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ABSTRACT 

The reduction of tungsten directly from ammonium paratungstate has been 
studied to maximize the crystallite size. The decomposition and reduction sequences 
were monitored by thermal analysis and analyzed by X-ray diffraction and scanning 
electron microscopy. The tungsten crystallite size was seen to increase with faster 
heating rates, larger samples sizes, slower hydrogen flows over the sample and with a 

sealed reaction vessel. This appears to be the result of retarding the nucleation of 
tungsten nuclei by controlling the rate at which reaction products are removed from 
the reaction site. Consequently a smaller number of nuclei grow to larger sizes. 

The ammonium paratungstate powder was characterized by composition, 
morphology and bulk density. 

INTRODUCTION 

Following World War I, revolutionary changes in the metal working industry 

came about because of rapid advances in cemented carbide materials_ These materials 
permitted improved efficiency in the high speed machining of steel. Tungsten carbide- 
cobalt composites were the first of these materials to gain widespread commercial 
importance. An appealing blend of properties was derived from these composites. 
The carbide phase contributes great hardness and the metal binder contributes tough- 
ness and strength to a sinterable compact_ 

A mixture of metallic tungsten and carbon black are normally reacted to form 
the desired carbide phase. The tungsten metal comes from the reduction of various 
raw material sources. Tungsten trioxide, tungstic acid and ammonium paratungstate 
are the major raw materials used in the manufacture of tungsten metal which is 
developed into tungsten carbide. However, the least expensive raw material is ammo- 
nium paratungstate when it is reduced in a single step to tungsten metal. Attempts 
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to use ammonium paratungstate in industrial applications have not been successful 
because the resulting crystallite size has been too small to meet the requirements for 
existing grades of tungsten carbide. 

Microstructure plays an important role in the mechanical properties of cobalt 
bonded tungsten carbide. Startin g with the tungsten metal powder, careful control 
over the tungsten crystallite size is important. It has been demonstrated, that the 
crystallite size of the tungsten metal has a direct bearing on the grain size of the 
carburized tungsten carbide. The carburizing conditions have also been shown to 
influence the grain size of the resultant tungsten carbide, but the crystallite size of 
the tungsten metal has been shown by Hara and Miyake’-3 and Miyoshi and Doi 
to be the uhimate limiting factor in the maximization of the size of the tungsten 
carbide grain. 

Processes taking place during the sinterin, Q of the cobalt bonded tungsten 
carbide have been shown to cause additional changes in the grain size of the sintered 
material. Grain growth and even exaggerated grain growth occur due to the nature 
of liquid phase sintering, whereby, small grains are taken into solution and then are 
reprecipitated onto the surface of the larger grains. This effect can be minimized by 
use of grain growth inhibitors or by the size and nature of the carburized tungsten. 
Thus, the size of the tungsten has been shown to influence the size of the sintered 
tungsten carbide grain; directly, in the case where no grain growth results or in- 
directly, where grain growth occurs. This study has attempted to maximize the 
tungsten crystallite size and also to gain an understanding of the effects of time, 
temperature and atmosphere on the resultant crystallite size. 

LITERATURE REVIEW 

The mechanical properties of cobalt bonded tungsten carbide are a compromise 
between the competing requirements for hardness and for toughness. The tungsten 
carbide phase is hard and brittle, while the cobalt binder is relatively soft and ductile, 
together they are combined into a cemented carbide which is hard and strong. 

The hardness of cobalt bonded tungsten carbide is mairdy contributed by the 
carbide phase and toughness or strength by the cobalt phase. Manufacturers of these 
materials adjust the cobalt content, the carbide grain size and the carbon chemistry 
to obtain the desired combination of hardness and strength for specific grades of 
material. Commercial grades of cobalt cemented tungsten carbide have cobalt 
contents between 5 and 25 wt. O/& Yield stress and hardness decrease with increasing 
cobalt content, but tensile strength reaches a maximum value at intermediate compo- 
sitions5. 

