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The forming ability of amorphous and glassy alloys has been assessed with mixing enthalpy (AH™X) of
a liquid phase based on Miedema’s scheme. The AH™*'s were calculated as a function of composition in
an alloy for possible 2628 binary systems from 73 elements, and were approximated with interaction
parameter € in a sub-regular solution model with coefficients @; (i = 0 to 3) for a cubic function of
composition. The results revealed that 2627 systems were fitted by Q’'s within errors denoted by
statistical adjusted R-square (R%) > 0.999, which includes R?> = 1 for 2409 systems. The values of Q; for
1378 systems from 53 elements were selected and tabulated for assessing the forming ability of amor-
phous and glassy alloys. The analysis revealed that P and C in Fe—P and Fe—C binary alloys and simul-
taneous additions of Ni and Cu in La-, Zr- and Pd-based bulk metallic glasses exhibit a marked and
peculiar composition dependence of AH™X, In a framework of Miedema’s scheme, the most accurate
values of AH™* for a liquid phase have been provided as a function of composition in an alloy system,
which makes it possible to consider the forming ability of amorphous and glassy alloys deeply.
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1. Introduction

Recently, amorphous and glassy alloys in nonequilibrium solid
states have received considerable scientific and engineering
attention. This is due to the superior mechanical, magnetic and
corrosion-resistant properties of amorphous and glassy alloys than
those of crystalline alloys [1]. It is widely-accepted that these
superior properties of the amorphous and glassy alloys originate
from their liquid-like atomic arrangements without long-range
periodicity intrinsic to crystalline alloys. Needless to say, thermo-
dynamics defines amorphous and glassy alloys together with in
a solid state, which differs from a liquid state. In contrast, crystal-
lographic aspects classify the amorphous and glassy alloys into
noncrystalline alloys, together with alloys in liquid and supercooled
liquid states. This crystallographic similarity in atomic arrange-
ments among these noncrystalline alloys led to the historic
discovery of an amorphous alloy.

The first evidence showing that noncrystalline solids are form-
able in alloys came in 1960. In that year, Klement et al. [2] suc-
ceeded in obtaining fragments of an amorphous alloy in Au—Si
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system from a melt. Their experiment is a historically-significant
event in point that they firstly demonstrated the way of preventing
a liquid from crystallizing in a solidification process for a metallic
system. The key technology used in the demonstration was splat
quenching, which makes a molten alloy with random atomic
arrangements at a certain time freeze into a solid alloy through
a supercooled liquid state. Nowadays, an incoming melt-spinning
technique has widely been used for fabricating continuous non-
crystalline alloy specimens in a ribbon shape with thickness of the
order of a few to several tens of micrometers. Furthermore, recent
advances in fabrication technique for metallic glass makes it
possible to produce bulk metallic glasses (BMGs) with dimensions
up to a couple of tens of millimeters by using conventional casting
process [1] within a framework of solidification processes from
a liquid. Here, a reason for forming noncrystalline alloys and BMGs
instead of crystalline alloys in an equilibrium state is due to some of
the properties intrinsic to an alloy. These inherent properties are
represented by a concept or an index, such as forming ability of
noncrystalline alloys, and glass-forming ability (GFA) for a special
case for glassy materials. Thus, the noncrystalline alloys including
BMGs are closely related to a liquid state accompanied by
a keyword of “forming ability”. Hence, we anticipate that quantities
intrinsic of a liquid phase can be used for describing the forming
ability of the noncrystalline alloys.
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Mixing enthalpy (AH™X) of a liquid phase can be a candidate as
an index for evaluating GFA. In reality, AH™X is a criterion for GFA
evaluations [1] as well as the atomic size ratios among the constit-
uent elements [1]. Specifically, AH™* based on Miedema’s scheme
[3,4] is sometimes utilized for estimating GFA due to its great
advantages. For instance, a wide applicability of Miedema'’s scheme
makes it possible to calculate the values of AH™X for 2628 binary
systems from 73 elements, which almost cover the constituent
elements for noncrystalline alloys and BMGs. On the other hand,
Miedema’s model possesses the following disadvantageous aspects.
First, one cannot calculate AH™* by Miedema’s scheme algebraically
only using composition of an alloy, which differs from a regular
solution model [5] and sub-regular solution models [6,7] with
interaction parameter (2). Second, only the limited numbers of
values of AH™™ for solutions are provided in the original literature
[3,4] and in our previous studies [8,9], such as the AH™X at the equi-
atomic concentration AgsBos in an A—B binary alloy [3,8,9] and
AH™X at a dilute limits of solute and solvent elements as well [3,4].
However, every real system more or less should have unsymmetrical
AH™*value as a function of composition with respect to the Ag 5B s.
Hence, one should consider a composition dependence of AH™* for
analyzing the GFA more precisely by overcoming these disadvan-
tages intrinsic to Miedema’s scheme. In analyzing GFA, it is worth
describing_AHmix in formulae of sub-regular solution models [6,7] by
fiting AH™* with Q.

The purposes of the present study are to calculate all the possible
AH™X®s in accordance with Miedema’s scheme as a function of
composition in an alloy system, and then to fit the AH™*'s with
asub-regular solution model with £'s to evaluate the applicability of
the sub-regular solution model for AH™¥'s. Furthermore, the
authors aim to assess the forming ability of amorphous and glassy
alloys including BMGs using Q’'s obtained by fitting the AH™*’s,

2. Methods

First, the values of AH™* for possible 2628 binary systems from
73 elements were calculated as a function of composition on the
basis of Miedema'’s scheme. We acquired three necessary quantities
(V, ¢ and nys) for each element from the original literature [3,4]
where V, ¢ and nys are molar volume, work function and the
density at the boundary of the Wigner-Seits cell, respectively. The
AH™X's were calculated through the procedures described below.

The calculations started with Eq. (1) given in original literature
[3,4] where AH®™(ss) is a chemical enthalpy for an A—B solution
with fractions of cy and cg (0 < cp, cg < 1),

AHeM (s5) — cpcy (GAH™ (A in B) + cRAH™'(Bin A)).

