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The morphological changes occurring during the reduction of WO3 seem to be quite 
unique. The initial reduction of WO3 results in large plate-like whiskers of WO272 of two 
morphologies, randomly oriented whiskers and clusters of whiskers. These decompose to 
form agglomerates of WO2 (containing several small primary crystals), interlinked by 
chains of larger primary grains. The final reduction of WO2 to tungsten is achieved without 
any further morphological change. From these observations it seems that formation of 
whiskers of WO27= is the controlling step, in determining the final particle size of the 
tungsten powder. 

1. Introduction 
Tungsten forms a series of oxides with well- 
defined ordered phases, to which can be assigned 
precise stoichiometric formulae. These oxides 
have been extensively studied and are listed in 
Table I. 

Preparation of tungsten powder is frequently 
undertaken by heating yellow tungstic oxide 
(WOa) in a stream of hydrogen. In such a static 
bed, Millner [1 ] has suggested that the reduction 
reaction is controlled by the diffusion of water- 
vapour out of the boat containing the oxide. 
Parsons' [2] studies confirmed this and found that 
the reduction time was dependent on the 
powder bulk density, the bed temperature, and 
the diffusion path length. Practice supports these 
observations, since reduced oxides and metal 
powder are found as layers above the next higher 
oxide (for example W over WO2 and WO2 over 
WO2.72, etc). 

Several pertinent investigations, to list a few 
[1-5], have been conducted to explain the 
kinetics and thermodynamics of this reduction 

TABLE I Oxides of tungsten 

reaction. Although it is now fairly well under- 
stood, some conflicting results and controversies 
still exist. The study reported here was under- 
taken to observe the morphological changes 
occurring during the reduction of WOa through 
its series of oxides. Some investigations [6-8] 
have also been made on the TEM to try and 
follow the initial stages of this reduction reaction. 
But since there is still a relative dearth of 
information on this subject, it was felt that such 
information could further enhance existing 
knowledge regarding the kinetics of the reduction 
of WO3. 

2. Experimental procedure 
Reduction o fWO 3 was performed in a horizontal 
tube furnace using a static bed. High purity WO3 
(of the composition given in Table II) with an 
average particle size of 7.5 ~tm was used. For  
comparison purposes WOa powder with 0.02 
Na was also investigated. A reduction tempera- 
ture of 900 ~ and hydrogen with a dew point of 
around - 60~ was utilized in all cases. Powder 

Formula Colour Average at. ratio 
O/W 

Structure Density (g cm -3) 

W03(cO yellow 3.00 
W20Oss(fl) blue-violet 2.90 
Wls049(7) reddish-violet 2.72 
W02(~) brown 2.00 
W30(/3-W) grey 0.33 

Pseudorhornbic. (R.T)* 7.29 
Monoclinic 7.16 
Monoclinic 7.78 
Monoclinic 10.82 
Cubic 11.4 

*Has several different crystalline modifications depending on temperature. 
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T A B L E  II  Nominal starting composition of WOa 
powder 

Element Sample A (wt ~ )  Sample B (wt ~)  

Fe 0.004 0.005 
Si < 0.002 < 0.002 
Mo 0.07 0.07 
As < 0.002 < 0.002 
Na < 0.001 0:020 
K < 0.001 < 0.001 
Ca < 0.001 < 0.001 
Av. grain size 7.5 pm 6.6 pm 

was loosely packed (with an approximate 
packing density of 3.6 g cm -a and a bed height of 
1.8 cm) in rectangular boats and introduced into 
the furnace. By varying the reduction time, layer 
formation of all the oxides, in various stages of 
the reduction sequence were obtained. Samples 
were removed from the layers and then identified 
through X-ray examination and colour before 
being studied in the SEM. 

Dynamic studies on some stages of this 
reduction process were also conducted in the 
TEM. W O a  particles were suspended on 
tungsten grids and then reduced in a hydrogen 
atmosphere in the electron microscope. A 
thermogravimetric analysis of the reduction was 
also made. 

3. Results and discussion 
Since the basic aim of this study was to follow the 
reduction reaction through its various mor- 
phological changes, no attempt is made here to 
explain the thermodynamics of the process. The 
resultant oxides (Table I) could be easily 
identified by their distinctive colours, but X-ray 
diffraction was also utilized. 

