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ABSTRACT

Thermodynamic properties of tungsten carbide, W,C, 433, have been derived from heat
capacities measured by adiabatic calorimetry in the range 10-1000 K on a sample rich in this
phase. The standard entropy of W,C, ¢33 was found to be 75.80 J K~ ! mol~! at 298.15 K and
159.8 J K™! mol ™! at 1000 K. Thermodynamic formation values for W,C, g3, were deduced
from the reported coexistence of this phase with tungsten and tungsten monocarbide at about
1550 K.

INTRODUCTION

The thermodynamic properties of ditungsten carbide are mainly based on
estimates, with the exception of the value of the enthalpy of formation at
298 K derived by Mah [1] from combustion calorimetry. W,C is unstable at
ambient temperature, but is retained in different structural forms depending
on quenching and other conditions. The tungsten atoms are hexagonally (or
pseudohexagonally) close packed and the carbon atoms are in octahedral
interstices. The arrangement was originally reported to be of the anti-
Cd(OH), type [2], while in more recent studies both the &-Fe,N- and the
{-Fe,N-type arrangements have been found. Thus, in an X-ray and neutron
diffraction study Yvon et al. [3] reported the former type of arrangement in
samples quenched from 2670 K, but with randomization of some of the
carbon atoms. The site occupation was studied in detail by Héarsta et al. [4]
for samples heat treated for 30-50 h at 1920 K before quenching, and was
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studied more recently for arc-melted material by Lonnberg et al. [5]. In an
earlier study by Rudy and Windisch [6] the orthorhombic (pseudohexagonal)
{-Fe,N-type structure was observed in W,C samples quenched from above
2300 K.

The value of the enthalpy of formation obtained by Mah [1],
A H®(W,C, 298 K) = —(26.4 + 2.5) kJ mol~!, was determined by combus-
tion calorimetry on a W,C sample containing about 2 wt% WC and 3 wt%
W. The value superseded the earlier estimate by Krikorian [7] of —(46 + 17)
kJ mol~'. Krikorian also estimated S (W,C, 298 K)=81.6 J K~ mol ™!
and a heat-capacity equation for use from ambient to melting temperature.
The thermodynamic tables by Schick [8], Barin et al. [9] and Pankratz et al.
[10] were based on these estimates. This study was carried out to provide a
better basis for the thermophysical properties of the ditungsten carbide
phase.

EXPERIMENTAL
Sample

The tungsten carbide sample was placed at our disposal by AB Sandvik
Coromant, Sweden. It was obtained by very rapid quenching of a tungsten
carbide melt in order to prevent disproportionation of W,C,__ into WC + W
below about 1520 K [11]. According to the analysis provided, the sample
contained (in mass %): C(total), 4.02; C(uncombined), 0.21; Fe, 0.29; O,
0.050; Cr, 0.035; Ni, 0.017; N, 0.01. Other elements were less then (in p.p.m.
by mass): Mo, 40; Si, 25; Ti, 20; Mn, 20; Zn, 20; As, 20; Co, 15; Al, 15; Ca,
10; Pb, 10; Cu, 10; V, 10; Sn, 5; Bi, 2; Mg, 2. The crystalline grey—black
sample had grain sizes between 110 and 160 pm.

X-ray powder diffraction photographs were taken in an 80 mm diameter
Guinier camera with Cu Ko, radiation with silicon as a calibration sub-
stance (a(293 K) = 543.1065 pm [12]). The sample consisted of a mixture of
hexagonal W,C and hexagonal WC. Unit cell dimensions derived by a
least-squares method were W,C,_ : a=517.90(10) pm and c=471.87(8)
pm; WC: a = 290.18(5) pm and ¢ = 283.40(7) pm (the numbers in parenthe-
ses indicate one standard deviation in terms of the last digits).

