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Exploiting Covalency to Enhance Metal-Oxide and

Oxide-Oxide

Department of C

We employ first-principles density functional calculations to
explore atomic-level interactions and predict the ideal work of
adhesion at the SiQ/nickel and ZrO ,/SiO, interfaces. We find
that chemical bonding at the interface serves to strengthen
significantly interfaces formed with SiO,, which exhibits sig-
nificant covalent bonding character, relative to those formed
using more ionic oxides, such as AD, in place of SiQ,. The
improved strength of these interfaces due to local bonding
interactions may hold materials design implications for prac-
tical applications that require optimal adhesion between
metal-ceramic layered structures, including thermal barrier
coatings.

I. Introduction

A cHIEVING Well-matched heterogeneous interfaces is crucial for
numerous practical applications. Although matching bulk
properties for the constituents of such interfaces is fairly straight-
forward, these properties alone cannot ensure optimal interface
design. In particular, unique features relevant to thin films,
amorphous structures, and the local interatomic interactions may
have a significant impact on the resulting behavior—even for
macroscopically thick interfaces. Unfortunately, it is these prop-
erties that are often not well-understood and generally very
difficult to characterize. This prevents detailed predictive design
for heterogeneous interface applications. A wealth of empirical
knowledge does exist, but conclusions and trends that can be
inferred from these studies are generally very conditions-
dependent.

One example where optimization of interface behavior is crucial
and nontrivial is in the case of thermal barrier coatings (TBCs) for
jet engine turbines. TBCs serve the valuable role of protection
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against thermal and corrosive degradation of the superalloy turbine
blades in the harsh combustion environmehSuch applications
require optimization of several coating and interface properties for
maximum effectiveness. Among these, favorable adhesion, well-
matched thermal expansion coefficients, effective thermal protec-
tion, and protection against hot oxidation/corrosion are especially
vital properties that these coatings must pos3eBer TBCs,
matching even the bulk properties over the harsh temperature and
chemical potential ranges is a challenge.

A typical structure for a TBC consists of several layers. The
superalloy substrate is a single-crystal alloy of primarilgAiin
a nickel matrix. Generally, a metal alloy bond coat is deposited on
the superalloy substrate: two common bond coatings are MCrAlY
(where M = Ni, Fe, and/or Co) and PtAl alloys.A thin
Y ,05-stabilized ZrQ (YSZ) film then serves as the top coat and
provides the primary thermal protection for the underlying sub-
strate. Because oxygen diffuses through ZeDhigh temperature
and along cracks and grain boundaries at all relevant temperatures,
the metal alloy bond coat must provide some means of oxidation/
corrosion protection for the superalloy. This goal partially moti-
vates the aluminum content in the bond-coat alloy, since alumina
(Al,O5) provides a slow-growing oxide that effectively protects
the underlying alloy from further oxidation. This layer is known as
the thermally grown oxide (TGO).

The TGO layer is a site where TBC failure mechanisms are
particularly concentrated. With repeated thermal cycling, the
thermal barrier coating spalls. This failure can occur at the
ZrO,/AlL,O4 interface but is especially prone within the .8
TGO layer and at the interface of the metal alloy bond coat with
AlL,O,.> Addition of reactive elements can improve oxidation resis-
tance, but the role of these remains incompletely understodd.

Although alumina is the preferred TGO in most current appli-
cations, other oxides may also serve in this role. Generally, a
successful protective oxide must exhibit slow growth in order to (i)
limit strains resulting from thermal expansion mismatch between
the oxide scale and the metal alloy and (ii) avoid depletion of the
oxidation element from this alloy. Chromia, alumina, and silica all
exhibit potential uses in this capaciy.In fact, it has been
speculated that silica coatings should provide a more ideal diffu-
sion barrier, because these generally form amorphous layers that
do not allow diffusion along grain boundaries, &tcLikewise,
silica should provide the slowest-growing oxitfewhich may be
useful for limiting strain and/or dopant depletion failure of the
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bond coat alloy. Here, we use first-principles methods to investi- phenomena and length scales. Phase changes, chemical reactivity,
gate the potential for SiQto substitute successfully for 405 as and segregation of impurities also affect the measurements in
the TGO. realistic systems. Accordingly, measured adhesion values often

For years it has been known that silicon might dramatically comprise a variety of features, which complicates the predictive
improve oxidation resistance of certain metal alloys (by the optimization of the interfaces of materials.
formation of ana-SiO, scale)*® however, its use has been limited, Traditionally, experimental measures of ceramic—-metal adhe-
since Si content tends to have detrimental effects on the mechan-sion focus on solid/liquid interfaces. This approach may provide a
ical properties of iron, nickel, and cobalt alloy®Nevertheless, it good estimate to solid/solid interface energetics, but it is not
is possible that very low concentrations of silicon—i.e., 0.9% in always the case; the assumption that the adhesion between mate-
the case of a steel with 20% chromium and 25% nickel—could rials is relatively constant—regardless of phase—is often unsatis-
provide maximum benefif and form an underlying SiQprotee factory. A particular example where such an approximation fails is
tive layer;> while still allowing good mechanical properties of the  in the case of SigNi, where atomic force microscopy (AFM) has
alloy. Sulfur segregation to alloy/scale interfaces has been linked shown amorphous nickel particles weakly adhere to a substrate of
with spallation at these interfacé$Silica coatings on stainless ~ amorphous, submicrospheres of silica, but polycrystalline nickel
steels (Incoloy 800H, which consists 0f46% iron, ~21% particles strongly adhere to the same substrate matérial.
chromium, and~31% nickel!” as well as AISI 304, 310, and
321'8) have also been shown to provide effective sulfur protection, (2) Silica/Nickel Interface
which may be crucial in TBC applications. The Sighase in these
coatings was not certain but was speculated te4®0,.*® In a
recent test of ceramics designed to replace chromia for stainless-
steel protective coatings, silica was determined to be the most
effective pure ceramic that was studied; it was better than either
titania or zirconia in providing corrosion resistarice.

Silicon has been added to nickel alloys with favorable effects on
both oxidation resistance and adhesion. An experimental study
showed the parabolic rate constant of the oxide growth kinetics
decreased for oxidation of the nickel superalloy at 900°C; the

