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Abstract

The strengths of chemical bonds between atoms are accurately measured and widely available for molecular gases, but an established
method of quantifying bond strengths in liquids and solids is not available, and the strengths of these bonds are generally unknown. A
new term, the condensed bond enthalpy (CBE), is proposed to specify the energy contained in bonds between atoms in condensed states.
An approach to estimating these bond strengths is developed by combining classical thermodynamic concepts with measured heats of
formation and crystallographic data. A nearly complete set of elemental CBE and a selection of CBE between unlike metal atom pairs
are produced using the method described here. Elemental bond enthalpies generally range from about �0.1 eV to �1.3 eV, and bonds
between unlike atoms studied here range from about �0.6 eV to �1.1 eV. The validity and utility of these values are demonstrated by
using them to estimate enthalpies of fusion and surface energies in elemental metals and heats of formation of ternary intermetallic com-
pounds. Predicted enthalpies are generally within experimental errors for all three comparisons. Bond enthalpies are found to have a mild
but systematic dependence on chemistry and atomic structure in some of the binary systems studied here, but are essentially independent
of the atomic environment in other systems. The uncertainty in eij values (±4%) is small enough to enable classical approximations, but is
inadequate when higher precision is needed.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction: bond enthalpies and thermodynamics of

materials

The strengths of chemical bonds between atoms exert
decisive control in a wide range of physical phenomena,
including the stability and structure of matter, the kinetics
of chemical reactions, and the energy required or produced
in the formation of alloys and compounds. Bond strengths
are commonly quantified by terms such as bond dissocia-
tion energy and bond enthalpy. Approaches to measuring
these values accurately, typically to four significant figures,
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are well established [1], and extensive tabulations are avail-
able for a wide range of elements and compounds [2–5].
While these values have a strong and demonstrated utility,
they are defined and measured only for molecules in the
gaseous state and are likely to differ significantly from sin-
gle bond strengths between atoms in liquids and solids. An
established approach to quantifying interatomic bond
strengths in the condensed state does not currently exist,
leading to the condition that surprisingly few data are
available for the strengths of chemical bonds in liquids
and solids.

Many classical concepts in the thermodynamics of mate-
rials rely on quantifiable bond enthalpies between atom
pairs. The regular solution and quasi-chemical models have
their foundations in bond energies between like and unlike
atom pairs in condensed substances, eij, and give a frame-
work for the application and interpretation of these values
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[6–10]. For example, solution behaviors are characterized
by the term eij � ðeii þ ejjÞ=2. Ideal solutions are obtained
when this term is zero, while positive and negative devia-
tions from ideal solutions result when this term is positive
or negative, respectively. This simple model gives a clear
connection between the relative bond strengths between
atom pairs and the propensity for a material system to
form solid solutions, ordered intermetallic compounds or
to phase-separate. Moreover, the regular solution and
quasi-chemical models are built on the assumption that
the enthalpy of a substance can be accurately represented
by summing the enthalpies of nearest-neighbor bonds [6–
10]. More detailed developments such as the sub-regular
solution [6,7,9] and the central atoms [9] models retain
the fundamental assumption that the enthalpy of a con-
densed substance can be represented by the sum of the
enthalpies of first-neighbor interactions. These are accepted
and well-developed models which provided the basis for
early calculations of binary and ternary phase equilibria.
These approaches have evolved into extensive efforts to cal-
culate general phase equilibria via phenomenological repre-
sentations of thermodynamic functions, including
composition-dependent enthalpies and atomic interaction
parameters that seemingly can no longer be reduced to
individual chemical bond strengths [11].

Although an important part of classical thermodynam-
ics relies on values of eij, a straightforward method for esti-
mating eij is not available at present. The objective of this
paper is to develop an approach for estimating bond
enthalpies between atom pairs in condensed structures.
Classical thermodynamic concepts are used, and required
input data are the heats of formation of monatomic ele-
mental gases, the heats of formation of binary intermetallic
compounds and crystal structure data for the same ele-
ments and compounds. To explore their usefulness, these
eij values are applied to simple physical models to estimate
the heats of fusion and surface energies of elemental met-
als, and the heats of formation of ternary intermetallic
compounds. These estimates are compared with measured
data to validate the eij values.

2. Elemental condensed bond enthalpies

The conversion of one mole of pure, condensed element
A to a non-interacting, monatomic gas requires a change in
enthalpy that is given as the difference between the enthal-
pies of the products and reactants

Df HðA; gasÞ ¼ HðA; gasÞ � HðA; condÞ ð1Þ
This change can be measured as the heat of formation

of a monatomic gas, which is equal to the heat of sublima-
tion. Experimental values are given at 298 K and atmo-
spheric pressure (100 kPa) [4,5,12,13]. Only the difference
between H(A, cond) and H(A, gas) can be measured, and
so the value of H(A, cond) must be described relative to
the value of H(A, gas). For convenience, an enthalpy
of H(A, gas) = 0 is assigned to the non-interacting,
monatomic gas as the reference state against which
changes in H(A, cond) are quantified. This assignment is
consistent with the reference state typically used for atomic
potential functions, where the interaction energy between
atom pairs approaches zero as the atomic separation
approaches infinity. The foundational relation of the
regular solution and quasi-chemical models [6,7,9,10]

H ¼
X

i;j

eijDij ð2Þ

is used, where eij is the enthalpy of an i–j atomic bond, and
Dij is the number of first-neighbour i–j bonds. Applying the
previous equations to 1 mol of pure element A gives

HðA; condÞ ¼ �Df HðA; gasÞ ¼ eAAðDAAÞ ¼ eAAðNAvZAAÞ=2

ð3Þ
The number of bonds per mole of atom A, DAA, is

proportional to half the coordination number ZAA and
Avogadro’s constant NAv. Rearranging terms gives

eAA ¼ �2Df HðA; gasÞ=ðN AvZAAÞ ð4Þ
This is the same equation given by Zhu et al. [14], where

a different coordination number was used in the develop-
ment of a central atom model, and where the enthalpy to
vaporize a liquid at the melting temperature was used
rather than the enthalpy to vaporize a solid at standard
temperature and pressure. These two differences are rela-
tively small and offset each other, so that both approaches
are expected to give similar numerical values.

DfH(A, gas) values assessed from Refs. [4,5,12,13] were
used (Table 1). DfH(A, gas) is a positive energy, so that
eAA is negative. For convenience, eAA is reported in units
of electronvolts. eAA is determined for all elements, exclud-
ing noble gases, Pm, At, Fr and elements with atomic num-
ber >94 where required input data are unavailable. Bond
enthalpies are broadly consistent with expected bond ener-
gies [15], and typically range from �0.1 eV to �1.3 eV, with
values as large as �4.95 eV (Table 1). eAA values for alkali
metals, alkaline earth metals, transition metals, rare earth
metals and basic metals show the expected linear relation-
ship with �3kTb, where k is Boltzmann’s constant, and Tb

is the boiling (vaporization) temperature (Fig. 1a). Metallic
bonding dominates in these elements, where space-filling
equilibrium crystal structures typically have ZAA of 12 or
14. Semi-metal and non-metal elements are dominated by
covalent bonding and have open structures with coordina-
tion numbers much less than 12, giving strongly negative
eAA values which do not fit the expected trend (Fig. 1a).
Just as Pauling’s rules for ionic bonding state that electro-
static bond strength depends on coordination number [16],
Eq. (4) similarly shows that eAA is inversely related to the
number of bonds formed. Using a space-filling coordina-
tion number of ZAA = 12 for all elements collapses eAA val-
ues to a single linear trend (Fig. 1b; note the expanded
vertical scale). This normalization will be shown later to
be important, since the number of bonds formed per atom
in the element may be different from the number of bonds



Table 1
Elemental CBE, eAA.

