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a b s t r a c t

The forming ability of amorphous and glassy alloys has been assessed with mixing enthalpy (DHmix) of
a liquid phase based on Miedema’s scheme. The DHmix’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 U in a sub-regular solution model with coefficients Ui (i ¼ 0 to 3) for a cubic function of
composition. The results revealed that 2627 systems were fitted by U0s within errors denoted by
statistical adjusted R-square (R2) � 0.999, which includes R2 ¼ 1 for 2409 systems. The values of Ui 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 FeeP and FeeC 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 DHmix. In a framework of Miedema’s scheme, the most accurate
values of DHmix 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.

� 2010 Elsevier Ltd. All rights reserved.
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 AueSi
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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 (DHmix) of a liquid phase can be a candidate as
an index for evaluating GFA. In reality, DHmix is a criterion for GFA
evaluations [1] as well as the atomic size ratios among the constit-
uent elements [1]. Specifically, DHmix 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 DHmix for 2628 binary
systems from 73 elements, which almost cover the constituent
elements for noncrystalline alloys and BMGs. On the other hand,
Miedema’smodel possesses the following disadvantageous aspects.
First, one cannot calculateDHmix byMiedema’s schemealgebraically
only using composition of an alloy, which differs from a regular
solution model [5] and sub-regular solution models [6,7] with
interaction parameter (U). Second, only the limited numbers of
values of DHmix for solutions are provided in the original literature
[3,4] and in our previous studies [8,9], such as theDHmix at the equi-
atomic concentration A0.5B0.5 in an AeB binary alloy [3,8,9] and
DHmix at a dilute limits of solute and solvent elements as well [3,4].
However, every real systemmoreor less shouldhaveunsymmetrical
DHmix value as a function of compositionwith respect to the A0.5B0.5.
Hence, one should consider a composition dependence of DHmix for
analyzing the GFA more precisely by overcoming these disadvan-
tages intrinsic to Miedema’s scheme. In analyzing GFA, it is worth
describingDHmix in formulae of sub-regular solutionmodels [6,7] by
fiting DHmix with U.

The purposes of the present study are to calculate all the possible
DHmix’s in accordance with Miedema’s scheme as a function of
composition in an alloy system, and then to fit the DHmix’s with
a sub-regular solutionmodelwithU0s to evaluate the applicability of
the sub-regular solution model for DHmix’s. Furthermore, the
authors aim to assess the forming ability of amorphous and glassy
alloys including BMGs using U0s obtained by fitting the DHmix’s.

2. Methods

First, the values of DHmix 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, f and nws) for each element from the original literature [3,4]
where V, f and nws are molar volume, work function and the
density at the boundary of the Wigner-Seits cell, respectively. The
DHmix’s were calculated through the procedures described below.

The calculations started with Eq. (1) given in original literature
[3,4] where DHchem(ss) is a chemical enthalpy for an AeB solution
with fractions of cA and cB (0 � cA, cB � 1),

DHchemðssÞ ¼ cAcB
�
csBDH

interðA in BÞ þ csADH
interðB in AÞ

�
:

(1)

The DHmix described in the present study is identical to DHchem(ss)
in Eq. (1). Here, DHinter (A in B) in Eq. (1) indicates the enthalpy
upon alloying, and ‘inter’ stands for ‘interfacial’, and cSA is a surface
fraction, or surface concentration of A atom in a system. The DHinter

(A in B) can be obtained by the following form in Eq. (2),

DHinterðA in BÞ ¼ V2=3
A

1
2

 
1

n1=3ws A

þ 1

n1=3ws B

!
�
� Pð4A � 4BÞ2þQ

�
n1=3ws A � n1=3ws B

�2�R
�
; ð2Þ

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 TMeNTM 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 ¼ 0.73 R/P where asterisk indicate the liquid [3].

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

csA ¼ cAV
2=3
A

cAV
2=3
A þ cBV

2=3
B

: (3)

In reality, the actual calculation of cSA 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],�
V2=3
A

�
alloy

¼
h
1þ af AB ð4A � 4BÞ

i�
V2=3
A

�
pure A

; (4)

f AB ¼ csB
�¼ 1� csA

�
; ðfor the random alloyÞ: (5)

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 Eqs. (3) to (5) have
a recurrence relationship in terms of cSA because cSA appears both in
Eqs. (3) and (5). In the present study we avoided the recurrence
problem on cSA in the following procedure. First, cSA was calculated
with Eq. (3) for a given alloy with cA and cB, using V2/3

A and V2/3
B of

pure A and B elements {(V2/3
A)pure and (V2/3

B)pure}, respectively.
Second, fAB value was determined from csB by assuming a random
alloy shown in Eq. (5). Then, fAB and (V2/3

A)pure A values obtained by
Eqs. (3) and (5) were substituted into Eq. (4) to calculate (V2/3

A)alloy.
Next, the value of cSA calculated in a formula of Eq. (6) instead of
Eq. (3) by interpreting csA in Eq. (3) for pure metal as csA in Eq. (6)
for an alloy,

csA ¼
cA
�
V2=3
A

�
alloy

cA
�
V2=3
A

�
alloy

þcB
�
V2=3
B

�
alloy

: (6)

Finally, the csA value obtained by Eq. (6) was substituted into Eq. (1)
to calculate DHchem(ss). The modifications of V2/3

A and V2/3
B terms

based on Eq. (4) were originally performed in the present study to
have the most accurate and reliable values of DHmix for a random
solid solution. Using Eqs. (1) to (6) together with the parameters
given in literature [3], we calculated DHmix as a function of
composition in any system.

Then, we approximated the DHmix with a formula of a sub-
regular solution model with interaction parameter (U). The selec-
tion of a sub-regular solution model is due to the awkward
procedures for evaluating cSA term in Eq. (6) in Miedema’s scheme,
and to treat DHmix 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 DHmix by U in
a formula shown in Eq. (7),

DHmix
cA;cB ¼ 4

 X3
k¼0

UkðcA � cBÞk
!
cAcB: (7)

The coefficient “four” on the right-side of Eq. (7) was intentionally
introduced to account for the values of U at the equi-atomic
concentrations, A0.5B0.5, in an AeB alloy in our previous studies
[8,9]. It should be noted that the value of U0 at A0.5B0.5 for k ¼ 0 in
Eq. (7) is equivalent to the previous result [7,8], indicating that the



Fig. 1. Calculated DHmix of HeCs system by Miedema’s scheme and its approximation
with Ui (i ¼ 0 to 3).
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methods to obtain DHmix 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 DHmix was evaluated
by introducing a homebuilt parameter, Uasym., defined by Eq. (8),

Uasym: ¼ jU1j þ jU3j
jU0j

: (8)

Equation. (8) contains coefficients Ui from odd orders (i ¼ 1 and 3)
to the principal coefficient (U0), providing the degree of ansym-
metory of DHmix in terms of A0.5B0.5 composition. In addition, we
also use statistical adjusted R-square (R2) as well as Uasym..

After obtaining all the Ui (i ¼ 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 [10e26] and the 351 ternary amor-
phous alloys [27], inwhich the latter partially contains glassy alloys.
The constituent elements involved in BMGswere acquired from the
authors’ recent work [10] and its original references [11e26]. They
are, Pd0.4Cu0.3Ni0.1P0.2 [11], Zr0.412Ti0.138Cu0.125Ni0.1Be0.225 [12],
Pd0.35Pt0.15Cu0.3P0.2 [13], Zr0.55Al0.10Ni0.05Cu0.30 [14], Mg0.595Cu0.229-
Ag0.066Gd0.11 [15], Mg0.54Cu0.265Ag0.085Gd0.11 [16], Zr0.48Cu0.36-
Ag0.08Al0.08 [17], Pd0.4Ni0.4P0.2 [18], Y0.36Sc0.20Al0.24Co0.20 [19],
(La0.7Ce0.3)0.65Co0.25Al0.10 [20], La0.62{(Cu5/6Ag1/6)0.14Ni0.05Co0.05}
Al0.14 [21], Zr0.57Ti0.05Cu0.2Ni0.08Al0.1 [22], Pt0.425Cu0.27Ni0.095P0.21
[23], (Fe0.8Co0.2)0.48Cr0.15Mo0.14Tm0.02C0.15B0.06 [24], Pt0.60Cu0.16-
Ni0.02P0.22 [23], Mg0.54Cu0.28Ag0.07Y0.11 [16], Ca0.65Mg0.15Zn0.2 [25],
Zr0.585Nb0.028Cu0.156Ni0.128Al0.103 [26]. On the other hand, the
ternary amorphous alloys were referred to literature [27].

