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Abstract—The effect of vacuum annealing temperature on the chemical and phase compositions, particle
size, and lattice strain of nanocrystalline tungsten carbide (WC) powders with a particle size from 20 to 60 nm
has been studied by X-ray diffraction and electron microscopy. The results demonstrate that vacuum anneal-

ing of WC nanopowders at 7,

an < 1400°C is accompanied by a marked decrease in carbon content and changes

in phase composition due to carbon desorption from the surface of the powder as a result of the interaction
of carbon with oxygen impurities. In addition, annealing leads to an increase in particle size due to coales-
cence of aggregated nanoparticles and reduces the lattice strain of the powder.

DOI: 10.1134/50020168512060088

INTRODUCTION

Currently, the use of nanocrystalline tungsten car-
bide (WC) powders is regarded as the most promising
approach to the fabrication of nanostructured hard
alloys with a reduced sintering temperature and
enhanced hardness, strength, and fracture toughness
[1,2].

Many processes for the preparation of nanocrystal-
line WC powders have been proposed to date [3, 4].
There is particular interest in high-energy milling of
microcrystalline tungsten carbide (WC) powder [5],
which is a “top-down” nanotechnology, and in plasma
synthesis from a tungsten oxide and hydrocarbon [6],
which is a “bottom-up” nanotechnology.

WC powders are most widely used in the fabrica-
tion of hard alloys, the most widespread of which are
WC—Co alloys. The highest sintering temperature of
microcrystalline WC—Co alloys in conventional pro-
cesses in vacuum or under a protective or inert atmo-
sphere is 1380 to 1420°C. As shown in previous stud-
ies concerned with the oxidation of WC powder [7,
8], a decrease in WC powder particle size is accompa-
nied by a reduction in oxidation onset temperature
and increase in oxidation rate [7, 8]. It is, therefore,
important to assess the thermal stability of the size
and composition of WC nanoparticles at tempera-
tures of up to 1400°C.

The purpose of this work was to examine the tem-
perature effect on the phase composition and size of
tungsten carbide (WC) nanoparticles vacuum-
annealed at temperatures from 400 to 1400°C.

EXPERIMENTAL

In our vacuum annealing experiments, we used
three WC powders differing in particle size, which

were stored in air: microcrystalline powder manufac-
tured at the Kirovgrad Hard Alloys Plant (OAO KZTS,
Kirovgrad, Russia), with an average particle size of
9 um, which will be referred to as WC(micro); nanoc-
rystalline powder with an average particle size of
20 nm, produced by grinding the WC(micro) powder
in a Retsch PM 200 planetary ball mill (the milling
conditions were similar to those described previously
[5,9, 10]), WC(mill); and nanocrystalline powder with
an average particle size of 60 nm synthesized at OAO
VNIIETO (Moscow, Russia) through a plasma process
using tungsten(I11) oxide (WO;) and propane (C;Hy),
which were reacted in a low-temperature hydrogen
plasma flow, followed by thermochemical processing
(the synthesis procedure was similar to that described in
Tsvetkov and Panfilov [6]), WC(plasma). In addition,
we annealed a mixture of the WC(mill) nanopowder
and 2 wt % MT-900 carbon black (the mixture will be
referred to as WC(mill) + C).

Loose WC powders (2—3 g) were annealed in a vac-
uum of 0.0013 Pa (10> mm Hg) in an SShV-
1.2.5/2511 laboratory furnace with tungsten lining and
heaters. The annealing schedule was as follows: slow
(1-2 h, depending on the highest annealing tempera-
ture) heating to ¢,,,,, holding at #,,,, for 1 h, and furnace
cooling of the powder. The annealing temperatures
were 400, 600, 800, 1000, 1200, and 1400°C. In each
annealing experiment, only the as-prepared WC pow-
ders were used.

The phase composition of the WC powders before
and after annealing was determined by X-ray diffrac-
tion (XRD) in the angular range 26 = 30°—125° with a
scan step of 0.03° and a counting time per data point

of 2’ s (DRON-UMI diffractometer, CuK,  radia-

tion) XRD patterns were analyzed numerically using
Philips Analytical X’ Pert Plus (Version 1.0) software.
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The particle size distributions in the WC powders
were assessed using a Horiba Partica LA-950V2 laser
diffraction particle size analyzer. Prior to measure-
ments, the powder to be analyzed was suspended in
water. The average size of the powder particles was also
evaluated from diffraction data and by scanning elec-
tron microscopy (SEM) on a JEOL JSM-6390LA. In
addition, the crystallite size D and lattice strain € of the
WC(mill) and WC(plasma) nanocrystalline powders
were determined from the width of XRD line profiles.
To a first approximation, the average crystallite size
thus determined can be regarded as the average parti-
cle size D of the nanopowders.

