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Co-phase penetration of WC„101̄0…ÕWC„101̄0… grain boundaries from first principles

Mikael Christensen and Go¨ran Wahnstro¨m
Department of Applied Physics, Chalmers University of Technology and Go¨teborg University, SE-412 96 Go¨teborg, Sweden

~Received 15 October 2002; revised manuscript received 20 December 2002; published 25 March 2003!

We examine different interface energy relationships at the WC(1010̄) surface in the WC-Co cemented
carbide using density-functional theory. To assess the stability of WC/WC grain boundaries, 90°-twist grain
boundaries and a 27°-twist grain boundary are considered. In addition, we investigate the adhesion properties

at the Co(001)/WC(1010̄) interface by analyzing twelve different interfacial structures, including both W and

C terminations of the carbide. The results indicate that the adhesion properties of Co on WC(1010̄) can be
explained either by a considerable adjustment of the interfacial Co atoms to their interfacial equilibrium
positions, or by an interfacial structure where the WC surface has a mixed composition of C and W atoms.
Finally, the WC/WC grain boundary and Co/WC interface energy relationships are discussed in the context of
liquid-phase sintering.
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I. INTRODUCTION

The WC-Co based cemented carbides constitute a g
of industrially important composite materials with high har
ness and toughness.1 They are used in a wide range of app
cations including cutting tool inserts, rock drills, and ty
studs. The hardness is provided by the carbide and the to
ness by the ductile metal binder phase. The combinatio
WC and Co is particularly successful and has been subje
numerous studies~see, e.g., Ref. 1!.

Much effort has been made to relate mechanical prop
ties with the microstructure of the cemented carbide. T
microstructure is to a large degree determined by interfa
energy relationships. The relationships between surface e
gies, Co/WC interfacial energies, and WC grain bound
energies, not only play an important role in the mechan
strength of the material, but are also crucial in the manuf
turing of these materials, where powders of the carbide
metal are sintered together. A necessary condition for an
fective sintering is that wetting of the metal on the carbide
complete, so that the metal phase efficiently fills the em
voids present in the material; voids that would otherw
deteriorate the mechanical properties.

Unfortunately, it is very hard to get experimental inform
tion on the adhesion properties and the related interfa
energies. The traditional experimental methods, i.e., wet
experiments such as sessile drop experiments or dihe
angle measurements, can only provide a qualitative pic
of the interface energy relationships. Thus, there is a str
need for supplementary data.

With recent advances in computer technology and th
retical modeling, it has become possible to perform atomi
calculations from first principles of interfaces in compos
materials. In a recent study, the Co~001!/WC~001! interface
energetics was calculated from first principles and compa
with the Co~001!/TiC~001! case using the cubicb phase of
WC.2 The experimental fact of better wetting of Co on W
than on TiC was reproduced by the simulations and
plained in terms of the energetics and electronic structur
the interfaces.
0163-1829/2003/67~11!/115415~11!/$20.00 67 1154
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The present study explores the characteristics of
Co(001)/WC(101̄0) metal-carbide interface using the he
agonal form of WC. The cobalt-carbide interactions at t
WC~0001! surface are treated elsewhere.3 In addition to this,
it is also necessary to get a good description of the beha
of WC/WC grain boundaries for an understanding of the
terplay between the different phases. As a first step to un
stand the nature of WC/WC grain boundaries, this study
dresses pure grain boundaries without segregated
Motivated by experimental observations,4,5 we perform first-
principle calculations of grain boundaries formed by matc
ing prismatic$101̄0% WC facets together. We compare th
grain-boundary energies with the interface energy of
Co/WC system and discuss the results in the context
liquid-phase sintering.

II. BASIC DEFINITIONS OF INTERFACE ENERGETICS

Our prime objective in this work is to assess the stren
and stability of different contact surfaces in the cemen
carbide. First-principles calculations using density-functio
theory ~DFT! ~Refs. 6–8! have proven to give an accura
description of interface energetics for a wide range of int
face systems. The dominating contribution to the interfa
energetics is given by the internal energy, i.e., the total en
gies obtained from DFT. The other terms are assumed to
relatively small,9 and are not included in the calculation
since they should not affect the conclusions in this stu
This approximation is further justified by the fact that th
temperature-dependent terms tend to cancel for the di
ences in free energy between the considered structures.10 All
structures are modeled in a supercell slab geometry with
riodic boundary conditions.

One easily accessible measure of the interfacial streng
the ideal work of separationWsep. The work of separation
gives an estimate of the reversible work required to sepa
the interface into two free surfaces. All dissipative a
chemical equilibrating processes, such as dislocation mot
surface contamination, and diffusional processes are
glected. Thus, the energy needed in a real cleavage ex
©2003 The American Physical Society15-1
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TABLE I. Equilibrium lattice constanta0, bulk modulusB, and cohesive energyEcoh calculated using the
plane-wave~PW! pseudopotential method in comparison with other calculations and experimental~Expt.!
data. FP-LMTO is the full potential linear muffin-tin orbital method. LMTO-ASA is the potential lin
muffin-tin orbital method using the atomic sphere approximation. Results are presented for hexagon
~WC hex.! with c/a51, andc/a50.976; and fcc Co where also values for ferromagnetic~FM! Co are given
for comparison.

System Method Source a0 ~Å! B ~GPa! Ecoh ~eV!