In calculating DHmix for a multi-component alloy with n
constituent elements, we summed up DHmix

cA ;cB for each sub-binary
system shown in Eq. (9) for the number of atomic pairs nC2,

DHmix
alloy ¼

XnC2

i ¼ 1
isj

DHmix
ci ;cj : (9)

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

DHmix
ci;cj ¼ 4

 X3
k¼0

Uk
�
ci;nor: � cj;nor:

�k!cicj (10)

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 ci, nor. and ci, nor.
on the right-side in Eq. (10) in a sub-binary system, which are
described in Eq. (11),

ci;nor: ¼
 

ci
ci þ cj

!
; cj;nor: ¼

 
cj

ci þ cj

!
: (11)

The DHmix at A0.5B0.5 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 0 to 2.3 [3]. Besides, we also
reconsidered additional enthalpy for metalloid (MLD: B, C, N, Si and
Ge) elements. These MLD requires DHtrans. as the enthalpy for MLD
element to transform to metallic element. According to the original
literature [3], the values of DHtrans./kJ mol�1 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 DHmix. In
our previous studies [8,9], these uncertainty aspects were excluded
by extracting theDHtrans. for all theMLD elements havingDHtrans. by
utilizing the linear composition dependence of DHtrans. 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 DHmix have been obtained as the most accurate
and reliable calculations in terms of R and DHtrans. mentioned in this
paragraph.
3. Results and discussion

In this Sectionwewill show the principal results obtained in the
present study and discuss the following items: (1) reproducibility
of DHmix with U, (2) analysis of BMGs for GFA, and (3) Effects of R
term for noble metal (NM)-NTM systems in Miedema’s scheme on
DHmix.
3.1. Reproducibility of DHmix with U

First, we assessed the reproducibility of DHmix with U for 2628
binary systems using statistical adjusted R-square (R2). The results
revealed that DHmix’s of the 2409 systems (91.96%) exhibit R2 ¼ 1,
whereas 2627 systems (99.96%) show R2 � 0.999. Among all, only
HeCs system exhibits R2 ¼ 0.99872 < 0.999. These results denoted
by R2 values suggests that a cubic function of composition with
coefficients Ui (i ¼ 0 to 3) shown in Eq. (7) is adequate for
approximating DHmix calculated by Miedema’s scheme.

Next, an especial analysis was performed for HeCs system,
which gave the worst reproducibility of DHmix with U. Fig. 1 shows
the DHmix’s for HeCs system plotted as a function of composition of
Cs. The solid curve shows the calculated DHmix by Miedema’s
scheme, whereas the broken curve denotes the DHmix approxi-
mated by sub-regular solution model with Uk’s (k ¼ 0 to 3) in Eq.
(7). The dash-dotted curve exhibits the zero-order approximation
withU0, which is a case of k¼ 0 in Eq. (7) and is coincident with the
treatments in our previous references [7,8] for DHmix at equi-atomic
composition. The DHmix’s for HeCs system denoted by solid and
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broken curves exhibit the minimum DHmix around cCs w 0.3,
indicating a rather strong composition dependence of DHmix.
However, despite the strong composition dependence of DHmix,
Fig. 1 shows that the curves of DHmix for HeCs system calculated by
Miedema’s scheme denoted by solid curve and its approximation
with Ui (i ¼ 1 to 3) by broken curve agree consistently over all
composition range, but the zero-order approximation with U0 for
a case of k ¼ 0 in Eq. (7) drawn by a dash-dotted curve in a form of
a parabola function for DHmix considerably deviate at small fraction
ranges of cCs. Thus, it is possible that the DHmix was appropriately
fitted by Uk’s (k ¼ 0 to 3) with a cubic function of composition even
for HeCs system with R2 ¼ 0.99872 < 0.999. On the basis of the
results showing enough reproducibility of DHmix’s with Ui even for
the HeCs 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 [11e26] on BMGs and 351 ternary amorphous
and glassy alloys [27]. The values of Ui (i ¼ 1 to 3) for 1378 binary
systems from the 53 elements are summarized in Table 2. It should
be noted that Table 2 provides Ui’s in the order of the atomic
number in the periodic table for atomic pair AeB where the
element A always has the smaller atomic number than element B.
This notation indicates that the sign of Ui’s for i ¼ 1 and 3 in Table 2
became opposite for BeA atomic pair, which also affects the sign in
the case of k ¼ 1 and 3 for the right-sides of DHmix

cA;cB in Eq. (7) and
DHmix

ci;cj 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 DHmix with U for 2628
binary systems using Uasym. defined by Eq. (8) as well as R2. Fig. 2
shows the Uasym. e R2 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 HeCs system with
R2 ¼ 0.99872 has the greatest value of Uasym. ¼ 1.140, which indi-
cates the strongest composition dependence in terms of H0.5Cs0.5
composition. The dotted and broken curves in Fig. 2 given guide for
eyes exhibit two tendencies underlying Uasym. e R2 diagram. The
first tendency is that both curves approach a point (R2,
Uaysm.) ¼ (1,0) with increasing R2. The second tendency is that the
dotted and broken curves separate with decreasing R2, approaching
the plots of NeCs and HeCs systems, respectively. It appears that
the dotted and broken curves approach the value of Uaysm. near 0.6
and 1.2, respectively, with decreasing R2 to 0.9985. The second
tendency provides the following general trends with small R2

value: (1) Both U1 and U3 term are approximately equal to two-
thirds of the U0 terms, and (2) H-containing alloy systems, in
particular, exhibit greater jU3/U0j than jU1/U0j. In reality, these
trends were derived by calculating indices of jU3/U0j and jU1/U0j.
The values of (U0, U1, U2, U3)/kJ.mol�1 were acquired from Table 2
for NeCs and HeCs as (�130.5, �70.1, �25.6, 6.26) and (�13.8,
�8.0, �9.2,�7.8), respectively. Thus, jU3/U0j was calculated to be
0.048 for NeCs and 0.57 for HeCs and jU1/U0j is 0.54 for NeCs and
0.58 for HeCs. These jU3/U0j and jU1/U0j values for NeCs and HeCs
explain the second tendency mentioned above and the greater
Table 1
The atomic number (No.) and symbol (Symb.) of 53 elements selected in the present s
elements were selected from ternary amorphous alloys as well as glassy alloys [27] and
(w1.27 cm). The atomic pairs from the 53 elements amount to 1378, and their Ui’s are s

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 V Cr
No. 45 46 47 49 50 56 57 58 59 60 62 64 65
Symb. Rh Pd Ag In Sn Ba La Ce Pr Nd Sm Gd Tb
composition dependence of DHmix for HeCs system than NeCs.
Besides to HeCs and NeCs systems, Fig. 2 shows that H-, C- and N-
containing binary systems covers principally the plots for R2 < 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 DHmix’s with Ui 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, dEf, dLp 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, “dLp” 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, dEf, dLp and p,

C-1 (s-dEf-dLp): La-, Zr- and Y-based BMGs, such as, AleLaeNi,
C-2 (dEf-dLp-p): Fe-based BMGs, such as, ZreFeeB,
C-3 (s-dLp-p): Fe-based multi-component BMGs, such as, (Al,
Ga)-Fe-(P,C,B,Si)
C-4 (s-dEf-dLp): Mg-based BMGs, such as, MgeYeCu
C-5 (dLp-p): Pd- and Pt-based BMGs, such as, (Pd,Ni)-P,
C-6 (dEf-dLp): Cu- and Ni-based BMGs, such as, (Zr,Ti)-Cu, and
C-7 (s-dLp): Ca-based BMGs, such as, (Ca,Mg)-Zn.

Besides, BMGs in C-1, C-4, C-6 and C-7 are categorized in metale
metal type, whereas those in C-2, C-3 and C-5 in metal-metalloid
types. Fig. 3 shows DHmix’s for the alloy systems in seven classes.
Fig. 3 demonstrates that the compositions that giveminimumDHmix

(cX,min) lie at 0.45e0.55 formost of the alloy systems, indicating that
composition dependence of DHmix is not as large for practical BMGs
as HeCs 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 DHmix at Fe0.5P0.5 and Fe0.5C0.5
has different values about �40 kJ mol�1 and �50 kJ mol�1, respec-
tively. However, the values of DHmix at Fe-rich side for FeeP and
FeeC tend to give smaller difference than that at Fe0.5 X0.5 (X¼ P and
C) with decreasing fraction of X from 0.5. At lower composition of X,
DHmix for FeeP agree with that for FeeC around Fe0.8 X0.2. The
coincidence of DHmix’s at X ¼ 0.2 indicates that P and C affect the
formation of amorphous and glassy phase almost the same degree.
tudy as the ones involving amorphous and glassy alloys including BMGs. These 53
original literature for BMGs [11e26] with critical diameters more than half inches
hown in Table 2.

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 e

Dy Ho Er Tm Yb Hf Ta W Ir Pt Au Pb Th e



Table 2
The values of Ui (i ¼ 1 to 3) in units of kJ mol�1 for 1378 systems from 53 elements. Note that U0 ¼ DHmix at A0.5B0.5 in an AeB alloy.

