

7

and CuZr
2
 [26]. If this spinodal decomposition was

already active in the undercooled liquid, the calcu-
lation of the driving forces would give significantly
different results. In fact, in the case of a decompo-
sition in the liquid (amorphous) phase, Cu-rich and
Zr-rich phases would bring to the nucleation of dif-
ferent crystalline structures. The occurrence of a
liquid phase decomposition for high undercooling
might explain the presence of the Cu

51
Zr

14
 crystals

embedded in an amorphous matrix as a result of
copper mould casting of Cu

50
Zr

50
 alloy [27], which

cannot be justified from the description of the free
energy of the liquid phase obtained in Ref. [23].

3. CONCLUSIONS

Glass formation in Cu-Mg and Cu-Zr system has
been analysed from a thermodynamic point of view
by means of the CALPHAD method. The driving
force for nucleation of crystalline phases has been
calculated as a function of composition and tem-
perature in the undercooling regime.

A new thermodynamic assessment has been
obtained for the Cu-Mg, taking into account the
occurrence of an excess specific heat in the liquid
phase. Experimental values of the enthalpy of
crystallisation of amorphous phases with different
compositions have been introduced in the fitting
procedure. The glass transition has been described
according to the Shao’s and Kubaschewski’s mod-
els. From a comparison between experimental and
calculated thermodynamic quantities it has been
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evidenced the crucial role of a proper description
of the free energy of undercooled melt.

The Cu-Zr system has been analysed on the
basis of available thermodynamic assessments.
When the experimental data of amorphous alloy
are used for the fitting process, a more reliable
description of the thermodynamics of the system
is obtained. The driving forces for nucleation of
various crystalline phases have been calculated,
showing a crucial effect of small changes in the
composition of the alloy for obtaining an amorphous
alloy. Possible spinodal decomposition in the un-
dercooled liquid has been discussed for explain-
ing reported experimental evidences.
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