WC hex.c5a PW-GGA This work 2.8945 379 8.14
WC hex.c/a50.976 PW-GGA This work 2.9205 380 8.15

FP-LMTO-LDA Ref. 26 2.88 329 9.72
LMTO-ASA-LDA Ref. 27 2.88 413 8.90

Expt. Quoted in Ref. 26 2.91 331 8.34
WC fcc PW-GGA This work 4.38 371 7.71

FP-LMTO-LDA Ref. 26 4.29 319 9.46
Co fcc FM PW-GGA This work 3.54 199 5.51

PW-GGA Ref. 28 3.52 211 5.3
PW-GGA Ref. 29 3.52 205

Expt. Quoted in Ref. 29 3.54
Co fcc NM PW-GGA This work 3.47 245 5.30

PW-GGA Ref. 28 3.45 253 5.2
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ment will always exceedWsep. In the supercell slab geom
etry, the work of separation can be calculated as

Wsep5~Esl11Esl22Eint!/2A, ~1!

whereEint is the total energy of the interface structure, a
Esl1,2 are the total energies of the separated slabs. The fa
2 takes into account that there are two~identical! interfaces
per supercell. If the slabs do not contain any mirror pla
the periodic images of the interface may be nonequivalen
this case a vacuum region of 10 Å is introduced in the int
face supercell which then will contain two free surfaces a
one interface. Equation~1! is still valid for the work of sepa-
ration, provided that the factor 2 is removed.

The stability of the interfaces can be assessed by the
terface energyg. The interface energy is the energy gain
create one unit area of interface from bulk material. T
interface energy for a supercell structure is usually obtai
by calculating the difference in total energy of the interfa
structureEint and the total energies of the slabs in their bu
environmentEsl1,2

(b) ,

g5~Eint2Esl1
(b)2Esl2

(b)!/2A. ~2!

The work of separation and the interface energy are
independent quantities. Their sum is equal to the sum of
surface energies of the separated slabs,s1,2, as stated by the
Dupréequation,

g5s11s22Wsep ~3!

The surface energiess1,2 are calculated as

s1,25~Esl1,22Esl1,2
(b) !/2A. ~4!
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III. COMPUTATIONAL DETAILS

All electron structure and total-energy calculations a
performed using density-functional theory as implemented
the Viennaab initio simulation package~VASP!.11–14 The
exchange-correlation functional is approximated with t
Perdew-Wang 1991 version of the generalized gradient
proximation ~GGA-PW91!.15 The plane-wave pseudopoten
tial method16 with Vanderbilt ultrasoft pseudopotentials17,18

is used. The Kohn-Sham equations are solved using a
conditioned residuum minimization scheme with direct
version in the iterative subspace~RMM-DIIS!.14 The plane-
wave cutoff energy is set to at least 21 Ry~286 eV! in all
calculations. The Brillouin zone is sampled using t
Monkhorst-Pack scheme.19 The partial occupancies are s
using the tetrahedron method with Blo¨chl corrections.20

Atomic structure relaxations are performed with a qua
Newton algorithm, and the structures are optimized until
total energies are converged to at least 1 meV.

To assess the accuracy of the computational method
perform bulk calculations of the different phases in the
mented carbide. Equilibrium lattice constants and the b
moduli are obtained by fitting the total energies at differe
volumes to the Murnaghan equation of state.21 The results
from the bulk calculations are collected in Table I The coh
sive energies are given with respect to the energies of
spin-polarized atoms in the ground state. The results in Ta
I of the bulk phases show good agreement with experime
data and other first-principles calculations. The bulk syste
under consideration are well described by GGA which c
rects for the inherent tendency of overbinding using loc
density approximation~LDA !.

IV. BULK PHASES IN WC-CO

In the present work we concentrate on the two phase
gion of WC and Co. Outside this region, other phases may
5-2
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formed. For example, at high carbon content, carbon w
form graphite precipitates, while low carbon content m
result in the formation of eta phase precipitates, such
Co3W3C. Such precipitates are unwanted in cemented
bides and to a great extent eliminated by careful produc
methods.

The ground-state crystal structure of the monocarbide
is simple hexagonal (D3h). It is formed in a narrow range o
carbon fraction close to the stoichiometric ratio. This can
compared to group IV-B metal carbides, which have a Na
structure and are stable over a large range of carbon con
There also exists a NaCl form of WC, the so-calledb phase,
which can be obtained experimentally at high temperatu
~above 2500°C).

In the cemented carbide, the WC grains often take
form of triangular prisms, formed from the basal~0001!
plane and three equivalent$101̄0% planes.22 The c/a ratio is
close to 1~0.976!, which gives a possibility for grain bound
aries with a very high number of coincidence sites, in p
ticular aS52 twist grain boundary (S is the inverse density
of coincidence sites!.4 This is a grain boundary with the ori
entational relationship$101̄0%//$101̄0%, obtained by rotating
one grain 90° around the common^101̄0& axis with respect
to the other grain. This special grain boundary has been
quently observed in WC-Co cemented carbides with no e
dence of segregated cobalt.4,5,23–25If the c/a ratio is approxi-
mated by 1, this becomes a pure twist grain boundary wi
perfect atomic match of several atomic planes across
contact surface, see Fig. 1. In a real system the slight dif
ence between thea andc parameters will introduce a sma
mismatch of the interface planes. Experimental observa
of the S52 boundary has shown that this mismatch resu
in a grain-boundary defect structure consisting of sin
steps separated by a distance equal to 41a or 42c ~11.9
nm!.23 In our study of WC(101̄0)/WC(101̄0) grain bound-
aries, we model the coherent regime between steps.

TheS52 grain boundary requires the lattice parametec
in one grain to be equal to the parametera in the other grain.
In modeling this grain boundary, the same values of the
rameters have been chosen in both grains. The optimal

FIG. 1. Schematic picture of theS52 WC(101̄0)/WC(101̄0)
grain boundary.
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rameters for WC are found to bea5c52.8945 Å. As can be
seen from Table I, the approximationc5a introduces no
large errors in the WC bulk properties. This structure of W
is used exclusively in this work.

The electronic structure of WC is well known, and h
been investigated in detail using a number of different me
ods ~see, e.g., Refs. 26, 30 and 31!. In Ref. 26 it was found
that the density of states~DOS! is large at the Fermi level in
the NaCl structure of WC, where largely nonbondingd states
are occupied. When going to hexagonal WC, the cova
p-d bonds are maintained and the metallicd states are split-
ted into bonding and antibonding states. The Fermi leve
near a minimum in the DOS between bonding and antibo
ing states. Our calculations show that the DOS for WC w
c5a is almost identical to the density of states for the ide
structure, which will be useful in our discussion of the inte
actions at the interfaces.

