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First-principles studies of metal/a-Al,O3 interfaces have re-
vealed strong interfacial stoichiometry effects on adhesion.
The metals included Al, Ni, Cu, Au, Ag, Rh, Ir, Pd, Pt, Nb,
and -NiAl. Metallic and ionic-covalent adhesive bonding effects
were found in varying amounts depending on whether the inter-
facial stoichiometry is stoichiometric, oxygen-rich, or alumi-
num-rich in a qualitative way. A semiempirical but physically
sensible understanding ensues for the effects of interfacial sto-
ichiometry and reveals the underlying strong correlation of the
interfacial adhesion with the physical properties of the bulk ma-
terials that join and form the interface. The metallic component
of the bonding was found to be related to the ratio of (B/V)’ 2,
where B and V are the bulk modulus and molar volume of the
metal, respectively. In like manner, the ionic-covalent compo-
nent of the bonding could be related to the enthalpy of oxide
formation of the bulk metal. A unified model is proposed to de-
scribe the adhesion of metal/alumina interfaces with interfacial
stoichiometry effects, and the model is also expected to be valid
for other metal-oxide interfaces.

L.

ADHESION at metal/alumina interfaces is important in
applications such as thermal barrier coatings for high-
temperature gas-turbine engines,'? heterogeneous catalysis,*
microchip packaging,® and corrosion protection.” ' This has
resulted in experimental and theoretical research in the funda-
mentals of adhesion at metal/alumina interfaces.!! " It has been
found'#+ 16233849 that interfacial stoichiometries as well as in-
terfacial adhesion can vary with the temperature and the envi-
ronmental oxygen partial pressure. That is, the stable metal/
alumina interface can vary from stoichiometric (two Al atoms
for every three O atoms), to aluminum-rich or oxygen-rich.*>>¢

Recently we (H. Li et al., unpublished data) have analyzed
interfacial stoichiometry effects for a series of metal/a-Al,Oj in-
terfaces via the results of first-principles computations. The met-
als considered included Al, Ni, Cu, Au, Ag, Rh, Ir, Pd, Pt, Nb,
and B-NiAl. For each of the metal/a-Al,O5 interfaces, the first-
principles computations were carried out not only for the
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stoichiometric interface but also for an aluminum-rich and an
oxygen-rich interface.

The adhesive bonding for each stoichiometry was found (H. Li
et al., unpublished data) to have features common to all eleven
metal/a-Al,O5 interfaces. Aluminum-rich interfaces exhibit me-
tallic bonding. On the other hand, bonding in oxygen-rich inter-
faces is primarily ionic, with an admixture of covalent bonding.
Stoichiometric interfaces have mixed ionic-covalent and metallic
adhesive bonding. It was found that the work of separation, Wi,
is sensitive to the interfacial stoichiometry. The work of separa-
tion, Wi, of an interface is defined as the energy needed to sep-
arate the interface into two free surfaces,'” and can be expressed
by Dupré equation:

(M

Wsep = 0A + OB — Ya/B

Here, yas is the interfacial energy of the interface A/B. oA
and oy are the surface energies of slabs A and B after the cleav-
age of the interface A/B, respectively. Oxygen-rich interfaces
were found to have Wy, values approaching an order of mag-
nitude larger than those of stoichiometric interfaces in some
cases, with W, values of aluminum-rich interfaces lying in be-
tween. This was understood in terms of the type of bonding for
each stoichiometry, as will be discussed below. It is qualitatively
understood via Eq. (1) as follows. In general, a-Al,O; surface
energies for oxygen-rich and aluminum-rich surfaces are larger
than that for the stoichiometric a-Al,O3 surface. Also, generally
the aluminum-rich and oxygen-rich interfacial energies are
smaller than the stoichiometric interfacial energy.

Most of the earlier work including our work mainly devoted
to determining the effects of interfacial stoichiometry on the
nature of the interfacial bonds for different metal/a-Al,O5 in-
terfaces and connecting that knowledge to the works of separa-
tion in a qualitative picture. Interfacial bonds are characterized
there via first-principles results for interfacial atomic structures,
electron density distributions, and local densities of electronic
states, as well as with works of separation. In contrast, no cor-
relation between interfacial adhesion and the physical properties
of the bulk materials forming interface has been investigated in a
quantitative and systematic way, even with a few reported rela-
tionship linking the measured adhesion data to bulk properties
of host materials for the one specific interface that were most
likely observed experimentally. As a matter of fact, we now un-
derstood that metal/oxide interface show stoichiometry-depen-
dent stable structures and that the adhesion are also critically
related to interfacial stoichiometry. Therefore, classifying those
interfaces into different categories and analyzing their adhesion
properties are truly required but can only be done with the help
of a systematic theoretical approach. This is the main purpose of
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the current work. Generally, the physically sensible analytical
relationships ensue between works of separation for each inter-
facial stoichiometry and measured bulk properties of metals and
metal oxides, and provide not only enhanced understanding of
interfacial stoichiometric effects but also the potential for semi-
empirical predictions of stoichiometry effects on works of sep-
aration for interfaces for which first-principles results are not
available.