The WC powders were analyzed for total carbon
Ciota1 and free (uncombined) carbon Cy,. on a Meta-
vak-CS-30 analyzer. Oxygen impurities were deter-
mined by a carrier gas method with a Coulomatic-O
analyzer and by energy-dispersive X-ray (EDX) anal-
ysis on a JEOL JSM-6390LA electron microscope
equipped with a JED-2300 spectrometer system.
Adsorbed water was determined from the weight loss
of a powder sample calcined for 1 h in a vacuum of
1 x 10~* Pa at 400°C. Spectral analyses were carried
out on a PerkinElmer SCIEX-ELAN 9000 mass
spectrometer.

RESULTS AND DISCUSSION

The effect of vacuum annealing on the WC(mill)
and WC(plasma) nanocrystalline powders was studied
in comparison with the WC(micro) microcrystalline
powder. According to spectral analysis data, the WC
powders before vacuum annealing were similar in
impurity content: within 0.1 wt % Na and within
0.01 wt % Fe, Ni, Mo, and Sn. The content of other
metallic impurities did not exceed 0.005 wt %. The
adsorbed water content of the WC(micro), WC(mill),
and WC(plasma) powders before vacuum annealing
was 0.1, 1.0, and 0.9 wt %, respectively. The three WC
powders were analyzed chemically and characterized
by particle size measurements.

Figure 1 shows XRD patterns of the WC(micro),
WC(mill), and WC(plasma) powders before vacuum
annealing and the WC(micro) powder vacuum-
annealed at 1200°C. The as-prepared WC(micro)
microcrystalline powder contained, in addition to the
higher tungsten carbide WC (hexagonal structure,

sp. gr. P6m2), =2 wt % W,C, the lower tungsten car-
bide (hexagonal structure, sp. gr. P6;/mmc) (Fig. 1,
scan /). The WC(mill) nanopowder was prepared by
milling the microcrystalline powder, so it also con-
tained a small amount of W,C (Fig. 1, scan 3). The as-
prepared WC(plasma) plasma-synthesized nanopow-
der (Fig. 1, scan 4) consisted only of the higher tung-
sten carbide WC.

Note that impurity phases in the WC nanopowders
were rather difficult to detect by XRD (Fig. 1, scans 3,
4) because even reflections from the major phase WC
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were relatively broad, so neighboring reflections in the
angular range 20 > 60° overlapped and merged. Anal-
ysis of the broadening of the diffraction peaks from the
nanopowders showed that it was due to both the small
particle size, D, and lattice strain, €. D and € were eval-
uated from the width of XRD line profiles by a proce-
dure described elsewhere [3, 11, 12]. We obtained D =
20 + 10 nm and € = 0.83 £ 0.05% for the WC(mill)
powder and D = 60 + 10 nm and € = 0.43 + 0.05% for
the WC(plasma) powder. The average size of aggre-
gated particles, D,,,,, evaluated by laser diffraction on
the Horiba Partica LA-950V2 (Fig. 2) was almost one
order of magnitude greater than the average crystallite
size D of the WC nanopowders. This was due to the
formation of large aggregates of nanoparticles. The
SEM micrographs in Fig. 3 indicate that the particle
size of the WC(mill) and WC(plasma) nanopowders
differs little from the average crystallite size, but the
nanoparticles indeed form large aggregates, up to sev-
eral hundred nanometers in size. In the WC(micro)
powder, the average particle size is 9 um according to
both laser diffraction (Fig. 2, curve /) and electron
microscopy (Fig. 3a) data, which are in good agree-
ment. The narrow diffraction peaks of this powder
(Fig. 1, scan /) indicate that it consists of large parti-
cles and is free of lattice strain.

The specific surface area of powder can be found as
S=6/pD|3], where p is the density of the material and
D is the average particle size. The density of WCis p =
15.67 g/cm?. From this value and the above average
particle sizes, we find that the .S of the WC(micro),
WC(mill), and WC(plasma) powders before vacuum
annealing was 0.04, 19.2, and 6.4 m?/g. The S =
6.4 m?/g obtained for the WC(plasma) powder is in
reasonable agreement with the § = 6.0-9.5 m?/g
inferred from BET measurements.

