DENSITY OF FUSIBLE METALS PASSING
THROUGH THE MELTING POINT

A. 8. Basin, S. P, Volchkova,
and A, N, Solov'ev

The density and thermal expansion of the low-melting and, in particular, the alkali metals near the
"melting-freezing® phase transition point have been studied many times [1]. However, in most cases the
studies were made either of the solid or liquid phase only, and therefore the studies were of different speci-
mens of the substances. If we also consider that the compositions of the specimens studied by different
authors differed significantly and that the number of measurements in the immediate vicinity of the melting
point is usually not sufficient to ensure high measurement accuracy of the temperature and other thermal
relations, it is natural that there is still very little detailed information available on density changes during
melting and freezing of the alkali metals and most of the other metals,

The present paper includes results of studies of pure rubidium and gallium density and also of a
series of specimens of potassium, rubidium, and cesium with impurities in the vicinity of the melting point,
The studies were made using a dilatometer with intermediate medium, similar to the pycnometer method
for measuring the density of solid bodies [2].

This method has been used previously, e.g., in [3] to study the thermal expansion of liguid cesium,
and is nearly the only method which permits carrying out equally accurate measurements for the liquid
and solid phases of the same specimen,
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TABLE 1. Composition of Alkali Metal Specimens, wt. %
Specimen |Mass, g l Na X ‘ Rb Cs Ca ’ Other
K 13.8 <ti.14 98.5 0.1 0.1 0.1 0.2
Rbt* 19.7 0,003 0.009 | 99.93 0.001 0.001 0.005
Rb2t 14,6 0.1 9.0 89 1.0 0.1 1,0
Csit 28.4 <0.003 | <0.018 | <0.001 | 992 <0.003 | Oxides
Cs2%* 2.3 0.05 0.5 1.0 98 0.1 l 0.5
* Analysis of lot,
fRETU-118-59.
fOxidized during charging.
**RETU-117-59.
TABLE 2
Quantity Rb1 Rb2 st Cs2 K Ga
¢ °C from 14,6 18 12,7 19 20.0 19.0
" °C to 91.6 66 50.8 32 91.9 79.3
1, °C 39.16 38.6 28.5 28.2 63.3 29.80
At,, deg <0.05 >10 ~3 ~8 ~3.5 <0.05
80, % 2.625 — 2.48 — 2.7 —3,39
ou glem® | 1.524 — 1.883 — 0.851 5.895
Pu”, o fom’ 1.4844 — 1.837 — 0.828 6.095
pt Bl 4.40 — 5.16 — 2.1 2.69
b'glemi.deg  4.81 4.7 5.29 — 2.4 8.62

Note, Singleprime relates to solid phase, double prime to liquid phase.

1. The majority of the experiments were conducted using the liquid dilatometer method with VM-1
degassed vacuum pump oil as the intermediate medium. A schematic of the apparatus, fabricated from
molybdenum glass, is shown in Fig. 1a. The dilatometer reservoir 1 (20-25 cm?) was filled to about 4/5 of
its volume with the metal, and oil was poured above the metal in the reservoir into the expansion tube
2(¢p 4mm) (under a vacuum). The dilatometer thus prepared was mounted in the VM~1 oil bath 3 of the
thermostatting sleeve 5, which was heated with water from a U-10 thermostat. The temperature in the
experiments was measured by the type TSPN-1 resistance thermometer 4 with Ry=100 £, and the liquid
level variations in the expansion tube during changes of the specimen volume were measured by a type
KM-6 cathetometer, using two scribe lines on the outer surface of the expansion tube as reference lines.,
When using readouts 5-7 relative to both reference lines, the error of the level measurements did not ex-
ceed £0.01 mm,

The second rubidium specimen (Table 1 and Fig. 2) was studied in a gas dilatometer with helium as
the intermediate medium, based on the principle of measuring the gas pressure changes above the metal
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TABLE 3

i
t |ae10¢] 1 [Aet0t] ¢ | Ae0t \ t {Ae0t] ¢ Amo*\ £ | Ae-t0r

Rb|45.20| 2205 | 38.99 | e52.8] 56.70 | 1675 || K | 715 |—18.3 | 464 | 268.4 | 62.3 | 2004
(1) | 25.22| 7225 | 38767 | 658.7 | 58.02 | 161.2 777 | —33.3 | 56.4 | 246.9| 23.0 | 318.2

37.06| 659.5 | 3881 | 65304 | 63.14 | 137.0 658 | —5.1 | 2204 | 3184 | 61.2 | 2241