Element Atomic number DfH(gas) (kJ mol�1)a ZAA/2 eAA (eV) Element Atomic number DfH(gas) (kJ mol�1)a ZAA/2 eAA (eV)

H 1 217.998 ± 0.0006 1 �2.26 ± 0.00001 Cd 48 111.8 ± 0.2 6 �0.193 ± 0.003
Li 3 159.3 ± 1.0 7 �0.236 ± 0.002 In 49 243 ± 4 6 �0.420 ± 0.007
Be 4 324 ± 5 6 �0.560 ± 0.009 Sn 50 301.2 ± 1.5 5 �0.624 ± 0.003
B 5 565 ± 5 3.25 �1.80 ± 0.016 Sb 51 264.4 ± 2.5 3 �0.914 ± 0.009
C 6 716.68 ± 0.45 1.5 �4.95 ± 0.003 Te 52 196.6 ± 2.1 1.5 �1.36 ± 0.015
N 7 472.68 ± 0.4 1 �4.90 ± 0.004 I 53 106.76 ± 0.04 1 �1.11 ± 0.004
O 8 249.229 ± 0.0002 1 �2.58 ± 0.001 Cs 55 76.5 ± 1.0 7 �0.113 ± 0.002
F 9 79.38 ± 0.3 1 �0.823 ± 0.003 Ba 56 179.1 ± 5.0 7 �0.265 ± 0.007
Na 11 107.5 ± 0.7 7 �0.159 ± 0.001 La 57 431 ± 2.1 6 �0.745 ± 0.004
Mg 12 147.1 ± 0.8 6 �0.254 ± 0.001 Ce 58 420.1 ± 2.1 6 �0.726 ± 0.004
Al 13 330.9 ± 4 6 �0.572 ± 0.007 Pr 59 356.9 ± 2.1 6 �0.617 ± 0.004
Si 14 450 ± 8 2 �2.33 ± 0.042 Nd 60 326.9 ± 2.1 6 �0.565 ± 0.004
P 15 316.5 ± 1.0 1.50 �2.19 ± 0.007 Sm 62 206.7 ± 2.1 6 �0.357 ± 0.004
S 16 277.17 ± 0.15 1 �2.87 ± 0.002 Eu 63 177.4 ± 2.1 7 �0.263 ± 0.003
Cl 17 121.301 ± 0.008 1 �1.26 ± 0.0001 Gd 64 397.5 ± 2.1 6 �0.687 ± 0.004
K 19 89 ± 0.8 7 �0.132 ± 0.001 Tb 65 388.7 ± 2.1 6 �0.671 ± 0.004
Ca 20 177.8 ± 0.8 6 �0.307 ± 0.001 Dy 66 290.4 ± 2.1 6 �0.502 ± 0.004
Sc 21 377.8 ± 4 6 �0.653 ± 0.013 Ho 67 300.6 ± 2.1 6 �0.519 ± 0.004
Ti 22 473 ± 3 6 �0.817 ± 0.005 Er 68 316.4 ± 2.1 6 �0.547 ± 0.004
V 23 515.5 ± 8 7 �0.763 ± 0.012 Tm 69 232.2 ± 2.1 6 �0.401 ± 0.004
Cr 24 397.48 ± 4.2 7 �0.589 ± 0.006 Yb 70 155.6 ± 2.1 6 �0.269 ± 0.004
Mn 25 283.3 ± 4.2 6.55 �0.448 ± 0.007 Lu 71 427.6 ± 2.1 6 �0.739 ± 0.004
Fe 26 415.5 ± 1.3 7 �0.615 ± 0.002 Hf 72 618.4 ± 6.3 6 �1.07 ± 0.011
Co 27 426.7 ± 8.5 6 �0.737 ± 0.015 Ta 73 782 ± 2.5 7 �1.16 ± 0.004
Ni 28 430.1 ± 8.4 6 �0.743 ± 0.015 W 74 851 ± 6.3 7 �1.26 ± 0.009
Cu 29 337.4 ± 1.2 6 �0.583 ± 0.002 Re 75 774 ± 6.3 6 �1.34 ± 0.011
Zn 30 130.4 ± 0.4 6 �0.225 ± 0.001 Os 76 787 ± 6.3 6 �1.36 ± 0.011
Ga 31 271.96 ± 2.1 3.5 �0.805 ± 0.006 Ir 77 669 ± 4 6 �1.16 ± 0.007
Ge 32 372 ± 3 2 �1.93 ± 0.016 Pt 78 565.7 ± 1.3 6 �0.977 ± 0.002
As 33 302.5 ± 13 3 �1.05 ± 0.045 Au 79 368.2 ± 2.1 6 �0.636 ± 0.004
Se 34 227.2 ± 4 1.5 �1.57 ± 0.028 Hg 80 61.38 ± 0.04 6 �0.106 ± 0.0001
Br 35 111.87 ± 0.1 1 �1.16 ± 0.001 Tl 81 182.2 ± 0.4 6 �0.315 ± 0.001
Rb 37 80.9 ± 0.8 7 �0.120 ± 0.001 Pb 82 195.2 ± 0.8 6 �0.337 ± 0.001
Sr 38 164 ± 1.7 6 �0.283 ± 0.003 Bi 83 209.6 ± 2.1 4.5 �0.483 ± 0.005
Y 39 427.4 ± 2.1 6 �0.734 ± 0.004 Po 84 142 ± 2.8 3 �0.491 ± 0.010
Zr 40 610 ± 8.4 6 �1.05 ± 0.015 Ra 88 159 ± 3.2 7 �0.235 ± 0.005
Nb 41 733 ± 8 7 �1.09 ± 0.012 Ac 89 406 ± 8.1 6 �0.701 ± 0.014
Mo 42 658.98 ± 3.8 7 �0.976 ± 0.006 Th 90 602 ± 6 6 �1.04 ± 0.010
Tc 43 678 ± 13.6 6 �1.17 ± 0.023 Pa 91 563 ± 11.3 7 �0.834 ± 0.017
Ru 44 650.6 ± 6.3 6 �1.12 ± 0.011 U 92 533 ± 8 6 �0.921 ± 0.014
Rh 45 556 ± 4 6 �0.960 ± 0.007 Np 93 464.8 ± 9.3 7.5 �0.642 ± 0.013
Pd 46 376.6 ± 2.1 6 �0.651 ± 0.004 Pu 94 345 ± 6.9 7 �0.511 ± 0.010
Ag 47 284.9 ± 0.8 6 �0.492 ± 0.001

a Assessed from values reported in Refs. [4,5,12,13].
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Fig. 1. Elemental CBE vs boiling (vaporization) temperature Tb using (a) coordination numbers of the equilibrium structures, and (b) a space-filling
coordination number of 12 for all elements. The solid line in (a and b) is �3kTb, and the vertical scale is expanded in (b) to show the agreement better. (c)
Correlation between elemental CBE using a space-filling coordination number of 12 for all elements and melting temperature Tm. The solid line is a linear
regression for all elements.

