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The incongruent vaporization reactions of Ta,S and TasS have been investigated by mass-loss effusion
in the temperature range 1576 to 1902 K. By extrapolation of Ps(obs) to equilibrium the enthalpies of
the reactions % Ta,S(s) = 3 TasS(s) + S(g) and Ta,S = 6 Ta(s) + S(g) were found to be AH%%/R =
53.0(0.3) X 10° K and AH%/R = 58.1(0.4) x 103 K, respectively. Comparison between the above
values, determined by a 2nd law treatment, and 3rd law valucs was uscd to derive fef (*‘free energy
function’’) values for Ta and S in the compounds. These postulated fef’s, which apply only to the
elements as present in the compounds measured, are compared to tabulated quantities for the pure
solid elements to provide a criterion for 2nd and 3rd law cvaluation.

Introduction

A reinvestigation of the Ta/S system by
Jellinek (1) confirmed the existence of three
compounds: TaSs, pentamorphic TaS,, and
non-stoichiometric Ta;_, S, (0.2 < x < 0.35)
occurring in three modifications. 2H-
Ta, 35S; was considered to be the phase co-
existing with tantalum. The application of
high-temperature preparative techniques at
temperatures above 1600 K led to synthesis
of Ta,S (2) and TagS (3), two metal-rich
phases exhibiting unusual structural fea-
tures.

Existing evidence indicated that measur-
able incongruent vaporization of the solid
phase occurs in about the same tempera-
ture range in which the compounds are
formed. Our purpose in this study was to
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identify the vaporizing species, determine
the thermal stability of the solid phases by
measuring the effusion of these species,
and then to relate the obtained thermody-
namic properties to the corresponding
decomposition reactions. These reactions
differ considerably in a crystal-chemical
sense; Ta,S decomposes to structurally re-
lated TagS which in turn rearranges to bcc
Ta on further loss of S.

Experimental

Sample Preparation and Phase Analysis

X-Ray-pure samples of Ta,S were pre-
pared in two steps. The reactions of granu-
lar tantalum (Alpha Products, 60 mesh,
99.98%) with stoichiometric amounts of
sulfur (Alpha Products 99.9999%) were per-
formed in evacuated quartz glass ampules
at 1120 K for 4 days. Subsequently the sam-
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ples were compressed and then inductively
heated in closed tungsten crucibles under
vacuum (ca. 1075 Torr) to a final tempera-
ture of 1800 K which was maintained for
several hours. By varying starting molar ra-
tios the following phases were similarly
formed: TaesS, 2H-Ta;15S,/Ta,S, Ta,S/
TaeS, and TagS/Ta.

The Guinier powder X-ray diffraction
technique was employed for phase analy-
sis. Comparison of the lattice parameters of
Ta,S and TagS determined from the two
phase mixtures suggested negligible phase
width for each compound. Powder patterns
of samples of TasS which had been an-
nealed below 1850 = 20 K pointed to the
existence of a second modification whose
structure is not yet identified.

Thermodynamic Measurements

Thermochemical properties of Ta,S and
TaeS were determined by measuring rates
of mass loss (ranging from 2.3 x 10~% mg/
min at 1576 K to 3.4 x 1072 mg/min at 1902
K) via vaporization from samples (ca. 400
mg) whose initial composition was, in each
case, Ta,S. The apparatus, which is essen-
tially a tungsten Knudsen effusion cell sus-
pended from a microbalance, was previ-
ously described in detail (4). Mass
spectrometry indicated that S and S; were
the only important vapor species. An effu-
sion cell of differing orifice size was used in
each of three separate experiments to gauge
the extent of deviation from equilibrium,
suspected due to the incongruent vaporiza-
tion. Each measurement proceeded until
mass was lost at an immeasurably small
rate even at 2000 K. The abrupt decrease in
decomposition rate just before this point
suggested there is no appreciable solubility
of sulfur in tantalum, in agreement with evi-
dence from X-ray powder diffraction.