The Co binder phase in the WC-Co system can exis
two allotropic forms, hcp or fcc.32 The high-temperature fcc
form of Co is stabilized by residual stresses and the prese
of dissolved C and W atoms, and this form is to a lar
degree retained in the WC-Co cemented carbide. To s
computational effort and simplify the analysis, we choose
focus on the paramagnetic fcc phase of Co. This should b
relevant situation in the context of wetting and liquid pha
sintering of cemented carbides. The effect of Co ferrom
netism in the Co/TiC system was analyzed in Ref. 33, wh
it was found that magnetic corrections are not crucial for
conclusions about interface adhesion. It was also found
the magnetic corrections to the interface energetics can
understood within a rigid band approach as for free Co s
faces. To estimate the corrections at the Co/WC interfac
then suffices to have the local density of states of the p
magnetic Co interface layer.

V. CLEAN WC SURFACE

There are two options for the location of the WC(1010̄)
surface, associated with the two families of (1010̄) planes in
WC. These planes consist of either exclusively carbon
tungsten and the distance between consecutive (100̄)
planes in the @101̄0# direction is alternating betwee
0.836 Å and twice this distance. A cut parallel to the (1010̄)
planes may then produce two types of surfaces. In the
case~type-I surface!, the distance between the surface atom
layer and the first interlayer is 0.836 Å. In the other ca
~type-II surface!, this distance is twice as large. An importa
difference between the two types of surfaces is the numbe
broken bonds. To produce a type-I surface, two neighbor
atoms have to be removed per surface atom. The typ
surface is expected to be more reactive, since a cut to
duce this surface requires four neighboring atoms to be
moved per surface atom. In the present work all surfaces
taken to be ideal, unreconstructed bulk truncations with
any adatoms. In the relaxed calculations, the atoms in
three outermost layers are allowed to relax in all directio

The alternating layers of carbon and tungsten with diff
ent spacings in the@101̄0# direction make the (1010̄) planes
5-3
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MIKAEL CHRISTENSEN AND GÖRAN WAHNSTRÖM PHYSICAL REVIEW B 67, 115415 ~2003!
polar. In periodically repeated supercell structures, suc
structure will induce an artificial electrostatic field due to t
periodic boundary conditions, which has to be compensa
for.

Moreover, supercell calculations of the WC(1010̄) sur-
face energy are complicated by the fact that the two surfa
of a stoichiometric slab will always have different atom
terminations. In addition, one of the surfaces of a nons
ichiometric slab will be of type I while the other surface w
be of type II, so they are nonidentical. This means that
WC(101̄0) surface energy of a particular termination cann
be extracted using a thermodynamical argument by assum
a range of C and W chemical potentials, as has been don
the WC~0001! surface.34 However, it is enough for our pur
pose to calculate the sum of the surface energies of W an
terminated surfaces as it appear in Eq.~3!. To this end, a
stoichiometric slab with eight layers is used. The results
summarized in Table II. As the sum of surface energies in
cates, the type-I surfaces are much more stable than
type-II surfaces.

The large difference in surface energies is not reflecte
the atomic relaxations. Atomic relaxations are very similar
type-I and type-II surfaces. The largest effect is an inw
movement of atoms in the outermost layer of the carb
terminated surfaces of about 0.2 Å. Other relaxations
nearly one order of magnitude smaller.

The WC~0001! surface is also either carbon or tungst
terminated, where the W terminated surface is thermo
namically more stable. The surface energy of the W ter
nated WC~0001! surface has previously been calculated
about 3.5 J/m2.34 Although the only relevant WC(1010̄) en-
ergies are the sum of tungsten and carbon terminated
facessW1sC, we can get a rough estimate of the relati
contributions to this sum by using the same ratio betw
sW andsC as calculated in Ref. 34. Using this relation, t
relaxed surface energies of the type-I surfaces are foun
be sC54.660.1 J/m2 and sW52.760.1 J/m2. The calcu-
lated values for the type-II surfaces aresC58.760.1 J/m2

andsW55.260.1 J/m2.
These values are larger than the surface energy of

WC~001! surface of the high-temperature cubicb phase of
WC, which has a mixed termination of carbon and tungs
atoms at the surface. Our calculated value of the~unrelaxed!
WC~001! surface energy is 1.6 J/m2. It is interesting to no-
tice that this is close to an experimental value of the W
surface energy of 1.7 J/m2.35,36 This could imply that the
most stable WC surface is not purely metal terminated. Ho
ever, the use of GGA generally gives a somewhat low s

TABLE II. Calculated WC(101̄0) surface energiessW1sC .
Note that only the sum of surface energies for W and C termina
surfaces is presented. The results for both unrelaxed~Unrel.! and
relaxed~Rel.! structures are given.

Surfaces Unrel. (J/m2) Rel. (J/m2)

W1C I 7.92 7.25
W1C II 14.86 13.86
11541
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face energy.37,38Using the linear muffin-tin orbitals interfac
Green’s function method with LDA, the WC~001! surface
energy was found to be 2.64 J/m2,39 which is comparable to
our estimate of the W terminated WC(1010̄) type-I surface
energy.

There are also experimental studies that indicate that th
surfaces are not purely metal terminated, but in fact con
of a mixture of carbon and metal atoms. In a high-resolut
core-level-photoemission investigation of the WC~0001! sur-
face, surface shifts were observed both in the carbon
tungsten levels. The result was interpreted as the existenc
both carbon and tungsten areas on the surface.40 Further-
more, a low-energy electron-diffraction structure analysis
WC~0001! indicated that this surface consists of tungst
layer covered by carbon randomly distributed on the h
sites with a coverage of 30% that of a full carbon layer41

Work addressing these questions is in progress.