Fig. 2. Measured and predicted enthalpies of fusion for metallic elements.
The dotted line represents perfect agreement. Error bars show ranges in
experimental values, which are taken from Refs. [4,5].
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per atom in an alloy, especially for elements with coordina-
tion numbers much less than 12. Correlation between eAA

using a space-filling coordination number of ZAA = 12
for all elements and melting temperature Tm is shown
in Fig. 1c. The solid line is a linear regression, and
extrapolation shows that eAA ffi 0 when Tm = 0, satisfying
expectations.

Validation of these condensed bond enthalpies (CBE) is
given by comparing measured enthalpies of fusion and sur-
face energies with values predicted from eAA. The enthalpy
of fusion DHm which accompanies transformation from the
crystal to liquid state at Tm, can be estimated as

DH m ¼ �eT m
AAðDZ=2ÞNAv ð5Þ

where eT m
AA is the enthalpy of an A–A bond at Tm, and DZ/2

is the change in the number of bonds per atom associated
with melting. To obtain eT m

AA , DfH(A, gas) is adjusted by
the enthalpy required to heat the element to Tm (see
Appendix A.2). This reduces eAA by �10%. Estimates are
performed for face-centered cubic (fcc) and hexagonal
close packed (hcp) metals that do not undergo allotropic
transformations, using DZ = 0.7 as measured for liquid
Cu [17]. A small adjustment is made to eAA to account
for charge redistribution at broken bonds (see Appendix
A.1). Predicted values of DHm plotted against experimental
values in Fig. 2 show good agreement, typically within
experimental uncertainty.

The second application of eAA values is for solid surface
energies, c, which are given as [18]

c ¼ F s ¼ Es � TSs ð6Þ
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F, E and S are the Helmholtz free energy, internal energy
and entropy and the subscript s indicates properties at a
free surface. The internal energy is estimated as

Es ¼ �bðeT meas
AA Þ ¼ �bðeAAÞ 1� ðHT meas�H298

Þ
Df HðA; gasÞ

� �
ð7Þ

where b is half (to account for two surfaces formed) the
number of bonds broken per unit area. eT meas

AA is the bond en-
thalpy for the temperature at which the surface energy is
measured Tmeas, and is determined in a manner similar to
that described for eT m

AA (see Appendix A.2). The surface en-
tropy is evaluated by taking the temperature derivative of
Fs and rearranging terms

Ss ¼
bðeAAÞ

Df HðA; gasÞ

� �
dðH T meas � H 298Þ

dT

� �
� dF s

dT
ð8Þ

The temperature dependence of (HT � H298) is deter-
mined using tabulated data [19] from temperatures just
above (T2) and just below (T1) the measurement tempera-
ture, so that

Ss ¼
bðeAAÞ

Df HðA; gasÞ

� �
ðH T 2 � H 298Þ � ðH T 1 � H 298Þ

T 2� T 1

� �
� dF s

dT

ð9Þ
Table 2
Bonds broken per unit area, b.

Plane and structure ba

(100)fcc
1

2r2

(110)fcc
3

4
ffiffi
2
p

r2

(111)fcc

ffiffi
3
p

4r2

(100)bcc
9

16r2

(110)bcc
3

4
ffiffi
2
p

r2

(112)bcc

ffiffi
3
p

2
ffiffi
2
p

r2

a r is the radius of the constituent atom.

Table 3
Measured and calculated surface energies.

Element cmeas
a

(mJ m�2)
cmeas

b

(mJ m�2)
cmeas

c

(mJ m�2)
cmeas,average

(mJ m�2)
dFS/dT

(mJ m�2 K�1)
Tm

(K

Ag 1100 1246 1250 1199 �0.47 12
Au 1400 1506 1500 1469 �0.43 12
Fe 1950 2417 2475 2281 �0.90 17
Cu 1780 1790 1825 1798 �0.50 11
Cr 2300 2354 2300 2318 �0.52d 16
Pt 2200 2489 2475 2388 �0.60 15
Ni 2280 2380 2450 2370 �0.55 13
Co 1970 2522 2550 2347 �0.52d 16
Nb 2100 2655 2700 2485 �0.52d 25
Mo 2400 2907 3000 2769 �0.20 26
W 2800 3265 3675 3247 �0.52d 22

a From Ref. [18].
b From Ref. [21].
c From Ref. [20].
d Estimated as the average of the measured values.
Measured values of (dFs/dT) are given in Ref. [18]. The
surface energy is calculated by inserting Eqs. (7) and (9)
into Eq. (6). The eAA used here includes a correction for
the charge redistribution associated with the change in
local coordination number for broken bonds at the free
surface, as described in Appendix A.1. Tabulated values
of b and of data used in the calculation of c are given in
Tables 2 and 3, respectively.

Surface energies are predicted for (10 0), (110) and
(11 1) planes in fcc crystals and for (100), (110) and
(11 2) planes in body-centered cubic (bcc) elements. For
each element, the averages of the predicted values are com-
pared with c for polycrystalline, cubic metals measured by
the zero creep method [18]. It is very difficult to obtain
accurate values with this technique, owing to surface con-
tamination, which can occur as a result of the very long
measurement times at temperatures near the melting point.
Solid surface energies can be estimated from liquid surface
energies, and data obtained from this technique are also
used for comparison [20,21]. Predictions for eight elements
show very good agreement with measured values, but esti-
mates for Nb, Mo and W significantly exceed measured
values (Fig. 3). Measurement temperatures for these three
elements were much higher than for the other elements
(see Table 3), so that enhanced adsorption of impurity
atoms may contribute to the poor agreement for these mea-
surements. Supporting this suggestion, first-principles cal-
culations show that the surface energy of solid Nb
covered with a monolayer of oxygen decreases with
increasing partial pressure of O2 gas to values well below
the surface energy of pure Nb [22]. Density functional
theory (DFT) calculations provide a useful approach to
estimating solid surface energies, and calculations for Nb,
Mo and W [23] are shown in Fig. 3 for comparison with
the present estimates. Surface energies for Nb, Mo and
W predicted from DFT are consistently higher than
measured values, further supporting the suggestion that
surface adsorption may lower experimental values. The
eas