Here it will be seen for the first time that the dependence of
the metal/alumina works of separation on typical stoichiome-
tries can be expressed in terms of a semiempirical but physically
sensible analytical relationships in a quantitative way. Specifi-
cally, the works of separation are expressed in terms of the bulk
properties of the metal and metal oxide. These relationships will
be shown to accurately represent metal/alumina bonding for all
metals considered, which in fact reveals clearly the underlying
strong correlation of the interfacial adhesion with the physical
properties of the bulk materials that join and form the interface.

II.  First-Principles Works of Separation

Wep is determined via first-principles computations>>*® accord-
ing to:
Wscp - (Emctal + EA1203 - Elnetal/AIZO3)/2S (2)

where E . and Eaj,0,are the total energies of the isolated metal
and a-Al,Os slabs, respectively. The term Epeta/an,0, Tepresents
the total energy of the system when the metal and the a-Al,O3
surfaces have been allowed to come together and adhere at equi-
librium separation. For the first-principles computations, the Per-
dew—Burke-Ernzerhof generalized gradient approximation®!
(GGA) was used within the Vienna ab initio simulation pack-
aget SVASP). The projector augmented plane wave
method*** with a plane wave energy cut off of 500 eV and an
energy convergence criterion of 10~* eV is used. Readers inter-
ested in additional details about the density-functional computa-
tional details used here can read about them in Zhang and
colleagues.®®>3%%_ All atoms of the system have been allowed to
relax, although the stoichiometry of the metal/a-Al,O; interface is
retained in the o-Al,O5 surface. This applies to fracture experi-
ments, where bond separation rates are sufficiently high that the
surfaces cannot relax to the ground-state stoichiometry before
bonds rupture.35 For the free a-Al,O; (0001) surface, the ground-
state stoichiometry has been shown*’* to be stoichiometric. For
steady-state experiments like sessile drop experiments,'* ! the
works of adhesion, W,4, can be obtained from Eq. (2) by using a
stoichiometric surface for computations of Eaj,o;.

Here, the stoichiometric metal/alumina interface refers to an
a-Al,O5 surface terminated by a single Al atomic layer and then
joined to a metal (Al-terminated), denoted as M/(Al,O3)a;. The
aluminum-rich case corresponds to an a-Al,O; surface termi-
nated by two Al atomic layers (Al,-terminated), denoted as
M/(A1,03)ap- Finally the oxygen-rich case corresponds to the
o-Al,Oj3 surface terminated by an O atomic layer (O-terminated),
denoted as M/(Al,O3)o. The Al,-, O-, and Al-terminated inter-
faces are re}laresentative types that span the variety of expected
chemistries,!#16-38-40

First-principles results for Wy, are found in Table I. Note the
smallest Wy, values are found for the stoichiometric interface
for all the metals in general. Also in all cases the oxygen-rich
interfaces have the largest values of W, This difference due to
stoichiometry is large, in some cases an order of magnitude.
These can perhaps be understood in terms of the dangling bonds
available from the (Al,O3)o surface and not found at the
(AL,O3)an surface. The aluminum-rich interfaces have Wi, in-
termediate values between those for the oxygen-rich and stoic-
hiometric interfaces, respectively.

Lodziana and Norskov?®® performed density functional com-
putations of the adhesion of a monolayer (ML) of Pd or Cu
atoms on o-Al,O; surfaces including aluminum-rich, oxygen-
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Table I.  Calculated Works of Separation, W, for Metal
(Alloy)/a-Al, O3 Interfaces

Works of separation, W, (I/m?)
Calculated results

Interface M/(AL,O3)a12 M/(ALL,03)0 M/(ALO3)an
Rh/O(-A1203

Type-I 4.32° 5917 1.057
II'/O(-A1203

Type-I 447" 6.517 0.897
Pd/a-A1203

Type-I 438" 435" 0.76"

ML 5.14* 421} 0.99*
Pt/O(-Alej,

Type-I 465 476" 0.74"
Ni/O(-A1203

Type-I 3.78° 6.84°% 1.30%

Type-II 405 6.55° 1.13°

Type-111 3.64° 6.75% 1.09%
CU/O(-A1203

Type-I 2.66° 5.94% 5.62° 0.58°

Type-11 2718 5.42° 0.74°

Type-111 2.69° 6.07° 0.86°

ML 3.264 6.18* 091*
Au/oc-A1203

Type-I 2.31" 278" 0.29"

Type-IT 242" 3.08" 0.21"
Ag/O(-A1203

Type-I 1.83" 3.93" 0.33"

Type-1I 1.85' 4.10" 0.32'
AI/O(-A1203

Type-I 143 10.10™, 8.677,  1.087", 1.36",

9.73H 1.06%

Nb/O(-A1203

Type-1I1 2.80% 9.80%, 10.60"  2.70%, 2.60™"

B-NiAl/(AL,O3)al
Alyterm-1A1  2.85"
B-NiAl-Ni"h/
(ALO3)an
Oterm—8Al 3.43"

The type-I, type-II, and type-III are for the metal/o—Al,O; interfaces using
different interfacial matchings and strains as discussed in H. Li et a/. (unpublished
data). The data denoted by “ML” are from the first-principles results for the
adsorption of a monolayer metal atoms on alumina.®® The values from GGA
calculations®* are adopted for Al, Au, and Ag/a-Al,O5 interfaces. "This work.
#Lodziana and Norskov.2® $Zhang er al.>® YBatyrev and Kleinman.*® 'Feng et al.>®
"Zhang and Smith.*® ¥Siegel er al?® Batyrev er al*® "Zhang and Smith.3*
"Li er al.*® ML, monolayer; GGA, generalized gradient approximation.

rich, and stoichiometric configurations. Most of the calculated
Wep data for 1 ML of metal atoms on alumina are larger than
those for thick metal slabs on alumina, but one can still see a
similar trend of Wi, with interface chemistry, i.e., the Al,- to
O-, to Al-terminated cases, as shown in Table I for the ML on
alumina results denoted as ML.