Note that the WC(micro) powder, which had the
smallest specific surface area, had the lowest adsorbed
water content, 0.1 wt %, whereas the as-prepared
WC(mill) nanopowder, which had the largest specific
surface area, contained the largest percentage of
adsorbed water, 1.0 wt %.

The chemical and phase compositions and other
characteristics of the as-prepared and annealed WC
powders are presented in the table. According to
chemical analysis data for total and free carbon, the
as-prepared powders contained 6.14 £ 0.15 wt % C,
and 0.15 £ 0.10 wt % Cg,, (table), which corresponds
to the tungsten carbide WC. It is worth noting that the
unannealed WC(mill) nanopowder, produced by mill-
ing the WC(micro) powder, contained more C,, by
=0.3 wt % compared to the WC(micro) powder.
Almost all of this difference is accounted for by free
carbon, which was essentially missing in the
WC(micro) powder before vacuum annealing. This
seems to be related to the powder preparation process.

The oxygen content of the WC(micro), WC(mill),
and WC(plasma) powders before vacuum annealing



682

KURLOV, GUSEV

® °
D=9pm ® WC (98.0%)
0 W,C (2.0%)
°
[ ] o o ° . .
° ° o0 °
m}
= Jl _Jl A m L A I JL}_ 1
. °
D=9 um o WC (96.5%)
§ . VW (1.0%)
® ® o
° ° * hd ') ® .
G M | T T
D=20nm, e=0.83% o WC (98.0%)
o o ° o W,C (2.0%)
DD [ ] o o [ ] [ ] ‘L [ ] 3
. o . D=60nm, ¢ =0.43% ® WC (100.0%)
\ A ’\ ° () ° ° ° °
| | W_A.T arte, .LI N AA-TN___. 4
40 60 80 100 120
20, deg

Fig. 1. XRD patterns of WC powders: (/) as-prepared WC(micro) microcrystalline powder, average particle size of 9 + 1 pum;
(2) WC(micro) powder vacuum-annealed at 1200°C; (3) as-prepared WC(mill) nanocrystalline powder, D = 20 = 10 nm; (4) as-

prepared WC(plasma) nanocrystalline powder, D = 60 + 10 nm.

was 0.11, 0.91, and 1.23 wt %, respectively, according
to chemical analysis data and 0.12 = 0.05, 1.52 £0.05,
and 1.80 = 0.1 wt % according to EDX analysis data.
After annealing, no EDX analysis was performed
because, when exposed to air, the annealed WC pow-
ders reabsorbed water and oxygen, and their concen-
trations returned to their original level in a few hours.

Vacuum annealing of the WC(micro) powder. The
WC(micro) powder was vacuum-annealed at 1200°C.
Chemical analysis and XRD data showed that anneal-
ing reduced the carbon content of the powder, but
without significant changes in its phase composition.
As seen in Fig. 1, the XRD patterns of the WC(micro)
powder before and after annealing (scans I, 2) are
almost identical. The only distinction is that the XRD
pattern of the annealed powder contains one, weak
reflection from tungsten. Quantitative phase analysis
showed that annealing at 1200°C reduced the content
of the major phase (WC) in the WC(micro) powder by

1.5 wt % and increased the W,C content by 0.5 wt %.
In addition, it produced =1.0 wt % W (table). Accord-
ing to chemical analysis data, the annealing reduced
the carbon content of the WC(micro) powder by no
more than =0.01 wt %.

Vacuum annealing of the WC(mill) powder and
WC(mill) + C mixture. After vacuum annealing of the
WC(mill) nanopowder at 400 and 600°C, no changes
in its XRD pattern were detected. At the same time,
chemical analysis showed that raising ¢,,, to 600°C
reduced the carbon content of the powder by almost
1 wt % and that the annealed powder contained free
carbon (table). Diffraction peak broadening analysis
indicated that annealing at 600°C had no effect on the
particle size of the powder but reduced the lattice
strain from 0.83 to 0.64%. Annealing of the WC(mill)
nanopowder at 800°C reduced the total carbon con-
tent by 1.5 wt % (relative to the original level) and the
free carbon content to zero. After this anneal, the
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Fig. 2. Particle size distributions (laser diffraction data) in
the WC powders before annealing: (/) WC(micro), D,, =
9 pm; (2) WC(mill), Dyggr = 230 nm; (3) WC(plasma),
D,ggr = 510 nm.