study also showed that the oxide adhesion increased for scalengicated by infrared (IR) spectroscopylt is not obvious why
formed during 1100°C oxidatioff. Although amorphous silica- oy crystalline nickel would be more reactive than amorphous
coated Ni-20Cr has been shown to protect the nickel from pickeltoward SiQ; indeed, one might have expected the opposite.
oxidation and reduce the oxidation rate, this rate reduction is not An early study by Sangiorgét al®° suggested that chemical
necessarily attributed to protection provided by silica. Another ponging of both metal-oxygen and metal-silicon varieties was
possible explanation is that silica may act as a reactive element toyequired to explain the adhesion for certain nonreactive liquid
modify the growth of CjO; on this alloy, so that the protective  metals (gold and lead) on (quartz and vitreous) silica substrates.
chromia layer forms more rapidly and the subsequent growth This conclusion relied on correlations with the work of adhesion
mechanism of that oxide is alteréiRecent scanning transmission  measurements. Later work that was fit instead to work of immer-
electron microscopy (STEM) investigations of the oxidation of a gjon suggested that the dominant interactions for interfaces be-
Ni-20Cr alloy showed that a thin protective silica layer forms at tyeen metals and ceramics with significant ionic character are
earlier oxidation times than had been anticipated previously. jnstead related to van der Waals and image charge contribfions.
Likewise, this amorphous layer adheres to the alloy, despite the pensity functional theory (DFT) cluster calculations of Cu atoms
fact that the Ni-20Cr alloy contained sulfur and no reactive anq clusters on a SiGurface (derived from-quartz) suggest that
elements to getter this sulfur content. The authors did not observepo|arization is the primary attractive mechanism for the perfect
sulfur segregation to the metal/oxide interféée. SiO, surface, but that defect sites allow strong bonds to form
Investigation of the crystallization and phase stability of several petween the metal and the ceraficDET calculations on the
nickel-silicon alloys, using ion-beam analysis, transmission elec- jnteractions of nickel that is deposited on SiC substrates show
tron microscopy (TEM), and X-ray diffractometry (XRD), has  Ni-sj bonding®® but the SiC crystal exhibits much more covalent
shown the formation of an epitaxial relation betweenSiliand  ponding than SiQ Accordingly, comparisons of Ni-Si electronic
nickel; this relation is attributed to highly favorable lattice match- properties of SiC versus SiOsubstrates cannot be inferred
ing.** XRD studies of NiSj grain growth on SiQ (formed by directly. To our knowledge, no DFT simulations of the Stickel
thermally oxidizing single-crystal Si(100)) have shown that these interface have been reported before our work.
grains grow preferentially with the (111) planes parallel to the  Most studies of metal/SiQinterfaces have investigated metal
substrate, which was believed to reduce both interfacial and deposition on amorphous or quartz silica substrates. Crystalline
surface energies, and TEM showed the NiSiase to be stable up  sjlica thin-film growth on metal substrates has been achieved only
to 800°C in these grair&. A study of the oxidation of-Ni,Si and recently for SiQ/molybdenum interface¥ Generally, silica
nickel—silicon—chromium alloys suggested that the initial forma- growth on metal substrates results in amorphous silica, even if a
tion of nonprotective oxides is followed by protective, amorphous  stoichiometric film is created. Studies employing scanning elec-
silica scale formation at 700°€.For temperatures 6£800°C, the tron microscopy (SEM), energy-dispersive spectroscopy (EDS),
chromium content seems to be beneficial in limiting the oxidation and XRD to investigate the interface of liquid nickel superalloys
rates; at higher temperatures, this trend is reversed—chromiumthat are in contact with a silica substrate (with 25% porosity) at
content increased the oxidation rates. These results led the authorgigh temperature (1390°C) find that interfaces between oxides of
to suggest that amorphous silica provides a more protective scalethe reactive elements and silica form at these high temperatures,
at high temperature®’ In addition to oxidation resistance, itis also  rather than a metal/silica interfad®,due to the inclusion of
possible that silicon additions to nickel alloys can improve the dopants with high oxygen affinity in the alloy.
thermal expansion coefficients of these alloys for nickel superalloy
coating application8® Accordingly, although many details remain
to be optimized, these recent studies provide some insight into the
behavior of silicon content in nickel alloys.

Nickel films grown on a silica substrate have been shown to
prefer the (111) orientation; this preference becomes more pro-
nounced as the temperature increa$ea. detailed characteriza
tion of the interface is not available. As mentioned, AFM studies
have shown that polycrystalline nickel particles adhere to silica
substrates much more strongly than their amorphous counterparts.
This observed difference in adhesion between amorphous and
polycrystalline nickel on amorphous silica led Ramestal?” to
speculate that a silicate phase was formed at the interface of

olycrystalline SiQ/Ni, with perhaps Si—-® —Ni®* bonding, as

(3) Zirconia/Silica Interface
The ceramic—ceramic Zi5i0O, interface is receiving N
) ] ] ] creased attention, because of its potential use as a gate dielectric in
(1) Aspects of Metal/Ceramic and Ceramic/Ceramic Adhesion electronic devices. Medium-energy ion-scattering studies (MEIS)
An absolute value of adhesion at heterogeneous interfaces ishave shown that ZrQcan form sharp interfaces with silica at
difficult to isolate via experimental means. One reason for this is temperatures up to 900°C (at which point silicates were formed
the difficulty in distinguishing processes arising from different under the conditions present in that study)SEM and TEM
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studies have also shown good bonding with effective wetting SiO,/Ni interfaces and 1X 3 X 3 for the ZrQ/SiO, interfaces,
between a ZrQfilm and glass ceramic¥. Although silica has a resulting in thirteen and five irreduciblepoints, respectively. In

very low solubility in YSZ, amorphous SiQwill readily form each case, these choices of baseskapdint sampling converged
along grain boundaries of this materf&iZirconium is effective at the total energy (extrapolated from the free enéfpyto the
reducing oxides of silicon; however, a stoichiometric Zfllm on meV/atom range. Two different methods for setting the partial

a silicon substrate permits silicon oxidation, especially above occupancies near the Fermilevel are used to enhance convergence:
~400°-500°C3*“°This is to be expected, because Zndes not first-order Methfessel-Paxton smearitigand the tetrahedron
provide adequate elevated-temperature oxidation protection, asmethod with corrections introduced by Bl et al>® The smear

also observed in TBC applications. Although Sig@rowth can be ing method was used in the density of states (DOS) plots that are
problematic for electronics applications, a thin layer of this presented later, because of the small number of irredukiptents
protective oxide might serve as a desirable TGO in TBCs. Binary that are used in the large calculation supercells.

oxides of SiQ and ZrQ, can permit stabilization of the tetragonal The atomic relaxations are performed using a conjugate gradi-
phase of ZrQ by what were speculated to be covalent Si-O-Zr ent algorithm. To test whether or not our structures were con-
bonds?* Tetragonal ZrQ stabilization has also been observed in verged to a favorable minimum energy atomic configuration, we
zirconia—alumina nanolaminaté$. Since this tetragonal ZrQ performed limited high-temperature (at 1200 and 1400 K) anneal-
phase is the one desired in TBC applications, this also might prove ing runs, using timesteps 0f0.35 fs for up to~0.4 ps trajecto-

to be a useful property of SOZrO, interactions. Although ries®® Although we found no new features after annealing/
generally YSZ is fairly robust against high-temperature degrada- quenching, it is possible that, with longer annealing runs and/or

tion, it is prone to aging in air at moderate temperaturd §0°— higher-temperature annealing, new reaction products could form;
400°C); silica (cristobalite phase at th&rO, polycrystal surface) this is left to future work. In the atomic relaxations and molecular
and ZrSiQ can inhibit this undesirable phenomerfth. dynamics (MD) simulations, the positions of all atoms within the

