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Co-phase penetration of WG1010)/WC(1010) grain boundaries from first principles
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We examine different interface energy relationships at the W(_IUOS;Urface 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(OOl)/WC(lTIl) 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_\M:(:mlbe
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 present study explores the characteristics of the

Co(001)/WC(100) metal-carbide interface using the hex-
The WC-Co based cemented carbides constitute a grouggonal form of WC. The cobalt-carbide interactions at the
of industrially important composite materials with high hard- WC(0001) surface are treated elsewhére. addition to this,
ness and toughne$dhey are used in a wide range of appli- it is also necessary to get a good description of the behavior
cations including cutting tool inserts, rock drills, and tyre of WC/WC grain boundaries for an understanding of the in-
studs. The hardness is provided by the carbide and the tougterplay between the different phases. As a first step to under-
ness by the ductile metal binder phase. The combination dftand the nature of WC/WC grain boundaries, this study ad-
WC and Co is particularly successful and has been subject t@resses pure grain boundaries without segregated Co.
numerous studietsee, e.g., Ref.)l Motivated by experimental observatichdye perform first-
Much effort has been made to relate mechanical properPrinciple calculations of grain boundaries formed by match-
ties with the microstructure of the cemented carbide. Théng prismatic{1010} WC facets together. We compare the
microstructure is to a large degree determined by interfaciagrain-boundary energies with the interface energy of the
energy relationships. The relationships between surface enég0/WC system and discuss the results in the context of
gies, Co/WC interfacial energies, and WC grain boundanyiquid-phase sintering.
energies, not only play an important role in the mechanical
strgngth of the material, but are also crucial in the manufac— Il. BASIC DEFINITIONS OF INTERFACE ENERGETICS
turing of these materials, where powders of the carbide and
metal are sintered together. A necessary condition for an ef- Our prime objective in this work is to assess the strength
fective sintering is that wetting of the metal on the carbide isand stability of different contact surfaces in the cemented
complete, so that the metal phase efficiently fills the emptycarbide. First-principles calculations using density-functional
voids present in the material; voids that would otherwisetheory (DFT) (Refs. 6—8 have proven to give an accurate
deteriorate the mechanical properties. description of interface energetics for a wide range of inter-
Unfortunately, it is very hard to get experimental informa- face systems. The dominating contribution to the interface
tion on the adhesion properties and the related interfacianergetics is given by the internal energy, i.e., the total ener-
energies. The traditional experimental methods, i.e., wettingies obtained from DFT. The other terms are assumed to be
experiments such as sessile drop experiments or dihedredlatively smal and are not included in the calculations
angle measurements, can only provide a qualitative pictursince they should not affect the conclusions in this study.
of the interface energy relationships. Thus, there is a stronghis approximation is further justified by the fact that the
need for supplementary data. temperature-dependent terms tend to cancel for the differ-
With recent advances in computer technology and theoences in free energy between the considered structtirds.
retical modeling, it has become possible to perform atomististructures are modeled in a supercell slab geometry with pe-
calculations from first principles of interfaces in compositeriodic boundary conditions.
materials. In a recent study, the ©01)/WC(001) interface One easily accessible measure of the interfacial strength is
energetics was calculated from first principles and comparethe ideal work of separatioW,.,. The work of separation
with the Cq001)/TiC(001) case using the cubi@ phase of gives an estimate of the reversible work required to separate
WC2 The experimental fact of better wetting of Co on WC the interface into two free surfaces. All dissipative and
than on TiC was reproduced by the simulations and exehemical equilibrating processes, such as dislocation motion,
plained in terms of the energetics and electronic structure aurface contamination, and diffusional processes are ne-
the interfaces. glected. Thus, the energy needed in a real cleavage experi-
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TABLE I. Equilibrium lattice constand,, bulk modulusB, and cohesive enerdy,,, calculated using the
plane-wave(PW) pseudopotential method in comparison with other calculations and experintErzl)
data. FP-LMTO is the full potential linear muffin-tin orbital method. LMTO-ASA is the potential linear
muffin-tin orbital method using the atomic sphere approximation. Results are presented for hexagonal WC
(WC hex) with c/a=1, andc/a=0.976; and fcc Co where also values for ferromagnéihd) Co are given
for comparison.

System Method Source a, (A) B (GPa Econ (€V)
WC hex.c=a PW-GGA This work 2.8945 379 8.14
WC hex.c/a=0.976 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. 26 291 331 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 3.54 199 551
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
ment will always exceediVs.,,. In the supercell slab geom- ll. COMPUTATIONAL DETAILS

etry, the work of separation can be calculated as All electron structure and total-energy calculations are

performed using density-functional theory as implemented in
Wsep= (Esipt Esiz— Eint) [2A, (1) the Viennaab initio simulation packagéVASP)."1=1* The
exchange-correlation functional is approximated with the
whereE; is the total energy of the interface structure, andperdew-Wang 1991 version of the generalized gradient ap-
Esi1 2 are the total energies of the separated slabs. The factgioximation (GGA-PW91.'° The plane-wave pseudopoten-
2 takes into account that there are tidentica) interfaces  tial method® with Vanderbilt ultrasoft pseudopotenti&ig®
per supercell. If the slabs do not contain any mirror planejs used. The Kohn-Sham equations are solved using a pre-
the periodic images of the interface may be nonequivalent. lRonditioned residuum minimization scheme with direct in-
this case a vacuum region of 10 A is introduced in the interversion in the iterative subspa¢@MM-DIIS).!* The plane-
face supercell which then will contain two free surfaces andvave cutoff energy is set to at least 21 886 eV in all
one interface. Equatiofl) is still valid for the work of sepa- calculations. The Brillouin zone is sampled using the
ration, provided that the factor 2 is removed. Monkhorst-Pack schemd&.The partial occupancies are set
The stability of the interfaces can be assessed by the inising the tetrahedron method with ‘Bl corrections?®
terface energyy. The interface energy is the energy gain to Atomic structure relaxations are performed with a quasi-
create one unit area of interface from bulk material. TheNewton algorithm, and the structures are optimized until the
interface energy for a supercell structure is usually obtainetotal energies are converged to at least 1 meV.
by calculating the difference in total energy of the interface To assess the accuracy of the computational method, we
structureE;,; and the total energies of the slabs in their bulkperform bulk calculations of the different phases in the ce-

