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Abstract— Density functional theory and pseudopotential methods are used to study the atomic structure,
electronic states, and mechanical properties of WC nanoparticles 1 nm in size and smaller. It is found that the
smallest particles (containing less than 15 atomic pairs of WC) have a cubelike NaCl-type structure. In the
range of 10 to 20 pairs, WC particles with cubic and trigonal structures have approximately equal energies;
however, their internal atomic structure preserves the alternation pattern of W and C atoms that is inherent in
NaCl. A trigonal WC; 5 particle is used to study the tensile strength and resistance to compression. It is found
that the strength of the nanoparticle is much higher than the strength of the bulk material. Tungsten and car-
bon vacancies decrease the strength of the particles; however, cobalt atoms penetrating into the vacancy posi-
tions can restore the strength of the nanoparticles and their resistance to compression almost to values char-
acteristic of a defect-free case. The density of electronic states of WC nanoparticles has a form close to the
density of states of the bulk cubic phase of tungsten carbide exhibiting a metallic nature with a high density

near the Fermi level.
DOI: 10.1134/S1995078010110133

INTRODUCTION

Hard alloys based on tungsten carbide (WC crystal-
lites inside the Co matrix) are widely used as a material
for cutting tools. Recent studies show that the perfor-
mance capabilities of hard alloys are significantly
improved due to a decrease in the crystallite size down
to 300—500 nm [1—4]. However, the nature of this
change is vague. Moreover, it is not clear how the
properties of hard alloys will change after a further
decrease in WC crystallites. In addition, there is no
information on the atomic and electronic structure of
WC nanoparticles and their mechanical properties. It
is shown [5, 6] that nanoparticles 300—500 nm in size
have a triangular exterior shape; however, their inter-
nal atomic structure is unknown. Cobalt is a separate
issue. The studies of the WC/Co interface using high-
resolution electron microscopy show [7] that cobalt
can penetrate into WC crystallites. The following
question arises: is its role limited only to a cementing
function or does cobalt actively affect the mechanical
properties of tungsten carbide?

In this work we carry out a quantum-mechanical
(from first principles) simulation of tungsten carbide
nanoparticles and study their electronic structure and
mechanical properties. Unfortunately, a first-princi-
ple simulation of WC nanoparticles with sizes that are
of direct interest for the technology (50—100 nm) is
technically impossible at this time; therefore, we were
restricted to studying particles of WC, (N = 2—40)
with a size of up to 1 nm. However, from general phys-
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ical considerations we can expect that the results of
this work will be useful for understanding and predict-
ing the properties of larger WC nanoparticles.

COMPUTING TECHNIQUE AND DETAILS

The total energy, electronic structure, and
mechanical properties of WC nanoparticles were cal-
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Fig. 1. Calculated EDOS for bulk hexagonal (hex-WC)
and cubic ( fcc-WC) tungsten carbide. The vertical dotted
line denotes the Fermi level.
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Fig. 2. Atomic arrangements of WC nanoparticles with (a) cubic and (b) trigonal structures. The small black circles denote carbon

atoms; the large gray circles stand for tungsten atoms.

culated using the FHI96spin software package, which
is a modification of the FHI96md package [8], which
has been used previously for many systems, including
nanoparticles of transition metals and their com-
pounds [9—12]. This package is based on the spin-
polarized version of the density functional theory [13,
14], the pseudopotential method [15], and the use of a
set of plane waves. In this work we used the pseudopo-
tentials of carbon and cobalt constructed using the
FHI98PP package [16] according to the Troullier—

Table 1. Critical radii for the s, p, and d components (#, r,,
r,) and type of the local part (/,,.) of pseudopotentials

Martins scheme [17]; the Hamann scheme was used
for tungsten [18]. All these potentials are separable,
transferable, and norm- conserving. They are checked
for the absence of so-called “ghost” states and used for
the test determination of equilibrium lattice parame-
ters and bulk modulus of elasticity. The parameters of
the pseudopotential are listed in Table 1.

In all cases we used the generalized gradient
approximation [19] and optimized the atomic geome-
try to take into account the exchange—correlation

Table 2. Average lengths of the W—C bonds (d(W—-C),,)
in cubic and trigonal WC particles

Element ro A Tys A g A hoc WCy WCi5 WC,, WCs4
w 1.57 1.78 0.88 s £ £ g £
S|SB | 2|8 |D

C 1.50 1.50 1.50 d SIEIS|IEIS|E |S|E
Co 2.18 2.92 2.18 s dW—C),,, A [2.07]1.98|2.11]2.04|2.12{2.04|2.13|2.04
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Fig. 3. Dependence that the binding energy (per one
atomic pair of WC) has on the structure and size of the WC
nanoparticle.

interaction. The equilibrium lattice parameters and
elastic moduli were calculated using the Murnagham
equation of state [20].

