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Abstract

We examine the relative stability and adhesion of the polar Al(111)/WC(000 1) interface using density functional
theory. Relaxed atomic geometries and the ideal work of adhesion were calculated for six different interfacial structures,
taking into account both W- and C-terminations of the carbide. The interfacial electronic structure was analyzed to
determine the nature of metal/carbide bonding. Based on the surface and interfacial free energies, we find that both the
clean WC(0001) surface and the optimal interface geometry are W-terminated. Although both terminations yield
substantial adhesion energies in the range 4-6 J/m?, bonding at the optimal C-terminated structure is nearly 2 J/m?
stronger, consistent with an argument based on surface reactivity. In addition, we examine the effects of Li and Mg
alloying elements at the interface, and find that they result in a strain-induced reduction of metal-ceramic adhe-

sion. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Interfaces between metals and ceramics play a
vital role in an increasingly large number of in-
dustrial applications [1]: heterogeneous cataly-
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sis, microelectronics, thermal barriers, corrosion
protection and metals processing are but a few
representative examples. However, experimental
complications associated with the study of a bur-
ied interface, and theoretical difficulties arising
from complex interfacial bonding interactions
have hindered the development of general, analytic
models capable of accurately predicting funda-
mental interfacial quantities.

One such quantity which is key to predicting the
mechanical properties of an interface is the ideal
work of adhesion, # .4 [1], which is defined as the
bond energy needed (per unit area) to reversibly
separate an interface into two free surfaces, ne-
glecting plastic and diffusional degrees of freedom.
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For example, the degree of plastic deformation
which occurs during interfacial fracture is known
to depend upon # .4 [2-4]. Formally, # .4 can be
defined in terms of either the surface and interfa-
cial energies (relative to the respective bulk mate-
rials) or by the difference in total energy between
the interface and its isolated slabs:

Wad = Oty + 02 — V1p = (Eim + Eg)t - Etl?)/A
(1)

Here g, is the surface energy of slab i, y,, is the
interface energy, E;°" is the total energy of slab i,
and E'%' is the total energy of the interface system.
The total interface area is given by A.

Although there has recently been much activity
aimed at understanding metal/oxide interfaces
[1,5-12], much less is known about metal/ceramic
adhesion involving non-oxide ceramics. Within
this class, the transition metal carbides and nitrides
are a particularly notable omission, considering
their exceptional hardness, strength, and corrosion
resistance [13]. To our knowledge, there have been
only two studies of adhesion between metals and
transition metal carbides/nitrides based on density
functional theory (DFT) [14,15], along with a
few earlier studies [16-18] performed using semi-
empirical methods. Hartford [19] calculated the
interfacial free energy of the Fe/VN system, in-
cluding the effects of N vacancies. The interface
energy was found to be negative for all systems
consisting of more than one VN layer, with the
presence of vacancies resulting in a small increase
in interfacial energy. The interfacial bonds were
determined to consist mainly of covalent N(p)-
Fe(d) o interactions, with minor V(d)-Fe(d)
character. Secondly, Dudiy et al. [20] examined the
Co/TiC interface, and found that their calculated
W .a values agreed with wetting experiments to
within 10%. The dominant bonding mechanism
involved strong ‘“metal-modified”” covalent Co-C
bonds.

We are not aware of any theoretical studies
which examine adhesion of Al to transition metal
carbides/nitrides. However, two groups have used
DFT to study interfaces of Al with other non-
oxide ceramics. Hoekstra and Kohyama [21] con-
sidered the polar Al/B-SiC(001) interface, and

found relatively large adhesion energies of 6.42
and 3.74 J/m? for both C and Si terminations, re-
spectively. Conversely, a relatively weak adhesion
of about 0.9 J/m? was found for the AI/AIN system
by Ogata and Kitagawa [22]. On the experimental
side, several groups (see Ref. [23] for a recent re-
view) have investigated the wettability of ceramic
substrates by various metals. Although the wetta-
bility of WC has been examined for a few inter-
faces involving mainly transition metals [24] and
group IV elements [25], data pertaining to inter-
faces with Al is lacking.

In this work we present the first theoretical in-
vestigation of any metal/WC interface, focusing on
Al/WC. Tungsten carbide is widely used in trib-
ological applications as a wear-resistant coating
for the purposes of reducing adhesion. However,
the factors which determine the adhesive proper-
ties of a given coating are still poorly understood,
and the evaluation of many coatings is often per-
formed on a trial-and-error basis. At the other
extreme, in microelectronics packaging there is
generally a need for strong adhesion between a
carbide/nitride layer and a metallic interconnect
or Si0O,. Since the mechanical properties of an
interface depend sensitively upon the detailed
atomic and electronic structure at the junction,
knowledge of this type would be a valuable tool in
optimizing the performance of these, and other,
systems.

The goal of the present work is to calculate the
electronic structure, # 4, optimal geometries, and
the interface stability of several representative
polar AI/WC interfaces within a first-principles
framework in order to better understand the na-
ture of metal/ceramic adhesion. Previous studies
have shown this approach to be reliable in repro-
ducing #",4 values from experiment [1,7,8,20]. The
Al/WC system serves as a convenient model of
simple-metal/transition metal carbide adhesion, in
that both polar and non-polar interfaces may be
considered with moderately sized simulation cells
resulting from similar lattice geometries. Our em-
phasis here is on the polar Al(111)/WC(0001)
geometry; the Al(110)/WC(1120) system is dis-
cussed elsewhere [26].