III. Analytical Relationships for Stoichiometry-Dependent
Works of Separation

As adhesion of the metal/a-Al,Oj3 interfaces has been shown to
vary significantly with interfacial stoichiometry, it is of interest
to seek an enhanced understanding and a further connection
with experiment of this effect. It’s difficult to carry out direct
experimental probes of these stoichiometry-dependent inter-
facial bonds. One can attempt to develop semiempirical
relationships between experimental quantities and stoichiometry-
dependent works of separation, however. Armed with the
knowledge of how the nature of the bonding varies with stoic-
hiometry, one can proceed. That is, bonding is predominantly
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Table II. The Electron Density Parameter at the Boundary of
the Wigner—Seitz Atomic cEll, n, [Density Units (d.u.)], Esti-
mated for the Pure Element Phase in the Metallic State**>

Metal Nys Metal Nys Metal Nys Alloys Nys

Rh 545 Cu 318 Nb 44l B-NiAl  4.02
Ir 613 Au 387 Co 536 B-NiALNi™" 536
Pd 466 Ag 252 Fe 555

Pt 564 Al 269 Mn 4.17

Ni 536

For the B-Ni;_,Al,/a—ALOs5 interfaces,* ny, is approximately taken to be the
average value of the parameters for pure Ni and Al to evaluate the W, of the
Alyterm—1Al interface, and the nys of Niis used to evaluate W, of the Oterm—8Al
interface due to the presence of Ni-rich layer in the B-NiAI-Ni"" slab (see Table I).

metallic for the aluminum-rich interfaces, ionic-covalent for the
oxygen-rich interfaces, and mixed ionic—covalent and metallic
for the stoichiometric interfaces.

(1) Aluminum-Rich M[a-AlL,O; Interfaces

Due to the predominately metallic bonding of aluminum-rich
interfaces, one might look to relate W, to the electron density of
the interface. Boer and colleagues.***® once used an electron density
parameter, ny, to evaluate the thermodynamic quantities of
binary alloys. They defined ny as the electron density at the
boundary of the Wigner-Seitz atomic cell estimated for
the pure element phase in the metallic state. Those authors*->
estimated n,, as the ratio of experimental bulk modulus B and
molar volume V of pure metals, i.e.,

12
s — (ﬁ) 3

in which the unit of ny is defined as density units (d.u.) in Boer
et al. * and Niessen and Miedema® as shown in Table II.

Getting back to the predominantly metallic bonding of the
Aly-terminated M/a-Al,O5 interface, one might look for the
adhesion to scale with the electron density parameter of
the corresponding metal, i.e.,

WsepfAIZ = Anys (4)
in which A4 is a scaling parameter. Indeed, Fig. 1 is a plot of the
calculated works of separation, W, ap, as a function of n, for
Al,-terminated interfaces. The solid line is obtained by fitting to

the adhesion results for the type-1 M/(Al,O3)Ap, interfaces of Table

5
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Fig.1. Work of separation (We,_ap) versus electron density param-
eter (nys) for the aluminum-rich metal (alloy)/alumina interfaces. The
Weep—an2 and ny are given in Tables I and II, respectively. The solid line
corresponds to the linear fit to all the data for type-I1 M/(Al,O3)app in-
terfaces. The Wy, corresponding to the cleavage B-NiAl/(Al,O3)ap for
the Abserm—1Al interface, and B-NiAl-Ni"™"/(A1,05)41 for the Orerm—
8Al are also plotted in the figure.*®
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I, and the corresponding parameter A is estimated to be 0.76 [(J/
m?)/(d.u.)]. It is very interesting to notice that there is an approx-
imate proportionality between ny, and W,_ap for the Al,-ter-
minated interfaces, even for the relatively broad range of interfaces
of Fig. 1. Physically, this is due to the metallic character of the
aluminum-rich interface bonding. Figure 1 shows that the higher
Nys 1, the stronger the W, app of an aluminum-rich interface.
Considering that the chemical bonding of the stable B-
Ni;_ Al /a-Al,O3 interfaces is also primarily metallic in both
the Al,term—1Al and Orerm—8Al interfaces,* the corresponding
works of separation are also given in Table I and plotted in
Fig. 1. In a simple approximation, the 7 for the -NiAl alloy is
taken to be the average value of the parameters for pure Ni and
Al to evaluate the W, of the Alterm—1Al interface via Eq. (4).
The n,, of Niis used to estimate the adhesion of the Oterm—8Al
interface due to the presence of Ni-rich layer in the B-NiAl-
Ni"“" slab (Table I1).*° Fig. 1 shows that the works of separation
for both the p-NiAl/(Al,O3)ap and B-NiAI-Ni"/(ALO3) A in-
terfaces also follow Eq. (4) very well, with the same scaling pa-
rameter A. In fact, an approximate proportionality between
surface energies of metals and electron density parameters was
also observed by Boer and colleagues.** ! This is consistent with
the picture that both the surface energies of metals and adhesive
energies for interfaces between metals and aluminum-rich
a-Al,O;5 (0001) surface involve predominantly metallic bonding.
Therefore, it is reasonable to expect that Egs. (3) and (4) are
appropriate for estimating adhesion of other aluminum-rich
M/a-Al,Oj interfaces. At this time, the physical meaning of the
scaling parameter 4 is not understood. However, as the corre-
lation exhibited in Fig. 1 covers many metal/a-Al,O3 systems, it
is speculated to be closely linked with the metallic bonding of the
Al,-terminated interfaces as well as the character of electronic
structure of the aluminum-rich a-Al,O; (0001) surface.

