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Thermophysical Properties of Gaseous Tungsten
Hexafluoride from Speed-of-Sound Measurements
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The speed of sound was measured in gaseous WFy using a highly precise
acoustic resonance technique. The data span the temperature range from 290 to
420 K and the pressure range from 50 kPa to the lesser of 300 kPa or 80% of
the sample’s vapor pressure. At 360 K and higher temperatures, the data were
corrected for a slow chemical reaction of the WF within the apparatus. The
speed-of-sound data have a relative standard uncertainty of 0.005%. The data
were analyzed to obtain the ideal-gas heat capacity as a function of the tem-
perature with a relative standard uncertainty of 0.1%. These heat capacities are
in reasonable agreement with those determined from spectroscopic data. The
speed-of-sound data were fitted by virial equations of state to obtain the tem-
perature dependent density virial coefficients. Two virial coefficient models were
employed, one based on square-well intermolecular potentials and the second
based on a hard-core Lennard-Jones intermolecular potential. The resulting
virial equations reproduced the sound-speed data to within +0.005% and may
be used to calculate vapor densities with relative standard uncertainties of 0.1 %
or less. The hard-core Lennard-Jones potential was used to estimate the
viscosity and the thermal conductivity of dilute WF4. The predicted viscosities
agree with published data to within 5% and can be extrapolated reliably to
higher temperatures.

KEY WORDS: equation of state; intermolecular potential; speed-of-sound;
thermodynamic properties; transport properties; tungsten hexafluoride; virial
coefficients; viscosity; WFy.

1. INTRODUCTION

As part of the National Semiconductor Metrology Program, our labora-
tory has developed novel acoustic techniques to characterize the hazardous
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and corrosive gases used to process semiconductors. Better-characterized
process gases will result in greater control over the manufacturing process.
Tungsten hexafluoride (WF) is used in the semiconductor industry for the
chemical vapor deposition (CVD) of tungsten silicide layers on silicon
wafers. Tungsten hexafluoride is reactive, decomposing in the presence of
moisture to produce hydrofluoric acid. Here we report speed-of-sound data
u(T, P) for gaseous WF,. From the u(7, P) data, we deduce the ideal-gas
heat capacity, the equation of state, and the viscosity of the dilute gas.
Figure 1 shows the vapor pressure curve [ 1], the critical point, and each
state point where the speed of sound was measured. The triple-point tem-
perature of tungsten hexafluoride is approximately 275 K [2], and its criti-
cal parameters have been reported as 7.=452.7 K, P,=4.57 MPa, and
p.=128 g-cm 3 [3]. Tungsten hexafluoride’s octahedral symmetry can
be reasonably approximated by a spherically symmetric intermolecular
potential model. In Sections 7 and 8 below, we provide model inter-
molecular potentials.

The speed-of-sound data span the ranges 290 K< 7<420 K and
50 kPa < P <300 kPa. The measurements were made along isotherms. At
the lowest pressure on each isotherm and at selected other pressures, the
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Fig. 1. Locations of speed-of-sound data with respect to
the saturated vapor pressure [1] and the critical point
[3]. Each measured state point is shown as an open circle.
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temperature was held constant and the sound speed measured as a function
of time, 7. At 360 K and higher temperatures, the speed of sound slowly
increased. This increase was attributed to a slow chemical reaction within
the apparatus which progressively lowered the average molecular weight of
the sample. The data along each isotherm at 360 K and higher tempera-
tures were corrected for this reaction. The corrections were independently
determined for each temperature and each gas sample. After the correction,
the relative standard uncertainty (unless otherwise noted, coverage factor o
or k=2) of the sound speeds was 0.005%. From the zero-pressure inter-
cepts of the isotherms, the constant-pressure ideal-gas heat capacity Cg(T )
was calculated. These Cg values have relative standard uncertainties of
0.1%. The complete set of u(7T, P) data was fitted by virial equations of
state to determine the temperature dependent second and third density
virial coefficients B(7') and C(T). Two models for the virial coefficients
were used, the hard-core square-well (HCSW) model and the hard-core
Lennard-Jones (HCLJ) model. Both virial equations of state reproduced
the speed-of-sound data with a relative standard uncertainty of 0.001 %.
Gillis and Moldover [4] have shown that the gas density p calculated from
a virial equation of state as determined from experimental sound speeds
will have a relative standard uncertainty of less than 0.1%. The use of
model intermolecular potentials to represent the virial coefficients allows
the equation of state to be reliably extrapolated to temperatures well above
our experimental range.

