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Resistivity, thermal conductivity, and ultrasound velocity for the metals of 
the third group, namely, gallium, indium, and thallium are given in a tempera- 
ture range from 300 to IO00~ as well as resistivity and thermal conductivity 
of indium-thallium and thallium-tin alloy systems in wide temperature and con- 
centration ranges. 

This article presents the results of an experimental study of the electrical resistiv- 
ity, thermal conductivity, and velocity of ultrasound in third-group metals gallium, in- 
dium, and thallium and indium-thallium and thallium--tin alloys in the temperature range 300- 
1000~ The electrical resistivity (p) of the metals and alloys was determined by the four- 
probe compensation method on a unit described in detail in [I]. The standard deviation of 
the resistivity measurements, with a confidence coefficient of 0.95, was no more than 0.5%. 

Thermal conductivity (1) was measured on a unit [2] combining stationary and relative 
variants of the well-known plane-layer method. An analysis of the errors showed that their 
limiting value changed from 3.5 to 5% for the absolute method and from 4.5 to 7.3% for the 
relative method within the working temperature range. 

The ultrasonic velocity of sound (C) was determined by the method of phase comparison 
[3], based on observation of the interference of ultrasonic pulses that traveled different 
paths in the specimen. The unit consists of an electronic block, a cell, and a system for 
ensuring homogeneity and measuring temperature. The electronic part of the unit is similar 
to that described in [4,5]. To automate the measurements, the electronic block also contains 
an extreme regulator controlled by a high-frequency generator. The regulator maintains the 
amplitudes of interference pulses at a minimum level. The output voltage of the regulator, 
proportional to C, is recorded on a recorder simultaneously with the signal from the thermo- 
couples. A cross section of the cell is shown in Fig. I. Specimen I is poured into the 
volume formed by the ring 2 (the height of which was calibrated) and the ends of the wave- 
guide 3 and reflector 4. The ring is compressed by the ends of the waveguide. The bottom 
end of the waveguide 'is screwed into the water cooler 8 of a vacuum chamber with a high- 
frequency lead. Specimen temperature is increased by means of base heater 6. The uniformity 
of the specimen and waveguide temperature fields is assured by adjusting the power of heaters 
7 and 5 with VRT-3 regulators in accordance with signals from differential thermocouples 9 
and 10. Temperature was measured with three Chromel--Alumel thermocouples with a measurement 
error of 0.15, 0.3, and 0.8 ~ at 500, 700, and IO00~ respectively. The cell is made of 
steel 12KhI8N9T. The systematic and random errors were analyzed in accordance with the recom- 
mendations in [6,7]. Maximum measurement error was 0.1-0.2% at a probability of 0.95. After 
achieving stable acoustic contact, the unit has a sensitivity of • -s. The specimens were 
degassed in quartz ampoules at II00~ under a vacuum of ~6-I0 -3 Pa before being driven into 
the working volume under pressure by high-purity helium. 

The measurements of p, l, and C were made in an inert-gas medium at an excess pressure 
of 1500-4000 Pa. 

Electrical resistivity has been studied fairly well for gallium [8-19] and indium [8-12, 
20-24], but there has been relatively little study of the resistivity of thallium [1,8-10,20]. 
According to all studies, the temperature dependence of the resistivity of indium and thal- 
lium is linear, while opinion is divided on this question with respect to gallium. The 
values of electrical resistivity we obtained for gallium in the range 302.9-I000~ from 
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Fig. 1. Schematic of the experimental 
setup cell for ultrasound velocity 
measurements. 

careful measurements and which we analyzed by the least-squares method are approximated by 
the equation 

p = (19.51-4-0.6) + (2 .159: t :0 .0~.10-2T_(2 .693: :k0 ,104) .10-6T2(10-s  ~ .m),  

The fairly large number of investigations devoted to the electrical resistivity of gal- 
lium, indium, and thallium allows us to generalize the available data for each metal within 
the temperature range TmI-1000~ The aggregate of data of different authors was analyzed 
as a group of series of measurements of the same quantity using the well-known formulas in 
[7] on electronic digital computer ODRA-1204. Statistical weights were assigned on the basis 
of the errors cited by the authors and an analysis of the methods they used. Polynomials 
corresponding to the mean values were obtained as a result of the statistical analysis and 
are shown in Table |. 