The sequence of the reduction of WO3 to its 
lower oxides is still somewhat in a fluid state. 
In accordance with the layer formation obtained 
during this study, at 900~ the following order 
can be predicted: 

{W2oO5~ 
WO3 -~ WisO49f -~ WO2 ~ W 

o r  

fWOe.90"~ 
WO3 ~ Lwo2.7~j --~ w o 2  ---, w .  

It should be noted that WO2.9o and WO2.72 have 
been combined since the conversion of WOa 
WO~.9o--> WO2.73 seems to be an extremely rapid 
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reaction, hence only very small quantities of 
WO~.90 were observed. Identification of WO2.9o 
was only possible by its distinctive blue colour. 
These results were found to be in good agree- 
ment with the sequence of oxide formation 
obtained at 900~ under equilibrium conditions 
(Fig. 1). 

The morphological changes occurring during 
the above mentioned sequence of oxide forma- 
tion are shown in Figs. 2 to 7. As mentioned 
earlier, since very little WO2.90 was obtained and 
since no morphological difference between 
WO~.90 and WO~.7~ was observed in these 
samples, only WO2.TZ is considered here. The 
first step in the reduction of WO3 to WO2.v2 
consists of a transformation from well-defined 
crystals of WO~ (Fig. 2) to plate-like whiskers 
of WO2.v~ (Figs. 3 and 4). As is evident, two 
types of such whiskers were observed, the ran- 
domly oriented (Fig. 3) and clusters (Fig. 4). 
The randomly oriented whiskers are believed to 
be formed from small WO 3 particles whereas 
the clusters are obtained from large WO3 part- 
icles. The initial stages of such a cluster form- 
ation can be seen in Fig. 9, complete transforma- 
tion of the WOa particle (black area) surrounded 
by the whiskers would yield a cluster. The 
length of these whiskers was found to vary any- 
where from a few to 50 gm. 

Transformation of WOz. 72 to WO 2 is obtained 
by the nucleation of small primary crystals at 
the centre of these clusters or by conversion of 
individual whiskers into single crystals of WOz. 
The driving force of this process, besides the 
lowering of the oxygen potential, is obviously the 
reduction of the surface area to volume ratio, 
from platelets to crystalline form, which is 
energetically a more favourable morphology. 
Hence two different morphological structures 
of WO2, large agglomerates containing several 
primary crystals and long chains of single 
crystals of WOz interlinking these grains, were 
obtained (Fig. 5). The individual crystals (in the 
chains) were generally found to be much larger 
than the primary crystals composing the large 
agglomerates (Fig. 6). The reduction of WO2 to 
tungsten, apart from a reduction in particle size, 
was obtained without any further morphological 
change (Fig. 7). 

A similar morphological sequence was 
observed to occur with Na doped WO3 powder. 
The only difference observed was that the 
reduction rate was greatly enhanced, that is to 
say that Na effectively catalyses the reaction. 
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Figure 1 The system W-O as reported by Phillips [9]. Note that at 900~ with decreasing oxygen content the 
following sequence of oxide formation is obtained according to the above phase diagram: 

W2oOss W~804~ W02 W 
WO~-+ + ~ + -+ + -+ + - ~ W .  

NO 3 W 2 0 0 5 8  W18049 NO2 

Figure 2 Typical structure of W03 powder. 

Fu r the r  s tudy is needed to explain  why even- 
tually coarser  tungsten powder  is ob ta ined  with  
the add i t i on  o f  N a  to WOa powder .  

I t  has general ly been repor ted  tha t  when pure  

Figure 3 Random plate-like whiskers of WO2.72 obtained 
upon initial thermal decomposition of WO3. 

WO3 is reduced by hydrogen ,  large pseudo-  
crystals (agglomerates)  conta in ing several  small  
(pr imary)  crystals  o f  tungsten are obta ined.  This 
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Figure 4 Clusters of WO~.7~ whiskers. Figure 6 Typical structure of WO2 (brown oxide). 

Figure 5 Conversion of whiskers of WO~.7~ to WO~. 

tungsten powder has been reported to maintain 
the size and shape of the original WO~ powder. 
Hence the mechanism of this reaction has been 
associated with the original lattice being conver- 
ted into tungsten via other lattices by solid-state 
reactions only [3]. Since the temperature range 
in which the reduction is normally carried out is 
700 to 900~ surface and self diffusion have 
been ruled out. On the other hand, when WO3 
is doped, the formation of a volatile tungsten 
compound WO~.nH20 has been linked as the 
controlling factor in the reduction [3, 5, 10]. The 
compound WO3. H20 has also been reported to 
be found on the passage of steam over pure WO3 
[11 ]. Results obtained in this study present the 
thesis that a volatile tungsten compound 
WOx.nH20 (where 2 < x < 3) is probably 
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Figure 7 Structure of tungsten powder obtained on 
completion of the reduction reaction. 

formed during the reduction of pure WOa. The 
rapid formation of whiskers of WO2.72, as large 
as 50 pm, seems to show evidence that probably 
a vapour to solid transformation is occurring. 