The advantage of the HCSW model is that it is easy to use. Since the
virial coefficients are simple algebraic functions of temperature, the virial
coefficients and their temperature derivatives may be directly evaluated.
However, different potential parameters for B(7T) and C(T) are necessary
to take advantage of the full precision of the data. The HCLJ model is
based on a more realistic intermolecular potential and has the advantage
of having fewer parameters. The potential is an accurate representation of
two interacting WF, molecules from which both B(T) and C(T') can be
determined, which is the physical reality. The result is a more accurate
extrapolation to higher temperatures. However, the virial coefficients and
their temperature derivatives for this model must be calculated by numeri-
cal integration. To make the HCLJ model easier to use, a look-up table is
supplied from which B(7T) and C(T') and their temperature derivatives may
be calculated with a simple interpolation routine.

It has been shown that the transport properties, such as dilute-gas
viscosities, calculated from the derived HCLJ potential should be accurate
to within 10% throughout the temperature range from the triple point to
in excess of 1000 K [5]. The calculated viscosities for WF4 are within 5%
of the one set of experimental values [6].
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2. EXPERIMENTAL TECHNIQUE

We use a highly precise acoustic resonance technique to determine the
speed of sound in a gas. The resonance frequencies f within a cylindrical
cavity (or resonator) containing the sample gas are measured as a function
of temperature and pressure. Reference 5 provides a description of the
current apparatus including the modifications made for handling reactive
and hazardous gases. An earlier version was used to study more than 20
nonhazardous gases and gas mixtures [7, 8]. The acoustic model is
described in Refs. 9 and 10.

The temperature-dependent effective radius a(7") and length /(T) of
the cylindrical resonator were required to determine the speed of sound
from the measured resonance frequencies. These dimensions were deter-
mined from the measured resonance frequencies as functions of the tem-
perature with the resonator filled with argon, a gas for which the speed of
sound is accurately known. Because the calibration and the final measure-
ments were conducted in the same thermostated bath, there is a high
degree of compensation for the effects of temperature gradients in the bath
and even for systematic errors in the measurement of temperature.

At each state point the frequency of the sound generator was stepped
through the resonances, and the amplitude and phase of the signal from the
detector were recorded. Measurements were made at 11 frequencies span-
ning fxns + &xns> Where g is the half-width, for each mode (K, N, S). The
modes are labeled with the notation (K, N, S) of Gillis [9]. The theoreti-
cally expected function was then fitted to the amplitudes and phases
measured at each frequency to obtain both fxng and ggns and a measure
of their uncertainties. Typically, the standard deviation of fxng Was less
than 1073 fxns. The speed of sound u in the sample gas is determined from
the measured resonance frequencies fxns by # = 27fxns/kkns- For a cylin-
drical cavity with a radius @ and length /, discrete values of the wave-
number kgng are known [11]. The measured resonance frequencies were
corrected [9, 10] for the thermal and viscous losses at the boundaries as
well as for the small effects of the duct used to move sample into and out
of the resonance cavity.

