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The effects of sulfur on the adhesion of Nif8; interfaces are determined from first principles. The
interfacial bonding is analyzed in terms of its ionic, covalent, and metallic components as well as its local
electron orbital symmetries. The results reveal that S segregates to intaciQdi/idterfaces unless those
interfaces are Al rich. In all cases, the segregated S weakens interfacial bonds. The effect of S on adhesion
arises from a competition between interfacial strain and new S-containing bonds formed across the interface.
Results of this competition depend on whether the S is substitutional or interstitial as well as on interfacial
stoichiometry. The propensity for segregation and weakening depends on the interfacial stoichiometry: gov-
erned by whether the interface is prepared by diffusion bonding or is thermally grown.
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[. INTRODUCTION cell would allow misfit dislocations to forffi as in experi-
mental interfaces. But even a cell as large [&8(111)

Certain high-temperature Ni-based alloys depend on & (2283x2283)/AL05(0001) (250 2500)] still has a
thermally grown A}O; layer for oxidation and corrosion small misfit of 0.025%, and a cell this large is beyond the
protection®~® Applications include hot section turbine com- capability of currentab initio methods. The alternative strat-
ponents for power generation and aircraft propuldidhas  egy is to compute results for a variety of in-plane strains that
well as automotive catalytic converter suppdri@ be effec-  span the range of conceivable local atomic environntents
tive, these oxide layers must remain adherent upon therm#ébund in experimental interfaces, consistent with the alternat-
cycling. In practice, some of the impurities in the alloy seg-ing regions of local stretching and contraction of the metal
regate to the interface, weaken the adhesion, and causatice needed to satisfy bonding across an interface with
spalling®™*! sulfur is especially deleterious. While there mismatch?*=28 The situation is illustrated by an unrelaxed
has been substantial research on the adhesion of thHéi(111)/Al,03(0001) interface(Fig. 1). Only the atomic
Ni/Al ,0; interfacel =23 several fundamental issues have yetlayers closest to the interface are shown for clarity. Note that,
to be resolved. Some research suggests that, because of thethe two areas circled, the Ni atoms are above either the
size of the S ions, it does not segregate to the interface, but
instead segregates to interfacial voids and affects adhesion
through a void growth mechanismConversely, other re- Metal atop of aluminum
search suggests that S segregates to interfaces between
Al,O; and alloys of Ni and Fe and, once at the interface,
causes embrittlemeft.”’° To address these and related is-
sues, here we present solid-state computations of the ener-
gies needed to segregate S to the Ni interface and Ni
surface. We also provide computations of the effects of S on
Ni/Al ,O5 adhesion. Unless otherwise stated, calculations are
performed with 1/3 monolaygiML) at the interface.

To identify the salient challenges, the article is organized
in accordance with the following topics.

(i) A discussion of the general methodology, including an
approach that may be used to simulate an interface with a
lattice-constant mismatch.

(ii) A model of impurity segregation, followed by details
of ab initio computations.

(iii) Results for the S segregation to the Ny®8% inter- Metal atop of oxygen
face and the corresponding effects on adhesion.

FIG. 1. View of the atomic layers closest to the interface of an
Il. METHODOLOGY unrelaxed Ni(111)/Al0O4(0001) interface. The lattice axésandB
are shown. The lattic€ is perpendicular to the interface plane. The
largest light gray spherdsop laye) represent the metal atoms. The
For Ni/Al,O5, the mismatch between the surfaces ofdarkest spheres are the oxygen ions. The smaller light gray spheres
Ni(112) and ALO5(0001) is 9.48%. A relatively large super- represent the Al ions.

A. Simulation of an interface with mismatch
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oxygen sitegright circle) or the aluminum sitedleft circle). G= Nﬁigﬁﬁf NEgEJr N:\lig:\li+ NISgIS_ kTInQ, (1)

At the former, to match the oxygen, the metal lattice experi-

ences localized stretching that enhances the Ni/O bondingyhereNE;, N&, Nj;, andNj are the corresponding numbers
accompanied by local contraction in neighboring aréa®  of atoms in the bulk and at the interface, witthe Boltzman
examine the effects of mismatch strain, three types of comeonstant and” the temperature. The last terimk T In () de-
mensurate interfaces have been chosen that expand or caseribes the configurational entrofy*® The atomic structure
tract the lattices into registry parallel to the interface. Eachof the Al,O; side of the interface is assumed unchanged by
structure is fully relaxed by minimizing the Hellmann- the segregation within the model, which will be shown in
Feynman forcesto within less than 0.01 eV/A For atype-l ~ Sec. Ill to be a reasonable approximation. For a fixed num-
interface(T-1),1° the Ni layer is stretched by 9.48% to match ber of lattice sites, upon requiring that the total Gibbs energy
an unstrained AlO;(0001) layer. Atype-Il interface(T-I1) is  be a minimum with respect to the distribution of atoms in the
obtained by expanding the Ni by 4.74% while simulta- bulk and at the interface, and by assuming an equilibrium
neously compressing the A5 by 4.74%. Both the T-1 and impurity distribution,

