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A B S T R A C T   

Cu-Zr is one of the best binary metallic glass formers. Here, new data on the enthalpy and specific heat difference 
between undercooled melt and crystal phases are provided for the equiatomic composition CuZr. Together with a 
comprehensive collection of literature data on the heat of crystallization and fusion, on the viscosity and crystal 
growth rate, the parameters needed for the application of the Classical Nucleation Theory are assessed. The TTT 
and CCT curves for crystallization are computed allowing the determination of the crystal-liquid interfacial 
energy by fitting the critical cooling rate for bulk glass formation. 

The glass forming tendency of CuZr is discussed pointing to the role of the high interfacial energy and the 
sluggish interdiffusion in the undercooled melt.   

1. Introduction 

The Cu-Zr system is a binary glass-former where amorphization oc-
curs in a large composition range including stoichiometric intermetallics 
and bulk glass formation was demonstrated. Starting from early studies 
of rapid solidification, it has been taken as paradigmatic for studying the 
glass-forming ability of metallic alloys (i.e. the avoidance of crystal 
nucleation from the liquid) [1–5]. 

A comprehensive recent study employing electrostatically levitated 
samples has provided a set of data for quantities (heat of fusion, vis-
cosity, specific volume) appearing in the classical nucleation theory [6, 
7]. The time for nucleation at various temperatures and the under-
coolability on free cooling after laser melting was experimentally 
determined. This allowed to derive the activation barrier for nucleation, 
ΔG* 

ΔG∗ =
16π

3
σ3

(ΔGv)
2 f (θ) (1)  

where ΔGv is the free energy difference between liquid and crystal 
phases, σ is the liquid-crystal interfacial energy and f(θ) is a function of 
the wetting angle θ for the heterogeneous nucleation that becomes equal 
to 1 for the homogeneous case. According to the Classical Nucleation 
Theory (CNT), the nucleation frequency is given by 

Iv =
24Dn∗

λ2 ZNAexp
(
− ΔG∗

RT

)

(2)  

where D is the diffusion coefficient, n* is the number of atoms in the 
nucleus of critical size, λ is the jump distance, Z is the Zeldovich factor, 
NA is the Avogadro number, R is the gas constant. 

Using the Thompson-Spaepen approximation for the free energy 
difference between the melt undercooled at temperature, T, and equi-
librium crystal phase, [8], 

ΔGv =
ΔHf

(
Tf − T

)

Tf

2
Tf + T

(3)  

where, ΔHf is the heat of fusion and Tf, the melting point, the liquid- 
crystal interfacial energy was determined as the only parameter 
remaining unknown [7]. The values appear very plausible in the range 
0.12–0.14 J⋅m− 2 for various alloy compositions. It is worth mentioning 
that the undercoolability correlated reasonably with the critical casting 
thickness of bulk glasses [6]. 

In recent contributions on levitated samples processed on board of 
the International Space Station the viscosity data were confirmed [9] 
and a set of data on the specific heat, Cp, of liquid equiatomic CuZr were 
provided as a function of temperature [10]. 

This paper reports laboratory data on the heat of crystallization and 
the difference in specific heat between undecooled liquid and crystal 
phase, ΔCp, with which the whole set of thermophysical properties of 
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undercooled equiatomic CuZr is revised allowing the calculation of ΔGv 
from experimental data and the verification of the estimate of σ. 

The experimental data are supported by the results of a detailed 
literature overview of measurements available on quantities needed to 
apply the CNT, allowing the calculation of the time-temperature- 
transformation (TTT) and continuous cooling transformation (CCT) 
curves for CuZr to be confronted with the experimental critical cooling 
rate (CCR) for glass formation. 

2. Experimental 

The CuZr master alloy was prepared by melting the elemental metals 
under Ar atmosphere in an arc furnace (Edmund Bühler GmbH). 
Amorphous ribbons were obtained using a planar flow casting apparatus 
(Edmund Bühler GmbH). Structural characterization of the samples was 
performed by X-ray diffraction (Panalytical X’Pert Pro) using Bragg- 
Brentano geometry and Cu kα radiation. 