It has been postulated that the presence of 
dope elements causes tungsten (in the a form, 
Table I) to be formed relatively early in the 
reduction process and the then volatile com- 
pound WO2.nH20 decomposes in the neigh- 
bourhood of these tungsten "seeds" causing them 
to grow considerably [3]. The decomposition of 
this compound occurs according to the following 
equation [5]: 

WOz.nH~O + 2H2--7 W + (n + 2)HzO 

Considering the morphological sequence 
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obtained in this investigation it seems more 
likely that the volatile tungsten compound 
decomposes to form whiskers of WO2.7~. The 
decomposition could occur according to the 
following equation: 

WOx.nH~O + (x - 2.72)H2--+ WO~.72 
+ (x + n - 2.72)H20 

From the morphological pattern observed, it 
appears that the final particle size of the tungsten 
powder formed is dependent on the size of the 
WO~ particles which nucleate from the WO~.72 
whiskers. Therefore, the formation of whiskers of 
WO2.7~ and how WO2 nucleates from them are 
probably the controlling steps in determining the 
final particle size of the tungsten powder. The 
effect of impurities (or dope elements) on the 
nucleation and growth of these whiskers and 
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Figure 8 Thermogravimetric curve of the WO3 reduction 
reaction. 

Figure 9 TEM photomicrograph showing initial forma- 
tion of WO~.7~ whiskers. 

primary WO2 particles, could result in the 
observed changes on the final particle size of the 
reduced tungsten powder. 

Although the thermogravimetric analysis of 
the reduction reaction (Fig. 8) was not per- 
formed under identical conditions, the heating up 
time being much slower, a similar sequence of 
transformation was obtained. 

Dynamic experiments, to continuously observe 
the initial stages of this reduction reaction were 
performed in the TEM. Fig. 9 shows whiskers of 
WO2.72 formed by the initial thermal decomposi- 
tion of WOa. The whiskers were found to grow 
along the b-axis of the WO2.v2 monoclinic unit 
cell, with (010) as the growth plane (Fig. 10). 
Since the lattice of WO2.72 is built up of WOe 
octahedra coupled together in an intricate way 
by sharing corners and edges [12], the fastest 
growth rate is probably achieved by the linking 
of these octahedra to form linear rows along the 
b-axis. The plate-like character of these whiskers 
is clearly evident from Fig. 1 i. Since the forma- 
tion of these whiskers occurred at an extremely 
rapid rate, growth rates or their nucleation sites 
could not be determined. Upon further reduction, 
the whiskers were converted and formed particles 
of WO2. These results confirmed the morpho- 
logical sequence observed on the SEM. 

4. Conclus ions 
The morphological changes occurring during the 
reduction of WO~ seem to be quite unique, and 
have led to a new insight into this process. 
Owing to the formation of large whiskers of 
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Figure 10 Diffraction 
pattern of WO~. 7 a whiskers 
(a) obtained from several 
whiskers (b) from a single 
whisker. 

Figure 11 Dark-field image of a WO2.72 whisker, showing 
its plate-like character (at 1000 kV). 

WO2.72 dur ing init ial  stages o f  this react ion,  a 
volat i le  c o m p o u n d  W O x . n H 2 0  (where 2 < x < 
3) has been postula ted.  The decompos i t ion  of  
this c o m p o u n d  results in plate- l ike whiskers of  
two morphologies ,  r andomly  or iented whiskers 
and  clusters of  whiskers.  These result  in agglo- 
merates  o f  WOz  (containing several small  
p r imary  crystals) in ter l inked by chains of  larger  
p r imary  crystals. The final reduct ion  WO2 to 
tungsten is achieved wi thout  any fur ther  mor-  
phologica l  change. Prel iminary invest igat ions on 

598 

the effect of  N a  on the reduct ion  reac t ion  have 
shown it to have no effect on the morpho log ica l  
sequence, a l though it catalyses the react ion.  
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