The thermal conductivity of liquid gallium and indium has been the subject of repeated 
study. However, the results of investigations of gallium [25-29] and indium [25,30] indicate 
that there is substantial disagreement between authors with respect to both absolute value 
and the value of the temperature coefficient. These discrepancies are related to the diffi- 
culties of conducting high-temperature experiments and, so, to methodological errors [31,7]. 
Table 1 shows the results of our studies of the thermal conductivities of gallium, indium, 
and thallium~ since statistical analysis of the available data is invalidated by the nonuni- 
formity of the group of series. 

The velocity of ultrasound in extremely pure 19--3 indium decreases linearly with temper- 
ature from Tml + 0.05 to |O00~ Table I shows the corresponding polynomial obtained by 
least squares analysis of the empirical data and by statistical analysis of the data in [32- 
37] using the method in [7]. Our data agree with the recommended data in terms of both ab- 
solute value and temperature derivative. The velocity of ultrasound in liquid indium is 
linear up to the freezing point, while in liquid gallium (GI-00) its dependence on tempera- 
ture is nonlinear within the range 4|0-7000K. Thus, the results can be approximated by 
three line segments. The corresponding polynomials are given in Table I. The changes in 
the temperature derivative at the points of inflection are +0.036 • 0.004 and +0.022 • 0.006. 
Our data agree with respect to absolute value and the presence of nonlinearity with the re- 
suits in [35]. The results in [36] agree with our data and the data in [35] in terms of ab- 
solute value, but the investigators here did not observe any departure from linearity in the 
temperature dependence of sonic velocity. The data in [38] is 3% higher than ours. The tem- 
perature dependence of the velocity of sound in gallium does not deviate from linearity by 
more than 0.05 m/sec in the course of the transition of gallium to the supercooled state. 
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TABLE l. Values of Velocity of Ultrasound and Electrical and 
Thermal Conductivity for Gallium, Indium, and Thallium 

Temp. Remarks Metal Property Polynomial range, ~ 

Ga 

In 

TI 

p. 108, fl �9 m 

~., W/m .~ 
C, mlsec 
C, m/sec 
C, mlsec 

p.10s, f~.m 
X, W/m .~ 
C, m/sec 
C, m/sec 

p. 108, f] . m  
X, Wlm .~ 
C, m/sec 

(25,85+0,05)+(1,914+0,01) I0- ~(T-- 
--302,9) " -- 
(7,6+0,4)+(7,92--}- l) I0- sT-- 
--(2~--F I) 10-6T ~'- 
(2869,8-+5) --(0,2 I0+0,003) (T--302,9) 
(2&55,0-T-S) --(0,246-T-0,003) (T--373) 
(282S,5-T-5)--(0,268-T-0,005) (T--493) 

(32,38+0,05)+(2,52-}-0,01) 10- ~(T-- 
--429,8-) " 4 1 2 T 44 ( 3 1 , 5 + 1 , 6 ) + ( 4 , 2 8 + 0 , 0 )  0 -  ( - -  0) 
(2312~A)---(0,300__~0,003) (T--429,8) 
2313_~1,5)--(0,299_.0,0015)(T---429,8) 

(76,48+0,08)-}-(2,78-t-0,03) 10-~(T-- 
--577)- 
(18,4+0,9) +(2,66q-0,03) 10- ~(T--587) 
( 1659,6-t-3,2 )--(0,231 +0, I)(T--577) 

302,9---1000 

310--800 
302,9--373 

373---493 
493--700 

429,8--1000 
440--800 

429,8--I000 
429,8--I000 

577--1000 
,587--800 
577--I 120 

AVo result 

Our result 

y~ 

AV. result 
Our result 

Av. resmt 

Av. result 
Our result 

[32,351 
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2. Resistivity p polytherms for indiu~-thallium (a) 
and thallium-tin (b) alloy systems. 