T-1l interfaces correspond to matching the (Nil) (v3

X v3) with the Al,05(0001) (1x1) cell [see Fig. 1a) of 0,/(1-0,)=0g/(1-0g)exp(AGg /kT), 2
Ref. 15. A type-lll interface(T-1Il) is formed by compress- .

ing the N(111) by 4.51% and rotating 30° relative tan  "With

unstrainedl Al,O3(0001), vyielding an interface with a

Ni(11D) (2x 2) cell matching the AlO5(0001) (1x 1) [see AGseg=~[(9Ni*+09) ~ (95 +gn) = AHseg~ T ASieq,

Fig. 1(b) of Ref. 15. L This result is the Langmuir-McLean equation describing in-
This strain generates a contribution to the energy that det

. . erfacial segregatioff°In this formula,®,=Ny/N' is th
pends on the volume of the strained lattice. To assure th??ace':i(z)ialsi%fugaa: cv of the Sin'fjerfal::g@:l NB/Sl(lB issthee :
this (volume-dependejtterm does not contribute to our pancy B 0TS

fractional occupancy of the metal bulk G is the heat of

computations of either the interfacial energy or the impurity. terfacial i H s th i thal
segregation energy, the calculations compare the ensemplgeracial segrega I0nAH;eq is the segregation enthalpy,

energy with that for the impurity and bulk materiassibject andA Sy is the segregation-related entropy chafgeciud-

to the same imposed strain, at the same voluhme differ- ing the configurational_ entropy” The temperature depen-
ence ofAH4is surmised to be small and comparable to

ence between the ensemble and the bulk materials then isg? brational buti ; X ;
lates the interface and the segregation energies from oth e vi rat_lona contribution to 'mp“”.‘y s_egregatlon at a
metal grain boundaryt The ASgeqis primarily determined

contributions.
by vibrational entropyAS, (Refs. 29 and 30and again con-

Previous results for the clean Ni/&D; interface have in- Hered to be simil hat for i . .
dicated a variation in the interfacial energies with aluminum®s'déréd to be similar to that for impurity segregation to a
3k<AS,<3k (Ref. 30. Because

activity'® that is relatively insensitive to the procedure usedMet@l grain boundary;-
to impose the strain to commensuration. This needs to bE'€Se teémperature effects are small, we neglect all
tested for impurity segregation to the interface. As discusselfMmpPerature-dependent terms and base our assessments on
above, the structure of practical interface with mismatch the total energy difference between the initiaéfore segre-
requires a relatively large unit cell containing a correspond92tion and final(after segregationstates at 0 K.

ing array of atomic configurations, whereas a matched inter- Since the interface is assumed to be in contact with a bulk
face has a relatively small interfacial unit cell. As the inter- NI reservoir that contains dilute impurity S atoms at substi-
face structure varies from site to site, the heat of segregatioftional sites(Fig. 2),° the heat of segregation can be ex-

is site dependent. To fully understand impurity segregationP’€SSed bYEQ. (2)]

all potential impurity sites for the structures of different

strains would have to be investigated. This is beyond the 2 Cseg=total energy of a S-free Ni/AD; interface

scope of the present study. Here, for tractability, we restrict +(energy of S in bulk Ni
our investigation to the three commensurate interfaces above
and assert that, if the impurity does not segregate to any —(total energy of the interface with)S

these interfaces, segregation is unlikely at the real interface. _ .
—(energy of any extra Ni atoms entering

