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Summary:

The thermodynamics of the quaternary hydrogen-carbon-oxygen-tungsten
system and its binary and ternary sub-systems are reviewed. Published
thermodynamic data are evaluated, and expressions for free energies of
formation are chosen. These expressions are integrated with an equilibrium-
calculating algorithm, producing a powerful tool for understanding and
improving the manufacture of tungsten and tungsten carbide. Three
examples are presented: reduction/carburization of tungstic oxide with
hydrogen, carbon, and methane.
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1. Introduction
The manufacture of tungsten requires an understanding of the
thermodynamics of systems containing it. To quote Don Parsons (1),

"In order to study... the reduction reactions for the various tungsten
oxides with hydrogen, it was first necessary to determine what the
stable oxide compositions were. ... Next, it was necessary to study
the thermodynamic quantities, especially the free-energy change,
and the equilibrium constant for each of the reduction reactions.
This was to show if any thermodynamic limitations were involved in
the reduction reactions."

Similarly, the manufacture of tungsten carbide depends on the
thermodynamics of systems containing its constituent elements.
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Capable reduction and carburization processes have been designed with
knowledge of the binary O-W and C-W systems. Carbothermal reduction is
more challenging. It requires understanding the ternary C-O-W system.
However, no comprehensive summary of the quaternary H-C-O-W system
has been published. By considering tungsten and oxygen together with both
hydrogen and carbon, we gain the ability to compare independent reducing
and carburizing tendencies and to calculate equilibrium compositions when
alternate reductants/carburizers, such as methane, are used.

The interplay between four components and the existence of multiple oxides
and carbides represent complexities not easily handled by commercial
software. After some disappointing results, the present work was undertaken.
The goal was to develop a thermodynamic model of this quaternary system
(and/or any of its sub-systems) and then demonstrate its utility in process
research & development.

To do so, published thermodynamic data for tungsten-containing sub-systems
will first be reviewed and evaluated. This is followed by a brief introduction to
the predominance area diagram and the Boudouard equilibrium. Then three
examples will be presented and discussed: reactions of tungstic oxide with
hydrogen, carbon, and methane.

2. Carbon-Tungsten System
Several tungsten carbides have been reported in the literature, but only two -
WC and W2C - are important industrially. Gupta (2), Knacke (3), and Worrell
(4) all report thermodynamic data for this system. They draw on experiments
involving equilibration with carbon-containing systems ranging from H2-CH4 or
CO-CO2 gases to Fe-C rods. Their free energies can be converted into
phase diagrams, plotting stable phases as functions of temperature and
composition, for a fixed pressure. Qualitatively, all three resulting diagrams
are similar: W2C is stable at high temperatures, but it should decompose into
W and WC below a certain point.

Worrell's numbers result in a temperature of 1327°C. Gupta's give 1339°C,
though they claim 1302°C in their paper. Massalski (5) reports a value of
1250°C. Knacke's numbers are clearly unacceptable for two reasons: they
give 446°C as the W2C minimum, and they predict that WC will decompose
into W2C and C above 1370°C. As Worrell's free energy formulations most
closely approximate Massalski's phase diagram, they are adopted here.
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Conversion of his formulas to metric units results in the following expressions
for the standard free energies of formation (AGf) for W2C and WC:

W2C (s): AGf [J/mol] = - 26778 - 4.184 T [K] [1 ]

WC (s): AGf [J/mol] =-40166+ 4.184 T[K] [2]

Figure 1 plots the phase diagram as carbon activity (ac) vs. temperature. The
plot shows that higher carbon activities are required to maintain WC stability
as the temperature rises. W2C appears as a mere sliver between W and WC
at high temperatures.
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Figure 1: C-W Equilibrium at 1 atm

Gaseous elemental carbon and tungsten are neglected on the grounds that
their vapor pressures do not reach 1 mm Hg (0.0013 atm) until 3586 and
3990°C, respectively (6), so they are of no significance at the temperatures
encountered in manufacturing. No data was available for tungsten carbides,
but they would have even lower vapor pressures.