environmente) ,, mented carbide. Equilibrium lattice constants and the bulk
moduli are obtained by fitting the total energies at different
y=(Eini— EQ)—EL))2A. (2)  volumes to the Murnaghan equation of stdtdhe results

from the bulk calculations are collected in Table | The cohe-
ive energies are given with respect to the energies of the
pin-polarized atoms in the ground state. The results in Table
of the bulk phases show good agreement with experimental
data and other first-principles calculations. The bulk systems
under consideration are well described by GGA which cor-
rects for the inherent tendency of overbinding using local-

The work of separation and the interface energy are noz
independent quantities. Their sum is equal to the sum of thF
surface energies of the separated slalys, as stated by the
Dupre equation,

y=01t 0= Wsep () density approximatiofiLDA ).
The surface energies, , are calculated as IV. BULK PHASES IN WC-CO
b) In the present work we concentrate on the two phase re-
01,=(Esi12— Egji 9 /2A. (4 gion of WC and Co. Outside this region, other phases may be
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rameters for WC are found to lae=c=2.8945 A. As can be

seen from Table I, the approximatia=a introduces no
large errors in the WC bulk properties. This structure of WC

o . o Lowered Watom s ysed exclusively in this work.

® Raised C atom The electronic structure of WC is well known, and has

o Lowered C atom been investigated in detail using a number of different meth-
ods (see, e.g., Refs. 26, 30 and)3In Ref. 26 it was found
that the density of statd®0S9) is large at the Fermi level in

o Raised W atom

Grain 2 the NaCl structure of WC, where largely nonbondihgtates
are occupied. When going to hexagonal WC, the covalent

[0001], p-d bonds are maintained and the metatlistates are split-
ted into bonding and antibonding states. The Fermi level is

B near a minimum in the DOS between bonding and antibond-
[1010], ing states. Our calculations show that the DOS for WC with
_ _ c=a is almost identical to the density of states for the ideal
FIG. 1. Schematic picture of the=2 WC(1010)/WC(1010)  strycture, which will be useful in our discussion of the inter-
grain boundary. actions at the interfaces.

The Co binder phase in the WC-Co system can exist in
formed. For example, at high carbon content, carbon wiltwo allotropic forms, hcp or fcé? The high-temperature fcc
form graphite precipitates, while low carbon content mayform of Co is stabilized by residual stresses and the presence
result in the formation of eta phase precipitates, such a8f dissolved C and W atoms, and this form is to a large
Co;W;C. Such precipitates are unwanted in cemented cardegree retained in the WC-Co cemented carbide. To save
bides and to a great extent eliminated by careful productiofomputational effort and simplify the analysis, we choose to
methods. focus on the paramagnetic fcc phase of Co. This should be a

The ground-state crystal structure of the monocarbide Wdelevant situation in the context of wetting and liquid phase
is simple hexagonal{3,). It is formed in a narrow range of Sintering of cemented carbides. The effect of Co ferromag-
carbon fraction close to the stoichiometric ratio. This can beetism in the Co/TiC system was analyzed in Ref. 33, where
compared to group IV-B metal carbides, which have a NaCit was fqund that m_agnetic correctipns are not crucial for the
structure and are stable over a large range of carbon Comem@nclusmns_ about mt_erface adhe.5|on. It was also _found that
There also exists a NaCl form of WC, the so-calfgphase, the magnetic corrections to the interface energetics can be
which can be obtained experimentally at high temperaturegnderstood within a rigid band approach as for free Co sur-
(above 2500°C). faces. To estimate the corrections at the Co/WC interface it

In the cemented carbide, the WC grains often take thdhen suffices to have the local density of states of the para-
form of triangular prisms, formed from the bas@001)  Magnetic Co interface layer.

plane and three equivalefit010} planes?? Thec/a ratio is

close to 1(0.976, which gives a possibility for grain bound- V. CLEAN WC SURFACE
aries with a very high number of coincidence sites, in par- . . -
ticular aX =2 twist grain boundaryy, is the inverse density There are tV_VO optpns for the IOC"."F'On of the WC(DQl
of coincidence sites' This is a grain boundary with the ori- surface, associated with the two families of (D)Jplanes in

entational relationshi$1010}//{1010}, obtained by rotating WC. These planes consist of either exclusively carbon or
one grain 90° around the commeb0O10) axis with respect tungsten and the distance between consecutive Q101

