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Abstract:

For the family of Cu-Ni-Ti (Zr, Hf) systems, which are promising to obtain the
bulk metallic glasses, the glass formation regions were calculated based on the
extended Miedema's model and Alonso's method. It is found that the calculated glass
formation regions of Cu-Ni-Zr and Cu-Ni-Hf systems agree with experimental results
well, whereas it is not for the Cu-Ni-Ti system. The composition dependence of glass
forming ability in the Cu-Ni-Ti (Zr, Hf) systems were then predicted, and it turns out
that the glass forming ability of Cu-Ni-Ti system is largely deviated from the
experimental results, then it is assumed that the kinetic factors (low liquidus
temperature) instead of thermodynamic factors make the Cu-rich composition an easy
glass former in Cu-Ni-Ti system. Meanwhile, the effect of Ti (Zr, Hf) on the glass
forming ability was discussed in terms of the mixing enthalpy and atomic size effect.
Keywords:

Bulk metallic glasses; Glass formation regions; Miedema’s model; Alonso’s method

% Corresponding author. E-mail: dmslbx@tsinghua.edu.cn



RSC Advances

1. Introduction

Since the first amorphous alloy was obtained by Klement et al. via liquid melt
quenching (LMQ) in the Au-Si system in 1960," a large number of metallic glasses
have been developed in Cu-, Ni-, Zr-, Hf-based system, exhibiting inviting properties
such as high mechanical strength and good corrosion resistance.” Over the past few
decades, bulk metallic glasses (BMGs) have attracted extensive interests due to their
unique properties, and BMGs have emerged as a new class of materials with near
theoretical strength and large elastic strain. In order to produce bulk metallic glasses
(BMGs), one of the fundamental issues is to develop a method/model capable of
predicting the quantitative glass formation range (GFR) of a metallic system, e.g. a
composition range for a binary metallic system, or a composition region for a ternary
metallic system, within which the formation of metallic glass is energetically favored.
Concerning this issue, several empirical criteria and models have been proposed in the
past decades to predict the GFR of a metal system. For instance, Turnbull has
proposed a ratio of the glass transition temperature T, to the melting point Ty,
referred to as the reduced glass transition temperature Trg = Ty/Ty, and it was used
as a criterion to determine the glass forming ability (GFA) of an alloy.3 In early 1980s,
Egami and Waseda suggested an empirical formula to predict the GFR based on the
atomic size effect, which correlates with in the instability of solid solution when
solute concentration reaches a critical value.* Although these empirical criteria or rules
have served guidelines for synthesizing the metallic glasses for decades, they still

belong to the empirical models and some essential experimental parameters cannot be
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predicted a prior. From the thermodynamic point of view, Miedema's model and
Alonso's method have been proposed as an effective semi-empirical approach to
predict the metallic glass formation a prior and they have been used to explain some
fundamental issues of the metallic glass formation.>

In the present study, we focus our attention on the metallic glass formation of the
ternary Cu-Ni-Ti (Zr, Hf) systems. which have been revealed to be quite promising
for obtaining the BMGs. For example, the Cu-Ni-Ti bulk metallic glass composite has
good property of shape memory,” and the Cu-Ni-Zr system has excellent mechanic
property.® As the Cu-Ti (Zr, Hf) and Ni-Ti (Zr, Hf) systems are miscible while the
Cu-Ni system is an immiscible one. Therefore the content of Ti (Zr, Hf) is the
dominating factor for metallic glass formation. Meanwhile, the difference in atomic
sizes between the Cu-Ti (Zr, Hf) and Ni-Ti (Zr, Hf) are relatively large, with maximal
difference of more than 17%, which facilitates the formation of amorphous alloys. In
the present study, thermodynamic calculation based on extended Miedema’s model and
Alonso’s method was employed to predict the GFR and GFA of the intriguing Cu-Ni-Ti
(Zr, Hf) systems.
2. Thermodynamic calculation

Miedema’s model and Alonso’s method have been proposed as a thermodynamic
approach to predict the glass formation range of a binary system, by comparing the
enthalpy of formation of the solid solution and amorphous phase. Generally, the
Gibbs free energy of an alloy phase could be calculated by AG =AH - T-AS, where

AH and AS are the enthalpy and entropy terms, respectively. As a first
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approximation, the entropy term AS for a concentrated solid solution or an
amorphous phase is simply taken as that of an ideal solution. For a ternary alloy
system with constituents of A, B and C, the AS could be calculated as
AS = -R[cplncy + cglneg + cclnec] (1)
where R is the gas constant and c,, cg and cc are the atomic concentrations of
metals A, B and C, respectively.
According to the work by Gallego et al.,’ the enthalpy of formation of a ternary
solid solution of transition metals A, B, C is given by
AHpc = AHjpc + AHjpe + AHppc 2)
where AHypc, AHugc and AH,pc are the chemical, elastic and structural
contributions, respectively. The chemical term AHapc which is related to the
electron redistribution can be divided into contributions of three binary subsystems as
AHjpe = AHjg + AHjc + AHge 3)
where AH4p, AHaic and AHp- are the chemical terms of the three binary
subsystems. For the binary subsystem, the chemical term AH4g is given by