38.55 | 665.6 | 38.88 662.7 | 15.03 7320 63.3 1.1 75.5 | —27.21 60.3 2441

39.41| 630.7 | 39.02 653.4 | 24.45 714.3 22.7 318.0 82,4 | —48.5 | 57.4 245.6

41.281 2442 | 39.14 652.2 7 70.96 98.8 59.6 238.1 91.9 1 —113.7} 20.0 3244

2062 | T30 | 26.86 | 7T06.5 | 76.48 | 747 199 | 2603 | 690 | —125| 61.0 | 2261

W12 271 | a8 | 2018 | 8120 | 4.0 358 | B0 | 627 | 1964

51.2 5 37. 5 5.0 27,

77l bia0 | SOk | 807 ) otss | u0| cal|essr | s | 4698 ) —t10| 29.66 | —200

3947 252.7 | 3944 | 657.2 ] 2028 | 734.0 jo.61 4 72 | 3197 | 15} 297 | 2004

9 = 3 4 76 £ bt . ! 2 -

42| 6519 | 874 ) 6788 | 1000 | T6L5 R N (RS I B L
cg | 30.2 —6.3 26.5 435.6 1 271.6 1.6 74.92 | —260 19.56 | —1970 | 39.72 —66
@] 200 | 51356 | 170 | 5273 | 158 | 8384 50138 | —145 | 23784 | —{983 | 4819 | —119

190 | 5188 | 30.8 | —10.3 | 24.7 | 465.4 18058 1 77 | 2887 | —1995

19.2 5164 24.0 490.4 | 24.8 465,7 79.27 | —307 29 44 | —1997

268 | 2986 | 2300 | 4970 2312 | 49505

7.6 | 5262 | Wkt | —8k.2| 25.8 | 4666

278 | 3606 | 40.6 | —6318 | 26.0 | 4516

1911 | 5169 | 50.3 (—14.9 | 26.7 | 405.8

184 | 5203 | 320 | —17.6| 27.0 | 348’6

2.9 | 4656 | 50.8 |—117.4 | 1814 | 52006

245 | 4893 | 367 | —41'3| 246 | 48612

268 | 4871 | 287 | —i.1| 266 | 4436

25.0 483.9 | 28.3 365.6 | 26.4 433.6

25.9 458.6 16.5 533.1 1 13.4 550.0

2904 | —aa |t o279 6.6 2.7 | 5516

specimen, using a differential manometer located in the same thermostat together with the compensat-
ing reservoir,

2. The dilatometer basic volume was calibrated in the same apparatus using twice-distilled water.
Scales of the ADV-200 type were used for weighing. The water density in the volume calculations was
taken from [4]; the glass linear expansion coefficient was taken from [5], Calibrations were also made
of the dilatometers and expansion tubes using oil over the entire operating temperature range, with a spe-
cial measurement being made of the temperature dependence of the VM-1 oil present in thedilatometer and
calibrated capillary, In the calibrations it was found that the additional error from the oil film remaining
on the tube walls does not exceed 0,001% with conventional cleaning of the glass surface. The maximal
dilatometer volume measurement error did not exceed £0,01%. In the dilatometers used the dependence
of the liguid column height on the volume was practically linear, and the rms deviation of the calibration
points from the interpolating straight line was no more than 0.005%.

3. The dilatometers were filled with the metals (potassium and the first rubidium and cesium speci-
mens) through the expansion tube by vacuum distillation. A schematic of the setup is shown in Fig. 1b.
The additional unit 7, which connected the dilatometer with the distillator, was soldered to the expansion
tube for the filling operation. The glass ampoule 1 with the metal was placed in the boiler 2, and after a
vacuum of ~107% torr was reached in the entire system, the ampoule was broken by the hammer 3. The
metal vapors exited through the tube 4 and condensed near the cooler 5. The liquid metal drained through
the intermediate volume 6 into the dilatometer 8, The intermediate volume and the dilatometer were also
heated. Immediately after termination of distillation, the vacuum oil was poured into the dilatometer from

the vessel 7. During the filling process the metal could come into contact only with stainless steel and
glass.

The second rubidium and cesium specimens, and also the gallium specimen, were fed into the dilato-
meter through a stainless steel capillary from the intermediate crucible, where the metal was covered
with an oil layer,

4. The dilatometric experiment preparation technique prevented reliable measurement of the alkali
metal specimen mass; therefore, in the experiments we investigated only the relative changes of the speci-
men volume, and in the density calculations it was necessary to use a reference density value for some
temperature.

A glass capillary (diam. 1 mm) pycnometer was used to measure the liquid rubidium (purity 99.98%,
similar to specimen 1) reference density. The measurements were made using the same apparatus. The
pycnometer was calibrated with mercury prior fo the experiment. In the calculations the mercury density
was takenfrom [4]. Thepycnometer was also filled through the capillary by distillation, After filling, the
pycnometer was also sealed off from the filling system (under vacuum) in the upper part of the capillary.
The metal mass was determined after measuring the filling temperature, using the technique described in
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[1], i.e., after removing the metal from the fractured pycnometer. The mass of the small glass fragments
which appeared after breaking off the capillary did not exceed 10 mg for a metal mass of 12.8 g,

The results of the pycnometric experiment were presented previously in [8] and are reproduced in
Fig. 2a,

All the measurements were made only under steady-state temperature conditions, both when in-
creasing temperature from point to point and when reducing temperature with repeated passage through
the melting-crystallization region. The thermostat maintained the temperature with oscillations of £0,62
deg. The measurements of the temperature and level of the liquid in the expansion tube were initiated only
after stabilization of the level, which required 3-5 h in the melting region, The repeatability of the mea-
surement results in both the basic and calibration experiments was no worse than 0,005%. For the in-
dicated dilatometer dimensions the instrumentation provided reliable recordings of density changes of the
alkali metal specimens of 5:107° g/ecm?® and 5-107¢ g/cm? for the gallium specimen.