)
HT � H298

(J mol�1)
D(HT � H298)/DT

(J mol�1 K�1)
Calculated surface energies
(mJ m�2)

c100 c110 c111 c112 cAVG

23 26,077 31.38 833 1071 769 891
73 27,041 30.54 1339 1645 1243 1409
23 55,094 41.42 1641 1458 1924 1674
98 24,606 29.50 1759 2117 1618 1831
73 44,590 42.26 2128 1956 2394 2159
73 37,319 32.64 2219 2711 2040 2323
33 33,195 35.35 2286 2739 2102 2376
27 49,064 39.75 2329 2764 2101 2398
23 65,380 33.89 3150 2894 3546 3197
23 73,976 40.17 3759 3514 4139 3804
73 55,679 31.38 3888 3598 4337 3941



Fig. 3. Comparison of measured and predicted solid surface energies c.
Error bars for predicted data give the range in values calculated for the
different crystallographic planes, and error bars for measured values are
the larger of the range in reported values or a modest assumed error of
±5%. The solid line is a linear regression for elements where measurements
are made at 61723 K, and the dotted line represents perfect agreement.
Measurements for Nb, Mo and W are made at much higher temperatures,
where impurity adsorption lowers surface energies [22], and so DFT
calculations for these elements (taken from Ref. [23] and shown by }) are
also shown for comparison. Experimental data are taken from Refs.
[18,20,21].
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CBE predictions give good agreement with the DFT sur-
face energies for these elements.

3. CBE between unlike atom pairs

Consider the reaction of x moles of pure, condensed ele-
ment A with y moles of element B to form 1 mol of the
compound AxBy at standard temperature and pressure.
The enthalpy of formation can be measured experimen-
tally, and is

Df HðAxByÞ ¼ HðAxByÞ � xHðA; condÞ � yHðB; condÞ ð10Þ
H(AxBy) is expanded using Eq. (2)

HðAxByÞ ¼ eAADAxBx
AA þ eABDAxBx

AB eBBDAxBx
BB ð11Þ

where DAxBy
ij is the number of i�j bonds per mole of AxBy.

Replacing H(i, cond) with �DfH(i, gas) and rearranging
terms gives the basic relation

eAB
1

DAxBy
AB

 !
Df HðAxByÞ � xDf HðA; gasÞ � yDf HðB; gasÞ
� ��

�eAADAxBy
AA � eBBDAxBy

BB

o
ð12Þ

Values of DAxBy
ij are given by

DAxBy
ij ¼ NAvðxþ yÞ

U

� 	
dAxBy

ij ð13Þ

where x and y are the numbers of A and B atoms in the
AxBy formula unit, U is the number of atoms per unit cell,
and dAxBy

ij is the number of i–j bonds per AxBy unit cell.
Crystallographic data allow bond counting to give dAxBy

ij
values. The Pearson symbol for the equilibrium structure
[24,25] points to detailed unit cell information [26]. The
numbers of A�A, A�B and B�B bonds between the cen-
tral atom and each of the atoms in the first coordination
shell are counted for each of the constituent polyhedra in
the unit cell. These values are multiplied by appropriate site
occupancies and site multiplicities, and the sums are halved
to avoid double-counting of bonds. While polyhedral coor-
dination numbers in Ref. [26] are usually reliable, in rare
cases apparent discrepancies exist. A critical assessment
of the coordination number for each polyhedron is per-
formed to include atoms up to a distance of 1.25 times
the minimum atomic separation for each of the A�A,
A�B and B�B atom pairs. Where a discrepancy between
reported and assessed coordination numbers is found, the
average of the two values is used with an associated error

in dAxBy
ij . This results in a larger error for eAB.

It is widely accepted that bond energies between atoms
will depend on local chemistry and structure. The influence
of chemistry can be established by determining eAB from
different intermetallic compounds in the same binary sys-
tem and will be discussed later. It is proposed that bond
enthalpy depends on structure through the number of
bonds formed per atom, as described by Pauling for elec-
trostatic bonding in ionic solids [16] and suggested by Eq.
(4) and Fig. 1b. Thus, the more bonds formed per atom,
the lower the enthalpy per bond. A simple estimate of this
effect is applied

eAxBy
ii ¼

�delem

�dAxBy

� 	
e

AxBy
ii ð14Þ

where ð�delem ¼ ZAA=2Þ is the average number of bonds per

atom in the pure element, and �dAxBy ¼ ð1=UÞ dAxBy
AA



þdAxBy

AB þ dAxBy
BB Þ is the average number of bonds per atom in

a unit cell of the AxBy structure. �delem is usually either 6

(for fcc and hcp) or 7 (for bcc), while �dAxBy is typically be-

tween 6 and 7. For the compounds studied here, �dAxBy is never
>7, and is slightly less than 6 in only three compounds.

Eq. (12) is modified by Eqs. (13) and (14) to give the
final result

eAB ¼
1

dAxBy
AB

 !
U

NAvðxþ yÞ

� 	
Df HðAxByÞ � xDf HðA; gasÞ
��

�yDf HðB; gasÞ
�
� eAxBy

AA dAxBy
AA � eAxBy

BB dAxBy
BB

�
ð15Þ

DAxBy
ij values in Eq. (12) are replaced with dAxBy

ij , and the eii

terms are replaced with eAxBy
ii to indicate a small dependence

of like-atom bond enthalpy on structure. The experimen-
tally measured quantities DfH(AxBy) [19,20,27,28] and
DfH(i, gas) [4,5,12,13] are converted to electronvolts. eAB

is determined for 11 binary systems where the data needed
are available for at least four compounds to establish
compositional trends. eAB are given for four other binary



Table 4
Calculated values of eAB.

Compound
AxBy

Pearson symbol
(prototype)

A�A bonds per unit
cella

A�B bonds per unit
cella

B�B bonds per unit
cella

DfH(AxBy)
(kJ mole�1)b

e
AxBy

AA
(eV bond�1)

e
AxBy

BB
(eV bond�1)

eAB

(eV bond�1)