To our knowledge, first-principles DFT calculations of the ceramic film and the top two layers of the three-monolayer
ZrO,/SiO, interface have not been performed elsewhere. Recent (ML)-thick Ni(111) substrate are free to relax. In the Zf8i0,
DFT calculations that predict the stability of bulk Zy@ contact calculations, we chose a Sj@ubstrate thickness of six ML, with
with bulk SiQ, and silicon indicate that both interfaces should be the bottom three ML fixed to bulk values. These frozen substrate
(slightly) thermodynamically unstable, with the reaction of 2rO  coordinates away from the interface were employed to better
and SiQ combining to form ZrSiQ, displaying a small negative  simulate a macroscopically thick substrate. Generally, the inclu-
enthalpy** Naturally, kinetic effects limit this reaction in practice.  sion of~10 A of vacuum in the periodic surface and interface cells
Only a limited understanding of SiGubstrates with stabilized  was adequate for converged total energies. Occasionally, a small
ZrO, coatings for potential TBC applications is available. The artificial dipolar interaction between slab images that had non-
thermal conductivity of YSZ has been shown to be independent of negligible impact on the total energy (i.e<0.1 eV) was found in
substrate when comparing polycrystalline alumina,G4(0001), the direction perpendicular to the interface, which was effectively
the (111) and (100) faces of ZgQand fused quartz substrates. reduced by the inclusion of 15 A of vacuum. The relaxed atomic
Coatings of ALO,-stabilized ZrQ have been deposited on silica coordinates were not sensitive to these minor changes.
substrates, and XRD has shown that the cubic phase of ZrO  We define projection spheres around each atomic site for the
(c-ZrO,) forms at 600°C from an initially amorphous film under purposes of analyzing the locglp, andd occupation, DOS, etc.
such condition8® The potential of mullite (AJO; and SiQ) These projection radii have no impact on the charge density or
and/or mullite with YSZ protective coatings has been investigated energy convergence in the calculation; rather, they are simply used
for protection of SiC and SN, for use in combustion enviren for post-calculation analysis purposes. The choice of the integra-
ments; the ZrQtop coat seems to be effective in eliminating some tion sphere is not unique, as we have discussed previtisly.
of the unfavorable features (e.g., silica volatilization) of a SiO  Nevertheless, information provided by these local charge analyses
based protective coatirff.More study is needed to understand the can provide insight into trends and general features. For the
behavior of similar multilayer coatings on metal alloy substrates; metal-ceramic studies, we defined spheres with radii of 1.015 and
the present work is a step in this direction, where we explore the 1.345 A for Al and O in alumina, respectively; 1.08 and 1.26 A for
interactions at both Zr@SiO, and SiQ/Ni interfaces. Si and O in silica, respectively; and 1.23 A (and an alternative
larger radius of 1.37 A) for Ni. In the ZrgSiO, studies, we use
aradius of 1.4 A for Zr, 1.08 A for Si, and 1.3 A for O in both the
ll. Theoretical Methods SiO; and ZrG, ceramics.
The equilibrium volumes of the bulk crystals are calculated by
We performed spin-polarized density functional calculattns  performing a series of single-point energy calculations, while
within the Vienna Ab Initio Simulation Packages&p).*° In these maintaining crystalline structures with perfect symmetry but uni-
calculations, the valence electron density is expanded in a plane-formly expanding or contracting the lattice vectors. The resulting
wave basis and ultrasoft pseudopotentialseplace the core energy-volume relations are fit using the equation of state de-
electrons and nucleus. Periodic boundary conditions allow “infi- scribed by Murnhagaf? as well as second- and third-order
nite” bulk crystals to be simulated, even though the number of polynomials. Our methods of calculating surface and interfacial
unique atomic positions is limited t&150 atoms in the calcula-  energies have been described previodéfy? In the interface
tions reported here. The exchange-correlation potential is approx-calculations, the ideal Ni lattice vectors are imposed for the
imated by the generalized gradient functional of Perdew and SiO./Niinterface and the ideal SiJattice vectors are imposed for
Wang, circa 1991 (GGA-PW9E}): the ZrGJ/SiO, interface supercell. In both cases, the resulting
The pseudopotentials used here have been described elsemisfit is <2%.
where®?~>*with the exception of the one for silicon, for which we
used the standard silicon ultrasoft pseudopotential in wkee
version 4.4 database. We used two different zirconium pseudopo-
tentials: one affords explicit treatment of the valenseabd 4 (1) Bulk and Surface Properties

electrons, and the other provides explicit treatment of the 4 We chose to model the-quartz phase of SiQin our interface
electrons as well. The specific results in the discussion of the stydies. The periodic boundary conditions imposed by our calcu-

ZrO,/SiO; interface refer to this latter pseudopotential. Nonlinear |ation necessitate a crystalline rather than amorphous silica phase,
partial core corrections to the exchange-correlation potential are

included for all elements except oxygeh.
Kinetic-energy cutoffs 0f~340 eV for the pseudodensity and ————— o i o
554 eV for the augmentation density are used. The Brillouin zone TFor instance, an olivine silicate layer of J$iO, forms at the Si@/Ni interface
h - g y i created by the hot pressing of powders at 1400°C. (See R. Drira-Halouani, L. Durand,
is sampled with a Monkhorst—Pack gifdof 1 X 5 X 5 for the and B. Lavelle Mater. Sci. Eng. A252, 144-48 (1998).)

IIl.  Results and Discussion
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and the basal plane @f-quartz is the best-characterized face of allow more complete studies of these SEDirface reconstructions,
crystalline SiQ. In addition, the studies of metal adhesion on as well as small-percentage component contaminants, etc.

single-crystal SiQ have used the quartz pha¥eand experiments We found that the surface energy of the relaxed, unrecon-
have suggested that a thin layer of silica, in perhap&iO, structed (0001) surface ef-quartz was very well converged by a
phase, might form a protective layer under certain condittgrs. thickness of six stoichiometric SiQunits, ~10 A. Even a much

In future studies, alternative phases and faces of, Siight thinner slab of only three stoichiometric Si@nits provided a

provide additional insight. In our calculations, the equilibrium surface energy within 1% of the converged value. The calculated
volumes of thea-quart?® and face-centered cubic (fcc) nickel —surface energy of 2.30 Jfnis likely to be a significant overesti
agree with the experimental values to within 1%. Within the GGA, mate, because the in-plane boundary conditions are those of the
the ¢-ZrO, bulk volume is overestimated by<2% with the bulk hexagonal cell and exclude long-ranged reconstructions that
inclusion of onlys andd states on the Zr and by 3.5% with the would otherwise serve to reduce the surface energy. A previous
inclusion of semicorg states on the Zr. As often found, the GGA  estimate of the (0001) surface energy efquartz, using a
overcorrects the well-known overbinding tendency of the local Self-consistent tight-binding method, is nearly twice as large, at
density approximation (LDA); hence, the equilibrium lattice vec- 4.49 J/n%.”® The accuracy of this estimate suffers both from
tors are slightly expanded. More detailed descriptions of the similar exclusion of long-ranged reconstructions and limited self-
calculated bulk properties of ZgDAIO,, and nickel have been  consistency (and other approximations) in the electronic structure
described previousl$?53 calculation. A recent study used initio and empirical methods to

Low-pressure silica polymorphs exhibit a fairly open crystal Study the basal plane of-quartz, but they did not report energet-
structure. The largely covalent character of the Si-O bond allows icS- They found that formation of three- and six-membered ring
highly directional bonding to be favored over close packing. The Surface reconstruction structures represented local minima using
equilibrium volume ofa-quartz (22.71 cfimol) lies toward the the same initial cleavage conditions as those used Here.
high-volume end of the silica polymorphs—between the more
tightly packed, high-pressure phases such as stishovite (molar
volume of 14.04 crf) and the low-pressure stable crystal struc
tures, such as cristobalite (molar volume of 25.76)cend glass
(molar volume of 27.25 c@).®* Hence, thea-quartz crystal
structure exhibits fairly high initial compressibility.

The calculated bulk modulus is quite dependent on the extent o
the potential energy surface that is sampled. Even more important
than the fact that the SiGtructure is not “space-filling,” the initial
compressibility of SiQ is not primarily related to a uniform
decrease in bond lengths while maintaining the perfect crysta
structure, as is often assumed in calculated bulk modulus esti-
mates. Instead, distortion of the silica tetrahedra, where bond
angles change but bond lengths do not, and especially contribu-
tions from rotations of the silica tetrahe8tarimarily account for
the ease of initial compressibility and the resulting low observed
bulk modulus. We find that a calculated value near the observed
estimates of 38.7 1.0) GP&5* can be attained only by allowing
internal relaxations and restricting sampling to very near the
equilibrium volume. Excluding such distortions results in an
almost fourfold overestimate of the bulk modulus (148.1 GPa
versus 38.7 GPa) when sampling the region within 5%—7% of the