VI. WC „101̄0…ÕWC„101̄0… TWIST GRAIN BOUNDARIES

A. 90°-twist grain boundary

In the present work, we consider grain boundaries form
by matching (101̄0) surfaces of the same type~I or II !. Each
surface can be either tungsten or carbon terminated.
atomic structure of the interface is determined by four d
grees of freedom, the location of the interface plane plu
rigid body displacementt of one grain relative to the other
Since we have periodicity in the interface plane, the displa
mentt can be decomposed into a translationT parallel to the
interface and a componentd ~interface expansion! normal to
the interface. IfR denotes the affine transformation matr
for the 90° rotation around thê101̄0& axis, andG1 is a
matrix containing the coordinates of the atoms in grain 1,
can write the atomic coordinatesG2 in grain two as

G25R•G11t. ~5!

In particular, we will consider three different translatio
statesT. Figure 2 shows the relative positions of the atom
in the layers closest to the interface for all translation sta
The notation for an interface is of the formA-B-type-state,
whereA andB are the atomic species in the interface layer
grain 1 and 2, respectively, type can be either I or II
accordance with the definition above, and state refers to
three translation states in Fig. 2. For the type-I grain bou
ary, statea corresponds toT5(a/2)@0001#1, stateb to T

d

FIG. 2. The three different interfacial atomic configuratio
studied. The picture shows the relative positions of the atoms c
est to the interface in each grain. Dark and light colors corresp
to different grains.
5-4
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50, and statec to T5(a/6)@12̄10#1. For the type-II grain
boundary, statea corresponds toT5(a/6)@12̄13#1, stateb to
T5(a/6)@12̄10#1, and statec to T50.

For all of these translation states, we calculate the wor
separation and interface energy. Both relaxed and unrela
values are calculated for all systems. In the relaxed calc
tions, all atoms in the three outermost layers on each sid
each slab are allowed to relaxed in all directions. The su
cell size and the atomic positions in the middle layers
kept the same as in the unrelaxed system. As has been s
in earlier studies, the nature of interfaces with more comp
structures can adequately be described as superpositio
these more simple coherent interfaces.2,28

For the grain-boundary structures, eight atomic layers
each grain@(101̄0) planes# are used in the calculations.
convergence test with respect to the number of layers is
formed, which shows that the energy is converged to wit
a few mJ/m2 for a 818 layer supercell.

The relationg(T) describes theg surface which is a pe
riodic function with the periodicity of the cell of nonidentica
displacements~CNID!.42 The CNID consists of all transla
tion vectors parallel to the interface that are not equival
by the addition of a bicrystal translation vector. However,
two interfaces within the supercell are nonidentical for a g
eral translation stateT due to the WC geometry. Thus, th
interface energy given by Eq.~2! is an average value of th
two distinct interfaces. Equivalent interfaces are obtain
only for some special special cases of translation states
an example, equivalent interfaces are obtained by a rela
displacement of the carbide grains in theS2 boundary along
the @12̄13#1 direction.

A cross section of theg surface of the W-C-I grain bound
ary, obtained by a cubic interpolation of calculated ene
values along the the@12̄13#1 direction is shown in Fig. 3.
The S52 twist boundary is the$101̄0%//$101̄0% interface
with the maximum size of the CNID cell. For other twi
angles, the density of coincident sites in the boundary
lower and we expect from the restricted form of the ma

FIG. 3. Cross section of theg surface of the twist 90°

WC(101̄0)/WC(101̄0) type I grain boundary along the@12̄13#
direction. The upper curve shows the interface energy variation
rigid translations with a fixed intergrain distanced. The middle
curve shows the effect of allowing for interface expansion. F
atomic relaxations are included in the bottom curve. No transla
corresponds to theS52 boundary.
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mum planar coincidence site density criterion that theS
52 boundary is a singular boundary.42 Energy minima of the
g surface are obtained atT50 and atT5(a/6)@12̄13#1,
implying that these interfaces are translational singular.

Figure 3 also demonstrates the effect of different types
relaxation. Without any relaxation, the two grains are shif
relative to each other while keeping an interface dista
equal to the distance between the atomic planes in b
Since the grain-boundary energy to a large degree is de
mined by the relative positions of the C and W atoms clos
to the interface, such a translation can result in large inte
cial energies due to repulsion from the large atomic over
of neighboring atoms across the interface. Allowing for
interface expansion will significantly reduce this interacti
energy. The interface expansion may lead to a compres
stress in surrounding grains in the cemented carbide. A ro
estimate using the elastic modulus of WC~Ref. 43! indicates
that the elastic energy cost for the interface expansion
easily be accommodated by the surrounding grains, at lea
they are larger than about 1 nm.

Since the two interfaces within the supercell are nonid
tical in the general case, it is not very practical to calcul
the interface energy using Eq.~2!. A more convenient way is
to express the interface energy in terms of the surface e
gies and the work of separation through the Dupre´ equation
@Eqs.~1!, ~3!, and~4!#. The work of separation for all grain
boundaries, together with the optimized interlayer distan
d between the grains, is given in Table III. The higher valu
of the work of separation at type-II boundaries is clearly
effect of a much larger surface energy of the type-II surfac
The energy differences in Wsep between the interfaces give
the relative values of the interface energyg. For the W-C
interfaces, it is possible to calculate the interface energy.
result is given in Table IV. Theg surfaces have loca
maxima for W-C-I-a, W-C-I-c, W-C-II-a, and W-C-II-b.
Minima are obtained at W-C-I-b and W-C-II-c, which cor-
responds to the relative positions of the atoms in bulk.

The effect of atomic relaxations on the grain bounda
energy shown in Fig. 3 is relatively large compared to t
effect at the W-C-I-a and W-C-I-c interfaces~Table IV!. The
large relaxation is due to the fact that the interfacial ato
adjust their positions to the situation given by the singu
translation state W-C-I-b. For the high-symmetry W-C-I-a
and W-C-I-c interfaces, no in-plane movement of the inte
facial atoms occurs during atomic relaxation.