Al3Hf tI16 (Al3Zr) 48 48 4 �168 ± 14 �0.549 ± 0.021 �1.03 ± 0.039 �0.902 ± 0.090
Al2Hf hP12 (MgZn2) 24 48 8 �144 ± 12 �0.514 ± 0.007 �0.961 ± 0.011 �0.813 ± 0.018
Al3Hf2 oF40 (Al3Zr2) 48 148 48 �240 ± 20 �0.562 ± 0.026 �1.05 ± 0.049 �0.860 ± 0.081
Al3Hf4 hP7 (Al3Zr4) 6 24 17 �322 ± 27 �0.511 ± 0.007 �0.955 ± 0.011 �0.832 ± 0.019
Al2Hf3 tP20 (Al2Zr3) 8 64 59 �220 ± 18 �0.524 ± 0.019 �0.979 ± 0.036 �0.805 ± 0.070
AlHf2 tI12 (Al2Cu) 4 32 44 �123 ± 10 �0.514 ± 0.007 �0.961 ± 0.011 �0.804 ± 0.019
Al12Mo cI26 (Al12W) 12 1 13 �195 ± 87 �0.619 ± 0.007 �1.23 ± 0.006 �1.07 ± 0.085
Al5Mo hP12 (Al5W) 5 1 6 �192 ± 35 �0.572 ± 0.007 �1.14 ± 0.006 �1.02 ± 0.037
Al4Mo mC30 (Al4W) 4 1 5 �185 ± 29 �0.544 ± 0.025 �1.08 ± 0.049 �1.03 ± 0.092
Al8Mo3 mC22 (Al8Mo3) 8 3 11 �484 ± 41 �0.576 ± 0.007 �1.15 ± 0.009 �1.02 ± 0.036
AlMo3 cP8 (Cr3Si) 1 3 4 �142 ± 15 �0.508 ± 0.007 �1.01 ± 0.006 �0.851 ± 0.019
Al3Nb tI8 (Al3Ti) 24 24 0 �132 ± 11 �0.572 ± 0.007 �1.27 ± 0.012 �1.03 ± 0.020
AlNb2 tP30 (CrFe) 12 94 88 �75 ± 6 �0.530 ± 0.021 �1.18 ± 0.047 �0.896 ± 0.077
AlNb3 cP8 (Cr3Si) 0 24 30 �76 ± 6 �0.508 ± 0.007 �1.13 ± 0.012 �0.844 ± 0.015
Al3Ni oP16 (CFe3) 68 34 2 �192 ± 16 �0.573 ± 0.020 �0.686 ± 0.025 �0.874 ± 0.096
Al3Ni2 hP5 (Al3Ni2) 9 16 3 �306 ± 26 �0.612 ± 0.007 �0.796 ± 0.015 �0.905 ± 0.029
AlNi cP2 (CsCl) 3 8 3 �132 ± 11 �0.490 ± 0.007 �0.637 ± 0.015 �0.734 ± 0.022
Al3Ni5 oC16 (Ga3Pt5) 8 56 32 �435 ± 37 �0.572 ± 0.007 �0.743 ± 0.015 �0.818 ± 0.024
AlNi3 cP4 (AuCu3) 0 12 12 �164 ± 14 �0.572 ± 0.007 �0.743 ± 0.015 �0.799 ± 0.023
Al3Pt2 hP5 (Al3Ni2) 9 16 3 �435 ± 37 �0.612 ± 0.007 �1.05 ± 0.022 �1.12 ± 0.029
AlPt cP8 (FeSi) 12 28 12 �204 ± 17 �0.528 ± 0.007 �0.902 ± 0.022 �1.02 ± 0.029
Al3Pt5 oP16 (Ge3Rh5) 5 55 38 �704 ± 59 �0.560 ± 0.042 �0.957 ± 0.072 �0.993 ± 0.081
AlPt3 tP16 (GaPt3) 0 48 50 �280 ± 24 �0.560 ± 0.007 �0.957 ± 0.022 �0.996 ± 0.025
Al3Ti tI8 (Al3Ti) 24 24 0 �147 ± 3 �0.572 ± 0.007 �0.817 ± 0.005 �0.821 ± 0.008
AlTi tP4 (AuCu) 4 16 4 �74 ± 2 �0.572 ± 0.007 �0.817 ± 0.005 �0.790 ± 0.009
AlTi3 hP8 (Ni3Sn) 0 24 24 �100 ± 8 �0.572 ± 0.007 �0.817 ± 0.005 �0.781 ± 0.013
Al3Y hP8 (Ni3Sn) 24 24 0 �190 ± 16 �0.572 ± 0.007 �0.734 ± 0.004 �0.817 ± 0.019
Al2Y cF24 (Cu2Mg) 48 96 16 �151 ± 13 �0.514 ± 0.007 �0.660 ± 0.004 �0.702 ± 0.016
AlY oC8 (BCr) 4 28 20 �90 ± 8 �0.528 ± 0.007 �0.677 ± 0.004 �0.693 ± 0.017
Al2Y3 tP20 (Al2Zr3) 8 64 59 �200 ± 17 �0.524 ± 0.019 �0.672 ± 0.025 �0.699 ± 0.048
AlY2 oP12 (Co2Si) 0 40 32 �105 ± 9 �0.572 ± 0.007 �0.734 ± 0.004 �0.745 ± 0.015
Al3Zr tI16 (Al3Zr) 48 48 4 �163 ± 14 �0.549 ± 0.021 �1.01 ± 0.039 �0.892 ± 0.089
Al2Zr hP12 (MgZn2) 24 48 8 �137 ± 12 �0.514 ± 0.007 �0.948 ± 0.015 �0.802 ± 0.018
Al3Zr2 oF40 (Al3Zr2) 48 148 48 �235 ± 20 �0.562 ± 0.026 �1.04 ± 0.049 �0.853 ± 0.082
AlZr oC8 (BCr) 4 28 20 �89 ± 7 �0.528 ± 0.007 �0.973 ± 0.015 �0.755 ± 0.018
Al2Zr3 tP20 (Al2Zr3) 8 64 59 �192 ± 16 �0.524 ± 0.019 �0.965 ± 0.036 �0.783 ± 0.072
AlZr2 hP6 (InNi2) 0 22 14 �100 ± 8 �0.572 ± 0.007 �1.05 ± 0.015 �0.885 ± 0.018
AlZr3 cP4 (AuCu3) 0 12 12 �108 ± 9 �0.572 ± 0.007 �1.05 ± 0.015 �0.906 ± 0.019
Cu6La oP28 (CeCu6) 106 76 0 �79 ± 11 �0.538 ± 0.017 �0.687 ± 0.022 �0.632 ± 0.030
Cu5La hP6 (CaCu5) 21 18 0 �75 ± 3 �0.538 ± 0.021 �0.687 ± 0.036 �0.635 ± 0.004
Cu2La hP3 (AlB2) 3 12 4 �51 ± 3 �0.552 ± 0.021 �0.705 ± 0.036 �0.626 ± 0.005
CuLa oP8 (BFe) 4 28 20 �32 ± 3 �0.538 ± 0.021 �0.687 ± 0.036 �0.617 ± 0.006
HfNi5 cF24 (AuBe5) 96 64 0 �252 ± 21 �0.669 ± 0.015 �0.961 ± 0.011 �0.954 ± 0.023
Hf2Ni7 mC36 (Ni7Zr2) 112 112 14 �468 ± 39 �0.674 ± 0.017 �0.970 ± 0.024 �0.950 ± 0.073
a�HfNi3 hR12 (BaPb3) 36 36 4.5 �228 ± 19 �0.699 ± 0.039 �1.01 ± 0.056 �1.02 ± 0.124
Hf7Ni10 oC68 (Ni10Zr7) 80 258 88 �1071 ± 90 �0.712 ± 0.035 �1.02 ± 0.050 �0.989 ± 0.088
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HfNi oC8 (BCr) 4 28 20 �130 ± 11 �0.686 ± 0.015 �0.986 ± 0.011 �0.943 ± 0.028
Hf2Ni tI12 (Al2Cu) 4 32 44 �141 ± 12 �0.669 ± 0.015 �0.961 ± 0.011 �0.937 ± 0.026
LaNi5 hP6 (CaCu5) 21 18 0 �148 ± 21 �0.686 ± 0.015 �0.687 ± 0.004 �0.772 ± 0.021
La2Ni7 hP36 (Ce2Ni7) 108 120 12 �234 ± 20 �0.669 ± 0.015 �0.670 ± 0.004 �0.750 ± 0.015
LaNi3 hR12 (Be3Nb) 33 42 5 �98 ± 14 �0.669 ± 0.015 �0.670 ± 0.04 �0.742 ± 0.019
LaNi2 cF24 (Cu2Mg) 48 96 16 �75 ± 15 �0.669 ± 0.015 �0.670 ± 0.004 �0.734 ± 0.021
LaNi oC8 (BCr) 4 28 20 �40 ± 3 �0.686 ± 0.015 �0.687 ± 0.004 �0.745 ± 0.016
La3Ni oP16 (CFe3) 2 34 68 �52 ± 4 �0.686 ± 0.025 �0.687 ± 0.026 �0.750 ± 0.056
NbNi3 oP8 (Cu3Ti) 24 24 0 �133 ± 11 �0.743 ± 0.015 �1.27 ± 0.012 �1.12 ± 0.024
Nb7Ni6 hR13 (Fe7W6) 18 48 21 �281 ± 24 �0.666 ± 0.015 �1.14 ± 0.012 �0.979 ± 0.017
Ni3Ti hP16 (Ni3Ti) 48 48 0 �140 ± 12 �0.743 ± 0.015 �0.817 ± 0.005 �0.901 ± 0.020
NiTi2 cF96 (NiTi2) 48 288 288 �83 ± 2 �0.686 ± 0.015 �0.754 ± 0.005 �0.811 ± 0.011
NiY3 oP16 (CFe3) 68 34 2 �76 ± 6 �0.677 ± 0.025 �0.686 ± 0.025 �0.776 ± 0.060
Ni2Y3 tP80 (Ni2Y3) 256 228 24 �150 ± 13 �0.693 ± 0.005 �0.702 ± 0.015 �0.809 ± 0.033
NiY oP8 (BFe) 20 28 4 �74 ± 6 �0.677 ± 0.004 �0.686 ± 0.015 �0.794 ± 0.020
Ni2Y cF24 (Cu2Mg) 16 96 48 �117 ± 10 �0.660 ± 0.004 �0.669 ± 0.015 �0.767 ± 0.017
Ni3Y hR12 (Be3Nb) 5 42 33 �148 ± 12 �0.660 ± 0.004 �0.669 ± 0.015 �0.775 ± 0.018
Ni7Y2 hR18 (Co7Er2) 6 60 54 �315 ± 26 �0.660 ± 0.004 �0.669 ± 0.015 �0.775 ± 0.017
Ni5Y hP6 (CaCu5) 0 18 21 �195 ± 9 �0.677 ± 0.004 �0.686 ± 0.015 �0.795 ± 0.014
Ni17Y2 hP38 (Ni17Th2) 0 76 164 �361 ± 30 �0.697 ± 0.033 �0.706 ± 0.034 �0.801 ± 0.087
Ni5Zr cF24 (AuBe5) 96 64 0 �210 ± 18 �0.669 ± 0.015 �0.948 ± 0.015 �0.921 ± 0.022
Ni7Zr2 mC36 (Ni7Zr2) 112 112 14 �414 ± 35 �0.674 ± 0.017 �0.956 ± 0.024 �0.926 ± 0.073
Ni10Zr7 oC68 (Ni10Zr7) 80 258 88 �884 ± 74 �0.712 ± 0.035 �1.01 ± 0.050 �0.955 ± 0.085
NiZr oC8 (BCr) 4 28 20 �98 ± 8 �0.686 ± 0.015 �0.973 ± 0.015 �0.892 ± 0.025
NiZr2 tI12 (Al2Cu) 4 32 44 �111 ± 9 �0.669 ± 0.015 �0.948 ± 0.015 �0.894 ± 0.023