Very few studies have been devoted to systematic investigation of the thermophysical 
properties of thallium alloys within a wide range of temperatures and concentrations. The 
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electrical resistivity of alloys of the indium--thallium system was studied in [20,39] and 
in [40,4;] but there is no data for the thallium--tin system. The available data on the re- 
sistivity of melts of the indium--thallium system is highly contradictory. In [39] the re- 
sistivity isotherms anomalously deviate from the parabolic dependence observed earlier in 
[20]. According to our investigations, the isotherm of the resistivity of this system in 
the liquid state, plotted from the results shown in Fig. 2a, deviates only slightly from an 
additive curve (~4%) with a positive deviation and is in agreement with the result obtained 
in [20]; the maximum deviation of the isotherm in the solid state in the positive direction 
is 37%, corresponding to a concentration of 60-70 at. % TI. This agrees well with the data 
in ~39]. The similar behavior of the solid-state isotherms in [39] is evidently related to 
the fact that specimens with a high vapor pressure were studied in a vacuum. Figures 2b and 
3 show our data for the coefficients of thermal and electrical conductivity in the solid and 
liquid states. We should emphasize the full correlation of these properties. The Wiedemann-- 
Franz law is observed for the investigated alloys in the liquid phase with an accuracy equal 
to the total experimental error. The isotherms of these properties are close to parabolas. 
The maximum deviation of the resistivity isotherm from an additive function is about 60% for 
the solid state and about 6% for the liquid state and corresponds to a concentration TI + 25 
at. % Sn. 

The deviation of the isotherms of the kinetic properties from linearity for the inves- 
tigated systems in both the solid and liquid states depends mainly on the degree of non- 
ideality of the solutions. An increase in the volume of the alloys during melting leads to 
weakening of individual features of the interatomic bonds Of the constituents, so that the 
liquid-state isotherms deviate less from additive values than isotherms for the solid state. 
The phase boundaries in the solid state on polytherms of resistivity, denoted by breaks and 
points of inflection, are in agreement with the constitutional diagrams shown in [42] in the 
regionrich in thallium, but do not agree with the diagram recommended in [43]. As we noted 
earlier [44], this fact can evidently explain the relatively strong dependence of the struc- 
ture of tin-base alloys on heat treatment�9 

] �9 

2. 

. 

4. 

5. 

6. 

LITERATURE CITED 

D. K. Palchaev, B. P, Pashaev, and V. G. Revelis, "Resistivity of thallium and lead in 
the temperature range 300-I050~ '' Teplofiz Vys. Temp., 16, No. 4, 878-880 (1978). 
B. P. Pashaev, V. G. Revelis, D. K. Palchaev, et al., " Investlgation of the thermophysi- 
cal properties of melts of the gallium-indium system," in: Thermophysical Properties of 
Liquids [in Russian], Nauka, Moscow (;976), pp. 135-140. 
H. J. McSkimin, "Ultrasonic pulse technique for measuring acoustic losses and velocities 
of propagation in liquids as a function of temperature and hydrostatic pressure," Acoust. 
Soc. Am., 29, No. II, ]185-I192 (1957). 
V. E. Ivanov, L. G. Merkulov, and V. A. Shchukin, "Method of precision measurement of 
the velocity of ultrasonic waves in solids," Ul'trazvukovaya Tekh., No. 3, 3-12 (1965). 
I. I. Renne, "Transducer of an ultrasonic unit for studying solids," Elektron. Tekh. 
Mater., Ser�9 6, No. 3, 113-1;6 (1974). 
A. E�9 Kolesnikov, Ultrasonic Measurements [in Russian], Standartov, Moscow (1970). 

361 



7. O. A. Sergeev, Metrological Foundations of Thermophysical Measurements [in Russian], 
Standartov, Moscow (1972). 

8. A. Roll and H. Motz, "Der electrische Widerstand von metallischen Schmelzen," Z. Metallkd., 
48, No. 5, 272-2801(1957). 

9. G. M. Goryaga and E P. Belozerova, "Electrical conductivity of liquid gallium and in- 
dium," vestn. Mosk. Univ., Ser Mat. Mekh., Astron., Fiz., Khim., No. I, 133-!36 (1958). 

lO. S. N. Banchila and L. P. Filippov, "Study of the electrical conductivity of liquid 
metals," Teplofiz. Vys. Temp., I__!!, No, 6, 1301-1305 (1973). 

II. O. P. Golovin, "Absolute thermo-emf and the electrical conductivity of alloys of gal- 
liumwith indium and tin," in: Physicochemical Studies of Liquid Metals and Alloys, 
Vol. 20, Ural Science Center, Academy of Sciences of the USSR, Sverdlovsk (1974), pp. 
20-28. 