(M
The AH™X described in the present study is identical to AHTeM(s5)
in Eq. (1). Here, AH™®" (A in B) in Eq. (1) indicates the enthalpy
upon alloying, and ‘inter’ stands for ‘interfacial’, and %4 is a surface

fraction, or surface concentration of A atom in a system. The AH"€"
(A in B) can be obtained by the following form in Eq. (2),

A v2/3
AH™®'(Ain B) = A

2\ 1/3 1/3
nw/sA nw/sB
2 1/3 1/3 \2
— P(on — 98)°+Q(nydn — i) R}, (2)

where P, Q and R are constants. Specifically, Q has a value of 9.4,
whereas P has a value of either 14.2,12.35 or 10.2, depending on the
valence of elements [3]. The term R should be taken into account

only for the binary systems comprising a transition metal (TM) and
a non transition metal (NTM). More precisely, every R/P value for an
atomic pair consisting of TM—NTM was calculated as a production
of the parameters assigned to each TM and NTM elements [3]. The
R/P value for liquid alloys, R*/P, was calculated by multiplying
a factor of 0.73 to the productions for solid alloys (R/P). Hence, R*/
P = 0.73 R/P where asterisk indicate the liquid [3].

In Miedema’s scheme, ¢34 term in Eq. (1) is describable as Eq. (3),

o
CAV§/3 + CBV§/3.

S
Ca

(3)
In reality, the actual calculation of ¢34 is rather complicated than the
formula given in Eq. (3), because V also changes upon alloying. The
difference in V upon alloying was estimated in the present study by
referring to Eqs. (4) and (5) [3],

(5°) = [1+ om0 (477 @

)pure A’

f8 = a&(=1-cj)

In Eq. (4), a is determined to be 0.14 for the alkaline metals, 0.10 for
divalent metals, 0.07 for noble and trivalent metals and 0.04 for
other metals [3]. Here, it should be noted that Egs. (3) to (5) have
arecurrence relationship in terms of ¢4 because >4 appears both in
Egs. (3) and (5). In the present study we avoided the recurrence
problem on ¢34 in the following procedure. First, c>4 was calculated
with Eq. (3) for a given alloy with ca and cg, using V235 and VP of
pure A and B elements {(V2>a)pure and (V23g)pure}, respectively.
Second, f*g value was determined from c%s by assuming a random
alloy shown in Eq. (5). Then, fAg and (V?4)pyre  values obtained by
Egs. (3) and (5) were substituted into Eq. (4) to calculate (V2/3A)a“oy.
Next, the value of c%4 calculated in a formula of Eq. (6) instead of
Eq. (3) by interpreting c*4 in Eq. (3) for pure metal as c*4 in Eq. (6)
for an alloy,

(for the random alloy). (5)

s cA (V/'2\/3) alloy

Ca = CA (V§/3>alloy+CB <V§/3> alloy.

Finally, the c*4 value obtained by Eq. (6) was substituted into Eq. (1)
to calculate AHP®™(ss). The modifications of V234 and V3 terms
based on Eq. (4) were originally performed in the present study to
have the most accurate and reliable values of AH™* for a random
solid solution. Using Egs. (1) to (6) together with the parameters
given in literature [3], we calculated AH™* as a function of
composition in any system.

Then, we approximated the AH™X with a formula of a sub-
regular solution model with interaction parameter (Q). The selec-
tion of a sub-regular solution model is due to the awkward
procedures for evaluating c>a term in Eq. (6) in Miedema’s scheme,
and to treat AH™* more comprehensively as a function of compo-
sition of alloy using fractions of elements as only parameters. We
used commercial software (Origin, version 8.1) to fit AH™X* by Q in
a formula shown in Eq. (7),

(6)

. 3
AHETE, = 4( Qulca — CB)k> CACB. (7)
k=0

The coefficient “four” on the right-side of Eq. (7) was intentionally
introduced to account for the values of Q at the equi-atomic
concentrations, AgsBgs, in an A—B alloy in our previous studies
[8,9]. It should be noted that the value of Qg at AgsBo5 for k = 0 in
Eq. (7) is equivalent to the previous result [7,8], indicating that the



A. Takeuchi, A. Inoue / Intermetallics 18 (2010) 1779—1789 1781

methods to obtain AH™X in our previous studies can be regarded as
the zero-order approximation in a framework of sub-regular solu-
tion model. )

The degree of composition dependence of AH™* was evaluated
by introducing a homebuilt parameter, Qasym, defined by Eq. (8),

Q1+ 19
Qasym. _ ‘ 1|Q ‘ 3|. (8)
|£0]

Equation. (8) contains coefficients Q; from odd orders (i = 1 and 3)
to the principal coefficient (o), providing the degree of ansym-
metory of AH™X in terms of AgsBgs composition. In addition, we
also use statistical adjusted R-square (R?) as well as Qasym.-

After obtaining all the Q; (i = 0 to 3) for all the 2628 binary
systems from possible 73 elements by Miedema’s scheme, we
selected the 53 elements in the present study. In selecting 53
elements, we refer to BMGs [10—26] and the 351 ternary amor-
phous alloys [27], in which the latter partially contains glassy alloys.
The constituent elements involved in BMGs were acquired from the
authors’ recent work [10] and its original references [11—26]. They
are, Pdo4Cuo3NigiPo2 [11], Zro.412Tio.138Cu0.125Nip.1Beo22s [12],
Pdg 35Pt0.15Cu0.3P0.2 [13], Zro 55Al0.10Ni0.05CU0.30 [14], Mg0.505CU0.220-
Ago066Gdo11 [15], Mgo.54Cuo265A80.085Gdo.11 [16], ZroagCug3e-
Ago.osAloos [17], Pdo4Nip4Po2 [18], Y0.365C0.20Alp.24C0020 [19],
(Lag.7Ce0.3)0.65C00.25Al010  [20], Laos2{(Cus/6Ag1/6)0.14Ni0.05C00.05}
Alg1g [21], Zros7Tio05Cu02NigosAlos [22], Pto.425Cup.27Nig095P0.21
[23], (FepsC00.2)0.48Cr0.15M00.14Tmp.02C0.15Bo.06 [24], PtosoCuos-
Nig.02P0.22 [23], Mgo.54Cu028Ag0.07Y011 [16], CapesMgo.15Zno2 [25],
Zr0.585Nbg.028CuU0156Nig128Alo103 [26]. On the other hand, the
ternary amorphous alloys were referred to literature [27].