The$101̄0% plane has also been experimentally verified
be the slip plane in WC.32 Observations have shown that th
slip occurs by the motion of (a/6)^112̄3& partial disloca-
tions. Atomic relaxations significantly lower the energy ba
rier for an advancement of the interface in the@12̄13#1 di-
rection. The critical shear stress should be lowest in t
direction.

An average valueḡ of the WC(101̄0)/WC(101̄0) grain
boundary energy can be obtained by an integration of thg
surface over an interface unit cell,

ḡ5E E
unit cell

g~x,y!dxdy. ~6!
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By a discretization of this integral, and using as sampl
points the three translation statesa–c ~Fig. 2!, which are
assigned the same weight, the mean valueḡ is given by

ḡ5
1

4
$ga12gb1gc%, ~7!

where ga , gb , and gc are the interface energies of ea
corresponding translation state. In the same way, a m
valueW̄sep of the work of separation can be defined. For t
W-C-I boundary the mean values for relaxed structures

TABLE III. Work of separation Wsep at the WC(101̄0)/

WC(101̄0) grain boundary for all the considered interfacial stru
tures.d is the optimized intergrain distance. Values for both un
laxed ~Unrel.! and relaxed~Rel.! structures are presented.

Interface Unrel. (J/m2) Rel. (J/m2) d ~Å!

W-C-I-a 4.92 4.43 2.02
W-C-I-b 7.89 7.22 1.69
W-C-I-c 3.24 2.58 1.96

W-C-II-a 7.45 6.57 1.95
W-C-II-b 10.65 9.92 1.34
W-C-II-c 14.83 13.84 0.85

C-C-I-a 5.53 4.29 1.46
C-C-I-b 0.64 20.11 1.40
C-C-I-c 3.77 2.85 1.40

C-C-II-a 13.45 11.73 1.28
C-C-II-b 12.09 10.40 0.65
C-C-II-c 10.59 8.79 0.07

W-W-I-a 5.03 4.99 2.54
W-W-I-b 4.88 4.79 2.51
W-W-I-c 6.79 6.71 2.18

W-W-II-a 3.79 3.62 2.64
W-W-II-b 5.29 5.17 2.30
W-W-II-c 8.01 7.90 1.97

TABLE IV. Grain boundary energy g for different

WC(101̄0)/WC(101̄0) grain boundaries. The results for both u
relaxed~Unrel.! and relaxed~Rel.! structures are presented.

Interface Unrel. (J/m2) Rel. (J/m2)

W-C-I-a 3.00 2.82
W-C-I-b 0.03 0.02
W-C-I-c 4.68 4.67

W-C-II-a 7.41 7.29
W-C-II-b 4.21 3.94
W-C-II-c 0.03 0.02
11541
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ḡ51.9 J/m2 and W̄sep55.4 J/m2. For unrelaxed structure
the average values areḡ51.9 J/m2 andW̄sep56.0 J/m2.

B. 27°-twist grain boundary

In our approach to examine the nature of interfaces
small number of high-symmetry configurations are cons
ered. If the interfacial energetics is dominated by local int
actions, generic boundaries could be described as a mix
of these local configurations. To test this assumption and
representativeness of the model systems, we also con
another type of$101̄0%//$101̄0% type-I grain boundary with
a larger misfit.

This boundary is obtained by rotating one grain 26.5
around thê 101̄0& axis, followed by an in-plane stretchin
of the lattice in one grain by 11.8%. The relaxation of t
interplanar distances as an effect of the in-plane stretchin
taken into account while the other grain is kept in its bu
state. In the resulting interface unit cell, the ratio of inter
cial atoms in grains one and two is 4:5, see Fig. 4. T
particular translation state in Fig. 4 can be viewed as cons
ing of one local configurationa, two b, and onec, from Fig.
2.

The g surface of this grain boundary is expected to
flatter than for the 90°-twist grain boundary since the CN
is smaller for this more complex interface. An interface w
a small CNID has an energy that is insensitive to rigid bo
translations, and in the ground state it will not support loc
ized dislocations with Burgers vector parallel to the inte
face. The~unrelaxed! work of separation of the translatio
state depicted in Fig. 4 is 5.24 J/m2. This is close to the
average value of the work of separation for the 90°-tw
boundary, W̄sep. Thus, we can conclude that a gene
WC(101̄0)/WC(101̄0) boundary can be described reaso
ably well within a model based on the considered high
symmetric local configurations. Assuming that the surfa

-
-

FIG. 4. The relative atomic position of carbon~small! and tung-
sten~large! atoms at the interface layers at the twist 26.57° WC/W
grain boundary.
5-6



Co-PHASE PENETRATION OF WC(1010̄)/WC(101̄0) . . . PHYSICAL REVIEW B67, 115415 ~2003!
TABLE V. Unrelaxed~Unrel.! and relaxed~Rel.! values of the Co~001! surface energysCo for paramag-
netic ~PM! cobalt.

Surface Method Source Unrel. (J/m2) Rel. (J/m2)

Str. Co PM PW-GGA This work 2.80 2.74
Unstr. Co PM PW-GGA This work 2.96 2.81
Unstr. Co PM PW-GGA Ref. 28 3.04 2.97
Unstr. Co PM LMTO-ASA-LDA Ref. 46 3.40
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energy of unstrained WC does not change when a stra
applied, the interface energy can be calculated from
Dupréequation~3! to be 2.69 J/m2. An interfacial energy of
this size is probably typical for grain boundaries approach
the incommensurate limit~CNID goes to zero!.

