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Ab initio study of Al-ceramic interfacial adhesion
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We present a small database of adhesion energies for Al/ceramic interfaces calculated using density func-
tional methods. In total, 26 distinct interface geometries were examined, in which the ceramic component was
varied amongst carbidg$VC, VC), nitrides(VN, CrN, TiN), and oxides &-Al,03), while including varia-
tions in interfacial stacking sequence and ceramic termindpotar and nonpolar We find that adhesion is
smallest(largesj for those interfaces constructed from non-pdlaslan surfaces, regardless of ceramic com-
ponent. Since the interfacial free energies of all interfaces are relatively small, we examine the extent to which
adhesion can be described solely by contributions from the surface energies.
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Interfaces between metals and ceramics play a vital roléions; for example, based on our results we examine the ex-
in many industrial applicationsheterogeneous catalysis, mi- tent to which adhesion can be attributed to contributions
croelectronics, thermal barriers, corrosion protection, androm the surface energies alone. On the other hand, by vary-
metals processing are but a few representative examplesg the ceramic component, several of the microscopic prop-
Nonetheless, experimental complications associated with therties relevant to interfacial adhesion change simultaneously
study of a buried interface, and theoretical difficulties arising(crystal structure, surface termination, metalloid atom
from complex interfacial bonding interactions have hinderedhereby complicating an analysis of trends in these underly-
the development of models capable of predicting fundamening quantities. An analysis of these issues—although ex-
tal interfacial quantities. Recently, advances @b initio  tremely important—is beyond the scope of this Brief Report,
simulation techniques and the development of high resoluand we refer the reader instead to Refs. 15 and 16.
tion experimental probes have made interfacial studies more A fundamental quantity which influences the mechanical
tractable, as evidenced by the appearance of severgloperties of an interface is the work of separafidiy,Ref.
paperé ! addressing the issue of metal-ceramic adhesion.1) (also commonly referred to as the “ideal work of adhe-
However, with the exception of only one studgll of these  sion”) which is defined as the energy required to break in-
focused on but one or two particular interface systems. Theserfacial bonds and reversibly separate the interface into two
works have provided valuable insight into the atomic andfree surfaces, neglecting diffusion and plastic deformation.
electronic structure of several different interfaces, but thgThe degree of plastic deformation which occurs during in-
disparity of methods and approximations usespecially in  terfacial fracture is known to depend up(wsep.”) For-
the context of theb initio calculation$ can lead to difficulty  mally, W, is defined either in terms of the surface and
in comparing results obtained by different groups and consenterfacial energies, relative to the respective bulk materials,
quently inhibit a more fundamental understanding of interfa-or by the difference in total energy between the interface and

cial properties. its isolated surfaces
Here we present a small database of adhesion energies for
Al/ceramic interfaces compiled both from our earlier Weep=01,+ 02— Y12= (EP'+EX'—EN/A. (D)

reports?>~* and new calculations on Cf&00), TiN(100),

and WC(11D). We have endeavored to be consistent in ouHere g;, is the surface energy of slaby, is the interface
methodology by using a uniform set of calculation param-energy,EitOt is the total energy of slah andEtf’zt is the total
eters for all systems considered. This is significant becausenergy of the interface system. The total interface area is
earlier studies have, for example, revealed discrepancies bgiven byA.

tween results obtained with different exchange-correlation Although Eq.(1) defines\Ve,in terms of both the surface
functionals”*>We have chosen to focus on Al as the metallicand interfacial energies, our calculations will illustrate that
component because it is fairly representative of free electrothese quantities do not necessarily play an equal role. We
metals, and it receives widespread use in practical applicdind that sincey is generally small for these metal-ceramic
tions ranging from microelectronics to structural materials.systems, the strength of the interfacial bondi@gnd thus