The zero-pressure limiting value of the speed of sound is uj=
(C3/CY) RT/m. Because ug is inversely proportional to the molecular
weight m of the gas (m for WFg is 297.84 g.mol~!), extreme care had to
be taken to maintain the sample purity. Initially, the resonator was main-
tained at the lowest temperature, 290 K, and flushed several times with
WF until two successive loadings reproduced resonance frequencies within
the experimental uncertainties. The resonance frequencies were then recorded
along isotherms. At the end of each isotherm, the pressure was maintained
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Fig. 2. Time dependence of the speed of sound in WF at
50 kPa as a function of temperature. The solid lines are
linear least-square fits.

at 50 kPa and the speed of sound was measured every 20 min for approxi-
mately 300 min, the interval required to characterize the isotherm. At tem-
peratures below 360 K, the speed of sound remained constant within the
experimental uncertainties. At temperatures of 360 K and higher, the speed
of sound increased linearly with time, indicating a progressive decrease of
the average molecular weight, presumably from a chemical reaction.
Further analysis showed that the apparent reaction rate varied approxi-
mately as P~ '. This is consistent with WF either reacting or decomposing
in a surface catalyzed reaction. Figure 2 shows how the speed of sound
changed with time. As discussed in Section 5, the isotherms of 360 K and
higher were corrected for this composition shift.

3. PROCEDURES

The WF, sample was obtained from a commercial vendor and was
certified VLSI (very large-scale integration) grade, 99.9995% purity
(volume fraction). At each temperature the resonator was initially loaded
with WF, to the lesser of 300 kPa or 80% of the vapor pressure. A fresh
sample of WF, was used for each filling. The frequencies and widths of the
first and second radial modes and the third and fourth longitudinal modes
were measured at each pressure—temperature state point. The temperature
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Table 1. Speed of Sound in WFy
P u olul/u P u olul/u P u olul/u
(kPa) (m-s7!) x 10° (kPa) (m-s7") x 109 (kPa) (m-s7!) x 10°
T=290 K T=310 K T=330 K
96.46 90.6767 49 130.39  93.4326 27 196.31  95.5961 17
88.85 90.8967 41 119.86  93.6840 33 187.90  95.7669 20
78.69 91.1883 45 110.00 939153 35 17193 96.0900 25
72.50 91.3610 43 100.96  94.1265 35 157.10  96.3841 29
66.84 91.5191 42 9257  94.3202 36 143.60  96.6511 30
59.13 91.7327 39 8493 944963 35 131.21 96.8936 31
52.27 91.9213 42 74.62  94.7313 37 119.88  97.1136 35
46.20 92.0865 42 62.80  94.9996 35 10476 97.4053 35
5518 951719 31 91.52  97.6591 38
4642  95.3665 49 7642 97.9458 39
63.72  98.1849 39
50.83  98.4268 41
T=300 K T=320 K T=340 K

119.81 91.8800 39 16232 94.5072 46 202.80  97.2571 25
114.89  92.0096 38 15040  94.7650 26 18542 97.5759 26
105.69 922492 39 138.00  95.0363 32 169.16  97.8723 27
9332 92.5688 40 12643  95.2850 33 15425  98.1419 35
85.82  92.7604 39 11582  95.5112 34 140.69  98.3852 38
75.64  93.0173 38 106.07  95.7179 35 122,57 98.7079 40
69.54  93.1704 42 9298  95.9929 36 111.69  98.8999 42
5877 934394 42 8145  96.2335 36 97.33  99.1519 45
49.67  93.6651 40 71.32  96.4428 45 84.74  99.3715 48
6245  96.6260 40 7377 99.5626 47
50.07  96.8806 36 6135  99.7767 50
48.74  99.9939 50