The remainder of this paper is organized as
follows: Section 2 describes the computational
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methodology used in this study. Section 3 presents
the results of our bulk and surface calculations on
the pure materials. The major results of this paper
are presented in Section 4, where we discuss the
interfacial stability, adhesion, electronic structure,
and the effects of alloys on the AI/WC metal-
ceramic interface. Finally, we summarize our find-
ings in Section 5.

2. Methodology

For this study we employ DFT [14,15], as im-
plemented in the Vienna ab initio simulation
package (vAsP) [27]. vASP uses a plane-wave basis
set for the expansion of the single particle Kohn—
Sham wave functions, and pseudopotentials [28,
29] to describe the computationally expensive
electron—ion interaction. The ground state charge
density and energy are calculated using a pre-
conditioned conjugate gradient minimization al-
gorithm [30,31] coupled with a Pulay-like mixing
scheme [32-34]. Sampling of the irreducible wedge
of the Brillouin zone is performed with a regular
Monkhorst-Pack grid of special k-points [35]. Due
to numerical instabilities associated with integrat-
ing the step-function character of the 0 K Fermi-
Dirac distribution, partial occupancies of the
single-particle wave functions are introduced [36,
37] with an energy level broadening of 0.1 eV.
Ground state atomic geometries were obtained by
minimizing the Hellman-Feynman forces [38,39]
using either a conjugate gradient [30] or quasi-
Newton [32] algorithm. Finally, two separate ap-
proximations to the exchange-correlation energy
were employed: the traditional local density ap-
proximation (LDA) as parameterized by Perdew
and Zunger [40], and the generalized gradient ap-
proximation (GGA) of Perdew et al. [41] (PWO1).
More detailed descriptions of vasp can be found
in the literature [27].

Due to the substantial computational cost of
performing a DFT calculation on supercells con-
taining first row and transition metal elements, we
emphasize that our molecular statics (0 K) pre-
dictions of structure and adhesion energies do not
account for temperature and larger-scale size ef-
fects such as reconstructions and lattice mismatch.

3. Bulk and surface calculations
3.1. Bulk properties

To assess the accuracy of the pseudopotential
approximation and the importance of gradient
corrections to exchange and correlation effects, we
have performed a series of calculations on the bulk
Al and WC phases. Results for Al were presented
in an earlier study of the Al/a-Al,O; interface [7],
where it was shown that the lattice constant, bulk
modulus, and cohesive energy obtained with a
norm-conserving RRKJ-type [28] GGA pseudo-
potential were in good agreement with experi-
mental and other first-principles calculations.

The most stable phase of WC has the HCP
crystal structure, with alternating W and C layers
arranged in an ABAB.... stacking sequence along
the (0001) direction [13]. In order to gauge the
significance of the W 4p semi-core states, we have
performed calculations on WC using both ultra-
soft-type [29,42] (US) (in which the p states are
treated via partial-core corrections [43]) and “all
electron” projector augmented wave (PAW) pseu-
dopotentials [44,45] (pp’s). Total energies were
carefully checked for convergence with respect to
k-points and plane wave cutoff energy; it was
found that 50 k-points were sufficient to insure
convergence to ~1-2 meV/atom. To achieve the
same level of accuracy, different plane wave cutoff
energies were required depending on which pp was
used: 290 eV for US, 400 eV for PAW. Table 1
compares our results for the lattice constants, bulk
modulus, and cohesive energy to that of experi-
ment [13,46-52] and another first-principles LDA-
LCAO calculation [53]. Within the GGA, we find
that use of the PAW results in only minor changes
to the US values. * As a second comparison, Fig. 1
shows the WC GGA band structure evaluated
using both the US and PAW pp’s. The two
methods agree very well for the occupied states
(virtually to within the plot resolution of the band
lines), although there is some deviation for the

4 In fact, use of the PAW leads to slightly worse agreement
with experiment in terms of the lattice constants and cohesive
energy.



324 D.J. Siegel et al. | Surface Science 498 (2002) 321-336

Table 1

Comparison of WC bulk properties: LDA vs. GGA and ultra-soft pseudopotentials vs. the projector augmented wave method.
Experimental data and another first-principles calculation (based on a linear combination of atomic orbitals) are also presented

XC Pseudopotential a(A) ¢ (A) cla ¥ (A% B, (GPa) Eoon (V)
PAW 2.932 2.849 0.972 21.21 365 16.87

GGA Ultra-soft 2.920 2.840 0.973 20.98 375 16.67

LDA Ultra-soft 2.881 2.802 0.973 20.15 418 19.70
LCAO* 2.88 2.81 0.977 20.18 413 17.8

Experimental 2.91° 2.84% 0.976° 20.83 329¢, 5774, 16.7¢

4340, 443F

aRef. [53].

PRef. [13].

°Ref. [47].

dRef. [46].

¢ Refs. [49,50].
"Ref. [48,50].
€ Estimated as in Refs. [51-53].
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Fig. 1. Comparison of WC band structure as calculated using
ultra-soft (solid lines) and PAW (dotted lines) pseudopotentials.

higher-lying unoccupied bands. Since the PAW is
more computationally expensive, and since our
tests show little—if any—Iloss of accuracy upon
using the US pp’s, we used the US pp’s for the
remainder of this work.

