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Alumina solubility in chloride—fluoride melts of KCI-NaCl-NaF mixtures with ratios of 0.425:0.425:0.15 (1), 0.38:
0.38:0.24 (I}, and 0.35:0.35:0.30 (Ill) (molar fractions) was investigated in the 973—-1123 K temperature range
using the isothermal saturation method. Al,O3 solubility in the ionic melts studied was shown to be on the order of
0.06 g kg~ for system I, 0.12 g kg™ for system II, and 0.14 g kg~* for system Il at 1073 K. All the “Al,O3 + melt’
systems were found to demonstrate negative deviations from the ideal solutions. The solubility of Al,O3 in all the
melts increases with the temperature increase; however, the dependences of —log Na,o, versus T-* were characterized
by the slopes (2.6 + 0.4) x 10° K (I and II) and (2.4 + 0.6) x 10° K (lIl), which were considerably less than the
slope predicted by the Shreder—Le Chatelier equation (~5.8 x 109).

Introduction demand for sapphire is taken into account, similar methods

Al,O; single crystals (leuco-sapphire) possess many May result in appreciable economic effect. The problem of
properties which make them available for some industrial choice of flux solvent for A4O; is now far from being solved.
applications, such as high optical transparence for UV, IR Literature data contain some information concerning alumina
irradiation, and visible light, high hardness, and stability at Solubility in fluoride melts (e.g., NAIF¢)," serving as
high temperatures up to 2300 K. In addition, they are background electrolytes for electrochemically obtaining
characterized by high electric resistance, heat conductivity aluminum, and some calculated phase diagrams of #DgAl
and radiation, and chemical stability. Because of these AlFs—NaF systent.®
properties leuco-sapphire is widely used for various optical, ~An obvious advantage of mixed chloridéuoride systems
electronic, chemical, and medical applications. is the lower melting points (the melting points of NaF and

The possibility of wide use of leuco-sapphire for these NaAlFs are 1068 and 1279 K respectively, whereas the
purposes arose in the seventies of the last century when thi€.425:0.425:0.15 KCGtNaCl-NaF mixture solidifies at 875
material was grown by the Czochralsky and Kiropoulos K). Second, chloridefluoride mixtures themselves, as a rule,
methods and horizontal-directed crystallization. This set of are soluble in water (whereas the s solubility is very
growth methods allowed crystals differing in shape, size, and low); this facilitates separation of single crystals from the
composition to be obtained. However, the growth methods melt components.
require high temperatures on the order of 2300 K (near the The purpose of this work is to determine the solubility of
melting point of AbQOs); this is connected with the necessity Al;Os in chloride-fluoride melts of KC-NaCl—NaF mix-
of using complex equipment and with the high consumption tures of 0.425:0.425:0.15, 0.38:0.38:0.24, and 0.35:0.35:0.30
of energy. compositions and trace the thermal dependence of the

Therefore, considerable attention of investigators is now solubility for these compositions.
paid to routines providing the growth of alumina from
solutions in molten salts that allows the growth temperature (1) Eﬁlr%tlmvaer l_KrSEQ,S gd:owagne?\gg, Mlglggjinij%ﬂzlElectrolysis
to be decreased to 1300 K. When the permanently increased (2) Faland, T.; Ratkje, SActa Chem. Scaﬁdgn ’2%’ 1883.

(3) Sterten, A Hamberg, K.; Mgland, IActa Chem. Scand.982 A36,
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Experimental Section

ReagentsThe potassium and sodium chlorides were “extra pure
23-3" grade (23-3 means that 23 impurities are controlled and that §
their content is less than 1®mass %), and the sodium fluoride
was of reagent grade. The8l; powder was obtained by reducing
leuco-sapphire single crystals, which were kindly presented by Prof.
L. A. Litvinov (Institute for Single Crystals of National Academy
of Sciences of Ukraine), to smaller fragments. L L

The choice of the solvent compositions for the investigations M " VJWJ. -.+ [l th M
was made with the following considerations. First, a solvent should Al'z'(')-‘;"' | | ""-I""rtl" I’""”-I" ”"°I"I | O ":"ﬁ"’
be soluble in water; therefore it should consists of KCI, NaCl, and KCl | | | | |
NaF (Lit, C&*, S+, and B&" cations are undesirable because NaCl T [ [ | ]
the corresponding fluorides are insoluble in water), and its Figure 1. X-ray diffractogram of the AlOs sample used to obtain solubility
composition should belong to the KENaCl (1:1y-NaF cross- data in the KCH-NaCl—NaF (0.35:0.35:0.30) melt. The diffractogram and
section. Second, the melt should be relatively low melting with a the bar diagrams for pure phases are obtained at room temperature.
wide enough temperature region of liquid state under 1273 K (at
this temperature intensive evaporation of chlorides takes place) (i.e.,freatment was performed with the assumption of a normal distribu-
it should fuse at temperatures near 973 K). Third, the melt should tion of the magnitudes.
contain an appreciable concentration of the fluoride ion. The data Since the destruction of AD; by fluoride melts at high
necessary for the choice may be taken from the phase diagramt€mperatures is possible and results in the formatiofi-64,05
constructed by Kovalev et &ZINamely, the range of concentration ~ (N&O-11A1:05), the remaining AIO; deposit and the crucible walls
should be from 15 mol % of NaF (near eutectic, melting peint ~ Were studied by X-ray phase diffraction analysis.
875 K) to 38 mol % of NaF (melting point 973 K). We chose to
the study the melts with NaF concentrations of 15, 24, and 30 mol
% of NaF using these data. Before the main discussion, we considered the X-ray data