was maintained, and the pressure was reduced in successive steps. For each
pressure step, air-operated valves were opened briefly and a portion of the
sample gas was collected in a reservoir immersed in liquid nitrogen. Once
the pressure was reduced, the resonator was allowed to return to equi-
librium and the frequencies and widths were measured at the new state
point. This process continued until the pressure reached 50 kPa, where the
pressure and temperature were maintained, and a measurement taken
approximately every 20 min for 300 min.
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Table 1. (Continued)
P u olul/u P u olul/u P u olul/u
(kPa) (m-s7') x10® (kPa) (m-s”') x10° (kPa) (m-s”') x10°
T=360 K T=380 K¢ T=400 K“
22377  100.3337 28 24490  103.3281 59 30691  105.7644 57
203.78  100.6460 27 222,61  103.6199 44 278.44  106.0920 50
185.17  100.9319 31 201.55 103.8952 47 26421  106.2538 53
168.17  101.1906 33 182.49  104.1430 50 238.65 106.5414 49
152,72 101.4244 37 165.17  104.3668 53 21553  106.8010 57
132.32  101.7307 38 149.59  104.5666 56 194.67 107.0336 58
120.13  101.9129 44 128.85 104.8314 56 17575  107.2439 60
104.02  102.1523 45 12247  104.9128 56 151.07 107.5162 61
9441  102.2943 46 110.79  105.0609 62 14351  107.5998 64
7791  102.5370 50 9540  105.2557 61 129.69  107.7506 65
6426  102.7366 52 8222 1054221 67 111.61  107.9489 66
50.52  102.9373 56 7443  105.5205 65 100.96  108.0655 71
70.77  105.5665 66 86.98  108.2174 72
58.03  105.7265 68 75.11  108.3472 78
50.00 105.8267 71 61.86  108.4911 81
51.14  108.6076 76
T=360 K T=380 K¢ T=420 K*

220.45  100.3863 38 24342  103.3468 52 309.89  108.8377 95
200.66  100.6953 30 220.80  103.6445 48 29398  108.9957 79
182.21  100.9772 33 209.67  103.7891 44 264.05  109.2874 76
16549  101.2325 39 189.63  104.0504 53 24982  109.4251 83
15026  101.4629 39 171.57  104.2837 47 22448  109.6708 83
130.22  101.7635 44 147.67  104.5915 54 191.33  109.9905 86
118.27  101.9415 46 127.00  104.8557 58 17190 110.1761 86
107.51  102.1017 51 120.67  104.9361 55 14643 1104197 88
93.14 102.3140 50 109.09  105.0838 60 131.52  110.5618 102
76.99  102.5520 53 98.62  105.2154 66 118.11  110.6889 91
63.71  102.7463 56 84.88  105.3894 69 106.17  110.8021 91
5029  102.9420 54 73.05  105.5378 71 9529  110.9053 95
62.86  105.6663 74 85.59  110.9973 98
4898  105.8398 72 7293  111.1167 93
62.13  111.2189 105
50.19  111.3322 100

¢ Indicates isotherm contains corrected sound speeds.
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4. RESULTS

At each temperature and pressure, two longitudinal and two radial
modes were used to compute values of the speed of sound. The weighted
mean of these four values and their relative standard deviation
a[u]/ux10® with coverage factor of k=1 are listed in Table I. The listed
values at 360 K and higher temperatures have been corrected as described
in Section 5. A total of 146 state points are reported along 10 isotherms.
Redundant data were taken on the isotherms at 360 and 380 K to
demonstrate reproducibility of our experimental method and the correc-
tions for the reaction of the WF.

5. CORRECTIONS

Figure 3 (top) shows the time lines or histories of the speed-of-sound
measurements taken at 380 K that were used to deduce the corrections for
the two pressure-dependent 380 K isotherms. Similar time lines were
followed for the other corrected isotherms. Three separate samples of WF
were studied. The first sample was loaded to 50 kPa, and the speed of
sound was monitored with time while holding the temperature constant.
This is shown as interval A in Fig. 3 (top). The speed of sound was
extrapolated back to the time immediately after loading (¢,), and this value
was assumed to be the correct value of u for pure WF¢ at 380 K and
50 kPa. The resonator was then evacuated and reloaded with a fresh
sample at 240 kPa. The temperature and pressure were held constant, and
the speed of sound was monitored during interval B. The pressure was then
dropped in successive steps of 50 kPa, and the speed of sound was
measured during interval C as a function of pressure and time. The
pressure was then again held constant at 50 kPa and the speed of sound
measured as a function of time every 20 min for approximately 300 min
during interval D. The resonator was again evacuated and reloaded to
240 kPa with the third sample of sample gas. The speed of sound was
measured again as the pressure was dropped in successive steps to 50 kPa
during interval E. The data obtained during intervals C and E were corrected
and used to determine the thermophysical properties. The data obtained
during intervals A, B, and D were used to correct the data otained during
the intervals C and E.