The value of the a axis for the W,C,_, phase refers to the e-Fe,N-type
cell orientation with a =a’3'/2 The lattice constants are slightly smaller
than those reported by Héarsta et al. [4]: a = 518.52(4) pm and ¢ = 472.32(5)
pm for a sample with composition W,Cgggy, and a = 518.33(5) pm and
¢ =472.32(5) pm for W,C;gcq,- The results of Lonnberg et al. [5] were
a=518.092) pm and c=472.16(4) pm for a sample with composition
W,Cy s44015)- The composition dependence of the lattice constants was studied
earlier by Rudy [13]. He obtained values of a=a’3"?=517.0 pm and
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¢ = 471.6 pm for W,C55,, and @ = 519.6 pm and ¢ = 472.1 pm for W,C; g.
Thus, the composition of the W,C, _ , phase in the present sample appears to
be about W,C,¢,, which is remarkably close to the stoichiometry W,,C; or
W,C, 533, which will be used here.

Iron is the major foreign element in the sample. It is not known whether it
is dissolved in the tungsten carbides or exists as an iron carbide. The
elemental carbon presumably stems from the graphite crucible and not from
the decomposition of the metastable W,C phase. Neglecting other impuri-
ties, assuming stoichiometry for WC, and that iron is present as Fe,C, the
mass fractions of the phases are: W,Cg;,3, 0.6638; WC, 0.3310; Fe,C,
0.0031; C(gr), 0.0021.

Calorimetry from 5 to 350 K (University of Michigan)

The Mark X cryostat and adiabatic method employed have been de-
scribed [14]. A gold-plated copper calorimeter (W-139, which incorporates a
gold-gasketed screw closure and copper vanes) with a volume of 22.72 cm’
was used. Helium gas was added to the sample space (4.6 kPa at 300 K) to
enhance thermal equilibration. The calorimeter was surrounded by a shield
system provided with automatic temperature control. Temperatures were
measured with a capsule-type, strain-free, platinum resistance thermometer
(laboratory designation A-5), located in a central re-entrant well in the
calorimeter. The programming, data logging and calorimetry were com-
puterized, as described elsewhere [15].

Calorimetry from 300 to 1000 K (University of Oslo)

The calorimetric apparatus and measuring techniques have been de-
scribed elsewhere [16]. The calorimeter was intermittently heated and sur-
rounded by electrically heated and electronically controlled adiabatic shields.
The substance was enclosed in an evacuated and sealed vitreous silica tube,
with a volume of about 50 c¢cm®, which was tightly fitted into the silver
calorimeter. A central well in the tube served for the heater and platinum
resistance thermometer.

Calibrations and adjustments

The platinum resistance thermometer for the low-temperature calorimeter
was calibrated by the U.S. National Bureau of Standards and that for the
high-temperature calorimeter was calibrated locally, at the ice, steam, zinc
and antimony points. Temperatures were judged to correspond to IPTS-68
to within 0.02 K from 4 to 350 K, to within 0.05 K from 350 to 900 K, and
to within 0.1 K at 1000 K. All determinations of mass, electrical potential,
resistance, etc. were measured with reference to instruments calibrated by
the U.S. National Bureau of Standards.
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The heat capacities of the empty calorimeters were determined in a
separate series of experiments. They represented less than 35% of the total in
the case of the low-temperature calorimeter, and about 60% in the case of
the high-temperature calorimeter.

Small adjustments were applied for temperature excursions of the shields
from the calorimeter temperature and for “zero drift” of the calorimeter
temperature. Further small corrections were applied for differences in masses
of the gold gasket, helium gas and Apiezon-T grease for the low-temperature
calorimeter and for differences in mass of the vitreous silica containers for
the high-temperature calorimeter. The mass of sample used was 195.92 g in
the low-temperature calorimeter and 319.20 g in the high-temperature
calorimeter. The buoyancy correction was made on the basis of an estimated

density of 17.0 g cm ™2,

RESULTS

The experimental values of the specific heat capacity of the tungsten
carbide are given in Table 1 in chronological order. Smoothed heat capaci-
ties were obtained by fitting one set of orthogonal polynomials below 50 K,
one from 50 to 300 K and one from 300 to 1000 K. Up to 300 K,
polynomials of order 9 were selected, and above 300 K of order 6. The
resulting standard deviations in the three regions were 0.2%, 0.2% and 0.3%,
respectively.

