Surface Tension of KPO3-WO3 Melts
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The temperatures Tj;q of molten xWOj3-(1 —x)KPO3 mixtures with a molar content between x = 0
and x = 0.60 have been determined by differential thermal analysis. The surface tension of the xWO3-
(1 —x)KPOj3 melts in the interval from x = 0 to x = 0.5 has been measured by ring tensiometry for
temperatures 10 K—20 K above the melting points, up to 1373 K. The data obtained for KPO3 were
fitted by a linear dependence on the temperature and compared with data available in the literature.
The surface tension of the xWO3-(1 — x)KPO3 melts was found to decrease non-monotonously with
x. Three bends at x ~ 0.15, 0.30, and 0.45 were observed in the surface tension vs. molar fraction
curve. The first and the third bends correspond to eutectic compositions; the second one is related
to the formation of congruently melting KoWO,P,07. Equations describing the temperature and
concentration dependences of the surface tension are proposed.
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1. Introduction

For the optimization of refractory metal electrolytic
deposition from molten salt a comprehensive knowl-
edge of the physical properties of the melt is required.
KF-KPO3-WOj3 melts are found to be suitable for the
electrodeposition of W [1]. However, the properties (as
e. g. conductivity, surface tension, density and viscos-
ity) of these melts have not been studied sufficiently,
thus not yet allowing their industrial use. The objec-
tive of this paper is to report on the surface tension
of the molten binary KPO3-WO3 system as one of the
KF-KPO3-WOj3 constituents.

2. Experimental
2.1. Preparation of Samples for Measurements

All glass samples were prepared under similar con-
ditions from a mixture of reagent grade KPO3 (Merck,
99.95%) and WO3 (Aesar, 99.99%). The contribution
of the components was determined from the composi-
tion xWO3-(1 — x)KPOj3 with a molar fraction of WO3
in the range x = 0.00 to x = 0.66. To prepare the xWO3-
(1 —x)KPOj3 glass with an appointed value of x each
mixture was molten in a zirconium crucible at 1120—
1200 K for 1 h. The crucible with the glassy product
was transferred into an all-welled apparatus inserted

in a shaft furnace; then bubbling with dry O, gas was
applied during 3 h at 1073 K to remove residual wa-
ter, to homogenize the melt and to prevent a reduc-
tion of its components. In order to obtain better ho-
mogeneity, the glass was remelted several times. After
that the furnace temperature was lowered to 1020 K
and the melt was stored for 10 h under vacuum to de-
gasify it. The inner volume of the system was evac-
uated to a pressure less than 10 Pa. Finally, the melt
was quenched and the glass was transferred into an
ampoule under dynamic vacuum using Schlenk’s tech-
nique. The ampoules then were evacuated and sealed
to prevent the adsorption of water. An X-ray pow-
der diffraction analysis of quenched and slowly cooled
melts of the KPO3-WO3 system was carried out with
a Philips-1500 diffractometer operating with the CuKy,
radiation. The microstructures of the glasses were stud-
ied with a Polyvar I microscope.

2.2. Measurements of Liquids

The liquid temperatures Tj;q of the KPO3-WOs3 sys-
tem were determined by means of a Q-1500 differen-
tial thermal analyzer. The mixtures xWO3-(1 —x)KPO3
with x < 0.56 (corresponding to 100 —200 mg in mass)
were placed in covered zirconium sample holders to
prevent losses of P,Os. The heating and the cooling
curves were registered at rates of 2.5, 5 and 10 K/min.
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2.3. Measurements of Surface Tension, Apparatus
and Experimental Method

The surface tension was measured in an argon atmo-
sphere using the ring method [2—4]. All glass samples
were heated to 473 K under vacuum for dehydration
before use. The measurements of the surface tension
have been performed with a Du Noiiy tensiometer of
Kiriiss K8 type combined with a radiofrequency induc-
tion heating shaft furnace. The tensiometer and the fur-
nace were situated in two vertical cylindrical chambers
connected by an orifice. The chambers were also con-
nected with the vacuum line of an oil-diffusion pump
and an inert gas fed system.

A zirconium crucible with a diameter of 30 mm and
height of 50 mm was used as a container for the melts.
The crucible was placed in a massive molybdenum
crucible-like block hanging in the central part of the
furnace shaft. The high thermal conductivity and the
mass of the block smoothened the temperature fluctu-
ations. Thus an isotropic thermal field was created in
the central part of the massive block. The crucible with
the melt under study was placed therein.

Before heating, the chamber was evacuated and
filled with Ar with a pressure of 1 bar. After that the
sample was heated up to the highest experimentally ob-
tainable temperature and held for about 1 h before the
first measurement was carried out as follows. A ring
was immersed in the xXWOs3-(1 — x)KPO3; melts with
molar fractions from x = 0.00 to x = 0.50, and then
raised upwards with a rate of 1.2—12.0 mm/min. The
force exerted on the ring was measured using a strain
gauge. The temperature was changed in steps of 50 K
from 1073 K to 1373 K with a precision =5 K. The

relative error of the surface tension measurement was
estimated to be within £2%.