In calculating AH™* for a multi-component alloy with n
constituent elements, we summed up AH™X for each sub-binary

Ca,Ci
system shown in Eq. (9) for the number oantBomic pairs ,Co,

. ”CZ .
AHR = _Z AHTE. 9)
b4 !

A term on the right-side of Eq. (9) can be described as,

3
. I
AHDX — 4( >~ Q(Cinor. — Cinor.) > ci¢j (10)

k=0

by extending the sub-regular solution model [6] to higher order in
terms of composition. We refer to literature [6,7] to extend the
calculation procedures to multi-component alloys. In extending,
the fraction of the constituents are normalized as ¢j, nor. and ¢;, nor.
on the right-side in Eq. (10) in a sub-binary system, which are
described in Eq. (11),

G G
P N . 11
1,nor. (Ci +Cj>7 J,nor. <Ci +Cj> ( )

The AH™X at AgsBgs calculated by the present study may differ
from that by our previous studies [8,9] in point that we reconsid-
ered the R term in Eq. (2) for systems with noble metal (NM: Cu, Ag
and Au). In other words, in calculating R term, Cu, Ag and Au were
considered as NTM in our previous studies [8,9], but were regarded
as TM in the present study. The reason for the former consideration
of NTM in our previous study is due to the assigned values of Cu, Ag
and Au for calculating R/P, which are 0.3, 0.15 and 0.3 [3], respec-
tively. These values for calculating R/P are considerably smaller
than a value of unity for TMs, and smaller than 0.7 for Sc, Y and La
and 0.4 for Ca, Sr and Ba [3], whereas the other NTMs than Cu, Ag
and Au has a value ranging O to 2.3 [3]. Besides, we also

reconsidered additional enthalpy for metalloid (MLD: B, C, N, Si and
Ge) elements. These MLD requires AH"™" as the enthalpy for MLD
element to transform to metallic element. According to the original
literature [3], the values of AH™"S/k] mol~! are 30 for B, 180 for C,
310 for N, 17 for P, 34 for Si and 25 for Ge where B, C, N and P are
treated as elements to provide uncertainty in a value of AH™X, In
our previous studies [8,9], these uncertainty aspects were excluded
by extracting the AH™" for all the MLD elements having AH™" by
utilizing the linear composition dependence of AH™" for metal-
MLD system. In strong contrast to these examples in our previous
studies, in the present study we regarded the MLD element as
a hypothetical metallic element throughout the study. Thus, the
present results of AH™* have been obtained as the most accurate
and reliable calculations in terms of R and AH"#"S- mentioned in this
paragraph.

3. Results and discussion

In this Section we will show the principal results obtained in the
present study and discuss the following items: (1) reproducibility
of AH™X with Q, (2) analysis of BMGs for GFA, and (3) Effects of R
term for noble metal (NM)-NTM systems in Miedema’s scheme on
AHle.

3.1. Reproducibility of AH™* with Q

First, we assessed the reproducibility of AH™X with Q for 2628
binary systems using statistical adjusted R-square (R?). The results
revealed that AH™X's of the 2409 systems (91.96%) exhibit R*> = 1,
whereas 2627 systems (99.96%) show R? > 0.999. Among all, only
H—Cs system exhibits R? = 0.99872 < 0.999. These results denoted
by R? values suggests that a cubic function of composition with
coefficients Q; (i = 0 to 3) shown in Eq. (7) is adequate for
approximating AH™* calculated by Miedema'’s scheme.

Next, an especial analysis was performed for H—Cs system,
which gave the worst reproducibility of AH™* with Q. Fig. 1 shows
the AH™X’s for H—Cs system plotted as a function of composition of
Cs. The solid curve shows the calculated AH™X by Miedema’s
scheme, whereas the broken curve denotes the AH™* approxi-
mated by sub-regular solution model with Qy’s (k = 0 to 3) in Eq.
(7). The dash-dotted curve exhibits the zero-order approximation
with Qo, which is a case of k = 0 in Eq. (7) and is coincident with the
treatments in our previous references [7,8] for AH™ at equi-atomic
composition. The AH™*’s for H—Cs system denoted by solid and

10 M —
i L H-Cs | b 2, =138 kimol'
[=]
E 0 | 2=80kimol’
2 2,=92kkmol’
~ I 1
x & 2= 18 kkmol
E 1 -10F _
I
<
o
£ -2 d
X
= —— A}, ; Miedema's scheme
w— s
S 30 - AH(': : Approximation with £2,'s, Eq. (7) for k = 0to 3, R = 0.99872—
8 ------ Ah’::g; Zero-Order Approximation with £2  Eq. (7) fork =0
I
,40 1 1 1 1 i 1 i
0 0.2 04 0.6 08 1

Fraction of Solute Element, Ces

Fig. 1. Calculated AH™* of H—Cs system by Miedema’s scheme and its approximation
with Q; (i = 0 to 3).
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broken curves exhibit the minimum AH™X around ccs ~ 0.3,
indicating a rather strong composition dependence of AH“‘?X.
However, despite the strong composition dependence of AH™¥,
Fig. 1 shows that the curves of AH™* for H—Cs system calculated by
Miedema’s scheme denoted by solid curve and its approximation
with Q; (i = 1 to 3) by broken curve agree consistently over all
composition range, but the zero-order approximation with Qg for
a case of k = 0 in Eq. (7) drawn by a dash-dotted curve in a form of
a parabola function for AH™* considerably deviate at small fraction
ranges of ccs. Thus, it is possible that the AH™X was appropriately
fitted by Qy’s (k = 0 to 3) with a cubic function of composition even
for H—Cs system with R?> = 0.99872 < 0.999. On the basis of the
results showing enough reproducibility of AH™*’s with Q; even for
the H—Cs system, we selected 53 elements as the constituent
elements involving amorphous and glassy alloys as well as BMGs.
Table 1 summarizes the selected 53 elements, which were acquired
from constituent elements from our previous literature [10] and its
original references [11—26] on BMGs and 351 ternary amorphous
and glassy alloys [27]. The values of Q; (i = 1 to 3) for 1378 binary
systems from the 53 elements are summarized in Table 2. It should
be noted that Table 2 provides Qi's in the order of the atomic
number in the periodic table for atomic pair A—B where the
element A always has the smaller atomic number than element B.
This notation indicates that the sign of Qi’s fori = 1 and 3 in Table 2
became opposite for B—A atomic pair, which also affects the sign in
the case of k = 1 and 3 for the right-sides of AH?:??}B in Eq. (7) and
AHg{g_( in Eq. (10), and Fig. 1 and so forth. A part of Table 2 will be
utilized for further analysis below.