The smoothed specific heat capacity of the sample was corrected for the
presence of 0.3310 g WC, 0.031 g Fe,C and 0.0021 g elemental carbon. For
WC, the results of Andon et al. [17] were used in the subambient tempera-
ture region. In the higher temperature region the heat capacity equation
derived by Uhrenius [18] from the DSC results of Andon et al. [17] and the
drop calorimetric results of Chang [19] and Levinson [20] was used:

— - _ -3 -6 2
C,(J K" mol™') = 40.777 + 12.418 X 10~ *(T/K) — 2.1146 X 10~¢(T/K)

—-761.9 X 10*(K/T)*

The heat-capacity results of Seltz et al. [21] and Mazur and Zacharko [22]
in the low-temperature region were bridged from 20 to 68 K by the Debye
limiting equation, C, = aT?, with g evaluated from the average value at 15
and 20 K, and data between 35 and 65 K obtained from the equation [21]

C,=~C,=3D(360/T) + D(1000/T)

In the high-temperature region the heat capacity of Fe,C was taken from
the compilation by Hultgren et al. [23]. The uncombined carbon was
corrected for with the use of published values for graphite [24,25].
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TABLE 2
Thermodynamic properties of ditungsten carbide W,C 513
T Co.m S~ Smo Hy —H72, (G, —HZ)/T
(K) (K !mol™h (JK mol™ (Jmol™ 1y (Jmol™h)
0 0 0 0 0
5 (0.025) (0.015) (0.033) (0.008)
10 0.141 0.060 0.400 0.020
15 0.430 0.168 1.784 0.0495
20 1.082 0.367 5.309 0.1014
25 2.456 0.741 13.824 0.1882
30 4.552 1.365 31.079 0.3286
35 7.136 2.256 60.156 0.5371
40 9.946 3.391 102.81 0.8206
45 12.82 4.728 159.72 1.179
50 15.71 6.229 231.06 1.608
60 21.26 9.602 416.93 2.654
70 25.93 13.24 653.60 3.904
80 29.78 16.96 932.81 5.304
90 3293 20.66 1246.9 6.806
100 35.51 . 2427 1589.5 8.372
110 37.68 27.76 1955.8 9.978
120 39.56 31.12 23422 11.60
130 41.23 34.35 2746.3 13.23
140 42.76 37.46 3166.3 14.85
150 44.19 40.46 3601.1 16.46
160 45.54 43.36 4049.8 18.05
170 46.83 46.16 4511.7 19.62
180 48.05 48.87 4986.2 21.17
190 49.20 51.50 5472.4 22.70
200 50.28 54.05 5969.8 24.20
210 51.30 56.53 6477.8 25.68
220 52.26 58.94 6995.6 27.14
230 53.18 61.28 75229 28.57
240 54.08 63.56 8059.2 29.98
250 54.95 65.79 8604.3 31.37
260 55.80 67.96 9158.0 32.74
270 56.62 70.08 9720.2 34.08
280 57.42 72.15 10290 35.40
290 58.16 74.18 10868 36.70
298.15  58.66 75.80 11345 37.75
300 58.78 76.16 11453 37.99
310 59.45 78.10 12044 39.25
320 60.14 80.00 12642 40.49
330 60.82 81.86 13247 41.72
340 61.48 83.69 13858 42.93
350 62.13 85.48 14476 44.12
400 65.07 93.97 17658 4983
450 67.46 101.78 20974 55.17
500 69.28 108.99 24395 60.20
550 70.65 115.66 27895 64.94

(continued)
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TABLE 2 (continued)

T Com S22 —-82 HP - HZ, —(GZ - H2,)/T
(X) K™ mol-1) (JK ™! mol™ 1) (I mol ™) (Jmol™1)

600 7nn 121.85 31455 69.43

650 72.57 127.63 35063 73.68

700 73.32 133.03 38710 77.73

750 74.00 138.12 42394 81.59

800 74.63 14291 46109 85.27

850 75.23 147.45 49856 $8.80

900 75.84 151.77 53633 92.18

950 76.43 155.89 57440 95.42
1000 76.75 159.82 61270 98.55

M(W,Cyg33) = 377.71 g mol ™!