equilibrium volume. _ silica coatings three, six, and nine ML thick on a Ni(111) substrate.
The sursfgggge;of Ni(111) and ZgQ111) have been described  Tpg gdhesion energy is similar in the three cases, with a calculated
previously>=>="Although SiG, is a material of great technoleg  gghesion of 1.29 Jfnfor the 3-ML coating, 1.37 J/ffor the
ical importance, the perfect crystalline surfaces often are not the g_n_ coating, and 1.37 J/nfor the 9-ML coating. These
surfaces of interest; instead, polycrystalline and amorphous sur-itferences correspond to at most a 0.1 eV difference, for the three
faces tend to dominate practical applications. Nevertheless, thegitferent silica film thicknesses studied, in the interface total
basal (0001) plane ak-quartz is perhaps the best-characterized energy subtracted from the sum of the isolated slab (coating and
crystalline SiQ surface. It is likely that this clean surface will  gypstrate) energies. Effectively, the calculated adhesion remains
undergo several reconstructions. These reconstructions are exgonstant for these silica films ranging from 5 to 15 A thick.
cluded if the periodic boundary conditions do not permit a unique accordingly, this estimate for the ideal work of adhesion should
surface area that is large enough to accommodate such effects. Weyso apply to films of macroscopic thickness, since the 6- and
did not perform a detailed study of surface reconstructions. g.MmL silica films exhibit regular, bulklike behavior within the
However, we did start with a surface, i.e., cleavage between the center region of the film. Likewise, plastic energy dissipation
two oxygen layers, that would permit similar long-range recon- mechanisms are not likely to contribute significantly for a silica
structions to those that have been modeled using empirical coating, further supporting the relevance of the simulated interface
potentials’® and that also allows us to model stoichiometric, to the macroscopic SiNi interface. The periodic cell corre
nonpolar surface slabs. sponding to the 6-ML silica coating on Ni(111) is shown in Fig. E1
Experimental reflection electron energy loss spectroscopy  In addition to similar calculated adhesion values, the local
(REELS) studies of the Si0001) surface indicate two primary  atomic and electronic structure at the interface is fairly similar for
defects: oxygen vacancies and a “tridimensional disorder,” which the silica films that are=5 A thick. Table | displays the Ni—O andT1
refers to an amorphization defect in the crystal structire. Ni-Sibond lengths formed across the interface, as well as the Si-O
Low-energy electron diffraction (LEED) studies have also shown bond lengths of the interfacial Si. This table also displays the
that a reconstruction occurs at a temperature-600°C, whereby site-projected charge difference for the atoms involved in interfa-
the reconstruction periodic area is 84 times larger than the original cial bonding, at the interface relative to the charge projected onto
surface®® Current directab initio methods cannot model such those atoms in an isolated surface with the same atomic coordi-
large length scales. However, work is under way to couple length nates as the interface (i.e., where the other side of the interface has
scale§® and develop efficient and accurate linear-scaling elec been “instantaneously” removed). In all cases, these atomic sites
tronic structure theorie€”* Such methods eventually should experience a relative reduction in the interface environment, with

(2) SiO,(0001)/Ni(111) Interface

Matching the surfaces of Ni(111) with S}@001) requires only

a 1.3% imposed misfit for a unique interface area of 21.44TAis

misfit results in very minor unphysical strain imposed by the
¢ periodic boundary conditions. Since we are modeling the thicken-
ing of SiO, on a nickel substrate, we chose to impose the bulk
lattice vectors of the metal. This means that the_Siltns initially
were formed using the perfeet-quartz atomic coordinates ex-
| panded in the interface plane by 1.3% to present a commensurate
lattice to that of the substrate. Over the course of the simulation,
these coordinates were permitted to relax to a more energetically
favorable configuration; however, little change in the sgdruc
ture is observed on relaxation, further confirming the minimal
imposed lattice strain.

We studied the effect of increasing thickness of the stoichio-
metric silica film on the Si@Ni interface. For all thicknesses, the
relaxed SiQ films maintain a structure very similar to the initial
(bulklike) coordinates. Minor relaxations serve to stabilize the
interface, i.e., the interfacial oxygen relaxes to a more favorable
Ni—~O—Ni interaction; however, no phase changes or dramatic
rearrangements are observed. We find similar interactions for
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Fig. 1. Periodic cell of the 6-ML SiQ(0001) coating on Ni(111). Si
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bulk crystals, by 0.1 A in the case of Ni-O and k0.2 A for
Si—Ni. Concurrently, the last row in Table | shows that the Si—O
bonds at the interface are weakened (stretched) to accommodate
the Ni—Si and Ni—O (Si—O-Ni) bonding interactions. This straining of
intraceramic bonding to maximize interfacial bonding is indicative
of strong, favorable local bonding interactions at this interface.

The site-projected charge differences between the surface and
interface environments all display significant increases in elec-
tronic charge at the interface. This too is indicative of chemical
bonding effects at this interface. Because all atomic sites experi-
ence some electron gain, it is unlikely that ionic effects are
dramatic. Instead, this charge increase on each atomic site is
indicative of the formation of localized covalent-type bonds. Such
bond formation is also consistent with the “straining” of intra-
ceramic bonding, mentioned above, to permit close covalent
bonding across the interface.

Although it might have been expected, we find no direct
correlation between interface adhesion and the isolated surface
energies of the ceramic. If a simple relationship were to hold, the
ceramics with higher surface energy should adhere more strongly
than those with lower energy, since the surface energy of the
ceramic is a positive contribution ¥/, according to the Dupre
equation’ It is interesting to compare our predicted most stable
surface energies of several ceramics with the subsequent calcu-
lated metal-ceramic adhesion energies for interfaces formed by
joining those surfaces with the Ni(111) surface. The 3-ML
a-Si0,(0001) slab, as mentioned earlier, is effectively converged
with respect to surface energy, and results in a surface energy of
2.3 JInt. Fora-Al ,O,, we predict a surface energy of 1.4 3ffar
the 3-ML film and a converged (0001) basal plane surface energy
of 1.5 J/nt.5® The most stable ZrQ surface energy for both
tetragonal and monoclinic zirconia-ZrO, and mZrO,, respee
tively) was estimated to be-1.2 J/nt.°® (For comparison, our

atoms are represented by light-orange, larger spheres, O atoms areGGA estimate of the Ni(111) surface energy is 1.9%7@ The
indicated by dark-orange, smaller spheres, and Ni atoms are shown ascg|culated ceramic/nickel adhesion is 1.4 3for Sio,, ~0.5 JInt
light-blue stick-spheres. Substrate and coating slabs away from the ¢q, AlLO,, and <1.0 J/n? for ZrO,. If it followed that higher

interface are shaded, and the periodically unique atomic coordinates at the

interface are indicated as “Interface atoms.”

oxygen showing the most dramatic change (an increase0o?25
e in electronic charge).

surface energy structures result in greater interface adhesion, the
Al,O; film should have adhered more strongly than the ZrO
instead, our calculated adhesion values for these two ceramics
exhibit the reverse ordering. There is not a straightforward relation
between surface energies; specific energetics of the interface—in
particular, interface stabilization via local bonding interactions—

For reference, the bond lengths in NiO are 2.09 A, Ni-Si bonds are crucial to consider when explaining calculated adhesion trends.

in the L1, Ni,Si structure are~2.48 A2® and the Si-O bonds in

Table Il gives some sense of comparison between the local

a-quartz are 1.61 A. Hence, the Ni-Si and Ni-O bond lengths at bonding interactions at the interfaces of nickel with three MLs of
the interface are significantly shorter than those in the respective Al,0,,%® ZrO,,> and SiQ, respectively. Similar to Table I, we

Table I.  Structural and Electronic Properties of the SiO,/Ni Interface for Three, Six, and Nine
Monolayers of SiO,"

Coating Ni—-O bond length Ni-Si bond length Si—O bond length
thickness A Ni (e) O (e) A Ni (e) Si (e) A

3 ML 2.00, 2.06 0.038, 0.033 0.230 2.25 0.142 0.087 1.62, 1.64, 1.66
6 ML 1.99, 2.06 0.025, 0.027 0.247 2.25 0.143 0.085 1.61, 1.62, 1.66
9 ML 1.98, 2.06 0.033, 0.029 0.259 2.25 0.146 0.084 1.61, 1.62, 1.66

TInterfacial bond lengths (A) and the maximum site-projected charge differences (e), between the atoms involved in bonding in the interface
environment and the corresponding atoms at an isolated surface, are indicated. Positive values indicate an increase in electronic charge at the

interface.