B. Segregation model and heat of impurity segregation bulk Ni). )

A simple model exemplifies the definition of the heat of |n the following, the energies of the four parts in E8)
impurity segregation. Initially, it is assumed that the segreare calculated separately. Note that the chemical potential of
gated S atoms occupy Ni-substitutional sites and the substihe S is not required for the computation of the heat of seg-
tuted Ni atoms enter the Ni bulk. The interfacial impurity S regation: contrasting with earlier studted® of the effects
emanates from the Ni bufk;'® where it occupies substitu- of stoichiometry, which required knowledge of the chemical
tional sites. The Gibbs energy of the interface depends on thgotentials of the constituents. Once the heat of segregation
respective free energies of the Ni and S atoms located ORas been determined, the equilibrium interfacial coverage of
bulk lattice siteggy; andgs and those located on lattice sites the impurity can be determined as a function of the bulk S
at the interfaceg,; andgs, such that density and temperature by means of E).
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TABLE |I. Comparison of heats of S segregati@V/aton) to
ALO; the Ni surface and Ni/AlO; interface. Here UP signifies ultrasoft
i pseudopotential, and PAW, GGA, and LDA signify the projector-
: augmented-wave method, the generalized gradient approximation,
Intexiach . and the local density approximation, respectively. Adsorbed S refers
Ni E ] to S sites above the Ni surface atoms. A surface coverage of 1/3 ML
has been assumed.
t I Heat of segregatiofeV/atom
. ‘ . System UP-GGA PAW-GGA PAW-LDA
Ni surface Adsorbed S 2.35 2.33 2.35
. . Substitutional S 1.46 1.45 1.48
Strained Ni Adsorbed S 2.43 2.29 2.10
@  Buk Ni reservoir with S | surface Substitutional S 1.18 1.28 0.90
Ni/Al,O; Al termination
. . _ _ . interface Interstitial S 1.05 0.86 0.95
_ FIG. 2. Schematic model of |mpur|t)_/ seg_regatl_on at Né@é (type ) Substitutional S~ 0.97 0.88 0.94
interface. The black points represent dilute impurity atoms in the
metal reservoir in contact with the interface. O termination
Substitutional S 0.97 1.05 0.80

C. Computational method

The ensuing calculations are performed using a sandwich Prior studies of impurity-free metal/AD; interface$®*’
configuration(see Fig. 3 of Ref. 17 with alumina between revealed that both the GGA and local density
two metal slabs. Each metal slab has four atomic layers, an@PProximatiofi* (LDA) gave essentially the same stabiliy.
the alumina has four O layers and eight Al layers. Periodicity1€re the corresponding tendencies for impurity segregation
is invoked parallel to the interface, and a supercell approacf’® €xamined. For this purpose, we considered a strain-free
is employed by including a vacuum of 8—9 A between adja_NI surface and a surface stretched to matchQ3(0001)

cent slabs in the direction perpendicular to the interfice. (denoted T, as well as various interfaceable |. The
L . : .~ LDA and GGA calculations were both performed using the
Preliminary calculations performed using four and five

VASP package. Based on these res(lable ), we surmise
%hat the variation of the heat of interfacial segregation is

regation smaller than 0.1 eV/atom. All of the following re- 54" 45 eV/aton(10%—20%, similar to that found for the

sults correspond to a four-layer metal slab. Thesurface energied:*2

Ni(111)/Al,05(0001) interfacial orientation to be used'’ Next, we investigate the effect of strain on S segregation
is based on transmission electron microscépEM) mea- g the Ni111) surfaces. The S is initially in a ground-state
surements for a similar Cu/AD; interface’ substitutional site in a bulk Ni reservoir. Two different sur-
First-principles computations were performed via the Vi-face sites are considered(a) substitutional in the surface
ennaab initio simulation programvAasp) (Ref. 34 for spin-  atomic layer andb) adsorbed on top of the surface at an fcc
polarized electronic structures and total energies, togethejite. Strained Ni surfaces were also investigated. The results
with optimized ultrasoft pseudopotenti#is®and the gener- for S at the adsorption site(the site observed
alized gradient approximatidh (GGA) for the exchange- experimentall§®) are found to be relatively insensitive to
correlation potential. Extensive tests have shown the effecstrain (Fig. 3). Larger effects are found for S located on the
tiveness of thevasp package, a plane-wave electronic interstitial site. The magnitudes are consistent with available
structure calculation prograft:******%%In particular, refer experimental daf4*® for the heat of surface segregation
to Ref. 15 for a comparison of surface and interfacial resultgFig. 3), as well as with daf&**’ for the distance between the
for Ni, Cu, and ALO; systems obtained from the full- adsorbed S and top Ni plari@able II).
potential linearized augmented plane-wave andp tech-
niques. Applications of ultrasoft pseudopotentials to the lll. INTERFACE SEGREGATION
clean (Ni,Cu)/A}O; interfacé® and to the sulfides of tran-
sition metals® have demonstrated their use in treating the
localized Nid states, as well as oxygen and sulfur states, by Three types of interfaces have been considered: a sto-
using a high-energy cutof =400 eV for the plane-wave ichiometric interface Ni/(AJO3) o, an oxygen-rich interface
basis set. Test calculations performed using a more exaii/(Al,03)g, and an Al-rich interface Ni/(AlO3)a;. The
projector-augmented-wavéPAW) method®® reveal the stability of these interfaces depends on the local Al activity
same trends$Table ). All calculations use the same unit-cell or (if there is thermodynamic equilibrium between the inter-
dimensions, energy cutoff, and ax3x1 uniform k-point  face and the ambienbn the oxygen partial pressure. For
sampling for integrals over the Brillouin zone. each stoichiometry, results have been obtained for the three