Figure 3 (bottom) shows the change in the speed of sound during the
three intervals A, B, and D, when the pressure was held constant. In each
case, the change in sound speed was a linear function of time. The slopes
of the three lines are 1i/u=6.7x10"° s~ ! for A, ti/u=1.05x10"°s~! for B,
and u/u=72x10"° s~! for D, where 1 = [u(t)—u(t,)]/(t—t,). Within
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Fig. 3. Top: Time lines or histories of the 380 K mea-
surements. Bottom: Time dependence of the speed of
sound during intervals A, B, and D, while the pressure
was held constant.

the uncertainties, the slope of B is equal to the slope of D scaled by the
ratio of the pressures (240 kPa/50 kPa). This is consistent with a reaction
rate which is independent of the density, as if the WF, were reacting at an
interior surface of the resonator. If the rate limiting factor were the surface
area of the container, the mole fraction of the products would accumulate
at a rate proportional to P~!, which was, in fact, observed. The slopes for
A and D are not identical. This implies that the reaction rate was a func-
tion of each sample studied, as well as a function of temperature and
pressure. Thus, each loading of the resonator required an independent
determination of the correction parameters. Each isotherm was corrected
by assuming a constant and density independent reaction rate using the
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unique slope determined for that sample of gas while it was held at 50 kPa.
The corrections were applied to the isotherms at 360, 380, 400, and 420 K,
and the corrected speeds of sound are reported in Table I.

Figure 4 shows the two 380 K isotherms before and after applying
the correction. The base line is our equation of state that is presented in
Section 8. After correction, the data acquired during intervals E and C
agree within their combined experimental uncertainties.

Figure 5 shows the magnitude of the corrections at 50 kPa for various
intervals at four temperatures. The corrections were largest at 50 kPa; they
were much smaller at the higher pressures because there was more gas
present and because the time spent at each pressure was much shorter. In
all cases, the corrected data are correlated by our virial equation of state
within experimental uncertainties.

6. IDEAL-GAS HEAT CAPACITIES

The ideal-gas heat capacity is determined by fitting each isotherm with
the acoustic virial equation of state,

ORT 2 5 3
2 <1 Bab | 7ap ap+m> (1)

m RT+RT+RT

where m is molar mass, R is the universal gas constant, 7T is temperature
in kelvin, y%(T)=C)(T)/CYT) is the zero-pressure limit of the heat-
capacity ratio, and f,, y,, and J, are the temperature-dependent acoustic
virial coefficients. The ideal-gas heat capacity is obtained from the zero-
pressure intercept of Eq. (1) through the relation Cﬁ(T)/Rzyo/(yo— 1).
This analysis results in a value for C g for each isotherm which are listed in
Table II. The values presented in Table 11 have a relative standard uncer-
tainty of better than 0.1%. Figure 6 (top) shows the Cg values given in
Table IT as filled circles along with literature values of C} calculated from

Table II. Ideal-Gas Heat Capacities Determined for Each Isotherm

T (K) 290 300 310 320 330 340 360¢  380¢ 400  420¢
Cg/R 1422 1443 1462 1478 1496 1510 1543 15,67 1592 16.13
1542 15.68

“ Obtained from a fit to the isotherms corrected as described in Section 5.
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Fig. 6. Top: The ideal-gas heat capacity C g as a func-
tion of temperature. Bottom: Percentage deviations
from C?,, « given by Eq. (2). (@) Present values; (——-)
Ref. 12; (A) Ref. 14; (V) Ref. 15.

spectroscopic data. The Cg(T)/R results for each isotherm were fit by the
polynomial function of the temperature,

CY/R=5207+0.04251(T/K) —3.931 x 10~ (T/K)?, 290 K < T<420K
(2)

Equation (2) is valid only over our experimental temperature range 290
K <T<420 K. Figure 6 (bottom) shows the deviations of the Cg(T)/R
values reported in Table II from those calculated from Eq. (2). Nearly all
the heat capacity data are within 0.1 % of the fitted function. The dashed
line comes from the JANAF (Joint Army Navy Air Force) tables [12]
which calculate Cg(T) from spectroscopic data. JANAF claims no better
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than 1.0% relative standard uncertainty for WF4 [13]. Two other pub-
lished estimated Cg(T ) values [ 14, 15] are also included.