to the other grain. This special grain boundary has been frePlanes in the[1010] direction is alternating between
quently observed in WC-Co cemented carbides with no evi0.836 A and twice this distance. A cut parallel to the (aD1
dence of segregated cob&ft?>~2°If the c/a ratio is approxi-  planes may then produce two types of surfaces. In the first
mated by 1, this becomes a pure twist grain boundary with @ase(type-I surfacg, the distance between the surface atomic
perfect atomic match of several atomic planes across thiyer and the first interlayer is 0.836 A. In the other case
contact surface, see Fig. 1. In a real system the slight differttype-Il surfacg, this distance is twice as large. An important
ence between tha andc parameters will introduce a small difference between the two types of surfaces is the number of
mismatch of the interface planes. Experimental observatiobroken bonds. To produce a type-I surface, two neighboring
of the 2 =2 boundary has shown that this mismatch resultatoms have to be removed per surface atom. The type-II
in a grain-boundary defect structure consisting of singlesurface is expected to be more reactive, since a cut to pro-
steps separated by a distance equal ta 4t 42 (11.9 duce this surface requires four neighboring atoms to be re-
nm).2% In our study of WC(100)/WC(1010) grain bound- moved per surface atom. In the present work all surfaces are
aries, we model the coherent regime between steps. taken to be ideal, unreconstructed bulk truncations without
TheS =2 grain boundary requires the lattice parameter any adatoms. In the relaxed calculations, the atoms in the
in one grain to be equal to the paramedén the other grain.  three outermost layers are allowed to relax in all directions.
In modeling this grain boundary, the same values of the pa- The alternating layers of carbon and tungsten with differ-
rameters have been chosen in both grains. The optimal p&nt spacings in thel010] direction make the (101) planes
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TABLE Il. Calculated WC(10D) surface energiesy+ oc. (a) (b) (c)
Note that only the sum of surface energies for W and C terminated [0001]1
surfaces is presented. The results for both unreldkbdel,) and
relaxed(Rel) structures are given.

Surfaces Unrel. (J/A) Rel. (J/nf) l

1
W+C | 7.92 7.25 [ 210]1
W+C Il 14.86 13.86

FIG. 2. The three different interfacial atomic configurations
studied. The picture shows the relative positions of the atoms clos-

o est to the interface in each grain. Dark and light colors correspond
polar. In periodically repeated supercell structures, such & different grains.

structure will induce an artificial electrostatic field due to the
periodic boundary conditions, which has to be compensatethce energy!Using the linear muffin-tin orbitals interface
for. B Green’s function method with LDA, the WQ@01) surface

Moreover, supercell calculations of the WC(I)1lsur- energy was found to be 2.64 i which is comparable to
face energy are complicated by the fact that the two surfacesur estimate of the W terminated WC(1@{ type-| surface
of a stoichiometric slab will always have different atomic energy.
terminations. In addition, one of the surfaces of a nonsto- There are also experimental studies that indicate that these
ichiometric slab will be of type | while the other surface will surfaces are not purely metal terminated, but in fact consist
be of type II, so they are nonidentical. This means that thef a mixture of carbon and metal atoms. In a high-resolution
WC(1010) surface energy of a particular termination cannotcore-level-photoemission investigation of the \¥G01) sur-
be extracted using a thermodynamical argument by assumirfgce, surface shifts were observed both in the carbon and
a range of C and W chemical potentials, as has been done ftungsten levels. The result was interpreted as the existence of
the WQ000)) surface® However, it is enough for our pur- both carbon and tungsten areas on the sufadaurther-
pose to calculate the sum of the surface energies of W and @ore, a low-energy electron-diffraction structure analysis of
terminated surfaces as it appear in E8). To this end, a WC(000)) indicated that this surface consists of tungsten
stoichiometric slab with eight layers is used. The results aréayer covered by carbon randomly distributed on the hcp
summarized in Table II. As the sum of surface energies indisites with a coverage of 30% that of a full carbon laifer.
cates, the type-l surfaces are much more stable than th&ork addressing these questions is in progress.
type-Il surfaces.

The large difference in surface energies is not reflected in v wc (1010)/WC(1010) TWIST GRAIN BOUNDARIES
the atomic relaxations. Atomic relaxations are very similar at
type-l and type-Il surfaces. The largest effect is an inward A. 90°-twist grain boundary

movement of atoms in the outermost layer of the carbon |n the present work, we consider grain boundaries formed

terminated surfaces of about 0.2 A. Other relaxations ar%y matching (10_ID) surfaces of the same typor I1). Each

nearrlly one (O)Bdoer of Tagn{tud(la smql:]er. b surface can be either tungsten or carbon terminated. The
The WQ0001 surface is also either carbon or WUNgsten yiomic structure of the interface is determined by four de-

terminated, where the W terminated surface is thermodygeeg of freedom, the location of the interface plane plus a
namically more stable. The surface energy of the W termi-

) rigid body displacemernit of one grain relative to the other.
nated WQ000D surface has previously been calculated togjnce \ve have periodicity in the interface plane, the displace-

about 3.5 J/i > Although the only relevant WC(1@) en-  mentt can be decomposed into a translatoparallel to the
ergies are the sum of tungsten and carbon terminated sufterface and a componedt(interface expansigmormal to
facesoy+oc, we can get a rough estimate of the relativethe interface. IfR denotes the affine transformation matrix
contributions to this sum by using the same ratio betweeqnOr the 90° rotation around th(elOTO) axis, andG, is a
ow andoc as calculated in Ref. 34. Using this relation, the matrix containing the coordinates of the atoms in grain 1, we

relaxed surface energies of the type-l surfaces are found ; - : . .
an write the atomic coordinatés, in grain two as
be o0c=4.6+0.1 J/nt and o,=2.7+0.1 J/int. The calcu- i ! ! 'n grain w

lated values for the type-Il surfaces asg=8.7+0.1 J/n? G,=R-G;+t. 5)
and o ="5.2+0.1 J/nt.