Smoothed values of the heat capacity of W,C,¢;; from the least-squares
fitted polynomial expression, and derived values of the thermodynamic
properties, are listed in Table 2 for the selected temperatures.

DISCUSSION

The present results may be useful for the analysis of the range of existence
and the importance of carbon atom disorder for the thermodynamic stability
of the W,C phase. However, they are limited by the uncertainty concerning
the stoichiometry of the W,C,_, phase, which determines the amount of
that phase actually present in our sample. In view of this uncertainty we
have not attempted to correct for impurities other than iron and elemental
carbon.

The &-Fe,N-type structure of the W,C,_, phase contains as many oc-
tahedral interstices as there are metal atoms. They would all be equivalent if
the tungsten atom coordinates for positions 6k in the space group P31m
were 3, 0, 1 etc. and c/a=1.633/3'/2=0.9428. The actual c/a ratio is
0.9111 at ambient temperature and increases only slightly with temperature
up to 1300 K according to the expansion study by Lonnberg [26]. The
neutron diffraction work of Héarsta et al. [4] on a W + C mixture heat
treated at 1920 K for 30-50 h showed definite x and z displacements of the
W atoms from the ideal positions. Related results were obtained by Lonn-
berg et al. [5] for material arc melted on a water-cooled copper hearth. In
accordance with the observed W atom displacements, the smallest oc-
tahedral interstice (1b: 0, 0, }) in the cell containing six W atoms was found
to be empty. 100% occupation of one of the remaining five interstices (1a: 0,
0, 0) was found by Harsta et al. [4] for heat-treated material, while two
twofold positions were only partially occupied, 65% in 2d: %, 3, 1; 2, 4, 1
and 12% in 2c: 3, %, 0; 3, 1, 0. For the arc-melted material, Lonnberg et al.
[5] found only 82% occupancy of position 1a, 63% occupancy of 2d (practi-
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cally unchanged) and 22% occupancy of 2c (increased). Thus, by more rapid
quenching a higher configurational entropy is retained at ambient tempera-
ture.

For the material heat treated at 1920 K, the configurational entropy
amounts to 0.68R, and for the arc-melted material it amounts to 0.95R.
Complete randomization of the carbon atoms on the octahedral interstices
gives 1.36R for W,C,;;. The transitions observed for the W,C,_, phase
around 2300 and 2700 K are presumably related to the changes in carbon
atom distribution.

Earlier values of the formation properties of tungsten carbides have been
reviewed by Storms [27]. The recommended value of the enthalpy of
formation, based on the results of McGraw et al. [28] and Mah [1], was
AH®(WC, 298 K)= —(40460 + 1700) J mol~!. Later Gupta and Seigle
[29] reported A;H®(WC, 298 K) = —(44400 + 800) J mol ! from carbon
activity measurements in the range 1150-1575 K. If we take A,G*(WC,
1250 K) = — (35900 + 400) J mol ! from ref. 29 and the literature values
for tungsten [30,31] and carbon [24,25] we derive A{H*®(WC, 298 K) =
— (41200 + 500) J mol ~'. From galvanic cell measurements with BaF,—CaC,
as electrolyte Coltters and Belton [32] presented two equations which give
A,G®(WC, 1000 K)= —(44500+ 600) J mol™!, and we thus derive
A H®(WC, 298 K) = —48800 J mol~'. The temperature dependence of the
Gibbs energy of formation is of the opposite sign and of the order of 3 times
larger than expected.