Table 1 also illustrates that the GGA more ac-
curately reproduces the experimental lattice con-
stants and cohesive energy of WC, as compared to
the LDA. On average, the GGA lattice constants
are less than 0.2% larger than experiment, whereas

the LDA values are about 1.2% too small. These
trends are consistent with the “overbinding”
commonly found in LDA calculations. Although
the GGA bulk modulus is roughly 10% less than
that predicted within the LDA, ° because of the
large scatter in the experimental data (possibly due
to poor sample characterization) it is not possible
to ascertain which method is more accurate in this
regard. Overall, we conclude that the GGA yields
the best agreement with experiment, and our re-
maining calculations are therefore performed at
the GGA level of theory.

Although the electronic structure of WC has
been analyzed via first-principles methods by other
groups (see Ref. [53] and references therein), we
present here a brief review of these properties in
order to facilitate comparisons with what is found
at our AI/WC interfaces. Generally, the bonding in
WC can be classified as a combination of metallic,
ionic, and covalent (or, equivalently, as a mixture
of polar covalent and metallic). The metallic aspect
can be attributed to the partially filled W d bands,
as evident in the band structure (Fig. 1) or, more
readily, in the partial density of states ® (pDOS)

> A similar discrepancy was observed in Ref. [7] for both Al
and «-Al,Os3.

® The Wigner-Seitz radii for evaluation of the angular
momentum-projected DOS were set at: rw = 1.6 A, rc = 0.96
A, and ra = 1.51 A.
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Fig. 2. Total and angular momentum projected DOS for bulk
WC.

(Fig. 2). Further evidence of metallic bonding is
present in the difference charge density of Fig. 3,
where there is a delocalized region of charge ac-
cumulation in the interstitial regions. The ionic
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Fig. 3. WC difference charge density (relative to the isolated
atoms) through a (1120) slice intersecting both W and C
atoms. Charge redistribution is visualized by a grey scale
scheme in which lighter shades (black contour lines) indicate
charge accumulation, and darker shades (white contours) in-
dicate charge depletion.

nature of the W-C bond is also most clearly re-
vealed in Fig. 3, as a substantial amount of charge
density centered on the W atoms is transferred to
the more electronegative C atoms upon formation
of the carbide. Lastly, the presence of a covalent
interaction is indicated by the similar energy po-
sition and shape of the pDOS (Fig. 2) for the C p
(and to a lesser extent, s) and W d states.

3.2. Surface properties

3.2.1. Convergence tests

The purpose of this study is to simulate the
interface between two bulk-like slabs. It is there-
fore necessary to insure that the slabs used are
sufficiently think so as to exhibit bulk-like interi-
ors, as it is known that the adhesion properties of
thin films can differ significantly from those of
thicker structures. To these ends, we have con-
ducted convergence tests on the Al(111) and
WC(0001) slabs in preparation for their use in
interface calculations.

In a previous paper [7], we presented results for
the convergence of the Al(11 1) surface. We found
that a relatively small slab consisting of only five
atomic layers was sufficient to converge the surface
energy and relaxations of the first two interlayer
spacings. Good agreement was obtained between
our PWOI prediction of the surface energy (0.81 J/
m?), and that from experiment [54,55]: 0.82 J/m?,
scaled to 0 K for the (111) surface. We have
adopted that slab geometry in this study.

The (1 x1)(0001) (basal) surface of WC is
classified as a polar surface since its terminal sur-
face layer consists of a single species of C anions or
W cations. Experimentally, this surface has been
known to have a catalytic activity similar to Pt and
Pd, and as such has been the focus of several ex-
perimental [56-61] and theoretical [62] investiga-
tions. The basal geometry poses some practical
difficulties in determining the surface energy in the
context of a supercell-based electronic structure
calculation. That is, for a stoichiometric slab it is
not possible to terminate both surfaces of the slab
with the same species. In addition, an asymmetric
geometry induces a spurious dipole moment within
the supercell [63], which can bias atomic forces
and energies. A solution to this problem can be
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achieved by using a symmetric slab. This elimi-
nates dipole effects, and allows the calculation of
the surface energy (for a specific termination) by
assuming a reasonable range of values for the C
and W chemical potentials [64] (see the following
section). By using a symmetric slab it is also pos-
sible to check for the presence of a bulk-like inte-
rior without requiring a surface energy calculation.

Our tests on WC(000 1) were performed using
both C- and W-terminated slabs ranging from 3
to 13 layers thick. Additional k-point convergence
tests revealed that 10 irreducible k-points were
needed to converge the total energy to ~1-2 meV/
atom. A 10 A vacuum region was also included in
the supercells to prevent interactions between pe-
riodic images, and all atomic coordinates were
optimized to a force tolerance of 0.05 eV/A per
atom. We used three metrics to check for the
presence of a bulk-like interior with respect to slab
thickness, n: the work function ¢, surface relax-
ations 4,;, and the total energy. Table 2 shows that
¢ converges rapidly with slab thickness, to within
0.1 eV for n > 7. For the W-termination we find
¢ ~ 5.3 eV, and for the C-termination ¢ ~ 6.2 V.
These values are in good agreement with those
found by the unrelaxed LAPW calculations of
Mattheiss and Hamann [62] (5.2 eV W-term, 6.4
eV C-term), which were performed within the
LDA using symmetric nine-layer slabs.