AHjp = cacalep AN + CAMET 4] )
where ¢y, cg and cc are the atomic concentrations of metals A and B, AHY", and
AH,  are the electron redistribution contribution to the enthalpies of A solved in B
and that of B solved in A. Further considering the chemical short-range order (CSRO)
of the alloy phases, the right-hand side of Eq. (3) should be multiplied by a factor

fop = 1 ey’ (5)

where ¢}, and cp are the cell surface concentrations, which can be calculated by
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s _ NG _ s
A= e ATl (6)
The y is an empirical constant which is used to describe the degree of chemical
short-range order in different alloys. For the statistically disordered solid solution,
there is hardly any degree of chemical short-range order, then the parameter y should be
taken as 0.'° For ordered alloys (compounds in particular), the short-range order
around each type of atoms is entirely fixed and the y was equal to 8, indicating the
highest degree of chemical order.'™"" For the amorphous phase, it has been revealed
by the atomistic simulations as well as several experimental studies that there indeed
exist CSRO in Cu-Ni-(Ti, Zr, Hf)-related metallic glasses,lz’13 and the y was taken as
5 for the amorphous phase and this setting was found to be in reasonable agreement
with the actual situation.'*"*
The elastic term AHjpc is an atomic size mismatch contribution and could also
be divided into three terms of binary subsystems,
AHjpc = AHjp + AHjc + AHpc (7)
For the binary subsystem consisted of A and B, the chemical term AHR3gp is
given by
AHyp = cacalcpAHRNE + caAHRH K] 8)
where ¢, and cp are the atomic concentrations of metals A and B, AHS®U and
AHZ are the elastic contribution to the enthalpies of A solved in B and that of B
solved in A.

The structural contribution AHjpc reflects the correlation between the number

of valence electrons and the crystal structure of the transition metals. It can be
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deduced from the Ilattice stability FE(Z) of each crystal structure o
(o = bcc, fecc or hep) as a function of the number of valence electrons Z of the metal,

AHjpe = EJZ) - [cAE(Z) + cgEy(Zp) + ccEZc)] )
where c,, cg and ¢ are the atomic concentrations of metals A, B and C, Z, Z,,
Zp and Zc are numbers of mean valence electrons of the alloy phase and valence
electrons of the pure metals A, B and C, E(Z), E,(Zy), E,(Zg) and E_(Z:) are the
lattice stability parameters of the alloy phase and the pure metals A, B and C,
respectively.

For the amorphous phase, both the elastic term AHjpc and the structural term
AH)pc are absent,™® but the enthalpy difference between the amorphous and
crystalline states of pure metals AH' P28 should be considered. The formation
enthalpy AH,.. of the amorphous phase can thus be written as

AHBe = AHjpe + cAAH," + cgAHg” + ccAHE (10)
where c,, cg and cc are the atomic concentrations of metals A, B and C,

AH\", AHy® and AH{ are the enthalpy difference between the amorphous and

crystalline states. This quantity is given by

AH” = aTp; (11)

1

where o =3.5Jmol'K!' and T m,i 18 the melting temperature of component i.

By comparing the Gibbs free energies of the solid solution and the amorphous
phase, an estimate of the GFA of a ternary transition alloys system can be obtained.
Since the entropy terms for concentrated solid solutions and amorphous phases are both

taken as ideal solutions, the comparing of the enthalpies of them is enough.
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Accordingly, the GFA of a ternary alloy consisting of metals A, B and C can be
evaluated as"

m
AHSBC

=GFA « ——=—
AHRRC-AHRBC

y::,BC (12)
The lager the value of the yZBC, the better the GFA of the corresponding composition in
the alloy system.

3. Results and discussion

The thermodynamic calculation results for Cu-Ni-Ti (Zr, Hf) systems are presented
here. As the complicated phase could not nucleate and grow due to the extremely
restricted kinetic condition during the process of producing metallic glasses. It follows
that the competing phase of amorphous phase is the terminal solid solution phase,
whose structure is relatively simple. Accordingly, the issue of predicting the favored
glass formation compositions could be converted into an issue of comparing the
stability of the amorphous phase versus the solid solution phase. Therefore, by
comparing the relative energy status of the amorphous phase versus the solid solution
phase, the compositions which are energetically favored for metallic glass formation
can thus be located.