Table 1l. Comparison of the (Shortest) Interfacial Bond Lengths and the Maximum Site-Projected
Charge Differences (between the Atoms Involved in Bonding in the Interface Environment and at an
Isolated Surface) at the Interface of Ni(111) with Three ML of the Oxide Ceramic$

Ni—O bond length

Ni—X bond length

Oxide A Ni (e) 0 (e) A Ni (e) x*
AlLO, 2.37 0.00 (0.02) 0.03 2.32 0.13 (0.20) 0.04
210, 2.02 (0.15) 0.17 2.88 (0.18) 0.05
Sio, 2.00 0.04 (0.09) 0.23 2.25 0.14 (0.24) 0.09

No atomic site exhibits charge loss in the interface environment. Projection radii forafe@lescribed elsewhetéCharge on Ni shows the
values obtained using 1.23 A (1.37 A) projection radii.is Al, Zr, or Si.
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report the bond lengths and the corresponding charge projected
onto each of the two atomic sites in the bond relative to the
projected charge on those atoms immediately on interface cleav-
age. One important feature in this table is the weak Ni—O
interactions of the AIO4/Ni interface; i.e., the Ni-O “bond” is
much longer than that formed with the other two oxides, and
neither the O nor the Ni experience a dramatic change in projected
charge relative to the isolated surface environment. Conversely,
the Si and O in the Si@Ni interface experience the greatest
charge increases, relative to the cations and oxygens of the othel
oxides, and also form the shortest bonds with Ni. Specific choices
of integration radii do affect the reported “charge gain”; neverthe-
less, the more favorable Ni-Si and Ni-O interactions in silica
(short bonds and “shared” charge gain) and the unfavorable Ni-O
interactions in alumina are consistent with the calculated adhesion
trends.

At first glance, it might seem incorrect for all atomic sites to
experience a “reduction” in the interface environment, such as is
indicated in Tables | and Il. In fact, this is not contradictory. As
mentioned earlier, the projection radii for the atomic sites are not
designed to be space filling—this would result in entirely unphysi-
cal results for open crystal structures and especially for surface and
interface supercells that contain a vacuum region. Rather, the
projection spheres indicate a region around each atomic site where
the electron density reasonably can be associated with that partic-
ular site. This means that there is electron density unaccounted for
in the interstitial regions; likewise, there is some flexibility in a
“reasonable” choice of integration spheres. Of course, ionic and
covalent bonding effects contribute to the charge difference. The
general charge increase in the interface environment is primarily
related to more localized electron density in the interface environ-
ment, in contrast to the surface exponential decay that is exhibited
by insulating ceramics and the power-law decay of the electron
density away from the surfaces of conducting metals.

Figure 2 displays a cross section of the electron density
difference between the interface and the sum of the densities of the
isolated surfaces (with the same atomic structure as the interface
i.e., where the other side of the interface has been “instantaneous
ly” removed) for the 9-ML silica coating on the Ni(111) substrate.
The lighter regions correspond to a decrease in electron density,
and the darker regions represent an increase in electron density i
the interface environment, with each contour corresponding to
6.7 X 10 2 e/A. The total charge-density difference is conserved,
i.e., equal to zero, withircl X 10 e/A%. Although Figs. 2(a) and
(b) may appear to experience only charge gain, recall that these
panels only display a specific perpendicular two-dimensional cut
near an interfacial bonding region. For regions that do not intersect
bonds formed across the interface, there is a slight decrease in the
delocalized density spilling into the vacuum region relative to the
two surfaces. The gray background represents effectively no
change (within~1 X 10 ° e/A%). Relevant nuclear positions are
indicated by arrows, with these positions periodically repeating
along the interface. Generally, the density perturbations appearrig. 2. Cross-sectional slice of the charge density difference between the
fairly minor and highly localized to the interface region. Figure SiO,/Niinterface and the sum of the isolated Sighd Ni slabs (a) near the
2(a) displays a cut near interfacial Ni-O bonding. Significant gain Ni—O bonding region and (b) near the Ni-Si interfacial bond. Locations of
in the charge density on the O site is not apparent, which allows us the relevant nuclei are indicated by arrows. Same gray scale is used in all
to exclude dramatic NiO ionic bonding, although Table | shows an plots. Light regions indicate charge density loss; dark regions correspond
increase in electronic charge of 0.25 e on the O site. This increaset0 charge density gain at the interface relative to the sum of the isolated
is partially due to overlap with the Ni, because of the short (1.98 Surfaces.

A) bond that is formed between the Ni and O at the interface. Such
a short bond suggests that strong Ni-O closed-shell repulsions are

not present, as is also suggested by what appear to be minor charge . . . _ L
density perturbations at the interface. Figure 2(b) displays a similar Interactions that impact adhesion at this interface. Investigation of

cut near an interfacial Ni-Si bond. A local Ni-Si bonding region, the projected local DOS provides complementary insight into the
i.e., density buildup between the Ni-Si nuclei, is apparent in Fig. re_sultlng electronic structur_al changes with interface forrr_1at|c_)n.
2(b). The features in both plots suggest that covalent bonding, Figure 3 compares the projected local DOS on the atomic sites
rather than charge transfer, may account for the site-projectedinvolved in Ni-Si and Ni-O interface bonding for the interface
charge increases on all atoms in the interface environment and(corresponding to the atomic sites in Table 1) and the “instanta-
the dramatic energetic stabilization that results from interface neously” cleaved surfaces. The Fermi level has been set to 0.0,
formation. with fully occupied states below this level and empty states above
The density difference plots indicate some interfacial bonding this level at 0 K. The unoccupied states near 1.5 eV on the O and
but are not satisfactory for gaining a complete picture of the local Si in the isolated surface are one of the more dramatic features of
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Fig. 4. Site-projected local DOS for atoms at the,@L/Ni interface (“Al,
O, Ni Interface”) and the corresponding atoms at the Ni an®DAburfaces

immediately upon cleavage (“Si, O, Ni Surface”). The location of occupied IMmmediately upon cleavage (“Al, O, Ni Surface”). The Ni states experience
states that are created upon formation of the interface are indicated by thelittle change, while the Al and O states are shifted to lower energy upon
dashed line near 6.5 eV. interface formation.

the surface states; these features disappear in the interface envimay enhance failure at this site in TBCs. Increased local bonding
ronment. This region does not correspond to typical surface gap at the SiQ/Ni interface might inhibit such void formation and
states of the Sigf0001) surface; instead, these are features unique provide a preferable layer for oxidative protection, at least from a
to the unrelaxed atomic coordinates of the cleaved,Sifn. microscopic standpoint. Phase transitions and diffusion mecha-
Likewise, the lone-pair states near 0.0 eV of the surface O are anisms are also crucial aspects of the macroscopic behavior of the
strong feature of the third panel in Fig. 3. Perhaps more interest- coating. Based on our calculations, we suggest forms of silica-
ingly, new occupied states, whose position is indicated by the based TGO coatings could improve the lifetime of TBC operation

F4

dashed line near-6.5 eV, appear in the interface environment.
These new interface states show contributions from mixesiad

d states and @ states in the Ni-O bond and Ni states of primarily
scharacter, with states of mixedndp character on the Si, for the
Ni—-Si bonds, indicating localized Ni-O and Ni-Si bonding of

covalent nature. Naturally, this feature is not present in any of the

isolated surface local DOS projections.