A. Site occupancy of S and the heat of interface segregation
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FIG. 3. Heats of segregation of sulfur to(ll1) surfaces as a Oxygen substitutional site
function of strain. The solid triangles are experimental d&afs.

44 and 45.
Q Metal substitutional site

strains T-I, T-1l, and T-lll. Moreover, we repeated the com-

utations at all possible interfacial site&ig. 4): Ni- ) : . .
P o Ni P I Oy - & g_ . ) FIG. 4. Top view of a Ni/A}O; interface and possible S occu-
substitutional §5'), O-substitutional §g), interstitial hollow ies. For clari v sh h N d theOAl

H d interstitial aluminum site§(") In each case, all pancies. or clarity, we oy show ihe meta ayer and | £04
(S ),_ an m_ : J (0001 layer closest to the interface. The largest gray sphi@nebe
atomic P03|,:[l|i0r!3 were fully .relaxed.. . ~ top laye) represent the metal atoms. The black spheres are the

For theSg' site, the substituted Ni enters the Ni reservoir. oxygen ions. The smaller gray spheres represent the Al ions with

When S substitutes for an O atom on the®@{ side of the  three labels: those in the plane closest to the metal layer are la-

interface, there are four possibilities. beled as A, while those in the plane further from the metal are
(a) The extra O enters the Ni bulisuperscript O-1 in labeled by A} and Al. H in the figure refers to a threefold-oxygen
Table lll), as an interstitial impurity. hollow site.

(b) The O remains at the interface, but diffuses to sites

close to the segregated(Bigh S coverage Oj3Note that g involving interstitial S. However, the interfaces with
the S and displaced O share the same interface unit cell ipyerstitial S which show a relatively large strain effect have

this case. _ _ _ . a negative heat of S segregatifig. 5: i.e., S will not
(c) The O remains at the interface but diffuses to sitessegregate to them. The results for substitutional S, which are
remote from the segregated(®w S coverage, O)2 much less strain sensitive, will be used for most of the fol-

(d) The substituted O atom meets a solute Al in the Nijg\ing assessment. For these cases, the segregation energies
bulk and forms AJO; (Ref. 2 in accordance with the reac- o the T-Il and T-lll interfaces are essentially the same.
tion (O-4 in Table Il There are significant deviations when large misfit strains are

. 2 used(the T-I interface. Nevertheless, the strain effects ap-
NI/AT205 + S(s8) +3Al(s9) pear to be sufficiently small for the results to embody the

—Ni/Al,03:S+0O(s9) + Al(S9) primary trends.
. . Inspection of the results summarized in Table Ill indicates
—Ni/Al;03:S+ 3A1,05(sS). (4)  that the substitution of O by S at the interface does not occur,

because the S is more weakly bonded to its neighbors than

The effects of strain are summarized in Fig. 5. SignificantO; consistent with the relative heats of formati¢fOF) of
effects are evident for some interfaces, especially some dixides and sulfide&’ The HOF of AbO; (1675.7 kd/mallis
more than 2 times higher than that of,8% (724.0 kJ/mol;

TABLE II. Distance(in A) between S and top Ni atomic plane moreover, NiO also has much higher HQZ08.74 kJ/mol

wheressrefers to a solid solution with Ni.

for Ni(111) surfaces with S at an fcc adsorption site. than NiS(82 kJ/mo). The energy needed for S to segregate
to the Al- or O-terminated interfaces from the bulk is lower
Interatomic spacingls_y; (A) than that for segregation to the Ni surfa@see Fig. 3, pre-
sumably because the interfacial environment is more “bulk
Free Type | Type | like.” This tendency is consistent with the finding theG
157 1.43 1.66 for S segregation to a Ni grain bounda9.98 eV/atom
14G (Ref. 49 is much less than that for surface segregation. We
1.60° did not consider the case of the substituted oxygen atom
entering the AJO; bulk because of the relatively high AD,
“Reference 46. defect formation enerdli. Comparing Fig. 3 with Fig. 5,
bReference 47. note that S prefers to occupy an interstitial site on a free Ni
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FIG. 5. Heats of segregation of S to Nif&; interfaces as a function of strain in the metal parallel to the interface. Interface
stoichiometry is indicated. Results for interstitial and substitutional S are given.