7. HARD-CORE SQUARE-WELL MODEL (HCSW)

The virial equation of state is given by
P=RTp[1+B(T) p+C(T) p>+ D(T) p>+ --- ] (3)

Gillis and Moldover [4] have discussed in detail how the hard-core
square-well (HCSW) intermolecular potential model can be used to deduce
the virial equation of state from speed-of-sound data. They provide exact
thermodynamic equations which relate the density virial coefficients, their
temperature derivatives, and y° to the acoustic virial coefficients in Eq. (1).
We used their results with parameterized representations of B(7) and
C(T). For the HCSW model potential the representations of B(7) and
C(T) are algebraic,

B(T)=bo[1— (2> —1) 4] (4)
C(T)=§b2(5—c14—cd* —c34°)
cy=A5—18i*+3243—15
€, =21°—362*+322*+184*— 16 (5)
c3=645—18,*+18/>—6
where 4 =e**87) _1, kg is Boltzmann’s constant, b, is the molar volume
of the hard core (b,=3nN,c®), and N, is Avogadro’s constant. The
adjustable parameters in these expressions are ¢, the well depth; g, the hard
core diameter; and 4, the ratio of the width of the well to g. The present
data extend to high enough pressure (density) to require both the second
and the third virial coefficients. We follow Ref. 4 in using two sets of values
of b,, &, and 4; one for B(T) and one for C(T).

To fit the data, the ideal-gas heat capacity was fixed at the values
given by Eq. (2) and the six parameters, b, & and A for B(T') and b, ¢,

Table III. Parameters for HCSW Equations of State Deduced from u(7, P) Measurements

by (m®-mol 1) ) elkg (K)

B(T) (cm®-mol ') 1.20335 x 10~* 1.39281 492.89
C(T) (cm?-mol ~1)? 240315 10~* 1.25777 495.65
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Fig. 7. Fractional deviations of the speed-of-sound data
from fitted values. Top: HCSW equation of state. Bottom:
HCLJ equation of state.

and A for C(T), were allowed to vary. The resulting parameters are listed in
Table I11. Figure 7 (top) shows the deviations of the measured sound speeds
in WF, from those calculated from the determined HCSW virial equation of
state. All of our reported sound speeds are fitted to within +0.005%. The
fit had 140 df, v, and x°/v was 0.07, where y*> =3, [ f(x;,)— f;1°/o7, and
f(x)= =P, T). |

8. HARD-CORE LENNARD-JONES MODEL (HCLJ)

The HCLIJ analysis is similar to the HCSW analysis; however, it was
more difficult to implement. We had to perform numerical integrations at
each temperature to determine the virial coefficients and their temperature
derivatives. Trusler [ 16] performed a similar analysis on propane using the
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Maitland—Smith potential [17]. We used the hard-core Lennard-Jones
6-12 potential [ 18] given by

o—2a\"? g—2a\°
p(ry)=4¢ {(ry_2a> _<rij—2a>} 7

where r; is the intermolecular separation between molecule i and molecule j,
¢ is the well depth, o is the value of r; where ¢(r) crosses zero, and a is
the radius of the hard core. This potential has three adjustable parameters:
&, o, and a. In the case of WF this potential resulted in a superior fit than
the Maitland—-Smith potential. We calculated the classical second and third
virial coefficients and their temperature derivatives [19, 20] using an
automatic adaptive quadrature routine [21], where one can specify the
desired accuracy, which we set to 10 =% The calculation of the third virial
coefficient requires inclusion of three-body contributions. This adds a
fourth adjustable parameter, v,,;. Following Trusler [16], we used the
Axilrod-Teller triple-dipole term [22],