Hardness of cemented carbides is affected by microporosity, but is most strongly 
influenced by the carbide grain size and by the composition of the carbide phase6-*. 
The degree of dispersion of the cobalt and the carbide phases also may influence 
hardness. The hardness has been found to decrease as the particle size increases 
(from 1 to 6 pm) for a fixed cobalt content’- ll. 
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Gurland and Bardzil” and Norton’ 3 studied the influence of grain size on 
the transverse-rupture strength of cobalt-tungsten carbide composites. Their studies 
concluded that the modulus of rupture exhibits a maximum at an average carbide 
grain size between 3 and 4 /cm in diameter for a composite of 85 wt. “/0 WC and 
12 wt. “/, Co. These results were confirmed by Ingelstrom and NordberglS over the 
size range 1 to 3.3 jtm. 

The tungsten metal is reduced from either tungsten trioxide (WO,), tungstic 
acid (HSWOa), or ammonium paratungstate 5(NHS)?0 - 12W0, - xH,O. In ammo- 
nium paratungstate, when x is 11, an orthorhombic unidecahydrate is formed which 
has a needle-shaped particle morphology and when I is 5, a monoclinic pentahydrate 
is formed which yields a cubic or equiaxed monoclinic morphology* ‘* 16. These 
compounds are produced from the ores, wolframite (Fe,Mn)WO, or sheelite 
(CaWO,)‘. ’ 7L2o_ The production of solid ammonium paratungstate is an inter- 
mediate purification step in the extraction of tungsten from the above-mentioned 
ores2’. 

TABLE 1 

APT PRODUCTlOX FLOW CHART 

-- -I___ 

cawo.1 Wolfram ore 
scheelite ore (Mn,FE)WO.i 

(synthetic or natural) 1- 
1 Ball mill ore 

(HCI-Muriatic 1- 
acid solution Leach with hot 

1 Na(OH) 
H~WO.~-tungstic 1- 

acid slurry NazWO.1 
1 solution 

Filter press c (CaCk) 1 
1 Neutralize 

HZWOJ-tungstic NazWOJ 
acid slurry solution 

1 1 
(NHAOH) -+ Dissolving tank Mix with 

(NH~1)~WO.I CaClz 
1 1 

Filter press c CaWO.4 
1 precipitation 

(N H&WO.I 
solution 

1 
Evaporator 

1 
Wash 

L 
Filter 

1 
Dried 

!. 
APT (Morphology dependent upon crystallization conditions) 
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Economics favor starting with the ores only where the residual of the extraction 
processing can be used in steel making. The combination of steeI and carbide pro- 
ductions permits a 95% recovery of the tungsten content from the ore. In addition, 
synthetic sheelite obtained from tungsten or tungsten carbide scrap can be processed 
along with naturally occurring sheelite ” These sheelites are converted into ammonium - 

paratungstate. Table I demonstrates the steps involved in this purification process. 
On the same table, the process initiated with wolframite is also illustrated_ 

Reduction of ammonium paratungstate is generally accomplished in two steps. 
First, a thermal decomposition is performed to yield tungsten trioxide when heated 
in air and “blue oxide” (W02_90 ) when heated in an inert atmosphere. In the second 
step, the resultant tungsten oxide is reduced in hydrogen to tungsten metal”. 

The effect. of process variables on the tungsten crystallite size during the re- 
duction of tungsten oxide have been studied by numerous investigators”* I ‘* 23 - 28_ 

A large variety of parameters have been identified as influencing the particle size. 
These experimenters have concluded that the grain size is dependent on (1) the starting 
material, (2) the reaction temperature, (3) the water content of the hydrogen, (4) the 
flow rate of the hydrogen, (5) the rate of passage of the reducing oxides through the 
furnace, and (6) the depth of the oxide bed. Particle sizes from 0.02 to 50 pm were 
found in these studies. These studies have not addressed the direct reduction of 
ammonium paratungstate or discussed the mechanism of control of the particle size. 

