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P R O D U C T I O N  of the hardest grade of cemented tung- 
sten carbide has classically required the use of a tungsten 
powder made by the reduction of W O I ~ H ~ O ,  precipitated 
tungstic acid ( 5 ) .  Tungsten powder made by reducing 
ammonium paratungstate has been considered less suitable 
for this purpose regardless of processing variations (6). 
Dawihl and co-workers used electron microscope and x-ray 
diffraction techniques to  study tungsten and tungsten 
carbide powder intermediates (9 ) .  The paratungstate 
derived carbide was of lower hardness even though the 
metal and carbide powders were tested a t  the same 
crystallite sizes. The anomaly has not been explained, so 
that it is of interest to determine what properties of the 
tungsten powders may control the hardness of the carbide. 

The reduction of tungsten oxide to metal and the carburi- 
zation of the metal powder are generally carried out as 
topochemical processes, in which one solid phase is con- 
verted to another without the interposition of a gaseous 
or liquid state. The microcrystalline structure of the new 
phase should then depend in some degree on that of the 
starting material. In '  particular, the particle size and the 
extent of crystalline imperfections should depend on the 
initial solid phase (21).  Tungsten powders are graded 
primarily by particle size, which is commonly measured by 
gas permeability methods ( I ) .  The particle-size distribution 
can be determined by turbidimetric sedimentation tech- 
niques although it is difficult to distinguish primary 
particles from aggregates (13).  X-ray diffraction indicates 
the size of the crystalline subgrains of the metal particles, 
but requires an uncertain correction for lattice distor- 
tions (1 2 ) .  

The chemistry of tungsten carburization and the tech- 
nology of cemented carbide production have been reviewed 
in detail (3, ;4. 16, 22, 23). Tungsten powder is intimately 
mixed with carbon and heated to 1900" C. or higher. 
Pirani and Sandor carburized 0.2 mm. tungsten beads and 
obtained coatings of carbide separated from the metal by 
sharp diff'usion boundaries (18). Preferential penetration 
along grain boundaries was not observed, and the rate 
determining step was diffusion of carbon through the 
tungsten carbide layer, so the reaction was not apparently 
structure sensitive. 

The differences in product quality obtained with different 
tungsten powders of the same particle size can be explained 
only if the carburization of tungsten powder is a structure 
sensitive reaction. The crystallite size of the tungsten 
carbide will depend on the relative rates of nucleation and 
formation of this phase. Grain and subgrain boundaries 
of the tungsten particIe may serve as nucleation sites as 
well as provide paths for rapid diffusion. The internal 
structure of the tungsten powders as possibly modified by 
milling and annealing should determine the carburization 
rate a t  a given particle size. 

This hypothesis was tested by measuring the carburiza- 
tion rates of tungsten powders produced both from pre- 
cipitated tungstic acid and from ammonium paratungstate 
crystals. The latter compound is usually reduced to metal 
in two stages, with the intermediate formation of either 
yellow oxide or of partially reduced blue or brown oxides. 
A great variety of tungsten powders can apparently be 
produced from any of these oxides by variations in reduc- 
tion conditions. The tungsten powders used were obtained 
from various commercial sources and were selected on the 
basis of similar particle size. 

EXPERIMENTAL 

An adaptation of differential thermal analysis techniques 
was used. Since the carburization reaction is exothermic, 
the temperature of a rapidly heated mixture of tungsten 
and carbon will rise faster than the temperature of an 
inert reference material under the same conditions. The 
voltage generated by a thermocouple placed in the reaction 
mixture was opposed by that of a thermocouple in the 
reference material and the differential voltage was recorded 
as a function of time. The relative carburization rate was 
measured in millivolts as the peak of this differential 
voltage-time curve. A rapid heating rate was used to cover 
the 800" to 1400" C. temperature range over which the 
reaction takes place in order to minimize annealing of the 
metal powder during the reaction. 