Table 3 compares the relaxations of the first few
interlayer spacings 4;; as a function of slab thick-

Table 3

Table 2
Convergence of the work function ¢ with slab thickness for
W- and C-terminated WC(0001)

# Layers, n ¢ (eV)
C-term W-term

3 6.62 -

5 5.90 5.46

7 6.22 5.35

9 6.14 5.36

11 6.24 5.31

13 6.17 5.28

ness, 7. Both terminations exhibit an oscillatory
expansion/contraction behavior as one moves
deeper into the slab (i.e., for increasing values of
if), and the contraction of the first layer of the C-
terminated surface (4, = —22.5%) is much larger
than that found for the W-termination (4;, =
—4.2%). We are unaware of any experimental or
first-principles calculations with which to compare
these results. As a final check on the agreement
between pp’s, we compared the US and PAW re-
laxations (see column 9:PAW) for the nine-layer
C-terminated slab, and good agreement was ob-
tained. Similar to our findings for the work func-
tion, Table 3 shows that relaxations up to the third
interlayer (434) are well converged for n > 7.
Lastly, we examined the change in total energy AE
for increasingly thicker slabs. For slabs with n > 7
we found that AE was within 0.01 eV of the bulk
energy per WC unit of —22.40 eV. Taken as a

WC(0001) surface relaxations as a function of termination and slab thickness

Termination Interlayer Slab thickness, n
3 5 9 9:PAW 11 13

C Ay —-21.8 —-23.2 -22.5 —-22.5 -21.8 —-22.5 —-22.5
Ay 4.2 5.6 5.6 7.7 5.6 5.6
Azy —-2.1 2.1 —2.1 -2.8 —2.1
Ays 0 0.7 0.7 0.7
A55 0 0
Ag7 0.7

w A -3.5 —4.2 —4.2 —4.2 - —4.2 —4.2
Ax 1.4 1.4 14 - 2.1 2.1
Azy 0.7 0 - 0 0
Ays 0.7 - 0.7 0.7
A55 0 0
A(,7 0

Units are percentage of bulk interlayer spacing.
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whole, these three tests consistently show that
slabs with n > 7 possess a bulk-like interior and
are therefore suitable for use in interface studies.

3.2.2. Stability

Due to the symmetry of WC(0001) it is not
possible to calculate an absolute surface energy
without resorting to a thermodynamic argument
that accounts for the effects of non-stoichiometry.
Since the stoichiometric slab has two different
surfaces—one C-terminated, and one W-termi-
nated—a non-stoichiometric model with identical
surfaces must be used to extract the surface energy
of a particular termination. The generalized defi-
nition of the surface free energy is then given by: o
[64-66]:
o= i (Eglab — Nwitw — Nepe + PV = T5). (2)
Here Eg,, is the total energy of a fully relaxed,
nine-layer W- or C-terminated slab, A4 is the sur-
face area, uy and - are the chemical potentials of
W and C, respectively, and Ny and Nc are the
numbers of the corresponding atoms in the su-
percell. At 0 K and typical pressures, the P}V and
TS terms may be neglected. Furthermore, as the
surface is assumed to be in equilibrium with the
bulk, the chemical potential of the bulk carbide
(twe(bulk)), its 0 K heat of formation (AH}), and
the elemental bulk chemical potentials (uy(bulk),
uc(bulk)) are related by:

pwe (bulk) = gy + pic, (3)

tiwe (bulk) = py (bulk) + pe(bulk) + AHY. (4)
AHY is defined as:
AP = e (bulk) — 1 (bulk) + py (bulk)].  (5)

In addition, the chemical potential for each species
must be less than the chemical potential in its bulk
phase:

Hw < py (bulk) and - pue < pe(bulk), (6)

otherwise the compound would be unstable to
decomposition into the elemental phases. In real-
ity, there may be other compounds of different
stoichiometry that further restrict the allowable

7 T T T T
WC formed W,C formed
- \ s 4
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o
€
2
>
g
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t
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4 + . J
_termination __ -
3 1 L . I
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1

Ho = Bo(bulk) (eV)

Fig. 4. Surface energy vs. chemical potential for W- and C-
terminated WC(0001) surfaces. Vertical lines indicate the
range of stability of WC and W,C.

range of g, values. For example, W,C has a smaller
(less negative) AH, than WC, so WC would likely
transform into W,C before the bulk phases sepa-
rate. Although it is conventional [64] to use the
wider range of y; (i.e., with respect to the bulk
phases), our results (Fig. 4) also indicate the re-
gime where W,C is stable.

Using the above relationships (Egs. (3)—(6)), it is
possible to rewrite Eq. (2) in terms of y only:

1
24

0 = o~ (Esab — Nwitwe (bulk) + (Nw — Ne)uc)-

()

Eq. (6) is plotted in Fig. 4 for both C- and W-
terminations vs. p- — pc(bulk) for the range given
by:

AH; < i — pe(bulk) <O0. (8)

Values for pyc and p- were taken from separate
converged bulk calculations, and AH? was deter-
mined to be —0.41 eV, in good agreement with the
available (room temperature) experimental value
[67] of —0.42 eV. 7 Calculations on bulk W were
performed on the primitive BCC cell using a plane

" Low temperature experimental thermodynamic data for

WC is not available.
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wave cutoff of 320 eV and 84 k-points in the irre-
ducible Brillouin zone. These parameters resulted
in a total energy convergence of ~1 meV/atom.
For our estimate of u-(bulk) we used the diamond
phase, which is only 0.025 eV/atom higher in for-
mation enthalpy [67] than the (more stable)
graphite phase. The total energy of the two atom
primitive cell was converged to ~1 meV/atom
upon using a 300 eV cutoff energy and 35 k-points.
Both calculations yielded good agreement with
experimental bulk modulus and lattice constant
data.

