International Journal of Thermophysics, Vol 15, No. 2, 1994

Thermal Properties of Al,O; in the Melting Region
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The density and thermal expansion of alumina (99.99 %) were studied in the
liquid and solid states in the region of crystallization and melting by irradiating
the samples with a narrow beam of gamma quanta. The temperature depen-
dence of the density of strongly supercooled (by 220 K ) alumina and the specific
volume change on crystallization were determined. The results are compared
with the data available in the literature.
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1. INTRODUCTION

The thermal properties of liquid alumina were investigated using a variety
of techniques [ 1-8]. but the results are in rather poor agreement. It suffices
to say that the data [1, 8] on the melt density at the melting temperature
(Ty) differ by 11 %, and the data on the thermal expansion coefficient (f)
by a factor of 3. It seems likely that direct measurements of the density
change of alumina on melting (dp,) were made only in the work given in
Ref. 9. In all other instances, the values of dp, were calculated from the den-
sity of molten alumina measured above the melting point and the density
of solid x-Al,O; at the melting point, as obtained by extrapolation from
lower-temperature data. Clearly this procedure leads to substantial errors
in the values of density change, since in contrast to direct measurements of
dp¢, the systematic errors in the density of both phases are not compen-
sated in that case [10]. The lack of reliable data hampers the solution of
both practical and theoretical problems. Among the latter should be men-
tioned the test of property prediction methods of liquid multicomponent
oxides and the question of the structural change existing in melts.
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2. EXPERIMENTS

The aim of the present paper was to obtain new reliable data on the
change of x-Al,O, density in the melting region as a function of tem-
perature and phase. Measurements were performed mainly by irradiating
the samples with a narrow beam of gamma quanta [11, 12] from a '*’Cs
source (220 GBq) in the temperature range from 2000 to 2500 K. The
samples, having masses of 150-170 g, were cut from single crystals, purity
99.99%, grown by the Czochralski method. Crucibles 40 mm in diameter
were made from polycrystalline molybdenum. The temperature was
measured with tungsten-rhenium thermocouples embedded in the sample.
The measurements were made mainly during continuous heating (cooling)
of the furnace at a rate of 2-8 K -min ' in single-phase regions and at a
rate of 0.1-0.5 K -min~"' in melting-crystallization regions. In addition, at
selected points the density was determined after holding the sample at a
constant temperature for 10-15 min. The results were unaffected by the rate
of temperature change.

The density of liquid alumina p,, and the fractional density change on
melting dp; = (ps — pL)/ps were determined from the expressions

_In[Jo(T)J(T)]
Pm = dl + (T)(T—293)]

(1)

pf=l In(J/Js) 2)
n[Jo(Te)/Js]

where T is temperature, p and d are the mass attenuation coefficient
{(temperature independent) and the inner diameter of the crucible at 293 K;;
J and J, are the intensities of the radiation after passage through the
experimental apparatus with and without the sample, respectively [Jo(7T)
was measured before the main experiment]; and «(T) is the average linear
coeflicient of thermal expansion of the crucible material. Subscripts L and
S are used to denote the values relative to the liquid and solid states,
respectively, at melting temperature. The thermal expansion coefficient
B= —[1/p(T)][dp/dT] was defined from the approximate dependencies
of density, which were found using the least-squares method. It is easily
shown that the thermal expansion coefficients (TECs) measured by the
gamma attenuation technique are independent of the absolute value of
density and are defined as a whole by the values of the intensities and a(T)
(for melts).
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Table I. Experimental Data on the Thermal Expansion
Coeflicient of Liquid Alumina®

Temperature
Sample Regime BL(1075K ™Y range (K)
1 Heating-1 692 +32 2395-2467
Heating-2 6.36 + 2.1 2382-2452
Cooling-1 6.22+0.26 2119-2472
Cooling-2 6.81 +045 2180-2465
2 Cooling-2 6.21 +0.34 2108-2462

Weighted mean 6.38 +0.64

“Here and in the following tables a random error is listed for the measured values and a total
error for the mean values. All are for a 95% confidence interval.