a From Ref. [26].
b Assessed from values reported in Refs. [19,20,27,28].

D
.B

.
M

ira
cle

et
a

l./A
cta

M
a

teria
lia

5
9

(
2

0
1

1
)

7
8

4
0

–
7

8
5

4
7847



Fig. 4. For each system are plotted: eAA for element A (at atom fraction B = 0) and in the binary compounds; eBB for element B (at atom fraction B = 1)
and in the binary compounds; and eAB relative to both the gas and metal standard states. The compositionally weighted averages of eAxBy

AA and eAxBy
BB are

shown by open crosses. The more negative eii of the two elements is B in all plots.
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systems with fewer than four compounds, which are used
to predict heats of formation for ternary intermetallic com-
pounds. For consistency, element B is chosen so that eBB is
more negative than eAA.



Fig 4. (continued)
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Input data and results are given in Table 4, and values
of eAxBy

ii and eAB are plotted as a function of the atom frac-
tion of element B, fB, in Fig. 4. eAA is shown at fB = 0,
and eBB is at fB = 1. eAxBy

AA and eAxBy
BB are shown for

0 6 fB 6 1. eAB is plotted as a function of fB for the gas
standard state condition (H(A, gas) = 0) developed in
Eqs. (1)–(15). eAB values satisfy general expectations.
Since compounds are formed in each of the binary sys-
tems studied here, a negative deviation from ideal solid
solutions is expected. Consistent with this, eAB never
exceeds ðeAA þ eBBÞ=2, the criterion for ideal solid solu-
tions. eAB also does not exceed the weighted average of
eAxBy

AA and eAxBy
BB (Al–Nb is an exception), and it intersects

this weighted average at fB of the most solute-rich com-
pound in that binary system. eAB usually falls between
eAxBy

AA and eAxBy
BB , but is sometimes more negative than both

of these values. Finally, eAB values calculated from Eq.
(15) using the elemental, or metal, standard state (com-
monly used in classical thermodynamics, where H(A,
cond) = 0 and eii = 0) are essentially independent of fB.
These values are also shown in Fig. 4.

The unlike atom bond energies are validated by predict-
ing enthalpies of formation for ternary compounds,
DfH(AxByCz), from eAxBy

ii and eij and from the numbers of
i�j bonds per mole of AxByCz, DAxBy Cz
ij . The formation

enthalpy of a ternary compound, AxByCz, is

Df HðAxByCzÞ ¼ HðAxByCzÞ � xHðA; condÞ
� yHðB; condÞ � zHðC; condÞ ð16Þ

Expanding DfH(AxByCz) and substituting �DfH(i, gas)
for H(i, cond) gives

Df HðAxByCzÞ ¼ eAxBy Cz
AA DAxBy Cz

AA þ eAxBy Cz
AB DAxBy Cz

AB

þ eAxBy Cz
AC DAxBy Cz

AC þ eAxBy Cz
BB DAxBy Cz

BB

þ eAxBy Cz
BC DAxBy Cz

BC þ eAxBy Cz
CC DAxBy Cz

CC

þ xDf HðA; gasÞ þ yDf HðB; gasÞ
þ zDf HðC; gasÞ ð17Þ

The number of bonds per mole is given as a function of
the number of bonds per unit cell as

DAþxBy Cz
ij ¼ N Avðxþ y þ zÞ

U

� 	
dAxBy Cz

ij ð18Þ

The values of dAxBy Cz
ij are counted as described above for

binary compounds. The values of eAxBy Cz
ij are modified to

account for the different number of bonds per atom in
the ternary compound relative to the pure element, similar
to the correction applied for binary compounds (Eq. (14)



Table 5
Measured and predicted ternary compound heats of formation.