(2) Oxygen-Rich M[a-Al,O;3 Interfaces

For the oxygen-rich, clean o-Al,O3; (0001) surface, through
Mulliken population analyses,*”>? it is found that one of the
surface O atoms per surface unit cell carries an electronic charge
of only —0.58, compared with —1.0 for an O atom in the bulk
oxide. This leads to unsaturated dangling bonds on the O-ter-
minated a-Al,O5 surface. As discussed earlier, strong ionic-co-
valent interfacial bonds form for the oxygen-rich M/a-Al,O3
interface, and this is the primary reason why Wi, of such M/
(AL,O3)0 interfaces are always the largest in comparison with
those of the aluminum-rich and stoichiometric interfaces.

This feature of the metal-O interaction at the oxygen-rich
interface is similar to that found in the corresponding metal
oxides. This is suggestive that the work of separation of the
O-terminated interface, Wy,_o, might be expected to correlate
with the experimental enthalpy of formation of the bulk metal
oxide per oxygen atom, |EOF| (Table III), in the following way:

Wiyp-0 = C + D|EOF| )

here, C and D are scaling parameters. Indeed, the W, o cor-
relate with the | EOF| of metal oxides well as shown in Fig. 2. By
fitting all the adhesion data for the type-1 M/(Al,O3)g interfaces
in Table I, the C and D are estimated to be 3.87 J/m? and 1.01

Table III. Experimental Enthalpies of Formation [EOF in eV/
(O Atom)] of Metal Oxides

EOF [eV/ Metal ~ EOF[eV/ Metal EOF[eV/

Metal oxide (O atom)] oxide (O atom)] oxide (O atom)]
Rh,O; —-1.23 CuO —-1.68 NbO —4.35
IrO, -1.29 AuO; —0.01 CoO —246
PdO —1.20, —0.89 Ag,0O —-0.32 Fe,0O3 -—-2.85
PtO, —0.87 ALO; =579 MnO -3.99

NiO —-2.49

The data are derived from Kubaschewski et al.%* and Lide.>*
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Fig.2. Work of separation (Wy,_o) versus enthalpy of formation

(|[EOF)) for the oxygen-rich metal/alumina interfaces. The |[EOF| are

listed in Table II. All W,,_¢ are taken from Table I, and the solid line is
a linear fit to all the adhesion results for type-I1 M/(Al,O3)o interfaces.

[(J/m?)/(eV/O atom)], respectively. Figure 2 shows that the
Weep—o of an interface increases with the increasing of |[EOF|
of the corresponding metal oxide. This is consistent with the
physical picture that the metal-oxygen interaction is important
for the adhesion of oxygen-rich interfaces. Note, however, that
Wiep—o via Eq. (5)is > 3.87 J/m?, even for small |[EOF|. This is
likely due to Al-O-metal effects beyond simple metal-O effects.

(3) Stoichiometric M|a-ALO; Interfaces

The chemistry of the stoichiometric metal/alumina interfaces
falls in between the aluminum-rich and oxygen-rich cases. It
contains one Al layer between the adhered metal atoms and the
oxygen layer. The single layer of Al atoms does not make the
Al-terminated metal/alumina interface metallic like the alumi-
num-rich interface. The M/(A1,05),;; interfaces in fact show a
mix of metallic and ionic-covalent bonding. Based on the above
discussion of the adhesion of the aluminum-rich and oxygen-
rich interfaces, especially the two models described by Egs. (4)
and (5), one might reasonably expect that a combination of 7
and |EOF| could be used to describe the works of separation,
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Weep—an» for the M/(Al,O3) Ay interfaces. Therefore We,_an is
formulated by the following equation:

Wsep—All = Enys + F|EOF‘ (6)

By fitting all the stoichiometric adhesion results from first-
principles calculations in Table IV, the scaling parameters £ and
F are estimated to be 0.13 [(J/m?)/(d.u.)] and 0.15 [(J/m?)/(eV/O
atom)], respectively. One can see the expression of Eq. (6) for the
stoichiometric interface is not a simple linear combination
of those expressions of Egs. (4) and (5) for aluminum-rich and
oxygen-rich interfaces because of the relatively large constant
(3.87 J/m?) of Eq. (5) not found in Eq. (6). Again it is suggested
that Al-metal-O interactions are not captured by nys and |[EOF].