VII. CO ÕWC INTERFACES

To our knowledge, the details of the Co/WC interfa
atomic structure are unknown. We analyze the Co(00
WC(101̄0) interface by considering coherent structur
These are obtained by keeping the carbide in its bulk ph
and stretching the softer metal matrix in the interface pla
until there is no lattice mismatch across the interface. T
results in interface structures with one interface carbide a
per interface Co atom. We also take into account that
in-plane stretch of Co induces a relaxation of the Co int
layer distances. The unstretched fcc lattice can be descr
as body-centered tetragonal withc/a5A2. The strain of the
Co lattice required to create completely coherent Co/WC
terfaces change thec/a ratio to 0.86. As noted in Ref. 44,
transformation path from fcc to hcp structure consists o
compression of the body-centered-tetragonal~bct! cell until
c/a5A2/3 together with a shear of the bct~110! planes. The
present deformation can then be viewed as a step in
transformation. Linearized-augmented-plane-wave~LAPW!
calculations of volume-conserving distortions where thec/a
ratio is varied have shown that the strain energy has a s
low local minimum aroundc/a50.9.45 The cobalt phase in
the present work has a strain energy of 0.35 J/m2 per Co
layer. In spite of the noticeable distortion of Co, the surfa
energy values differ relatively little from those of the u
strained Co. The Co surface energy is presented in Tabl

The Co/WC supercell consists of eight layers of WC a
seven layers of Co plus 10 Å of vacuum. Just as for
WC/WC grain boundaries, we consider the three differ
translation states depicted in Fig. 2 also for the Co/WC
terface. Similarly to the WC surface energy, the interfa
energy of a specific translation state cannot be determ
because of the WC symmetry. Since each supercell cont
one interface, a cobalt surface and either a carbon or a t
sten terminated WC surface, we get

gCo/WC1sCo1sW,C5~ECo/WC2EWC
(b) 2ECo

(b)!/A. ~8!

By adding together two equations of this form, we ge
sum of two Co/WC interface energies which can enter
~10! below. gCo/WC can refer to any of the three translatio
states. There will also be an additional term given by the s
11541
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of WC surface energies. If the two surfaces have differ
terminations, this sum of surface energies is given in Ta
II. However, since this additional term also appears in
expression for the grain-boundary energy given by the Du´
equation~3!, it will vanish when comparing the Co/WC in
terface energy with the WC/WC grain-boundary energy. T
means that the criterion for Co grain boundary penetrat
given by Eq.~10! is always computationable.

It is interesting to compare the adhesion properties at
Co(001)/WC(101̄0) interface with the properties at
Co/WC interface where the carbide interface layer does
contain a single atomic species. For this purpose we ca
late the Co$001%/WC$100% interface energy, where the cub
b phase of WC is used. The results are in close agreem
with the calculations in Ref. 2 using the same computatio
method, but with a different pseudopotential. The more ca
ful study in Ref. 2 shows that the Co$001%/WC$100% inter-
face energy is about 0.5 J/m2. This value is very close to
experimental results from dihedral angle measurements.47,48

The work of separation at the Co$001%/WC$100% interface
was calculated to be about 3.7 J/m2. This is close to the
wetting experimental value of 3.82 J/m2.49 The work of
separation at the Co(001)/WC(1010̄) interface is given in
Table VI. These values are generally higher than for
Co$001%/WC$100% interface, and thus higher than the expe

TABLE VI. Work of separation Wsep at the

Co(001)/WC(101̄0) interface.d is the optimized intergrain dis-
tance.

Interface Unrel. (J/m2) Rel. (J/m2) d ~Å!

C-Co-I-a 4.50 4.22 1.81
C-Co-I-b 5.50 4.91 1.39
C-Co-I-c 2.82 2.20 1.67

W-Co-I-a 4.06 4.06 2.23
W-Co-I-b 4.59 4.52 2.08
W-Co-I-c 5.94 5.87 1.71

C-Co-II-a 6.44 5.66 1.70
C-Co-II-b 8.97 8.16 1.04
C-Co-II-c 11.05 10.30 0.60

W-Co-II-a 3.79 3.72 2.26
W-Co-II-b 4.73 4.63 1.95
W-Co-II-c 7.30 7.23 1.55
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FIG. 5. Work of separation for different interface structures at the WC(1010̄)/WC(101̄0) ~a! and Co(001)/WC(101̄0) ~b! interfaces.
Solid lines correspond to type I and dashed lines to type II interfaces. In~a! the interface structures are W-C-~I,II !-(a-c), C-C-~I,II !-(a-c),
and W-W-~I,II !-(a-c). In ~b! the structures are C-Co-~I,II !-(a-c) followed by W-Co-~I,II !-(a-c).
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mental value. These differences are all arguments suppo
the assumption indicated in Sec. V, that the clean WC sur
is not terminated by a single atomic species. Instead,
indicates that a WC surface with a mixed composition of
and C atoms can explain the adhesion properties of Co
WC.

VIII. DISCUSSION

A. Co-phase penetration of WC grain boundaries

The surface energy relationships in the WC-Co cemen
carbide, e.g., the relation between the Co/WC interface
ergy and the WC/WC grain-boundary energy, are of utm
importance is determining the microstructure of the WC-
cemented carbide. Properties such as liquid-solid wettab
dihedral angles between grains, and carbide grain grow
size are directly affected by such relations. This also
dresses the question whether there is any metal phase
tween the carbide grains. The ability to form a continuo
carbide skeleton greatly improves the mechanical prope
of the cemented carbides since plastic deformation of
material requires the whole skeleton to deform.

Comparing the WC/WC grain boundary and Co/WC
terface strengths in Figs. 5~a! and 5~b!, it can be seen tha
they are of the same magnitude. No exclusive conclusi
can be made about which structure is likely to first break
under an external load. It can be concluded that b
WC/WC and Co/WC interfaces are strong and contribute
the advantageous mechanical properties of the WC-Co
mented carbide. The strength of any WC(1010̄)/WC(101̄0)
grain boundary and Co(001)/WC(1010̄) interface should be
within the limits given by the highest and lowest values
the considered translation states.