As shown in the Fig. 4, our calculations predict
that the W-termination has the lowest surface en-
ergy by about 2-2.6 J/m? over the entire range. In
addition, the absolute values of both surface en-
ergies are relatively large, as one would expect
from a polar surface. In particular, because the
bonding in WC is partially ionic, cleaving along
the basal plane breaks strong cation—anion bonds.
This is energetically very unfavorable, and results
in very reactive surfaces with large surface ener-
gies. As will be shown below, these reactive sur-
faces also impact interfacial adhesion energies.

4. Interfaces
4.1. Model geometry

Our model of the AVWC interface uses a
superlattice geometry in which a nine-layer
WC(0001) slab is placed between two five-layer
slabs of AI(111) (generating a 19 atom supercell),
resulting in two identical interfaces per supercell.
The free surfaces of the Al slabs are separated by
10 A of vacuum, and additional k-point tests
showed that 37 sampling points were necessary to
converge the total energy of the interface system to
~1-2 eV/atom. In addition to interfacing the close-
packed planes, the slabs were rotated about an axis
normal to the interface so as to also align the close-
packed directions, resulting in the orientation re-
lationship:

AI[T10](111) || WC[1120)(0001). 9)

Using this orientation, there is a modest mismatch
of 2.2% between the larger WC surface unit cell

and that of the Al. To accommodate the periodic
boundary conditions inherent in a supercell cal-
culation, we invoke the coherent interface ap-
proximation [68] in which the (softer) Al is
stretched to match the dimensions of the carbide.
In a realistic interface, the mismatch would likely
result in a widely separated array of misfit dislo-
cations, hence our model mimics the coherent re-
gions between dislocations.

To identify the optimal interface geometry we
performed a search over two parameters, resulting
in six distinct candidate interface structures. The
first parameter was surface termination, in which
the interfacial layer of WC was terminated by ei-
ther W or C atoms. Secondly, we examined three
stacking sequences (or rigid shifts of the slabs in
the plane of the interface), placing the interfacial
Al atoms in three high-symmetry positions with
respect to the WC lattice structure (see Fig. 5).
Adhesion energies and interfacial energies were
then calculated for all six systems, both before and
after allowing for atomic relaxations.

4.2. Work of adhesion

Our estimates of the ideal work of adhesion
(W .q) were calculated using two different methods.
The first is based on the universal binding energy
relation (UBER) [69], and involves calculating the
total energy of an unrelaxed interface (formed by
joining truncated bulk surfaces) as the interfacial
separation is reduced from an initially large value.
The ab initio data is then fit to the UBER func-
tion, yielding the optimal # 4 and interfacial
separation, dy (see Fig. 6). The optimal geometries
from the UBER calculations were then used to
begin a second series of calculations in which the
structure of each interface and isolated slabs were
optimized via minimization of the atomic forces to
a tolerance of 0.05 eV/A. ® To facilitate cancela-
tion of errors between the interface models and
interface vs. surface calculations, the same super-

8 Due to the symmetry of the supercell, all atomic relaxations
were along a direction perpendicular to the interface only, and
all in-plane forces were equal to zero.
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(2) HCP

.(b) Hole

Fig. 5. Three stacking sequences for the C-terminated AVWC interface. Small spheres: Al interfacial atoms, medium-sized spheres:
C atoms, large spheres: W atoms. The supercell profile along (0001) is shown in white.

-W,, (J/m?)
A

-5 +

-6

-7 +

-8t

0 1 2 3 4 5 6 7 8
Interfacial Distance (A)

Fig. 6. Universal binding energy curves for the six AI/WC in-
terface geometries.

cell dimensions and k-points were used for all
calculations.

Table 4 summarizes the optimal dy and # .4
values for all six interface structures, including
both the unrelaxed (UBER) and relaxed geome-
tries. Consistent with the argument that surfaces

Table 4

with larger surface energies are more reactive, and
therefore more readily form bonds, we see that the
C-terminated interfaces exhibit larger # .4 values
for each stacking sequence. The HCP stacking
yields the largest adhesion for both terminations,
with relaxed values of 6.01 J/m? (C-term.) and 4.08
J/m? (W-term.). Also, the more strongly bound C-
term. hasaninterfacial separation of 1.21 A—more
than 1 A smaller than that for the W-term. The
HCP geometry is preferred as it comes closest to
continuing the carbide’s bulk ABAB... stacking
across the interface and into the metal; a similar
effect was also observed for the Al/a-Al,O; inter-
face [7]. The on-top (OT) site is the least favorable
structure, while the hole site falls between, but
somewhat closer to the HCP % ,4. Unfortunately,
we are not aware of any experimental data with
which to compare our theoretical #",4 values.

In the event that experimental data for the
wetting of WC by Al were to become available,
one would need to exercise caution in making a
direct comparison to our calculated # 4 values. In
particular, while our (1 x 1) model interfaces and
WC surfaces may be relevant for estimates of # 4

Unrelaxed and relaxed adhesion energies (7 ,q) and interfacial separations (dy) for the six A/WC interface systems. Also, # 4 cal-
culated for cleavage of the clean interface within the Al, between the interfacial and subinterfacial layers

Stacking Termination Unrelaxed (UBER) Relaxed
dy (A) W g (Jm?) dy (A) W g (Jm?)