TABLE IIl. Heats of sulfur segregation G, (€V/atom from  surface(adsorption sitg while the Ni-substitutional site is
bulk Ni to the T-I Ni/Al,O; interface:S' refers to an interstitial ~ preferred at the interface, presumably due to a difference in
hollow site, SY' to a Ni-substitutional site, an82 to an oxygen-  strain effects between the free surface and the inteKfaee.
substitutional site. Negativa G4 signifies no impurity segrega- V).
tion. An interfacial coverage of 1/3 ML is assumed. Energies of
solute O or/and Al atoms in Ni bulk are estimated based on Ref. 50

: : B. Work of separation
in order to compute heats of segregation for the O-1 and O-4 cases.

Information related to the work of separatioNge, has

System AGgeq (eV/atom been determined in two ways.
- y (8 Obtain W, from the surface energies; and the
Ni/ (Al 205) a S 1.05 interfacial energyy, as
sgt —-2.42 o _
Sg»Z —212 Wsep: O'l(N| S|de) + O'2(A|203 S|de) - Y- (5)
S -2.05 , . .
(b) Derive the change in the work of separation due to
Sy 0.97 impurity segregatiom\ W, from the heats of segregatidh:
Ni/ (Al 203) i, s 0.81 AWee= (AG,—AGg)/A, ©6)
S —4.65 : . ,
o2 _a64 whergAGS is the heat of segregation to the free N! surface,
33_3 064 AG, is the heat of segregation to the interface, &nid the
S ' cross-sectional area. The results obtained by both methods
Ss +0.78 (Table IV) are consistent.
Sy 0.13 Note that, absent segregation, the O-rich Ni4@y)o in-
terface is the strongest and the stoichiometric Nij() 4,
Ni/ (Al 203) 0 S 0.75 interface is the weakest, consistent with measurenfefts.
o _1.49 T_he strength of the Ni/(&og)o interfac_e is so large, as
02 130 discussed in _the next sectiofas W_eII as in Ref._ 16 thqt a
Sg_s _1'09 lower Wee, arises when 1/3 atomic layer of Ni remains at-
S i tached to the (AIO3) surface, denoted as Ni/Ni(40s)o .
Sy 0.97 Even this lowerWs, is large enough to be comparable to

that of bulk Ni. In every caseyhen S segregation occurs, it
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TABLE IV. Work of separationWse, (JInf) before and after S segregation. Th&4can be read from
Table 11l and Figs. 3 and %A is the cross-sectional area of the interfacial unit cell.

Clean S-segregated interface
interface
Sy S
(AG,—AGy) (AG,—AGy)
System Wsep Wsep AWsep A Weep  AWsep A
Type | Ni/(Al,03) 1.30 1.12 -0.18 -0.17 0.17 -1.13 -1.13
117
1.1
Ni(Al,03) o 6.84 6.65 -—0.19 -0.17 549 -1.35 -1.24
Ni/Ni(Al ,03) 3.25 197 -1.28 242 -0.83
Ni/ (Al ,03) pi2 3.78 292 -0.86 —0.86 246 -1.32 -1.32
Al,03/Al,05 3.60
3.7¢
3.9¢°
Ni/Ni 3.57
Type Il Ni/(Al,03) o 1.12 1.10 -0.02 —0.02 0.05 -1.07 —1.07
Ni/ (Al ,03) 0 6.54 5.76 -0.78 -0.83 481 -1.73 -1.73
Ni/Ni(Al ,03) o 3.48 144 -2.04 217 -131
Ni(Al ,03) a2 4.04 — —
Al,03/Al,05 4.65
Ni/Ni 3.75
Type I Ni/(Al,03) 1.09 0.53 —-0.56 —0.55 0.0 -1.09 -1.16
Ni/(Al,03) o 6.74 552 -1.22 —-1.22 —
Ni/ (Al ,03) a1z 3.63 — —
Al,O03/Al,0, 3.60
Ni/Ni 3.58

8Reference 19.
bReference 20.
‘Reference 51.
dreference 18.