Figure 4 displays the local DOS for the atoms involved in Ni—O
and Ni—Al interactions (corresponding to the Ni, O, and Al of the
AlLO; row in Table II) at the AJO4/Ni interface and in those

by inhibiting oxide growth, void formation, and subsequent spal-
lation. Such applications are also likely to require favorable
ZrO,—SiG, interactions; otherwise, the preferred failure site would
merely be translated to an outer interface of the TBC. Accordingly,
we investigate this ceramic/ceramic interface in the next section.

(3) ZrO,(111)/SiO,(0001) Interface

Achieving a small misfit when matching the surfaces of
a-quartz(0001) with Zr@(111) requires a fairly large unique
interface area (83.62%\ The periodic cell for a 3-ML ZrQ(111)

corresponding cleaved surfaces. In contrast to the significant coating on SiQ(0001) is shown in Fig. 5The interface matching Fs

modification of the local DOS in the SiINi interface, these plots
for the ALLO4/Ni interface display less dramatic modifications. No

chosen for thec-ZrO,(111)k-SiO,(0001) interface imposes a
mismatch of only 1.9%. Maintaining a low misfit is crucial,

additional new states appearon interface formation, unlike the casepecause energy_dissipaﬂng mechanisms such as S||p p|anes are not

of SiO,/Ni. The primary change to the local DOS in this interface
structure is a shift to lower energy of the O and Al states in the
interface environment. This is due to nickel screening of the
Madelung potential imposed by the ceramic film and does not
indicate local bonding interactions. These local DOS offer further
confirmation to conclusions drawn from Table Il, wherg@d/Ni
was anticipated to exhibit the weakest Ni-O bonding interactions.
The increased Ni—O bonding in SJMi, relative to ALO4/Ni, is
likely to provide a major contribution to the three-times-larger
adhesion calculated for the Sj(@001)/Ni(111) interface, relative
to Al,05(0001)/Ni(111). In TBC applications, one mechanism that
leads to spallation of the ceramic coating is void formation at the
interface of the metal alloy bond coat with the TGO. Of course,
macroscopic mechanical contributions—strain due to thermal
expansion mismatch, etc.—contribute to the failure of this inter-
face. Additionally, our calculations suggest that intrinsic atomic-
level weakness of the AD,/Ni interface, due to unfavorable local
(closed-shell, repulsive) bonding interactions, may permit facile
debonding and void formation at this sit&’® The Al,O4/Ni
interface is a first-order approximation to typical TGO/NICrAlY
interfaces; hence, similar atomic-level void formation mechanisms

permitted by the periodic boundary conditions imposed with the
calculation supercell. Similar to the surface terminations studied in
the ZrO,(001)k-Al ,04(1102) interface study of Christensen and
Carter!’ the SiQ, and ZrQ, surfaces are both oxygen-terminated
to create stoichiometric, nonpolar surfaces. Such surfaces should
result in a lower bound estimate for interface adhesion and
reactivity: there is no strong chemical potential or polarity driving
force to promote adhesion and/or new phase formation at the
interface, and O—O bonding is not expected.

We find that the adhesion energy at thisZrO,(111)/
«-Si0,(0001) interface is quite high=2.8 J/nf for the thickest
ZrO, film studied (3 ML, ~7.5 A thick). This value is more than
a factor of 2 larger than the calculated adhesion at the,/AIQ0,
interface with a ZrQ film of similar thickness! Likewise, it is
larger than the surface energies of either the ;8001) or
ZrO,(111) films. Local interfacial bonding interactions account for
this dramatic increase in adhesion at the interface of,Zr@h
SiO,, relative to that with AJO5. As we shall see, the Zig5iO,
interface exhibits dramatic rearrangement of the atomic coordi-
nates at the interface; in particular, the local electronic structure of
the interfacial oxygens is modified significantly. The fairly strong
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Fig. 5. Periodic cell of the 3-ML ZrQ(111) coating on Sig{0001). In

the SiQ region the Si atoms are represented by light-orange, larger
spheres, and the O atoms are indicated by dark-orange, smaller spheres. |
the ZrQ, region, the Zr atoms are shown as light-blue stick-spheres, and the

A

pure monoclinic phase results with faster deposition rates at
elevated temperaturé8. Therefore, independent of slight cem
pression or expansion, the pueeZrO, films transform to the
monoclinic structure. In addition to the phase transition, the second
relaxation is a dramatic rearrangement induced by interfacial
bonding. The interfacial O atoms rearrange such that the Si atoms
nearest the interface tend to regain their crystalline fourfold
oxygen coordination. These interface relaxations also promote
increased O coordination with the interfacial Zr. As mentioned
earlier, increased O coordination around both cations at the
interface provides some explanation of the predicted large adhe-
sive strength of this interface.

Table Ill, similar to Table | for SiQ/Ni, provides a more T3
quantitative picture of the local bonding interactions at the
ZrO,(111)/Si0,(0001) interface. This table displays the site-
projected charge difference between the interface and isolated
surface environments. The charge perturbation due to formation of
the ZrO,/SiO, interface appears very dramatic, as evidenced by
large site-projected charge differences of up to 0.63 e. This table
also displays the identity of the atom to which the interface bond
is formed and the corresponding bond lengths. The atoms are
labeled according to the unique atomic sites on either side of the
interface; i.e., Sj, corresponds to the fourth unique silicon
interfacial site, Qk;_;y corresponds to the first of four unique O
sites associated with the SjCside of the interface, @,
corresponds to the first of seven unique interfacial O sites
associated with the Zrgside of the interface, etc. (see Fig. 5). On
the SiQ, side of the interface, all Si and O interfacial sites form
favorable bonds, except in the case of,Siwhere the nearest
Jpterfacial atom is a distant (3.33 A) Zr atom. Thig,$is also the
only atomic site on the Sigside of the interface that does not gain

O atoms are indicated by red spheres. Substrate and coating slabs awaprojected charge in the interfacial environment. The more open

from the interface are shaded, and the periodically unique atomic coordi-
nates at the interface are indicated as “Interface atoms.” Local details of
interface bonding are presented in Table lll. Interface atoms referenced to
in Table Ill include (i) Sj;~Sia), the orange spheres in the interface
region; (i) Zr4y~Zr4, the blue spheres in the interface region; and (iii)
Osi-1y-Osi-ay the green spheres, ang,0,-O,.7), the red spheres in the
interface region, corresponding to O atoms that were originally associated
with the SiQ, and ZrQ, slabs, respectively.

covalent nature of the Si—O bond provides an explanation for this,
with the local electronic structure of O in bulk Si®eing better
approximated by O than &, hence permitting additional
bonding with increased coordination. As mentioned earlier, be-
cause of the complexity of the interface supercell, the interface
structures we have found likely represent local minima on the
potential-energy surface. However, finding more stable minima
would only serve to increase the interface adhesion energy; hence
the comparisons to Zr{Al,O; and the results discussed here
apply as general features to the ideaZrO,(111)kx-SiO,(0001)
interface.