HCP C 1.18 7.96 1.21 6.01
Hole C 1.03 7.88 1.11 5.40
oT C 1.92 4.37 1.98 3.21
HCP: Al cleave 242
HCP \%% 2.20 4.09 2.22 4.08
Hole w 2.19 3.75 2.21 3.90
oT W 2.66 1.98 2.68 1.96
HCP: Al cleave 2.29
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in non-equilibrium processes such as machining,
under equilibrium conditions (such as in a sessile
drop experiment) the WC(000 1) surface is known
to reconstruct [60]. This effect would lower the
surface energy and ¥ 4 for the interfaces (see Eq.
(1)) relative to our predictions. More information
regarding the distinction between equilibrium and
non-equilibrium estimates of # ,4 can be found in
Ref. [65].

Because this interface is characterized by rela-
tively little atomic relaxation, the UBER interfa-
cial distances are in good agreement (to within
0.1 A) with those obtained after relaxation. Gen-
erally, we find that allowing for relaxation in-
creases the equilibrium UBER separation, and in
most cases reduces # 4. The largest changes upon
relaxation occur to the # ,4 for the C-termination,
which change by as much as 2.5 J/m?. This can be
explained by the energetically and structurally
large relaxations present in the isolated C-termi-
nated WC slab (4, = —22.5%). These relaxations
are about five times those found for the W-termi-
nation (4, = —4.2%).

Table 5 shows the change in interlayer spacing
(relative to bulk) for both relaxed HCP termina-
tions as a function of distance away from the in-
terface. Similar to what was seen in the clean
surface, the WC spacings undergo an oscillatory
contraction/expansion relaxation. However, the
magnitude of the relaxations is much smaller in the
interface, and exhibit a maximum deviation from
bulk of less than 3%. This reduction is consistent

Table 5
Interlayer spacing with respect to position perpendicular to
the interface, given in terms of absolute distance (A) and as
a percentage of the respective bulk spacing (shown in paren-
theses)

Interlayer Interlayer distance (A) (% of bulk)
C-term W-term

Al ;5 2.27 (—2.8) 2.23 (—4.3)
Al 2.32 (—-0.7) 2.31 (—1.0)
Interface 1.21 2.22

WC,_, 1.39 (—-1.9) 1.38 (-2.7)
WG, 3 1.43 (+0.9) 1.45 (42.0)
WGC;_y 1.41 (—0.6) 1.42 (—0.2)
WCy s 1.43 (+0.5) 1.43 (+0.8)

The central layer of the Al slab is denoted Al;, the interfacial Al
layer as Al;, the central WC layer is WCs, etc.

with a return to a more bulk-like bonding envi-
ronment as a consequence of interfacing with the
Al. On the other hand, the Al spacings, although
similarly small, undergo uniform contraction. This
is at odds with the oscillatory behavior present in
the free Al(1 1 1) surface [7,70], and is an artifact of
the tensile strain imposed by the coherent interface
approximation.

One feature common to strongly bound inter-
faces is the phenomenon of adhesive metal trans-
fer. This occurs during tensile loading of the
interface, wherein interfacial failure occurs within
one of the slabs comprising the interface, as op-
posed to at the interface proper. A portion of the
fractured slab’s material is then transferred to the
other slab. In essence, the interfacial bonds (i.e.,
adhesive strength of the interface) are stronger
than the cohesive strength of one of the inter-
faced materials. To assess whether adhesive metal
transfer is a possibility for the AI/WC system, we
have performed additional # 4 calculations on
the optimal W-HCP and C-HCP geometries. This
was done by separating the interface within the
softer Al between the interface and subinterface
layer (see Table 4 under the heading “Al cleave™).
We find that both interface terminations are sub-
ject to cleavage within the metal—to the extent
that dissipative effects like plastic deformation can
be neglected—as the calculated % 4 of 2.3-2.4
J/m? within Al are much less than that for sepa-
ration at the original metal/ceramic junction: 6.01
J/m? (C-term), and 4.08 J/m?> (W-term). The pos-
sibility of adhesive metal transfer suggests that the
polar AI/WC interface would not be an optimal
choice for use in tribological applications such
as dry machining or other applications requiring
weak bonding between carbide and metal.

As a final comment on the accuracy of DFT
adhesion energies, we note that it has recently been
shown [71,72] that both LDA and GGA underes-
timate surface energies with respect to experiment
or “exact” computational methods. Although we
do not see such an effect in the case of Al(111) (see
Section 3.2.1, and we are unaware of any experi-
mental (or exact theoretical) data for WC(000 1),
this would suggest that our predicted adhesion
energies were roughly 5-10% too small based on
the jellium calculations of Ref. [72].
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In conclusion, we find that the ¥ ,4 for both
(optimal) HCP terminations is relatively large,
which is consistent with the polar nature of the
WC(0001) surface. This large adhesion indicates
a likelihood for adhesive metal transfer, as # .4
values calculated within the Al slab are substan-
tially smaller than those found at the Al/carbide
junction.

4.3. Stability analysis

Apart from knowing # ,4 for a particular in-
terface, it is also desirable to know which interface
is most stable in a thermodynamic sense. This can
be assessed in a manner similar to what was done
for the WC surface, by extending Eq. (7) to give
the interfacial free energy [8], y:

1
V= ﬂ{Eim — Nwhwe + (Nw — Ne)pe
—NAl,uAl(bulk)} —2GA1. (10)

Here 20, is the surface energy of the two free
Al(111) surfaces, and p,,(bulk) is the chemical
potential of bulk Al. Based on this, Fig. 7 plots the
interface free energy for all six interface geometries
as a function of uc — pc(bulk).