Apparatus. The carburization cell was designed to fit 
an existing horizontal tube furnace. An iron tube 2 feet 
long extended from an alumina furnace tube, 2 feet long 
by 2 inches I.D., which carried a stream of hydrogen gas. 
The current through the molybdenum heating element was 
controlled manually by a variable reactance transformer 
and temperature measurements were made with an optical 
pyrometer. 
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Figure 1. Carburization cell 

The cell was constructed by drilling a '/,-inch diameter 
carbon bar as shown in Figure 1 and then sawing it in 
two. A carbon baffle was permanently attached to the top 
half of the cell by a carbon rod 8 inches long and 3/, 

inch in diameter. The parts of the cell were held together 
by -inch-diameter carbon dowels. After initial assembly 
the cell and baffle were sanded to slide freely through the 
furnace tube. All parts were marked to assure exact re- 
assembly and the right side of the cell and thermocouple 
were always used for the reference material. Platinum- 
platinum 1 3 7  rhodium thermocouples of 20-mil wire 37 
inches long were used. The thermocouple protection tubes 
were of mullite, 12 inches long by 7 mm. in O.D. Porcelain 
collars were cemented into place 3 %  inches from the 
closed ends, and the open ends were sealed to extension 
tubes of IO-mm. borosilicate glass 2 feet long. Double-hole 
porcelain insulators 5 mm. O.D. by 36 inches long were 
used. The differential voltage was recorded on a Brown 
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Dynamaster having a full scale range of 10 mv. a t  a chart 
speed of 5 minutes per inch. 

Procedure. The tungsten powder samples were mixed with 
10% by weight of carbon black, milled for 6 hours using 
tungsten rods as the grinding media, and tested under 
conditions of equal mass and density. The open carhuriza- 
tion cell was fastened to the cover and 35.00 grams of the 
powder mixture was compressed to 10-ml. volume into the 
left cavity by the steel plunger using hand pressure. The 
right cavity was similarly filled using the standard reference 
mixture of tungsten carbide and 4% by weight of carbon 
black. The carbon bushings were then inserted on top of the 
charges, the cell top was fastened in place, and the 
thermocouple tubes were inserted. Fizure 2 shows the 
assembled cell 

Figure 2. Assembled carburization cell 

The filled cell was inserted into the furnace-tube extension 
positioned for 15 minutes a t  the cold end, where air 
moisture could he eliminated a t  300" C. in the stream 

hydrogen. Sliding the cell further into the furnace then 
a range of annealing temperatures. A Brown potentio- 

meter was used to measure the annealing temperature, and 
borosilicate tubes were marked so that the position of 
cell in the furnace tube could be readily duplicated. 
cell was then pushed to the center of the heated zone 
the differential curve was recorded. Figure 3 shows 

typical differential curve and heating curves for both 
sample and the reference material. The time required 

reach the peak differential voltage was of the order of 
minutes for a 300" C. anneal and only 2 minutes when 

cell was heated to 750" C. before insertion into the 
temperature zone. After 2 or 3 minutes more, when 

differential voltage had dropped to a low value, the 
was withdrawn into the low temperature zone for 

cooling before removal from the furnace. 
Triplicate determinations made with a furnace wall 

temperature range of 1410" to 1425" C. and 45 minute 
annealing a t  750" C:gave values of 3.13, 3.15, and 3.15 
my. for a standard deviation of only 0.01 mv. However, 

temperature could not be controlled so closely over 
long periods. Actual furnace temperature varied from 

Figure 3. Typical heating rate curves 
A Reference 
8. Sample 
c Differentio' 

1405" to 1440" C. and the annealing temperatures varied 
over a 50" range. Duplicate determinations were made for 
each sample and the average values taken. The maximum 
difference observed in duplicate runs on 8 samples was 
0.07 mv. with an average of 0.03 mv. I t  was considered 
that there was significant difference between samples when 
the average of duplicate determinations differed by 0.10 
mv. or more. 

Results. Table I characterizes four tungsten powders of 
fine grain size and high purity. Powder 1 was known to 
have produced tungsten carbide cemented with 3% of cobalt 
having a high hardness of 92.0 Rockwell A. Powders 2 
and 2a were very similar to powder 1 in physical charac- 
teristics, but were not considered as suitable for making 
this grade of tungsten carbide. 

Powder 1 carburized more rapidly than powder 2, hut 
this order was reversed by annealing, as  shown in Table 11. 
The carburization cell was held for 45 minutes a t  tempera- 
tures shown in the table before being moved into the 
1400" C. zone. The Carburization products were examined 
by x-ray diffraction. Powder 1 was completely converted 
to WC by the few minutes of heating a t  1400" C., without 
pre-annealing. Under the same conditions, the x-ray 
diffraction pattern of the carburized powder 2 showed the 
presence of W2C and W as well as WC. However, after 
annealing a t  750" C., powder 2 was also completely con- 
verted to WC by the test Carburization. X-ray diffraction 
examination of tungsten-carbon black mixtures after 45 
minutes of annealing a t  750" C. showed both WC and 
W,C to he absent, for powders 1 and 2, in agreement with 
reports that  the carburization rate of tungsten is very slow 
below 800" C. (22) .  