These values are larger than the surface energy of the In particular, we will consider three different translation
WC(00]) surface of the high-temperature culcphase of statesT. Figure 2 shows the relative positions of the atoms
WC, which has a mixed termination of carbon and tungstenn the layers closest to the interface for all translation states.
atoms at the surface. Our calculated value of(timeelaxedd ~ The notation for an interface is of the forf&B-type-state,
WC(001) surface energy is 1.6 Jfmlt is interesting to no- whereA andB are the atomic species in the interface layer of
tice that this is close to an experimental value of the WCgrain 1 and 2, respectively, type can be either | or Il in
surface energy of 1.7 JAi>3® This could imply that the accordance with the definition above, and state refers to the
most stable WC surface is not purely metal terminated. Howthree translation states in Fig. 2. For the type-I grain bound-
ever, the use of GGA generally gives a somewhat low surary, statea corresponds tol =(a/2)[0001],, stateb to T
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mum planar coincidence site density criterion that the
=2 boundary is a singular boundddEnergy minima of the

v surface are obtained d&t=0 and atT=(a/6)[1213],,
implying that these interfaces are translational singular.
Figure 3 also demonstrates the effect of different types of
relaxation. Without any relaxation, the two grains are shifted
relative to each other while keeping an interface distance
equal to the distance between the atomic planes in bulk.
Since the grain-boundary energy to a large degree is deter-
mined by the relative positions of the C and W atoms closest
to the interface, such a translation can result in large interfa-

cial energies due to repulsion from the large atomic overlap
of neighboring atoms across the interface. Allowing for an
interface expansion will significantly reduce this interaction
Energy. The interface expansion may lead to a compressive
stress in surrounding grains in the cemented carbide. A rough
estimate using the elastic modulus of VWRef. 43 indicates
That the elastic energy cost for the interface expansion can
easily be accommodated by the surrounding grains, at least if
they are larger than about 1 nm.
mn Since the two interfaces within the supercell are noniden-
boundary, stata corresponds td = (a/6)[1213],, statebto  tical in the general case, it is not very practical to calculate
T= (a/6)[1§10]1, and state to T=0. the interface energy using E). A more convenient way is
For all of these translation states, we calculate the work of® express the interface energy in terms of the surface ener-
separation and interface energy. Both relaxed and unrelaxedies and the work of separation through the Dupgeation
values are calculated for all systems. In the relaxed calculdEds. (1), (3), and(4)]. The work of separation for all grain
tions, all atoms in the three outermost layers on each side d¢foundaries, together with the optimized interlayer distances
each slab are allowed to relaxed in all directions. The superd between the grains, is given in Table IIl. The higher values
cell size and the atomic positions in the middle layers are&f the work of separation at type-Il boundaries is clearly an
kept the same as in the unrelaxed system. As has been sho®fiect of a much larger surface energy of the type-II surfaces.
in earlier studies, the nature of interfaces with more complex he energy differences in W, between the interfaces gives
structures can adequately be described as superpositions tbe relative values of the interface energy For the W-C
these more simple coherent interfaéé8. interfaces, it is possible to calculate the interface energy. The
For the grain-boundary structures, eight atomic layers iffesult is given in Table IV. They surfaces have local

each grain[(1010) plane$ are used in the calculations. A Maxima for W-C-la, W-C-I-¢c, W-C-ll-a, and W-C-Ilb.
convergence test with respect to the number of layers is pef/inima are obtained at W-C4#-and W-C-llc, which cor-

formed, which shows that the energy is converged to withif©SPONds to the relative positions of the atoms in bulk.
a few mJ/nd for a 8+8 layer supercell. The effect of atomic relaxations on the grain boundary

The relationy(T) describes they surface which is a pe- energy shown in Fig. 3 is relati_vely large compared to the
riodic function with the periodicity of the cell of nonidentical ffect at the W-C-la and W-C-I< interfaces(Table V). The
displacement$CNID).%2 The CNID consists of all transla- Iarge rela>§at|on.|.s due to the .fact.that Fhe mterfamall atoms
tion vectors parallel to the interface that are not equivalenfidiust their positions to the situation given by the singular
by the addition of a bicrystal translation vector. However, thelfanslation state W-C+. For the high-symmetry W-C-4
two interfaces within the supercell are nonidentical for a gen@nd W-C-I< interfaces, no in-plane movement of the inter-
eral translation statd@ due to the WC geometry. Thus, the facial atoms occurs during atomic relaxation.
interface energy given by E@2) is an average value of the ~ The{1010} plane has also been experimentally verified to
two distinct interfaces. Equivalent interfaces are obtainede the slip plane in WEZ Observations have shown that the
only for some special special cases of translation states. Aglip occurs by the motion ofa/6)(1123) partial disloca-
an example, equivalent interfaces are obtained by a relativdons. Atomic relaxations significantly lower the energy bar-
displacement of the carbide grains in th@ boundary along rier for an advancement of the interface in {He213)], di-
the[1213], direction. rection. The critical shear stress should be lowest in this

A cross section of the surface of the W-C-I grain bound- direction.
ary, obtained by a cubic interpolation of calculated energy an average valuey of the WC(10D)/WC(1010) grain
values along the thg1213], direction is shown in Fig. 3. boundary energy can be obtained by an integration ofythe
The =2 twist boundary is thg1010}//{1010} interface  surface over an interface unit cell,
with the maximum size of the CNID cell. For other twist
angles, the density of coincident sites in the boundary is
lower and we expect from the restricted form of the maxi-

FIG. 3. Cross section of they surface of the twist 90°
WC(1010)/WC(1010) type | grain boundary along thigl213]
direction. The upper curve shows the interface energy variation fo
rigid translations with a fixed intergrain distance The middle
curve shows the effect of allowing for interface expansion. Full
atomic relaxations are included in the bottom curve. No translatio
corresponds to th& =2 boundary.

=0, and state to T=(a/6)[1?10]1. For the type-Il grain

y= f fumeuwx,y)dxdy. 6)
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TABLE Ill. Work of separation Wy, at the WC(10D)/
WC(1010) grain boundary for all the considered interfacial struc-
tures.d is the optimized intergrain distance. Values for both unre-
laxed (Unrel.) and relaxedRel,) structures are presented.