Gas equilibrium studies of the reaction

W(s) + 2CO(g) = WC(s) + CO,(g)

by Gleiser and Chipman [33] gave A,G®(WC, 1250 K) = — (34900 + 1300)
J mol~! and thus A, H®(WC, 298 K) = —(39700 + 1400) J mol '. Studies
of the reaction

W(s) + CH,(g) = WC(s) + 2H,(g)

have been performed with variable success by Alekseev and Shvartsman [34],
Orton [35] and Iwai et al. [36]. The latter researchers took care not to oxidize
the tungsten, by keeping the moisture level sufficiently low, and were able to
obtain reasonable results in the range 1173-1573 K. By using more recent
values of the Gibbs energy of formation for CH,(g) than Iwai et al. [36], we
find A;G®(WC, 1250 K) = — (35400 + 500) J mol ™' and thus A;H®(WC,
298 K) = — (40200 + 600) J mol~'. The mean result of the above evalua-
tions, excluding the results of Coltters and Belton [32], is A;H°(WC, 298
K) = — (40400 + 800) J mol ..

For the W,C,_, phase the Gibbs energy of formation is fixed by the
equilibrium reaction at about 1550 K

W,Cpg33(s) =5/6 WC(s) + 7,/6 W(s)
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TABLE 3
Molar enthalpy, entropy and Gibbs energy of formation of W,C 34, and WC

T M(W,Cyg33) =377.71 g mol ! M(WC) =195.86 g mol ™!
Y G AG°  AH®  AsS® AG®
(kJmol™') JK 'mol™!) (kImol™") (kJmol™')y JK 'mol™ ') (kJmol )
298.15 ~13.41 5.75 -1512  —40.40 -6.28 —38.53
300 —13.40 5.77 -1513  —40.39 —-6.26 —38.52
400  -12.96 7.02 —15.77  —40.00 -513 —37.95
500  —12.38 8.31 -16.53  —39.62 —4.28 —~37.48
600  ~11.80 9.37 -17.42  -39.34 -3.76 —37.08
700  -11.27 10.19 -1840  —39.13 —3.44 —-36.72
800  —10.78 10.85 -1945  —3895 -321 —36.39
900  —10.31 11.40 -20.57 —38.79 -3.02 —36.08
1000 -9.86 11.87 -2173  —38.64 ~2.85 —35.79
1100 (—9.46) (12.24) (—-22.94) —38.49 -27 —35.51
1200 (—9.13) (12.59) (—24.28) —38.34 —2.58 —35.24
1300 (—8.86) (12.75) (—2544) -3820 —2.46 —34.99
1400  (—8.64) (12.92) (—26.72) —38.05 —-2.36 —34.75
1500  (—8.46)  (13.04) (—28.02) —37.90 -2.25 —34.52
1550  (—8.38) (13.10) (—2868) —37.81 -2.20 —34.41
1600  (—8.30) (13.14) (—29.33) ~37.73 -2.14 —3430
1700  (—-8.18) (13.22) (—3065 —37.55 -2.03 —34.09
1800  (—8.08) (13.28) (—-31.98) —37.36 -1.93 —33.89
1900  (—8.01) (13.31) (—33.30) —3718 —-1.83 -33.7
2000 (—7.98) (13.32) (—=3437) -37.01 —-1.74 —33.53

for the presently assumed composition of the W,C, _, phase. In addition we
have the result of Mah [1), A;H®(W,C, 298 K) = —(26.4 + 2.5) kJ mol ',
which can be combined with the present data when extrapolated to 1550 K.
We have done so by assuming a linear heat capacity increase for W,Cgg34
from 76.75 J K™! mol™' at 1000 K to 82 J K™! mol~! at 2000 K. The
results are, however, not mutually consistent. Thus, when the equilibrium
reaction is combined with our results for W,C, 533 and the formation results
for WC as given in Table 3, we find A;H®(W,Cgz33, 298 K) = —13.4 kJ
mol ~'. The assumption of configurational zero point entropy in W,C g3,
corresponding to the results of Harsta et al. [4], would increase the disagree-
ment with Mah’s determination by 8.8 kJ mol~!. We therefore retain the
Gibbs energy values for W,C, 445 in Table 2 and give the resulting formation
values in Table 3. This assumption means, however, that some disordering of
the carbon atoms must take place in the range 1550-1900 K.
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