For ceramics, we have intentionally selected a broad class af/s.) depends to a large extent upon the reactivity of the
compoundgoxides (-Al,053), carbidesSWC, VC), and ni- individual surfaces, as reflected by their surface energies. As
trides (VN, CrN, TiN)], and have examined various interfa- large o’s indicate the presence of energetically unfavorable
cial stacking sequences and surface terminations in order teatures such as large surface dipoles and dangling bonds,
make our survey as general as possible. It is hoped that suthese surfaces often reconstruct or seek to passify their dan-
a broad sampling would facilitate predictions of interfacial gling bonds by bonding to adsorbates or, when possible,

properties through the identification of numerical correla-other surfaces. Hence, to first approximation, knowledge of
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TABLE I. Comparison of calculated bulk properties with experi- ~ TABLE Il. Calculated surface energies and slab dimensions
ment. Experimental data are listed in the second row for each magiven in No. of atomic layepsused in the interface calculations.
terial. For the nonstoichiometric slabs both the averagend the range of

possibleo are given. Superscripts give the termination of those

System aA) c(R) B, (GPa Econ (€V) surfaces cleaved along a polar plane.
Al 4.039 73.5 3.51 —

4.032 79.4P 3.39¢ Surface No. Layers o m?9)
a-Al,0, 4.792 13.077 246 33.0 Al(100 5 0.89

4763  12.98¢ 253° 31.8 Al(110) 4 1.05
wC 2.920 2.840 375 16.7 Al(111) 5 0.81

2.9049 2.8359 4439 16.7" a-Al,04(0001)" 15 1.59
VN 4.132 316 12.2 a-Al,05(0001F 13 7.64,(4.45-10.83

4.126 12.5 wcC(0001)Y 9 3.66,(3.43-3.88
vC 4.170 304 13139-]_9 WC(0001f 9 5.92,(5.69-6.14

4.172 : X 4 3.88

WC(1120
CrN 4.058 326 10.1 VN((100) ) 7 0.95
i .

. 4.140 10.3 VC(100) 7 1.28
TiN 4.253 280 14.2 CIN(100 7 074

4.240 288 13.4) TiN(100 7 1.25
“Ref. 26. “Ref. 31. 'Ref. 35.
:Ref- 27. 'Ref. 32. JkRef- 36. tical termination of both surfaces. In those cases it is only
Ref. 28. iRef. 33. Ref. 37. possible to calculate the surface energy within a range where
Refs. 29,30. Ref. 34.

the chemical potentials of the elements in the compound
are less than those of the pure elements in their standard
the o’s alone enables one to make a rough prediction of thestates(SS: MiSMiSS (see our earlier papEror Refs. 39,40
strength of interfacial bonding andse,. for more details The average ofr over this range is re-

For this study we employ density functional theory ported in Table Il and was then used in relating,,to o.
(DFT),*®%as implemented in the Vienrab initio simulation ~ We note that of the 12"s reported in that table, three of the
package(vasp).?Vasp uses a plane-wave basis set for thefour largest belong to polar surfaces, in which cleaving the
expansion of the single particle Kohn-Sham wavefunctionssurface requires the breaking of strong anion-cation bonds.
and pseudopotentidfs®®to describe the computationally ex- (All of the ceramics exhibit some degree of ionic/polar-
pensive electron-ion interaction. Sampling of the irreduciblecovalent bonding. The remaining eight nonpolar surfaces
wedge of the Brillouin zone is performed with a Monkhorst- have smaller surface energies<1.6 Jm 2.

Pack grid of speciak-points?® Ground state atomic geom- Due to the substantial computational cost of performing a
etries for all interfaces and surfaces were obtained by miniDFT calculation on supercells containing first row and tran-
mizing the Hellman-Feynman forcédo a tolerance of 0.05 sition metal elements, we emphasize that our molecular stat-
eV/A per atom. All calculations employed the generalizedics (0 K) predictions of structure and/se,do not account for
gradient approximatiofGGA) of Perdew and Wang’ temperature and larger-scale size effects such as reconstruc-

To ensure the precision of energies and geometriegions and lattice mismatch. Since strain effects can impact
k-point and planewave cutoff energy convergence tests Wel‘léz“/.sep,9 we intentionally selected ceramics having a mismatch
performed, resulting in total energies which were convergedvith the Al lattice of roughly less than 5%see Table IIl. A
to within 1-2 meV per atom. The accuracy of the pseudoporealistic interface with a mismatch of this magnitude would
tential approximation was assessed by performing calculdikely possess large regions of coherency interrupted by
tions on the bulk phases of all materials used in this studywidely spaced £100 A) misfit dislocations; hence our co-
The results of these calculations are compiled in Table | angherent models are reasonable first approximations to the true
compared with available experimental data; consistent witlstructures. Even though many transition metal carbides and
other GGA-DFT studies, we find excellent agreement. Morenitrides generally contaifil0—20 % vacancies at the metal-
detailed accounts of the pseudopotential implementationiid sites** our models use ideal 1:1 stoichiometries to allow
and convergence testing can be found elsewtferé. the use of smaller superceff$.