In order to check the validity of the model, results from Eq.
(6), from first-principles calculations, and from experimental
measurements are given in Table I'V. It should be pointed out
that the metals in Table IV are not only of fcc structure, but also
hep (Co), bee (Fe and Nb), and complex (Mn).>” The results are
also compared in Figs. 3 and 4 for clarity. The above results
show clearly that there is a correlation described by Eq. (6), and
this model reproduces well the variation of works of separation,
no matter whether comparing to the first-principles calculations
for the Al-terminated metal/alumina interfaces or to experimen-
tal measurements.

Comparing the scaling parameters obtained for the differently
terminated interfaces, the parameter multiplying the ny term in
Eq. (6) is smaller than the equivalent term in Eq. (4), i.e., E<A.
This is consistent with the physical picture that the metallic bond-
ing in the aluminum-rich interface is stronger than that of the
stoichiometric interface. Likewise, the coefficient for the |EOF|
term in Eq. (6) is also smaller than the corresponding parameter in
Eq. (5), i.e., F<D, which is consistent with the picture that the
ionic-covalent bonding is stronger in the oxygen-rich interface.

Models!®3% 6! have been proposed to estimate the adhesion
of Al-terminated metal/alumina interfaces, although none trea-
ted the effects of interfacial stoichiometry. Chatain et al.' pro-
posed a phenomenological expression for estimates of W, of
the Al-terminated M/(Al,0O3)a;; interfaces, as follows:

c

W = =737
N

_ 2
[AHG ey + 3 AHR e @)

Table IV. Calculated Works of Separation for Stoichiometric M/(A1;03) 411 Interfaces, Wep_an

Works of separation, Wi an (J/m?)

Interfaces By Eq. (6) By Eq. (7) By Li’s model Experimental data By first-principles
Rh/(ALO3)an 0.87 0.95 121 Type-I 1.05°
Ir/(ALO3)Apy 0.97 0.82 1.36 Type-I 0.89"
Pd/(A1,03)an 0.72,0.77 0.81 1.03 0.74 Type-I 0.76
Pt/(ALO3)anl 0.85 0.53 1.25 0.90° Type-I 0.74"
Ni/(ALO)an 1.04 1.16 1.19 1.19% Type-I 1.307
Type-I1 1.137
Type-111 1.09°
Cu/(A1,O3)an 0.65 0.58 0.70 0.49* Type-I 0.58"
Type-11 0.74°
Type-111 0.86"
Au/(AlLO3) Al 0.48 0.86 0.27* Type-1 0.29°7
0.56" Type-I1 0.21°7"
Ag/(ALO3)an 0.36 0.20 0.56 0.32F Type-I 0.337"
Type-II 0.3277
Al/(ALO3) Al 1.20 0.60 0.951,t Type-I 1.08% 136", 1.06"
1.13
Nb/(AL,O3)An 1.20 0.98 Type-III 270777, 2,604
Co/(ALO3)anl 1.04 0.98 1.19 1.14*
Fe/(AL,O3)an 1.12 0.84 1.23 1.21%
Mn/(ALO)anl 1.12 1.05 0.93 0.86-1.29

First-principles calculations and model estimations using Eqs. (6) and (7), and Li’s mode!
correspond to works of adhesion, (W,q), for the M/(Al,03)4); interfaces as discussed in the paragraph below Eq. (2). "This work. *Chatain ez al.'” *Saiz et al.'* YZhang et a
Li.> TFeng et al® #Lipkin e al.*® ¥Zhang and Smith.>* "'Batyrev and Kleinman.*® ""Siegel et al.?

15 are all listed. Experimental results are also provided for comparison, which
1%
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Fig.3. Wi, an from first-principles calculations versus W, a1 pre-
dicted by Eq. (6) for the stoichiometric metal/alumina interfaces. All the
data are listed in Table IV.

in which the empirical constant ¢ was estimated to be 0.22, N is
Avogadro’s constant, and V), is the molar volume of the metal
Me. AFI%O Meand AI:I/Ofl(Me are the enthalpies of mixing at infinite
dilution of oxygen and aluminum atoms in the bulk metal Me,
respectively.

Li>® regarded the Wiep—an as a function of the electron den-
sity parameter 7y, although no straightforward expression was
given. From Table IV, it is observed that most of the results
obtained here and Chatain and colleagues’ model predictions
agree well with experimental data, while there are several large
discrepancies for Li’s model, such as the Pd-, Pt-, Cu-, Au-, Ag-,
and Al-related systems. Considering the mixed ionic-covalent
and metallic character of chemical bonding at the M/(Al,O3)an
interfaces, the electron density parameter n, is not sufficient to
describe the adhesion of the stoichiometric interface. The con-
tribution from the metal-oxygen ionic—covalent bonding has to
be considered, even though it is not as large.

(4) All Stoichiometries of M|[a-ALOj; Interfaces
Combining the results for the interfaces of different termina-
tions, a simple, semiempirical relationship ensues for the work

1.6
E
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2 12f y &
- L [
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§ 1.0 ,E.t
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W sep-tr (Ym’) predicted by Eq. (6)

Fig.4. Wi,_an by experimental measurements versus We,_an pre-
dicted by Eq. (6) for the stoichiometric metal/alumina interfaces. The
slope of solid line is unity. All the data are listed in Table IV, and the
short vertical dotted line designates the range of experimental data'” for
the Wiep—an of Mn/(Al:03) 4. Experimental data correspond to the
work of adhesion (W,q) for the M/(Al,O3)4; interfaces as discussed in
the paragraph below Eq. (2).
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of separation, applicable to all the metals and interfacial
stoichiometries:

Wiep = anys + b|EOF| + ¢ (8)

The nature of the chemical bonding of metal/a-Al,O5 inter-
faces underlying Eq. (8) is now clear. The coefficients a—c are
different for the different stoichiometries. However, the above
comparisons with results of experiments and first-principles
computations demonstrate clearly that there does exist a group
of (a—c) parameters to describe the adhesion of metals with
a-Al,O5 for stoichiometric, aluminum-rich, and oxygen-rich in-
terfacial stoichiometries. It is reasonable to expect that the
model has some applicability to other interfaces between met-
als and oxides.

