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Abstract: The aim of this work was to produce V,C,-WC and V,C,-WC powders 
with grain size between 1 and 2 ,um, as a first stage of the preparation of fine 
grained WC-VC-Co hardmetal. 

V,C,-WC powder was produced via two routes: starting from preformed V,C, 
and WC, and starting from V,Os, WC and carbon black. The V&-WC powder 
was not produced because all attempts led to the formation of W,C or V,C,. 0 
1997 Elsevier Science Limited 

1 INTRODUCTION 

During the last few years attempts have been 
made to partially replace the tungsten carbide 
(WC) in cemented tungsten carbide (WC-Co) 
with vanadium carbide (VC).’ These attempts 
have produced a hardmetal which is harder, but 
less tough than WC-Co of equal cobalt content. 

The lower toughness of the VC-WC-Co hard- 
metal has been found to be due to the low 
toughness of the VC grains. These offer an easy 
path to fracture propagation. It is reasonable to 
assume that the toughness of VC-WC-Co could 
be improved by reducing the VC grains to a size 
below the critical crack length of the hardmetal, 
so that even if the grains do crack, the cracks 
do not cause catastrophic failure. 

This paper describes the first stage in the 
preparation of fine grained VC-WC-Co, i.e. the 
preparation of fine V&-WC or V,C,-WC pow- 
ders. The final aim is to produce a VC-WC-Co 
hardmetal where the VC grain size is of the 
order of l-2 pm, instead of the lo-15 pm 
achieved in previous attempts. ’ 

2 MATERIALS AND METHODS 

In order to produce fine VC-WC powders 
(V&-WC or V,C,-WC) attention had to be 
paid to the following points: 

- characterization of the powders at all sta- 
ges of the process; 

- mixing and milling of the powders; 
- carburization of the milled powders 

(where necessary). 

The initial powders were tungsten carbide, 
V,C, or V,O, (depending on the preparation 
route) and carbon black. Powders were supplied 
by Boart International, with the exception of 
V,C, from Metallurg and V,O, from Highveld 
Steel and Vanadium. The characterization of 
the powders consists of the following: 

chemical anlaysis (to ensure that the 
impurity levels were within acceptable 
limits); 
analysis by X-ray diffraction; 
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- analysis of particle size and particle size 
distribution. 

The chemical analysis was performed by 
means of ICP-mass spectroscopy and gave 
impurity contents down to ppm. X-ray diffrac- 
tion was carried out using Cu radiation (wave- 
length=0*15418 nm). The analysis of particle 
size and particle size distribution was performed 
by means of the Malvern Laser method. The 
choice of this method was determined by avail- 
ability and speed, which were important in a 
project involving the measurement of the par- 
ticle size of a large number of powders. 

The mixing and milling was carried out in a 
laboratory mill consisting of either 250 or 
500 ml Pyrex bottles resting on rolling cylinders. 
The bottles contained cylindrical stainless steel 
‘rods’ of length 11 mm, diameter 8 mm and 
mass 3.8 g. The milling liquid was alcohol. The 
charge mass varied from 25 to 100 g, and was 
made up of varying ratios of tungsten carbide, 
vanadium oxide or preformed vanadium car- 
bide, and carbon black when necessary. 

The carburization experiments were carried 
out in a Lenton laboratory tube furnace. An 
alumina tube was placed through the furnace 
leaving 750 mm of tubing protruding at each 
end (Fig. 1). This was done in order to allow 
the insertion of the rubber stoppers into the 
cooler ends of the tube. An argon atmosphere 
was used when heating the furnace up to tem- 
perature, and upon cooling. Once the furnace 
was at temperature, either an argon or hydro- 
gen atmosphere was used. 

The V,C,-WC powders were produced via 
two routes: 

FURNACE 

VACUUM TRAP 

Fig. 1. Schematic of the carburization apparatus. 

- starting from a preformed V,C, powder 
and a preformed tungsten carbide pow- 
der, which were mixed and milled 
together with a 0.5 wt% cobalt addition, 
and heat treated; 

- starting from V,Os, which was mixed with 
tungsten carbide and carbon black, milled 
and carburized under hydrogen. 