Then, we analyzed the reproducibility of AH™* with Q for 2628
binary systems using Qasym. defined by Eq. (8) as well as R%. Fig. 2
shows the Qasym. — R? diagram, in which H-, C- and N-containing
systems are marked with closed circle, square and diamond,
respectively, to separate from the other binary systems marked
with open circle. In Fig. 2, one can see that H—Cs system with
R? = 0.99872 has the greatest value of Qasym. = 1.140, which indi-
cates the strongest composition dependence in terms of Hg5Csg 5
composition. The dotted and broken curves in Fig. 2 given guide for
eyes exhibit two tendencies underlying Qasym. — R? diagram. The
first tendency is that both curves approach a point (R?
Qaysm.) = (1,0) with increasing R?. The second tendency is that the
dotted and broken curves separate with decreasing R?, approaching
the plots of N—Cs and H—Cs systems, respectively. It appears that
the dotted and broken curves approach the value of Qaysm,, near 0.6
and 1.2, respectively, with decreasing R* to 0.9985. The second
tendency provides the following general trends with small R?
value: (1) Both Q; and Q3 term are approximately equal to two-
thirds of the Q¢ terms, and (2) H-containing alloy systems, in
particular, exhibit greater |Q3/Qo| than |Q21/Qp|. In reality, these
trends were derived by calculating indices of |Q23/Qo| and |Q1/Qg|.
The values of (Qq, 21, 2, Q3)/kJ'mol~! were acquired from Table 2
for N—Cs and H—Cs as (—130.5, —70.1, —25.6, 6.26) and (—13.8,
—8.0, —9.2,—7.8), respectively. Thus, |23/Qp| was calculated to be
0.048 for N—Cs and 0.57 for H—Cs and |21/Q| is 0.54 for N—Cs and
0.58 for H—Cs. These |23/Qo| and |21/Qo| values for N—Cs and H—Cs
explain the second tendency mentioned above and the greater

Table 1
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composition dependence of AH™X for H—Cs system than N—Cs.
Besides to H—Cs and N—Cs systems, Fig. 2 shows that H-, C- and N-
containing binary systems covers principally the plots for R? < 1,
together with alkaline- and alkaline-earth-containing systems,
such as Li-, Ce- and Rb-containing systems. Among H, C, N, and
alkaline- and alkaline-earth elements, it should be noted that C is
an essential element for forming Fe-based BMGs [1]. Thus, the
results of the reproducibility of AH™*’s with Q; indicate that one
should pay attention to assess the forming ability of C-containing
alloy systems in the BMGs as well as amorphous and glassy alloys.

3.2. Analysis of BMGs for GFA

We performed especial analysis of BMGs for their GFA. We
referred to La-, Zr-, Fe-, Mg-, Pd-, Pt-, Cu-, Ni- and Ca-based alloy
systems as BMGs from our previous study [9,28], in which we
reported that these systems represent the seven classes of BMGs
(C-1 to C-7). In addition to the BMGs mentioned above, we also
included Y-based BMG [19] in the present study. The classification
of BMGs is based on the considerations of combinations of
constituent elements from s-, d-, f- and p-blocks in the periodic
table that forms sub-groups of s, dgf, d p and p [28]. Here, “s” stands
for s-block element, “def” consists of d-block element for early
transition metal and lanthanide (Ln) in f-block, “d;p” comprises d-
block element for late-transition metal and B-group metallic
element in p-block in the periodic table, and “p” is composed of p-
block metalloid. In our previous study [28], we reported that seven
classes of BMGs can be formed from a couple of combinations of
these sub-groups, s, dgf, dip and p,

C-1 (s-dgf-dip): La-, Zr- and Y-based BMGs, such as, Al-La—Ni,
C-2 (dgf-dip-p): Fe-based BMGs, such as, Zr—Fe—B,

C-3 (s-dip-p): Fe-based multi-component BMGs, such as, (Al,
Ga)-Fe-(P,C,B,Si)

C-4 (s-dgf-dip): Mg-based BMGs, such as, Mg—Y—Cu

C-5 (dip-p): Pd- and Pt-based BMGs, such as, (Pd,Ni)-P,

C-6 (dgf-dip): Cu- and Ni-based BMGs, such as, (Zr,Ti)-Cu, and

C-7 (s-drp): Ca-based BMGs, such as, (Ca,Mg)-Zn.

Besides, BMGs in C-1, C-4, C-6 and C-7 are categorized in metal—
metal type, whereas those in C-2, C-3 and C-5 in metal-metalloid
types. Fig. 3 shows AH™X's for the alloy systems in seven classes.
Fig. 3 demonstrates that the compositions that give minimum AH™*
(cx,min) lie at 0.45—0.55 for most of the alloy systems, indicating that
composition dependence of AH™X is not as large for practical BMGs
as H—Cs system shown in Fig. 1. However, it should be noted that P
and C elements in Fe-based BMGs exhibit peculiar behavior, as
shown in Fig. 3 (d). Specifically, the AH™* at Feq sPg s and Fegs5Cos
has different values about —40 k] mol~! and —50 k] mol~, respec-
tively. However, the values of AH™X at Fe-rich side for Fe—P and
Fe—C tend to give smaller difference than that at Feg 5 Xo5 (X=Pand
C) with decreasing fraction of X from 0.5. At lower composition of X,
AH™X for Fe—P agree with that for Fe—C around Fegg Xo2. The
coincidence of AH™X's at X = 0.2 indicates that P and C affect the
formation of amorphous and glassy phase almost the same degree.

The atomic number (No.) and symbol (Symb.) of 53 elements selected in the present study as the ones involving amorphous and glassy alloys including BMGs. These 53
elements were selected from ternary amorphous alloys as well as glassy alloys [27] and original literature for BMGs [11—26] with critical diameters more than half inches
(~1.27 cm). The atomic pairs from the 53 elements amount to 1378, and their ©;’s are shown in Table 2.