IV. Conclusions

Through analyses of interfacial stoichiometry, atomic relax-
ation, electronic structure, chemical bonding, and adhesion be-
tween o-Al,O5 and a series of metals including Al, Ni, Cu, Au,
Ag, Rh, Ir, Pd, Pt, Nb, and B-NiAl, one can conclude the fol-
lowing. Chemical bonding is found to be metallic for the alu-
minum-rich interfacial stoichiometry, primarily ionic with some
covalent contributions for the oxygen-rich stoichiometry, and of
mixed ionic-covalent and metallic for the stoichiometric inter-
faces. Simple empirical relationships were identified. It was
found that the metallic component of bonding scales with (B/
V)l/ 2, where B is the bulk modulus and V is molar volume of the
metal. Similarly, it was found that the ionic-covalent component
of bonding is equal to a constant plus a term that scales with the
enthalpy of oxide formation |EOF] of the metal. A linear com-
bination of a constant, (B/V)"?, and the enthalpy of oxide for-
mation, both of the latter of the metal, provides a unified
relationship to evaluate the works of separation for all the sto-
ichiometries: aluminum-rich, oxygen-rich, and stoichiometric
metal/a-Al,O5 interfaces. This relationship is consistent with
the results of first-principles calculations and experimental mea-
surements for all three potential stoichiometries of the eleven
metal/a-Al,O5 interfaces. These analytic functions of a constant,
(B/V)l/ 2, and |EOF| suggest also that Al-metal-O interactions
are important contributors to stoichiometric effects in bonding
at these interfaces. In general, higher surface energies and lower
interfacial energies lead to the higher works of separation found
for O-rich and Al-rich interfaces.

Acknowledgment

The authors would like to acknowledge Prof. Dominique Chatain for provid-
ing the useful information of his model and experimental data. H. Li and W.
Zhang thank the SCCAS for time on the Shengteng7000 supercomputer. J. R.
Smith is supported for this work by the U.S. Office of Naval Research under Grant
N00014-08-1-1164.

References

'A. Rabiei and A. G. Evans, “Failure Mechanisms Associated with the Ther-
mally Grown Oxide in Plasma-Sprayed Thermal Barrier Coatings,” Acta Mater.,
48, 3963-76 (2000).

°N. P. Padture, M. Gell, and E. H. Jordan, “Materials Science-Thermal Barrier
Coatings for Gas-Turbine Engine Apptications,” Science, 296, 280—4 (2002).

3D. W. Goodman, “Model Studies in Catalysis Using Surface Science Probes,”
Chem. Rev., 95, 523-36 (1995).

4R. C. Santana, S. Jongpatiwut, W. E. Alvarez, and D. E. Resasco, ““Gas-phase
Kinetic Studies of Tetralin Hydrogenation on Pt/Alumina,” Ind. Eng. Chem. Res.,
44, 7928-34 (2005).

F. Ahmed, M. K. Alam, A. Suzuki, M. Koyama, H. Tsuboi, N. Hatakeyama,
A. Endou, H. Takaba, C. A. Del Carpio, M. Kubo, and A. Miyamoto, “‘Dynamics
of Hydrogen Spillover on Pt/Gamma-ALO; Catalyst Surface: A Quantum Chem-
ical Molecular Dynamics Study,” J. Phys. Chem. C, 113, 15676-83 (2009).

°C. C. Young, J. G. Duh, and C. S. Huang, “Improved Characteristics of
Electroless Cu Deposition on Pt-Ag Metallized Al,O; Substrates in Microelec-
tronics Packaging,” Surf. Coat. Technol., 145, 215-2 (2001).

"H. J. Grabke, D. Wiemer, and H. Viefhaus, “Segregation of Sulfur During
Growth of Oxide Scales,” Appl. Surf. Sci., 47, 243-50 (1991).



June 2011

8H. J. Grabke, G. Kurbatov, and H. J. Schmutzler, “Segregation Beneath Oxide
Scales,” Oxid. Met., 43, 97114 (1995).

T A. Haynes, B. A. Pint, K. L. More, Y. Zhang, and 1. G. Wright, “Influence of
Sulfur, Platinum, and Hafnium on the Oxidation Behavior of CVD NiAl Bond
Coatings,” Oxid. Met., 58, 513-44 (2002).

%P, Y. Hou, “Segregation Phenomena at Thermally Grown ALO;/Alloy
Interfaces,” Annu. Rev. Mater. Res., 38, 275-98 (2008).

''E. Ernst, “Metal-Oxide Interfaces,” Mater. Sci. Eng., R 14, 97-156 (1995).

2M. W. Finnis, “The Theory of Metal-Ceramic Interfaces,” J. Phys.: Condens.
Matter, 8, 5811-36 (1996).

