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Abstract

Compositions with high glass forming ability have been identified in Zr—Cu—Al system with the help of a thermodynamic parameter, which
takes into account the enthalpy of chemical mixing (AH™™), the mismatch entropy normalized by Boltzmann’s constant (S,/kg) and the con-
figurational entropy (Sconsig/R). The best bulk metallic glass forming composition is identified as the one at AH™ and S, /kp maxima in a specific
range of Sconfig/R. A product of thermodynamic parameters (AH*™ x S, /kg) is found to have strong correlation with glass forming ability and
can help to identify the exact composition that can form bulk metallic glass.
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1. Introduction

Since the discovery of metallic glass [1] and bulk metallic
glasses (BMG) [2—4], thermodynamics have been an important
tool to understand the science of glass formation [5—9]. A
number of glass forming criteria have been developed based
on the different phase transition temperatures such as, T, (glass
transition temperature), T (onset crystallization temperature),
T, (onset liquidus temperature) and T, (melting temperature),
which are difficult to calculate theoretically [5—9]. Glassy
phase at room temperature is also said to have long-range dis-
order, which is mainly contributed by mismatch [10] and con-
figurational [11] entropies, which cannot be ignored. In earlier
thermodynamic approaches [10,12], theoretical glass-forming
ranges for ternary alloys were calculated using Miedema’s
model, which were compared to those obtained by experi-
ments. In the present approach, a thermodynamic parameter
has been developed to identify excellent BMG composition
using enthalpy of chemical mixing (AH"™), the mismatch
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entropy normalized by Boltzmann’s constant (S,/kg) and the
configurational entropy (Sconfig/R) and it has been demonstrated
for the Zr—Cu—Al based ternary system. Earlier studies have
used minor alloying technique [13], microstructure based ap-
proach [14] and cluster model [15] to identify the best BMG
composition in similar systems. The present approach uses
the isometric contours of AH™™, S /kg and Sconfig/R and can
predict the best BMG composition more closely than the earlier
models.

2. Calculation method for thermodynamic parameters

2.1. Enthalpy of chemical mixing

Enthalpy of chemical mixing (AH™™) was calculated
based on extended regular solution model for ternary systems
by equiatomic (Takeuchi’s approach) [10] and Gallego’s ap-
proach [16].

According to equiatomic approach:
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where Q;; is the regular solution interaction parameter between
ith and jth elements and can be correlated to AH™* as

AH™ = X, X5 Qg (2)

Considering the equiatomic composition in binary A—B sys-
tem XAXB = 1/4.

According to Gallego’s approach enthalpy due to chemical
contribution can be calculated by

AH{5e = AH )y + AHyo + AH ¥
where
AHS = xx; (xjAH;};; + G AHY ) (4)

The value of enthalpy due to mixing AH™" is calculated from
Miedema’s semi-empirical model [17] and substituted for Q.
In the Miedema’s model, the mixing enthalpy for infinite di-
lute solution of two metals A and B, which is also regarded
as interfacial enthalpy of atomic cells is given by Eq. (5)
and is tabulated elsewhere [17]:
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where V, is the molar volume of atom A, n2, and nB, the
electron density of atomic cells, P and Q are constants, R*
is a correction value for an alloy of a transition metal with
one of the polyvalent non-transition metals and Ag™ is the dif-
ference of the modified electronegativities between dissimilar

atomic cells of A and B atoms.
2.2. Mismatch entropy

The effect of atomic size mismatch in a system was calcu-
lated by empirical relation given by Mansoori et al. [18]. Ac-
cording to this formalism the mismatch entropy was calculated
by misfit term S, from the solution of the Perkus-Yevik inte-
gral equation:

S0 =[5 = D56 - 0P = {5 - D=9

+igh-y)] (©)

where kg is the Boltzmann’s constant and parameter ( is de-
fined as { = 1/(1 — &) and £ is packing fraction. In the present
study & is taken as 0.64, which implies a dense random pack-
ing. Dimensionless parameter y;, y, and y; are calculated ac-
cording to following equation:
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Here d; and d; are the atomic diameters of ith and jth elements
can be calculated from standard data [19]. Configurational en-
tropy is given by

Sconﬁg =-R ZX,’IH Xi (1 1)
i=1

where x; is the atomic percent of the ith element.
3. Experimental details

Ingots of Zr—Cu—Al alloys, as tabulated in Table 1, were
prepared by arc melting the mixtures of constituent elements
under argon atmosphere. The purities of elements are
99.99 wt.% for Cu, 99.9 wt.% for Zr and 99.999 wt.% for
Al. Alloy rods with diameter of 3 mm were prepared by means
of copper mould suction casting. Structural characterization of
these alloys was done by X-ray diffractometry (XRD) using
Cu Ko radiation (A =0.15406 nm).