Via3(1 4+ cos 8, cos 0, cos 05)
P(rix)= 2 : _12 2 (8)

3 3 3
(r12ri3r23)

where v,,; is the dispersion coefficient and 0, is defined as the angle sub-
tended at molecule i by molecules j and k. This is the first term in the three-
body corrections to the dispersion energy for monatomic species. The
integral equations providing the second and third virial coefficients for
spherically symmetric molecules are given by

B(T)= ~2aNy | farlydr (9)
87T2N‘i 0 oo plrp sl ) i i i
aT)=— 3 f f J (f12/13/23 — €12€13€23 f123)
0 0 |rp—r3l
X FipF13T 3 dryp drz dras (10)

where N, is Avagadro’s number, r; is the distance between molecule i and
molecule j, e;=exp{ —o(r;)/kT}, f=e,;—1, and f; =exp{ —(r;)/kT}
— 1. Equations (9) and (10) allow us to calculate the second and third
density virial coefficients, and their temperature derivatives, for a given
intermolecular potential at a given temperature. With Cg(T)/R given by
Eq. (2), only four potential parameters, ¢, g, a, and v,,5 are required to fit
the u(T, P) data. Initial estimates of ¢, g, and a were determined by fitting
the HCLJ second virial coefficient to that of the HCSW model. These
parameters were fixed, and an initial value for v,,; was determined by
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Table IV. Parameters for the HCLJ Potential Model
Deduced from u(7, P) Measurements

a 0.10216 nm

o 0.49077 nm
elky 690.06 K
Vias 0.11145 K - nm°®

fitting only v,,; to the third virial values determined from the HCSW
method. Then all four parameters were allowed to vary while fitting to the
u(T, P) measurements. The resulting parameters are given in Table IV.
Figure 7 (bottom) shows the deviations of the measured sound speeds from
those calculated from the deduced HCLIJ equation of state. As in the case
of the HCSW model, all sound-speed measurements are fitted within
+0.005%. The fit had 142 df, v, and x2/v was 0.06.

Figure 8 (top) shows the second virial coefficient deduced for the two
models. The barely visible dashed line is the HCSW model, and the solid
line is the HCLJ model. Also shown are the previously published measure-
ments of B(T). Both representations of B(7T) pass through previous
measurements, mostly within the latter’s claimed uncertainties. Figure §
shows that our representation of B(7T) extrapolates extemely well outside
our experimental temperature range. Figure 8 (bottom) shows the third
virial coefficient deduced from this work. The differences between the HCSW
and the HCLJ are observable. The HCLJ model behaves more realistically
at the higher temperatures, tending toward zero, while the HCSW model
levels off at a constant. There are no previously published values of C(T')
that may be compared with our results.

9. INTERPOLATION ROUTINE

The computation of the second and third virial coefficients and their
temperature derivatives from Eqgs. (9) and (10) using the four potential
parameters is a numerically intensive process and is not convenient for
repetitive calculations. Again, following the lead of Trusler [16], we
provide a look-up table for the second and third virial coefficients and their
first two temperature derivatives, along with a preferred method of inter-
polation. In the look-up table, a substitution of variables has been per-
formed. The temperature is replaced by a reduced reciprocal temperature
t=¢/kT, where T(dB/dT)= —1(dB/dt) and T*(d*B/dT?)=t*(d*B/dt*) +
27(dB/dr). Table IV provides the virial coefficients in reduced (unitless)
form, where B*(T)= B(T)/b, and C*(T)= C(T)/bj, where by=3nN,a>.
Table V spans the reduced temperature range 0.3 <7 < 3.0 which corresponds
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Fig. 8. Top: The second density virial coefficient.
Bottom: The third density virial coefficient. (—)
HCLJ model; (———) HCSW model; (O) Ref. 27;
(O) Ref. 28; (A) Ref. 3.