12. B. P. Pashaev, D, K Palchaev, R. I. Chalabov, and V. G. Revelis, "Electrical resistiv- 
ity of gallium-indium alloys in the solid and liquid phases," Fiz. Met. Metalloved., 
37, No. 3, 525-528 (1974). 

13. ~. E. Semyachkin and A. N. Solov'ev, "Experimental and theoretical investigation of the 
electrical conductivity of liquid metals," in: Thermophysical Properties of Liquids 
[in Russian], Nauka, Moscow (1970), pp. 151-154. 

14. L. G. Schulz and P. Spiegler, "An experimental determination of the electrical resistiv- 
ity of the liquid alloys Hg--ln, Hg--T1, Ga In, Ga--Sn, and of liquid gallium," Trans. 
Metall. Soc. AIME, 215, 87-90 (1959). 

15. M. Pokorny and H. Astro~m, "Temperature dependence of the electrical resistivity of 
liquid gallium between its freezing point (29.75~ and 7520C, '' F. Met. Phys., 6, No. 
4, 559-565 (1976). 

16. M. A. Ismailov, ,A-M. A. Magomedov, andB. P. Pashaev, "Electrical resistivity of melts 
of Ga In and Ga--Zn," Izv, Akad. Nauk SSSR, Met., NO. 4, 49-51 (1976). 

17. N. Cusack and P. Kendall, "A note on the viscosity and resistivity of liquid gallium," 
Proc. Phys. Soc., 75, No. 2, 309-311 (1960). 

18. S. P. Yatsenko, V ~ I. Kononenko, V. N. Danilina, and E. G. Druzhinina, "Properties of 
gallium in water solutions and alloys," Tr. Inst. Ural'skogo FAN SSSR, No. 12 (1966). 

19. C. Dodd, "Electrical resistivity of liquid Ga," Proc. Phys. Soc., 63, 662-664 (1950). 
20. S Takeuchi and S. Ikeda, "Resistivity of binary liquid alloys Consisting of atoms with 

the same valency," J. Jpn. Inst. Met., 32, No. 7, 607-612 (1968). 
21. E Skala and W. D. Robertson, "Electrical resistivity of liquid metals and of dilute 

liquid metallic solutions," J. Met., 5, No. 9, 1141-1147 (1953). 
22. A R. Regel', "Measurement of the electrical conductivity of metals and alloys in a 

rotating magnetic field," Zh. Tekh. Fiz., 18, No. 12, 1511-1520 (1948). 
23. H -U. Tschirner, Messung des electrischen--widerstandes von fl~ssigem Pb, Sn, In, Bi 

and Sb nach derarehfeldmthede," Z. Metallkd., 60, No. I, 46-49 (1969). 
24. H A. Davies and J. S. Leach, "The electrical resistivity of liquid indium, tin, and 

lead," Phys. Chem. Liq., ~, 1-12 (1970). 
25. R P. Yurchak and B. P. Smirnov, "Measurement of the thermal conductivity and Lorentz 

number of electrically conducting materials [in Russian],Vol. 2 (1970), pp. 238-245. 
26. M J. Duggin, "The thermal conductivity of liquid gallium," Phys. Lett., A29, No. 8, 

470-471 (1969). 
27. G Busch and Guntherodt H. J. Wyssmann, "Thermal conductivity of liquid Ga," Phys. Lett., 

A41, No. I, 49-50 (1972). 
28. R. E. Seidensticher and M. Rubenstein, "Thermal conductivity of liquid In--Sb and liquid 

gallium," J. Appl. Phys., 43, No. 2, 584-586 (1972). 
29. Ya. I. Dutchik and P. V. Pa-~asyuk, "Investigation of the thermal conductivity of cer- 

tain metals in the transition from the solid to the liquid state," Fiz. Tverd. Tela, 8, 
No. 9, 2805-2808 (1966). 

30. M. J. Duggin, "The thermal conductivities of liquid lead and indium," J. Phys., F. Met. 
Phys., 2, No. 3, 433-440 (1972). 

31. L. P. F~lippov, Measurement of the Thermal Properties of Solid and Liquid Metals at 
High Temperatures [in Russian], Moscow State Univ. (1972). 

32. O. J. Kleppa, "Ultrasonic velocities of sound in some liquid metals. Adiabatic and 
isothermal compressibilities of liquid metals at the melting point," Chem. Phys., 18, 
1331-1336 (1950). 