Interface Unrel. (J/f) Rel. (J/nf) d(A)
W-C-l-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-lI-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-l-a 5.53 4.29 1.46
C-C-I-b 0.64 -0.11 1.40
C-C-l-c 3.77 2.85 1.40 ) ) .
FIG. 4. The relative atomic position of carb@mall) and tung-
sten(large) atoms at the interface layers at the twist 26.57° WC/WC
C-C-ll-a 13.45 11.73 1.28 grain boundary.
C-C-ll-b 12.09 10.40 0.65
C-C-ll-c 10.59 8.79 0.07 o .
y=1.9 J/nt and Wsep=5.4 J/nt. For unrelaxed structures
W-W-I-a 5.03 4.99 2.54 the average values ane=1.9 J/nf andW,,=6.0 J/nt.
W-W-1-b 4.88 4.79 251
W-W-I-c 6.79 6.71 2.18 ) )
B. 27°-twist grain boundary
W-W-II-a 3.79 3.62 2.64 In our approach to examine the nature of interfaces, a
W-W-II-b 5.29 5.17 2.30 small number of high-symmetry configurations are consid-
W-W-II-c 8.01 7.90 1.97 ered. If the interfacial energetics is dominated by local inter-

actions, generic boundaries could be described as a mixture
of these local configurations. To test this assumption and the
By a discretization of this integral, and using as samplingrepresentativeness of the model systems, we also consider
points the three translation statasc (Fig. 2, which are  another type 0{1010}//{1010} type-I grain boundary with
assigned the same weight, the mean valts given by a larger misfit.
This boundary is obtained by rotating one grain 26.57°
_ 1 around the(1010) axis, followed by an in-plane stretching
v= 217t 2yt vl (7)  of the lattice in one grain by 11.8%. The relaxation of the
interplanar distances as an effect of the in-plane stretching is
. . taken into account while the other grain is kept in its bulk
where v, y,, and vy, are the interface energies of each S . . .
: . state. In the resulting interface unit cell, the ratio of interfa-
corresponding translation state. In the same way, a mean . . o )
clal atoms in grains one and two is 4:5, see Fig. 4. The

valueWs,, of the work of separation can be defined. For thepticular translation state in Fig. 4 can be viewed as consist-
W-C-I boundary the mean values for relaxed structures arénq of one local configuration, two b, and onec, from Fig.

2.

TABLE IV.  Grain boundary energy y for different The y surface of this grain boundary is expected to be
WC(1010)/WC(1010) grain boundaries. The results for both un- flatter than for the 90°-twist grain boundary since the CNID
relaxed(Unrel) and relaxedRel,) structures are presented. is smaller for this more complex interface. An interface with

a small CNID has an energy that is insensitive to rigid body
Interface Unrel. (J/) Rel. (3/nf) translations, and in the ground state it will not support local-
W-C-l-a 3.00 282 ized dislocations with Burgers vector parallel to the inter-
W-C-I-b 0.03 0.02 face. The(unrelaxed work of separation of the translation

state depicted in Fig. 4 is 5.24 JImThis is close to the

W-Cle 468 467 average value of the work of separation for the 90°-twist
W-C-lI-a 7.41 7.29 boundary, V_Vsep. Thus, we can conclude that a generic
W-C-II-b 4.21 3.94 WC(lOTO)/WC(lO_]O) boundary can be described reason-
W-C-Il-c 0.03 0.02 ably well within a model based on the considered highly

symmetric local configurations. Assuming that the surface
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TABLE V. Unrelaxed(Unrel) and relaxedRel,) values of the C@01) surface energy ¢, for paramag-
netic (PM) cobalt.

Surface Method Source Unrel. (Fm Rel. (J/nf)
Str. Co PM PW-GGA This work 2.80 2.74
Unstr. Co PM PW-GGA This work 2.96 281
Unstr. Co PM PW-GGA Ref. 28 3.04 2.97
Unstr. Co PM LMTO-ASA-LDA Ref. 46 3.40

energy of unstrained WC does not change when a strain isf WC surface energies. If the two surfaces have different
applied, the interface energy can be calculated from theéerminations, this sum of surface energies is given in Table

Dupreequation(3) to be 2.69 J/rh An interfacial energy of II. However, since this additional term also appears in the

this size is probably typical for grain boundaries approachingxpression for the grain-boundary energy given by the Dupre
the incommensurate lIMICNID goes to zerp equation(3), it will vanish when comparing the Co/WC in-

terface energy with the WC/WC grain-boundary energy. This

VII. CO/WC INTERFACES means that the criterion for Co grain boundary penetration

) i given by Eq.(10) is always computationable.
To our knowledge, the details of the Co/WC interface

i " I h / It is interestirg to compare the adhesion properties at the
atomic structure are unknown. We analyze the CO(OOl)Co(OOl)/WC(lOD) interface with the properties at a

WC(1010) interface by considering coherent structures.co\wc interface where the carbide interface layer does not
These are obtained by keeping the carbide in its bulk phasgyntain a single atomic species. For this purpose we calcu-
and stretching the softer metal matrix in the interface plangste the C$00L/WC{100} interface energy, where the cubic
until there is no lattice mismatch across the interface. Thi% phase of WC is used. The results are in close agreement
results in interface structures with one interface carbide atoryith the calculations in Ref. 2 using the same computational
per interface Co atom. We also take into account that theyethod, but with a different pseudopotential. The more care-
in-plane stretch of Co induces a relaxation of the Co intery, study in Ref. 2 shows that the @OL/WC{100 inter-

layer distances. The unstretched fcc lattice can be describggqq energy is about 0.5 PmThis value is very close to

as body-centered tetragonal witha= 2. The strain of the  experimental results from dihedral angle measurenf@ts.
Co lattice required to create completely coherent Co/WC inThe work of separation at the (@OL/WC{100} interface
terfaces change the/a ratio to 0.86. As noted in Ref. 44, a \yas calculated to be about 3.7 3inTThis is close to the

transformation path from fcc to hcp structure consists of gyetting experimental value of 3.82 #f® The work of

compression of the pody-centered-tetragqmmt) cell until separation at the Co(OOl)/WC(_1((D)L interface is given in
c/a=/2/3 together with a shear of the HaL0) planes. The oiie /1. These values are generally higher than for the

present deformation can then be viewed as a step in thié 001YWCI100 interface. and thus higher than the experi-
transformation. Linearized-augmented-plane-wavAPW) 0003 11001 ' us hig Xper

calculations of volume-conserving distortions where d¢he
ratio is varied have shown that the strain energy has a shal- TABLE  VI.  Work  of separation W, at the
low local minimum aroundt/a=0.9.*° The cobalt phase in Co(001)/WC(10D) interface.d is the optimized intergrain dis-
the present work has a strain energy of 0.35%)prar Co  tance.