4. Results and discussion

From the experiments carried out by various groups (Table 2)
it is observed that the Sconse/R for ternary BMGs containing
metals ranges between 0.8 and 1.0 and systems with metal-
loids like B, C, Ge, Si and P ranges from 0.6 to 1.0. It is
well known that the metallic glasses are configurationally
frozen supercooled liquids and they are more prone to form
at composition near to deep eutectic. It was observed
from the previous study [14] that the glass forming ability in

Table 1
AHe™ 5 S /kgvalues and phase analysis of the alloys of the present study

S. no. Alloy composition AHM™ % S, /ky (kJ/mol) Phase present
1 Zrs6Cug 5Al,s 5 —-3.5 Crystalline
2 Zr57Cu6_5Al36_5 —4.0 Crystalline
3 Zr407Cuy 5Als5 5 —4.0 Crystalline
4 Zr3;Cu pAlgg -3.5 Crystalline
5 Zr54Cu3Algs -3.0 Crystalline
6 ZresCuyoAlys —45 Crystalline
7 Zr61CuzrAly -5.0 Amorphous
8 Zrs, 5CuynAlz 5 —-5.7 Amorphous
9 Zr45CuyoAlg —6.7 Amorphous
10 Zr36CusgAlg —-5.7 Amorphous
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Table 2

Scontig/R values for various experimental BMG compositions

Alloy compositions R. (K/s) Z. (mm) Scontig/R Ref.
Mg;sNisNd;o 46.1 2.8 0.7 [20]
MgesNiygNd; 5 30.0 3.5 0.9 [20]
Mg65Ni21Pr14 - 3.0 0.9 [21]
MgesCupsYio 50.0 7.0 0.8 [22]
L355A125Ni20 67.5 3.0 0.9 [23]
LassAlysCuyg 72.3 3.0 0.9 [23]
La66Al]4Cu20 37.5 2.0 0.8 [24]
Pd;7CugSiy; 125.0 2.0 0.7 [2]
Pd;7.5CugSiie6 s 100.0 1.5 0.6 [25]
Pdy3.5Cu;0Siie s - 2.0 0.7 [2]
Pd;; 5Cu;5Siie s - 2.0 0.8 [2]
Pd,oNigoP2o 0.16 25.0 1.0 [26]
Cu602r30T110 - 4.0 0.9 [27]
CugoZry,Tiyg - 3.0 0.9 [28]
CuygZrsgAly - 5.0 0.8 [29]
Zr47CuysAlg — 5.0 0.9 [29]
Zr45CuysAl;g - 3.0 0.9 [29]
Zr46CuyeAlg - >5.0 0.9 [29]
ZrﬁoNi]9A12| - 3.0 0.9 [30]
Zr53C023,5A123_5 - 3.0 1.0 [31]

Zr—Cu—Al system falls in a broad range from Zr rich to Cu
rich end. In spite of this, interestingly, Sconsg/R value for all
the BMG compositions lies between a narrow range of 0.8—
1.0. For the compositions where metalloids are present, not
only there is decrease in eutectic temperature in general but
also an increase in BMG forming ability, which is reflected
in their wider range of Sconse/R as shown in Table 2. In the
present study, it is assumed that Sconge/R should be in the range
of 0.8—1.0 for high glass forming ability of metal—metal
systems as is observed in Table 1. Fig. 1 shows the isometric
Sconfig/R contours for an A—B—C system. It can be seen from
Eq. (11) that S.onh,/R depends on the composition and does
not depend on the alloy system.
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Fig. 1. Isometric contours of configurational entropy, Sconfig/R.

Fig. 2. Isometric contours of mismatch entropy normalized by Boltzmann’s
constant, S,/kg.
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Fig. 3. Isometric contours of enthalpy due to chemical mixing, AH"™ in kJ/
mol by (a) equiatomic model and (b) Gallego’s model.
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Isometric contours for mismatch entropy normalized by
Boltzmann’s constant (S,/kg) were drawn for Zr—Cu—Al sys-
tem as shown in Fig. 2. It is seen from the figure that the con-
tour originates from Zr—Cu rich end, with maximum value of
0.27 for the binary Zr—Cu composition. This is because S,/kg
depends on atomic diameter and composition, as is evident
from Eq. (6). Atomic diameters of Zr, Cu and Al are 0.320,
0.256 and 0.286 nm, respectively. The large difference be-
tween atomic diameters between Zr—Cu leads to more ran-
domness due to atomic misfit in comparison to Zr—Al or
Al—Cu due to which S,/kg contour is found to have high value
for Zr—Cu.