Differential scanning calorimetry (DSC) was employed to measure 
the ΔCp in the temperature region of the glass transition, the temperature 
and the heat of crystallization of the amorphous ribbons as a function of 
heating rate (Pyris Diamond DSC Perkin Elmer) employing 2, 20, 40, 
100, 200 K⋅min− 1. The DSC equipment was calibrated using both sap-
phire and metallic standards. High temperature DSC measurements 
(Setaram HT-DSC) allowed to evaluate the heat of fusion and the heat of 
solidification of the alloy upon heating and cooling (10 K⋅min− 1), 
respectively. 

3. Results and discussion 

3.1. Heat of fusion/solidification 

The data on the heat of fusion, ΔHf, in the literature are controversial. 
Specifically, the value given in Ref. [11] (9219 J⋅mol− 1) was employed 
later by the same group and other authors in discussing results on the 
growth rate of crystals from the CuZr undercooled melt [12–15]. The 
value given by Ganorkar et al. [6] is substantially higher (11,200 
J⋅mol− 1). Therefore, new measurements were made by HTDSC for this 
work giving the heat of fusion at 1208 K and solidification in slightly 
undercooling regime at 1163 K as 9100 ± 100 J⋅mol− 1 confirming the 
results in Ref. [11]. In situ X ray diffraction experiments, run using 
synchrotron radiation, showed that the solidification product is the B2 
CuZr phase [16]. 

3.2. Heat of crystallization 

Fig. 1 with inset shows representative DSC traces of an amorphous 
ribbon of CuZr. 

Data on the heat of crystallization, ΔHx, of melt spun metallic glasses, 
as a function of heating rate are given in Fig. 2. The ΔHx increases as a 
function of the increase in crystallization temperature due to the in-
crease in heating rate. The figure reports also values of ΔHx on CuZr 
appeared over the years in the literature [1,3,17–19] and the value 
obtained by fast calorimetry at the heating rate of 4000 K⋅s− 1 on sputter 
deposited thin films whose crystallization occurs at intermediate tem-
perature between the glass transition on the melting point of the alloy 
[20]. As a confirmation of the above reports. 

The overall trend of the enthalpy difference between undercooled/ 
stable liquid and crystal phase from the melting point and below is 
consistent among all the data obtained with the respective alloys in 
different laboratories within the scatter of about 0.5 kJ⋅mol− 1 which is 
justified by technical aspects of the measurements (e.g. equipment 
calibration, baseline construction) and by the occurrence of minor heat 
effects due to crystallization of metastable compounds which was 
already recognized in Ref. [17] affecting the measurement. The curves 
in the figure were calculated according to 

ΔHx = ΔHf −

∫Tf

T

ΔCpdT (4)  

where ΔHf, Tf and ΔCp are the enthalpy of fusion, the melting temper-
ature and the difference between the specific heat of the liquid (Cl

p) and 
the solid (Cs

p), respectively. The two curves show the enthalpy difference 
calculated by using the assessed heat of fusion and the specific heat 
difference discussed in the next paragraph. 

3.3. Liquid specific heat 

Fig. 3 reports the specific heat of CuZr in the liquid phase as given in 
Ref. [10] and the values computed in this work by summing the 
experimental difference in specific heat in the deep undercooling regime 
between undercooled liquid and crystal phase, ΔCp, (Fig. 1) and the 
specific heat of the crystal phase computed according to the additive 
Neumann-Kopp rule employing assessed data of Ref. [21]. 

Fig. 1. Representative DSC traces (20 K/min) of an amorphous ribbon of CuZr 
for the determination of the apparent specific heat difference between the 
undercooled liquid and the glass. Here the specific heat of the glass just below 
the glass transition is taken as reference state. A single average value of the 
specific heat difference in the undercooling regime was taken for every heat-
ing run. 

Fig. 2. Absolute value of the enthalpy difference between undercooled liquid 
(or glass) and crystal phases of CuZr as a function of temperature. Full symbols: 
present work; △ [1]; □ [3]; ◊ [11]; ○ [17]; ▹ [18]; ◃ [19]; ▽ [20]. 
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The resulting specific heat of the liquid phase with either a linear and 
parabolic fit is 

linear fit
Cl

p = 55.979 − 0.01688⋅T
/

Jmol− 1 (5)  

parabolic fit

Cl
p = 66.053 − 0.03829⋅T + 1.0436⋅10− 5⋅T2

/
J mol− 1 (6)  

3.4. Free energy difference between undercooled melt and equilibrium 
crystal phase 

The molar free energy difference between liquid and equilibrium 
crystal phases is computed according to 

ΔG = ΔHf −

∫Tf

T

ΔCpdT − TΔSf + T
∫Tf

T

ΔCp
dT
T

(7)  

where all the quantities were defined in Section 3.2, except ΔSf that 
represents the entropy of fusion. 