layer. In spite of the noticeable distortion of Co, the surface

energy values differ relatively little from those of the un-  Interface Unrel. (J/) Rel. (J/nf) d (@A)
strained Co. The Co surface energy is presented in Table V. ~_cq 14 450 4.22 1.81
The Co/WC supercell consists of eight layers of WC and  ~ ~, | 5.50 4.91 1.39
seven layers of Co plus 10 A of vacuum. Just as for the ' ' '
. . . . C-Co-l< 2.82 2.20 1.67
WC/WC grain boundaries, we consider the three different
translatlon. s@ates depicted in Fig. 2 also for the C9ANC N \W.Co-la 4.06 4.06 293
terface. Similarly to the WC surface energy, the interface
o - - W-Co-I-b 4.59 4.52 2.08
energy of a specific translation state cannot be determined W-Col 5 94 5 87 171
because of the WC symmetry. Since each supercell contains "' ~°"¢ : ' '
one interface, a cobalt surface and either a carbon or a tung-
sten terminated WC surface, we get C-Co-ll-a 6.44 5.66 170
C-Co-ll-b 8.97 8.16 1.04
Yeowet Tcot Twe=(Ecowc— ENE—ED)/A.  (8) C-Co-ll-c 11.05 10.30 0.60
By adding together two equations of this form, we get a W-Co-Il-a 3.79 3.72 2.26
sum of two Co/WC interface energies which can enter Eq. wW-Co-lI-b 4.73 4.63 1.95
(10) below. ycomwe can refer to any of the three translation  w-cCo-lI-c 7.30 7.03 1.55

states. There will also be an additional term given by the sura
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FIG. 5. Work of separation for different interface structures at the WOQLOX/C(1010) (a) and Co(001)/WC(10Q) (b) interfaces.
Solid lines correspond to type | and dashed lines to type Il interfaces) the interface structures are W{GH )-(a-c), C-CA1,1l)-(a-c),
and W-WH{1,I1)-(a-c). In (b) the structures are C-Cdl)-(a-c) followed by W-Co{l,1I)-(a-c).

mental value. These differences are all arguments supportirte interface layer are right below the Co atoms, restricting
the assumption indicated in Sec. V, that the clean WC surfacthe possibilities for the interfacial atoms to interact effec-
is not terminated by a single atomic species. Instead, thitvely. While the smallest type-Il interface energy is obtained
indicates that a WC surface with a mixed composition of Wfor the C-Co-ll€ structure, the corresponding translation
and C atoms can explain the adhesion properties of Co ostate gives the largest interface energy for the type-I inter-

WC. faces. For C-Co-l it is most favorable to place Co in state
which corresponds to the place the metal atom would have in
WC bulk.
VIil. DISCUSSION To clarify the interactions at the C-Coeland C-Co-lle
A. Co-phase penetration of WC grain boundaries interfaces, we analyze them in terms of their electronic struc-

The surface energy relationships in the WC-Co cementeé“res' Figure 6 shows (113) cuts of the valence electron

carbide, e.g., the relation between the Co/WC interface erdensity. In the case of C-Co-ti{Fig. Gb)], there is a large
ergy and the WC/WC grain-boundary energy, are of utmosEharge accumulation between the interfacial carbon and co-
importance is determining the microstructure of the WC-Co alt atoms, indicative of strong covalent bonds. This includes

cemented carbide. Properties such as liquid-solid Wettabilit)}he Co atoms in the first sublayer, which are positioned di-

dihedral angles between grains, and carbide grain growt ctly over the carbon atoms. At the C-Cc_—lnterface[Fig.
size are directly affected by such relations. This also ad- (8], the presence of the interface hardly induces any charge

. . t all.
r h ion whether there is any metal ph - . L. L . . . .
dresses the questio ether there is any metal phase b The difference in interfacial interactions is evident in the

tween the carbide grains. The ability to form a continuous . . i S
carbide skeleton greatly improves the mechanical propertie lectronic chal dlenS|ty of state(ii[.)OS),.glven n F!g. /-
of the cemented carbides since plastic deformation of th he LDOS is projected onto atomic or.bltals O.f the interface
material requires the whole skeleton to deform atoms. At C-Co-lle, the states of the interfacial atoms are
Comparing the WC/WC grain boundary and Co/WC in- shifted down in energy compared to the _bqu states._At
terface strengths in Figs(& and 3b), it can be seen that C'CO'I'_C' they are instead shifted gp_vvard In energy W'th.
pproximately the same amount. This is most clearly seen in

they are of the same magnitude. No exclusive conclusion ;
can be made about which structure is likely to first break uge r€gion below-10 eV for the Cs and Wd states. For the

under an external load. It can be concluded that both 'u v‘
WC/WC and Co/WC interfaces are strong and contribute to  ~- o

st St

'.!
g o
the advantageous mechanical properties of the WC-Co ce- . - ‘ . - ‘ Electron Density (EL/A’)
mented carbide. The strength of any WC(00AWC(1010) < ‘ = I Above 350
grain boundary and Co(001)/WC(10} interface should be ' - ‘ . ‘ g Bl 247 -350
within the limits given by the highest and lowest values of & - L Bl 175 - 247
the considered translation states. %@éz Bl 124175
The interactions at interfaces involving either a Co or W = 8‘2; B ;'éi
terminated surface are very similar. Going through the trans- i 0244 _ 0262
lation states in Fig. 5, the work of separation shows the same ] 031 — 044
trend for both W and Co terminated surfaces. The trend in EEl 022 - 031
Co/WC interface energy is also similar between the type-I [ ] Below 0.22