The temperature of the melt was measured with a
Pt:Pt-Rh thermocouple assembly located around the
crucible. A thermocouple of W-Re 5/20 type covered
by a zirconium protector was inserted into a closed
aperture of the massive block to monitor the temper-
ature of the crucible environment. The cold ends of the
thermocouples were thermostated at 273 K. To deter-
mine the surface tension 7y the following equation was
used:

Y= (Wmax8S)/[(47TRo(1 + @AT)], (1)

where Wpax is the maximal detaching force, g the
gravitational constant, S the Harkins-Jordan’s correc-
tion factor [5], Ry the radius of the ring, o the lin-
ear expansion coefficient of the ring, and AT the dif-
ference between 298 K and the measuring tempera-
ture. Test measurements with NIST KCl standard refer-
ence material have been carried out before investigat-
ing the melts. The data obtained for the melts of the
reference material agreed well with the linear equa-
tion y/(mN-m~!) = 179.1168 — 0.076026 T /K, for
temperatures in the range 1080 K < 7" < 1280 K as
recommended in [6]. The surface tension at 1273 K
was found to be 83.02 mN-m~!, which is close to
82.33 mN-m~! as reported in [6].

3. Results and Discussion
3.1. Phase Diagram of the KPO3-WQO3 System

Two compounds, 2KPO3 - WO3 (K, WO,P,07) and
KPO3 - 2WO03 (KW,05P0Qy,), two eutectics located at
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x=0.16 (963 K) and at x = 0.47 (961 K), and dystec-
tics at x = 0.53 (1022 K) were determined in the KPO3-
WOj; system according to DTA, X-ray diffraction, and
microstructure analysis. Polymorphic transformations
in KPO3 and KPOj3 - 2WO3 were determined from the
DTA and X-ray data at 723 K and at 823 K, respec-
tively. K, WO, P,07 melts congruently at (1023 +5) K
with the corresponding enthalpy of melting equal to
11.85kJ - mol~!. KPO3 - 2WO3 melts incongruently at
(1022 £ 10) K. A part of the phase diagram of the
KPO3-WO3 system is presented on Figure 1. The tem-
perature Tjjq; measured by DTA can be represented by
a polynomial dependence on the WO3 mole fraction x:

Tiiq(x = 0—0.16) /K

) ; 2
= 1081 — 204.63x — 6085.6x> 4 17778.8x°,
Tiig(x = 0.16 — 0.33) /K )
— 831.04 1085x — 1540x7,

Tiq(x = 0.33 — 0.47) /K @
= 691.1+2030.4x — 3121.47%,
Tiig (x = 0.47 — 0.53) /K

tiq )/ )

= —773.6 4+ 5965.1x — 4857.2x°.

3.2. Surface Tension of the Melts

Before studying xWOs3-(1-x)KPO3 melts, the tem-
perature dependence of the surface tension 7y of the
KPO3; melt was examined. It was found to vary lin-
early with the temperature in the range 1073 K < T <

T T T T T y T T T v T v T v 1
1050 1100 1150 1200 1250 1300 1350 1400

present study. The solid lines represent the
least squares fitting of the data.

1373 K according to
y/(mN-m ™) =202.042.5-0.06240.001 /K. (6)

To determine the surface tensions of KPO3; melts the
ring [7] and the maximal bubble pressure [8, 9] meth-
ods were used. Literature data taken from [7—9] were
extrapolated over the whole temperature range in Fig-
ure 2. The original data from the literature on the sur-
face tension of KPO3 [7—9] can be expressed in in-
creasing order as

y/(mN-m™!) = -
159.61 £1.38 —0.03 £0.001 T/K [7],

y/(mN-m~1) =193.2-0.0556T/K [9], (8)
y/(mN-m™") =

9
217.64+1.4—0.068+£0.001 T/K [8]. ®

Our own data are close to those of Sokolova et al. [9],
they are understated relative to Jager’s [8] data set, and
they intersect the data of Williams et al. [7]. The data
of Sokolova et al. [9] and ours agree well, the dis-
crepancies being within experimental error. The devia-
tions from the larger bubble pressure data of Jiger [8]
with regard to all the shown data may be due to the
neglect of Sugden’s correction for non-spherical bub-
bles [10] in Jéger’s results. The reason for the differ-
ence between the data of Williams et al. [7] and the
other ones is not quite clear. The thermal coefficient
dy/dT = —0.03 mN-m~!'-K~! calculated from the
data of [7] [see (7)] is significantly lower than that
given in [8,9] as well as that of the present study. It
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Fig. 3. Optimized values for the surface tension in the xWOs3-
(1 —x)KPO3 melts measured at different temperatures. Open
triangles, at 1073 K; black triangles, at 1123 K; open circles,
at 1173 K; black circles, at 1223 K; open squares, at 1273 K;
black squares, at 1323 K; open rhombs, at 1373 K. The solid
lines represent the best fit of (10) to the experimental data.

is closer to dy/dT = —0.0379 mN-m~!-K~! reported
for the glass melts of the NayO-P,0Os5 system in [11].
Probably the composition of the glass melt, studied in
[7], deviates from that of pure KPO3 melts.