No. 1 4 5 6 12 13 14 15 20 21 22 23 24
Symb. H Be B C Mg Al Si P Ca Sc Ti \% Cr
No. 45 46 47 49 50 56 57 58 59 60 62 64 65

Symb. Rh Pd Ag In Sn Ba Lla Ce Pr Nd Sm Gd Tb

25 26 27 28 29 30 31 32 38 39 40 41 42 44
Mn Fe Co Ni Cu Zn Ga Ge Sr Y Zr Nb Mo Ru
66 67 68 69 70 72 73 74 77 78 79 82 90 —
Dy Ho Er Tm Yb Hf Ta W Ir Pt Au Pb Th —




Table 2
The values of ; (i = 1 to 3) in units of k] mol~" for 1378 systems from 53 elements. Note that Q; = AH™* at Ay 5B s in an A—B alloy.
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H-C
-29
-09
-0.1

0.0

H-Mg
-17.7
=77
-5.0
-28

H-Nd
—56.2
-283
—244

H-Al
-78
—-34
-2.0
—1.1

H-Sm

—56.4

—28.1

-239

H-Si
—22
-1.0
-0.6
-03

H-Gd

—56.3
—28.0
-238

H-Ca
—41.2
-20.3
-17.1
-11.8
H-Dy
—-56.4
-27.7
-229

H-Sc

—56.7
—-25.3
—18.5
-11.7
H-Ho
-55.9
-273
2285

H-Ti
—524
—222
—14.6

-86

H—Er

H-V
—38.0
-153
-8.7
—45
H-Tm
—56.5
-27.2
—22.0
-15.0
Be—Nb

H-Cr
-27.7
-11.1

-57
—27
H-Yb

H—Mn
—33.7
-13.0

—6.8
—3.3
H—-Hf

H-Fe

H—Ni

—228
-9.7
-4.6
-20

H-Ir

H—Cu
-13.6
-5.0
-25
—1.1

H-Pt
—243

H-Zn
-76
-3.0
-1.6
-038

H-Au

=5547,

-14 -1.8 0.0
-02 -0.6 0.0
0.0 0.2 0.0

-08 08 -0.7
-0.1 -0.1 -0.1
Si—Rh Si—Pd  Si—Ag
—-288 -37.8 -33
-0.5 -1.5 -0.1

Sc—Zr Sc—Nb  Sc—Mo
4.1 17.8 10.5
-0.1 -1.2 -0.8

(continued on next page)



Table 2 (continued)

Q2
Q3
Pair
Qo
2
2,

Pair
Q0
2
2,
Q3
Pair
20
2
Q2
Q3
Pair
Q20
[
2;
Q3
Pair

Pair

Pair

0.0

0.0
Sc—Ru

—43.3

0.0

0.0
Sc—Rh

—60.4

Mn—Ag
12.7

Ga—Ho

Ga

-0.2

Cu—Ru
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Table 2 (continued)

-0.5 -0.9 -0.2 0.0 0.0

0.1
Tm—Pt Tm—Au Tm—Pb Tm-Th Yb—Hf Yb-Ta

0.0

0.0 0.0

0.0 0.0
Er-Th Tm-Yb Tm—-Hf Tm-Ta Tm-W Tm-Ir

0.0
Er—Pb

0.0
Er—Au

-0.8 -0.2
Er—Ir  Er—Pt

-04

0.0 0.0
Er-Ta Er-W

0.0 0.0 0.0 0.0

0.0 0.0

-0.1 0.0 -04 -0.8 -0.2 0.0 0.0

Q3

Pair Ho—Er Ho—-Tm Ho—Yb Ho—Hf Ho-Ta Ho—W Ho-Ir Ho—Pt Ho—Au Ho—Pb Ho—-Th Er-Tm Er—Yb Er—Hf

23.1
-29

9.1
-0.7

0.5

—45.1

0.0
0.0
0.0

-2.3
0.3

Pt—Au Pt—-Pb Pt—-Th Au-Pb

Ir—Pb  Ir—Th

Ta—Au Ta-Pb Ta-Th W-Ir W-Pt W-Au W-Pb W-Th Ir-Pt Ir—Au

-323

Ta—Pt

22

0.3
0.1
0.0

-92.7
-15.2
-2.8
-0.5

_48
—038
02

0.0

4.4
0.0
0.0
0.0

—63.8
-12.0
-26
-0.5

16.3
3.1
0.7
0.1

0.5
0.0
0.0

12.6

0.4
0.0
0.0
0.0

0.4

11.7
2.1
0.1

493
92
19
04

115
0.5
0.0
0.0

—20.2
-04
0.0
0.0

—15.6
0.1
0.0
0.0

17.6
3.0
0.6
0.1

2.6

15.1
0.5
0.1

-13
0.0

-0.2

0.0
0.0
0.0

[
Q
Q3

Hf-Au Hf-Pb Hf-Th Ta-W Ta—

Hf-Pt

r

Yb—Pt Yb—Au Yb—Pb Yb-Th Hf-Ta Hf-W Hf-|

Pair Ybo—W  Yb—Ir

-23.1
-2.8
-0.3

—89.3 -63.3

8
1
4
0

—67.
0.0
0.0

—6.4
04

29

-0.2
0.0
0.0

0.5
0.0
0.0
0.0

0.0

-25
0.3

—73.0 —45.0
4.1
0.2
-0.2

—553 -840
6.8 8.1
0.2 1.0

-0.5 -0.9

18.8
-23
0.1
0.1

Q20
Q;
Q
Q5

-414
0.2
0.0
0.0

-77.3
-9.1
-23
-05

Pair Au—Th Pb-Th

Q0
2,
Q;
Q5

1.2 /
.
1.0 e
& & .Xf:\*‘- .
2 ‘ktf' et
€
z g
Q° 051 ?
I 2628 atomic pairs
* H-containing system
= N-containing system
+  C-containing system
0 1 L / 1 1 L 1 1 |
0.9985 0.9987 0.99?5 1

R
Fig. 2. Relationships between Q,sym, — R? values for 2628 atomic pairs.