As our goal was to simulate surfaces and interfaces of Our interface models used a superlattice geometry in
bulklike materials, additional checks were performed to enwhich a central ceramic slab was sandwiched between two
sure that the slabs comprising each interface were suffislabs of Al, resulting in two identical interfaces per supercell.
ciently thick to exhibit a bulklike interior. In order to accu- When possible, orientation relationships from experifffent
rately evaluate surface energiesee Table )l we followed  were usedsee Table Ill for a complete listingA vacuum
the method proposed by Boettg&which avoids the prob- region of ~10 A separated the free surfaces of the Al. To
lem of non-convergence ef with respect to slab thickness. accommodate the periodic boundary conditions, all but one
Large slabs of up to 15 atomic layers were used. Fointerface systeff used the coherent interface approximation
the polar surfacesa-Al,05(000)°, WC(0001)V, and in which the lateral dimensions of the softer Al slabs were
WC(0001f (superscripts indicate the terminatjprm non-  adjusted to match the surface lattice constants of the ceramic.
stoichiometric slab must be implemented to allow for iden- For each interface system several different stacking se-
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TABLE lIlI. Interfacial orientation relationship, polarityP = polar, NP= nonpolaj, strain, interfacial
free energy §), andW,. The terminations of the polar ceramic surfaces are indicated with a superscript.
Wsep Values correspond to the optimal stacking sequences.

Interface Orientation Polarity ~ Strai%) 1y (J m?) Wep (I M- ?)
Alla-A1,05"  (111)110],]|(0001)1010],,6, NP 4.9 1.34 1.06
Alla-Al,05°  (111)110]4||(0001) 1OTO]A|203 P 4.9 -1.28 9.73
Al/wcW (111)110] || (0001) 1120]yc P 2.2 0.39 4.08
Al/wcc (111) 110] 5 || (0001} 1120]yc P 2.2 0.72 6.01
Al/WC (110) 1107, ||(1120)[ 000Dy NP 0.4 1.79 3.14
AIIVN (100)[001] 5, ||(100) 001]yy NP 2.3 0.11 1.73
AINVC (100)[ 001] , || (100) 002}y NP 3.2 0.03 2.14
Al/CIN (100)[001] 5, ||(100) 00L] crn NP 0.5 0.18 1.45
AUTIN (100)[001] o, ||(100) 001 1y NP 5.3 0.62 1.52

guences(i.e., relative translations of the slabs within the the data are bracketed by horizontal error bars giving the
plane of the interfagewere examined to identify the optimal range of possible listed in Table II. While the/V,e,data on
bonding site. We also considered multiple terminations forthe whole follow a roughly linear trend with respectdo all
the a-Al,O; and WC surfaces: Al and O terminations for but one of the data points fall to the right of the line. This
a-Al,03(0001) and W and C terminations for \WG0012). reveals that bonding at these interfaces is on average weaker
The results of outVse,calculations are presented in Table than in the respective bulk regions. The one system falling to
[ll, where one can see that there are substantial differences the left of the line, and therefore having a negatiyein-
Wiepfor the polar vs non-polar geometries. In particular, thevolves the oxygen-terminated-Al,O; surface, which has
three polar surfaces have the larga,,, ranging from 4.08 the largest surface energy andg,,. In an earlier papéf we
J m 2 for AIWCY up to 9.73 IJm? for Al/ a-Al,0;°. Of  argued that the strong bonding at this interface could indicate
the remaining sixnonpolaj interfaces, five hav@Vs,,val-  the possibility of fracture within the Al rather than at the
ues of 2.1 J m? or less. TheWseps for the three nitride  metal-ceramic junction, were the interface subjected to a ten-
ceramics are among the smallest overall, and are relativelsile stress.
insensitive to the choice of metallic component, with,, With the exception of TiN, the rocksalt-structured car-
falling within 1.45-1.73 J m?. On average, the polar bides and nitrideCrN, VN, and VQ exhibit the largest
Wseps are 4.6 J m? larger than the non-polar systems, con-dependence oV, upon the surface energies. These three
sistent with their larger surface energies. We note that ousystems have the smallest interfacial energies, only 0.03—
predictedWe, value of 1.06 J m2 for Al a-Al,Oz" com- 0.18 J m?, and thein/Vgeps cluster in a nearly linear fash-
pares favorably with the experimerft(sessile dropvalue  ion along the bottom left of Fig. 1, close to the=0 line.
of 1.13 Jm 2 as scaled to 0 K. To our knowledge, experi- Presumably, the smallness gffor these interfaces can be
mental adhesion data for the other interface systems igxplained by similarities between bulk and interfacial bond-
unavailable. ing, since both bulk components exhibit some degree of me-
Regarding the optimal interfacial stacking sequences, wiallic bonding. We note that two earlier studi¢® involving
find that for the Alk-Al,O3 and polar AI/WC systems the (Al/Ag/Ti)/MgO observed a similar dependence Wfse,
metal atoms prefer sites which continue the natural stackingpon metallic surface energies. For Al/TiN, which is some-
sequence of the bulk ceramic across the interface and into the