Since the FHI96spin package operates with peri-
odic wave functions, we used a cubic supercell with a
size of 30 au (1 au is equal to 0.0529 nm) to study the
nanoparticles; this was large enough to study nanopar-
ticles with the number of WC pairs reaching 40 as sin-
gle noninteracting particles. In most cases (except for
bulk calculations) we used only one point of the Bril-
louin zone, namely, the Gamma point (0, 0, 0). For
bulk calculations we used the Monkhorst—Pack
schemes (3 x 3 x 3and 5 x 5 x 5) [21] with the number
of k-points reaching 27. The cutoff energy for the set
of plane waves was 40 Ry. The self-consistency in the
energy occurred with an accuracy of 0.005 eV.

BULK WC

The structure of bulk tungsten carbide is well
known. Hexagonal WC exists below 2525°C; cubic

DOS, arb. units
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Jfee-WC with a NaCl-type structure is stable above this
temperature [22].

For hex-WC, we found the equilibrium lattice con-
stant a = 2.92 A, the cohesive energy E = 9.69 eV, and
the bulk modulus B =388 GPa. The experimental val-
uesare a =2.91 A, E=8.34 eV, and B= 331 GPa[23].
The published theoretlcal data fall in the ranges of
2.88—2.92 A, 379—413 GPa, and 8.14-9.72 eV,
respectively [24].

For cubic fec-WC, the calculated values of the lat-
tice constant and cohesive energy are a = 4.39 A and
E =8.89 eV. The respective published values are 4.29—
4.38 Aand 7.71-9.46 eV [23].

In addition, we calculated the electron density of
the states (EDOS) (Fig. 1). The EDOS curves for hex-
WC and fec-WC are extremely similar to the results
shown in other theoretical works [23, 25, 26]. The
main difference between fcc-EDOS from Aex-EDOS
lies in the different values of EDOS at the Fermi level.
That is, in the hexagonal case, the Fermi level is situ-
ated near the minimum of the curve; in the cubic case,
it is near the maximum.

ATOMIC STRUCTURE AND ELECTRONIC
STATES OF NANOPARTICLES

There are experimental and theoretical data [5,
27—31] that show that nanocrystals of tungsten car-
bide are triangular rather than hexagonal. However,
the atomic structure of WC nanoparticles and their
electronic and other properties are not known.

We studied stoichiometric particles with the num-
ber (N) of WC pairs from 2 to 40 by comparing their
binding energy per one WC pair. First of all, we found
that NaCl-type bonds are preferential for all studied
particles. Hexagonal particles with the arrangement of
W and C atoms similar to bulk #ex-WC (layerwise) are
unstable and tend to spontaneously rearrange them-
selves into particles with a trigonal symmetry and a
NaCl-type ordering. Trigonal particles compete with
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Fig. 4. DOS for cubic and trigonal WC nanoparticles. The vertical dotted lines denote the Fermi level.
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Fig. 5. Atomic arrangements used to study the tensile strength of a trigonal WC5 particle: (a) ideal particle, (b) particle with a
W vacancy, and (C) particle with a C vacancy. The vertical arrow Z indicates the direction of elongation; the symbols e stand for

outermost atoms.

cubic particles: the latter are advantageous for N < 15
and the former are advantageous for N > 15. The
atomic arrangements of typical particles with cubic
and trigonal symmetries are shown in Figs. 2A and 2B;
the dependence that the binding energy has on the
structure and size of the particles is depicted in Fig. 3.

Despite the fact that the binding of W and C atoms
in nanoparticles has the same type of NaCl as in bulk
fee-WC, the lengths of these bonds differ from crystal-
line ones. For example, in a relaxed trigonal WC, 5 par-
ticle, the W—C distances range from 1.98 to 2.20 A,
and in a cubic WC,, particle they are 1.98 A in the cor-
ners of the particles and increase up to 2.40 A while
approaching the center. In general, the average W—C
distances (d(W—C),,) in trigonal particles are smaller
than in cubic (see Table 2). In addition, the average
W-C distances in trigonal particles rapidly converge
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Fig. 6. Dependence that tension has on the elongation of
trigonal WC, 5 particles: (A) ideal particle, (B) particle with
a Wvacancy, and (C) particle with a C vacancy.
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to 2.04 A, while in cubic particles they tend to increase
up to a bulk value of 2.20 A. This is possibly the main
reason that trigonal particles become more advanta-
geous with an increase in particle size.

The electronic structure of WC nanoparticles is
shown in Fig. 4. All the plotted densities of states
(DOS) are similar to the DOS of bulk fcc-WC, which
is shown above in Fig. 1 and whose Fermi level is situ-
ated not far from the local maximum of DOS. We can
assume that the nature of this similarity lies in the sim-
ilarity between the type of bonds of W and C atoms in
nanoparticles (both trigonal and cubic) and the type of
bonds in bulk fcc-WC. In all these cases, this is the type
of NaCl.

TENSILE STRENGTH AND RESISTANCE
TO COMPRESSION: EFFECT OF COBALT

Strength is one of the most important mechanical
properties of tungsten carbide as a material for cutting
tools. Since trigonal particles are more stable in real
sizes, we confined ourselves to this particular case for
studying strength. Namely, a WC,; particle was
selected for the study.

