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of electric current. We performed transmission electron microscopy studies of the obtained sample. Almost all
of the WC nanoparticles possessed stacking faults in {100} planes stacking. It is known from scientific literature,
that such a stacking fault is equivalent to the rotation of the tungsten carbide cells at 90° in the plane of the defect,
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-ﬁg;gﬁ'carbide e and it favors the formation of 3 = 2 boundary between the grains of WC, rotated at 90° relatively to each other. In
Sintering a big number of nanoparticles in our sample we observed such an orientation of the neighboring grains. Some-
HRTEM times a single nanoparticle consists of several grains having 3 = 2 and higher 3 boundaries. Also we observed
Polytype polytype in WC not reported earlier, appearing due to the consequence of stacking faults in (100), and we pro-

Stacking fault pose the structure of this polytype. We believe, that the formation of polytypes and 3 = 2 and higher 3 bound-
aries took place during the sintering of W/Cgo mixture and happened due to the specific features of the tungsten

carbide formation and carbon diffusion through the tungsten.

© 2014 Published by Elsevier Ltd.

Introduction

At the present time tungsten carbide WC is one of the most promis-
ing and most available hard materials, which are widely used in indus-
try and science. It is known that the efficient use of the mechanical
properties of WC can be achieved when its particles are embedded
into the “matrix” of softer material (see, for example, [1] or earlier
works). At the present time WC-Co composition is most known and
most widespread. However, other metals are also frequently used for
the formation of hard composites and coatings. Disadvantages of Co as
binding material are its relative toxicity and higher cost compared
with alternative materials such as Fe-Ni or Ni-Fe-Cr alloys. The possi-
bility of the usage of the latter two is under consideration at the present
time [1].

One of the important problems accompanying the sintering of WC-
Co mixture is the growth of WC nanocrystals in size. It is known that big
particles in this composition represent its “weak” points, since they
serve as the origins of cracks under loading [2]. The smallest size of
the tungsten carbide nanoparticles embedded in Co matrix achieved
up to date is somewhat below the 100 nm [3].
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In view of these problems the usage of a new binding material is
highly relevant for the production of WC-based composition with
improved properties. Cgo fullerene is very promising material for a
“matrix” in this composition. It is known [4] that under conditions of
high pressure and high temperature there can be obtained composi-
tions with very high values of elasticity modulus and hardness from
Coo used as precursor. In addition to this, the usage of carbon material
makes it possible to synthesize tungsten carbide in course of sintering
tungsten nanopowder with carbon material, which, in its turn, can be
useful to limit the undesirable process of WC grain growth.

Apart of this, the structure of the obtained WC nanoparticles
represents special interest. Different defects in WC crystal lattice
can remarkably affect strength and durability properties of the
WC-Co composition. In particular, stacking faults in {100} planes in
WC weaken the composition, while the stacking faults in (001)
planes favor the growth of the nanocrystal WC platelets perpendicu-
lar to [001], which improves the mechanical properties of WC-Co,
because WC elastic properties are anisotropic [2,5,6].

The main goal of our work is to find possible ways of creation of the
prospective materials based on WC and Cgo. In order to study such
process we perform pulsed sintering of W nanopowder with Cgg, and
then study the sample in transmission electron microscope (TEM) in
order to characterize the structure of the obtained composition and
crystal lattice defects in WC nanoparticles.
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Experimental

In order to obtain tungsten carbide nanopowder by means of tung-
sten carburization under high pressure we used a precursor consisting
of tungsten powder (1-3 um grain size) and 99.5% purity fullerene Cgp
(20.4 wt.% of Cgg and 79.6 wt.% of W, or 75 and 25 vol.% of Cgg and W
correspondingly). First, the mixture was placed into a planetary ball
mill made of WC material in a glove box in Ar atmosphere. The mixing
and the milling of the powders were carried out there during 20 min
with an acceleration of 30 g. Afterwards the mixture was compacted
into cylindrically shaped samples with a diameter of 8 mm and 5 mm
height. In order to heat such a sample by the electric current pulse at
tension about 5-10 V with the release of heat power of about 8-
20 kW it is necessary to provide the resistance of the sample not higher
than 107°-10~%Q - m. Since the fullerene is practically isolating mate-
rial under such conditions, it is necessary to have enough tungsten
nanoparticles in the mixture so they can form conducting chains. It
was established experimentally that necessary amount of tungsten is
about 25 vol.%.