3. RESULTS

The density of single-crystal samples at room temperature was deter-
mined using the indirect Archimedean method. The average of the five
measurements is p,= (3986 +4)kg-m °, which compares well with the
density calculated from the lattice parameters of «-Al,O; [13].

Some original high-temperature data are shown in Tables I and II and
Figs. 1 and 2. The measurement of the melting-crystallization temperature
of alumina was reproduced to within 1 K, with an average value of T;=
(2325 + S) K, which agreed with T;=2327 K [14] within the estimated
error. Supercooling of alumina was detected in all experiments. Its maxi-
mum value reached 200-220 K. In each case, the thermal properties were
free from anomalies when the melt “intersected” the melting point (Figs. 1
and 2). The density of liquid alumina depends linearly on temperature over
the range 2100-2475 K. The values of the thermal expansion coefficient

Table II.  Al,O, Melt Density and Its Change on Melting-Crystallization

Sample Regime pL(kg-m™Y) 3pc (%)
1 Heating-1 2906 + 10 —
Heating-2 2906 + 6 —
Cooling-1 2900+ 2 22814008
Coolng-2 2909 +2 22.81+0.05
2 Heating-2 2904 + 5 22.81 +0.15
Cooling-1 2907 + 1 22.84 £ 0.09

Weighted mean 2905 + 14 22.82+0.20
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Fig. 1. Temperature dependence of the alumina density (first sample)
in the liquid phase. LA and UL. overheating and supercooled states,
respectively. Points are experimental values; the line is the linecar best
fit. (@) First cooling: (+*) second cooling.
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Fig. 2. Change of alumina melt density on crystallization
(second sample, first cooling). UA, liquid state; UR, recalescence
of the melt; RS, solidification; SB, x-Al,O,.
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(Table I), the density, and its change on melting (Table II) were repro-
duced well either in different thermal cycles or in different samples. The
equation to describe the temperature dependence of molten alumina over
the range studied can be obtained from the weighted average values of p,
and f§:

p(T)=2905 —0.18534(T — 2327) (3)

where p,, is in kg-m * and T is in K. The data for the density of solid
sapphire (p.) in the neighborhood of the melting point (2150-2327 K) are
described by

pAT)=3764 —0.12873(T — 2327) (4)

where p. is in kg-m * and T is in K. The density of x-Al,O, and its
thermal expansion coefficient at 2327 K were defined using the respective
average value of p, and Jdp, and the averaging of original data:

ps=(3764+20) kg -m -, Bs=1(342+026)x10 *K ' (5)

4. DISCUSSION

Thermal properties of crystalline x-Al, O, were completely investigated
because sapphire was used for producing the high-temperature thermal
expansion standards. Therefore a comparison between Eq. (5) and literature
data makes it possible to define the reliability of our estimated measurement
precision. Among recent works, the most reliable data have been reported
in Refs. 13 and 15. The temperature dependences of the mean linear expan-
sion coefficient and relative expansion over the range 20-2000 K were
recommended in Ref. 15 on the basis of the critical analysis of the available
alumina thermal expansion investigations. Precise measurements of the
lattice parameters for 2-Al,O; from 293 to 2298 K were reported in Ref. 13.
The data given in Ref. 15 for the relative expansion and TEC over the range
1100-2000 K were fitted by the least-squares method and were extrapolated
to the melting point for pg and fig determination. The density value was
calculated from the fractional volume change from 293 K to T; and X-ray p,
[13]. As shown in Table III, these results are in excellent agreement. This
is evidence that our results are free from unaccounted systematic errors.