Table 1 shows the atomic radius, electronic structure, crystal structure and atomic
size difference of these elements. According to Miedema's model, the heats of
formation (AH)) of the Cu-Ni, Cu-Ti, Cu-Zr, Cu-Hf, Ni-Ti, Ni-Zr, Ni-Hf, system are +5
kJ/mol, -23 kJ/mol, -14 klJ/mol, -19 kJ/mol, -35 klJ/mol, -49 kJ/mol, -42 klJ/mol,

respectively.6 The parameters used in the thermodynamic calculation of the Cu-Ni-Ti

(Zr, Hf) systems are listed in Table 2. For the Cu-Ni system, they are immiscible and the
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Gibbs free energy is always positive, however, the proper addition of Ti (Zr, Hf) can
highly change the difference in atomic sizes as well as the electron redistribution, which
are both highly related with the GFR of the system. According to Miedema’s model
and Alonso’s method, an estimate of the GFR of a ternary transition alloys system can
be obtained through comparing the Gibbs free energies of the solid solution and the
amorphous phase, if the Gibbs free energy of the amorphous phase is lower than that of
solid solution, the amorphous could be obtained for the corresponding composition of
the alloy system. Then we project the predicted glass formation region onto the
composition triangle which reflects thermodynamic characteristic of each ternary
system in Fig. 1. If an alloy composition is located inside the defined green dot region,
the amorphous phase is energetically favored, and while it is located outside, the
crystalline solid solution is favored. To validate the amorphous region i.e., the glass
formation region (GFR) in Fig. 1, the related experimental results were collected and
given as the red dots shown.”'®** From Fig. 1, one can see that these experimentally
measured glass formation compositions mostly fall within the predicted GFR for the
Cu-Ni-Zr (Hf) systems, suggesting that the results predicted by Miedema's model and
Alonso's method are acceptable in determining the glass formation region of the
Cu-Ni-Zr (Hf) ternary systems. While for the Cu-Ni-Ti system, the thermodynamic
calculation is deviated from the experiment results, we speculate that the main factor
for metallic glass formation in this system could be kinetic instead of thermodynamic
Furthermore, we pinpoint the compositions with large GFA inside the determined

glass formation region. To evaluate the composition dependence of GFA and locate
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the compositions with relatively large GFA, the parameter y* is further calculated
over the entire predicted GFR. Meanwhile, one can see from Fig. 2 that the best glass
formers of Cu-Ni-Ti (Zr, Hf) systems calculated based on Miedema's model, Alonso's

56,15

method and Xia's theory are at the composition of Cu;NiseTis3, CujgNiysZrss and
CuoNisgHf34 as the black pentagrams pointed out. Experimentally, Gargarella et al.”
have reported that the CussNi;Tiso alloy was considered to have the best GFA, while
Yang et al."” have obtained a series of Cu-Ni-Zr glassy rods, finding the alloy

1.%° have

CuyoNi 3Zre; has the largest reduced glass-transition temperature and Cui et a
reported that the Cu;(NigsHfys has the largest glass formation driving force calculated
from atomistic simulation. As indicated above, the experimental results are in good
agreement with the present prediction in Cu-Ni-Zr (Hf) systems, despite some minor
deviation. The minor deviation may mainly result from that the Miedema's model and
Alonso's method are empirical approaches and the model is strictly valid at low
temperature.

From the above analyses, one can see that the glass formation regions of the
Cu-Ni-Zr and Cu-Ni-Hf systems are similar, while the GFR and GFA/best glass
formers of the Cu-Ni-Ti alloy system are different from that of the Cu-Ni-Zr (Hf).
Meanwhile, it is found that, the best glass forming composition of the Cu-Ni-Ti system
calculated by thermodynamic calculations is largely deviated from the experiment
results. Specifically, early studies have shown that the GFA for ternary Cu-Ni-Ti alloy

system is good for Cu-rich composition and poor for Ni-rich composition,*® which is

contrary to the thermodynamic calculation result in Fig. 2(a). From the Cu-Ni-Ti phase
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diagram,’” one can see that the liquidus temperature of Cu-rich composition is lower
than that of Ni-rich composition, and Gupta et al.*™® have found that the liquidus
temperature increases with increasing Ni content of the Cu-Ni-Ti alloy system. Then
we speculate that the kinetic factors instead of thermodynamic factors make a much
more important role in the glass formation of Cu-Ni-Ti alloy system. Generally, the
glass formation process can be influenced by thermodynamic factors as well as kinetic
factors, such as cooling rate and overheating during producing etc, and we consider the
thermodynamic factors as intrinsic ones. However, for certain alloy systems, the kinetic
factors may play a much more important role during glass formation process.
Consequently, the predicted GFR and the so-called GFA could exhibit some deviation
from the practically observed characteristics. For the Cu-Ni-Ti alloy system, the main
kinetic factors that exert effect on the glass formation are glass transition temperature
(Ty) and cooling rate etc. It is in general accepted that the glass transition temperature
(T,) is not a strong function of composition and the liquid should be undercooled to
below T, for the glass formation. As a result, if for a given alloy with higher liquidus
temperature, the cooling time would be longer and it is in favor of the nucleation
instead of glass formation, while for the alloy with lower liquidus temperature, the
cooling time would be shorter at the same cooling rate and it restrain the nucleation,
then the metallic glass would be obtained. Accordingly, the kinetic consideration of low
liquidus temperature make the Cu-rich composition an easy glass former, while the
higher liquidus temperature of the Ni-rich composition gives it a poor glass forming