These peculiar effects of AH™* as a function of composition of P and
C were only obtained in the present study with considering the
composition dependence of AH™X, since our previous studies [8,9]
always give the parabola functions for AH™* with their minimum
at AgsBg.5 for AH™X < 0, which is shown in Fig. 1 for H—Cs system
with dash-dotted curve. )

Next, the effect of composition dependence of AH™* on GFA for
multi-component BMGs [11-26] was analyzed by calculating the
AH™* values by Egs. (9—11), by comparing to the cases of k =0 to 3
and k = 0, the latter of which corresponds to our previous studies
[8,9]. The results are summarized in Table 3. Table 3 shows that the
AH™X varies a couple of k] mol~" by considering high order term of
k = 1-3. The large difference in AH™*, A(AH™X), between the two
cases of k = 0 and k = 0-3 are seen for Lage{(CusjcAgy,
6)0.14Ni0.05C00,05}Alo14 BMG [21], (3.7 k] mol~') and Zro 412Tio13s-
Cug125Nip1Beo22s [12] and Zrgs7Tioo5Cug2NigosAlos [22] BMGs
(2.3 kJ mol™"), followed by (Feo.sC002)0.48Cr0.15M00.14Tmo,02Co.15-
Boos BMG [24] (2.2 k] mol™!). The former three BMGs possess
a common feature of simultaneous inclusions of Ni and Cu, which
cause 7% or greater differences in AH™X. On the other hand,
Pdg 35Ptg15Cug3Po> [13] and Pdg4Nig4Po2 [18] BMGs exhibit A
(AH™X) — 0.4 k] mol~', which account for less than 2%. The
Pdg 4Cug3Nig1Po2 BMG[11] exhibits a small A(AH™*) of 1.2 k] mol~,
but it accounts for 11.9% for the AH™* = —10.1 k] mol~ .. These results
indicates that simultaneous additions of Ni and Cu greatly affects the
composition dependence of AH™X, A reason for this might be the
positive value of AH™* for Ni—Cu atomic pair. Specifically, the values
of (Qo, Q1, Q2, 23)/k] mol ! shown inTable 2 for Ni—Cu are (3.6, —0.1,
0.0, 0.0) and the changes in AH™* as a function of composition are
shown in Fig. 3 (g) and (h). These values of Q; and AH™* indicate that
Ni—Cu atomic pair exhibits considerably weak composition
dependence of AH™X, but the presence of the Ni—Cu atomic pair in
an alloy affect for the system, in which the other atomic pairs have
negative AH™X's. Besides, Table 4 shows that the simultaneous
additions Ni and Cu in Pdo4Cug3Nig1Po2 [11] greatly affects the
A(AH™X), but less effects are seen individual addition of Cu or Ni in
Pdg 35Pt015Cup3Po2 [13] and Pdg4Nig4Pp2 [18]. Thus, it is possible
that Pd-based BMGs containing either Ni or Cu do not have strong
composition dependence of AH™X, Hence, we tentatively conclude
that simultaneous additions of Ni and Cu with positive AH™™ affect
the composition dependence of AH™* for BMGs.

3.3. Effects of R term for NM-NTM in Miedema’s scheme on AH™*

We analyzed the effect of R term in Miedema’s scheme on AH™X
for the atomic pairs consisting of NM-NTM. Here, NM is composed



tbh ZrX : Nbl i £ CYX S | I
E Sc. | B | - | 3
- E - Al | H ] | E
I(_D E Co E
£
2 5 E f Pdx Ptx | S
T -'
=-10 E
S ; -
o 1 o 3
= —— Pd-Cu S ——
X 3 Pd-Ni — Pt-Cu
e Pd-P ~PtNi
= --- Pd-Pt . PP | ]
Y
O bl vl | —_—
R
(<] |
I

. Takeuchi, A. Inoue / Intermetallics 18 (2010) 1779—1789

1787

_Mg 3
e Zn) g

0010203 04 050607 08 09

10 040203 040506070809 1

FmdbndeMeEbmamcx

of Cu, Ag or Au, whereas NTM is from either metalloids (B, C, N, Si, P,
Ge or As), alkaline-, alkaline-earth metals or metallic elements in
group B in the periodic elements. In a framework of the analysis, we
also focused on the AH™X of NM-NTM including Si or Ge as MLD.

Table 3

Fig. 3. Calculated AH™™ values of representative BMG systems.

010203 04 05 06 07 08 09 1

The reason for discussing R term in this Section is due to the
description in Section 2 that we adopted different calculation
procedure of R term for NM between our previous studies [8,9] and
the present study. The values of Q; (i = 1 to 3) for above NM-NTM

Representative bulk metallic glasses (BMGs) and their AH™* values calculated by Eqs. (9) for (a) k = 0 to 3 and (b) k = 0, and (c) the difference in these values in absolute units

and (d) percentages.

BMG Ref. AH™X/K] mol~! [AAH™X) |/k] mol~! Difference
‘(@) °(b) (c) = |(a)—(b)| (d)=(c)/|(a)|
Pdo.4Cuo3Nig.1Po2 [11] -10.1 -9.1 1.2 11.9%
Zr0.412Tio.138CU0.125Nip.1Beg 225 [12] -329 —34.8 23 7.0%
Pdo 35Pt0.15Cu0.3Po 2 [13] —28.4 —282 0.4 1.4%
Zl'()_ssAlg_]oNio_osCUg_j;o [14] —29.2 -31.0 1.8 6.2%
Mgo.505CU0.220A80.066Gd0.11 [15] -8.7 -85 0.6 6.9%
Mgo.54Cuo.265A80.085Gdo.11 [16] -9.5 -93 0.6 6.3%
Zl‘g,4sCUO,36Ag0_ggAlo_08 [17] —-255 —26.2 0.8 3.1%
Pdo.4Nio.4Po2 [18] -23.1 —22.8 0.4 1.7%
Y0.365C0.20Al0.24C00.20 [19] —33.8 —346 0.9 2.7%
(Lao7Ce0.3)0.65C00.25Al0.10 [20] -215 —-22.8 1.7 7.9%
Lag e2{(Cus/6A81/6)0.14Ni0.05C00.05}Alo.14 [21] —-23.6 -27.3 3.7 15.7%
Zro.57Tio.05Cuo 2Nio.08Al0.1 [22] —29.5 -31.7 2.3 7.8%
Pto.425Cu0.27Ni0.005P0.21 [23] -26.7 -27.0 0.5 1.9%
(Feo.8C00.2)0.48Cr0.15M00.14Tmo 02C0.15B0.06 [24] =328 -333 2.2 6.7%
Pto.60Cu0.16Ni0.02P0.22 [23] —26.7 —274 0.7 2.6%
Mgo.54Cuo.28A80.07Y0.11 [16] -93 -9.1 0.6 6.5%
Cap.65Mgo.15ZN0.2 [25] -125 -13.7 1.2 9.6%
Zr0.585Nbg,028CUg 156Ni0.128Al0. 103 [26] —14.6 —-15.0 0.9 6.2%