The temperatures used in calculating
thermodynamic quantities were arrived at
by adjusting observed temperatures accord-
ing to a calibration. This correction was
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based on a comparison of readings from
identical W-5%Re/W-26%Re thermocou-
ples, one positioned as during a measure-
ment (nearly in contact with the outside of
the crucible), and another inserted to the
center of an empty crucible resembling the
experimental cell. This compensated for er-
rors due to placement of the thermocouple
junction at other than the exact location of
the sample being measured.

Raw data—temperature in degrees K,
mass loss in milligrams, time in minutes,
pressure of sulfur (monomer) in atmo-
spheres for each experiment and from the
extrapolation to equilibrium are available
upon request from the authors.

Data Analysis and Results

The partial pressure due to a vapor spe-
cies of molar mass M, effusing through an
orifice of area A, is related to rate of mass
loss by the Knudsen equation (5)

b (Am‘)(l)(szT)m
BRYNZAY VAN

To calculate partial pressures of both spe-
cies from a single measured Am/Ar we as-
sume monomer/dimer equilibrium (al-
though the actual process of equilibration
does not necessarily occur in the gas phase
alone):

M

S:e) = 2 S(@)
_ B
Ps,

(2a)

Kp (2b)

Incorporating (2b) in (1) yields

\/"
P [0+ (G
(QRIMO™ )= )

Kp at each measured 7; was generated from
results of a linear least-squares fit to tabu-
lated values (6) of (—R ln Kp — Afef) vs 1/T.
(Afef, change in the ‘‘free energy func-
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TABLE 1

RESULTS OF 2ND AND 3RD LAW CALCULATIONS OF
AR, 2/R USING DERIVED fef VALUES

107 X A (m%)
Reaction, Method 12.5 7.5 1.53 0.00
FTaxS = § TagS + S
2 S 55 53.9(0.5
2ad ._4,9(0.3) 55.7(0.3) 53.90.5) $3.000.3)
ard 54.5(0.1y 54.2(0.1) 53.40.1)
TagS = 6Ta + S
2 58.2(0.3 58.140.5 58.2(1.
2nd 58.2(0.3) 58.100.5) 58.2(1.0) $8.100.4)
3rd 59.7(0.1 59.4(0.1) 58.6(0.3)
Note. A = area of orifice. Numbers in parentheses are std. deviations.

tion,”” means the difference in the quantity
> vi(G'r = HYper)/T from products to
reactants). Hereafter, calculations refer to
the reactions

2 Ta,S(s) =  TasS(s) + S(g) (4)
TaeS(s) = 6 Ta(s) + S(g) &)

The enthalpies of (4) and (5) were calcu-
lated for the experimental temperature
range by applying the 2nd law method, and
for 298 K by both the 2nd and 3rd law meth-
ods. In a 2nd law treatment one fits a linear
equation to —In Kp vs 1/T to give AH%med/R
or (—In Kp — Afef/R) vs 1/T to give AHYoi/
R. (Tmed signifies the median temperature
in the experimental range.) By contrast,
AHY./R may also be calculated from each
data point as T(—In Kp — Afef/R) according
to the 3rd law method.

Our criterion for evaluating the (7.P)-
measurements is the reasonableness of the
numerical results for fef’s which were de-
termined by comparison of the 2nd and 3rd
law expressions for AH%s/R (see Appendix
A.) By using our derived set of fef values
for the components of Ta,S(s) and TagS(s)
(as opposed to fef's corresponding to vari-
ous combinations of tabulated fefr, and
fefs.)), we could force agreement between
the 2nd and 3rd law enthalpies. The fact
that (as discussed below) the derived and
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tabulated partial fefs coincide within the
limits expected for phase changes, and dif-
fer in the directions anticipated for these
refractory, close-packed compounds, satis-
fies the most stringent criterion for 2nd law-
to-3rd law comparison currently available
for this system.