Pair HeBe HeB HeC HeMg HeAl HeSi HeP HeCa HeSc HeTi HeV HeCr HeMn HeFe HeCo HeNi HeCu HeZn HeGa HeGe HeSr HeY HeZr HeNb HeMo HeRu HeRh HePd HeAg HeIn HeSn HeBa
U0 2.0 4.7 �2.9 �17.7 �7.8 �2.2 0.8 �41.2 �56.7 �52.4 �38.0 �27.7 �33.7 �23.2 �23.0 �22.8 �13.6 �7.6 �7.6 �2.3 �40.4 �56.3 �65.0 �44.8 �27.3 �19.8 �23.5 �27.1 �9.6 �5.8 �4.1 �40.6
U1 0.6 1.6 �0.9 �7.7 �3.4 �1.0 0.4 �20.3 �25.3 �22.2 �15.3 �11.1 �13.0 �9.7 �9.6 �9.7 �5.0 �3.0 �3.5 �1.1 �21.1 �28.0 �29.8 �20.0 �12.7 �9.9 �11.8 �14.2 �4.4 �2.9 �2.2 �21.7
U2 0.2 0.6 �0.1 �5.0 �2.0 �0.6 0.2 �17.1 �18.5 �14.6 �8.7 �5.7 �6.8 �4.9 �4.6 �4.6 �2.5 �1.6 �2.4 �0.7 �20.2 �23.8 �22.8 �13.4 �7.7 �5.5 �6.6 �8.3 �2.7 �2.3 �1.9 �21.9
U3 0.1 0.2 0.0 �2.8 �1.1 �0.3 0.1 �11.8 �11.7 �8.6 �4.5 �2.7 �3.3 �2.3 �2.1 �2.0 �1.1 �0.8 �1.4 �0.4 �15.3 �16.8 �15.1 �7.9 �4.3 �2.8 �3.4 �4.4 �1.5 �1.5 �1.3 �17.2
Pair HeLa HeCe HePr HeNd HeSm HeGd HeTb HeDy HeHo HeEr HeTm HeYb HeHf HeTa HeW HeIr HePt HeAu HePb HeTh BeeB BeeC BeeMg BeeAl BeeSi BeeP BeeCa BeeSc BeeTi BeeV BeeCr BeeMn
U0 �55.9 �56.1 �56.2 �56.2 �56.4 �56.3 �56.5 �56.4 �55.9 �56.6 �56.5 �56.4 �60.1 �44.9 �23.4 �20.6 �24.3 �8.4 �0.5 �57.4 0.0 �14.9 �3.1 0.2 2.2 �3.7 �13.6 �35.2 �30.0 �16.3 �7.2 �10.4
U1 �28.9 �28.7 �28.4 �28.3 �28.1 �28.0 �27.9 �27.7 �27.3 �27.5 �27.2 �27.1 �27.7 �20.1 �11.3 �10.8 �13.3 �4.4 �0.3 �29.4 0.0 0.8 �0.6 0.0 0.4 �0.8 �4.1 �7.6 �4.9 �2.0 �0.7 �1.0
U2 �26.1 �25.3 �24.6 �24.4 �23.9 �23.8 �23.3 �22.9 �22.5 �22.4 �22.0 �21.8 �20.8 �13.4 �7.0 �6.1 �7.9 �2.8 �0.3 �26.8 0.0 0.2 �0.1 0.0 0.1 �0.1 �1.5 �2.4 �1.5 �0.5 �0.1 �0.2
U3 �19.3 �18.5 �17.7 �17.5 �17.0 �16.8 �16.3 �15.9 �15.5 �15.4 �15.0 �14.8 �13.5 �8.0 �3.9 �3.2 �4.3 �1.6 �0.2 �20.1 0.0 �0.1 0.0 0.0 0.0 0.0 �0.4 �0.7 �0.4 �0.1 0.0 0.0
Pair BeeFe BeeCo BeeNi BeeCu BeeZn BeeGa BeeGe BeeSr BeeY BeeZr BeeNb BeeMo BeeRu BeeRh BeePd BeeAg BeeIn BeeSn BeeBa BeeLa BeeCe BeePr BeeNd BeeSm BeeGd BeeTb BeeDy BeeHo BeeEr BeeTm BeeYb BeeHf
U0 �3.7 �3.9 �4.2 �1.1 3.4 4.7 8.6 �9.6 �30.8 �42.0 �24.3 �6.7 �3.1 �6.0 �8.0 6.2 15.3 14.4 �8.9 �28.1 �29.1 �30.0 �29.9 �30.8 �30.8 �31.6 �31.5 �30.7 �32.3 �32.2 �32.2 �36.8
U1 �0.4 �0.4 �0.5 �0.1 0.4 1.0 1.7 �3.5 �9.1 �9.6 �4.6 �1.2 �0.6 �1.2 �1.8 1.1 4.3 4.6 �3.5 �9.2 �9.2 �9.2 �9.1 �9.1 �9.1 �9.1 �8.9 �8.6 �8.9 �8.7 �8.6 �8.3
U2 �0.1 0.0 0.0 0.0 0.0 0.3 0.4 �1.6 �3.7 �3.7 �1.4 �0.3 �0.1 �0.2 �0.3 0.3 1.6 1.9 �1.7 �4.2 �4.1 �3.9 �3.9 �3.8 �3.7 �3.7 �3.5 �3.4 �3.4 �3.3 �3.2 �3.1
U3 0.0 0.0 0.0 0.0 0.0 0.1 0.1 �0.6 �1.4 �1.3 �0.4 �0.1 0.0 0.0 �0.1 0.1 0.5 0.8 �0.7 �1.8 �1.7 �1.6 �1.5 �1.5 �1.4 �1.4 �1.3 �1.2 �1.2 �1.2 �1.1 �1.1
Pair BeeTa BeeW BeeIr BeePt BeeAu BeePb BeeTh BeC BeMg BeAl BeSi BeP BeCa BeSc BeTi BeV BeCr BeMn BeFe BeCo BeNi BeCu BeZn BeGa BeGe BeSr BeY BeZr BeNb BeMo BeRu BeRh
U0 �24.1 �3.2 �5.5 �9.8 �0.1 25.0 �35.8 �10.2 �3.7 0.1 3.3 0.5 �21.1 �53.9 �57.2 �42.0 �31.4 �32.4 �26.5 �24.2 �23.6 �6.4 4.1 5.6 11.5 �16.7 �48.9 �70.1 �53.9 �34.1 �24.5 �25.2
U1 �4.6 �0.7 �1.2 �2.4 0.0 8.7 �11.4 0.7 �0.8 0.0 0.6 0.1 �7.0 �12.8 �10.4 �5.5 �3.3 �3.3 �3.0 �2.6 �2.5 �0.5 0.5 1.2 2.3 �6.6 �15.5 �17.6 �10.9 �6.5 �4.6 �4.8
U2 �1.4 �0.2 �0.2 �0.5 0.0 4.0 �5.5 0.0 �0.1 0.0 0.1 0.0 �2.3 �3.6 �2.9 �1.2 �0.6 �0.6 �0.5 �0.3 �0.3 0.0 0.0 0.3 0.6 �2.9 �6.1 �6.3 �3.1 �1.5 �0.9 �0.9
U3 �0.4 0.0 0.0 �0.1 0.0 1.7 �2.5 0.0 0.0 0.0 0.0 0.0 �0.4 �0.9 �0.8 �0.2 �0.1 �0.1 �0.1 0.0 0.0 0.0 0.0 0.1 0.1 �0.9 �2.1 �2.2 �0.8 �0.4 �0.2 �0.2
Pair BePd BeAg BeIn BeSn BeBa BeLa BeCe BePr BeNd BeSm BeGd BeTb BeDy BeHo BeEr BeTm BeYb BeHf BeTa BeW BeIr BePt BeAu BePb BeTh CeMg CeAl CeSi CeP CeCa CeSc CeTi
U0 �24.1 5.4 17.8 17.4 �15.9 �45.9 �47.0 �48.0 �47.9 �49.0 �48.9 �49.9 �49.8 �48.9 �50.7 �50.6 �50.5 �64.9 �53.3 �30.7 �25.7 �27.8 �2.4 29.5 �55.7 �52.9 �34.9 �21.3 �4.5 �84.0 �114.6 �106.8
U1 �5.2 1.0 5.2 5.7 �6.7 �16.1 �16.0 �15.8 �15.7 �15.7 �15.5 �15.5 �15.2 �14.8 �15.1 �14.8 �14.6 �16.0 �10.8 �6.2 �5.4 �6.6 �0.6 10.6 �19.1 �15.8 �9.1 �5.5 �1.3 �36.4 �38.8 �30.6
U2 �1.1 0.2 1.8 2.4 �3.2 �7.1 �6.7 �6.4 �6.3 �6.1 �6.1 �5.9 �5.7 �5.4 �5.5 �5.2 �5.1 �5.5 �3.1 �1.5 �1.1 �1.4 �0.1 4.9 �9.0 �2.9 �2.2 �1.6 �0.4 �13.8 �12.9 �10.3
U3 �0.2 0.0 0.6 0.9 �1.2 �2.8 �2.6 �2.4 �2.3 �2.2 �2.1 �2.0 �1.9 �1.8 �1.8 �1.6 �1.6 �1.9 �0.8 �0.4 �0.2 �0.3 0.0 2.1 �4.0 0.8 �0.3 �0.4 �0.1 �2.1 �3.0 �3.2
Pair CeV CeCr CeMn CeFe CeCo CeNi CeCu CeZn CeGa CeGe CeSr CeY CeZr CeNb CeMo CeRu CeRh CePd CeAg CeIn CeSn CeBa CeLa CeCe CePr CeNd CeSm CeGd CeTb CeDy CeHo CeEr
U0 �81.2 �60.9 �65.5 �49.1 �41.9 �38.5 �38.4 �31.4 �32.4 �16.8 �82.3 �112.7 �128.0 �99.8 �65.8 �35.1 �35.0 �31.9 �31.7 �25.9 �22.5 �82.5 �111.2 �111.8 �112.3 �112.1 �112.8 �112.7 �113.4 �113.1 �111.9 �113.6
U1 �18.7 �12.2 �13.0 �10.1 �8.1 �7.4 �6.3 �6.3 �9.9 �4.9 �40.4 �46.6 �45.3 �30.1 �18.5 �9.4 �9.5 �9.4 �8.7 �9.8 �9.4 �42.4 �49.4 �48.5 �47.7 �47.3 �46.8 �46.6 �46.0 �45.4 �44.6 �44.8
U2 �5.0 �2.8 �2.9 �2.3 �1.7 �1.6 �0.6 �0.3 �3.0 �1.7 �20.0 �21.2 �19.6 �10.6 �6.0 �2.8 �2.8 �3.1 �2.3 �4.0 �4.8 �23.1 �25.1 �23.8 �22.5 �22.2 �21.4 �21.2 �20.4 �19.7 �19.2 �18.9
U3 �1.3 �0.6 �0.6 �0.5 �0.4 �0.3 0.1 0.5 �0.7 �0.5 �6.5 �8.0 �7.8 �3.5 �1.8 �0.8 �0.8 �1.0 �0.5 �1.4 �2.3 �8.8 �10.8 �9.8 �9.0 �8.7 �8.1 �8.0 �7.4 �7.1 �6.8 �6.5
Pair CeTm CeYb CeHf CeTa CeW CeIr CePt CeAu CePb CeTh MgeAl MgeSi MgeP MgeCa MgeSc MgeTi MgeV MgeCr MgeMn MgeFe MgeCo MgeNi MgeCu MgeZn MgeGa MgeGe MgeSr MgeY MgeZr MgeNb MgeMo MgeRu
U0 �113.3 �113.1 �119.9 �99.0 �59.1 �31.7 �30.2 �19.6 �12.2 �118.9 �1.9 �9.1 �39.3 �5.6 �3.4 15.8 23.1 23.6 10.0 17.5 2.8 �3.6 �4.4 �3.5 �4.3 �14.3 �3.9 �6.0 5.7 31.7 35.8 0.0
U1 �44.1 �43.8 �41.8 �29.8 �17.2 �9.0 �9.3 �6.1 �5.5 �52.3 0.1 0.7 0.7 �0.7 0.0 �1.1 �2.7 �3.3 �1.5 �2.2 �0.4 0.5 0.6 0.3 0.0 0.6 �0.7 �0.6 0.0 �1.4 �1.8 0.0
U2 �18.3 �18.0 �17.6 �10.6 �5.7 �2.8 �3.2 �2.0 �3.0 �29.5 0.0 0.1 1.6 �0.1 0.0 0.0 0.1 0.1 0.1 �0.1 0.0 0.0 �0.1 0.0 0.0 0.2 �0.2 �0.1 0.0 �0.2 �0.6 0.0