The V,C,-WC powder was supposed to be 
produced starting from V,03, which was mixed 
with tungsten carbide and carbon black, milled 
and carburized. Atmospheres of hydrogen or 
argon were used. 

The particle size and composition of the pow- 
ders were analysed after each stage of the pro- 
cess. 

3 RESULTS AND DISCUSSION 

3.1 Characterization of the starting powders 

The commercial tungsten carbide powder had a 
nominal average particle size of I pm. The pow- 
der was measured by the Malvern Laser method 
to give the Sauter Mean Diameter (SMD) 
which is defined as: 

where n(u) is the number distribution and D is 
the particle diameter from D1 (minimum) to 
02 (maximum), and the span which is a meas- 
ure of the range of the distribution and is 
defined as: 

Span = 
D(zl,o*9)-n(P,o*1) 

D(Z), 0.5) 
(2) 

where D(v,x) is the diameter, below which x 
volume fraction of the particles lie. The Sauter 
Mean Diameter of the tungsten carbide powder 
was found to be 6.45 pm with a span of 4.3 /lrn. 
A plot of the particle size distribution exhibited 
a double peak, which indicated some agglomer- 
ation and explained the discrepancy between 
nominal particle size and Sauter Mean Diam- 
eter. 

The commercial V,C, powder had Sauter 
Mean Diameter of 4.25 Alrn with a span of 



1.5 pm. The V,O, powder had a Sauter Mean 
Diameter of 22.55 pm with a span of 1.9 pm. 

The impurity level in the tungsten carbide, 
V,C, and carbon black powders was within lim- 
its acceptable by the hardmetal industry. The 
impurity level in the V,O, powder was generally 
low (lo’-lo2 ppm), except for sodium (3 x 10’ 
ppm), calcium (8 x lo2 ppm) and aluminium 
(5 x lo2 ppm). 

The V,O, powder was prepared by partial 
reduction of V,O, at 600°C for 3 h, under a 
0.2 litre/min hydrogen gas stream. The resulting 
powder had a Sauter Mean Diameter of 
27.94 pm and a span of 2.4 pm. 

3.2 Mixing and milling 
3.2. I The V,O, + WC powder 
The first experiment consisted of mixing V,O, 
and tungsten carbide powders in the following 
proportion: 

17.5 g V,O, + 32.5 g WC 

The mixture was milled in a 500 ml Pyrex bot- 
tle, with 20 stainless steel cylinders of a total 
mass 76 g, and 100 ml of alcohol. This mixture 
was milled for 336 h, taking samples at various 
time intervals for particle size analysis. Figure 2 
shows that the particle size decreased rapidly 
during the first 48 h, remained almost constant 
for the next 200 h, and then started to increase. 
Plots of the particle size distribution showed 
that after 240 h of milling the tendency towards 
agglomeration became stronger than the tend- 
ency towards comminution, as illustrated by the 
formation and growth of a double peak (Fig. 3). 

A second experiment consisted of mixing 
V20s, tungsten carbide and carbon black in the 
following proportion: 

Particle Size Distribution 
at 240 Hours 
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17.5 g V,O, + 32.5 g WC + 6.82 g C 

This mixture was milled under the same condi- 
tions used in the first experiment and was also 
milled for 336 h. It was found to be less prone 
to agglomeration, since no second peak was 
observed in the particle size distribution plots. 
Figure 4 shows that the tendencies towards 
agglomeration and comminution balance, even 
after 336 h of milling. 

An optimum milling time of 48 h was selected 
on the basis of Fig. 4 (since very little change in 
size occurs after this time), and a charge con- 
sisting of: 

17.5gV20,+32*5gWC+8gC 

was milled in a 500 ml Pyrex bottle, with 20 
stainless steel cylinders of a total mass 76 g, and 
100 ml of alcohol for 48 h. The resultant pow- 

No Carbon Added 
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Fig. 2. Plot of the upper limit of the diameter of 90% of 
the particles of a vanadium pentoxide-tungsten carbide 

powder, versus milling time. 