The difference in molar free energy between undercooled liquid and 
crystal phase, ΔG, is reported in Fig. 4 using either linear and parabolic 
fits of Cl

p, together with that computed with the Thompson-Spaepen 
formula. The deviation of the latter curve with respect to the two 
curves derived from experimental data is up to 15% in the glass tran-
sition region. 

3.5. Liquid viscosity 

All available viscosity data [7,9,22–25] for the equilibrium and 
undercooled CuZr liquid are collected in Fig. 5. At lower temperature, 
the viscosity near the glass transition region is taken from the only 
available contribution in Ref. [22], that was obtained by dynamic me-
chanical analysis. At higher temperature, data from Ref. [9] were 
measured on board the International Space Station while all the others 
were determined on ground. In the latter case, there is a good agreement 
among the different sets of data. Some deviation from the overall trend is 
seen at the highest undercooling (below 1100 K) for those by Lagogianni 
et al. [25] which, however, were obtained with the same oscillation drop 
technique as the others. 

The overall set of data was fitted with the Vogel-Fulker-Tammann 
(VFT) equation 

η = η0exp
(

B
T − T0

)

(8)  

obtaining η0 = 1.78⋅10− 4 Pa⋅s, B = 3118 K, T0 = 590 K. In comparison, 
when fitting only data from Ref. [7] and Ref. [22], Ganorkar et al. [7] 
obtained rather close parameters, i.e. η0 = 2.3⋅10− 4 Pa⋅s, B = 2874 K, T0 
= 603 K. The general agreement of experiments on the viscosity pro-
vides a sound basis for discussing the mobility in liquid CuZr. 

Data on growth rate (uc) of CuZr crystals are available in the same 
temperature range of the measurements of liquid viscosity [15]. It was 
shown that growth is diffusion controlled, allowing the estimation of the 
temperature dependence of the interdiffusion coefficient (D) through the 
following relationships 

uc =
f
λ

D
[

1 − exp
(
− ΔG
RT

)]

(9)  

Fig. 3. Specific heat of CuZr as a function of temperature. Symbols give 
experimental values of the specific heat difference between undercooled liquid 
and solid phases (filled circles, this work) and of the specific heat of the liquid 
(open symbols [10]). The blue and red lines represents the parabolic and linear 
fits of the experimental data for the liquid. The black line gives the specific heat 
of the crystalline CuZr solid phase, calculated according to the 
Neumann-Kopp rule. 

Fig. 4. Temperature dependence of the Gibbs free energy difference between 
undercooled liquid and crystalline phase computed with Eq. (7), using the 
linear (red continuous line) and parabolic (blues continuous line) fits of Cp

l from 
Fig. 3, and with the Thompson-Spaepen model (dashed black line). 

Fig. 5. Temperature dependence of the viscosity of the CuZr liquid. Open 
symbols give values as measured in Refs. [7,9,22–25], that were fitted all 
together with the VFT equation (red continuous line). Stars represent the vis-
cosity calculated using the Stokes-Einstein equation and values of the diffusivity 
coefficient estimated from growth rate measurements [15]. 
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D = D0exp
(

−
Q

RT

)

(10)  

where f is a geometrical factor (~ 1), λ is the interatomic spacing (~ 2 
Å), D0 is the pre-exponential factor for diffusivity and Q is the activation 
energy for diffusion. 

Using the Stokes-Einstein equation linking diffusivity (D) to viscosity 
(η) 

D =
kBT
6πrη (11)  

where kB is the Boltzmann constant and r is the ionic radius, the viscosity 
was estimated, as reported in Fig. 5 with filled symbols. The values 
obtained fall within less than an order of magnitude of the experimental 
values for viscosity. 