2 Eq. (9) for k = 0-3.
b Eq. (9) for k = 0.



Table 4
The relationships between the AH™ values for Cu-, Ag- and Au-containing systems in our previous studies [8,9] and the present study (a) AH™X value at Ag5Xo5 alloy composition obtained in our previous studies [8,9]. (b) Qo value
obtained in the present study. Note that Qo = AH™* at Ag5Xo s in an A—B alloy. (c) Difference in AH™* value at Ap5Xo5 in our previous studies and Qg value in the present study: (a)—(b).

@@ 1 3 4

6 7 11 12 13 14 15 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 37 38 39 40 41 42 43 44 45 46 47
H Li Be i

C N Na Mg Al Si P K Ca Sc Ti \% Cr Mn Fe Co Ni Cu Zn Ga Ge As Rb  Sr Y Zr Nb Mo Tc Ru Rh Pd Ag

U o wwu

29 Cu -6 -5 0 -33 -84 16 -3 -1 -19 -175 25 -13 -24 -9 5 12 4 13 6 4 = 1 1 -11.5 -3 27 -9 -22 -23 3 19 8 7 -2 -14 2
47 Ag -10 -16 6 -32 -94 0 -10 -4 -20 -1857 -28 -28 -2 17 27 13 28 19 15 2 -4 -5 -17.5 -8 7 -27 -29 -20 16 37 24 23 10 -7 =
79 Au -8 -37 0 -2 -20 -58 -14 -32 -22 -30 -135 -9 -60 -74 -47 -19 0 -11 8 7 7 -9 -16 -19 -215 -11 -10 -59 -74 -74 -32 3 14 15 7 0 -6

48 49 50 51 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 90 92 94 =
Cd In Sn Sb  Cs Ba La Ce Pr Nd Pm  Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta ' Re Os Ir Pt Au Hg Tl Pb Bi Th U Pu —

29 Cu 6 10 7 7 28 -9 -21 -21 -22 -22 -23 -22 -10 -22 -23 -22 -22 -23 -23 -12 -24 -17 2 22 18 10 0 -12 -9 8 15 15 15 -24 -7 -9 =
47 Ag -2 —2 -3 -4 8 -28 -30 -30 -30 -29 -30 -30 -27 -29 -29 -29 -29 -29 -29 -28 -30 -13 15 43 38 28 16 -1 -6 —1 3 3 2 -29 0 -6 =
79 Au -11  -11 -10 -4 -9 -60 -73 -73 -73 -73 -75 -74 -58 -74 -74 -74 -72 -74 -74 -59 -75 —-63 -32 12 20 18 13 4 Au —4 -2 2 2 -78 —-43 -45 —

(b) 1 3 4 5 6 7 11 12 13 14 15 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 37 38 39 40 41 42 43 44 45 46 47
H Li Be B C N Na Mg Al Si P K Ca Sc Ti A% Cr Mn Fe Co Ni Cu Zn Ga Ge As Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag
29 Cu -136 -48 -11 -64 -384 -86.8 152 -44 -76 -92 -263 242 -122 -239 -89 5.0 125 3.8 129 64 3.6 = -37 -55 -6.7 -119 256 -87 -21.8 -22.6 2.6 185 82 7.0 -25 -136 2.2
47 Ag -9.6 -15.7 6.2 54 -31.7 -88.2 04 -104 -44 -33 -183 6.2 —-279 -283 -15 169 270 127 281 190 155 22 -38 -50 -53 -84 69 -268 -293 -203 164 372 244 234 095 -73 -
79 Au -84 -37.0 -0.1 -24 -19.6 -55.5 —-14.2 -31.5 -21.6 —-13.0 -133 -9.0 -59.0 -73.7 —474 -192 -0.2 -11.3 8.0 7.2 7.1 -88 -163 -19.2 -94 -10.7 -9.0 -574 -729 -739 -32.1 34 13.7 150 7.1 0.1 -5.5

48 49 50 51 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 90 92 94 =
Cd In Sn Sb  Cs Ba La Ce Pr Nd Pm  Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta ' Re Os Ir Pt Au Hg Tl Pb Bi Th U Pu =
29 Cu 06 24 -10 -18 266 -82 -202 -208 -213 -213 -225 -21.8 -21.8 -21.8 —223 -222 -216 —-226 —-225 -225 -236 -169 1.9 225 182 103 02 -121 -88 24 8.1 73 61 -239 -68 -94 —
47 Ag -22 -15 -29 -36 75 —272 -293 -293 -293 -293 -30.0 —29.3 —-29.3 —-29.3 -29.3 —-29.1 —284 -29.1 —29.0 —289 -29.5 —126 151 43.1 381 282 155 -08 -55 -08 28 26 19 -284 02 -60 —
79 Au -10.7 -10.6 -103 -39 -89 -582 -71.7 -722 -72.7 -725 -744 -73.1 -73.0 -729 -735 -73.1 -71.7 -735 -732 -73.0 -748 -63.3 -323 115 198 179 126 44 - —-41 -17 22 18 -773 —43.1 —446 —

(c) 1 3 4 5 6 7 11 12 13 14 15 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 37 38 39 40 41 42 43 44 45 46 47