ability with larger possibility to obtain the crystalline phases such as CuTi, NiTi, etc.
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Thereby, for the Cu-Ni-Ti ternary alloy system in which the kinetic factor play a
principle role in the glass formation, the thermodynamic calculation based on
Miedema's model and Alonso's method may be not quite accurate.
4. Conclusion

Based on the Miedema's model and Alonso's method, the GFR and GFA of the
Cu-Ni-Ti (Zr, Hf) ternary alloy systems have been predicted. It is found that
thermodynamic calculation of GFR and GFA are in good agreement with the
experiment results for the Cu-Ni-Zr (Hf) systems, while for the Cu-Ni-Ti alloy system,
the calculated results are largely deviated from experimental results in terms of the Cu
and Ni contents, and it is assumed that the kinetic factors instead of thermodynamic
factors make a much more important role in the glass formation of Cu-Ni-Ti alloy
system. Specifically, the kinetic consideration of low liquidus temperature reduces the
cooling time with less nucleation, making the Cu-rich composition an easy glass former,
while the higher liquidus temperature of the Ni-rich composition gives it a longer
cooling time and stimulates nucleation with larger possibility to obtain the crystalline
phases such as CuTi, NiTi, etc., and the Ni-rich composition would have a poor glass
forming ability.
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Tables

Table 1. Atomic radius, atomic size difference, electronic structure and crystal

structure of the elements in the Cu-Ni-Ti (Zr, Hf) systems.

Elements  Atomic Electronic Crystal It - teul/tey I, - Tnil/oNG
radius(A) structure structure
Cu 1.28 3d'%s' fec 0 2.4%
Ni 1.25 3d%4s? fec 2.4% 0
Ti 1.47 3d%4s” hep 14.8% 17.6%
Zr 1.60 4d*5s” hep 25.6% 28.0%

Hf 1.62 4f'*5d%6s° hep 26.6% 29.6%
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Table 2 The parameters used in the thermodynamic calculation of the Cu-Ni-Ti (Zr, Hf)

system (ref. 6). A

rrinter ryinter rrelastic
HAinB’ AHB inA» AHAinBa

KJmol™, T m.i 1is expressed in K.

AHZSY and E(Z,) are expressed in

E(Zy)  Tmi AT  ATRSL AFSWE AFGHE
Cu 1.5 1357.6
Ni -2.0 1726.0
Ti -2.5 1943.0
Zr -2.5 2125.0
Hf -2.5 2500.0
Cu-Ni +14 +14 +0.09 +2.58
Cu-Ti -33 -40 +20.41 +32.81
Cu-Zr -78 -110 +61.33 +94.57
Cu-Hf -58 -81 +74.99 +97.04
Ni-Ti -126 -154 +38.38 +40.31
Ni-Zr -165 -237 +93.09 +95.49
Ni-Hf -145 -204 +116.68 +107.26
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Fig. 1. Glass formation compositions of the (a) Cu-Ni-Ti, (b) Cu-Ni-Zr and (c)

Cu-Ni-Hf alloy systems predicted by thermodynamic calculation.
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Fig. 2. Calculated yZBC in the GFRs of (a) Cu-Ni-Ti, (b) Cu-Ni-Zr and (c) Cu-Ni-Hf
alloy system. The red regions are the compositions which have the largest yZBC, ie.,

the best GFA as well as vicinity compositions.
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Metallic glass formation in the Cu-Ni-Ti (Zr, Hf) systems studied by
thermodynamic calculation
Y. Y. Wang, Q. Wang, J. H. Li and B. X. Liu

For the family of Cu-Ni-Ti (Zr, Hf) systems, which are promising to obtain the
bulk metallic glasses, the glass formation regions were calculated based on the
extended Miedema's model and Alonso's method. It is found that the calculated glass
formation regions and glass forming ability of Cu-Ni-Zr and Cu-Ni-Hf systems agree
with experimental results well but not for the Cu-Ni-Ti system. It turns out that the
glass forming ability of Cu-Ni-Ti system is largely deviated from the experimental
results, then it is assumed that the kinetic factors (low liquidus temperature) instead of
thermodynamic factors make the Cu-rich composition an easy glass former in

Cu-Ni-Ti system.
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