U3 �6.1 �5.9 �6.9 �3.5 �1.8 �0.9 �1.0 �0.6 �1.5 �15.0 0.0 �0.1 �0.5 0.0 0.0 0.0 0.1 0.1 0.0 0.2 0.0 0.0 0.0 0.0 0.0 �0.1 0.0 0.0 0.0 0.0 0.2 0.0
Pair MgeRh MgePd MgeAg MgeIn MgeSn MgeBa MgeLa MgeCe MgePr MgeNd MgeSm MgeGd MgeTb MgeDy MgeHo MgeEr MgeTm MgeYb MgeHf MgeTa MgeW MgeIr MgePt MgeAu MgePb MgeTh AleSi AleP AleCa AleSc AleTi AleV
U0 �16.9 �39.9 �10.4 �3.8 �8.6 �3.5 �6.9 �6.6 �6.4 �6.3 �6.0 �6.0 �5.7 �5.6 �5.5 �5.3 �5.2 �5.2 9.7 29.6 38.1 �12.7 �34.7 �31.5 �8.1 �2.8 �2.3 �21.0 �20.1 �37.7 �29.5 �16.3
U1 0.7 0.6 0.3 �0.3 �0.9 �0.8 �0.9 �0.8 �0.7 �0.7 �0.6 �0.6 �0.5 �0.5 �0.4 �0.4 �0.3 �0.3 0.0 �1.3 �1.3 0.3 �0.3 �1.2 �1.1 �0.3 0.1 �0.5 �3.7 �2.6 0.1 0.9
U2 0.6 1.6 0.1 0.0 0.0 �0.2 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 0.0 0.0 0.0 0.0 0.0 �0.2 �0.9 0.5 1.6 0.8 0.0 0.0 0.0 0.3 �0.5 �0.2 �0.1 0.0
U3 �0.2 �0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 �0.2 �0.5 �0.1 0.0 0.0 0.0 0.0 0.2 �0.2 0.0 0.0
Pair AleCr AleMn AleFe AleCo AleNi AleCu AleZn AleGa AleGe AleSr AleY AleZr AleNb AleMo AleRu AleRh AlePd AleAg AleIn AleSn AleBa AleLa AleCe AlePr AleNd AleSm AleGd AleTb AleDy AleHo AleEr AleTm
U0 �9.9 �19.1 �11.1 �18.8 �22.3 �7.6 0.6 0.9 �2.0 �17.4 �38.1 �43.7 �18.2 �5.1 �21.2 �31.9 �45.8 �4.4 6.6 4.0 �17.0 �37.8 �37.9 �38.1 �38.0 �38.2 �38.1 �38.3 �38.1 �37.6 �38.2 �38.1
U1 0.8 1.7 0.8 1.6 1.9 0.7 0.0 0.0 0.0 �4.4 �6.0 �3.1 �0.3 0.0 0.0 �0.1 �1.4 �0.1 0.9 0.6 �4.8 �7.4 �6.9 �6.5 �6.4 �6.1 �6.0 �5.7 �5.5 �5.3 �5.1 �4.9
U2 0.0 �0.1 0.0 0.0 0.0 �0.1 0.0 0.0 0.0 �1.0 �1.1 �0.5 0.0 0.0 0.2 0.4 0.5 0.0 0.1 0.1 �1.3 �1.7 �1.5 �1.3 �1.2 �1.1 �1.1 �1.0 �0.9 �0.8 �0.8 �0.7
U3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 �0.1 �0.2 �0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 �0.2 �0.4 �0.3 �0.2 �0.2 �0.2 �0.2 �0.2 �0.1 �0.1 �0.1 �0.1
Pair AleYb AleHf AleTa AleW AleIr AlePt AleAu AlePb AleTh SieP SieCa SieSc SieTi SieV SieCr SieMn SieFe SieCo SieNi SieCu SieZn SieGa SieGe SieSr SieY SieZr SieNb SieMo SieRu SieRh SiePd SieAg
U0 �38.0 �38.5 �19.2 �2.0 �29.5 �44.2 �21.6 10.0 �39.4 �9.0 �33.7 �56.3 �49.0 �31.2 �20.4 �28.3 �17.7 �21.2 �22.9 �9.2 �0.9 �0.4 2.3 �31.3 �56.0 �66.3 �38.8 �18.4 �21.0 �28.8 �37.8 �3.3
U1 �4.8 �2.5 �0.3 0.0 �0.6 �2.2 �1.6 1.9 �6.9 �0.3 �7.6 �6.0 �1.6 0.9 1.2 1.8 1.0 1.4 1.6 0.7 0.0 0.0 0.1 �9.3 �11.0 �7.4 �1.9 �0.5 �0.3 �0.5 �1.5 �0.1
U2 �0.7 �0.4 0.0 0.0 0.4 0.6 0.0 0.4 �1.6 0.0 �0.7 �0.1 �0.1 0.0 �0.1 �0.1 �0.1 �0.1 �0.1 0.0 0.0 0.0 0.0 �2.0 �1.8 �0.9 �0.1 0.0 0.0 0.0 0.0 0.0
U3 �0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.1 �0.4 0.0 0.5 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 �0.1 �0.1 0.0 0.0 0.0 0.0 0.0 0.0
Pair SieIn SieSn SieBa SieLa SieCe SiePr SieNd SieSm SieGd SieTb SieDy SieHo SieEr SieTm SieYb SieHf SieTa SieW SieIr SiePt SieAu SiePb SieTh PeCa PeSc PeTi PeV PeCr PeMn PeFe PeCo PeNi
U0 6.8 6.2 �31.2 �55.1 �55.4 �55.8 �55.6 �56.0 �56.0 �56.3 �56.1 �55.2 �56.4 �56.1 �56.0 �59.9 �39.2 �14.1 �26.2 �36.5 �13.0 14.5 �59.1 �80.2 �111.9 �100.7 �71.1 �50.1 �57.5 �39.9 �36.0 �34.3
U1 1.1 1.2 �10.2 �12.9 �12.3 �11.7 �11.5 �11.1 �11.0 �10.5 �10.2 �9.8 �9.7 �9.4 �9.2 �6.3 �2.0 �0.5 �0.8 �2.1 �1.0 3.2 �12.8 �13.9 �6.9 0.1 4.4 4.7 5.6 3.6 3.7 3.5
U2 0.1 0.2 �2.7 �2.8 �2.4 �2.1 �2.0 �1.8 �1.8 �1.6 �1.5 �1.4 �1.3 �1.1 �1.1 �0.7 �0.1 0.0 0.0 �0.1 �0.1 0.8 �3.2 1.9 2.0 0.2 �0.1 �0.3 �0.4 �0.3 �0.3 �0.3
U3 0.0 0.0 �0.2 �0.5 �0.3 �0.2 �0.2 �0.2 �0.1 �0.1 �0.1 0.0 0.0 0.0 0.0 �0.1 0.0 0.0 0.0 0.0 0.0 0.2 �0.7 3.1 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pair PeCu PeZn PeGa PeGe PeSr PeY PeZr PeNb PeMo PeRu PeRh PePd PeAg PeIn PeSn PeBa PeLa PeCe PePr PeNd PeSm PeGd PeTb PeDy PeHo PeEr PeTm PeYb PeHf PeTa PeW PeIr
U0 �26.3 �17.8 �18.3 �4.6 �79.1 �112.3 �127.8 �90.4 �53.7 �30.9 �34.6 �36.7 �18.3 �10.2 �7.4 �80.0 �111.6 �112.0 �112.3 �112.0 �112.5 �112.3 �112.8 �112.3 �110.9 �112.7 �112.2 �111.9 �118.0 �90.0 �46.4 �30.8
U1 3.3 1.5 �0.5 0.0 �19.8 �17.1 �10.0 �1.5 0.4 0.7 0.6 �0.2 0.1 �1.1 �1.1 �22.5 �21.4 �20.0 �18.7 �18.3 �17.4 �17.1 �16.2 �15.5 �14.9 �14.5 �13.8 �13.4 �8.4 �1.5 �0.2 0.1
U2 0.0 0.4 0.2 0.0 �1.0 �0.7 �0.8 0.1 0.0 0.0 0.0 0.0 0.2 0.0 �0.2 �2.6 �2.5 �1.9 �1.3 �1.2 �0.8 �0.7 �0.4 �0.2 0.0 0.2 0.4 0.5 �0.6 0.1 0.0 0.0
U3 0.0 0.0 0.1 0.0 2.9 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.6 0.6 0.7 0.8 0.8 0.9 0.9 0.9 1.0 1.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0
Pair PePt PeAu PePb PeTh CaeSc CaeTi CaeV CaeCr CaeMn CaeFe CaeCo CaeNi CaeCu CaeZn CaeGa CaeGe CaeSr CaeY CaeZr CaeNb CaeMo CaeRu CaeRh CaePd CaeAg CaeIn CaeSn CaeBa CaeLa CaeCe CaePr CaeNd
U0 �34.6 �13.3 4.7 �119.0 17.2 42.2 42.9 36.9 18.9 24.8 2.4 �7.3 �12.2 �21.3 �27.4 �46.1 0.5 10.9 36.6 62.3 55.4 �3.5 �27.4 �62.1 �27.9 �35.0 �44.2 0.9 8.0 8.9 9.9 9.9
U1 �0.8 �0.5 0.9 �22.0 �2.2 �9.1 �11.2 �10.4 �5.5 �6.8 �0.7 2.0 3.3 4.1 3.7 8.8 0.0 �0.4 �5.4 �12.0 �11.1 0.7 5.3 10.5 4.5 2.0 2.1 0.1 0.0 �0.1 �0.2 �0.3
U2 0.0 0.0 0.2 �4.7 0.2 1.4 2.2 2.1 1.2 1.1 0.1 �0.3 �0.9 �0.9 �0.2 �0.3 0.0 0.0 0.4 1.1 0.5 0.0 0.3 1.4 �0.4 0.4 1.2 0.0 0.0 �0.1 �0.1 0.0
U3 0.0 0.0 0.0 �0.9 0.0 0.0 �0.1 0.0 �0.1 0.3 0.0 �0.1 0.1 0.1 �0.2 �0.7 0.0 0.0 0.1 0.4 0.9 �0.1 �0.9 �2.2 �0.2 �0.2 �0.4 0.0 0.0 0.0 0.0 0.0
Pair CaeSm CaeGd CaeTb CaeDy CaeHo CaeEr CaeTm CaeYb CaeHf CaeTa CaeW CaeIr CaePt CaeAu CaePb CaeTh SceTi SceV SceCr SceMn SceFe SceCo SceNi SceCu SceZn SceGa SceGe SceSr SceY SceZr SceNb SceMo
U0 10.9 10.9 11.9 11.8 11.4 12.9 12.8 12.8 38.7 59.1 56.4 �22.0 �53.6 �59.0 �51.4 18.9 7.5 7.1 0.7 �8.3 �11.4 �29.4 �38.1 �23.9 �29.2 �37.5 �56.7 24.5 0.9 4.1 17.8 10.5
U1 �0.4 �0.4 �0.5 �0.6 �0.6 �0.8 �0.8 �0.9 �5.8 �11.3 �10.5 3.9 8.0 6.1 0.6 �0.8 �0.7 �1.0 �0.1 1.4 1.8 5.0 6.4 3.9 2.7 0.8 3.9 4.8 0.1 �0.1 �1.2 �0.8
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Table 2 (continued)