In contrast to the SigNi interface, the Zr@/SiO, interface
displays significant relaxation effects both at the interface and
within the ZrGQ, film. These relaxations correspond to two types.
The first is a partial phase transition to the more stabl&rO,
structure. This is most pronounced in thicker Zifims (=3 ML),
because the thinner films cannot effectively model bulklike behav-
ior in the film interior. This phase transition is to be expected for
the following reasons: (i) the monoclinic phase is the most stable
polymorph of ZrQ at low temperature and ambient pressure, and
(i) the molar volume of the monoclinic phase is 4% larger than
that of the tetragonal/cubic phases, and the ZirGplane lattice

vectors are expanded slightly to create a commensurate supercell

from the initial 1.9% mismatch. The first explanation is likely to be
the most important, considering that a similar monoclinic trans-
formation was observed in ZgAl,O4 calculations where the
ZrO, lattice was initially compressed for lock-in with the alumina
substrat€.” Moreover, in ZrQ film deposition experiments on a
sapphire substrate, a partial transition from cubic to monoclinic is
observed beyond a critical film thickness for slow deposition, and

Table Ill. Site-Projected Charge Differences
between Atoms at the SiQ/ZrO , Interface
and Those Atoms in the “Instantaneously”

Cleaned Surface$

Bonded Bond
Site Charge (e) to length (A)
SiO, side
Si(1) 0.17 QZr—3) 1.64
(si-1) 0.36 Zir:g) 2.05
I2) —-0.03 (Zray) (3.33)
(si-2) 0.20 VA 2.13
I3) 0.21 21-6) 1.59
(si-3) 0.33 VAR 2.12
Iy 0.19 27 1.61
(si-4) 0.36 VAN 2.02
ZrO, side
VA 0.01 Qsi-3y 2.12
(zr-1) 0.26 .
Iy -0.15 (Sizy (3.33)
(Zr-2) 0.25
r(3) 0.05 Q_Si-l) 2.05
(zr-3) 0.56 S}y 1.64
l(a 0.05 Qsi-2 2.13
(zr-4) 0.38
I's) -0.01
(zr-5) 0.35 .
I6) -0.10 (Sizy (3.47)
(zr-6) 0.63 Siz) 1.59
r(7) 0.10 QSi-4) 2.02
(zr-7) 0.59 Sl 1.61

"Bond lengths and interfacial atoms involved in those bonds
are also indicated. Atoms are labeled according to the unique
atomic sites on either side of the interface, i.eqq,®orresponds
to the fourth unique silicon interfacial site £,, corresponds to
the first of four unique oxygen sites associated with the silica
side of the interface, @,.,y corresponds to the first of seven
unique interfacial oxygen sites associated with the zirconia side
of the interface, etc. Cases with bond lengths in parentheses
merely indicate the nearest neighbor across the interface, where
the long length suggests a conventional “bond” is not formed
with this “coordination.”
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structure of the SiQ does not allow for complete interfacial crystals display valence band states in the region spann®g
bonding for all atoms from the ZrCside of the interface. Thiscan eV to 0.0 eV. Whereas the ZgQocal DOS also show valence
be seen in that @, 1y, Ozr.2), Orzr-ay @Nd Q. gy, as well as Zg, states in the region of-5.6 eV to —3.3 eV, the SiQ spectra
(and effectively Zf,), do not gain coordination from the S}O display an absence of states in the regior-df6 eV to—3.3 eV.
surface in the relaxed interface structure. Nevertheless, even the QZrO, exhibits a large gap from the top of the ®t2and (-15.5 eV)
sites that do not experience any increased coordination displayto the bottom of the valence bane-%.6 eV), whereas the SiO
significant charge gain (0.25-0.38 e) in the interface, relative to spectra display Si—O bonding states in the region-6f5 to —4.6
the surface. The O sites that do experience increased coordinationeV. The greatest number of states in this Si-O bonding region is
by forming bonds with Si at the interface, experience an even available near-5.5 eV, close to the region of the lowest energy
larger (0.56—-0.63 e) increase in local charge as a result, consistenstates in the valence band of ZrOrhe top of the band that is
with the electropositive nature of silicon. This occurs somewhat at composed primarily of O 2states (17.0 eV) is somewhat lower

the expense of the Zr to which the O are bonded fgg,and Zts, in energy in SiQ than in the ZrQ spectra. These local DOS plots

positions, which are bonded to 9,y and Q. respectively. display significant mixing of the O @2states with the valence Si
Table IV shows the lengths of the interface bonds formed at the and Zr states for SiQand ZrO,, respectively.

ZrO,/Al,04 and the ZrQ/SiO, interfaces and the bulk crystal Figure 8 displays the local DOS on Si and O atoms near e

equilibrium bond lengths of several corresponding oxides. In both ZrO,/SiO, interface and those corresponding projections in the
ceramic/ceramic interfaces, bond lengths near the optimum valuesinstantaneously cleaved SjGurface. For ease of viewing, the
for bulk a-quartz,a-Al ,04, andt- or m-ZrO, are formed across the  vertical axis in Figs. 8(c) and (d) spans half the range (scale is
interface. Bond lengths alone cannot explain the more than twofold expanded by a factor of 2) of that shown for Figs. 7, 8(a), and 8(b).
increase in adhesion of the ZySiO, interface, relative to These plots exhibit several interesting features. Overall, the inter-
ZrO,/Al,O4. The charge difference evaluated in the 2,0, face stabilizes these states, as indicated by the downward shift of
study was very small, with maximum differences -©0.05 e on most energy levels. The bonding states ne&:5 eV, similar to
the interfacial Zr and 0.06 e on the zirconia’OWe cannot those found in bulk SiQ appear most pronounced in Figs. 8(b)
compare these charge differences directly with those we computedand (d). These atomic sites correspond to the Si—-O bond where the
for the ZrG,/SiO, interface, because the integration spheres were Si does not gain coordination at the interface SO g;. ).
chosen in a very different manner. Qualitatively, the values of Although Table Ill shows that this §j loses some charge in the
Table Il indicate that the charge redistribution at the Z&0, interface environment, its total integrated charge remains higher
interface is significantly greater, with some sites experiencing (by 0.14-0.18 e) than the other interfacial Si sites that gain
differences that are a factor of 10 larger than those reported for the coordination and charge in the interface environment, and the Si—O
ZrO,/Al Oy interface! bond is very short at only 1.48 A. Interestingly, both local DOS
Figure 6, similar to Fig. 2 for the SigNi interface, displays plots for O (Figs. 8(a) and (b)) do not show significant states in the
cross sections of charge-density differences between the interfaceegion below—5.5 eV; hence, these local DOS on these O atoms
and the sum of the (frozen) isolated surfaces for several cuts of resemble the local DOS plots for oxygen in Zr@ore than those
interest. Figure 6(a) displays a cut near a typical Zr—O interface for bulk SiQ,. Each O gains electronic charge (0.2—-0.4 e) in the
bond (Zy3~Os;.1y from Table I1), Fig. 6(b) shows such a cut for  interface environment, as shown in Table Ill, which suggests
a Si—0 bond (§i~-O.7 in Table I1I), and Fig. 6(c) displays the  increased polar covalent and/or ionic character to the bonding at
density difference near the §i-Os;.oy~Zr(4y bond from Table III. the interface.
This last panel displays an instance where a Zr—O bond is created Figure 9, similar to Fig. 8, shows the local DOS on Zr and &
across the interface, whereas the Si bonded to that O does noatoms near the Zr{SiO, interface and those corresponding
experience an increased coordination. The contours represeniprojections in the instantaneously cleaved surface. Also similar to
similar (6.7 X 102 e/A®) density differences as those in Fig. 2.  Fig. 8, the vertical axis in Figs. 9(c)—(e) is magnified by a factor of
This ceramic/ceramic interface experiences much more dramatic2, for ease of viewing. Strikingly, in this case, there is an overall
density perturbations on interface formation than those exhibited destabilization (upward shift) of most energy levels upon forma-
by the metal/ceramic. These strong features are not very surprisingtion of the interface. However, the interface local DOS plots
when one compares the magnitudes of projected charge differ-resemble those on the Zr and O sites in bulk Zr©e., the
ences in Table | to those in Table Ill. The plots shown in Fig. 6 occupied valence states are primarily in th&.5 to ~0.0 eV
indicate that strongly polar—covalent bonds, i.e., density buildup region. Although the features of the individual O and Zr plots in
between the nuclei but primarily associated with the oxygen, are the surface environment differ from each other, the increased local
formed in each instance. A more quantitative interpretation must coordination with the presence of the Sif@sults in the interface
include local DOS analysis. local DOS plots appearing fairly similar for the two O and three Zr
Before investigating the local DOS projected onto the atomic plots, respectively. Perhaps the main exceptions to this are the
sites in the interfacial environment, it is useful to compare such states neat5.5 eV in the plots shown in Figs. 9(a) and (c). In the
spectra from the bulk crystals. Figure 7 displays the local DOS case of Fig. 9(c), this coincides with the similar states on the, SiO
projected onto representative cation and anion sites in bulk side of the interface (Figs. 8(b) and (d)), because that Zr is
a-quartz and c-ZrQ The vertical axis shows the DOS. In each coordinated with the O shown in Fig. 8(b). Figure 9(a) displays the
case, the zero of energy has been set to the Fermi level. Bothlocal DOS projected onto an O that is bonded to a ZiZn
Table Ill) that does not gain oxygen coordination at the interface.
Most oxygen local DOS plots at the interface assume features that