Table I. Tungsten Powder Characteristics 
Powder Number 

1 2 2a 3 
Precip- Paratungstate 
itated Brown Brown Blue 

Source W01.H20 oxide oxide oxide 
Fisher size, p 1.35 1.33 1.27 1.18 
Particle size, 170" 

1P 28.5 32.2 29.6 54.8 
2u 51.2 45.2 55.0 43.0 
3" 12.3 12.6 11.1 2.1 

Mean Particle diam., p 1.43 1.40 1.36 0.91 

'Weight per cent by turbidimetric sedimentation. 
'Spectrographic; impurities above 0.001%. 

Table II. Effect of Annealing Temperature on 
Carburization Rate 

Temp., * C. Powder 1, mv. Powder 2, mv. 

The relative carburization rates of a series of tungsten 
powders are listed in Table 111. Powders l a  and 2a were 
different lots of the same types as 1 and 2, respectively. 
None of the other samples carburized a t  a high rate despite 
the heat treatment. 

The effects of the heat treatment on the microcrystalline 
structures of the tungsten powders were investigated by 
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carhide is required for hardness testing. Accordingly, the 
proportion of carbon black was reduced to 6.25% for a 
samnle of nowder 2a and the carburization was carried out 

rhurization Rates of Tungsten Powders 

(Pre-anneaied at 760" C.! 
~~ ~~ ~, , ~~~~ 

Subsieve Carburization 
Source Size, P Rate, my. 

1.35 2.85 
1.34 2.91 

rown oxide 1.33 3.41 
row" oxide 1.27 3.14 
h e  oxide 1.18 2.45 
ellow oxide 1.17 2.43 
lue oxide 1.39 2.17 
rown oxide 1.24 2.53 

The  width of the 411 line was measured 
intensity, using an x-ray diffractometer 
beta radiation. Correction was made for 
broadening, hut was not attempted for 
line broadening due to lattice distortions. 
lite size was then calculated from the 

lues are shown in Table IV 

in Crystallite Size from tine Broadening 
1 2 2a 3 

0.06 0.18 0.25 0.06 
0.04 0.13 0.17 0.05 

50'C. P 0.05 0.09 0.12 0.04 

a t  1400" C:, after 45 minutes of annealing a t  750" C. The 
product was a soft grey powder which contained 6.09% of 
carbon. This was milled with 3% of cobalt powder, pressed 
into a %inch pellet, and sintered in a hydrogen furnace 
for 1 hour a t  142PC. The Rockwell A hardness of the 
pellet was 92.4, although the microstructure indicated some 
unrecrystallized tungsten carbide to he present. 

DISCUSSION 

The effect of microcrystalline structure on carburization 
kinetics are shown by the experiments with tungsten bi- 
crystals. Carban diffuses rapidly through the tungsten a t  
the 140P C. reaction temperature and tungsten carbide 
precipitates in areas where the atomic rearrangement from 
the cubic tungsten lattice to hexagonal tungsten carbide is 
easiest: grain boundaries, surface pits, and lattice defects 
within the grain. Identical phenomena have been noted for 
the carburization of some ferrous alloys (19). The large 
specific surface areas of the fine tungsten powders appar- 
ently permit carbon to dissolve in metal more rapidly than 
the tungsten carbide phase can crystallize from the metal 
a t  the test temperature. In fact, the tungsten powders of 
smaller particle size and hence of largest specific surface 
carburized more slowly than the coarser powder. 

The tungsten powders made from WO,.H,O (1 and l a )  
have an optimum grain size and small crystallite size for 
rapid carburization. The internal grain boundary surface 
area is large. Powder 3 has a similar crystallite size, hut 
smaller grain size so the internal surface area is smaller. 

reduction in crystallite size effected by 
ired due t o  increased lattice distortion. 
ly eliminates this distortion, so that the 
d he regained, a t  least in part. Powder 1 
i. On the other hand, annealing greatly 
llite size of powders 2 and 2a, even though 
tice distortion must have heen reduced. 
for polygonization, the alignment of dis- 
.uce new subgrain boundaries (8). This 
(all with powder 3. 
rain boundaries in the carburization of 
estigated on a macro scale by the use of 
Is. Rods of high purity tungsten, 0.25 cm. 
! zone refined by electron bombardment 
,ten single crystals (4) .  Some specimens 
crystals occupying the full cross section 
vere used in this work. A short section 
as deformed by bending slightly and then 
ite boat with a covering of carbon black. 
he standard heat treatment, 45 minutes 
then pushed into the 1400" C. furnace 
tes. The surface of the carburized rod 
fer the microscope discontinuous patches 
een to center a t  etch pits. The rod was 
depth of 0.1 cm. and examined metallo- 

re 4 shows a section in the interior of 
iin boundary is nearly filled by carbide 
adjoining subgrain boundaries are clear. 
section a t  the surface of the rod. Here 

ites are visible within the subgrain 
ithin the subgrains as well. 
ion rate measurements had been made 
?xcess of carbon black in order to avoid 
ns in mixing. Stoichiometric tungsten Figure 5. Carbide precipitate near surface 