Compound
AxByCz

Pearson
symbol
(prototype)

A�A

bonds per
unit cell

A�B

bonds per
unit cell

A�C

bonds per
unit cell

B�B

bonds per
unit cell

B�C

bonds per
unit cell

C�C

bonds per
unit cell

DfH(AxByCz),
measureda

(kJ mole�1)

DfH(AxByCz),
predictedb

(kJ mole�1)

DfH(AxByCz),
predictedc

(kJ mole�1)

AlNi2Hf cF16
(BiF3)

0 32 24 24 32 0 �233 ± 7 �221 ± 7 �301 ± 30

Al3Ni12Hf cP4
(AuCu3)

0 9 0 12 3 0 �634 ± 21 �537 ± 16 �652 ± 64

AlNi2Nb cF16
(BiF3)

0 32 24 24 32 0 �154 ± 4 �181 ± 5 �204 ± 20

AlNi2Ti cF16
(BiF3)

0 32 24 24 32 0 �224 �228 ± 7 �228 ± 22

AlNiY hP9
(Fe2P)

3 12 18 0 15 6 �162 ± 3 �239 ± 7 �220 ± 22

Al4NiY oC24
(Al4NiY)

52 28 48 0 12 4 �362 ± 12 �389 ± 12 �360 ± 35

AlNi8Y3 hP24
(CeNi3)

0 18 6 48 78 10 �455 ± 30 �535 ± 16 �524 ± 51

Al2Ni6Y3 cI44
(Ag8Ca3)

0 48 48 72 96 24 �534 ± 17 �513 ± 15 �550 ± 54

a From Ref. [29].
b Gas standard state.
c Metal standard state.
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eAxBy Cz
ii ¼

�delem

�dAxBy Cz

� 	
eii ð19Þ

eAxBy Cz
AB ¼

�dAxBy

�dAxBy Cz

� 	
eAB; eAxBy Cz

AC þ
�dAxCz

�dAxBy Cz

� 	
eAC;

eAxBy Cz
BC þ

�dBy Cz

�dAxBy Cz

� 	
eBC ð20Þ

where �dAxBy is determined for the binary compound at the
same ratio of x:y as in the ternary, or as the weighted aver-
age of the binary compounds that bracket this composi-
tion. eAB is determined by inserting fB = x/(x + y) into a
linear regression of eAB vs fB from the appropriate binary
systems.
Fig. 5. Comparison of measured and predicted enthalpies of formation
for ternary compounds DfH(AxByCz). Predictions are made using both the
gas and metal standard states. The dotted line represents perfect
agreement. Experimental data are taken from Ref. [29].
Eight ternary compounds from Ref. [29] are used to vali-
date the eAB values. These are listed in Table 5, along with
crystal structures, numbers of bonds per atom, and mea-
sured and predicted heats of formation. The measured val-
ues are compared against predictions using both gas and
metal (or elemental) standard states, since the reference state
should not influence the enthalpy difference. Agreement is
good, and is typically within experimental error (Fig. 5).
4. Discussion

There are very few published values against which these
CBE can be compared. Although Zhu et al. give an equa-
tion to determine eii, values are not reported [14]. Atomic
potentials seem a promising source of interatomic energies,
but invariant transformations often contained in potential
functions can give energies that differ significantly from
other potentials for the same system, even though both
may produce the same physical properties [30]. This issue
is particularly important for alloys. Consistent with this
discussion, atomic potentials for the Ni–Zr system [31] give
eNiNi and eZrZr which are essentially identical to the values
determined here, and give eNiZr values ranging from 0.92 to
1.7 of the present values. Other Ni–Zr potentials seem to
give values that are lower by a factor of 2 to 4 [32]. Bond
dissociation enthalpies for diatomic gaseous elements [3]
generally range from about three times smaller to four
times larger than eii for condensed elements, consistent with
the expectation that these values may not be comparable
[5]. The crystal orbital Hamiltonian population gives an
indication of the covalent contribution to interatomic
bonding [33,34], and so is expected to be fundamentally dif-
ferent from the bond enthalpies estimated here.
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Fig. 6. Fractions of A–A, A–B and B–B bonds for selected binary systems as a function of atom fraction of element B (fB). Element B, where eBB < eAA, is
on the right-hand side of each binary system. Dashed lines indicate the bond concentrations expected for an ideal solution of equal-sized atoms.
Constituent atom sizes [44] are included in each figure; note the universal skewing of A–B bonds towards the smaller constituent.
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eAB is relatively insensitive to composition when
eAA � eBB, but shows a mild dependence on composition
when eBB is significantly more negative than eAA. In these
systems, eAB is typically more negative for A-rich com-
pounds and becomes less negative with increasing fB. It is
possible that B�B bonds are increasingly preferred in sys-
tems where eBB is much more negative than eAA, but an
analysis of the fractions of A�A, A�B and B�B bonds
in the intermetallic structures studied does not conclusively
support this idea (Fig. 6). The fractions of bonds between
like and unlike atom pairs are, however, consistently influ-
enced by atom size. Relative to the fractional number of
bonds expected for an ideal, random binary solution of
equal-sized atoms, there are fewer bonds between the smal-
ler atoms across the entire range of fB, there are more
bonds between unlike atoms for compounds rich in the
smaller atom, and there are more bonds between the larger
atoms for compounds rich in the larger atom (Fig. 6).
These trends are consistent with simple topological argu-
ments and with a general size dependence acknowledged
in conventional thermodynamics. The present work gives
explicit relations between numbers of bonds and eij, but,
to the authors’ knowledge, the relationships between
atomic structure (and hence the frequency of A–A, A–B
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and B–B bonds), topology (atom size) and the relative val-
ues of eAA, eAB and eBB are not clearly understood and bear
further study.

The present work explicitly accounts for atomic struc-
ture by adjusting the bond enthalpy by the average number
of bonds formed per atom. This is based on the suggestion
that the bonding capacity of each atom is fixed and
depends on the number of bonds formed per atom, as given
by Pauling’s rule for bond strengths in ionic solids [16] and
supported by Eq. (4) and by the collapse of data in Fig. 1b.
In this view, bonding is ultimately accounted for through
the action of electrons. An atom with a larger number of
bonds has fewer electrons to participate in each bond, low-
ering the enthalpies of the bonds formed. When the same
atom forms fewer bonds, more electrons may participate
in each bond, and the resulting bonds are stronger. This
approach enables the use of elemental bond enthalpies in
binary and higher-order alloys, and the use of bond enthal-
pies between unlike atom pairs determined from binary
systems in more complex alloys. Taken together, the pres-
ent work shows that the influence of composition and
structure on bond enthalpy, while present, is relatively
small. The eij values in Fig. 4 vary by no more than
�20% across the full range of binary composition, and typ-
ically by much less.