lowers W, {AW;,;<0). Moreover, after interface separa- plot of the difference between the self-consistent electron
tion, the S remains on the Ni surface, as ascertainedensity distributions and the overlapping atomic electron
experimentally’~"10 densities within the boxed area of Figag which contains
the primary adhesive interaction. The dashed contours of the
difference plot indicate the electron density depletion, while
IV. INTERFACIAL STRUCTURE AND CHEMICAL the solid contours indicate the electron density accumulation.
BONDING Note that there is an ionic component to the Ny®4 bond-
ing [Fig. 9a)], with d electrons and-pelectrons being trans-
ferred from the Ni atoms. Moreover, the O atoms accumulate
The atomic structures of the Al-terminated andelectrons that emanate from the Ni atoms as well as the Al
O-terminated Ni/A}O; interfaces are shown in Figs. 6 and atoms from the AIO;. However, sorting out these electron
7), respectively. The total, self-consistent electron densityransfers quantitatively is made difficult by the atom location
distribution for theAl-terminated interfacgFig. 8@] reveals  changegTable V3, which inhibit subtraction of free surface
the expected metallic bonding between the Ni atoms, as welself-consistent electron densities from interfacial electron
as the metallic-covalent-ionic interaction between the Ni andlensities. Additionally, wave function overlap makes elec-
O atoms, and the relaxed interfacial atomic structure igron transfer ambiguous. Because this interface is stoichio-
shown in Fig. 6c). More instructive is Fig. @) which is a  metric, the Ni atoms bonding with the O atoms must com-

A. Clean interfaces
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(a) (®) ©

VOOV

FIG. 6. Structure of the Al-terminated Ni/fD; T-1 interfaces with/without the segregated impurity(8.S at the Ni-substitutional sites.
(b) S at the interstitial siteq.c) Clean interface. The Ni atoms are represented by the larger gray spheres, the oxygen ions by the black
spheres, and the aluminum ions by the smaller gray spheres. The largest gray spheres are the S atoms.

pete with a stoichiometric compliment of Al atoms in the monolayer of Ni atoms remain attached to the@y surface,

interface, which is presumably why the Ni/(8s3)a Wsep  denoted as Ni/Ni(AlOs)o in Table IV.
value is smaller than that for the O-terminated interface.

The total electron density contours for teterminated
interface[Figs. 1Ga) and 1Q@b)] again reveal the metallic B. Segregated interfaces
bonding between Ni atoms, as well as a metallic-covalent- _ .
ionic component to the bond between the Ni and O atoms. 1. NifS/(Al05) a interface
The electrons transferred from and to the Ni orbitdtey. When S is located at the interstitial sit€ig. 8(b)], there
9(b)] indicate a significant ionic contribution to the Ni-O is no evidence of bonds between the interfacial S and O
bonding. It is also apparent that the bonding includes signifiatoms. The interstitial S is displaced away from the top oxy-
cant O 2 and Ni 3d contributions. Since the alumina is not gen layer due, in part, to the repulsive interaction between
stoichiometric in this interface, the Ni atoms substitute fortheir negatively charged states at the interface. These dis-
missing Al atoms, leading to the relatively largé,,. More-  placements weaken the interaction between thgDAland
over, because the Ni atoms of layerfBig. 7(c)] displace the Ni. When the S is substitutionathe S atom is again
toward the O layer, the lowedl, is obtained when 1/3 displaced away from the O, but now the Ni atoms in the first

(a) (b) (©

FIG. 7. Structure of the O-terminated Ni/D5 T-I interfaces with/without the segregated impurity(8. S at the Ni-substitutional sites.
(b) S at the interstitial siteq.c) Clean interface. The Ni atoms are represented by the larger gray spheres, the oxygen ions by the black
spheres, and the aluminum ions by the smaller gray spheres. The largest gray spheres are the S atoms.
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FIG. 8. Total electron charge density contour
plot of (1010) plane through interfacial oxygen
and Ni atoms for the Al-terminated interfade)
Clean interface(b) Interface with S at an inter-
stitial site. Note that the interstitial S atoms shift
interface Ni atoms away from top of oxygen at-
oms and diminish the interfacial bonds between
O and Ni atoms apparent i@). The unit of the

charge density is 102 eV/A3,

TABLE V. Interfacial spacing(in A) for the Al- and O-terminated interfaces with and without the
interstitial/substitutional impurity S and comparison with bulk values. See Hi§l-Grminated and Fig. 7
(O-terminated for layer labeling schemes.