EXPERIMENTAL hlE-l-HOD 

The ammonium paratungstate (G.T.E. Sylvania, Towanda, PA) used in this 
study had a density of 2.48 g cm+ 3. The material contained 25 ppm sodium and 10 
ppm silicon. 

The gases used in the experiments were High Purity helium 99.99 % and 9.999 % 
hydrogen (High Purity) with a dew point of -65°C (Matheson Gas Products, Inc., 
East Rutherford, NJ). 

X-Ray diffraction data was obtained using copper K, radiation with a nickel 
filter. 

Scanning electron microscopy was performed with the sample coated with a 
sputtered layer of gold-palladium on the surface to avoid surface charging. Coating 
was unnecessary for the tungsten metal samples, 

Thermogravimetric analysis was carried out in a I6 mm high alumina crucible 
using a Mettler Recording Vacuum Thermoanalyzer. The specific conditions for 
each analysis are shown with the data. Differential thermal gravimetry (DTG) was 
used to analyze the data. The alumina crucible was covered during one set of experi- 
ments. The cover was high alumina with a 1.3 mm hole in the center. Heating rates 
ranged from 2 to 10 “C min- ’ , sample sizes from 300 to 3000 mg and hydrogen flow 
rates over the sample from 10 to 30 1 h- I _ 

The particle size measurements were made using two techniques. The first 
was by measurement of crystallite size from the micrographs. The second method 



was X-ray diffraction line broadening. This method allowed the average size to be 
determined for samples with sizes less than 1000 A. The (I IO) plane was ased for 
comparison. 

RESULTS AND DISCUSSION 

X-Ray diffraction analysis of the ammonium paratungstatc (APT) indicated 
the presence of two phases. The major phase was ammonium pentahydrate 5(NH,)2 - 

0.12W0, - 5H20. The secondary phase was ammonium tungtate hydrate (IVH,),- 
wo, - IIHZO. 

Thermogravimetric analysis (TGA) of the sample allowed identification of the 
sequence of decomposition and reduction reactions occurring during heat treatment. 
TGA in helium indicated a total weight loss of 10.3 1 % with the reactions completed 
by 560°C. Through this temperature range there were four DTGA peaks typical of 

the decomposition of ADT to WO,.gj. 
The sample was then run in hydrogen and the results can be seen in Fig. 1. 

The low temperature part of the reaction is unchanged from the results in helium, 
the APT decomposes to WO,.,,. Combining the TG data and X-ray diffraction data 
the reduction sequency from WO 2.95 to W metal was determined. 

The first four peaks to 5OO’C represent dehydration of the APT_ Through this 
region the X-ray peaks are decreasing in intensity (i.e. the ammonium pentahydrate 
and ammonium tungsten hydrate are decreasing in concentration). By 23O”C, 
estensive cracking is evident in the APT powder. At 31O”C, X-ray diffraction indicates 
only a broad roll at the d-spacing for the major peak of W01.95. This is typical 
of very small crystallites of this phase. By 410°C the W0,_9j phase can be easily 
identified. Tn each case the X-ray diffraction pattern clearly identified the phase 
present. The individual gains continue to fracture on heating and the metallic 

0 200 400 600 800 . 

TEMPERATU.RE OC 

Fig. 1. Thermal analysis data for the reduction of APT in hydrogen. 
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tungsten particles seem to form on the surface by 670°C. The final product resembles 
the original APT only at low magnification_ At higher magnifications it can be seen 
that there are small tungsten crystallites comprising the remanent structure of the 
APT. These crystallites are, of course, too small for use in bonded tungsten carbides_ 

- 
12 

HEATING R.lTE OC/MIN. 

Fig. 2. The effect of heating rate on the tungsten crystallite size. 
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Fig. 3. The effect of sample size on tungsten crystailite size. 