XRD pattern of the powder (Fig. 4, scan 2) showed

sharp peaks of metallic tungsten (sp. gr. /m3 m). The
diffraction peaks of WC became narrower, which cor-
responded to an increase in average particle size to
30 nm and a decrease in lattice strain to 0.6%. W,C
was missing, even though the unannealed WC(micro)
powder, which was milled to produce the WC(mill)
powder, contained 2 wt % W,C. Annealing of the
WC(mill) powder at 800 and 1000°C yielded almost
identical phase compositions, which only differed in
WC to W ratio. Raising the annealing temperature to
1000°C was accompanied by a decrease in the total
carbon content and an increase in the W content of the
WC(mill) nanopowder. In addition, the WC particle
size increased to 50 nm. After annealing at 1200°C,
the WC(mill) powder contained, in addition to WC
and W, about 7 wt % W,C (Fig. 4, scan 3). As t,,, was
raised to 1400°C, the W,C content increased to
=36 wt %, whereas W disappeared (Fig. 4, scan 4).
Annealing at 1400°C reduced the total carbon content
of the WC(mill) powder by about 1.5 wt % relative to
the original level, increased the average particle size by
four times (to 80 nm), and reduced the lattice strain to
0.26%.

To prevent annealing-induced decarburization of
the WC(mill) powder and maintain its phase purity,
2wt % carbon (MT-900 carbon black) was added to
the as-prepared powder. The WC(mill) + C mixture
was vacuum-annealed at 1200°C, like the WC(mill)
powder with no carbon additions. The XRD pattern of
the annealed WC(mill) + C powder mixture showed
rather narrow reflections, which were due to only one
phase: the higher tungsten carbide WC (Fig. 4, scan 5).
Diffraction peak broadening analysis indicated that
the anneal increased the average particle size to
110 nm and reduced the lattice strain to almost zero
(0.05%). According to chemical analysis data, the

INORGANIC MATERIALS Vol. 48  No.7 2012

Fig. 3. SEM micrographs of the tungsten carbide powders
before vacuum annealing: (a) WC(micro), (b) WC(mill),
(¢) WC(plasma).

annealed WC(mill) + C mixture contained 6.28 wt %
total carbon and 1.28 wt % free carbon.

SEM examination showed that vacuum annealing
of the WC(mill) powder at #,,,,, < 800°C had little effect
on the particle size and shape (Fig. 5a), which
remained stable. Annealing at 1200°C and above pro-
duced coarser particles (Figs. 5b, 5c), which resulted
from the coalescence of aggregated nanoparticles.
According to SEM data, the WC(mill) + C mixture
annealed at 1200° contained, in addition to fine parti-
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Fig. 4. XRD patterns of the (/) as-prepared and (2—4) vacuum-annealed WC(mill) nanopowder and (5) vacuum-annealed
WC(mill) + 2 wt % carbon powder mixture; annealing temperature of (2) 800, (3, 5) 1200, and (4) 1400°C.
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Fig. 5. SEM micrographs of the WC(mill) nanopowder vacuum-annealed at 800 (a), 1200 (b), and 1400°C (c) and the
WC(mill) + 2 wt % carbon powder mixture vacuum-annealed at 1200°C (d).

cles =200 nm in size, large, well-faceted particles up to
1.0—1.5 um in size (Fig. 5d).

Thus, the addition of carbon allows WC nanopow-
der to retain its phase purity during annealing but leads
to marked particle growth even at moderate annealing
temperatures.

Vacuum annealing of the WC(plasma) powder.
According to XRD data, vacuum annealing at 400 and
600°C produced no changes in the phase composition,
average particle size, or lattice strain of the
WC(plasma) nanopowder. Compositional stability of
this powder was also evidenced by chemical analysis
data, which indicated that the total carbon content
was sufficient for WC formation and that the powder
contained free carbon. At the same time, annealing at
800°C slightly increased the particle size, to 70 nm,
and had a significant effect on the phase composition
of the powder: in addition to the major phase WC, it
contained about 21 wt % metallic tungsten (Fig. 6,
scan 2). Chemical analysis data showed that the total
carbon content decreased by about 1 wt % and that the
free carbon content dropped to zero. As t,,, was raised
from 800 to 1200°C, the particle size of the carbide
phase slightly increased (to 80 nm) and the lattice
strain and total carbon content slightly decreased,
which, however, had little effect on the phase compo-
sition of the powder (79.5 wt % WC and 20.5 wt % W).