Similarly isometric contours of enthalpy of chemical mixing
(AH™™) using equiatomic and Gallego’s approaches are plot-
ted in Fig. 3(a) and (b), respectively. Egs. (1) and (2) show the
AH™™ not only depends on the composition but also on the in-
teractions among elements, due to which different type of con-
tours are obtained for different systems. From Fig. 3(a) the
highest enthalpy of mixing is seen at ZrsoAlsg (—44 kJ/mol),
which continuously decreases to (—23 kJ/mol) at Zrs5oCus.
This can be attributed to differences in the atomic interaction
between the elements, which is evident from the enthalpy

values for infinite dilution limit of AHM = —189 kJ/mol,
AHEr o = —164kJ/mol, AHD .- = —110kJ/mol,
(a) 000"
-20

AHer = —78 kJ/mol and the nature of Eq. (1) which takes
into account the equiatomic approach. Similar type of isomet-
ric contours (Fig. 3(b)) were plotted by using Gallego’s ap-
proach which takes into account the exact stoichiometric
chemical enthalpy contribution of each element as seen in
Egs. (3) and (4). Here the nature and enthalpy contours are
similar to that of equiatomic approach at higher enthalpy side
(Zr—Al) and the pattern changes significantly at lower values
(Zr—Cu side).

Superimposing of Sconsio/R, AH™™ and S, /kg contours for
Zr—Cu—Al system, as shown in Fig. 4(a) and (b), can lead to
interesting information at intersections between AH™™ and
Ss/kg contours in the chosen Sconho/R regime (0.8—1.0). As
mentioned before, Sconsg/R is thermodynamically a statistical
parameter and depends only on the composition rather than
on any intrinsic property of the elements of the alloy system.
Therefore in the present study Sconso/R is only included to
locate the randomness originating by compositional configura-
tion. On the other hand, the value of AH™™ and S,/ky depen-
ds on intrinsic properties of elements and their interactions and
the quantities of the elements present. For clarity an isometric
contours of AH™™ and S,/ks were plotted with intervals of
—5kJ/mol and 0.5, respectively. At the junctions where
AH™™ and S,/kg intersect in the chosen Sconfig/R Tegime,

© smismatch/kB
¢ H.pem(€quiatomic)
" sconfiglR

100
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Fig. 4. Superposition of different contours showing values of AH®"™ x S, /kg in kJ/mol at various junctions by (a) equiatomic model and (b) Gallego’s model.
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AHe™ xS /kp is calculated. S,/kg is a dimensionless quan-
tity and its multiplication with AH™™ will identify composi-
tions with high disorder combined with high negative enthalpy
of chemical mixing. This confirms well with the empirical rule
laid by Inoue et al. [4] for the synthesis of bulk metallic
glasses from the viewpoint of enthalpy of mixing between
main constituent element and disorder by multicomponent
system. The product AH™™ x S, /kg for all the intersections
gives interesting result, which is tabulated in Tables 3 and 4
for equiatomic and Gallego’s approaches, respectively. In spite
of high value of enthalpy due to chemical mixing between
Zr—Al (AHS™), one can see higher values AH™™ x S, /kp
product in Zr—Cu rich side in both the approaches. This is
because of high values of randomness due to atomic size mis-
match (S,/kg) found in Zr—Cu rich compositions, which ar-
rests the crystallization and improves the glass forming
ability. Values for highest AH"™™ x S, /kg differ slightly by
both the approaches advocating that either of the approaches
can be chosen to find out the compositions. It is obvious
from the phase diagram of Zr—Cu system where metastable
deep eutectic forms at equiatomic composition, which sug-
gests that one can use equiatomic enthalpy model and the
fact that Gallego’s model also gives similar values of the prod-
uct and similar BMG compositions strengthens this argument.