3. Oxygen-Tungsten System
Tungsten has multiple oxides as well. Four have been known since Magneli's
1952 paper (7): WO2, W18O49, W20O58, and WO3. The middle two are often
called WO272 and WO29, according to their O:W ratios. In fact, there are four
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known modifications of WO3, entire series of WnO3n-i and WnO3n_2 "blue"
oxides, and a W24O68 = WO283 phase (5), but their free energies remain
somewhat mysterious. Single WO3 and WO2.9 phases suffice in a
thermodynamic model, provided the user keeps in mind that things are
somewhat "blurry" in-between.

In addition, a debate has raged over the nature of so-called "(3-tungsten."
Some claim it is an oxide (8), while others contend that it is a metallic
allotrope (9). Regardless of the true nature of the compound, it is generally
accepted that it is not a thermodynamically stable phase. Consequently, it is
excluded from consideration here.

Numerous reports on free energies in this system have employed combustion
calorimetry, equilibration with H2-H2O and CO-CO2 gaseous buffers, and
partially stabilized zirconia solid electrolytes as investigative methods. Most
of the resulting O-W diagrams are similar. WO2 has an upper temperature
limit for stability; WO272 and WO2.g have lower limits. WO3 (in some form) is
stable from room temperature to melting.

Massalski (5) based his O-W phase diagram on the work of St. Pierre (10)
and Phillips & Chang (11), but Tikkanen (12) was the only source to have
evaluated the data from both St. Pierre and Rizzo (13), one of the most
promising solid electrolyte studies. Rizzo's data is actually less questionable
than St. Pierre's because the latter reported inhomogeneities in the powder
samples used and had to extrapolate further to estimate the invariant
temperatures. For these reasons, Tikkanen's data is used here:

WO2 (s,l): AGf [J/mol] = - 575940 + 169.9 T [K] [3]

WO2.72 (s): AGf [J/mol] = - 765440 + 220.7 T [K] [4]

WO29 (s): AGf [J/mol] = - 821752 + 244.8 T [K] [5]

WO3 (s,l): AGf [J/mol] = - 851618 + 257.7 T [K] [6]

Once again, Knacke's data disagrees with all other published reports.

Figure 2 plots the resulting phase diagram as oxygen partial pressure (P02)
vs. temperature.
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Figure 2: O-W Equilibrium at 1 atm

The plot shows that tungsten metal can exist at higher oxygen pressures as
the temperature rises. All of the lower oxides lie in a thin band between W
and WO3. WO2 decomposes at temperatures in excess of 1479°C. WO2.72
and WO2.9 are unstable below 562°C and 288°C, respectively. (Tikkanen
obtained slightly different invariant temperatures because of minor differences
in assumed stoichiometries.)

Gaseous tungsten oxides exist at high temperatures and oxygen partial
pressures, but they are of little significance in the manufacture of tungsten
and tungsten carbide powders.

4. Other Tungsten-Containing Compounds
Tungsten oxide hydrate, WO2(OH)2, also called tungstic acid and written
H2WO4 (g), is the only stable ternary H-O-W compound of any importance. It
forms when water reacts with tungsten-containing solids, like WO3. This is
the species responsible for the chemical vapor transport (CVT) and particle
coarsening in hydrogen-reduced tungsten powders (14).

Knacke is the only source of thermodynamic data for H2WO4. He uses a four
constant Shomate equation for the heat capacity, plus enthalpy and entropy
integration constants. His data also differ in that they are not presented as
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free energies of formation, so subtraction of the constituent elements is
necessary. They fit the general equation,

AG f
2000 T 6x10b

where the temperature, T, must be in degrees Kelvin [K]. For H2WO4 (g), the
constants H+, S+, a, b, c, and d equal -922.045, -364.943, 22.649, -7.344,
-2.913, and 1.867, respectively.

Tungstic acid warrants mention (P>10~6 atm) above 700°C and consideration
(P>10~3 atm) above 1000°C. Lower oxides and carbides also exert significant
H2WO4 pressures at elevated temperatures. They consume oxygen, and
carbides liberate carbon upon H2WO4 formation.

The only C-O-W compound with reliable published thermodynamic data is
tungsten hexacarbonyl, W(C0)6, which is neither stable nor important under
normal manufacturing conditions. No stable H-W or H-C-W compounds have
even been reported.

5. Hydrogen-Carbon-Oxygen Gases
In addition to tungsten-containing compounds, methane, carbon monoxide,
carbon dioxide, and water can form from hydrogen, carbon, and oxygen in the
H-C-O-W system. Knacke's numbers compares well with tabular values from
NIST, so equation [7] is used with the constants listed in Table 1. Some
compounds are listed twice because they or their constituent elements have
different fits over different temperature ranges.