Figure 4. Carbide precipitate in grain boundary 
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Powders 2 and 2a have grain sizes similar to that of powder 
1 but the crystallite size is large. After annealing it is still 
larger than that of powder 1, but the carburization rate is 
now more rapid than powder 1. The new subgrain bound- 
aries formed by polygonization are apparently more reactive 
for tungsten carbide crystallization than pre-existing 
internal surfaces. 

The temperature dependence of the microstructure of 
cold worked tungsten has been reviewed by Pugh (20). 
Polygonization, the alignment of dislocations into subgrain 
boundaries, is considered to be the major structural change 
which takes place on annealing cold worked tungsten for 
periods of the order of an hour at  700” to 800” C. At higher 
temperature subgrain growth takes place with a coarsening 
of the microstructure and a reduction of grain boundary 
area. The subgrain boundaries formed by polygonization 
may have a different structure than other grain boundaries, 
as has been demonstrated by the electron microscope 
investigation of Jones ( I O ) .  Polygonized boundaries in 
tungsten foils appeared as parallel rows or hexagonal nets 
of dislocations closely spaced a t  0.01 to 0.04 micron. 

Only powders 2 and 2a had sufficiently large crystallites 
to clearly exhibit polygonization. Size effects are common 
in the working and annealing of tungsten wires. (24) .  
Opinsky has studied the microstructure of tungsten wires 
and found that the crystallite size could not be reduced 
below 0.03 microns by cold deformation ( Id) .  The size 
of polygonized subgrains depends also on the amount of 
cold work absorbed. Thus, for slightly bent molybdenum 
crystals polygonization produced subgrains 3 to 4 microns 
in diameter (2). The subgrains produced in powder 2 were 
of the order of 0.1 micron. Powders 1 and 3 already had 
mean crystallite sizes of the order of 0.06 micron, so that 
the formation of 0.1 micron subgrains by polygonization 
was impossible. Dislocations presumably migrated to 
existing boundaries in these cases. 

Powders 1 and 3 were apparently not plastically deformed 
by milling because of their small crystallite sizes. Petch 
has related the minimum shear stress for plastic flow to 
grain size (17). However, Koo found that the lower yield 
stress for tungsten wires was a function of crystallite size 
rather than grain size (12).  The application of a shear 
stress greater than the critical value moves dislocations 
along their glide planes resulting in plastic deformation. 
Interaction of the moving dislocations produces new dis- 
locations in great number by regenerative multiplication 
mechanisms (7). Polygonization aligns some of these 
dislocations into new subgrain boundaries while their total 
number is greatly reduced, since positive and negative dis- 
locations cancel each other. The carburization rate would 
be decreased by polygonization if diffusion of carbon 
through the metal was rate controlling. Dislocations 
provide routes for rapid diffusion. The observed rates show 
that the carburization of fine tungsten powders a t  1400” C. 
is a structure-sensitive reaction which is not diffusion 
controlled. 

The results of Pirani and Sandor are different from those 
of this investigation because of the great difference in 
materials. The prior investigators carburized arc melted 
tungsten beads of very low specific surface and large crystal 
size. Once the surface was covered with tungsten carbide, 
presumably after the few grain boundaries were saturated, 
diffusion through the surface layer was rate controlling. 
The crystal habit of the tungsten carbide will also depend 

on its crystallization site. Surface reaction produces 
columnar grains while the carbide formed at  grain boun- 
daries has a laminar structure. 

The reputed high hardness of cemented tungsten carbide 
produced from powder 1 is presumably due to the small 
crystallite size of the carbide resulting from the rapidity 
of the carburization reaction. Such tungsten carbide would 
be exbected to react rapidly with liquid cobalt during the 
cementing operation. Introduction of the annealing step 
makes possible the production of similar carbide from 
powder 2 .  Dawihl noted that tungsten powder made from 
WOI.HLO carburized completely in 15 minutes a t  1400” C., 
while 30 minutes were required for tungsten powder made 
from the paratungstate, but he did not investigate the 
effects of heat treatment on the carburization rates. 
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