3.6. TTT and CCT curves 

Using Eq. (2), the nucleation frequency for the homogeneous case 
was determined as a function of temperature. D was estimated through 
the Stokes-Einstein relationship using the VFT fit that gives the tem-
perature dependence of viscosity, n* is computed from the size of the 
critical nucleus and the average atomic volume in the alloy, Z is assumed 
of the order of 10− 1 for the present case, in ΔG* the ΔGv is obtained from 
the experimental data previously discussed, while the interfacial energy 
is set as a free parameter. 

The time for reaching a given transformed fraction at each temper-
ature, x(T), is obtained from 

x(T) = 1 − exp
(
−

π
3

Ivun
c tn+1

)
(12)  

assuming an Avrami exponent n equal to 3 (i.e. three-dimensional 
growth), taken as the average of the values reported in Ref. [26] and 
Ref. [27], and a transformed fraction of 10− 6. 

The same transformed fraction is also obtained on continuous cool-
ing at a rate q at temperatures satisfying the following equation [28] 

x(T) =

⎡

⎣1
q

∫T

Tm

dT
t100(T)

⎤

⎦

4

(13)  

where t100(T) is the time needed to complete the transformation at each 
temperature. 

The TTT and CCT curves for the crystallization of CuZr from the 
undercooled liquid computed according to Eq. (12) and Eq. (13), 
respectively, are reported in Fig. 6. All thermophysical properties, 
except the interfacial energy, are now available from experimental data. 
The CCT curve is calculated assuming the value of 0.1336 J⋅m− 2 for the 
interfacial energy in order to match the calculated critical cooling rate 
for crystallization with the experimental value (~250 K⋅s− 1) estimated 
by Wang et al. [29]. Once the value of the interfacial energy is fixed, the 
calculated TTT curve satisfactorily fits the experimental data (empty 
triangles in Fig. 6) for the isothermal crystallization obtained by 
Ganorkar et al. [6,7]. The value of interfacial energy lays on the upper 
limit suggested in Ref. [7]. 

The available data for the beginning of the crystallization of CuZr 
glasses (half-filled symbols in Fig. 6), obtained by isothermal DSC 
measurements in various reports [26,27,30,31], are not fitted by the 
TTT curve calculated assuming homogeneous nucleation (continuous 
red line in Fig. 6) since the latter is located at much longer times with 
respect to the experimental data. This suggests that the nucleation tak-
ing place in the crystallization studies is heterogeneous. Assuming ZrO2 
as the nucleating agent, due to the high affinity of Zr for oxygen, the 
wetting angle between the liquid and the crystal phase to be employed in 
the spherical cap model [32] can be approximated to 60◦, as found in 
Ref. [33] by means of wetting experiments. The resulting TTT curve 

(dash-dot red line) falls at lower times of orders of magnitude with 
respect to the previous one allowing to fit the experimental data of the 
isothermal crystallization (inset of Fig. 6). However, when heteroge-
neous nucleation is considered, the corresponding TTT curve (dash-dot 
red line) strongly underestimate the time required for the beginning of 
the isothermal crystallization from the liquid at higher temperature [6, 
7]. These findings suggest that different mechanisms for nucleation (i.e., 
homogeneous and heterogeneous) should be considered for the crys-
tallization of CuZr from the liquid and the glass in the respective tem-
perature ranges. 

3.7. Glass forming tendency 

The free energy difference between liquid and CuZr follows the 
downwards bending typical of metallic glass-formers on undercooling 
[8]. Similarly typical is the overall trend of viscosity with value at the 
melting point of 0.025 Pa⋅s in line with that of deep eutectic melts [34], 
and the fragility index at the glass transition of the order of 50 [22]. 

The Glass Forming Tendency is apparently related the low melting 
point of Cu-Zr intermetallics in the center of the phase diagram. This 
follows the trend of CCR computed for Cu100-xZrx (x = 1–10) by mo-
lecular dynamics simulation [35] where the increase in Zr content 
caused a change of the value of CCR of orders of magnitude although still 
much higher than that of equiatomic CuZr. The assessment of thermo-
dynamic properties showed the limited thermodynamic stability of 
intermetallic phases with respect to the liquid in the composition range 
at the center of the phase diagram [36]. They also display sluggish 
nucleation tendency. Actually, the stronger competitor for glass for-
mation was indicated as the Cu51Zr14 compound, i.e. the one having the 
highest melting point although a different composition with respect to 
equiatomic CuZr [29]. It should also be mentioned that another high-
–melting compound, Cu8Zr3, was found to compete with glass formation 
in the respective composition range [5]. 