to 196 to 1966 K. This range greatly exceeds our experimental temperature
range; however, the extrapolated virial coefficients are reliable, as demon-
strated by our experience with CF, and C,F¢ [5] and Trusler’s experience
with C;Hg [16]. The recommended interpolation of B*(¢) and C*(¢) or
their derivatives at t between adjacent points at 7, and 7, is the cubic poly-
nomial f(z), such that

f(T) =a(t—1y)+ b(t —7,)+ {C(T_Tl) +d(T_Tz)}(T_T1)(T_T2)
a= f(z,)/4, c=1{f"(02)/(40)*} = {(a+b)/(47)?}

(13)
b=—flz)/ar,  d={f"(r)/(42)*} —{(a+Db)/(47)*}
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where f' =df/dr and At=1,—1,. To allow the calculation of the second
temperature derivative, the third temperature derivative is included in
Table V.

10. TRANSPORT PROPERTIES

The HCLJ intermolecular potential deduced for WF¢ in Section 8 is a
reasonable model for computing the dilute-gas properties of WF4. The
HCLJ intermolecular potential represents a spherically symmetric average
over all collision orientations, which for an octahedral geometry is a very
good approximation. However, experience has shown that thermodynamic
data alone are not sufficient to determine the details of an intermolecular
potential. Nevertheless, the potential allows reasonable estimates of vis-
cosities and thermal conductivities from the kinetic theory of gases [23].

We calculated the viscosity of WF¢ from the HCLJ intermolecular
potential. The following empirical function was fitted to the results:

n(uPa-s)=4.067 +0.0492(T/K)

—5102x 10~%T/K)%, 220 K <T<1000 K (14)

Equation (14) represents the calculated viscosities to within 0.2 % of # over
the temperature range 220 K < 7< 1000 K. Figure 9 (top) shows that the
viscosity calculated from our HCLJ potential agrees with the one available
set of experimental viscosities [6]. We have claimed that viscosities
estimated in this manner are expected to be within 10% of their true
values. Figure 9 (bottom) shows that we reproduced the only available
experimental viscosity data set to better than 5%, supporting this asser-
tion. Viscosities calculated from the HCLJ potential determined for CF,
and C,F4 [5] from u(T, P) data were approximately 5% below the
measured values in both cases. Similarly, the viscosity of propane predicted
by the Maitland—Smith potential that Trusler obtained from his u(7, P)
data deviates from measured viscosities by +4.2% at 200 K, —1.6% at
300 K, and —6.5% at 500 K [16].

The thermal conductivity / of dilute gases can be estimated from the
viscosity and the constant-volume ideal-gas heat capacity with the Eucken
[24] approximation,

A I5R [(4C, 3
[/“]Eucken_4M77<15R+5> (15)
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Fig. 9. Top: The viscosity of WF, calculated from the
HCLJ potential and fit to Eq. (14) is shown as the solid
line. The measurements of Ref. 6 are shown as open cir-
cles. Bottom: The fractional deviations of measurements
of Ref. 6 from Eq. (14).

Hurly

We have calculated /4 from Eq. (15) using Eqgs. (2) and (14) and values of
Cg from the JANAF [12] tables. The following simple polynomial was
fitted to the resulting values of A:

2°(W-m~'-K~")=—1.606x 103 + 3382 x 10~ 5(T/K)

—5.833x 10~%(T/K)?,

220 K< T<1000 K

(16)

The values of A from Eq. (16) have relative standard uncertainties of

the order of 10%. They come from the relative standard uncertainty of the
viscosity (~5%), the Eucken approximation (~10%) [25], and C,
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(~1%). In future work, we will use an acoustic technique to measure the
thermal conductivity and the viscosity [26]. This will allow us to test our
transport property estimates. Also in future work, we will examine mixtures
of process gases with carrier gases such as argon, helium, and nitrogen. In
these cases it will be necessary to fit the interaction potentials from which
we will estimate the diffusion coefficient. Diffusion coefficients are required
to model processes where the rate-limiting step is the diffusion of a reactant
from a carrier gas to a hot silicon surface.
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