Clean interface S at interstitial site S at substitutional site

Spacing Bulk
differential (%)

Spacing Bulk
differential (%)

Spacing Bulk
differential (%)

(a) Al-terminated interface

(—2b, —29) 0.416 —

(—2a,9 1.117 —

(S -1 0.512 —

(-2, -1) 1.860 — 2.02 —

(-1, 1.512 — 1.489 —

(-1,9 0.381 —

(81 2.181 —

1, 2 0.616 —26.75 0.412 —50.97 0.599 —28.72

2,3 0.916 8.93 0.894 6.28 0.904 7.47

(3,9 0.280 —42.32 0.276 —43.15 0.286 -41.09

4,5 0.977 16.19 0.988 17.50 0.960 14.17

(5,6 0.865 2.87 0.854 1.56 0.850 1.09
(b) O-terminated interface

(-2,9 1.287 — 0.870 —

(=2, =10 1.630 —

(S —10 0.802 —

(S —1b) 1.145 —

(—1c, —1b) 0.254 — 0.023 —

(—=1b, —19 0.302 — 1.037 — 0.390 —

(-1a, 2 1.079 — 0.841 — 0.947 —

2,3 0.959 14.05 0.936 11.35 0.846 0.61

3,9 0.314 -35.32 0.288 —40.67 0.450 -7.30

(4,5 0.933 10.96 0.957 13.81 0.857 1.92

(5, 6 0.853 1.44 0.853 1.44 0.837 —0.05
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(@ (®

FIG. 9. Electron charge density difference contour pl@sBoxed area of Fig. &). (b) Boxed area of Fig. 1@). The dark gray area with
solid lines indicates electron accumulation, and the light gray area with dashed lines indicates electron depletion. This plot represents the
difference between the self-consistent electron density distribution of the solid interface and the sum of the overlapping atomic density
distributions.

metal layer can displace closer to the {B}) o, (Table Vand  ing them between Ni atomic layers 1 anfiF2gs. 1a)-7(c)].

Fig. 6@)], resulting in a O-Ni interaction similar to that for In consequence, the first layer of Ni atoms displace toward
impurity-free casefFig. 8a)]. This interaction may compen- the (ALOjz)o slab, tending to saturate the oxygen dangling
sate for the loss of the Ni/AD; interaction when S substi- Ponds(Table Vb. As for the clean interface, strong metallic-
tutes for Ni, perhaps explaining why the adhesion is similafOnic-covalent bonding still exists between these first-layer

to that for the clean interface. Ni atoms and the top oxygen atoms, causing the |o\w;§§
to occur when 1/3 ML resides on the (8);)y surfac

(Fig. 7). Nevertheless, the work of separation indicates that

significant chemical bonding is retained at the interface, al-
The repulsion between the S and O atofR®s. 1a), beit weaker than that of bulk Ni. Comparing the electron

7(b), and 1@c)] displaces the S atoms dramatically, relocat-density distribution with and without $Figs. 1@b) and

2. Ni/9 (Al,03) o interface

FIG. 10. Total electron charge density contours for the O-terminated interface plotted for ti (d@ate through the interfacial O and,
in the case of the clean interface, interfacial Ni atofas Clean interface with the plane through a top-layer oxygen atom and Ni atoms of
plane—1a [see Fig. 7c)]. (b) Clean interface with the plane through a top-layer oxygen atom and Ni atoms of planésee Fig. Tc)].
(c) Interface with S at a Ni-substitutional si8 substitution for Ni atoms of plane 1c [Fig. 7(a)]). For (c) the (101) plane is through the
interfacial O and S and does not pass through the two Ni atomic layers closest to the O layer. The charge density has the units 5
x 1072 eV/A3. The interfacial O-Ni bond within the box ifb) has the same characteristics as thafain Darker areas with lines labeled
by larger numbers refer to increasing electron densities.
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nition, the strain effect is larger when S atoms occupy an
interstitial site than a substitutional site. Specifically, for the
T-1 Al-terminated interfacgwith d(—2,2)=3.99 A for the
clean interfacg the separation increases by 0.60 A in the
presence of interstitial S. The corresponding result for the
O-terminated interface is 0.73 A. Conversely, when S is at
the Ni-substitutional site, the separation of the T-1 Al-
terminated interface increases by only 0.14 A. In this case,
the decrease in adhesion is mainly due to the newly formed
bonds between S and its neighboring atoms not being strong
enough to compensate for the loss of the Ni bonds of the
substituted atom.