Particle Size Distribution 
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Fig. 3. The particle size distribution of the vanadium pentoxide-tungsten carbide powder, at 240 and 336 h. 
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Fig. 4. Plot of the upper limit of the diameter of 90%1 of 
the particles of a vanadium pentoxide-tungsten carbide- 

carbon black powder, versus milling time. 

der mixture had a Sauter Mean Diameter of 
0.87 /lrn and a span of 1.3 pm. 

3.2.2 The v.&‘, + WC powder 
The preformed V,C, powder was mixed with 
the tungsten carbide powder and 0.5 wt% Co, 
in the following proportion: 

5.6 g v,c, + 40.8 g WC + 0.2 g co 

The mixture was milled in 500 ml Pyrex bottles, 
with 20 stainless steel cylinders of a total mass 
76 g, and 100 ml of alcohol. Milling was con- 
tinued for 48 h and the Sauter Mean Diameter 
of the final powder mixture was 1.35 pm with a 
span of 1.3 pm. A 48 h milling period was selec- 
ted for comparison with the 17.5 g 
V,O, +32*5 g WC + 8 g C powder mixture des- 
cribed in Section 3.2.1. 

After milling, the powder was heated to 
1200°C and held for 3 h, in order to promote 
the formation of the (V,W)C mixed carbide. 
The heat treated powder consisted of V,C,, 
WC and (V,W)C, as shown in Fig. 5, and had a 
Sauter Mean Diameter of 1.42 pm. Cobalt 
peaks were not identified, as was expected due 
to the low amount of cobalt added. 

3.2.3 The V,O, + WC + C powder 
The V,O, powder was mixed with tungsten car- 
bide and carbon black in the following propor- 
tion: 

3.36 g V,O, +20.4 g WC+O.3 g C 

0 
30 40 50 60 70 60 90 100 110 120 1 

Angle (deg) 
0 

Fig. 5. X-ray diffraction spectrum of the VC-WC- 
(V,W)C powder produced in process 3.2.2. 

The mixture was milled for 310 h in a 250 ml 
Pyrex bottle containing 10 stainless steel cylin- 
ders of a total mass of 38 g, and 50 ml of alco- 
hol. Samples were taken at various time 
intervals for particle size analysis. The final 
Sauter Mean Diameter of the powder was 
0.79 pm with a span of 1.3 jtm. 

3.3 Carburization 
3.3. I Carhurization of the V,O,- WC-C powder 
mixture 
The carburization conditions were selected on 
the basis of the following experiments, taking 
into consideration that the carburization time 
had to be kept as low as possible in order to 
minimize particle growth. Powder mixtures con- 
sisting of the initial V,O,/WC ratios: 

Powders 1 and 2: 1 g V,O, to 5.03 g WC 

Powders 3 and 4: 1 g V,O, to 2.63 g WC 

were heated in a hydrogen atmosphere to tem- 
peratures ranging from 800 to 12OO”C, and kept 
at the temperature for 2 h. 

At each temperature, VZO, was completely 
reduced to V,O,. However, the reduction and 
subsequent carburization of the V,O, was 
found to be incomplete at all temperatures 
except 1200°C. The amount of residual V,O, in 
powders l-4 at each temperature has been 
reported in Table 1. These values were obtained 
using X-ray diffraction. 

Since the 1200°C temperature was the lowest 
temperature without residual V,O,, this tem- 
perature was selected for carburization. The 
carburization time was determined by heating 
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Table 1. Effect of temperature on residual V,O, in 
powders l-4 

Temp. Powder Powder Powder Powder 
(“CJ 1 2 3 4 

V.D.? VA VA?, VA?? 
(%) f%J (%) (%J 

800 3.42 2.96 4.94 5.80 
900 253 2.61 458 5.20 
950 251 2.62 4.08 4.79 

1000 2.97 2.37 3.78 3.70 
1050 1.77 I .92 3.14 3.23 
1100 1.55 1.97 2.54 2.59 
1125 1.23 1.77 2.40 2.61 
1150 1.51 1.57 2.99 2.46 
1175 0.86 0.97 1.90 1.76 
I200 0.00 0.00 0.00 0.00 

the powder mixture (which, as described in 
Section 3.2.1, consisted of 175 g V,O, +32*5 g 
WC + 8 g C, and was milled for 48 h) under 
hydrogen to 12OO”C, holding for different times, 
and then analyzing the powder for residual 
V,O,. The results are summarized in Table 2. 
In this experiment (Test 2) unlike the initial 
trial (Test l), some residual V,O, was found 
after 2 h at 12OO”C, so the carburization time 
was set at 3 h to ensure complete carburization. 