During the sintering the pressure in the chamber was 7.7 GPa for the
pulse power 9 kW and the pulse duration 0.4 s. Further the initial tung-
sten nanopowder, the milled mixture of tungsten and Cgp, and the
sintered sample were examined in TEM. TEM studies were performed
on JEM-2010 at 160 kV accelerating voltage with a GIF Quantum attach-
ment for electron energy loss spectroscopy (EELS) and with an EDS
attachment.

General results of the TEM observation

TEM examination of the milled mixture before the sintering has
shown that the characteristic size of the nanoparticles was ranging
from nanometers to tens of nanometers, and most of them were not
faceted. Most of the particles were pure tungsten or various tungsten
oxides. The presence of oxides can be explained by the admixture of
accident amounts of oxygen into the powder during the milling and
its subsequent reaction with tungsten nanoparticles (oxides were
absent in the origin powder). The carbon in the sample presented main-
ly as the fragments of fullerene face-centered cubic (FCC) lattice.

Afterwards we studied the sample obtained after the sintering of the
milled powder. Carbon in the sample partially transformed into closed
onion-like curved structures (consisting of few layers) and partially
into amorphous carbon. Tungsten presented as WC nanoparticles
having the size of the same order as in the milled sample (from nm to
tens of nm). Almost all of the WC particles possessed crystal lattice
defects. Microdiffraction analysis and high resolution TEM (HRTEM)
image analysis have shown that these defects are the stacking faults in
{100} planes.

Discussion of results

Basing on the obtained TEM data we conclude that only the mixing
and fragmentation of W and Cgp took place in a ball mill during the
milling without the formation of tungsten carbide. Tungsten nanoparti-
cles have lost their faceted shape in this process. Some of the nanopar-
ticles also were oxidized due to the admixture of minute amounts of
oxygen to the sample. Afterwards during the sintering the reaction of
tungsten oxides and carbon took place with the reduction of tungsten
oxides (such reaction is also described in [7] under analogous condi-
tions). Also carbon reacts with pure tungsten with the formation of
tungsten carbide WC. The excess carbon, which did not take part in
any of the abovementioned reactions transform into amorphous carbon
or into the closed onion-like curved structures during the sintering.

WC crystal lattice is hexagonal one, and its cell has basic vectors a =
b = 0.291 nm and ¢ = 0.284 nm. The main “building” element of its
lattice is a trigonal prism of tungsten atoms (Fig. 1) with a carbon
atom in the center of the prism. Therefore, each tungsten atom is

Fig. 1. The scheme of WC crystal lattice cell. Black spheres are carbon atoms and gray
(green) spheres are tungsten atoms. The main “building” element of its lattice is a trigonal
prism of tungsten atoms with a carbon atom in the center. In other words, the lattice can
be represented as superposition of trigonal prisms composed by carbon and tungsten
atoms shifted one relatively to another. The lateral facets of these prisms are almost
squared (a = c). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

connected with 6 carbon atoms and vice versa. Each lateral facet of
such prism represents a rectangle which sides (a and c) have relative
difference less than 0.3%. Thus, the lateral facets of the prism are practi-
cally squared.

It was shown in [8,9] and earlier works, that the stacking faults
observed in our sample represent itself a shift of the atomic planes
(100) at vector 1/2*[011] (Fig. 2a). As a result of such a shift the triangu-
lar prisms of WC rotate at 90° in a layer where the stacking fault has
occurred (Fig. 2b). Such a defect requires minimum of energy since in
this case the amount and the lengths of the bonds between carbon
and tungsten atoms remain the same within the stacking fault layer [8].

In the high resolution image in Fig. 3 there are stacking faults in
{100} planes seen in a WC nanoparticle. In places, where these stacking
faults are many, they are seen as bands, and there appears a contrast of
another atomic planes perpendicular to the band, which can be treated
as (001), since their interplanar distance 0.28 nm corresponds to (001).
(The interplanar distance and the orientation of the fringes in this band
were studied by the Fourier analysis of the image).

However, (001) does not belong to the zone axis [001]. Their appear-
ance is due to the formation of the lattice layer with the zone axis [010]
in this band, which is build by a consequent stacking faults in (100)
planes of initial (right lower part) crystal (as in Fig. 2b). These stacking
faults can appear both after the formation of the nanoparticle or during
the reaction between tungsten and carbon.

Fig. 4 shows a particle where relatively big fragments of WC lattice
are rotated one relatively to another at 90° connected by grain bound-
aries with different 3. In this case most probably the formation of
these fragments took place during the growth of the particle.