Although the C-HCP interface has the largest
W aa, its large surface energy results in the W-ter-
mination having a lower interfacial free energy,
except for a small region within the C-rich re-
gime. ° Neglecting such effects as defect segrega-
tion, our calculations therefore predict that the
W-termination should be the preferred equilibrium
termination for the regime in which WC is favor-
able.

4.4. Electronic structure

To reveal the nature of the interfacial bonding
between metal and ceramic, Figs. 8-10 depict the
interfacial charge density difference, its planar av-
erage along (0001), and the layer-projected DOS,
respectively, for the relaxed W-HCP and C-HCP

® In this region WC is unstable to decomposition into W,C.
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Fig. 7. Interfacial free energy for the six Al/WC geometries as a
function of uc — uc(bulk).

interfaces. The difference charge density was eval-
uated with respect to the isolated slabs according
to the relation:

P(Fintertace — [p(r)Al(l iy + p(y)WC(OOOI)]7 (11)
and is visualized in Fig. 8 using the same grey-scale
scheme used in Fig. 3. The slice is oriented along
(1120), and those atoms intersected by the slicing
plane are identified.

Despite their different terminations, there are
some features of the interfacial electronic structure
common to both systems. First of all, Fig. 8 shows
that the interfacial charge redistribution is a lo-
calized effect, being confined to within the first Al
layer, and either the first (W-HCP) or second layer
(C-HCP) in the carbide. This conclusion is sup-
ported by the DOS plot of Fig. 10, where the sub-
interface DOS are similar to their values in the
center of their respective slabs. Secondly, there are
extended regions of charge depletion in the inter-
stitial regions of the interfacial Al layer, as can be
seen both in Figs. 8 and 9. This signals a reduction
in lateral Al-Al metallic bonding in favor of
forming new bonds across the interface.

In addition to these similarities, there are also
significant differences in the interfacial bonding
characteristics of the two terminations. Considering
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(2) C-HCP

(b) W-HCP

Fig. 8. Charge density difference (relative to the isolated surfaces) for the C-HCP and W-HCP interfaces taken along the (1120)
direction. The color scheme is the same as in Fig. 3, and the locations of the interfacial atoms are labeled.
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Fig. 9. Planar-averaged total charge and charge density difference (relative to the isolated surfaces) for the C-HCP and W-HCP

geometries along a direction normal to the interfaces.

the W-HCP system first, we note in Fig. 8b a de-
pletion of charge in the lateral W-W interfacial
bonds similar to what is observed for the Al in-
terfacial layer. This combination of charge density
(from both the W and Al lateral bonds) is pushed
into the interfacial region forming what roughly
appears to be a mixed covalent/metallic bond in-

volving a W d,. orbital. Further evidence for this
can be seen in Fig. 9b where there is charge de-
pletion on both the interfacial W and Al layers,
coincident with a large increase in the interface
region indicating a possible covalent/metallic bond.
Lastly, the interfacial DOS (Fig. 10b) for the
Al and W layers do not display any prominent
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Fig. 10. Layer-projected DOS for the C-HCP and W-HCP interfaces.

features suggestive of a strong covalent interac-
tion. Rather, the Al interface DOS is slightly per-
turbed in a fashion similar to the shape of its
nearest-neighbor W atom with a similar trend ob-
served for the W, as its DOS begins to look more
free electron like. We therefore interpret the W-
HCP interfacial bond to be a combination of a
weakly covalent and strong metallic interaction
involving only the interfacial W d-states and Al 3sp
states.

In contrast to the metallic/covalent character of
the W-HCP system, the more strongly bound C-
HCP interface exhibits a mix of covalent and ionic
bonding (equivalently, polar covalent bonding).
The effect of the interface also extends further into
the carbide, as the d states on the subinterface W
atoms now participate in charge redistribution (see
Fig. 8a). The depletion of W-W lateral bonding
within the carbide’s interfacial layer seen for the
W-HCP system is not present for the C—C bonds in
the C-HCP interfacial layer. Instead, Fig. 8a sug-
gests a charge transfer from the Al interfacial layer
to a C p, orbital, and to a lesser extent a d.. orbital
on the subinterface W atom. This ionic-like effect
is also visible in Fig. 9a, where the planar average
of the charge difference shows charge depletion on
the interfacial Al layer, accompanied by charge

accumulation on the C and W interface atom. '°

However, the layer-resolved DOS for the C-HCP
system (Fig. 10a) indicates that the charge-transfer
from metal to carbide is not complete, and there
remains some degree of covalent bonding. In par-
ticular, there is a new set of Al3sp—C2s overlap
states in the —14 to —10 eV range on the interfacial
Al and C atoms. In addition, there is a depletion of
states on the Al in the —10 to —7 eV range and in
the region near the Fermi level (Eg). This depletion
roughly mimics the behavior of the Cp DOS.
Lastly, although the C atoms in the carbide bulk
have a vanishing DOS near Ef, the presence of
metallic Al at the interface induces new C gap
states near Eg. Overall, the C-HCP DOS shows a
much stronger covalent interaction than seen in
the W-HCP system, due to formation of Al-C
bonds. The partially ionic nature of this interface
explains its larger # ,q compared to the W-termi-
nation.