The different results obtained from Test 1 
and Test 2 were due to the differences in the 
V,O,: WC ratio of the powder mixtures. The 
reduction rate of the vanadium oxide is depend- 
ent on the amount of tungsten carbide powder 
added,’ when the carburization temperature 
used is above 1160°C [the temperature above 
which eqn (4) below becomes thermodynamic- 
ally possible]. The additional presence of WC, 
rather than C alone, increases the rate of reac- 
tion, because both C and WC are reducing and 
carburizing V,O,: 

V,O,+5C=2VC+3CO (3) 

v,0,+10wc=2vc+5w,c+3c0 (4) 

The W,C produced in eqn (4) is subsequently 
recarburized: 

Table 2. Effect of time on residual V,O, on carburizing 
at 1200°C under hydrogen 

Time 
(min) 

60 90 120 1.50 

v,o, (%) 0.88 0.70 0,48 o-00 

250 

200 

0 
30 40 50 60 70 60 60 100 110 120 130 

Angle (deg) 

Fig. 6. X-ray diffraction spectrum of the VC-WC- 
(V,W)C powder prepared in process 4.1. 

w,c+c=2wc (5) 

The V,O,: WC ratio in Test 2 was 1: 186 com- 
pared to 1: 5.03 for powders 1 and 2, and 1: 2.63 
for powders 3 and 4, explaining the presence of 
residual V,O, found after 2 h at 1200°C. 

The X-ray diffraction spectrum of the VC- 
WC powder obtained from the final carburiza- 
tion conditions is shown in Fig. 6. The powder 
consists of V,C,, WC and (V,W)C. The Sauter 
Mean Diameter of the powder prior to milling 
with cobalt was 184 pm and the span 1.3 pm. 

3.3.2 Carburization of the v,o, + WC + c 
powder mixture 
In Section 3.3.1, excess carbon was used to 
ensure complete carburization to a V&,-WC 
powder, and in order to reduce the residual 
oxide in the powder. By contrast, in this 
method, at the carburization temperature of 
1200°C nearly all oxygen from V,O, is removed 
as CO’, which should enable one to calculate 
accurately the intermediate amount of carbon 
required for reduction and carburization, to 
produce a V,C,-WC carbide powder. The 
V,O,-WC-C mixture (Section 3.2.3) was carbur- 
ized at 1200°C for 3 h, but X-ray diffraction 
analysis showed the presence of W,C after car- 
burization in both hydrogen and argon atmos- 
pheres. By adding excess carbon, W,C was no 
longer produced, but V,C, was obtained instead 
of v,c,. 

Since the W,C phase was observed after car- 
burization under both hydrogen and argon 
atmospheres, decarburization through hydrogen 
formation is an unlikely explanation for its 
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presence. Obviously there is an intermediate 
amount of carbon that would give V,C, without 
W,C. The difficulty in assessing the amount of 
carbon required lies in accounting for carbon 
lost due to reaction with residue WO,. 

4 CONCLUSIONS 

The experiments described above showed that a 
V&,-WC powder of mean particle size between 
1 and 2 pm can be produced from at least two 
routes: 

- by milling a mixture of coarse V,C, and 
tungsten carbide powders, with a O-5 wt% 
Co addition for 48 h, followed by a 3 h 
heat treatment at 1200°C; 

- by milling a mixture of coarse VZOs, tung- 
sten carbide and carbon black powders for 
48 h, which is then carburized at 1200°C 
for 3 h. 

The second route is more economical, because 
the V,O, oxide is cheaper than the preformed 
V,C,. However, the most effective route for the 

production of fine V&-WC powder for VC- 
WC-Co hardmetal can only be assessed after 
sintering. 

The production of a fully carburized V,C,- 
WC powder starting from a mixture of V203, 
tungsten carbide and carbon black has not been 
successful because all attempts have led to the 
formation of W,C or V,C,. 
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