There are no data in the literature for the surface ten-
sion of pure WOs3 at temperatures close to the studied
ones. The surface tension of the xWOj3-(1 — x)KPO3
melts are shown as a function of the molar ratio x in
Figure 3. The experimental data were least-squares fit-
ted [12] to obtain equations of the form

y/(mN-m~!) = Ax+ Bx* 4+ Cx* + D. (10)

Here x is the molar fraction of WOs3. The obtained val-
ues for the parameters A, B, C, and D are listed in Ta-
ble 1.

The measured values of the surface tension show a
downward trend with increasing temperature. A power
law was suggested in [12, 13] to fit the downward trend
(1073 K < T < 1373 K):

y=aT +b(-10)T% +d, (11)

where a, b, and d are constants and T is the temperature
(Table 2).

The KPOs melt has a rather large surface tension
due to its polymeric structure consisting of a poly-
metaphosphate chain and ring anions interlinked by
ionic bonds between the potassium ions and the non-
bridging oxygen atoms of the PO, tetrahedron. For
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Table 1. The coefficients of (10) approximating the surface
tension of the xWO3-(1 — x)KPO3 melts for some chosen
temperatures.

T, A, N D,

K mNm !'mol"!mNm~! mol~! mNm~! mol™! mNm!
1073 —29.224+9.0 66.48+42.9 —163.79+56.3 135.13+0.5
1123 —14.80+2.8 —40.83+54 131.43+£0.3
1173 —21.40+49 —-33.28+94 128.61+£0.5
1223 —2492+4.3 —27.29+8.2 125.52+0.5
1273 —20.70+3.8 —34.00+7.2 122.53+0.4
1323 —18.89+34 —-33.66+6.5 119.62+0.4
1373 —16.75+2.6 —32.08+5.1 116.39+£0.3

Table 2. The coefficients of (11) approximating the surface
tension Y of the xtWO3-(1 —x)KPO3 melts for selected con-
centrations.

X amN-m ' K! pmN-m!' K2 4 mN-m!
0.05 —0.15+0.03 3.55+1.16 251.11+17.33
0.10 —0.17+0.03 4524+1.12 265.43 £ 16.66
0.15 —0.15+0.04 3.53+1.74 250.55 +26.0
020 —0.22+0.04 6.48+1.76 293.40+£26.16
025 —0.25+0.04 7.78+1.56 309.35+23.17
030 —0.30+0.05 9.5442.0 336.13+£29.32
035 —0.35+0.04 1.1640.18 367.57+£27.1
040 —0.37+0.03 1.2540.14 375.19+20.23
045 —0.39+0.05 1.3440.19 381.1+28.23
0.50 —0.21+0.06 6.23+2.4 271.88+£35.36

metaphosphate glasses usually only Q2 sites (Q” is a
PO, tetrahedron which has n bridging and 4n non-
bridging oxygen atoms) are registered by 3'P MAS
NMR specroscopy [14, 15]. Evidently minute amounts
of Q! sites (corresponding to the terminal POy tetrahe-
dron in the chain) were observed in the KPO3 melt as
a result of the dynamic equilibrium of the polymeric
phosphate anions [16].

Adding WOs3 to the KPO3 melt leads to the for-
mation of mixed tungstophosphate anions via grad-
ual replacement of P-O-P bonds by P-O-W bridges
and the appearance of additional P-O-W bonds with-
out destructing P-O—P ones. Depolymerization of the
polymetaphosphate anions, i.e., an increase of the Q!
and QU sites by adding the more basic oxide was con-
firmed by NMR measurments for numerous glass sys-
tems [15].

The dependence of the surface tension y of
the xWO3-(1 — x)KPO3 melts on the concentration
has shown a non-linear behaviour for all tempera-
tures studied. The surface tension was found to de-
crease non-monotonously with decreasing x. Adding
50 mol% percent of WO3 to KPOj3 decreased the sur-
face tension to about 85% of the value for KPOjs.
Three bends at x ~ 0.15, 0.30, and 0.45, whose posi-
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Fig. 4. Fragment of a tungstodiphosphate
[W02P207],%[ chain built from the struc-
tural data of K, WO,P,07 [15].

tions correlate with the phase diagram studied, could
be observed in the concentration dependence of the
surface tension (see Fig. 3). The first and the third
bends correspond to the eutectic compositions; the sec-
ond one is related to the formation of congruently melt-
ing Ko WO, P,07. The crystal lattice of the compounds
according to [17] is built of diphosphate groups and
isolated WOg octahedra, having two terminal vertices;
these structural units form infinite anionic chains, as
represented in Figure 4.

The potassium cations are located between the
tungstodiphosphate chains. The congruent melting of
Ky, WO, P,07 results in the formation of [W02P207]%1_
chain fragments in the melt. We suppose that the pa-
rameter m might decrease progressively with increas-
ing temperature. The fragments of the [W02P207]31_
chains should exist in the melt at x = 0.16 — 0.47,
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