Al. For AI/VC, Al/VN, AI/CrN, AI/TIN, and AI/WC(1120), T — T

the Al atoms prefer to sit above the metalloid atof@sand - e

N). More details regarding some of the individual interfaces, 101 | 4 .

including an analysis of interfacial electronic structure, can - A1y Og000n%

be found in Refs. 12-14. 8- 7 -
Table Il also lists the interfacial energies, and shows that - 7 1

they are relatively smallon average~19%) in comparison _# Mol Attipmwooon® .

to the summed surface energies, + o ceramic (Table II). //

The generally small magnitude gfsuggests that the’s are - 7101 mweiaoy™ .

the dominant term in Eq(l) for these metal-ceramic sys- - croonciger” ® AHIOWC(1120)

tems. To further examine the extent to whikle, can be ‘Aué'r’k.’”.i: ATOOYTINGIO0)

determined by the surface energies alone, Fig. 1 plugs, -7 @ Acuya,0g000n”

VS oot Oceramic @ line with unit slope is also included to o,

indicate where the data points would lie in the idealized case Total Surface Energy (metal + ceramic) (J m?)

of y=0. In this representation the horizontal deviation of a F|G. 1. Weep Vs the summed surface energigsa(+ o ceramic) -

given data point from thes/=0-line corresponds to the size Filled (open circles correspond to nonpolgola interfaces. The
of . For the three polar interfaces at the top of the figuredotted line corresponds to the cage 0.

-2
W, (M)
>
T

n
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what of an outlyer with respect to the other rocksalt ceramWe show that the surface energies play a dominant role in
ics, they contribution is larger, 0.62 J nf, possibly due to  determining the work of separation for these systems, as the
the relatively large interfacial strain of 5.3%. interfacial energies are generally much smaller in compari-
Figure 1 also illustrates that those interfaces involvingson. In most cases, and in particular for those systems in-
a-Al,05 and WC(11D) haveWseps which are not as well  volving the cubic carbides and nitrideBYs, can be de-
described by surface energies aldne., y effects are more scribed largely in terms of surface energies alone. Exceptions
importany. For thea-Al,O5 interfaces, as with TiN, a pos- to this rule arise mainly for systems characterized by rela-
sible explanation for this behavior could be strain effectstively large interfacial strain or incoherent interfacial bond-
which are also significar{#.9%9 for this system. In addition, ing. Knowledge of the surface energies could therefore serve

the mainly ionic bonding in bulke-Al,O5 differs substan- as a reasonable starting point for the estimation of interfacial
tially from that found in Al. While for the WC system the strength.

strain is low(0.4%), and differences in the respective bulk

bonding are less pronouncéWC is metallig, this model Computational resources for this study were provided by
implements an incoherent, misfit geometry characterized bje National Computational Science Alliance at the Univer-
irregular bonding across the interface. sity of Illinois at Urbana-Champaign under Grant No. MCA

In summary, we have presented a snadlinitio database 96NOO1N. Financial support was provided by the National
of adhesion energies for nine Al/ceramic interfaces, surveyScience Foundation Division of Materials Research under
ing several different interface terminations and bonding sitesgrant DMR 9619353.
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