The thermal properties data of molten alumina (Table IV) are not in
such a good agreement. In addition, one can see that the measurement
results depend on the technique used. The greatest density values were
obtained by the maximum-bubble pressure method [ 1, 2] and the smallest
values were obtained by the drop method [6, 8]. The spread in the p, is
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Table III. Comparison of the Data on Thermal Properties of
Solid Alumina at Melting Temperature

Difference from our
experimental data (%)

Ref. No. Year pskg-m~Y) Bs (107K ") Ps Bs
15 1983 3759 3.54 -0.13 35
13 1984 3768 332 0.11 -30
Present work 3764 342

greater than the claimed uncertainty in each work. Application of the
Archimedean and dilatometric methods gives close results, but they also
differ from the other data. A similar situation is observed for the thermal
expansion coefficient of molten alumina. It seems likely that disagreements
are not explained by different purities of alumina, because even in the solid
state the density and TEC are not affected by the purity of Al,O, within
the range 99.5-99.999% [13]. It is more probable that the data spread is
due to the presence of gas bubbles in the melt [9], which is capable of
distorting the measurement results [10]. All this indicates that the classic
methods of the study of thermal properties are difficult to apply to high-
temperature oxide melts.

As shown in Table IV, our data on melt density agree with those given
in Refs. 4, 6, and 8 to within the total experimental error. A wider spread
is noted for the thermal expansion coefficient. Only the results given in

Table IV. Thermal Properties of Al,O, in the Liquid State

Ref. No. Year Method® pLkg-m~Y) BLUO K™y  To. (K)
1 1973 MBP 3056 + 21 31.6 3000
2 1990 MBP 3060 + 30 — T,
3 1960 Arch 3009 374 2623
4 1970. Arch 3012 +90 382 2823
5 1972 Dil 3005 250 2775
6 1959 D 2970 — T,
7 1969 D 2700 30.0 2700
8 1983 D 2714 + 390 10.1 £7.1 2959
Present work G 2905 + 14 6.38 +0.64 2475

“ MBP, maximum buble pressure; Arch. Archimedean; Dil, dilatometer; D, drop; G, gamma
attenuation.
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Ref. 8 overlap with our data, but fi; from Refs. 1, 3-5, and 7 exceed it by
a factor of 4-6. Nevertheless, there is reason to believe that the results
obtained in this work for TEC of moiten alumina are more precise. The
reason for this is the high reproducibility of the results, the good agreement
between the measured and the recommended values of T, ps, and fg, and
that the same sources of systematic error of TEC determined by the gamma
attenuation technique apply to both condensed states. As shown in Figs. 1
and 2, supercooling of the alumina melt allowed the measurement of the
thermal expansion coefficient of solid and liquid Al,O, in the identical
temperature range. In that case, systematic errors associated with the mass
attenuation coefficient, temperature, crucible diameter, J,(7) dependence,
and «(T) definition make the identical contribution to 5 and 8, . Conse-
quently, excellent agreement of the data for «-Al,O; (Table IIT) point to
the high precision of the results for the liquid state.

The density change of a-Al,O, on melting dp,=20.0%, measured
earlier by means of the unfeed casting method [9], is about 3% less than
our data. This is not surprising, as this technique is devoid of high preci-
sion and always gives low dp; values [10]. Compared to other high-
temperature oxides, for example, rare-earth garnets (5p,=7-10% [16]),
alumina has a greater volume change on melting. One can suggest that the
large volume increase in a-Al,O, during its transformation to the liquid
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Fig. 3. Fractional density difference of melt (@), y-Al,O, (@),
and a-Al, O, (O) as a function ol cation fraction in tetrahedral
surrounding, 1. 8p = [p — p(a-Al,0;)1/p(x-Al, O,).
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state is associated with radical variation of the short-range order and.
primarily, with variation of the coordination number (Z) of aluminum
ions. If in the crystalline lattice of 2-Al,O, all cations have Z =6, then,
according to molecular-dynamics simulations [17], 54 % of the aluminum
atoms are already in a tetrahedral surrounding in the melt. A good
correlation between the density and the number of atoms in the four-fold
coordination (Fig. 3) is cvidence in favor of the above assumption.

In summary, note that the linear dependence of the density and small
thermal expansion coeflicient value of alumina point to the absence of
structural changes in the melt at least up to 2500 K.
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