Method of Investigation. Determination of AO; solubility was to state which equilibrium is studied. The X-ray diffracto-
performed by the isqthermal saturation method. The samples of gram is shown in Figure 1. It is seen that the deposit was
AI203-sqturated squu_ons wer_e prepared_ as follows. The mixture corundum, AJOs, with small inclusions of some individual
of salts, in the proportion required to obtain 100 g of KGlaCl- alkali metal halides. There are no traces of any aluminates

NaF solvent of 0.425:0.425:0.15 (l), 0.38:0.38:0.24 (Il), and 0.35: . . I
. " . - in the deposit, therefore, we can conclude that the equilibrium
0.35:0.30 (lll) compositions, was placed into an alundum crucible

together with excessive amount of 8k (usually within 2-3 g);
the mixture was placed into the experimental cell and heated to

the temperature of the experiment (973, 1023, 1073, and 1123 K) . . i
in argon flow: usually 23 h was required for temperature IS Studied under the experimental conditions. FoyiAd 20,

stabilization. Then, the solid phase was kept in contact with the it should be noted that this compound is formed if pure NaF
melt for 30 min, after which a sample of the solution was extracted is in contact with solid AlO;. This means that the melt
from the cell using the specially made alundum spoon. The next temperature is at least 1280 K and the mole fraction of F
samples were obtained within 2380 min range, one after another.  is equal to 1. For the chloridefluoride melt, the temperature
This method allows us to obtain the set of data for statistical s efficiently lower, and the molar fraction of fluoride is-8
treatment and to trace the process in the time. times as less than that in the pure fluoride melt. According
The analysis of the AD; concentration in the samples was 1 mags action law, the rate of A destruction should be
performed by the atomic-emission spectral methatijch consisted considerably less, and the temperature decrease leads to

of complete evaporation of the sample in the AC electric arc using . . S
an IBC-28 excitation source and a DFS-8 photoregistering device. \tl\rlliagsl?(;ngx?c:éhe destructive effect of the said ionic melt on

Photoregistration of the sample spectra was performed at their o )
evaporation from craters in the graphite electrodes into the arc at 1 h€ results of the determination of the mass fraction of

a current strength of 16 A and a voltage of 220 V; the duration Al2Os in the samples and some calculated magnitudes are

was 60 s. The spectral range of 258650 nm was used for the ~ presented in Table 1, wheseis Al,O3 solubility in mole

calculations. The lowest limit of aluminum detection was about 5 fractions ands; is the standard deviation (in mole fractions).

x 107 mass % with a determination error of 0.16. Spectral analysis of the samples shows that all the samples
The treatment of the experimental data consisted of recalculation gre referred to saturated solutions, and there are some

of the aluminum concentration in the sample (mass %) with respect ggcillations from the definite average value at the same

to the molar fraction of AlO; in the saturated melt with subsequent temperature caused, mainly, by features of the analysis

1 1 10 . . .
stat!sncal treatmerft}® the latter was made after_removal .Of. method. This may be explained by the fact that the solid
obviously erroneous results from the data sets obtained. Statistical . . - . L

oxide starts interacting with the liquid phase from the

Intensity, arb

Results and Discussion

Al Zo3,solid'L =Al 203,dissolved (1)

(7) Kovalev, V. F.; loffe, V. M.; Kartsev, V. EZh. Neorg. Khim197Q moment of melting, and the relatively short exposition at a
15, 1966. b it

(8) Zolotovitskaya, E. S.; Shtitelman, Z. V.; Glushkova, L. V.; lichenko, chogen tem.perature allows e.qumbrlum cond|t|.o.ns to be
0. P.; Blank, A. B.Vysokotchistye Vescheat1996 N1, 124. achieved. Literature data testify tha 2. h expp;mon at

9) D%egeI, K.Statistics in Analytical ChemistryMir: Moscow, 1969; temperatures on the order of 1000 K is sufficient for the
p 248. formation of the saturated solution for other oxides and other