Apart of this we found polytypic structure in WC. Fig. 5 shows a char-
acteristic example of this polytype. There is a particle with big amount
of stacking faults in it. Areas “1” have [001] zone axis while areas “2”
have [010] zone axis. Boundaries of these areas are parallel to (100)
(which has the same orientation in both types of areas) and perpendic-
ular to (001) in “2".

However, there are also areas “3”, where another type of contrast is
seen, which cannot be identified straightforwardly. Judging by the
interplanar distance (accounting for the limited precision of our mea-
surements) they could be referenced as (001), but they are not perpen-
dicular to the boundaries of the abovementioned areas as (001) in “2”.
The angle they compose with these boundaries (parallel to (100)
planes) is approximately ~74°.

We propose the following explanation of this contrast. Let us consid-
er the fragments of the WC lattice with zone axes [010] and [001] (see
Fig. 6). Let us designate the stacking sequence of the atomic planes
(100) in a following way: planes of tungsten atoms by Roman letters
(A, B, ...) and the planes of carbon atoms by Greek letters (o, {3, ...). In
this case the fragment with zone axis [010] corresponds to the stacking
sequence AcAc.... (see the left part of the Fig. 6). A single stacking fault
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Fig. 2. Black spheres are carbon atoms and gray (green) spheres are tungsten atoms. a) The scheme of a stacking fault in (100) in WC; the stacking fault represents itself a shift of the atomic
plane (100) at vector 1/2*[011]. b) Two parts of WC crystal lattice rotated at 90° one relatively to another. The boundary between these two parts is shown as shaded plane. Such a grain
boundary has index 3 = 2, and it can be formed by a stacking fault shown in (a). It can be seen, that the right part of the crystal ([010] zone axis) can be obtained from the left part (zone
axis [001]) by consequent shift of each of (100) atomic planes in the direction shown by the arrows in (a). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

in this sequence can give rise to a formation of the fragment with zone
axis [001] corresponding to the stacking sequence AaBp... (central part
of the Fig. 6). And two consecutive stacking faults form a structure with
stacking AcAaBBBR..., which is the polytype of WC with a unit cell
designated by a dashed rectangle in Fig. 6. In this case the period of
high resolution image in the direction [210] of the initial lattice
(Fig. 6) will be divisible by d(100), whereas the diagonal contrast in the
high resolution image is expected to correspond to the interplanar
distance dy = d(p01)c0s16.1° and compose an angle 73.9° with (100)
atomic planes. This interplanar distance and this angle highly coincide
with ones, observed in the areas “3” in the high resolution image in
Fig. 5.

In order to confirm our assumption we perform numerical simula-
tion of high resolution image of the polytype lattice. For this we use
the following description of the elementary unit cell of the polytype:

Fig. 3. WC nanoparticle. The right part of the particle represents WC lattice with [001] zone
axis. Stacking faults parallel to {100} planes are seen in the particle, marked by black
arrows in the figure. In the left upper part of the particle there are contrasts corresponding
to the atomic planes with interplanar distance of 0.28 nm, which correspond to (001). This
planes cannot be seen for the [001] zone axis, so, the band in the left upper part of the par-
ticle is WC lattice rotated at 90° relatively to the right lower part. This type of 3 = 2 grain
boundary was discussed earlier in the literature [9]. In the left upper part there are also
other bands with atomic plain contrast which differ slightly from (001). Apparently,
they appear in the same way owing to the stacking faults, but are not (001). Their appear-
ance will be discussed further in the text.

a=b = 0.284 nm, c = 1.01 nm (c || [210], a || [001] direction in the
original lattice (see Fig. 6)). The atom set is the following: W (0; 0; 0),
W (0; 1/2; 1/4), W (1/2; 1/2; 1/2), W (1/2; 0; 3/4), C (1/2; 1/2; 1/12),
C(1/2;0;1/3),C(0; 0; 7/12),and C (0; 1/2; 5/6). Thus, this is a tetrag-
onal lattice cell with spatial symmetry group 14;md (109). For the
simulation we used NCEM simulation program.

Fig. 7a shows enlarged fragment of type “3” area from Fig. 5 (the
second area “3” from the right), and Fig. 7b shows simulated image of
the corresponding section (zone axis [010]) of the polytype, described
above. As it can be seen the contrast on both images practically coincide
(experimental image is noisy).