U2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 1.1 0.0 0.5 2.0 1.3 1.5 �0.2 0.0 0.1 0.0 �0.2 �0.2 �0.5 �0.6 �0.7 �0.5 0.0 0.3 0.9 0.0 0.0 0.0 0.0

U3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.3 1.1 �0.9 �2.2 �1.4 �0.4 0.0 0.0 0.0 0.0 0.0 0.0 �0.1 �0.1 0.1 0.1 0.0 �0.2 0.1 0.0 0.0 0.0 0.0
Pair SceRu SceRh ScePd SceAg SceIn SceSn SceBa SceLa SceCe ScePr SceNd SceSm SceGd SceTb SceDy SceHo SceEr SceTm SceYb SceHf SceTa SceW SceIr ScePt SceAu ScePb SceTh TieV TieCr TieMn TieFe TieCo
U0 �43.3 �60.4 �85.5 �28.3 �30.2 �45.1 27.3 2.1 1.6 1.3 1.3 0.9 0.9 0.6 0.6 0.7 0.4 0.4 0.4 5.1 15.8 9.2 �61.4 �88.0 �73.7 �39.8 0.0 �1.7 �7.5 �8.2 �16.8 �28.3
U1 3.7 5.0 4.8 1.4 �1.8 �3.5 6.2 0.3 0.2 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 �0.1 �1.0 �0.6 4.0 3.3 �0.1 �4.5 0.0 0.1 0.7 0.8 1.5 2.8
U2 0.5 0.7 1.5 0.0 0.0 0.2 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 �0.1 1.1 2.1 0.7 �0.1 0.0 0.0 �0.1 �0.1 �0.1 �0.3
U3 �0.3 �0.5 �0.7 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 �0.5 �0.8 �0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pair TieNi TieCu TieZn TieGa TieGe TieSr TieY TieZr TieNb TieMo TieRu TieRh TiePd TieAg TieIn TieSn TieBa TieLa TieCe TiePr TieNd TieSm TieGd TieTb TieDy TieHo TieEr TieTm TieYb TieHf TieTa TieW
U0 �34.5 �8.9 �14.8 �23.1 �39.5 52.5 15.1 �0.2 2.0 �3.6 �43.2 �51.9 �64.5 �1.5 �5.5 �21.3 56.1 19.5 18.0 16.5 16.5 15.1 15.1 13.8 13.7 14.0 12.5 12.4 12.4 0.2 1.4 �5.7
U1 3.5 0.9 0.4 �1.2 �0.3 15.0 2.7 0.0 0.0 0.0 0.9 0.9 �0.5 0.0 �0.7 �3.3 17.8 4.2 3.6 3.1 3.1 2.7 2.7 2.3 2.2 2.2 1.9 1.8 1.8 0.0 0.0 0.0
U2 �0.4 �0.1 �0.1 �0.1 0.0 3.8 0.4 0.0 0.0 0.0 0.0 0.1 0.2 0.0 �0.1 �0.5 5.2 0.9 0.7 0.6 0.5 0.5 0.4 0.4 0.3 0.3 0.3 0.2 0.2 0.0 0.0 0.0
U3 0.0 0.0 0.0 0.0 0.0 0.7 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 �0.1 1.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pair TieIr TiePt TieAu TiePb TieTh VeCr VeMn VeFe VeCo VeNi VeCu VeZn VeGa VeGe VeSr VeY VeZr VeNb VeMo VeRu VeRh VePd VeAg VeIn VeSn VeBa VeLa VeCe VePr VeNd VeSm VeGd
U0 �57.1 �74.4 �47.4 �7.7 8.4 �2.0 �0.7 �7.1 �14.0 �18.0 5.0 �1.6 �8.0 �18.8 52.6 16.6 �3.7 �1.0 0.0 �24.7 �29.4 �35.3 16.9 11.9 �0.9 55.8 21.8 20.0 18.3 18.2 16.6 16.6
U1 0.2 �1.8 �2.9 �1.5 1.6 0.1 0.0 0.2 0.6 0.7 �0.2 0.0 �0.9 �1.3 17.4 3.8 �0.5 �0.1 0.0 �1.0 �1.3 �2.4 1.2 2.3 �0.2 20.1 5.8 5.1 4.4 4.3 3.8 3.8
U2 0.1 0.2 �0.4 �0.3 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 �0.1 �0.1 5.2 0.8 �0.1 0.0 0.0 0.0 0.0 �0.1 0.1 0.4 0.0 6.8 1.5 1.3 1.0 1.0 0.8 0.8
U3 0.0 0.0 0.0 �0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 1.7 0.4 0.3 0.2 0.2 0.2 0.2
Pair VeTb VeDy VeHo VeEr VeTm VeYb VeHf VeTa VeW VeIr VePt VeAu VePb VeTh CreMn CreFe CreCo CreNi CreCu CreZn CreGa CreGe CreSr CreY CreZr CreNb CreMo CreRu CreRh CrePd CreAg CreIn
U0 15.0 14.9 15.4 13.4 13.4 13.3 �2.2 �1.0 �0.8 �34.4 �45.6 �19.2 15.1 8.5 2.1 �1.5 �4.5 �6.7 12.5 4.7 �0.6 �6.3 46.0 11.0 �12.0 �7.2 0.4 �11.5 �13.4 �14.6 27.0 20.2
U1 3.3 3.2 3.2 2.7 2.7 2.6 �0.3 �0.1 �0.1 �2.0 �3.8 �2.2 3.8 2.1 0.0 0.0 0.0 0.1 �0.2 0.2 �0.1 �0.6 16.2 2.8 �2.0 �0.8 0.0 �0.8 �1.0 �1.5 2.7 4.3
U2 0.7 0.6 0.6 0.5 0.5 0.5 0.0 0.0 0.0 0.0 �0.1 �0.3 1.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 �0.1 5.0 0.7 �0.4 �0.1 0.0 0.0 �0.1 �0.1 0.2 0.9
U3 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.1 �0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.2
Pair CreSn CreBa CreLa CreCe CrePr CreNd CreSm CreGd CreTb CreDy CreHo CreEr CreTm CreYb CreHf CreTa CreW CreIr CrePt CreAu CrePb CreTh MneFe MneCo MneNi MneCu MneZn MneGa MneGe MneSr MneY MneZr
U0 10.0 48.7 16.6 14.7 12.8 12.8 11.0 11.0 9.3 9.3 9.9 7.6 7.6 7.5 �9.3 �6.7 1.0 �17.8 �24.5 �0.2 27.6 2.1 0.2 �5.2 �8.2 3.8 �6.4 �12.9 �19.0 26.0 �1.4 �15.3
U1 2.5 18.5 4.8 4.1 3.4 3.4 2.8 2.8 2.3 2.2 2.3 1.8 1.7 1.7 �1.5 �0.7 0.1 �1.6 �2.8 0.0 7.7 0.6 0.0 0.0 0.0 0.0 �0.3 �1.8 �1.9 9.3 �0.4 �2.6
U2 0.6 6.6 1.4 1.1 0.9 0.9 0.7 0.7 0.5 0.5 0.5 0.4 0.4 0.3 �0.3 �0.1 0.0 �0.1 �0.3 0.0 2.3 0.2 0.0 0.0 0.0 0.0 0.0 �0.2 �0.2 3.1 �0.1 �0.5
U3 0.2 1.6 0.4 0.3 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 �0.1
Pair MneNb MneMo MneRu MneRh MnePd MneAg MneIn MneSn MneBa MneLa MneCe MnePr MneNd MneSm MneGd MneTb MneDy MneHo MneEr MneTm MneYb MneHf MneTa MneW MneIr MnePt MneAu MnePb MneTh FeeCo FeeNi FeeCu
U0 �15.3 4.9 �10.7 �16.2 �22.6 12.7 2.6 �6.9 28.0 2.5 1.1 �0.2 �0.2 �1.4 �1.4 �2.6 �2.6 �2.0 �3.8 �3.8 �3.8 �11.9 �3.8 6.3 �18.2 �28.3 �11.3 6.8 �7.6 �0.6 �1.6 12.9
U1 �2.6 0.4 �0.8 �1.3 �2.3 1.3 0.6 �1.7 10.8 0.7 0.3 0.0 0.0 �0.4 �0.4 �0.7 �0.6 �0.5 �0.9 �0.9 �0.9 �2.0 �0.4 0.6 �1.7 �3.4 �1.6 1.9 �2.1 0.0 0.0 �0.3
U2 �0.5 0.0 0.0 �0.1 �0.2 0.1 0.1 �0.5 4.0 0.2 0.1 0.0 0.0 �0.1 �0.1 �0.2 �0.2 �0.1 �0.2 �0.2 �0.2 �0.4 �0.1 0.1 �0.1 �0.3 �0.3 0.6 �0.6 0.0 0.0 0.0
U3 �0.1 0.0 0.0 0.0 0.0 0.0 0.0 �0.1 1.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 �0.1 0.0 0.0 0.0 0.0 0.0 0.2 �0.2 0.0 0.0 0.0
Pair FeeZn FeeGa FeeGe FeeSr FeeY FeeZr FeeNb FeeMo FeeRu FeeRh FeePd FeeAg FeeIn FeeSn FeeBa FeeLa FeeCe FeePr FeeNd FeeSm FeeGd FeeTb FeeDy FeeHo FeeEr FeeTm FeeYb FeeHf FeeTa FeeW FeeIr FeePt
U0 3.6 �1.7 �3.4 33.4 �1.1 �24.6 �15.7 �2.0 �4.6 �5.4 �4.3 28.1 18.9 10.6 35.6 4.4 2.5 0.7 0.7 �1.1 �1.1 �2.9 �2.9 �2.0 �4.6 �4.5 �4.5 �20.5 �15.0 0.0 �8.8 �13.0
U1 0.1 �0.2 �0.3 11.4 �0.3 �4.1 �1.6 �0.2 �0.3 �0.4 �0.4 2.6 3.9 2.5 13.2 1.3 0.7 0.2 0.2 �0.3 �0.3 �0.7 �0.7 �0.5 �1.0 �1.0 �1.0 �3.3 �1.6 0.0 �0.8 �1.5
U2 0.0 0.0 0.0 3.2 �0.1 �0.8 �0.2 0.0 0.0 0.0 0.0 0.1 0.8 0.7 4.3 0.4 0.2 0.0 0.0 �0.1 �0.1 �0.1 �0.1 �0.1 �0.2 �0.2 �0.2 �0.6 �0.2 0.0 �0.1 �0.1
U3 0.0 0.0 0.0 0.3 0.0 �0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.7 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 �0.1 0.0 0.0 0.0 0.0
Pair FeeAu FeePb FeeTh CoeNi CoeCu CoeZn CoeGa CoeGe CoeSr CoeY CoeZr CoeNb CoeMo CoeRu CoeRh CoePd CoeAg CoeIn CoeSn CoeBa CoeLa CoeCe CoePr CoeNd CoeSm CoeGd CoeTb CoeDy CoeHo CoeEr CoeTm CoeYb
U0 8.0 29.0 �10.5 �0.2 6.4 �5.1 �11.0 �9.1 9.2 �21.2 �40.3 �24.5 �4.9 �0.7 �2.1 �1.5 19.0 6.6 0.2 10.8 �16.6 �18.2 �19.7 �19.7 �21.2 �21.2 �22.7 �22.6 �21.6 �24.0 �23.9 �23.9
U1 1.1 7.9 �2.8 0.0 �0.1 �0.2 �1.5 �1.0 3.2 �5.4 �7.2 �2.9 �0.5 �0.1 �0.2 �0.2 1.9 1.4 0.0 4.1 �4.8 �5.1 �5.3 �5.2 �5.5 �5.4 �5.6 �5.5 �5.2 �5.6 �5.4 �5.4
U2 0.1 2.4 �0.9 0.0 0.0 0.1 �0.1 �0.1 0.9 �1.3 �1.5 �0.4 0.0 0.0 0.0 0.0 0.1 0.3 0.0 1.4 �1.4 �1.4 �1.3 �1.3 �1.3 �1.3 �1.3 �1.2 �1.1 �1.1 �1.1 �1.0
U3 0.0 0.7 �0.3 0.0 0.0 0.0 0.0 0.0 0.1 �0.2 �0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 �0.3 �0.3 �0.3 �0.2 �0.2 �0.2 �0.2 �0.2 �0.1 �0.1 �0.1 �0.1
Pair CoeHf CoeTa CoeW CoeIr CoePt CoeAu CoePb CoeTh NieCu NieZn NieGa NieGe NieSr NieY NieZr NieNb NieMo NieRu NieRh NiePd NieAg NieIn NieSn NieBa NieLa NieCe NiePr NieNd NieSm NieGd NieTb NieDy
U0 �34.7 �23.9 �1.4 �3.5 �7.2 7.2 17.2 �29.6 3.6 �8.8 �15.0 �11.3 �1.0 �30.6 �48.4 �29.9 �7.3 0.5 �0.9 �0.1 15.5 1.7 �3.9 0.2 �26.2 �27.7 �29.2 �29.1 �30.6 �30.6 �32.0 �31.8
U1 �5.9 �2.8 �0.1 �0.3 �0.9 1.0 4.9 �8.3 �0.1 �0.3 �2.0 �1.2 �0.4 �7.8 �8.6 �3.5 �0.7 0.0 �0.1 0.0 1.5 0.4 �1.0 0.1 �7.6 �7.7 �7.8 �7.7 �7.8 �7.8 �7.9 �7.7
U2 �1.2 �0.4 0.0 0.0 �0.1 0.1 1.6 �2.7 0.0 0.2 �0.2 �0.1 �0.1 �1.8 �1.8 �0.5 �0.1 0.0 0.0 0.0 0.1 0.1 �0.3 0.0 �2.2 �2.1 �2.0 �1.9 �1.8 �1.8 �1.7 �1.6
U3 �0.2 0.0 0.0 0.0 0.1 0.0 0.5 �0.8 0.0 0.0 0.0 0.0 0.0 �0.3 �0.3 �0.1 0.0 0.0 0.0 0.0 0.0 0.0 �0.1 0.0 �0.5 �0.4 �0.4 �0.3 �0.3 �0.3 �0.2 �0.2
Pair NieHo NieEr NieTm NieYb NieHf NieTa NieW NieIr NiePt NieAu NiePb NieTh CueZn CueGa CueGe CueSr CueY CueZr CueNb CueMo CueRu CueRh CuePd CueAg CueIn CueSn CueBa CueLa CueCe CuePr CueNd CueSm
U0 �30.8 �33.2 �33.1 �33.0 �42.2 �29.2 �3.2 �1.5 �4.7 7.1 12.9 �38.8 �3.7 �5.5 �6.7 �8.7 �21.8 �22.6 2.6 18.5 7.0 �2.5 �13.6 2.2 2.4 �1.0 �8.2 �20.2 �20.8 �21.3 �21.3 �21.8
U1 �7.3 �7.7 �7.5 �7.4 �7.2 �3.4 �0.3 �0.1 �0.6 1.0 3.7 �10.9 �0.2 �0.8 �0.8 �2.9 �5.4 �3.8 0.3 1.9 0.7 �0.3 �1.8 0.2 0.5 �0.3 �3.0 �5.7 �5.7 �5.6 �5.5 �5.5
U2 �1.5 �1.5 �1.4 �1.4 �1.4 �0.5 0.0 0.0 �0.1 0.1 1.2 �3.5 0.0 �0.1 �0.1 �1.0 �1.6 �0.9 0.0 0.2 0.0 0.0 �0.1 0.0 0.1 �0.1 �1.2 �1.9 �1.8 �1.7 �1.7 �1.6
U3 �0.2 �0.2 �0.1 �0.1 �0.3 �0.1 0.0 0.0 0.0 0.0 0.4 �1.1 0.0 0.0 0.0 �0.3 �0.4 �0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 �0.4 �0.6 �0.5 �0.5 �0.5 �0.4
Pair CueGd CueTb CueDy CueHo CueEr CueTm CueYb CueHf CueTa CueW CueIr CuePt CueAu CuePb CueTh ZneGa ZneGe ZneSr ZneY ZneZr ZneNb ZneMo ZneRu ZneRh ZnePd ZneAg ZneIn ZneSn ZneBa ZneLa ZneCe ZnePr
U0 �21.8 �22.3 �22.2 �21.6 �22.6 �22.5 �22.5 �16.9 1.9 22.5 0.2 �12.1 �8.8 7.3 �23.9 0.0 �2.9 �19.9 �30.7 �29.1 �1.3 11.8 �5.2 �17.3 �32.7 �3.8 2.9 1.0 �20.0 �30.9 �30.9 �30.8
U1 �5.4 �5.3 �5.2 �5.0 �5.1 �5.0 �4.9 �2.7 0.2 2.6 0.0 �1.8 �1.5 2.1 �6.4 0.0 �0.2 �5.2 �5.5 �2.8 �0.1 0.6 �0.3 �1.0 �2.8 �0.2 0.5 0.2 �5.7 �6.6 �6.3 �5.9
U2 �1.6 �1.5 �1.4 �1.3 �1.3 �1.3 �1.2 �0.6 0.0 0.2 0.0 �0.1 �0.2 0.7 �2.2 0.0 0.0 �1.6 �1.3 �0.6 0.0 �0.1 0.1 0.4 0.7 0.0 0.1 0.0 �2.0 �1.9 �1.7 �1.5
U3 �0.4 �0.4 �0.4 �0.3 �0.3 �0.3 �0.3 �0.1 0.0 0.0 0.0 0.0 0.0 0.2 �0.7 0.0 0.0 �0.4 �0.3 �0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 �0.6 �0.5 �0.4 �0.4
Pair ZneNd ZneSm ZneGd ZneTb ZneDy ZneHo ZneEr ZneTm ZneYb ZneHf ZneTa ZneW ZneIr ZnePt ZneAu ZnePb ZneTh GaeGe GaeSr GaeY GaeZr GaeNb GaeMo GaeRu GaeRh GaePd GaeAg GaeIn GaeSn GaeBa GaeLa GaeCe
U0 �30.8 �30.7 �30.7 �30.6 �30.5 �30.0 �30.4 �30.2 �30.2 �23.7 �2.5 15.4 �13.5 �28.7 �16.3 4.8 �30.0 �2.9 �26.3 �40.1 �39.7 �8.3 6.7 �11.4 �24.8 �42.1 �5.0 2.7 0.9 �26.6 �40.7 �40.5
U1 �5.8 �5.5 �5.5 �5.2 �5.0 �4.8 �4.7 �4.5 �4.4 �2.2 �0.1 1.0 �1.1 �3.1 �2.1 1.1 �5.9 0.1 �5.5 �4.4 �0.8 0.3 �0.3 0.6 1.2 0.9 0.2 0.2 0.1 �6.3 �6.1 �5.5
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Fig. 2. Relationships between Uasym. e R2 values for 2628 atomic pairs.
These peculiar effects of DHmix as a function of composition of P and
C were only obtained in the present study with considering the
composition dependence of DHmix, since our previous studies [8,9]
always give the parabola functions for DHmix with their minimum
at A0.5B0.5 for DHmix < 0, which is shown in Fig. 1 for HeCs system
with dash-dotted curve.