H Li Be B C N Na Mg Al Si P K Ca Sc Ti \Y% Cr Mn Fe Co Ni Cu Zn Ga Ge As Rb  Sr Y Zr Nb Mo Tc Ru Rh Pd Ag
29 Cu 76 -02 1.1 64 54 28 08 14 66 -98 88 08 -08 -01 -01 O -05 02 0.1 -04 04 — 47 65 -48 89 14 -03 -02 -04 04 05 -020 0.5 -04 -02
47 Ag -04 -03 -02 -04 -03 -58 -04 04 04 -167 -02 08 -0.1 03 -05 0.1 0 0.3 -01 0 -05 -02 -02 O -122 04 01 -02 03 0.3 -04 -02 -04 -04 05 0.3 0
79 Au 04 0 0.1 04 -04 -25 02 -05 -04 -17 -02 O -1 -03 04 02 02 03 O -02 -01 -02 03 02 -121 -03 -1 -16 -11 -01 0.1 -04 03 0 -01 -01 -05

48 49 50 51 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 90 92 94 =
Cd In Sn Sb  Cs Ba La Ce Pr Nd Pm  Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Th U Pu =
29 Cu 54 76 8 88 14 -08 -08 -02 -07 -07 -05 -02 118 -02 -07 0.2 -04 -04 -05 105 -04 -01 0.1 -05 -02 -03 -02 0.1 -02 56 69 77 89 -01 -02 04 -
47 Ag 0.2 -05 -01 -04 05 -08 -07 -07 -07 03 O -07 23 03 03 01 -06 0.1 0 0.9 -05 -04 -01 -01 -01 -02 05 -02 -05 -02 02 04 01 -06 -02 O =
79 Au —-03 -04 03 -01 -01 -18 -13 -08 -03 -05 -06 -09 15 -1.1 -05 -09 -03 -05 -08 14 -02 03 03 05 02 01 04 -04 - 0.1 -03 -02 02 -07 0.1 04 -
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atomic pairs are summarized in Table 4, together with the AH™X at
Ap5Bos alloy composition obtained in our previous studies [8,9].
The Table 4 (a) and (b) show the data in our previous study [8,9]
and the current study, respectively, whereas Table 4 (¢) summa-
rizes the difference in AH™X's between (a) and (b). Table 4 (c)
shows that differences of AH™*'s between the previous and
current studies are smaller than 1 k] mol~! for NM-TM pairs,
whereas those are in the order of several kj mol~! for the other
pairs including NTM. Here, it should be noted that Table 4(c) shows
relatively large difference in AH™X for Si- and Ge-containing alloys.
However, these large differences are due to AH™" [3] for the Si
(34 k] mol~!) and Ge (25 k] mol~!), and are resulted from different
definitions for dealing with AH"S between our previous studies
[8,9] and the current study. Hence, the large difference in AH™*'s
for Si- and Ge-containing alloy in Cu, Ag and Au systems is not
considerable results that should be taken into account.

Instead, much more important difference in AH™X’s is seen in
Table 4 for Cu—Al atomic pair. Table 4 shows that Cu—Al atomic pair
exhibits AH™*'s/k] mol ! of —1 for (a), —7.6 for (b), and resultant
6.6 for (c). This difference in AH™¥’s is of great importance when
considering that Cu and Al are frequently included in amorphous
and glassy alloys as well as BMGs as constituent elments. Of the NM
consisting of Cu, Ag and Au, it was found that the R term tends to
affect greatly for Cu-metalloid atomic pairs than Ag- and Au-
metalloid atomic pairs. One reason for Cu element to exhibit the
greater effect on R should be the parameters for evaluating R/P: Cu,
Au (0.3) > Ag (0.15) [3] as described in Section 2, since these
parameters directly affect the R term. However, only R/P values for
Cu and Ag do not account for the similarity in behavior because of
the same values of 0.3 is assigned for Cu and Au. A possible another
reason may be the difference in ¢ s between NM-NTM where ¢ for
Cu, Ag and Au is 4.45, 4.35 and 5.15 V [3,4], respectively. Besides,
other parameters in Miedema’s scheme, such as, nys and V also can
be candidates for explaining the greater effect on R for Cu. The NMs
of Cu, Ag and Au in Miedema's scheme have (nws and V/
107% m3 mol~!) = (3.18 and 7.12) for Cu, (2.52 and 10.25) for Ag and
(3.87 and 10.20) for Au. Considerations for parameters R*/P, ¢, nws
and V among Cu, Ag and Au suggests that Ag and Au have a similar
tendency for V. Accordingly, it is considered that similar tendencies
in V for Ag and Au, accompanied by R*/P greatly affect R term,
leading to the difference in AH™* between Cu and other elements
of Pt and Au. Thus, it is concluded that modification of R term in the
present study principally affects AH™X values for the Cu-containing
alloys system; in particular, for Cu-NTM atomic pairs.

4. Conclusions

We have performed the most accurate and reliable calculations
of mixing enthalpy (AH™¥) as a function of composition in an alloy
system in a framework of Miedema'’s scheme. We have shown that
AH™X of a liquid phase based on Miedema’s scheme for all the
possible 2628 binary systems can be approximated by a sub-regular
solution model with interaction parameter (2) of the third order

dependence on composition of an alloy. The composition depen-
dence of AH™* is not strong for conventional alloy systems even for
metal-metalloid systems, except for some of the H-, C- and N-
containing alloys. The analysis for bulk metallic glasses (BMGs)
revealed that simultaneous inclusions of Ni and Cu in La-, Zr- and
Pd-based BMGs cause marked differences in AH™*, compared to
the zero-order approximation of Q. Another peculiar composition
dependence of AH™* is found for P and C in Fe—P and Fe—C binary
alloys, in which the values of AH™* at a fraction of solute element of
P or C ~ 0.2 are the same, whereas Fe—C alloy has the large and
negative value of AH™* than Fe—P alloy at higher fraction up to 0.5.
In a framework of Miedema’s scheme, the present study differs
from both the original literature and the authors’ previous works in
point that the original and previous works deal with AH™X only at
the equi-atomic composition or the dilute limits of solute and
solvent elements. This difference makes it possible for the present
study to show these marked and peculiar behaviors of AH™X, In the
present study we have provided a table for Q’s for 1378 systems
from 53 elements that are involved in BMGs as well as amorphous
and glassy alloys. We think that this table for Q's provides a great
benefit of further understanding the forming ability of the amor-
phous and glassy alloys.
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