Species
a
b
c
d
H+

S+

T[K]

Table 1 Free Energies of
CH4(g)

-41.94
31.535
0.078
-1.029

-63.495
149.203
<1100

-66.266
70.04
3.095

-18.414
-49.577
288.967
>1100

Formation: H-C-0 Gases
CO(g)

16.276
-39.7395

-0.042
17.8935
-113.914

7.419
<1100

-8.05
-1.2345
2.975
0.5085

-99.9955
147.183
£1100

CO2 (g)
^21.865
-41.049
-1.139
18.402

-402.196
-116.654

<1100

-2.461
-2.544
1.878
1.017

-388.278
23.11
>1100

_H2PJgJ_
-7.083
1.0165
-0.436
0.5085

-241.254
-6.842

all
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6. Predominance Area Diagrams
Base & Sale (15) present a "Kellogg (predominance area) diagram" for the
carbon-oxygen-tungsten system with log (ac) on the ordinate axis and
log (P02) on the abscissa. The diagram shows which tungsten-containing
phases are stable as a function of carbon activity and oxygen partial
pressure. Switching the axes results in plots like Figure 7. The system
pressure (1 atm) is the physical limit on P02, though it is far from the graph
maximum. Graphite stability at ac=1 represents the upper limit on carbon
activity. Oxide-oxide equilibria involve only P02, so they appear as horizontal
lines. Carbide-carbide equilibria involve only ac, so they appear as vertical
lines. Oxide-carbide equilibria involve both, so their lines are sloped,
according to the stoichiometries of the compounds involved.

The basis for this diagram is the Gibbs Phase Rule, which states that the
degrees of freedom, F, available in specifying a system, is related to the
number of components, C, and phases, P, therein:

F=C-P+2 [8]

For a three component system, like C-O-W, a single phase can exist over a
range of both variables. Co-existence of two phases restricts the system to
one of the lines, and co-existence of three fixes it at an intersection.

7. Boudouard Equilibrium
Carbon and oxygen may react to form carbon monoxide and/or carbon
dioxide gases. Their combinations exert both an effective oxygen partial
pressure and an effective carbon activity:

2 CO (g) + O2 (g) = 2 CO2 (g) [9]

2 CO (g) = C (s) + CO2 (g) [10]

This link between ac and P02 is known as the Boudouard equilibrium. It, too,
can be plotted on a log-log plot, such as in Figure 3. Three curves are plotted,
spanning total pressures that vary by four orders of magnitude. They are
qualitatively similar, downward-sloping lines with knees yielding steeper
slopes at the bottom right. Dashed guide lines are also included, indicating
the limiting cases of pure CO2 (slope of -1 in the upper left at high P02 & low
ac) and pure CO (slope o f -2 in the lower right at low P02 & high ac).



654 HM86 G.K. Schwenke
15" International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 2

The trend with pressure is also significant: the curves shifts towards the left
(not down) as the total pressure decreases. This fact is evident is the
positions of the "knees." The reason for this behavior is that the oxygen
partial pressure (equation [9]) depends on the ratio of PCo2 to Pc<> The total
pressure cancels out. The carbon activity (equation [10]), however, is
proportional to p£o/Pco2- Total pressure does not cancel out; carbon activity
is proportional to it.
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Figure 3: Boudouard Equilibrium at 1227°C

Dilution of CO-CO2 mixtures with other gases has the same effect as
decreasing the total system pressure, that is, lowering the carbon activity.
Inert gases do only that, shifting the curve leftwards. Reactive gases change
both ac and P02 because the amounts of CO and CO2 change. Three
asterisks are plotted in Figure 3. One corresponds to one mole of CO and
one mole of CO2, a second when 198 moles of argon have been added, and
a third with approximately 198 moles of hydrogen. Argon simply reduces ac -
just as if the total pressure of the CO-CO2 system was 0.01 atm. Hydrogen
raises the carbon activity and lowers the oxygen partial pressure, but they still
lie on the 0.01 atm Boudouard curve. No matter what other gases co-exist
with CO-CO2, the resulting ac and PO2 are related by the Boudouard
equilibrium curve, drawn at a total pressure equal to Pco+Pco2-
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Boudouard equilibrium curves may be superimposed on predominance area
diagrams. These reactions are more temperature sensitive than those
involving tungsten-containing solids, so as the temperature rises, the
Boudouard curve appears to sink leftwards and lower.