Table I summarizes the results for all ex-
periments. The last column lists enthalpies
extrapolated to A = 0 according to the
slight orifice-dependent trend in Ps(obs)
(see Appendix B for details); a single value
is listed here because the 2nd and 3rd law
expressions were equated for purposes of
determining fef values. Plots representing
the 2nd law treatment before and after this
extrapolation are seen in Figs. lato 1d. The
derived 7T-dependences of the monomer
pressure Pg(equ) for the reactions are

Ta,S/TagS
_5L703) x 10

In Kp = T + 16.0(1) (6)
TagS/Ta
3
n kp = — 22O X0 633 @)

T

Table 1 lists enthalpies of formation and
atomization (divided by R) in 10° K for

TABLE I1

ENTHALPIES OF FORMATION (f) AND ATOMIZATION
(at) AH%/R IN 10° K

Phase AHLw/R  AHY /R

(solid) (in 10° K) (in 10° K)  References
S 0 33.6(0.3) (6)
TaS, —45.3(2.5) 60.0(0.7) (8)

—43.3(5.0) 59.5(1.3) (9)
Tas,
(2nd) —36.7(3.0) 66.0(1.0) (10)
(3rd) —42.6(2.0)  67.90.7)
Ta]¢‘53

x = 0.2 —48.8(3.8) 71.5(1.2) Estim.

x = 0.35 —-50.5(4.0) 73.0(1.2) Estim.
Ta,S (2nd) —21.0(0.3) 80.9(0.2) This work
TaeS (2nd) —24.5(0.5) 88.9(0.3) This work
Ta 0 94.0(0.3) (7)




116

HARBRECHT, SCHMIDT, AND FRANZEN

T T T T T T T T
‘|| 20_3 T T T T T T T
-120f
Rrlee S Cod ]
o
- L O, O, <
1280 ®, B, ~1280| AOB o )
5 .8 BN
-1360} 2000, ~1360} &% 1
%, © 8 8
T -la40f 2.8 8
g -1 Bog%, = -laad o0 1
z s e E o
— o0
2 —1520F 2948, Z 15200 fg 0 R
ﬁgg 08 g [}
-16.00} ° - g
Ago oe 18.00} a -
a0 X
-1680} “8 °e
ok Ago — 1680+ a -
ag g
—~1760 9N —1760F a B
A
a a
-18: L L " 2 ) 1 L . -18: . . ) N ) L
510 525 540 555 570 585 600 615 630 645 510 526 540 555 570 5.85 600 6I5 630 645
INVERSE TEMP  (x10°%) INVERSE TEMP (x10°%)
T T T T T T T
— T T T T T Y
~10.40k€ -lcagr ]
20k -11.20f 9
o]
-1200F o 1200 oo 1
o
% o8
-12.80f 4o @ -1280F 8 g
i O'—’& x 8
%, z g
1360k % -13.60 8 R
~ 8
a goo 8
X —ladok 8 -l440r 8 iy
2
Z 83 8
1520+ 8B -15.20F 8 B
8y 8
1600 Bg -16.00} o8 1
00 o
Lo} o
-I680 oo _1680F o i
OO
o]
=17 L L n -17.60l 1 1 1 | ! I L

L " L s 2
510 525 540 555 570 585 600 615 630 645

510 525 540 555 570 585 600 615 6.30
INVERSE TEMP  (x107%)

INVERSE TEMP (x 10°%

F1G. la. Plots In K, vs 1/T of the reaction § Ta,S(s) = 3 Ta,S(s) + S(g) for three different Knudsen cell
orifice sites. Key:

Symbol Expt. No.  Orifice area
(Figs. 1a,1b) (cf. Table ) (1077 m?)
O 1 1.53
A 2 12.5
<o 3 7.50

(b) In K, vs 1/T plots of the reaction Ta,S(s) = 6 Ta(s) + S(g) for three different Knudsen cell orifice
sites. (c) Results of adjusting data of Fig. la by extrapolating to equilibrium pressures. (d) Results of
adjusting data of Fig. 1b by extrapolating to equilibrium pressures.
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Fi1G. 2. Intercomparison of enthalpies of atomization
in the Ta/S system.

phases in the Ta/S system. The cohesive
energies are of the general form 1/(x + y)
Ta,S,(s) = x/(x + y) Ta(g) + y/x + y) S(g).