and type-Il interfaces, although there is a much larger varia-
tion of the interface energy at type-ll interfaces. For all
Co/WC interfaces except C-Co-l, it is most energetically fa-

vorable to place Co in translation stateThe interfacial Co FIG. 6. (1213) cuts of the valence electron density for the

atoms can in this translation state get very close to the W@-Co-l< (a) and C-Co-ll¢ interfaces. The consecutive contours
surface. For the C-Codd-structure, the W atoms underneath differ by a factor ofy/2.
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0.4 [ Co—sp(znd sublayer) '} : B c interface. This points out the importance of the atomic
02| o s TR A C ] coordinations and the local interactions at the interface.

Having examined the adhesion properties at the Co/WC
interface, it is appropriate to elaborate on their significance
in the cemented carbide and the relations to the WC/WC
grain-boundary energies. The dihedral angle between carbide
grains dispersed in a Co phase is determined by the ratio of
ywewe and yeowe- At equilibrium, assuming isotropic in-
terface energies, the dihedral angles related to the inter-
facial energies as

9 [ Co-d(2nd sublayelr)
1 -

04 | Co-sp(1stsublayler)
0.2

-1

Density of states (eV™' cell™)

=77

2 [ Co-d (1stsublaye||')
1 -

0.4 Co—sp(lnterface)I
02

’~
o= )y

2 | Co-d (interface)
1 L

o
Ywewe= 2 YComcCOS; - 9

— type-l 3 C'SP('"TTEM

-~ type-li
W-d (1st sublayer)

This means that when

1 Y. Ve
P 0 _—ﬁ‘»/\ W i Ve Ywewe™ 2Ycomwe™ 0, (10
-15.0 -10.0 -5.0 0.0 ) . o
Energy (eV) there is no value ofp which satisfies Eq(9) and the metal
phase will effectively penetrate the WC/WC grain bound-

FIG. 7. Layer projected DOS at the C-Caland C-Co-lle aries

interfaces compared to bulk DOS. The DOS for two layers in the At. a semicoherent Co/WC interface, it is reasonable to
carbide and three layers of Co are shown. assume that the softer binder phase more easily adjusts to an
interface misfit than the carbide phase. Accordingly, an aver-
Co phase, the presence of the interface affects only states #je value of the interfacial energetics given by Eg)
the two cobalt layers closest to the interface. In the seconghould be a better approximation of a more realistic situation
Co sublayer, the LDOS is very close to the situation in bulk.at the WC/WC grain boundaries than at the Co/WC inter-
Interface induced changes in the Co LDOS appear practicalljaces. It can still be useful to consider this average, as it
only at the C-Co-lle interface, for which the characteristic should give an upper bound on the Co/WC interface energy.
features are very similar in the interface and first sublayer. AUsing this approximation, the condition for Co penetration
the C-Co-llc interface there is a noticeable hybridization given by Eq.(10) is plotted in Fig. 8a). Most of the points in
between Cal orbitals and ( orbitals which gives a broad- the graph are close to the situation where the grain-boundary
ening at the bottom of Cd-band of about 2 eV in the energy interface energy is equal to twice the Co/WC interface en-
region —7 to —5 eV. This shows that the nature of the ergy. In this limit, the Co penetration of grain boundaries is
interfacial Co-C bonds is of the same character as the Co-€herefore inconclusive.
bonds at the Co/W(@01)? and Co/T(C,N)(001) (Ref. 28 In the other limit, it is assumed that the Co will attach to
interfaces. The @ states also modify Co states with mae  the WC surfaces so as to minimize the interface energy, i.e.,
character, which shows as G@- peaks at—7 to —6 eV. the relative positions of the interface atoms are given by
Note that a different scale is used in Fig. 7 for the §o  these translation states. The interface misfit will always give
states. There are also interface induced Co states in the ea-correction to the energy due to, e.g., strain and misfit
ergy region of the Gs states around-14 to —9 eV. The dislocations’ but neglecting these energy contributions
similar shapes of the Cep and Cs states shows that also gives a lower bound on the Co/WC interface energy. The
hybridization involving Cs orbitals is involved in the inter- condition for Co penetration in this idealized case is shown
face bonding. None of these features are found at the C-Co-In Fig. 8(b). It can be seen that in general, it is energetically
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FIG. 8. Comparison of the WC(10@)/WC(1010) and Co(001)/WC(10Q) interface energies for type($olid line) and type ll(dashed
line) boundaries. Ir{a), an average value of the Co/WC interface energy for different translation states is uggdthe energetically most
favorable translation state is used for all interface structures. Along the horizontal axis, the interface structures @ji)\&e),
C-CAl,I)-(a-c), and W-WK],I)-(a-c). Negative values indicate situations where it is not energetically favorable to have a cobalt phase in
the grain boundary.
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favorable to have a cobalt phase in WC(_!I)()ZLWC(lcﬁD) It is most likely during this coalescence stage of sintering

grain boundaries. That is the case also for the 26.57°-twidhat the rigid WC skeleton is formed. This is in agreement
grain boundary for which the quantityycwe—2¥cowe IS with dilatometric infiltration experiments by Gurlattd

about 1.4 J/fA However, Eq(10) is not satisfied for th& showing that a skeleton structure cannot be present at the