137. M. Howe, “Bonding, Structure, and Properties of Metal-Ceramic Interfaces
.1. Chemical Bonding, Chemical-Reaction, and Interfacial Structure,” Int. Mater.
Rev., 38, 233-56 (1993).

14E. Saiz, A. P. Tomsia, and R. M. Cannon, “Wetting and Work of Adhesion in
Oxide/Metal Systems”; pp. 65-82 in Ceramic Microstructure: Control at the
Atomic Level, Edited by A.P Tomsia, and A. M. Glaeser. Plenum Press, New
York, 1998.

ISE. Saiz, R. M. Cannon, and A. P. Tomsia, “Energetics and Atomic Transport
at Liquid Metal/Al,O5 Interfaces,” Acta Mater., 47, 4209-20 (1999).

I Saiz, R. M. Cannon, and A. P. Tomsia, “High-Temperature Wetting and
the Work of Adhesion in Metal/Oxide Systems,” Annu. Rev. Mater. Res., 38, 197—
226 (2008).

'7D. Chatain, 1. Rivollet, and N. Eustathopoulos, “Thermodynamic Adhesion
in Non-Reactive Liquid Metal-Alumina Systems,” J. Chim. Phys., 83, 561-7
(1986).

8D, Chatain, L. Rivollet, and N. Eustathopoulos, “Estimation of The Thermo-
dynamic Adhesion and the Contact-Angle in the Nonreactive metal-Ionocovalent
Oxide Systems,” J. Chim. Phys., 84, 201-3 (1987).

YD, Chatain, L. Coudurier, and N. Eustathopoulos, “Wetting and Interfacial
Bonding in Ionocovalent Oxide-liquid Metal Systems,” Rev. Phys. Appl., 23, 1055
64 (1988).

20M. Degraef, B. J. Dalgleish, M. R. Turner, and A. G. Evans, “Interfaces
Between Alumina and Platinum: Structure, Bonding and Fracture Resistance,”
Acta Metal. Mater., 40, S333-S344 (1992).

2IM. Riihle, “Structure and Composition of Metal/Ceramic Interfaces,” J. Eur.
Ceram. Soc., 16, 353-65 (1996).

2N. Eustathopoulos and B. Drevet, “Determination of the Nature of Metal-
Oxide Interfacial Interactions from Sessile Drop Data,” Mater. Sci. Eng. A, 249,
176-83 (1998).

2N. Eustathopoulos, B. Drevet, and M. L. Muolo, “The Oxygen-
Wetting Transition in Metal/Oxide Systems,” Mater. Sci. Eng. A, 300, 34-40
(2001).

2*N. Eustathopoulos, “Progress in Understanding and Modeling Reactive
Wetting of Metals on Ceramics,” Curr. Opin. Solid State Mater. Sci., 9, 152-60
(2005).

A, Bogicevic and D. R. Jennison, “Variations in the Nature of Metal Ad-
sorption on Ultrathin Al,O; Films,” Phys. Rev. Lett., 82, 4050-3 (1999).

2%C. Verdozzi, D. R. Jennison, P. A. Schultz, and M. P. Sears, “Sapphire(0001)
Surface, Clean and with D-Metal Overlayers,” Phys. Rev. Lett., 82, 799-802
(1999).

27, R. Smith and W. Zhang, “Stoichiometric Interfaces of Al and Ag with
ALO3,” Acta Mater., 48, 4395-403 (2000).

7. Lodziana and J. K. Norskov, “Adsorption of Cu and Pd on Alpha-
Al,0;3(0001) Surfaces with Different Stoichiometries,” J. Chem. Phys., 115,
11261-7 (2001).

»D.J. Siegel, L. G. Hector, and J. B. Adams, “Adhesion, Atomic Structure, and
Bonding at the Al(111)/Alpha-Al,0;(0001) Interface: A First Principles Study,”
PI13ys Rev. B, 65, 085415, 19pp (2002).

°I. G. Batyrev and L. Kleinman, “In-plane Relaxation of Cu(111) and Al(111)/
Alpha -Al,O5 (0001) Interfaces,” Phys. Rev. B, 64, 033410, 4pp (2001).

*II. G. Batirev, A. Alavi, M. W. Finnis, and T. Deutsch, “First-Principles
Calculations of the Ideal Cleavage Energy of Bulk Niobium(111)/Alpha-
Alumina(0001) Interfaces,” Phys. Rev. Lett., 82, 1510-3 (1999).

21.G. Batyrev, A. Alavi, and M. W. Finnis, “Equilibrium and Adhesion of Nb/
Sapphire: The Effect of Oxygen Partial Pressure,” Phys. Rev. B, 62, 4698-706
(2000).

Interfacial Stoichiometry and Adhesion at Metalla-AlL,Oj3 Interfaces S159

Bw. Zhang and J. R. Smith, “Nonstoichiometric Interfaces and ALO;
Adhesion with Al and Ag,” Phys. Rev. Lett., 85, 3225-8 (2000).

3W. Zhang and J. R. Smith, “*Stoichiometry and Adhesion of Nb/ALO3,” Phys.
Rev B, 61, 16883-9 (2000).