The interactions at interfaces involving either a Co or
terminated surface are very similar. Going through the tra
lation states in Fig. 5, the work of separation shows the sa
trend for both W and Co terminated surfaces. The trend
Co/WC interface energy is also similar between the typ
and type-II interfaces, although there is a much larger va
tion of the interface energy at type-II interfaces. For
Co/WC interfaces except C-Co-I, it is most energetically
vorable to place Co in translation statec. The interfacial Co
atoms can in this translation state get very close to the
surface. For the C-Co-I-c structure, the W atoms undernea
11541
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the interface layer are right below the Co atoms, restrict
the possibilities for the interfacial atoms to interact effe
tively. While the smallest type-II interface energy is obtain
for the C-Co-II-c structure, the corresponding translatio
state gives the largest interface energy for the type-I in
faces. For C-Co-I it is most favorable to place Co in stateb,
which corresponds to the place the metal atom would hav
WC bulk.

To clarify the interactions at the C-Co-I-c and C-Co-II-c
interfaces, we analyze them in terms of their electronic str
tures. Figure 6 shows (121̄3) cuts of the valence electro
density. In the case of C-Co-II-c @Fig. 6~b!#, there is a large
charge accumulation between the interfacial carbon and
balt atoms, indicative of strong covalent bonds. This includ
the Co atoms in the first sublayer, which are positioned
rectly over the carbon atoms. At the C-Co-I-c interface@Fig.
6~a!#, the presence of the interface hardly induces any cha
at all.

The difference in interfacial interactions is evident in t
electronic local density of states~LDOS!, given in Fig. 7.
The LDOS is projected onto atomic orbitals of the interfa
atoms. At C-Co-II-c, the states of the interfacial atoms a
shifted down in energy compared to the bulk states.
C-Co-I-c, they are instead shifted upward in energy w
approximately the same amount. This is most clearly see
the region below210 eV for the Cs and Wd states. For the

FIG. 6. (12̄13) cuts of the valence electron density for th
C-Co-I-c ~a! and C-Co-II-c interfaces. The consecutive contou
differ by a factor ofA2.
5-8
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Co-PHASE PENETRATION OF WC(1010̄)/WC(101̄0) . . . PHYSICAL REVIEW B67, 115415 ~2003!
Co phase, the presence of the interface affects only stat
the two cobalt layers closest to the interface. In the sec
Co sublayer, the LDOS is very close to the situation in bu
Interface induced changes in the Co LDOS appear practic
only at the C-Co-II-c interface, for which the characteristi
features are very similar in the interface and first sublayer
the C-Co-II-c interface there is a noticeable hybridizatio
between Cod orbitals and Cp orbitals which gives a broad
ening at the bottom of Co-d band of about 2 eV in the energ
region 27 to 25 eV. This shows that the nature of th
interfacial Co-C bonds is of the same character as the C
bonds at the Co/WC~001!2 and Co/Ti~C,N!~001! ~Ref. 28!
interfaces. The Cp states also modify Co states with moresp
character, which shows as Co-sp peaks at27 to 26 eV.
Note that a different scale is used in Fig. 7 for the Cosp
states. There are also interface induced Co states in the
ergy region of the Cs states around214 to 29 eV. The
similar shapes of the Cosp and Cs states shows that als
hybridization involving Cs orbitals is involved in the inter-
face bonding. None of these features are found at the C-C

FIG. 7. Layer projected DOS at the C-Co-I-c and C-Co-II-c
interfaces compared to bulk DOS. The DOS for two layers in
carbide and three layers of Co are shown.
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c interface. This points out the importance of the atom
coordinations and the local interactions at the interface.

Having examined the adhesion properties at the Co/W
interface, it is appropriate to elaborate on their significan
in the cemented carbide and the relations to the WC/W
grain-boundary energies. The dihedral angle between car
grains dispersed in a Co phase is determined by the rati
gWC/WC and gCo/WC. At equilibrium, assuming isotropic in
terface energies, the dihedral anglef is related to the inter-
facial energies as

gWC/WC52gCo/WCcos
f

2
. ~9!

This means that when

gWC/WC22gCo/WC.0, ~10!

there is no value off which satisfies Eq.~9! and the metal
phase will effectively penetrate the WC/WC grain boun
aries.

At a semicoherent Co/WC interface, it is reasonable
assume that the softer binder phase more easily adjusts
interface misfit than the carbide phase. Accordingly, an av
age value of the interfacial energetics given by Eq.~7!
should be a better approximation of a more realistic situat
at the WC/WC grain boundaries than at the Co/WC int
faces. It can still be useful to consider this average, a
should give an upper bound on the Co/WC interface ene
Using this approximation, the condition for Co penetrati
given by Eq.~10! is plotted in Fig. 8~a!. Most of the points in
the graph are close to the situation where the grain-bound
interface energy is equal to twice the Co/WC interface
ergy. In this limit, the Co penetration of grain boundaries
therefore inconclusive.

In the other limit, it is assumed that the Co will attach
the WC surfaces so as to minimize the interface energy,
the relative positions of the interface atoms are given
these translation states. The interface misfit will always g
a correction to the energy due to, e.g., strain and m
dislocations,50 but neglecting these energy contributio
gives a lower bound on the Co/WC interface energy. T
condition for Co penetration in this idealized case is sho
in Fig. 8~b!. It can be seen that in general, it is energetica

e

ase in
FIG. 8. Comparison of the WC(1010̄)/WC(101̄0) and Co(001)/WC(1010̄) interface energies for type I~solid line! and type II~dashed
line! boundaries. In~a!, an average value of the Co/WC interface energy for different translation states is used. In~b!, the energetically most
favorable translation state is used for all interface structures. Along the horizontal axis, the interface structures are W-C-~I,II !-(a-c),
C-C-~I,II !-(a-c), and W-W-~I,II !-(a-c). Negative values indicate situations where it is not energetically favorable to have a cobalt ph
the grain boundary.
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MIKAEL CHRISTENSEN AND GÖRAN WAHNSTRÖM PHYSICAL REVIEW B 67, 115415 ~2003!
favorable to have a cobalt phase in WC(1010̄)/WC(101̄0)
grain boundaries. That is the case also for the 26.57°-t
grain boundary for which the quantitygWC/WC22gCo/WC is
about 1.4 J/m2. However, Eq.~10! is not satisfied for theS
52 boundaries as well as the W-W-I-c boundary which are
strong enough to prevent binder penetration. As a con
quence, the equilibrium morphology would not consist
isolated WC grains completely surrounded by a Co pha
but would instead contain some special WC/WC gr
boundaries.