8. Model Details
Before presenting sample equilibrium calculations, it is necessary to mention
a few modeling details. Some compromise is necessary in balancing model
breadth and simplicity. Some tungsten carbides and oxides have
temperature limits discussed in the preceding sections. In addition, some
gaseous species may be neglected at certain temperatures. H2WO4 has
been discussed above. In addition, CO is unimportant below approximately
327°C. CH4 can be neglected above 1427°C. Between these temperature
limits, a four component (H-C-O-W) system containing thirteen or fourteen
possible species (WO3, WO29, WO272, WO2, W, W2C, WC, C, H2, H2O, CO,
CO2, CH4, and perhaps H2WO4) may be specified by nine or ten independent
reactions.

Reactions are chosen in a manner which most easily permits definition of
stability regions on predominance area diagrams. Most involve two adjacent
phases and oxygen or carbon directly. Four reactions are possible among
the oxides, and two between the carbides, leaving four more involving gases
and solid carbon.

To carry out the calculation, a program was developed using Matlab™. It
consists of separate H-C-O, solid C-O-W, and gaseous W modules.
Tungsten-containing phases are assumed, the necessary carbon and/or
oxygen are subtracted from the system, and equilibrium is computed in the
remaining H-C-0 system. If the carbon activity and oxygen pressure so-
determined fall within the stability region of the phase(s) assumed, a solution
has been found. If not, iteration continues with a new guess. Condensed
phases are assumed to have unit activities, and gases are assumed ideal.

9. Results
Three sample cases are presented below: reduction/carburization of WO3

with 3 H2, 3 C, and CH4. Table 2 lists tabular results for temperatures in
intervals of 100°C. Figures 4-6 display similar results graphically.
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Table 2: Results
T[°C]

500

600

700

800

900

1000

WO3 + 3 H2

WO2

2 H2 + H2O

WO2

2 H2 + H2O

WO2

2 H2 + H2O

WO2

2 H2 + H2O

0.93 WO2

0.07 W
4.4x10"5H2WO4

1.87 H2 + 1.13 H2O

0.82 WO2

0.18W
3.0x10-4H2WO4

1.63 H2 + 1.37 H2O

WO3 + 3 C
WO3 + 3 C

WC + 0.28 C

0.43 CO + 1.28 CO2

WC

CO + CO2

0.01 WO2

0.99 WC

1.03 CO + 0.98 CO2

0.09 WO2

0.91 WC

1.35 CO + 0.74 CO2

0.62 W
0.38 WC

2.24 CO + 0.38 CO2

WO3 + CH4

0.70 WO2 9
0.30 WC + 0.07 C
0.59 H2 + 0.56 H2O
0.04 CO + 0.18 CO2

0.42 CH4

0.49WO272
0.51 WC

H2 + 0.90 H2O
0.13 C O + 0.31 CO2

0.05 CH4

0.61 WO2

0.39 WC
1.15 H2 + 0.84 H2O

0.28 CO + 0.33 CO2

0.01 CH4

0.67 WO2

0.33 WC
1.27 H2 +0.73 H2O

0.41 CO + 0.26 CO2

9.8x10"4CH4

0.46 WO2

0.54 W
2.9x10"5H2WO4

1.26 H2 +0.76 H2O
0.67 CO + 0.33 CO2

1.3x10"4CH4

0.37 WO2

0.62 W
2.0x10"4H2WO4

1.09 H2 +0.91 H2O
0.66 CO + 0.34 CO2

1.2x10"5CH4
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T[°C]