BW. Zhang, J. R. Smith, and A. G. Evans, ““The Connection between Ab Initio
Calculations and Interface Adhesion Measurements on Metal/Oxide Systems: Ni/
ALO; and Cu/ALO;,” Acta Mater., 50, 3803-16 (2002).

%6J. W. Feng, W. Q. Zhang, and W. Jiang, “Ab Initio Study of Ag/Al,O5 and
Au/ALO; Interfaces,” Phys. Rev. B, 72 [1-11] 115423 (2005).

3'W. Zhang, J. R. Smith, and X. G. Wang, “Thermodynamics from Ab Initio
Computations,” Phys. Rev. B, 70, 024103, 8pp (2004).

3. Bruley, R. Brydson, H. Miilleejans, J. Mayer, G. Gutekunst, W. Mader,
D. Knauss, and M. Riihle, “Investigations of the Chemistry and Bonding at
Niobiumsapphire Interfaces,” J. Mater. Res., 9, 2574-83 (1994).

*¥G. Dehm, M. Ruhle, G. Ding, and R. Raj, “Growth and Structure of Copper
Thin-Films Deposited on (0001) Sapphire by Molecular-Beam Epitaxy,” Philos.
Mag. B, 71, 1111-24 (1995).

40C. Scheu, G. Dehm, M. Riihle, and R. Brydson, “Electron-Energy-Loss Spec-
troscopy Studies of Cu-Alpha-Al,O; Interfaces Grown by Molecular Beam Epi-
taxy,” Philos. Mag.A, 78, 439-65 (1998).

413, P. Perdew, K. Burke, and M. Ernzerhof, “Generalized Gradient Approx-
imation Made Simple,” Phys. Rev. Lett., 77, 3865-8 (1996).

42G. Kresse and J. Hafner, “Ab Initio Molecular Dynamics for Liquid Metals,”
Phys. Rev. B, 47, 558-61 (1993).

#G. Kresse and J. Furthmuller, “Efficient Iterative Schemes for Ab Initio Total-
Energy Calculations using a Plane-Wave Basis Set,” Phys. Rev. B, 54, 11169-86
(1996).

4p_ E. Blochl, “Projector Augmented-Wave Method,” Phys. Rev. B, 50, 17953~
79 (1994).

4G. Kresse and D. Joubert, “From Ultrasoft Pseudopotentials to the Projector
Augmented-Wave Method,” Phys. Rev. B, 59, 1758-75 (1999).

“H. T. Li, J. W. Feng, W. Q. Zhang, W. Jiang, H. Gu, and J. R. Smith, “Ab
Initio Thermodynamic Study of the Structure and Chemical Bonding of a Beta-
Ni,_,Al,/Alpha-Al,O; Interface,” Phys. Rev. B, 80, 205422, 12pp (2009).

4L Batyrev, A. Alavi, and M. W. Finnis, ““Ab Initio Calculations on the A1,O3
(0001) Surface,” Faraday Discuss., 114, 33-43 (1999).

“X. G. Wang, A. Chaka, and M. Scheffler, “Effect of the Environment on
Alpha AlLL,O; (0001) Surface Structures,” Phys. Rev. Lett., 84, 3650-3 (2000).

“F. R. D. Boer, R. Boom, W. C. M. Mattens, A. R. Miedema, and A. K.
Niessen, Cohesion in Metals, North-Holland, New York, 1988.

°A. K. Niessen and A.R Miedema, “The ‘Macroscopic Atom’ Model: An Easy
Tool to Predict Thermodynamic Quantities™; pp. 29-54 in Thermochemistry of
Alloys, edited by H. Brodowsky, and H. J. Schaller. Kluwer Academic Publishers,
Boston, 1987.

SIA. R. Miedema, “Surface Energies of Solid Metals,” Z. Metallkd., 69, 287-92
(1978).

R. S. Mulliken, “Electronic Population Analysis on Lcao-Mo Molecular
Wave Functions .1, J. Chem. Phys., 23, 183340 (1955).

330. Kubaschewski, C. B. Alcock, and P. J. Spencer, Materials Thermochem-
istry. Pergamon Press, Oxford, 1993.

3D, R. Lide, CRC Handbook of Chemistry and Physics. CRC Press, Boca Ra-
ton, 1997.

). G. Li, “Wetting and Interfacial Bonding of Metals with lonocovalent
Oxides,” J. Am. Ceram. Soc., 75, 3118-26 (1992).

D, M. Lipkin, J. N. Israelachvili, and D. R. Clarke, “Estimating the Metal-
Ceramic Van der Waals Adhesion Energy,” Philos. Mag. A, 76, 715-28 (1997).

7C. Kittel, Introduction to Solid State Physics. Wiley, New York, 1971.

38J. E. McDonald and J. G. Eberhart, “Adhesion in Aluminum Oxide-Metal
Systems,” Trans. Metall. Soc., AIME, 233, 512-7 (1965).

%Y. V. Naidich, “The Wettability of Solids by Liquid Metals,” Prog. Surf.
Membr. Sci., 14, 353-484 (1981).

%0A. M. Stoneham and P. W. Tasker, “Metal Non-Metal and Other Interfaces—
The Role of Image Interactions,” J. Phys. C: Solid State Phys., 18, L543-1.548

(1985).
S'M. W. Finnis, “Metal Ceramic Cohesion and the Image Interaction,” Acta
Metall. Mater., 40, S25-37 (1992). O