C. Higher S interfacial coverage

Inserting two or three substitutional S atoms into each
Ni(111)/Al,05(0001) (IX1) cell gives 2/3 and 1 ML cov-
erage of interfacial S, respectively. After an extensive search
of possible interfacial configurations, we found that the most
stable corresponds to the second S occupying a new site in
with 2/3 coverage of Stwo S atoms per cellsegregating to Ni- the Ni. The structure of the O-terminated interfaeg. 11

o o . ; is an example. The average heats of segregation
substitutional sites in the interface. The large light gray spheres are.iculated f(F))r the AI-termingated and O-ter%in?ited irY?é%?aces
S atoms.

are listed in Table VI. Note that the heat of segregation is
always positive for the O-terminated interface. Th@ g4 for
3 ML S coverage at both the Al-terminated and

FIG. 11. Structure of the T-I O-terminated Ni/&; interface

10(c)] indicates that S substitution for Ni at the interface
replaces a strong O-Ni bond by a weak S-O bond. There a
P g I yaw -terminated interfaces decrease relative to 1/3 ML, presum-

also newly created S-Ni bonds closer to the @) sur- S X

face[Fig. 7(a)], which are not shown in Fig. 16 because ably due to the strong repulsive interactions between S atoms
they fall.outsi’de of the plane on which the contours areds Well as to the strain due to the relatively large S diameter.
drawn. Although these bonds hold the interface togethelj,alacmg the third S atom in the same Ni layer co_ntaining the
they are not strong enough to counteract the lowering of théecond S Ieads_to a very large mterfac_e separation and a low
interface adhesion by the S-O bonds. work of separatiorizero for the Al-terminated interface and

The influence of S on adhesion can be rationalized irp'62 Jint for the O-terminated interfageEven when the

terms of the competition between the new bonds createH?ird Sis Ioc;ate_d in a different Ni layer, the work of interfa-
across the interface, involving the impurity atoms, and theCIaI separation is still much lower than that f(_)r the .1/3 and
weakening of the intrinsic bonds by the strain needed t /3 ML cases. Furthermor&Vse, for the O-terminated inter-

accommodate the impurity:'4 manifest as a larger interfa- aces with more than 2/3 ML S and higher coverages is now

cial separation. This separation is taken to be the distancgven lower refative to that for bulk Ni and 40; (Table IV).

d(—2,2) between the oxygen layer closest to the interface
and the second Ni laydFigs. 6 and 7 and Table)VIn this
way, the displacement of the Ni slab relative to the @y First-principles computations have been carried out for
slab due to S segregation can be monitored. Using this defelean and S-contaminated Niy®; interfaces. The bonding

V. CONCLUDING REMARKS

TABLE VI. Average heats of segregatidaV/atom for 1/3 ML and higher interfacial coverages of S at
Ni-substitutional Ggi) sites for both T-I Al-terminatedAl term) and T-I O-terminatedO term) Ni/Al,O4
interfaces. While the first S atom per surface unit cell occupies the Ni-substitutional site as shown in Figs. 6
and 7, the second S atom is found to occupy a different Ni layer. 3/3-I means the third S is at the second Ni
layer from the interface, and 3/3-lll means that the third S occupies the third Ni layer from the interface.
Works of separatiotd/n?) of the interfaces with impurities are also given in the table.

Energies
AGgeq (eV/atom Weep (J/P)

S coverage Al termination O termination Al termination O termination
Clean 1.30 3.25

1/3 0.97 0.97 1.12 1.97

2/3 0.69 0.55 <0 1.62
3/3-lll 0.62 0.61 <0 0.84

3/3-ll —-0.10 0.35 0.62
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of the clean Ni/A}Oz interface involves not only the O2  separation significantly lower than that for either,®} or
and Ni sp electrons, but depends significantly on Ni Ni. In general, S segregates to intact Ny} interfaces,
3d-electron contributions: whereupon Ni forms relatively unless they are Al rich. Théalready weak stoichiometric
strong bonds with O across the interface. This is a relativelynterfaces are further weakened by such segregation. The
complex bond, containing ionic, metallic, and covalent assegregation of 1/3 ML S to oxygen-rich interfaces lowers the
pects. When S segregates to this interface, new bonds aveork of separation from over 3.2 Jmo under 2.1 J/f
created, other bonds are weakened, and strains are introensistent with experimental observations of interfacial em-
duced. The S and O tend to repel, and S forms a weak boriatittlement and spalling upon segregatfort.
with Ni. There is a competition between the weakening ef- If voids or cavities exist in the interface, S segregation
fect of the interfacial strain upon S segregation and the newould promote their growth because it lowers the Ni surface
bonds formed across the interface. Results of this competfree energy to a greater extent than the Ni@J interfacial
tion vary between interstitial and substitutional S and be-energy. Accordingly, this study affirms that both of the pro-
tween  stoichiometric (Al-terminated and O-rich posed mechanisms of S degradation of Nj@{ interfaces
O-terminated interfaces. In all cases, when S segregates dte viable. In practice, other factors dictate the preference for
lowers the work of separation, implying that the strain in-one mechanism over the other.
crease dominates the effects of S-induced bonds.
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