Table IV. Lengths of Interfacial Bonds Formed at the are similar to bulk ZrQ rather than bulk S|9 whereas the Zr and
ZrO ,/AlILO, and ZrO,/SiO, Interfaces, and Bulk Crystal Si local DOS plots are fairly similar to those found in the
Equilibrium Bond Lengths of Several Corresponding Oxides respective bulk crystals.
The interfacial O from both the ZrQand SiQ sides of the
Bond length (A) interface display valence bands that are similar to those found in
Material(s) X-0 Zr0 X=Zr bulk ZrO,. Upon interface formation, both the Si and Zr gain O
: coordination at the interface to achieve bonds to oxygen that are
%:82//,%:0(2) 1'51951'64 2'2_2&)2'13 23933530;1;7 comparable in length to those found in their respective bulk
Al 2032 3 1.87 ' crystals (Table Ill). The heat of formation per mole of oxygen of
a-Si0, 1.61 Zr0O, (550.3 kJ/(mol O)) is larger than that of Si(455.4 kJ/(mol
ZrOZT ~2.22 ©), ~2.06 (M), 0)).”° It is also likely that the “amorphous” structure of the
~2.10 ¢) interface tends to favor bonding with less rigid bond-angle

TLetters in parentheseg,(m, andt) denote cubic, monoclinic, and tetragonal, reqwrements,_l.e., the_more ionic Zy@ype bondlng._Accordl_neg,
respectively. although the interfacial O atoms equally coordinate with both
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Fig. 6. Electron density difference plots for 2D slices perpendicular to the/&i0, interface for (a) a Zr—O bond, (b) a Si-O bond, and (c) a Zr—O bond
formed with no increased O coordination on the Si. Same gray scale used in all plots.

types of cations, the resulting electronic structure indicates the weak adhesion; this was especially dramatic in the case of thicker
interfacial O atoms are reduced in the interface environment and Al,O; films on the metal substrate. We postulated that an inherent
become more ZrQlike. atomic-level weakness of such interfaces was due to closed-shell
repulsions. For AlO4/Ni, these arise from the O anions and the
nearly filled d shell of the Ni; in the case of Zr{Al O, the
significant ionic character to the bonding in both oxides results in
In previous studies, we investigated the ideal interfaces formed effectively closed-shell O anions. To minimize such effects at
between AJO,/Ni®® and ZrQ/Al,0,.”” Both interfaces exhibited  these interfaces, we investigated the effect of doping th©4#Ni

IV. Conclusions
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interface with early transition metals, which have opédn Fig. 9. Local DOS projected onto several unique atomic sites in the
shells®768%These modifications to the local electronic structure ZrO,/SiO, interface and the isolated ZgOsurface immediately after

of the interface dramatically increased interface adhesion. We alsocleaving, i.e., the atomic positions of the surface atoms are identical to
speculated that closed-shell repulsions at heterogeneous interface10Se Of the interface (()&.). (b) Ozr-1y, (€) Zfay, (d) Zr(s), and (€) Zg
might be alleviated with modification of the O anion electronic o™ Table ).

structure in the oxid&"®°To this end, we have investigated the

interfaces of nickel and ZrQwith a more covalently bonded . . .
oxide, SiQ. P y The more covalent nature of SjQ@esults in reduced repulsions

We presented the detailed interactions that occur at an interface2€Ween the Ni@shell and the O atoms in Sirelative to more

between the late transition metal (nickel) and a ceramic with ONic oxides), as well as more covalent Ni-O bonding. We

significant covalent character in its bonding (§§OThe signifi speculate_that the '”Cfea.s‘?d Iogal bondlng and a(_jhe_smn for the

cantly increased interface adhesion of the B\ interface SiO, coating should inhibit void formation at this interface,

compared with the AD/Ni interface (three times stronger") relative to those formed with more ionic oxides that exhibit
N N, - i .

appears to arise from local bonding of predominantly polar "€PUISive Ni—O interactions.

covalent character. In particular, the Ni—O interactions, which __Our investigation of the ZrgiSiO, interface shows stronger
appear repulsive in AD4/Ni,’®% are more favorable with SiO bonding than that exhibited by the interface of zirconia with the

more ionic ALO; substrate. The stoichiometric ZgQloes not
reduce the SiQ as might be expected for a ZyQ, oxide;
however, the interfacial O ions that are associated with both the
a) T T T T SiO, and ZrQ, sides of the interface do exhibit electronic struc
| tures that are more similar to bulk O ions in Zr@ncreased ionic
character to the interfacial O-cation bonding permits less rigid
| [ geometric requirements for these interfacial bonds, which mini-
¥ e AL mizes strain at the interface. The “amorphous” bonding (in that the
‘]} [ Si—O and Zr—0 bond lengths are not uniform) across the interface
2 | serves to increase local coordination of both Si and Zr, thus
resulting in a large Zrg@SioO, ideal work of adhesion. We find
-ﬂ very strong bonding at this interface, as might have been antici-
pated from SEM and TEM studies of ZyCfilms on glass
cerargic? and the slight negative enthalpy for Si@acting with
ZrO,.

At elevated temperatures, it can be expected that both the
SiO,/Ni and the ZrQ/SiO, interfaces will be somewhat reactive.
The heats of formation per mole of O indicate that the most stable
oxide of Ni is over 200 kJ less stable than $f while SiQ, is
only ~50 kJ less stable than Zg®er mole of O’° Our results for
the interface of nickel with SiQ as well as with AJO; and ZrQ,,
suggest that chemical bonding provides a significant source of
=200 -150 -100 -50 00 50 interface strengthening, eveh @K and in the absence of a new

Energy [6¥] reaction phase. Nonreactive interfaces can form weak, strained
bonds with minimal internal bonding strains within the ceramic
Fig. 8. Local DOS projected onto several unique atomic sites in the and/or mgtal; in the case Qf stronger interface interactions, i.nter-
Zr0,/SiO, interface and the isolated SjOsurface immediately after ~ face bonding may be sufficiently favorable even to allow for slight
cleaving, i.e., the positions of the surface atoms are identical to those of the Straining of the intraceramic or intrametal bonding, as seen at the
interface ((a) @iy (b) Osi-2y (€) Sis) and (d) Sk, from Table IiI). SiO,/Ni interface.
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Although many TBC performance goals have been understood
for decades, optimizing the performance of these coatings for
particular applications remains an active area of research. As
mentioned earlier, silica coatings have shown very favorable
oxidation/corrosion protection on certain alloys, and mullite coat-
ings display promise in protecting silicon carbide and silicon
nitride ceramics. To our knowledge, silica or mullite coatings have
not been well-studied for nickel-based superalloy applications with
YSZ thermal protective coatings. Of course, temperature effects
are likely to play an important role, and SiPhase changes under
extreme thermal cycling may limit practical applications of such a
protective oxide. However, in TBC applications, the YSZ top coat
will provide some thermal protection to both the underlying oxides
and the metal alloy substrate, hence limiting the extreme temper-
atures to which the SiQmight be exposed. The favorable local
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