(10) Physical Chemistry. Theoretical and Practical Guiddikol’skii, B. . o - .
P., Ed.; Khimiya: Leningrad, Russia, 1987; p 880. melts, which are less aggressive in respect to oxide materials.
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Table 1. Solubility of Al;O3 in Melts of KCI—-NaCl—NaF Systems at Different Temperatutres

KCl—NaCl—NaF (1) KCl—NaCl—NaF (1) KCl—NaCkNaF (lIl)
0.425:0.425:0.15 0.38:0.38:0.24 0.35:0.35:0.30
T (K) X S log x X S log x X S log x
973 5.9x 10°° 4% 106 —4.23 7.9x10°° 8x 106 —4.10
1023 4.5x 1075 7x 106 —4.35 1.00x 104 7 x 105 —4.00 1.33x 1074 3x10°° —3.88
1073 5.7x 1075 7x10°6 —4.25 1.20x 1074 6x 1076 —3.92 1.57x 1074 6x 106 —3.80
1123 7.7x 10°° 1x10° —4.12 1.38x 104 5x 1076 —3.86 1.70x 104 8x 1076 =3.77

ax is the AbOj3 solubility in mole fractions, and is the standard deviation in mole fractions.

log x (where X is halogen) should increase if b substituted

] partially or completely by F. The comparison of the
solubility data in both studied melts shows that the increase
of F~ concentration by two times leads to the increase of
Al,O3 solubility in the chloride-fluoride system by~2.6
times.

-3,8

-4,01 Polythermal investigations allow us to solve some prob-
lems connected with the properties of the studied saturated
solutions. In particular, it is possible to detect if the solution

42 formed is ideal and trace how these deviations are changed

with a temperature increase. An important practical aspect
is the “log x—T~*" plot which makes the prediction of the
solubility at intermediate temperature possible.
4.4 - ; - ; . ; . The running solubility of a solid substance, formed of the
7 -0,6 : . : . .
log x(F) ideal solution, with temperature is predicted by the Shreder
Le Chatelier equatidf

Figure 2. Dependence of ADs solubility (log x) vs molar fraction of F

(—log x(F)) in melts of KC-NaCl—NaF system at different temperatures: AH (T—T.)

(1) 973 K, (2) 1023 K, (3) 1073 K, and (4) 1123 K. logx = ———— (4)
2.3RTT,

The data show that the solubility of alumina in the

chloride—fluoride melts at the studied temperatures is low whereAHn, is the heat of melting andh, is the melting point

(within 0.1-0.2 g per 1 kg of the melts) and increases with of the solid. After some transformations, this equation may

increasing temperature. The increase of theéncentration be written as

in the molten media leads to an increase of theQAl

solubility, as shown in Figure 2. This is explained in the AH.r1 1

frames of the “hard and soft acid and base” concept by Iogx=ﬁ(T—m—1—_) ®)

Pearsoril 12 In essence, the interaction between the pairs

formed by hard and soft acids and bases leads to the Thjs dependence presents a straight line indegf(T—2)

preferable formation of a *harder acitharder base” pairas  coordinates. The calculation using this equation, taking into
one of the products and a “softer aeisofter base” pair as  gccount thanH,, = 111.4 kJ mot! and T, = 2317 K25

another product that is presented the equation leads to the following solubility values (mole fractions): 3.4
x 1074at 973 K), 6.7x 10%at 1023 K), 1.2x 10 3(at
[HA - SB| +{SA — HB| - [HA — HB| +/SA-SB, @ 1073 K), and 2.1x 10-3(at 1123 K). These data show that

_ ) the ALOs—chloride—fluoride melt is characterized by con-
where HA and HB are hard acid and base, respectively, andsjgerable negative deviation from the ideal; this means that
SA and SB are soft acid and base, respectively. the AB*—0%" + Nat(K*)F~ interactions are stronger than

The fluoride ion is known to be a considerably harder base the Ap+—F- 4 Na"(K*)—0? ones. (The interaction of two

than chloride. An increase of its concentration in the myiticharged ions should be predominant; that behavior is
Al** belongs to the hardest acids, and it forms very stable g the solubility values, we obtain the theoretical slope of
complexes with F; therefore, the degree of action of the the |ogx = f(T~1) plot as

melt on alumina

—1 a(log X) _ AHm _
ALO, |+ 20X~ = 2AI0X," * + 0% 3) () 2R 582K 6
p
(11) Pearson, R. Gl. Am.Chem. Sod 963 85, 3533. (14) Shen Tsin Nan, Delimarskii, Yu. KUkr. Khim. Zh 1961, 27, 454.
(12) Pearson, R. Gl. Chem. Educ1968 45, 581. (15) Chemical EncyclopedjéSovietskaya Encyclopedia: Moscow, 1988;
(13) Pearson, R. Gl. Chem. Educl968 45, 643. Vol. 1, p 623.
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log x and the slope of the dependence jogersusT * should be
less than the theoretical one. The melting ob@ at a
temperature higher than boiling points of the components
of the solvent gives an information about the strength of the
interparticle bonding.