19 We attempted to quantify the charge transfer by integrat-
ing the Wigner—Seitz spheres on each atom, but found the
results to be inconclusive due to intersphere overlap and
incomplete space filling.
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4.5. Alloy effects on adhesion

It is known that segregation of alloying agents
to surfaces and grain boundaries (GB’s) can
significantly impact the mechanical properties,
corrosion resistance, etc. of Al alloys [73,74].
Although, most modern alloys (for example, the
Sxxx series) contain several alloying agents in
various amounts, Mg and Li are the dominant
segregants to surfaces and GB’s as a result of their
larger atomic size. (Mg and Li are, respectively,
12% and 6% larger than Al.) Assuming a similar
preference for segregation to interfaces, we have
conducted a small set of ab initio calculations to
determine how Li and Mg alter # ,q4 with respect
to the clean interfaces. Other mechanisms [75],
such as the reduction of Al,O; by Mg to form
MgO, may play a significant role in determining
the overall effect of interfacial segregation on % 4.

Table 6 shows the relaxed interfacial separations
(dy) and # .4 values for the W-HCP and C-HCP
interfaces assuming a substitutional monolayer of
Li or Mg atoms replacing the interfacial Al layer.
As in the clean interfaces, all atomic forces were
minimized to a tolerance of 0.05 eV/A. For both
terminations we find that the presence of Li and
Mg reduces # ,q and increases dy—i.e., the impu-
rity atoms weaken the interface. The reduction in
W aa 18 largest for the C-HCP system, where % 4
decreases by 2.5 and 1.7 J/m?, respectively, for Li
and Mg. For W-HCP the decrease in # 4 is
smaller: 2.1 (Li) and 1.5 J/m? (Mg). The smaller
effect on the W-HCP system can be explained by
its larger dy of 2.22 A of the clean interface, vs.
1.21 A for the C-HCP geometry: the W-HCP ge-
ometry initially has more free volume to accom-
modate the larger impurity atoms, and expands

Table 6
Changes in # ,4 due to the substitutional incorporation of Li
and Mg at the Al surface

Termination dy (A) W aa (J/m?)
C: clean 1.21 6.01
C: Li 1.42 3.50
C: Mg 1.46 4.31
W: clean 2.22 4.08
W: Li 2.36 1.98
W: Mg 2.39 2.58

less upon their addition. This behavior suggests
that strain effects play an important role in deter-
mining the effects of impurities on # ,4. None-
theless, strain effects are not the only factor at
work, as can be seen by comparing the reduction
in # ,q from Li with that from Mg. If strain effects
alone were responsible for the changes in adhesion,
then the larger Mg atoms should reduce # .4 the
most. However, just the opposite behavior is seen,
with Li having a stronger effect, suggesting that
electronic contributions are also significant. The
trend in interface separation more closely follows
the behavior expected from a strain-only effect, as
dy 1s largest for the Mg-containing structures. We
note that an earlier study [76] of the effects of
impurity atoms on metal/ceramic adhesion in-
volving C and S impurities at the Al(100)/MgO
and Ag(100)/MgO interfaces found that, in gen-
eral, impurities reduced % 4.

5. Summary and conclusions

We have presented the first ab initio study of
metal-ceramic adhesion involving the AI-WC in-
terface. We have focused on the polar Al(11 1)/
WC(0001) geometry due to its relatively small
misfit, and a future paper will investigate the non-
polar Al(110)/WC(1120) system and draw com-
parisons. Considerable care was taken to ensure
that the thickness of the slabs utilized were suffi-
cient to allow for a bulk-like interface. We find
that both the clean WC surface and A/WC in-
terface are W-terminated, as these structures have
the lowest surface and interfacial free energies.
Overall, interface adhesion is relatively strong,
with the optimal C- and W-terminations yielding
W . values of 6.01 and 4.08 J/m?, respectively.
These values can be rationalized in terms of the
large surface energies obtained for the polar sur-
faces. By cleaving along (000 1) one creates a very
reactive surface by breaking cation-anion bonds,
and leaving behind a terminating layer with a large
surface dipole. Despite the strong interfacial bond-
ing, there are only small changes in the atomic
structure at the interface; interlayer spacings in
both the metal and the carbide are relatively close
to their bulk values. Moreover, the optimal adhe-
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sion site for both terminations places the interfa-
cial metal atoms in the HCP site with respect to the
carbide stacking sequence. This geometry effec-
tively continues the carbide crystal structure into
the metal, an effect which has also been seen for
the Al/a-Al,O5 system [7].

To further explain the trends in # .4, We criti-
cally analyzed the electronic structure of both the
C-HCP and W-HCP interfaces by referring to the
charge density and layer-projected DOS. For both
terminations the interface-induced changes in the
electronic structure are very short ranged and
limited to the first (in the metal) or second (in the
carbide) interfacial layers. The W-HCP system is
characterized by a mixture of metallic and cova-
lent bonding, whereas the stronger bound C-HCP
interface exhibits polar covalent interactions, with
charge transfer to the interfacial C layer.

Lastly, we considered the effects of Li and Mg
alloying agents on # 4. Consistent with their large
size, we find that both reduce % .4 by 1.5-2.5 J/m?,
and push the C-HCP and W-HCP interface apart,
suggesting that strain effects are important. How-
ever, eclectronic effects are also significant, as the
smaller Li impurities generate a larger reduction to
W .q—a result which cannot be explained in terms
of strain effects alone.
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