Next, the effect of composition dependence of DHmix on GFA for
multi-component BMGs [11e26] was analyzed by calculating the
DHmix values by Eqs. (9e11), by comparing to the cases of k ¼ 0 to 3
and k ¼ 0, the latter of which corresponds to our previous studies
[8,9]. The results are summarized in Table 3. Table 3 shows that the
DHmix varies a couple of kJ mol�1 by considering high order term of
k ¼ 1e3. The large difference in DHmix, D(DHmix), between the two
cases of k ¼ 0 and k ¼ 0e3 are seen for La0.62{(Cu5/6Ag1/
6)0.14Ni0.05Co0.05}Al0.14 BMG [21], (3.7 kJ mol�1) and Zr0.412Ti0.138-
Cu0.125Ni0.1Be0.225 [12] and Zr0.57Ti0.05Cu0.2Ni0.08Al0.1 [22] BMGs
(2.3 kJ mol�1), followed by (Fe0.8Co0.2)0.48Cr0.15Mo0.14Tm0.02C0.15-
B0.06 BMG [24] (2.2 kJ mol�1). The former three BMGs possess
a common feature of simultaneous inclusions of Ni and Cu, which
cause 7% or greater differences in DHmix. On the other hand,
Pd0.35Pt0.15Cu0.3P0.2 [13] and Pd0.4Ni0.4P0.2 [18] BMGs exhibit D
(DHmix) ¼ 0.4 kJ mol�1, which account for less than 2%. The
Pd0.4Cu0.3Ni0.1P0.2 BMG [11] exhibits a smallD(DHmix) of 1.2 kJmol�1,
but it accounts for 11.9% for theDHmix¼�10.1 kJmol�1. These results
indicates that simultaneous additions ofNi andCugreatlyaffects the
composition dependence of DHmix. A reason for this might be the
positive value ofDHmix forNieCu atomic pair. Specifically, the values
of (U0,U1,U2,U3)/kJ mol�1 shown inTable 2 for NieCu are (3.6,�0.1,
0.0, 0.0) and the changes in DHmix as a function of composition are
shown in Fig. 3 (g) and (h). These values ofUi andDHmix indicate that
NieCu atomic pair exhibits considerably weak composition
dependence of DHmix, but the presence of the NieCu atomic pair in
an alloy affect for the system, in which the other atomic pairs have
negative DHmix’s. Besides, Table 4 shows that the simultaneous
additions Ni and Cu in Pd0.4Cu0.3Ni0.1P0.2 [11] greatly affects the
D(DHmix), but less effects are seen individual addition of Cu or Ni in
Pd0.35Pt0.15Cu0.3P0.2 [13] and Pd0.4Ni0.4P0.2 [18]. Thus, it is possible
that Pd-based BMGs containing either Ni or Cu do not have strong
composition dependence of DHmix. Hence, we tentatively conclude
that simultaneous additions of Ni and Cu with positive DHmix affect
the composition dependence of DHmix for BMGs.
3.3. Effects of R term for NM-NTM in Miedema’s scheme on DHmix