The results of the experiments conducted in the present
study on all the compositions are shown in Table 1. These re-
sults have confirmed the formation of BMGs of upto 3 mm di-
ameter in Zr—Cu rich ternary compositions, which are near to
binary equiatomic Zr—Cu. Fig. 5 shows the XRD pattern of all
the composition, which shows the characteristic diffraction
pattern of amorphous phase. One crystalline XRD pattern is
also shown for the composition of ZrgsCu9Al ¢ as a represen-
tative of all the compositions, which could not form glassy
phase in 3 mm castings. It is important to note that all the
BMG compositions have a AHchem 5 g /kg value > 5.0 kJ/
mol, while the crystalline compositions have a lower value
of the product. Interestingly, if one observes all the values of
AHePem 5 S /kg on both sides of ternary diagram (Fig. 4(a)
and (b)), one can find that the product values on Zr—Al side
are lower in comparison to Zr—Cu side. This can explain the
higher glass forming ability on Zr—Cu side in comparison to

Table 3
AHee™ x5 /kg values by equiatomic model [10]

S. Ternary  Compositions AH™ S /ky AH®™ x S, /ky Comments
no. map Points (kJ/mol)

1 4 Zr45CuyoAlg -25 025 -6.2 BMG

2 5 Zr36CusgAlg -23 025 -57 BMG

3 1 Zrs;CujgAl,s —35 0.15 -52 Non-BMG
4 3 ZrgCuznAly -25 0.20 -5.0 BMG

5 2 ZresCuspAlygs —30 0.15 —-4.5 Non-BMG
6 6 ZrpCusgAlyy  —20 020 —4.0 Non-BMG
7 11 Zrs,Cu;Alz —40 0.10 —4.0 Non-BMG
8 10 Zr4CugAls, —40 0.10 —4.0 Non-BMG
9 9 Zr31CujpAlsg —35 0.10 =35 Non-BMG
10 12 Zr56Cu,;_5A125_5 -35 0.10 -3.5 Non-BMG
11 8 Zr4.5Cuy3Alg05 —30 0.10 -3.0 Non-BMG
12 7 Zr15CU21_5A153_5 —-20 0.10 -2.0 Non-BMG

Table 4
AHChem S, /kp values by Gallego’s model [16]

S. Ternary  Compositions AHT™ S /ky AH"™ x S, /ks Comments
no. map points (kJ/mol)

1 4 ZI'42CL15()_5A17_5 —-23 025 5.7 BMG

2 5 Zr305CugsAls s —20 025 -5.0 BMG

3 3 ZI'58.5CU31A11045 -23 020 —4.6 BMG

4 11 Zr37CugAlss =35 0.10 =35 Non-BMG
5 12 ZI'56>5CL17_5A136 -35 0.10 -3.5 Non-BMG
6 1 ZresCupoAlyy =23 0.15 =35 Non-BMG
7 6 ZI'|9CU6345A1]2.5 —15 020 -3.0 Non-BMG
8 2 Zr;0CuyoAl;y =20 0.15 =3.0 Non-BMG
9 13 Zr66Cu8.5A125_5 -30 0.10 3.0 Non-BMG
10 10 Zry7CujpAlgs =30 0.10 -3 Non-BMG
11 9 ZrpCuisAlgy  —25 0.10 -2.5 Non-BMG
12 8 Zr17CusAlss =20 0.10 —2 Non-BMG
13 7 Zr115CuasAlg s —15 010 —1.5 Non-BMG

Zr—Al side. Very importantly there appears to be only a little
difference between AH*™ x S /kg values between crystal-
line (intermetallic) and amorphous compositions as shown in
Tables 1, 3 and 4. Minor fluctuations in chemical composition
can lead to amorphous <> intermetallic transitions as enthalpy
difference between them is expected to be small. This is in
agreement with Wang et al. [14] who also observed that small
fluctuations in chemical composition can change the kinetics
of amorphous phase formation.

5. Conclusions

Best glass forming composition have been successfully
identified for Zr—Cu—Al system with help of contours of
different thermodynamic parameters, namely, enthalpy of
chemical mixing (AH™™™) by equiatomic and Gallego’s
models, the mismatch entropy normalized by Boltzmann’s
constant (S,/kg) and configuration entrophy Sconie/R. The
product AH*™ x S /kg has good relation with bulk glass for-
mation in the Sconge/R range of 0.8—1.0. Values of the products
obtained by both the models were found to be similar,

3 mm diameter rod

Crystalline ZrgsCu,0Al;6

Intensity (a.u)

Fig. 5. XRD patterns of 3 mm diameter rods of different Zr—Cu—Al
compositions.
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suggesting that either of them can be used to find out the BMG
compositions.
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