Intercomparison of these quantities is
seen in Fig. 2. The values for Ta,_, S, repre-
sent lower limits estimated on the basis that
the enthalpies for TaS; and TaS; (3rd law
value) are reliable and that this nonstoi-
chiometric phase is not metastable at 298
K.

Discussion

The calculations of new fef values for Ta
and S as components of TagS and Ta,S in-
volves two implicit assumptions. First, it
forces agreement between AH %¢(3rd)/R and
AHS(2nd)/R (at A extrapolated to 0),
therein postulating that use of varying val-
ues for Afef is the primary cause for agree-
ment or disagreement of 2nd and 3rd law
enthalpies, to obtain Afef for the reactions.
That this is appropriate, and does not inad-
vertently compensate for errors in measur-
ing Pg is seen by noting that the correction
for orifice-dependence in Pg(obs) (less than
approximately a factor of 2) adjusts
AH'%(3rd)/R by only 1.5 x 10° K (cf. 8 X
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10 if tabulated fef's used). Second, confi-
dence is placed in AH%meq as a basis for
these calculations; this is done both be-
cause that result is derived using only mea-
sured quantities (e.g., no fef assumptions),
and because the raw data in turn show rea-
sonable reproducibility and small random
statistical error within a given experimental
run. For both Ta,S and TaeS, standard devi-
ations in AH%s/R are generally <500 K.

In comparing the derived and tabulated
(elemental) listings for fefr, and fefs (Table
I1I) it is seen that for the approximate T
range of measurement, fefp,(der)/R is
smaller in magnitude than fefr,(tab)/R by
0.4. This is of about the same size as the fef
difference between hcp and bcc structures
for Ti, Hf, and Ca metals. Ta in fact ex-
hibits only the bcc type. The still larger dis-
crepancy for S, |fef(tab) — fef(der)l/R = I,
seems physically reasonable if S atoms in
TagS or Ta,S are considered more rigidly
bonded than S atoms in orthorhombic Sy.
The relatively close agreement between
fef(der) and fef(tab) is taken as verifica-
tion that serious temperature measurement
errors do not enter into the 2nd law results.
It might be overly optimistic to assume that
the derived fef’s are substantially correct,
but the rationalizations for their magnitudes
given above suggest that they are reason-
able approximations.

TABLE 111

CoMPARISON OF DERIVED (der) AND TABULATED
(tab) VALUES FOR fef;,/R AND fefs/R IN THE SOLIDS

T fefr,/R fefr,/R  fefy/R fefs/R
(K} {der) (tab) (der) (tab) Afefy/R Afefs/R
1400 -7.02 -7.403 ~5.68 -6.723 -16.56 - 18.87
1500 =7.20 —7.583 —S87 -6.984 —16.52 18.83
1600 -7.37 —7.754 -6.03 7.241 16.49 -~ 18.80
1700 -7.53 -7.91% -6.19 —7.494 —16.46 —18.77
1800 -7.69 R.076 6.35 -7.744 16.43 - {R.75
1900 —7.84 —-8.228 -6.49 7.991 16.41 IR.73
2000 -7.99 -8.374 6.62 8.235 16.39 IR.70

Note. The Afef/R for reactions (4) and (5) employed for the derivation
are also listed.
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As depicted in Fig. 2, AH%s(at) per atom
for the metal-rich compounds is larger than
that for sulfur-rich compounds of the same
system. By contrast the stability of Ta,S or
TagS with respect to the elements, repre-
sented by the vertical distance between the
straight line (Ta to S) and the curved line
(passing through stable compounds) is
smaller than for compounds to their left. It
may also be seen that Ta,S and TagS are
metastable at room temperature (as they
fall below the straight line connecting adja-
cent phases), i.e., thermodynamics alone
predicts each should disproportionate into
the neighboring phases. However, anneal-
ing at above 1270 K for 3 days did not con-
vert Ta,S into Ta, 35S, + Ta. The kinetic
barrier allowing for the metastability of
TagS could be overcome in a separate ex-
periment, by using I; as a transport agent.
In this test X-ray powder patterns showed
the presence of Ta;1sS; and Ta after the
reaction of TasS with I, at 1220 K for 2
days.