We analyzed the effect of R term inMiedema’s scheme on DHmix

for the atomic pairs consisting of NM-NTM. Here, NM is composed



Fig. 3. Calculated DHmix values of representative BMG systems.
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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 DHmix of NM-NTM including Si or Ge as MLD.
Table 3
Representative bulk metallic glasses (BMGs) and their DHmix values calculated by Eqs. (9)
and (d) percentages.

BMG Ref. DHmix/kJ m

a(a)

Pd0.4Cu0.3Ni0.1P0.2 [11] �10.1
Zr0.412Ti0.138Cu0.125Ni0.1Be0.225 [12] �32.9
Pd0.35Pt0.15Cu0.3P0.2 [13] �28.4
Zr0.55Al0.10Ni0.05Cu0.30 [14] �29.2
Mg0.595Cu0.229Ag0.066Gd0.11 [15] �8.7
Mg0.54Cu0.265Ag0.085Gd0.11 [16] �9.5
Zr0.48Cu0.36Ag0.08Al0.08 [17] �25.5
Pd0.4Ni0.4P0.2 [18] �23.1
Y0.36Sc0.20Al0.24Co0.20 [19] �33.8
(La0.7Ce0.3)0.65Co0.25Al0.10 [20] �21.5
La0.62{(Cu5/6Ag1/6)0.14Ni0.05Co0.05}Al0.14 [21] �23.6
Zr0.57Ti0.05Cu0.2Ni0.08Al0.1 [22] �29.5
Pt0.425Cu0.27Ni0.095P0.21 [23] �26.7
(Fe0.8Co0.2)0.48Cr0.15Mo0.14Tm0.02C0.15B0.06 [24] �32.9
Pt0.60Cu0.16Ni0.02P0.22 [23] �26.7
Mg0.54Cu0.28Ag0.07Y0.11 [16] �9.3
Ca0.65Mg0.15Zn0.2 [25] �12.5
Zr0.585Nb0.028Cu0.156Ni0.128Al0.103 [26] �14.6

a Eq. (9) for k ¼ 0e3.
b Eq. (9) for k ¼ 0.
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 Ui (i ¼ 1 to 3) for above NM-NTM
for (a) k ¼ 0 to 3 and (b) k ¼ 0, and (c) the difference in these values in absolute units

ol�1 jD(DHmix) j/kJ mol�1 Difference

b(b) (c) ¼ j(a)e(b)j (d)¼(c)/j(a)j
�9.1 1.2 11.9%

�34.8 2.3 7.0%
�28.2 0.4 1.4%
�31.0 1.8 6.2%
�8.5 0.6 6.9%
�9.3 0.6 6.3%

�26.2 0.8 3.1%
�22.8 0.4 1.7%
�34.6 0.9 2.7%
�22.8 1.7 7.9%
�27.3 3.7 15.7%
�31.7 2.3 7.8%
�27.0 0.5 1.9%
�33.3 2.2 6.7%
�27.4 0.7 2.6%
�9.1 0.6 6.5%

�13.7 1.2 9.6%
�15.0 0.9 6.2%



Table 4
The relationships between the DHmix values for Cu-, Ag- and Au-containing systems in our previous studies [8,9] and the present study (a) DHmix value at A0.5X0.5 allo composition obtained in our previous studies [8,9]. (b) U0 value
obtained in the present study. Note that U0 ¼ DHmix at A0.5X0.5 in an AeB alloy. (c) Difference in DHmix value at A0.5X0.5 in our previous studies and U0 value in the p sent study: (a)e(b).