For the chloride-fluoride system studied, it should be
noted that melt I, as a solvent, was studied by a potentio-
metric method using a membrane oxygen electrode Pt-
(O,)|1ZrOo(Y 20s) .26 It was found that the melt in the alumina
crucible was polluted by oxygen-containing admixtures
] » (~0.01 mol kg?), which could not be removed by usual
44 purification procedures. With both ZgQ¥,03) and ALO3

1 are considered to be possible pollutants, a sample of the
obtained solution was analyzed. The former compound was
found to be stable under the experimental conditions, whereas

T'1 /K'1 alumina underwent appreciable corrosion. The spectral
_ N _ analysis allowed us to estimate @8k concentrations down
e o e s, ana 108 10°% mollkg which corresponded to molar fractions
0.35:0.35:0.30 (lIl) versus the inverse temperature. (x) on the order of 2< 10~. This value is somewhat higher
than that reported in this paper and may be explained by the
Let us consider the experimentally obtained dependencesdifference in particle sizes.
presented in Figure 3. They can be approximated by the The use of the same crucible leads to its corrosion (and

-3,8

T T T
0,0009 0,0010

following equations: increase of the surface area) for different reasons. They are
high acidic or basic melts, thermal shocks, melting/freezing
logx = 1.79 (& 0.3)— 2630 & 270)T * of the studied melts in the pores, etc. Therefore, to avoid

for composition (1) (7) these factors, we use one crucible for one cycle of measure-
ments. That is, we heated the crucible, for example, to 700
°C; then we obtained the samples (approximatehbs),
logx = 1.5 (+ 0.3)— 2630 @ 400)T * and the temperature was increased to 7680where the
for composition (1) (8) samples corresponding to this temperature were obtained.
This procedure requires one working day. The next day, we
took new crucible and heated it with the salt mixture to 800
°C, and the procedure was repeated.
The potentiometric data were obtained in a crucible used
for some measurements, and the solubility of its walls was
As can be seen from the presented calculations, the slopeg—4 times larger than that of the pounded single crystal. In
of the dependences for both chlorigituoride melts are ~ View of the Ostwale-Freundlich rule (the effect of grain
practically half that of the theoretical one. This also may be Size on solubility), the solubility in new crucibles corresponds
explained by the negative deviations from ideal in the system 0 true AkOs solubility in the melt.” _
studied. Moreover, the method used for the solubility 1he different solubilities of AlO; in the said melt are,
investigation allows us to determine the sum of two kinds fOr System 1, 0.07 g kg at 1023 K, 0.09 g kg' at 1073 K,
of particles: APt and ALOs. Both particles are foreign for andwO.lZlg kg at 1123 K; forlsystem Il, these values are
the solvents studied; therefore, we should expect sucho'10 gkg'at973K, 0.17 g kg at 1023 K, 0.20 g kg’ at

deviations. In relation to the temperature dependence, it ;?g?(’)lifndkoizstggg itlolgg K, Enld;frlzésstelin gl,z'[?hey
should be noted, that the slope of such a plot shows 149 X0 » 923 9 XQ » 92l g

. D : . kg™t at 1073 K, and 0.29 g kg at 1123 K. The cooling of
comparable changes of interparticle interactions with the
. . : the saturated melts from 1123 to 1023 K allows the
temperature. It is clear that such an interaction weakens

. L ) crystallization of approximately 0.05 g of AD; from 1 kg
because of the increase of kinetic energy of the pjartlcles. Itof the melts. This value is too low; therefore these solvents
can be used to to conclude that, if the3A+O?" and

PO _ cannot be recommended to obtain®@{ single crystals by
Na"(K™)F" interactions weaken to a greater degree than the gjrect crystallization. However, the solubility values make

AI**—F~ and N& (K*)—0?" ones, we should observe aslope it hossible to use the chlorigeluoride melts for treatment
that is greater than the theoretical one. If we obtain the of glumina as fluxes or media for recrystallization-like
theoretical slope, we state that the weakening of theseprgcesses.

processes occurs to practically the same degree (for the
Me?t+0?" system, it takes place in some cases). In our case,(16) Cherginets, V. LOxoacidity: Reactions of Oxo-compounds in lonic
we conclude that the break down of the bonds in the solvents,,, S0vents Elsevier: New York, 2005; p 382.

) ; ) . ; (17) Cherginets, V. L.; Deineka, T. G.; Demirskaya, O. V.; Rebrova, T. P.
with temperature is more intense than that in the solid phase  J. Electroanal. Chem2002 593 171.

log x=1.63 (= 0.6) — 2360 & 600)T *
for composition (l11) (9)
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