—2 boundaries as well as the W-WIboundary which are early stages of liquid-phase sintering. However, experiments

strong enough to prevent binder penetration. As a consélave shown that contiguity decreases with sintering time ac-

guence, the equilibrium morphology would not consist Ofcompanied by considerable WC grain groiOne expla-

isolated WC grains completely surrounded by a Co phasepation for the decrease in contiguity with time can be that Co
but would instead contain some special WC/WC grainpenetrates the WC grain boundaries and breaks the WC ag-
boundaries. glomerates. At the same time, a limited contact of high co-

incidence boundaries associated with a low energy is devel-
oped. This is supported by the fact that a tendency for high

B. Application to liquid-phase sintering coincidence boundaries has been foahdhe energy re-
During liquid-phase sintering of the cemented carbide Quirement for the carbide coalescence is that the WC/WC

three different stages of densification can be distinguishedrain-boundary energy is lower than twice the Co/WC inter-
namely, rearrangement, solution reprecipitation, and coaled@ce energy. This condition is satisfied for the=2 grain
cence, although the stages mix into each other. Each of the§@undary. This particular grain boundary is probably formed
stages depends critically on the relations between the surfad the recrystallization-coalescence stage of the sintering.
energies of the solid, liquid, and vapor phases as discussed

by Gurland®® IX. SUMMARY

At the initial stage of the densification, there is a mass To optimize the properties of the cemented carbide, an

transport of carbide particles through the liquid metal binder gderstanding of the interface energy relationships involving

phase. The patrticles rearrange themselves to reduce the fr 2, brismatic and basal planes is important. We have ana-
energy of liquid-vapor interfaces, leading to denser packin P P P '

and filling of the pores. A necessary condition for this to takelyzed ~WG1010}/WC{1010} ~grain boundaries and
place is that the liquid wets the particles. The success of th€o(001)/WG1010} interfaces. An assessment of the prop-
combination of Co and WC is to a large degree due to theerties of generic interfaces is obtained from three high-
extremely good wetting behavior of the metal on the carbidesymmetry local interfacial configurations. We believe that
Wetting experiments have shown that the wetting angle ishis approach can be applied to a broad range of interface
close to zerd?® allowing for a complete penetration of the Systems to get generic information from first principles at a
metal phase into the voids between the carbide grains. ThHew computational cost.

energetical requirement to avoid coalescence and assure mo-There are two types of WC(10) surfaces differing in
bility of the carbide grains is given by E¢L0). Itis highly  the number of surface broken bonds. Type-l surfaces are
unlikely that the good wetting properties of Co on WC nec-more stable with a lower surface energy than the type-Ii
essary during this stage of sintering can be explained by theurfaces. WC/WC and Co/WC interfaces involving either of
interfacial interactions underlying Fig.(@. The situation these surfaces are generally strong, and the carbide-carbide
should be closer to the adhesion properties described by Figrain boundaries and metal-carbide interfaces are compa-
8(b), where the Co/WC interface energy is minimized. The gpje in strength. At the Co(001)/WC(10} interface, a
wetting condition is then fulfilled for WC grain boundaries very good wetting behavior of Co on WC is obtained f the
with a high misorientation, which is the normal case for ran-~5"5toms in the interface layer are allowed to attain the
domly oriented grains. .. ... . energetically most favorable positions with respect to the
In the next stage of sintering, the densification is primarily\y,c surface. The ability of the metal to locally adjust the

due to a solution-reprecipitation process. The driving force isy;omic positions at the interface may be a prerequisite of

still a change of the free energy associated with the quuid—good wetting for many metal-carbide systems.

vapor interfaces and the conditions for the surface energy theare are also indications that the WC surface probably

relatior!ships are thg same as in the first stage. The solubility, 1<ists of a mixed composition of carbon and tungsten at-
of WC into the Co binder are increases with temperature ang,,s  This statement is based on calculations using the

is quite high at normal liquid phase sintering temperatur ) :
(1300-1500°C). The binder dissolved WC diffuse and ree-WC(OOD surface ofBXVC. The WQ001 surface energy is
precipitate elsewhere of the solute. This process is muclpwer than the WC(100) surface en.ergy.. Fu.rthermore, the
more rapid at temperatures above solid-state sintering due fe@(001)/WC(10D) work of separation is higher than the
the activated viscous flow of the metal phase. The capillangXPerimental value which is close to the corresponding value
pressure at the contact points of the solid grains leads to a@f the Cd001)/WC(001) interface.

enhanced activity of the solid phase resulting in a higher According to the calculated energies, there clearly are car-
shape can recrystallize and develop habit faces with low enlhis should be the case for grain boundaries formed by a
ergy. If these low-energy habit faces come in contact, theandom matching of WC(1@l) surfaces. However, no metal
grains can coalesce. The driving force for this process is thphase should reside in the singul@r=2 grain boundary,
associated decrease of the solid-liquid interface free energwhich is consistent with microanalysis experimentsit
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should be noted that this does not exclude cobalt in subthat the hard WC skeleton at least partially consists of such

monolayer proportions in th =2 boundaries? interfaces.
Moreover, the interface energy relationships in WC-Co

during different stages of liquid-phase sintering are studied,

resulting in a model for how these grain boundaries are

formed. In this model, th& =2 grain boundaries are formed  The idea of this work originates from discussions with U.

by coalescence of low-energy surfaces in the latter part of thRolander, Sandvik Coromant AB, and H.-O Andyé&halm-

sintering after the formation by a solution-reprecipitationers. We are also thankful to S.V. Dudiy for very helpful dis-

process of low-energy crystallographic facets. cussions. This work was supported by the Swedish Founda-
It can be concluded that tie=2 grain boundary which tion for Strategic ResearchS.S.H and the Swedish

contains a very high number of coincidence sites is a particuResearch CouncilV.R.). Allocation of computer time at the

larly strong interface. No experimental evidence of Co hadJNICC facilities at Chalmers University of Technology is

been found in this grain boundary. It is reasonable to believgratefully acknowledged.
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