B. Application to liquid-phase sintering

During liquid-phase sintering of the cemented carbi
three different stages of densification can be distinguish
namely, rearrangement, solution reprecipitation, and coa
cence, although the stages mix into each other. Each of t
stages depends critically on the relations between the sur
energies of the solid, liquid, and vapor phases as discu
by Gurland.51

At the initial stage of the densification, there is a ma
transport of carbide particles through the liquid metal bin
phase. The particles rearrange themselves to reduce the
energy of liquid-vapor interfaces, leading to denser pack
and filling of the pores. A necessary condition for this to ta
place is that the liquid wets the particles. The success of
combination of Co and WC is to a large degree due to
extremely good wetting behavior of the metal on the carbi
Wetting experiments have shown that the wetting angle
close to zero,49 allowing for a complete penetration of th
metal phase into the voids between the carbide grains.
energetical requirement to avoid coalescence and assure
bility of the carbide grains is given by Eq.~10!. It is highly
unlikely that the good wetting properties of Co on WC ne
essary during this stage of sintering can be explained by
interfacial interactions underlying Fig. 8~a!. The situation
should be closer to the adhesion properties described by
8~b!, where the Co/WC interface energy is minimized. T
wetting condition is then fulfilled for WC grain boundarie
with a high misorientation, which is the normal case for ra
domly oriented grains.

In the next stage of sintering, the densification is primar
due to a solution-reprecipitation process. The driving forc
still a change of the free energy associated with the liqu
vapor interfaces and the conditions for the surface ene
relationships are the same as in the first stage. The solub
of WC into the Co binder are increases with temperature
is quite high at normal liquid phase sintering temperat
(1300–1500°C). The binder dissolved WC diffuse and
precipitate elsewhere of the solute. This process is m
more rapid at temperatures above solid-state sintering du
the activated viscous flow of the metal phase. The capill
pressure at the contact points of the solid grains leads t
enhanced activity of the solid phase resulting in a hig
solubility in this area.52 Carbide grains with an irregula
shape can recrystallize and develop habit faces with low
ergy. If these low-energy habit faces come in contact,
grains can coalesce. The driving force for this process is
associated decrease of the solid-liquid interface free ene
11541
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It is most likely during this coalescence stage of sinter
that the rigid WC skeleton is formed. This is in agreeme
with dilatometric infiltration experiments by Gurland51

showing that a skeleton structure cannot be present at
early stages of liquid-phase sintering. However, experime
have shown that contiguity decreases with sintering time
companied by considerable WC grain growth.53 One expla-
nation for the decrease in contiguity with time can be that
penetrates the WC grain boundaries and breaks the WC
glomerates. At the same time, a limited contact of high
incidence boundaries associated with a low energy is de
oped. This is supported by the fact that a tendency for h
coincidence boundaries has been found.23 The energy re-
quirement for the carbide coalescence is that the WC/W
grain-boundary energy is lower than twice the Co/WC int
face energy. This condition is satisfied for theS52 grain
boundary. This particular grain boundary is probably form
in the recrystallization-coalescence stage of the sintering

IX. SUMMARY

To optimize the properties of the cemented carbide,
understanding of the interface energy relationships involv
the prismatic and basal planes is important. We have a
lyzed WC$101̄0%/WC$101̄0% grain boundaries and
Co(001)/WC$101̄0% interfaces. An assessment of the pro
erties of generic interfaces is obtained from three hig
symmetry local interfacial configurations. We believe th
this approach can be applied to a broad range of interf
systems to get generic information from first principles a
low computational cost.

There are two types of WC(1010̄) surfaces differing in
the number of surface broken bonds. Type-I surfaces
more stable with a lower surface energy than the type
surfaces. WC/WC and Co/WC interfaces involving either
these surfaces are generally strong, and the carbide-ca
grain boundaries and metal-carbide interfaces are com
rable in strength. At the Co(001)/WC(1010̄) interface, a
very good wetting behavior of Co on WC is obtained if th
Co atoms in the interface layer are allowed to attain
energetically most favorable positions with respect to
WC surface. The ability of the metal to locally adjust th
atomic positions at the interface may be a prerequisite
good wetting for many metal-carbide systems.

There are also indications that the WC surface proba
consists of a mixed composition of carbon and tungsten
oms. This statement is based on calculations using
WC~001! surface ofb-WC. The WC~001! surface energy is
lower than the WC(101̄0) surface energy. Furthermore, th
Co(001)/WC(101̄0) work of separation is higher than th
experimental value which is close to the corresponding va
of the Co~001!/WC~001! interface.

According to the calculated energies, there clearly are
bide grain boundaries which in equilibrium will contain C
This should be the case for grain boundaries formed b
random matching of WC(1010̄) surfaces. However, no meta
phase should reside in the singularS52 grain boundary,
which is consistent with microanalysis experiments.25 It
5-10
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should be noted that this does not exclude cobalt in s
monolayer proportions in theS52 boundaries.54

Moreover, the interface energy relationships in WC-
during different stages of liquid-phase sintering are stud
resulting in a model for how these grain boundaries
formed. In this model, theS52 grain boundaries are forme
by coalescence of low-energy surfaces in the latter part of
sintering after the formation by a solution-reprecipitati
process of low-energy crystallographic facets.

It can be concluded that theS52 grain boundary which
contains a very high number of coincidence sites is a part
larly strong interface. No experimental evidence of Co h
been found in this grain boundary. It is reasonable to beli
i
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e
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that the hard WC skeleton at least partially consists of s
interfaces.
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