Significant changes were only detected after annealing
of the WC(plasma) powder at 1400°C (Fig. 6, scan 4):
the powder contained =33 wt % W,C, whereas the
tungsten content sharply dropped, to =2 wt % (the
presence of tungsten was only evidenced by a weak
reflection at 26 = 40.27°). Diffraction peak broaden-
ing analysis indicated that the anneal increased the
particle size by 20 nm and reduced the lattice strain by
almost a factor of 2 relative to the as-prepared powder.
According to chemical analysis data, the anneal
reduced the total carbon content by about 1.5% rela-
tive to the as-prepared WC(plasma) powder.

SEM examination showed that vacuum annealing
had little effect on the shape of the WC(plasma) pow-
der particles but slightly increased their size (Fig. 7), in
agreement with the above diffraction data. The
annealing-induced increase in the particle size of the
WC(plasma) powder was less significant than that of
the WC(mill) powder, whose particle size after anneal-
ing at 1400°C was four times that of the as-prepared
powder. The WC(plasma) powder particles were
rounded in shape both before and after annealing: at
least, SEM examination failed to detect any aggre-
gated particles similar to those resulting from sintering
in the annealed WC(mill) powder. The WC(plasma)
nanoparticles were already highly aggregated before
annealing. Even after annealing at 1400°C—the tem-
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Fig. 6. XRD patterns of the WC(plasma) nanopowder (prepared by plasma synthesis) (/) before and (2—4) after vacuum annealing
at (2) 800, (3) 1200, and (4) 1400°C.
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Fig. 7. SEM micrographs of the WC(plasma) nanopowder
vacuum-annealed at (a) 800, (b) 1200, and (c) 1400°C.

perature at which hard alloys are commonly sin-
tered—no well-defined coalescence (agglomeration,
association, or fusion) of the nanoparticles was
detected. This points to their poor sinterability, which
may have an adverse effect on the quality of hard
alloys.

Causes of the decarburization of the WC powders.
The present experimental data demonstrate that vac-
uum annealing leads to decarburization of the WC
powders studied, especially in the case of the WC nan-
opowders and ¢,,, = 800°C. The decarburization, in
turn, leads to variations in the phase composition of

KURLOV, GUSEV

the powder with 7, (table), which can be understood
in terms of the specific features of the W—C phase dia-
gram [13]. As shown earlier [13, 14], the lower tung-
sten carbide W,C forms at 7 > 1250°C, but the XRD
pattern of the WC(mill) powder annealed at 1200°C
shows reflections from W,C. Annealing the
WC(micro) powder at 1200°C also increased the per-
centage of W,C, along with the formation of metallic
tungsten. According to the phase diagram of the W—C
system [13], such changes in phase composition can
only be caused by partial decarburization of the WC
powders, as observed in our experiments.

Even though similar in particle size, the WC(mill)
and WC(plasma) nanopowders differed in some
respects, which showed up in our annealing experi-
ments. With increasing ¢,,,, the particle size or the
WC(mill) nanopowder increases and its lattice strain
decreases considerably more rapidly than those of the
WC(plasma) powder. The same refers to phase trans-
formations. In the WC(mill) powder, W,C was present
even after annealing at 1200°C and metallic tungsten
disappeared upon annealing at 1400°C. The
WC(plasma) nanopowder contained no W,C after
annealing at 1200°C, whereas a small amount of tung-
sten persisted even after annealing at 1400°C.

It is known that, during vacuum evaporation, WC
loses predominantly carbon and passes into the W +
WC or W,C + WC two-phase region, depending on the
evaporation temperature [15—18]. The carbon partial
pressure over tungsten carbide is low even at high
temperatures (1730—2130°C): =3.7 x 107% to =4.2 x
103 Pa [15, 17]. The rate of carbon vaporization, v,
from tungsten carbide at 1983°C is as low as 9.24 x
10~%g/(cm?s) [15]. According to Bolgar et al. [16], the
vaporization rate in the temperature range 1975—
2650°C (2248—2923 K) can be represented in the form
logve = 6.317 — 34310/T. For t < 1400°C, the rate of
carbon vaporization from WC is hundreds of thou-

sands of times lower than v at =2000°C and cannot
account for even a hundredth of the experimentally
observed carbon loss, AC., during vacuum annealing
of WC. Thus, the observed decrease in carbon content
as a result of the vacuum annealing of WC at
tan < 1400°C cannot be accounted for by direct car-
bon vaporization.