HYDROGEN FLOW RATE ( L/l-!R.) 

Fig. 4. The effect of hydrogen flow rate on the tungsten crystallite size. 
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In order to increase the crystallite size and understand the reaction mechanism 
studies were undertaken to determine the effect of (I ) heating rate, (2) sample size, 
(3) hydrogen flow rate. 

The effect of the rate of heating on the tungsten crystallite size was the first 
process variable studied. The samples were held isothermally at 950°C for 30 min 
and then cooled rapidly. 

Figure 2 shows that the tungsten particle size increases from 0.026 jtrn at 2°C 
min-’ to approximately 0.15 jtrn at 10°C min-‘. The more rapid the heating rate, 
the larger the crystallite size. The completion temperature of the reduction reaction 
increases with increasing heating rate. It has been observed that an increase in the 
final reduction reaction completion temperature results in an increase in the tungsten 
crystallite size. 

The effect of sample size was explored using 300,975, 1650 and 3000 mg samples. 
These four sizes were heated at 10°C min --I_ Figure 3 shows that the crystallite size 
increases with increasing sample size. The tungsten reduction completion temperature 
increases as the sample size increases. The size of the tungsten crystals reaches almost 
1 itm. 

The effect of hydrogen flow rate was also investigated as a process variable. A 
sample size of 300 mg was heated at 10°C min-’ to the reaction completion tempera- 
ture with a hydrogen flow rate of 10 1 h-’ and 30 I h-‘. As can be seen in Fig. 4 the 
higher hydrogen flow rate reduced the tungsten crystallite size. The higher hydrogen 
flow rate also decreases the tungsten reduction completion temperature_ 

The decrease in tungsten size is not large and suggests that the rate of 10 1 h-l 
is reasonably effective in sweepin g the reaction products away from the reaction site. 
Consequently, this indicates that a stagnant hydrogen atmosphere would have a 
substantial effect in increasing the crystallite size. To test this hypothesis the alumina 
crucible holding the sample was capped. The cap had a small hole to allow the pressure 
to be maintained at one atmosphere. The atmosphere surrounding the capped 
crucible had a flow rate of IO 1 h-‘. 

The results of this experiment are also shown in Fig. 4 and are quite dramatic. 
The crystallite size increases from I to 1.9 /cm. The final reaction completion tempera- 
ture rises to about 1230°C. 

Increasing the sample size, reducing the hydrogen flow rate and increasing the 
heating rate all increased the size of the tungsten and increased the temperature at 
which the reduction reaction occurred as we11 as its final completion temperature. 
All of these steps had the effect of keeping the reaction products in the vicinity’of the 
reaction site, or, put more positively, increasing the water/hydrogen ratio (i.e. the 
oxygen partial pressure) over the sample. With a constant hydrogen flow rate the 
more rapid heating rate provides less time to remove the reaction products. The 
larger sample size with a constant hydrogen flow rate has the effect of generating a 
larger quantity of reaction products. Cappin, 0 of the crucibIe holds the reaction 
products at the site. These steps affect the solid-state reactions which require nucleation 
of the desired phase and subsequent crystal growth. The nucleation process occurs 
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at a lower temperature than the temperature of maximum crystal growth. The partial 
pressure of oxygen over the sample controls the rate of reduction of the WOZ. By 
retarding the reaction rate there is only limited opportunity for nuclei to form at low 
temperatures and consequently these nuclei grow to a larger size as the available 
tungsten oxide is reduced. Conversely, when the reaction proceeds rapidly at low 
temperatures, large numbers of nuclei form and the resultant crystal size is relatively 
small. 

CONCLUSION 

It has been shown that APT can be directly reduced to tungsten metal with a 
particle size suitable for practical use in cobalt bonded tungsten carbides. Control of 
the process variables is required to inhibit nucleation and restrict the number of 
sites at which reduction occurs. 
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