1100

1200

1300

1400

Table 2:
WO3 + 3 H2

0.71 WO2

0.28 W
1.5x10"3H2WO4

1.43 H2 + 1.57 H2O

0.62 WO2

0.37 W
0.01 H2WO4

1.26H2 + 1.73 H2O

0.52 WO2

0.45 W
0.02 H2WO4

1.11 H2 + 1.86 H2O

0.40 WO2

0.54 W
0.06 H2WO4

0.98 H2 + 1.95 H2O

Results - Continued
WO 3 +3C

0.87 W
0.13 WC

2.75 CO + 0.13 CO2

0.96 W
0.04 WC

2.92 CO + 0.04 CO2

0.99 W
0.01 WC

2.97 CO + 0.01 CO2

0.99 W
0.01 W2C

2.99 CO + 0.01 CO2

WO3+CH4
0.30 WO2

0.70 W
1.0x10"3H2WO4

0.96 H2+ 1.04 H2O
0.65 CO + 0.35 CO2

1.4x10"6CH4

0.23 WO2

0.76 W
4.2x10"3H2WO4

0.84 H2 + 1.15 H2O
0.64 CO + 0.36 CO2

0.16 WO2

0.82 W
0.01 H2WO4

0.74 H2 + 1.24 H2O
0.63 CO + 0.37 CO2

0.08 WO2

0.88 W
0.04 H2WO4

0.66 H2 + 1.60 H2O
0.62 CO + 0.38 CO2

10. Discussion
These results demonstrate a number of trends relevant to the reduction/
carburization of tungsten oxides with hydrogen, carbon, or both.

10.1 Feed Stoichiometry
First is the observation that these three feed stoichiometries never result in
complete reduction to pure tungsten. Instead, mixtures of W+W02, W+WC,
or W+W2C result. More hydrogen, less carbon, or more methane would be
needed, as shown in Table 3.
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Figure 6: WO3 + CH4 @ 1 atm

Table 3: Feeds Needed to Obtain Pure Tungsten
Reductant
WO3

wo3
W03H

+ a H2

+ bC
-cCH 4

900°C
a > 7.94

Not Possible
1.45 < c < 1.73

2
1

1000
a > 6

.25 <b

.34 <c

°C
.59
<2
<2

.61

.41
2.
1

1100°C
a > 5.73

23 < b < 2
26 < c < 2

.87

.78

10.2 Threshold Temperatures
Table 3 reveals that pure carbothermal reduction to tungsten metal is not
possible at 900°C. This reaction has a threshold temperature of 921 °C, a
result close to Kimmel's 878°C value (16). Threshold temperatures arise
when gaseous products of reaction would be unstable until a certain
temperature is reached. Stated differently, they are the temperatures where
the Boudouard equilibrium curve crosses the line(s) on the predominance
area diagram representing the reaction of interest.

Figure 7 plots the predominance area diagram for tungsten at 900°C with the
Boudouard curve superimposed. Note that the entire W field lies below and
to the left of it. The equilibrium state of the system must lie on the Boudouard
curve. As conditions change from oxidizing/de-carburizing to
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reducing/carburizing, WO2.72, then WO272+WO2, WO2, WO2+WC, WC, then
WC+C are stable. Elemental tungsten never is. (WO3, WO3+WO2.9j WO29,
and WO2.9+WO2.72 would lie off the scale towards the upper left.)

10
-12

WO3

10
-14

WO2.9

10 aC 1010

Figure 7: Combination Diagram for W at 900°C and 1 atm

The onset of carbothermal reduction has a similar threshold temperature. At
atmospheric pressure, WO3 and C cannot react until 506°C (where the
Boudouard curve first intersects the WO3-WO29 line). Reduced pressures (or
dilution with inerts) lowers this temperature. Other reactions between carbon-
containing and oxygen-containing compounds have similar thresholds.

Hydrogen reduction has no such limits, as the gaseous product (water) is
stable at all temperatures. Thus, reduction with hydrogen or methane can
begin at much lower temperatures.

For reduction with methane, it is also important to consider its tendency to
soot. Table 2 and Figure 7 predict the presence of solid carbon up to
T^477°C. Dilution with hydrogen would be necessary to avoid sooting.

With these sample cases presented and analyzed, one can see that this
thermodynamic model of the HCOW system is indeed a powerful tool. It can
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optimize feed stoichiometries for the phase(s) of interest, predict reaction
threshold temperatures, reveal trends in the stability of reactants and
products, and identify inherent process limitations. With free energy data on
the oxides and carbides of other metals, the approach presented here may be
extended as well.

Even so, this model forms just the beginning of a rigorous model of any real
process. Thermodynamic equilibrium tells what the system wants to do, not
necessarily what it does. Kinetic factors control gas diffusion, heat transfer,
reaction rates, and completion times. Process conditions are often
compromises between thermodynamic driving forces and rates of transport
phenomena.
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