A more likely cause of the decrease in carbon con-
tent during vacuum annealing of the WC nanopowders
is oxygen impurities. Even the first nanocrystalline
carbide studied, vanadium carbide nanopowder, was
found to contain 5 wt % oxygen [19]. Most of the oxy-
gen was present in the surface oxide film and adsorbed
water. Krasovskii et al. [20] studied plasma-synthe-
sized WC nanopowder and showed it to contain
=2 wt % oxygen. More than 80% of the oxygen was
present in X-ray amorphous tungsten oxide phases,
and the rest, in water and in adsorbed form. Accord-
ing to Warren et al. [21] and Brillo et al. [22], the sur-
face layer of WC in an oxygen-containing atmo-
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sphere is similar in electronic structure to WO;. As
shown in a study of the interaction of oxygen with the
(0001) surface of a WC single crystal by Auger elec-
tron spectroscopy [22], oxygen chemisorption under
high vacuum leads to the formation of surface tung-
sten oxycarbides, WO, and WO;,.

According to previous results [21—23], heat treat-
ment of WC nanopowder at temperatures from 900 to
1100°C removes at least 80% of the oxygen in the form
of CO. Clearly, the removal of O in the form of CO
reduces the carbon content of the WC powder as well.
In metal and metal carbide nanopowders, oxygen is
present predominantly on the surface of the particles
[3, 19—24], so the oxygen content is proportional to
the specific surface area .S of the powder. Since the car-
bon loss AC during vacuum annealing is proportional
to the oxygen content of the powder, C, it should also
be proportional to the initial .S of the powder.

From the unit-cell parameters of the hexagonal

carbide WC (sp. gr. P6m2), we find that the surface
density of W atoms, n, is =1.4 x 10! m~2. Therefore,
when a WO; monolayer is formed on WC, the weight
of surface oxygen per square meter of the surface is
3ngn,Ag, where m, = 1.66 x 1072* g is the atomic mass
unit and A, is the atomic weight of O. If the surface of
particles is covered with p monolayers of the oxide
phase, the relative oxygen content of the powder (with
a specific surface area .S) is to a first approximation
given by

Co = 3pnm,AS = 0.00111pS. €))

The number of monolayers of the oxide phase is
then

p=Co/3nmAxS = Co/(0.001115). )

The specific surface area S of the as-prepared
WC(mill) and WC(plasma) powders is 19.2 and
6.4 m?/g, respectively (table), and Cg is 0.0152 and
0.0180 (1.52 and 1.80 wt%) as determined by EDX
analysis. Therefore, the number of monolayers of the
oxide phase, p, on the surface of the as-prepared
WC(mill) and WC(plasma) powders is =0.7 and =2.5.
This agrees well with the report by Brillo et al. [22] that
the oxide film on WC ranges in thickness from 0.6 to
2.8 monolayers.

Heating causes the oxygen to desorb from WC in
the form of CO [20—22]. Therefore, the relative car-
bon loss is proportional to Cy:

AC: = (Ac/Ao)Co = 3pngm,AcS = 0.00083pS.  (3)

From (3) and the above values p = 0.7 and p = 2.5, the
expected carbon loss, AC., of the as-prepared
WC(mill) and WC(plasma) nanopowders is 0.011 and
0.013 (1.1 and 1.3 wt %), respectively. Given the
uncertainty in the O and C contents and the approxi-
mate character of the above estimates, the AC values
obtained are in reasonable agreement with the maxi-
mum carbon loss of the WC(mill) and WC(plasma)
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powders, 1.4 and 1.5 wt %, found after annealing at
1400°C.

CONCLUSIONS

Vacuum annealing of nanocrystalline WC powders
at t,,, < 1400°C is accompanied by a marked decrease
in carbon content, changes in phase composition, and
an increase in particle size due to coalescence of
aggregated nanoparticles. In addition, annealing
reduces the lattice strain of such powders. Phase purity
of WC nanopowder can be maintained during anneal-
ing by adding an excess of free carbon, but annealing is
then accompanied by significant particle growth.

Vacuum annealing of microcrystalline WC powder
at t,,, < 1400°C leads to a very small decrease in car-

bon content, because free carbon disappears, and has
little effect on the phase composition of the powder.
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