Although Ta,S decomposes to a phase
whose metal substructure is quite similar
(TasS), and TagS in turn rearranges to a
quite dissimilar metal structure (bcc Ta),
there is not a remarkable difference in
AH%;/R for the two reactions.

Our suggestions for possibly useful fur-
ther studies include: (i) measurement of the
heat capacity for Ta,S and TagS to provide
corroboration for the fef(7) results de-
scribed herein, (ii) verification of and deter-
mination of crystal structure for the postu-
lated second (lower T) modification of
TagS, which could help to complete the Ta-
rich region of the phase diagram, and (iii)
determination of AH%s for Ta, 35S,, which
to date has been only estimated, in order to
strengthen our knowledge of relative stabil-
ities of compounds in the system.

Appendix A

To obtain fef’s for Ta and S as compo-
nents of Ta,;S and TasS such that 2nd and
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3rd law results agree, we have done the fol-
lowing:

(1) Write expressions for 2nd and 3rd law
T-dependence of AG

AGYHR = AH%med/R — TASYmed/R
2nd law (A1)

in which AHYnes/R and ASYmed/R are the
slope and intercept, respectively, resulting
from a linear least-squares fit

AGY = AHY. — TAfefy
— AHY_ .+ f " ACY dT + TAfef
Tmed d p Cir

Tme

3rd law. (A2)

(ii) Approximate ACY by Cgs(g) - C}Z.ra(s,
(6) for both reactions (4) and (5), let Tref =
298 K and Tmed = 1720 K and equate (A1)

with (A2) to yield

Tref 0
Afef = —UT | [Chg

~ Cprae] dT — AS®  (A3)

(this was done by graphical integration us-

ing tabulated Cy, , values, yielding

Tref
[ AC dTIR = 0.77 x 10° K).

(i) Write expressions for Afef corre-
sponding to (4) and (5) in terms of both tab-
ulated and unknown values for species

Afef = fefs(g) -y (A4)

Afef = 6 X [fefra) — x]

+ fefgy — y. (AS)

Here x is the unknown fef for Ta as a
component in the solid compounds and y
signifies the same property of S.

(iv) Evaluate (A3) for both reactions (4)
and (5) at temperatures spanning 1400 to
2000 K in increments of 100 K, then equate
these numerical results with corresponding
expressions according to (A4) and (AJ),
yielding two equations which can be solved
for x and y at each T. Both x and y are listed
as ‘‘fefr,(der)’” and ‘‘fefs(der)’’ in Table IV,
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where we compare the results to related
published values.

Appendix B

We account for the orifice dependence of
Pg(obs) by postulating a relationship be-
tween rate of vaporization and deviation
from equilibrium Ps(equ)

Pg(obs) = Ps(equ) — a(dm/dt) (BI1)

in which we neglect higher order terms in
the expansion of Ps(obs) in dm/dt, the dif-
ferential form of rate-of-mass-loss. Substi-
tuting (2) for dm/dt yields

Ps(obs) = Pglequ) — a'AlPs(obs)
+ V2P%(obs)/Kp] (B2)

where a’ = a@RT/Ms)~ V2. The a' is deter-
mined at each of five selected experimental
T; spanning the measured range by fitting
(B2) to {A[Ps(obs) + V2P¥obs)/Kpl,
Ps(obs)} data pairs. The T-dependence of a’
is found by fitting a straight line to a’ vs
T "2. The extrapolated value Ps(equ) for
each temperature is then calculated from
the fitting equation mentioned above.
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