5. Table 1 presents data on the initial composition of the alkali metal specimens and also the masses
of the specimens. The system construction and filling technique make it possible to assume that there was
no marked variation of the elemental and quantitative composition of the specimens during the charging
process. The absence of any systematic scatter of the measurement results apparently indicates that there
were no marked composition changes in the course of the experiments either. The tested gallium specimen
(55.516 g) contained 0.01% impurities, primarily aluminum,

Table 2 and the curves of Fig. 2 present the basic experimental results, The following reference
points for the liquid metal density were used in calculating the quantities indicated in the table and shown
graphically:

a) for Rb from pycnometric experiment
po = 1.4592 (% 0.0006)g/cm® at  91.5° C
b) for Cs from calculation using the equation of [6]
oo = 1.837 (% 0.005)g/cm® at 28.5° ¢

¢) for K from [7]
9o = 0.828 (£ 0.005)g/cm® at 63.5° C

d) for Ga from 8]
P = 6.095 (+ 0.003)g/em® ar 29.8°C

The curves in Fig. 2 show that for the contaminated specimens (which can also be classified as al-
loys) the ingot volume changes upon approach to the melting temperature so that the variation of its aver-
age density is quite nonlinear, i.e., there exists a premelting zone which expands with reduction of speci-
men purity. Beyond the limits of the premelting zone in the solid state temperature range investigated,
the temperature dependences of the density are linear to within 0.01%. The premelting zone is not de-
tected for the high-purity rubidium and gallium specimens up to temperatures 0,05 deg below the melting
point, This can be seen quite clearly from the large-scale plot for rubidium shown in the upper right
corner of Fig. 2b.

On the liquid phase side no anomalies were cbserved for any of the specimens studied down to tem~
peratures 0.05 deg above the temperature for initiation of solidification, and the temperature dependences
are linear to within 0,01% in the ranges studied. Nor were any anomalies found in the temperature~density
dependence of liquid gallium, which was supercooled by 14 deg, although the temperature coefficients of the
solid and liquid phase densities in this temperature region are significantly different., The other metals
did not supercool spontaneously under the experimental conditions,

The uncertainty in the composition of the Rb2, K, Cs1, Cs2 specimens, and also the uncertainty in
the nature of the impurity influence on the magnitude of the density, make it impossible to define the refer-
ence value sufficiently reliably. Therefore, the density of the Rb and Cs specimens of different composi-
tion was assumed to be approximately the same at the temperature for initiation of solidification, The curves
of Fig. 2 for the Rb2 and Cs2 specimens are purely illustrative, showing the relative change of the solid
phase density for metals of different composition. The numerical results of the experiments do not exceed
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the possible error limits of the studies noted in the list of references and other investigations; however,
the data of other authors are not presented because of the large discrepancies in the experimental con-
ditions.

Table 2 shows the quantities which can be determined independently in the experiments:
a) solidification initiation point t4°C, essentially equal to the melting point for pure Rb and Ga;
b) magnitude of premelting zone Aty ~°C;

¢) magnitude of density jump at the melting point relative to the solid phase density 8p+% (for the
specimens with impurities the solid phase density at t« was calculated using the temperature coefficient
calculated for the region beyond the premelting zone);

d) density temperature coefficients b, g/cm3 - deg for the solid and liquid phases;

e) also shown are the calculated values of the density in g/cm? at t« for the solid and liquid phases,
which can be used for practical purposes.

The additional measurement error (in relation to the error of the reference density values) at the
end of the studied temperature interval does not exceed £0.05% for rubidium, cesium, and gallium and
£0.2% for potassium. The temperature measurement error in the experiments did not exceed 0,03 deg.
However, t, was determined with an error of no more than 0,05 deg only for pure Rb and Ga, since the
volume jump was very abrupt. For the specimens having a premelting zone, ty is determined with an er-
ror of 0.1-0.2 deg. The probable error of the determination of the density temperature coefficients b does
not exceed +3%,

The experimental results are presented in Table 3, where
Ap = p; = py [g/cm’]

Let us examine the influence of vacancies on the density temperature dependences. In the case of
significant increase of the vacancy concentration, the solid phase density near the melting point should de-
crease more rapidly than shown by the linear law. However, in the experiments with pure Rb and Ga this
phenomenon was not observed, and the premelting effect appears to exist only for the metals with impur-
ities (alloys) and is explained by the nonhomogeneity of the specimen in the premelting zone. Nor were
any deviations of more than 0.05% from the linear relations observed in the study of the temperature de-
pendences of the electrical resistance of pure Rb and Ga [9]. All this indicates either that the vacancy
concentration is very small for these metals or that vacancy formation does not lead to any significant
change of the density and electrical conductivity, as was suggested in [10], or finally that the solid state
temperature intervals studied are not sufficiently large to identify the vacancy influence effect.
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