33. R. J. Beyer and A. B. Coppens, "Sound velocities,nonllnearlty, and the equation of state 
for liquids," 5-I Congr. Int. Acoust., i, NK46 (1965) 

362 



34. I. E. Hill and A. L. Ruoff, "Temperature dependence of the velocity of sound in some 
liquid metals and eutectic alloys," Chem. Phys., 43, 2150-2i5] (]965). 

35. M. B. Gitis and I. G. Mikhaiiov, "On the relationship between the velocity of sound and 
electrical conductivity in liquid metals," Akust. Zh., ]2, No. l, ]7-21 (1966). 

36. N. F. Otpushchennikov and G. V. Konyuchenko, Acoustic Measurements of the Thermophysical 
and Thermodynamic Properties of Liquid Metals. Ultrasound and the Physicochemical Prop- 
erties of Substances [in Russian], Kursk State Polytechnic Inst. (197]), pp. ]93-]97. 

37. A.-M. A. Magomedov and B. P. Pashaev, "Measurement of the velocity of ultrasound in In-- 
Sn, Bi-~d, and Bi--Sb alloys during melting," Teplofiz. Vys. Temp., 9, No. 4, 746-750 
(1971). 

38. N. B. Kazakov, A. A. Pronin, and S. I. Filippov, "Acoustic studies of liquid alloys," 
Izv. Vyssh. Uchebn. Zaved., Chern. Metall., 9, No. 5, 8-11 (]965). 

39. A. E. Vol and I. K. Kagan, "Indium--thallium~" in: Structure and Properties of Binary 
Metallic Systems [in Russian], Vol. 3, Nauka, Moscow (]976), pp. 494-507. 

40. Yu. K. Titova, S. I. Drakin, and I. B. Alikina, "Electrical diffusion in indium alloys," 
Zh. Fiz. Khim., 42, No. 9, 2257-226] (1968). 

41. D. K. Belashchenko, E. I. Gushchina, and K. D. Omarova, "Electron transfer and elec- 
tronic properties of liquid binary metallic systems Hg--TI and Tl--In," Fiz. Met. Metal- 
loved., 3_11, No. 5, 930-938 (1971). 

42. M. Hansen and K. Anderko, Structure of Binary Alloys [Russian translation], Vol. 2, 
Metallurgizdat, Moscow (]962). 

43. Selected Values of the Thermodynamic Properties of Binary Alloys, New York--London 
(1973), p. ]435. 

44. D. K. Palchaev, B. P. Pashaev, and V. G. Revel]s, "Density of metals and alloys of the 
indium--tin system during melting," in: Sum~nary of Scientific Reports of the Third 
International Conference on the Structure and Properties of Metallic and Slag Melts, 
Pt. 2, Sverdlovsk (1978), pp. 90-93. 

INFLUENCE OF QUASILOCAL OSCILLATIONS ON THE THERMAL EXPANSION 

AND SPECIFIC HEAT OF METALS AT LOW TEMPERATURES 
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The influence of heavy impurity atoms on the thermal expansion and specific heat 
of magnesium, aluminum, and titanium (4-300~ is studied. The possibility of 
predicting the mentioned thermophysical properties of such systems is examined. 

An important problem of modern material science is the prediction of the thermophysical 
properties of structural materials and the development of appropriate technological recom- 
mendations. In a number of cases such predictions can be made for weak solid solutions on 
the basis of modern conceptions of the role of the mass of foreign atoms and of the pertur- 
bations of interatomic binding forces. Systems with heavy impurity atoms are of interest 
since an anomalously high rise in the specific heat and thermal expansion can be observed 
in this case at low temperatures [I-7] because of the occurrence of quasilocal vibrations 
(QLV). Such impurities are often contained in light metals and alloys used in cryogenic 
engineering, which stimulates the study of the thermophysical properties of similar systems. 
Unfortunately, the known literature data for many engineering alloys cannot be compared to 
computations because of their poor accuracy, and therefore, cannot be analyzed from the 
viewpoint mentioned; specially designed experiments are needed. 

The influence of heavy impurity atoms resulting in the occurrence of QLV on the speci- 
fic heat and thermal expansion of light metals such as magnesium, aluminum, and titanium is 
studied in this paper. The problem of obtaining experimental results and comparing them to 
r~ults of theoretical computations to clarify the possibility, in principle, of predicting 
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