Fig. 4. High resolution TEM image of WC particle with stacking faults and differently
oriented grains. Areas of type “1” shown by the arrows correspond to the crystal lattice
with zone axis [001]. Areas of type “2” correspond to the lattice with zone axis [010].
Boundaries between “1” and “2” have 3 = 2, and combinations of several stacking faults
are seen along some of the boundaries. The boundaries marked by white asterisks have
higher value of 3.
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Fig. 5. WC nanoparticle with stacking faults separating different fragments of the crystal
lattice. These boundaries are highlighted by white lines. Type 1 fragment is WC lattice
with zone axis [001]; type 2 fragments have [010] zone axis; type 3 fragments cannot
be identified as hexagonal WC lattice and are treated as WC polytype, which is schemati-
cally shown in Fig. 6.

Stacking faults in {100} in hexagonal WC are well known in scientific
literature [8-10].In [6,8,9] the structure of such defects (serving as grain
boundaries sometimes [9]) was considered thoroughly by high resolu-
tion microscopy studies of cemented WC-Co and modeling of high
resolution images. It was shown that often defects present in the initial
WC nanopowder. In [10] WC was used as a precursor for sintering, and it
was shown that such defects can arise due to the thermal stress, which
relaxes by creation of stacking faults.

In our case we did not observed such a big amount of defects in the
initial pure tungsten powder, as in the sintered sample, and, on the
other hand, thermal stress hardly can induce such a big amount of stack-
ing faults to form large fragments of the rotated lattice of WC. We
believe that in our sample these stacking faults (along with the lattice
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Fig. 7. a) Enlarged fragment of type “3” area from Fig. 5; b) simulated high resolution
image (NCEMS simulation program) of WC polytype with tetragonal lattice (see text)
corresponding to [010] zone axis of the polytype, which is parallel to [010] of hexagonal
lattice of WC. The following parameters of simulation scheme were used: defocus
—15 nm and thickness 10 nm.

transformation (rotation) and polytype formation) appear at the stage
of WC formation during the diffusion of carbon atoms in W.

Probably such a mechanism of lattice transformation can lead to the
formation of other polytypes in WC with other stacking sequences.
Different stacking sequences will correspond to a range of discrete
values of interplanar distances and angles, which the new planes com-
pose with (100) planes. For example, unidentified planes in the left
upper part of the particle in Fig. 3, perhaps, can be referred as such
polytypes.

Conclusion

We performed TEM studies of the structure of the sample obtain-
ed by sintering tungsten nanopowder with fullerene by the short
pulse of the electric current. Synthesized sample consisted of WC
nanoparticles with characteristic size from nanometers to tens of
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Q o | ) )

© O o o

Zone axis [001]

Fig. 6. Black spheres are carbon atoms and gray (green) spheres are tungsten atoms. Proposed scheme of the stacking faults in WC explaining the contrast in type “3” fragments in Fig. 5.
Left part of the figure corresponds to WC lattice with [010] zone axis. Vertical columns of atoms correspond to (100) atomic planes. Here the stacking of these planes is indicated by Roman
and Greek letters in a row above the scheme. Roman letters stand for the planes of tungsten atoms, and Greek letters stand for the planes for carbon atoms. Using this notation, the crystal

lattice of WC with [010] zone axis can be referred as ActAa..
AcAaBRBP...
ic planes and having an interplanar distance of dy = d (o1 cos 16.1° =~ 0.273nm.

. stacking sequence, the lattice with [001] zone axis corresponds to AaBp..
stacking sequence. The contrast in the high resolution image in Fig. 5 in areas 3 apparently corresponds to the planes in this new structure composing 73.9° with (100) atom-

. stacking sequence, and type 3 areas correspond to
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nanometers surrounded by the amorphous carbon and closed onion-
like curved structures (consisting of few layers). Almost all of the
particles in the sample contained stacking faults in (100) planes
and some of the particles contained fragments of WC lattice rotated
at 90° one relatively to the other, separated by a stacking faults. We
also observed the formation of WC polytype (by certain sequence
of stacking faults) not reported earlier in literature, and we have pro-
posed a structure (crystal cell) of this polytype.

To all appearances the formation of stacking faults in (100), rotated
lattice fragments and the polytypes takes place during the transforma-
tion of tungsten to tungsten carbide and peculiarities of carbon diffusion
through the tungsten. Therefore, the sintering of W/Cgo mixture (as
well, as probably the sintering of pure W nanopowder with other car-
bon materials) leads to the formation of tungsten carbide with a big
amount of different grain boundaries and polytypes, which yield a
broad range of the synthesized WC structures.
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