Resorting to the homogeneous nucleation theory in computing the 
TTT and CCT curves is justified by the agreement with quenching and 
crystallization experiments in containerless processing. A possible role 
of impurity oxygen cannot be ruled out. However, the CCR of alloys 
containing various amounts of oxygen resulted of the order of 103 − 102 

K⋅s− 1 [4]. We modified the interfacial energy to match these CCR. The 
differences fall in a range of 0.002 J⋅m− 2, not enough to discriminate 
between different oxygen contents. 

Fig. 6. Computed TTT (red lines) and CCT (blue line) curves for the beginning 
of the crystallization of CuZr (transformed fraction of 1 part per million). 
Continuous and dash-dot lines refer to homogeneous and heterogeneous 
nucleation, respectively. Empty triangles give experimental data for the 
isothermal crystallization of the undercooled liquid [6,7], half-filled symbols 
give experimental data for the isothermal crystallization of amorphous CuZr 
[26,27,30,31]. 
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Overall, the solid-liquid interfacial energy derived from the fitting of 
experimental data (0.1336 J⋅m− 2) appears as a decisive parameter in 
explaining the sluggish nucleation kinetics in CuZr. In fact, small vari-
ation of the interfacial energy strongly affects the CCR value (e.g. ~ 140 
K/s and ~ 600 K/s when σ is 0.134 J⋅m− 2 and 0.133 J⋅m− 2, respec-
tively). The value of 0.1336 J⋅m− 2 is high in comparison with the 
average crystal-liquid interfacial energy for metals which is given by 
0.55⋅ΔHf on a molar basis [37], resulting 0.1236 J⋅m− 2 with the use of 
the molar volume of 1.05⋅10− 5 m3⋅mol− 1 [11]. Should this value be used 
in the equation for nucleation, the TTT and CCT curves would be shifted 
to much shorter times far away from the experimental data. 

The other parameter helping in the explanation of the good glass 
forming tendency of CuZr is the diffusion coefficient which must be 
derived from viscosity by using the Stokes-Einstein equation. The 
diffusivity of the fast element Cu, in fact, is about four orders of 
magnitude higher than the D computed from viscosity in the tempera-
ture range above the glass transition [38]. Should the diffusion of Cu be 
the rate determining step for atomic attachment to the nucleus, again a 
pronounced shift in the times for TTT and CCT curves would occur. This 
supports the decoupling of Cu diffusion from viscous flow found in 
Ref. [38]. 

On the other hand, the isothermal crystallization of CuZr glasses in 
the undercooling regime just above the glass transition region takes 
much less time than predicted by the TTT curve [26,27,30,31]. In order 
to match these times heterogeneous nucleation must be considered. 

4. Conclusions 

This work provides new data of the heat of crystallization, the heat of 
fusion, and the difference in specific heat between undercooled liquid 
and glass in the region of the glass transition of equiatomic CuZr. 
Together with a critical collection of literature data on thermodynamic 
and transport properties of undercooled CuZr a full set of thermophys-
ical parameters needed for the application of the CNT is obtained 
leaving the crystal-liquid interfacial energy, σ, as the only free 
parameter. 

The CCT curve is computed by adjusting the value of σ in order to 
match the critical cooling rate for bulk glass formation available in the 
literature. With this the TTT curve fits well the experimental isothermal 
times for crystallization in the undercooling regime reported in Refs. [6, 
7]. The value of the interfacial energy obtained here, 0.1336 J⋅m− 2, is 
slightly lower than the upper limit derived in Ref. [7] (0.14 J⋅m− 2), 
although the difference is significant due to the sensitivity of the posi-
tion of the TTT curve on the time scale to this parameter. 

This value is about 20% higher with respect to the value expected if 
the average interfacial energy of metals at the melting point was 
considered. This appears a substantial factor explaining the good glass 
forming tendency of binary CuZr together with the depression of the 
melting point of the compound stemming from its limited thermody-
namic stability in comparison with the corresponding liquid phase. 

The sluggish nucleation of CuZr from the undercooled melt is also 
favoured by the sluggish atomic interdiffusion which appears to be well 
expressed by the Stokes-Einstein equation once the experimental data of 
viscosity are fitted with the VFT formula. 
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