(a) 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 7 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 V Cr Mn Fe Co Ni Cu Zn Ga Ge As b Sr Y Zr Nb Mo Tc Ru Rh Pd Ag

29 Cu �6 �5 0 0 �33 �84 16 �3 �1 �19 �17.5 25 �13 �24 �9 5 12 4 13 6 4 e 1 1 �11.5 �3 7 �9 �22 �23 3 19 8 7 �2 �14 2
47 Ag �10 �16 6 5 �32 �94 0 �10 �4 �20 �18.5 7 �28 �28 �2 17 27 13 28 19 15 2 �4 �5 �17.5 �8 �27 �29 �20 16 37 24 23 10 �7 e

79 Au �8 �37 0 �2 �20 �58 �14 �32 �22 �30 �13.5 �9 �60 �74 �47 �19 0 �11 8 7 7 �9 �16 �19 �21.5 �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 7 78 79 80 81 82 83 90 92 94 e

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 r Pt Au Hg Tl Pb Bi Th U Pu e

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 �12 �9 8 15 15 15 �24 �7 �9 e

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 6 �1 �6 �1 3 3 2 �29 0 �6 e

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 3 4 Au �4 �2 2 2 �78 �43 �45 e

(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 7 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 V Cr Mn Fe Co Ni Cu Zn Ga Ge As b Sr Y Zr Nb Mo Tc Ru Rh Pd Ag

29 Cu �13.6 �4.8 �1.1 �6.4 �38.4 �86.8 15.2 �4.4 �7.6 �9.2 �26.3 24.2 �12.2 �23.9 �8.9 5.0 12.5 3.8 12.9 6.4 3.6 e �3.7 �5.5 �6.7 �11.9 5.6 �8.7 �21.8 �22.6 2.6 18.5 8.2 7.0 �2.5 �13.6 2.2
47 Ag �9.6 �15.7 6.2 5.4 �31.7 �88.2 0.4 �10.4 �4.4 �3.3 �18.3 6.2 �27.9 �28.3 �1.5 16.9 27.0 12.7 28.1 19.0 15.5 2.2 �3.8 �5.0 �5.3 �8.4 .9 �26.8 �29.3 �20.3 16.4 37.2 24.4 23.4 9.5 �7.3 e

79 Au �8.4 �37.0 �0.1 �2.4 �19.6 �55.5 �14.2 �31.5 �21.6 �13.0 �13.3 �9.0 �59.0 �73.7 �47.4 �19.2 �0.2 �11.3 8.0 7.2 7.1 �8.8 �16.3 �19.2 �9.4 �10.7 9.0 �57.4 �72.9 �73.9 �32.1 3.4 13.7 15.0 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 7 78 79 80 81 82 83 90 92 94 e

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 r Pt Au Hg Tl Pb Bi Th U Pu e

29 Cu 0.6 2.4 �1.0 �1.8 26.6 �8.2 �20.2 �20.8 �21.3 �21.3 �22.5 �21.8 �21.8 �21.8 �22.3 �22.2 �21.6 �22.6 �22.5 �22.5 �23.6 �16.9 1.9 22.5 18.2 10.3 .2 �12.1 �8.8 2.4 8.1 7.3 6.1 �23.9 �6.8 �9.4 e

47 Ag �2.2 �1.5 �2.9 �3.6 7.5 �27.2 �29.3 �29.3 �29.3 �29.3 �30.0 �29.3 �29.3 �29.3 �29.3 �29.1 �28.4 �29.1 �29.0 �28.9 �29.5 �12.6 15.1 43.1 38.1 28.2 5.5 �0.8 �5.5 �0.8 2.8 2.6 1.9 �28.4 0.2 �6.0 e

79 Au �10.7 �10.6 �10.3 �3.9 �8.9 �58.2 �71.7 �72.2 �72.7 �72.5 �74.4 �73.1 �73.0 �72.9 �73.5 �73.1 �71.7 �73.5 �73.2 �73.0 �74.8 �63.3 �32.3 11.5 19.8 17.9 2.6 4.4 e �4.1 �1.7 2.2 1.8 �77.3 �43.1 �44.6 e

(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 7 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 V Cr Mn Fe Co Ni Cu Zn Ga Ge As b Sr Y Zr Nb Mo Tc Ru Rh Pd Ag

29 Cu 7.6 �0.2 1.1 6.4 5.4 2.8 0.8 1.4 6.6 �9.8 8.8 0.8 �0.8 �0.1 �0.1 0 �0.5 0.2 0.1 �0.4 0.4 e 4.7 6.5 �4.8 8.9 .4 �0.3 �0.2 �0.4 0.4 0.5 �0.2 0 0.5 �0.4 �0.2
47 Ag �0.4 �0.3 �0.2 �0.4 �0.3 �5.8 �0.4 0.4 0.4 �16.7 �0.2 0.8 �0.1 0.3 �0.5 0.1 0 0.3 �0.1 0 �0.5 �0.2 �0.2 0 �12.2 0.4 .1 �0.2 0.3 0.3 �0.4 �0.2 �0.4 �0.4 0.5 0.3 0
79 Au 0.4 0 0.1 0.4 �0.4 �2.5 0.2 �0.5 �0.4 �17 �0.2 0 �1 �0.3 0.4 0.2 0.2 0.3 0 �0.2 �0.1 �0.2 0.3 0.2 �12.1 �0.3 1 �1.6 �1.1 �0.1 0.1 �0.4 0.3 0 �0.1 �0.1 �0.5

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 7 78 79 80 81 82 83 90 92 94 e

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 r Pt Au Hg Tl Pb Bi Th U Pu e

29 Cu 5.4 7.6 8 8.8 1.4 �0.8 �0.8 �0.2 �0.7 �0.7 �0.5 �0.2 11.8 �0.2 �0.7 0.2 �0.4 �0.4 �0.5 10.5 �0.4 �0.1 0.1 �0.5 �0.2 �0.3 0.2 0.1 �0.2 5.6 6.9 7.7 8.9 �0.1 �0.2 0.4 e

47 Ag 0.2 �0.5 �0.1 �0.4 0.5 �0.8 �0.7 �0.7 �0.7 0.3 0 �0.7 2.3 0.3 0.3 0.1 �0.6 0.1 0 0.9 �0.5 �0.4 �0.1 �0.1 �0.1 �0.2 .5 �0.2 �0.5 �0.2 0.2 0.4 0.1 �0.6 �0.2 0 e

79 Au �0.3 �0.4 0.3 �0.1 �0.1 �1.8 �1.3 �0.8 �0.3 �0.5 �0.6 �0.9 15 �1.1 �0.5 �0.9 �0.3 �0.5 �0.8 14 �0.2 0.3 0.3 0.5 0.2 0.1 .4 �0.4 e 0.1 �0.3 �0.2 0.2 �0.7 0.1 0.4 e
y
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atomic pairs are summarized in Table 4, together with the DHmix at
A0.5B0.5 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 (c) summa-
rizes the difference in DHmix’s between (a) and (b). Table 4 (c)
shows that differences of DHmix’s between the previous and
current studies are smaller than 1 kJ mol�1 for NM-TM pairs,
whereas those are in the order of several kJ mol�1 for the other
pairs including NTM. Here, it should be noted that Table 4(c) shows
relatively large difference in DHmix for Si- and Ge-containing alloys.
However, these large differences are due to DHtrans. [3] for the Si
(34 kJ mol�1) and Ge (25 kJ mol�1), and are resulted from different
definitions for dealing with DHtrans. between our previous studies
[8,9] and the current study. Hence, the large difference in DHmix’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 DHmix’s is seen in
Table 4 for CueAl atomic pair. Table 4 shows that CueAl atomic pair
exhibits DHmix’s/kJ mol�1 of �1 for (a), �7.6 for (b), and resultant
6.6 for (c). This difference in DHmix’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 f 0s between NM-NTM where f 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, nWS 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/
10�6 m3 mol�1) ¼ (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, f, 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 DHmix between Cu and other elements
of Pt and Au. Thus, it is concluded that modification of R term in the
present study principally affects DHmix 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 (DHmix) as a function of composition in an alloy
system in a framework of Miedema’s scheme. We have shown that
DHmix 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 (U) of the third order
dependence on composition of an alloy. The composition depen-
dence of DHmix 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 DHmix, compared to
the zero-order approximation of U. Another peculiar composition
dependence of DHmix is found for P and C in FeeP and FeeC binary
alloys, inwhich the values of DHmix at a fraction of solute element of
P or C w 0.2 are the same, whereas FeeC alloy has the large and
negative value of DHmix than FeeP 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 DHmix 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 DHmix. In the
present study we have provided a table for U0s for 1378 systems
from 53 elements that are involved in BMGs as well as amorphous
and glassy alloys. We think that this table for U0s provides a great
benefit of further understanding the forming ability of the amor-
phous and glassy alloys.
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