Bond energies in solids and liquids are more compli-
cated than can be precisely represented by a sum of first-
neighbor pair interactions. Complex electronic interactions
are introduced by the large number of atoms involved.
Electrons have a continuous range in energies rather than
quantized, discrete energy levels, and degenerate electron
energies produce a density of states. The spatial distribu-
tion of electrons can be non-uniform, leading to bonding
and anti-bonding states. Bond hybridization is often found,
and delocalization of electrons can occur. Some effects are
subtle, and can depend on interactions not only between
atom pairs, but also between three- and four-atom config-
urations. Bond-order potentials, embedded atom poten-
tials, cluster expansions, three- and four-body potentials,
DFT and other concepts have been introduced to deal with
these complications [35]. These techniques offer high preci-
sion in the determination of cohesive energies of solids and,
with care and significant effort, can correctly distinguish
between competing structures with energy differences as
small as 10�3 eV atom�1 [36]. Measurement errors for
DfH(A, gas) and DfH(AxBy) in the present work give an
average uncertainty in eij of �±4%, and this is suggested
as a basic limit in precision of the eij values given here.
For unusual cases where the first coordination shell of
the crystal structure is ambiguous (as discussed above), eij

errors can be as large as ±10%. These errors are much lar-
ger than those offered by atomistic approaches, so that care
is needed in choosing problems for which the present val-
ues can be appropriately used.
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Nevertheless, with appropriate caution, these eij values
enable classical approximations that—to first order—can
capture critical properties and phenomena. Such estimates
may be useful for establishing trends in the systematic
study of many systems, thus narrowing the scope of subse-
quent experimental measurements or computations which
are more accurate, but are also more difficult and time con-
suming [37]. The trends shown here reproduce measured
data to within experimental scatter and offer improvements
over existing estimates. For example, the DfH(AxByCz) val-
ues estimated here have an average difference from experi-
ment of 10–13% (Table 5), giving better fidelity than
Miedema’s model, which is often used for such estimates
and has typical errors of 25–30% (see Table 3 in Ref.
[20]). CBE may be useful for understanding complex,
multi-component substances that are difficult to produce
or that challenge current computational approaches,
including ternary and higher-order intermetallic com-
pounds, ‘superalloys’ that can contain as many as a dozen
elements, high entropy alloys [38] and metallic glasses
[39,40]. Recent efforts by Shiflet, Poon and co-workers pro-
vide new insights into complex materials through knowl-
edge and application of bond energies [14,41–43]. A
recent review suggests that the stability of solute-rich bin-
ary metallic glasses may depend on values of eij [44]. CBE
may also give new insights into the kinetics of chemical
reactions and the fragility of liquids [45], where the relative
magnitudes of bond energies at a local atomic scale are
likely to be important. The method for estimating CBE
reported here is most relevant for metallic systems, but
may also be useful in other condensed materials where
non-directional bonding gives efficiently packed atomic
structures with high coordination numbers. These concepts
are also beginning to find application in colloidal systems
[46].

5. Conclusions

An approach is developed to quantify bond enthalpies
between atom pairs in the condensed state based on estab-
lished thermodynamic models and bulk thermodynamic
and crystallographic data. Elemental CBE, eii, typically
range from �0.1 eV to �1.3 eV, and bond strengths as
large as �4.95 eV are found for elements where covalent
bonding dominates and the coordination number is much
less than 12. A strong linear relationship is shown between
eii and boiling (vaporization) temperature when a space-fill-
ing coordination number of 12 is used for all elements.
Simple physical models are used to validate these values
by comparing predicted enthalpies based on the breaking
of atomic bonds with measured enthalpies of fusion and
surface energies. These comparisons are generally within
experimental scatter. An approach to quantifying CBE
between unlike atoms eij is also developed. The influence
of composition is accounted for by considering binary
intermetallic compounds across the compositional breadth
of the respective binary systems, and by adjusting bond
enthalpies to account for changes in atomic structure
through the average atomic coordination number. eij values
are determined for 15 binary systems. The magnitude of eij

relative to eii is consistent with expectations commonly
given in solution thermodynamics. These unlike CBE show
a small, systematic dependence on composition in some
systems, but are typically relatively insensitive to composi-
tion and structure. eij values range from about �0.6 eV to
�1.1 eV and are used to estimate the heats of formation
for ternary compounds to validate these numbers and to
illustrate one potential application. The predicted enthal-
pies of formation are generally within experimental error.
The typical errors for the eij values reported here (±4%)
are small enough to enable classical approximations of
critical properties and phenomena, but more accurate
approaches such as atomistic simulations are required
when higher precision is needed.
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Appendix A

A.1. Enthalpy of broken bonds

Cohesive energy is intimately connected to the spatial
distribution of electrons [47]. The redistribution of electrons
at defects [48] is thus expected to alter the enthalpy of bro-
ken bonds associated with those defects. Consider the redis-
tribution of electrons with bond breaking: electrons
associated with the initial bond become partitioned between
a broken, or ‘dangling’, bond and the bonds that remain
intact around the defect site. A simple estimate of this par-
titioning is proposed, where the fraction of enthalpy
remaining in the broken bond (equivalently, the energy
needed to break this bond) is equal to the fractional coordi-
nation number of atoms remaining in the first coordination
shell of the defect. This correction is simplest for free sur-
faces. Surface atoms on (111)fcc planes have a coordination
of 9 and an initial coordination number of 12, so that the
fractional enthalpy remaining in the broken bonds is 3/4.
The fraction is 2/3 for (100)fcc planes and 3/4 for (110)fcc

planes, giving an average fractional enthalpy of 13/18
(�0.722) for broken bonds associated with low-index fcc
planes. Fractional coordinations for surface atoms are 5/7
(�0.714) for each of the (100)bcc, (110)bcc and (112)bcc

planes.
A similar correction is made to account for the bonds

broken upon melting. The change in coordination occurs
equally, in a stochastic sense, for all atoms. Only fcc and
hcp structures are considered here, so that the initial coor-
dination number is 12, the final coordination number is
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Z � DZ = 11.3, and the fractional enthalpy retained in the
broken bonds is 0.942.

A.2. Temperature adjustment of eAA

The enthalpy content of a solid at 298 K in the present
work, �DfH(A, gas), becomes less negative as the solid is
heated above this temperature. This enthalpy reduction is
(HTm � H298) at the melting temperature, so that

eT m
AA ¼ eAA 1� ðHT m � H 298Þ

Df HðA; gasÞ

� �
ðA1Þ

When available, tabulated values of (HTm � H298) [19] are
used in the present analyses. When they are not available,
eT m

AA is estimated as

eT m
AA ¼ eAA 1� CpðT m � 298

Df HðA; gasÞ

� �
ðA2Þ

where Cp is the elemental heat capacity.
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