To determine the ultimate tensile strength, we elon-
gated the WC, 5 particle stepwise along the Z direction;
each time, we fixed the coordinates of the outermost
atoms and let all the other atoms relax (Fig. 5). The
value of tension 7" was calculated through the deriva-
tive of the total energy F as a function of z:

o dEL
dz S

where S'is the cross-sectional area of the particle in the

XYplane.

The dependence of tension as a function of elonga-
tion AZfor an ideal particle is depicted in Fig. 6 (curve A4).

Nos. 11-12 2010
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Fig. 7. Atomic arrangements used to study the tensile strength of a trigonal WC, 5 particle doped with cobalt: the white circles
stand for cobalt atoms: (a) particle with a W vacancy and one atom of cobalt inside, (b) particle with a C vacancy and one atom
of cobalt inside, and (c) particle with a W vacancy and two atoms of cobalt (one inside and the other outside).

The maximum of this dependence corresponds to
48 GPa, which is appreciably higher than the known
values of bulk tungsten carbide (0.3—0.4 GPa) and
hard alloys on its basis (0.5—2.0 GPa). The same figure
shows the results of similar calculations for particles
with vacancies: with a W vacancy (curve B) and with a
C vacancy (curve C). We can see that the vacancies
reduce the tensile strength; however, this effect is not
too significant: the coefficient of reduction of the ten-
sile strength does not exceed 0.7—0.8. That is, defec-
tive nanoparticles preserve their strength fairly well.

In WC/Co hard alloys, particles of tungsten carbide
are surrounded by cobalt atoms. If the WC particles
have some surface defects (vacancies in our case), the
cobalt atoms can interact with them and even pene-
trate into the surface layers of the particle, as was noted
in experimental studies [7]. Some examples of this sit-
uation are illustrated in Fig. 7, where, in cases (A) and
(B), the cobalt atoms penetrate into the WC particle
through W and C vacancies, respectively, while in case
(C) one atom of cobalt penetrates into the particle and
the other Co atom fills the vacancy. In addition, in case
(A), the Co atom penetrates into the particle without
barriers and, in case (B), the height of the energy bar-
rier is fairly small (about 0.5 eV). Figure 8 shows the
dependence that tension has on the elongation of the
WC,; particle for these three cases.

It is clear from a comparison of Figs. 8 and 6 that
cobalt atoms can increase the tensile strength of defec-
tive WC particles up to 90% of the value characteristic
of a defect-free state. In other words, cobalt can heal
some surface defects of WC particles and improve their
properties.

Since the case at hand is hard materials, it is only
natural to place a special emphasis on their hardness.
However, hardness is a technical characteristic and has
no exact physical equivalent. It is impossible to
directly compare the hardness of a bulk material and
nanoparticles. Moreover, in this work, we were inter-

NANOTECHNOLOGIES IN RUSSIA Vol 5
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ested in the effect that defects have on the hardness of
nanoparticles rather than on hardness as such. There-
fore, we studied the resistance of the WC, 5 nanoparti-
cle to compression and paid particular attention to the
effect that cobalt atoms have on this process.

The scheme of the study is clear from Fig. 9. A trig-
onal WC,; particle ((4) ideal, (B) having a W vacancy,
and (C) having a W vacancy and doped with two atoms
of cobalt) was compressed in the X direction perpen-
dicular to the YZ plane. The atomic arrangements for
the particles (ideal, having a vacancy, and doped) were
taken the same as in the study of tensile strength. The
outermost atoms (marked with the symbol e) were
shifted before each step of calculations and fixed dur-
ing this step, whereas the other atoms were free to
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Fig. 8. Dependence that tension has on the elongation of a
trigonal WC 5 particle doped with cobalt: (A) particle with
a W vacancy and one atom of cobalt inside, (B) particle
with a C vacancy and one atom of cobalt inside, and
(C) particle with a W vacancy and two atoms of cobalt (one
inside and the other outside).
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Fig. 9. Scheme of the study of the response of the WC 5 particle to compression: (a) ideal case, (b) W vacancy, and (c) W vacancy

and two atoms of cobalt.

relax. The value of pressure acting on the particle was
calculated through the derivative of the total energy £
as a function of x:

podEL
dx Sy ;

where S is the sectional area of the particle in the YZ
plane.

The dependence that pressure P has on compres-
sion Ax for all the studied cases is shown in Fig. 10. It
is easy to see that the vacancy defect makes the nano-
particle less hard; however, a nanoparticle with a
vacancy healed by cobalt can resist compression
approximately half as much as an ideal particle. In
other words, we can say that cobalt in a hard WC/Co
alloy not only plays the role of a cementing link but
also can penetrate into the surface layers of WC crys-
tallites and increase their hardness.

Pressure, GPa
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Fig. 10. Dependence that pressure has on the compression
of the trigonal WC,5 particle: (A) ideal case, (B) W
vacancy, and (C) W vacancy and two atoms of cobalt.
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CONCLUSIONS

Quantum-mechanical calculations confirm that
WC nanoparticles larger than 1 nm exhibit a trigonal
symmetry. The tensile strength for the nanoparticles is
higher by a factor of 10—15 than for the bulk material.
Cobalt atoms can heal some surface defects of WC
particles and improve their mechanical properties.
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