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THERMOPHYSICAL. PROPERTIES OF SCANDIUM-TITANIUM ALLOYS

Zh. M. Tomilo UDC 536.631+537.311.31

We present the results of measurements of the specific heat capacity of scan-
dium—titanium alloys in the 4.2-12°K range and their electrical resistivity in
the 4.2-300°K range.

Since the use of scandium as a structural material (melting point 1812°K, density 3
g/cm®, chemical and corrosion stability) [1,2] is limited today (because of its high cost),
we must investigate the properties of alloys of scandium with other metals. Thus, e.g.,
scandium—titanium alloys have higher strength and plasticity than metallic scandium at room
temperature, and even at higher temperatures [2].

The literature supplies no information on the heat capacity of scandium—titanium alloys
and only very limited information concerning their electrical resistivity [2].

In order to obtain scandium—titanium alloys, we used scandium containing 0.6%7 0, 0.06%
H, 0.025% Cu, <0.004% Ca, 0.035% Fe, and 0.0027 Mo (by mass), with an electrical resistivity
at 300°K that was twice the electrical resistivity at 4.2°K. The titanium contained 0.006%
Fe, 0.01%Z C, 0.0025% Ni, <0.01% Mg, <0.005% Mn, <0.01% Si, <0.02Z Al, and <0.017 Cr by mass.
The alloys were obtained by the method of electric—arc melting with a permanent electrode in
an argon atmosphere.

The low-temperature heat capacity of Sc, Ti, and Sc—Ti alloys was measured in an adia-
batic calorimeter by a step method [3,4]. The sensor used was a gold—copper thermocouple
(the gold containing an added 0.035 at. % iron); the thermocouple was calibrated by means of
the VNIIFTRI's germanium resistance thermometer. The mean deviation of the experimental
points from the smoothed curve was *4% over the entire range investigated (4.2-12°K), which
did not exceed the error in the measurement of the heat capacity. The results of the heat-
capacity measurements are shown in Table 1.

Institute of Solid-State and Semiconductor Physics, Academy of Sciences of the Belorus-
sian SSR, Minsk. Translated from Inzhenerno—Fizicheskii Zhurmal, Vol. 38, No. 4, pp. 587-592,
April, 1980. Original article submitted June 28, 1979.
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Fig. 1. Coefficient of electronic heat capacity,
¥, mJ/°K?-g-atom (a); Debye temperature 8¢, °K
(calculated for low-temperature measurements) (b);
electrical resistivity p, uQ-cm, at 300, 100, and
4.2°K (e, 1, 2, 3); Debye temperature 8,, °K (cal-
culated from the measurements of electrical resis-
tivity at 77.4, 50, and 23°K) (d, 1, 2, 3); volume
V, in &3, of an elementary cell of a-Sc and a~Ti
(e, 1 and 2); and microhardness Hy, kg/mm?* (£f), as
functions of the composition (%) of scandium—titanium
alloys.

The resulting values of heat capacity were subdivided into their electronic and lattice
components by the formula ;

C = yT +aT3,

where yT is the electronic component of the heat capacity; aT® is the lattice component.
The values of the coefficients vy and o are determined from the curve showing CT~* as a func-
tion of TZ2.

TABLE 1. Specific Heat Capacity of Sc, Ti, and Sc—Ti Alloys
(mJ/°K-g) as a Function of Temperature (°K)

- 13,7at, | 25,58t | 37at. | 49.5at. | ss.6at. | s2,4at. se
% Sc | % Se % Sc % Sc % Sc % Sc
rlclr|eclrlcjrlcirlclr]c|r]lc|r|ec
4,53(0,34] 4,8/0,44] 4,910,42 4,9‘0,48 4,7 ‘0,48 4,7(0,48, 4,410,444 4,89 0,53
5,01/0,37} 5,4]/0,51] 5,1{0,46| 5,2/0,53} 5,1 [0,55| 4,9|0,52| 4,8/0,49] 5,35} 0,58
5,84/0,51| 5,8/ 0,56| 5,5(0,50{ 5,7/0,60] 5,6 |0,64| 5,1/0,53] 5,2|0,56| 5,87} 0,67
6,15/0,56, 6,2/0,62| 5,8)0,56 6,30,68} 6,8 |0,82| 5,3]/0,56) 5,8{0,63] 6,27| 0,71
7,10/0,60 7,117,5 | 6,3|0,66{ 7,40,92| 6,9 0,87 6,2|0,71] 6,6;0,76( 6,931 0,80
8,40/0,81} 7,6{0,84] 6,9;0,74/ 8,1|1,05 7,4 |0,98} 6,9|0,82| 7,6/0,92} 7,54] 0,94
9,631,04] 9,2/9,95| 7,1/|0,76] 8,6!1,17} 8,4 11,18 7,3/0,89| 8,4|1,12] 8,07 1,01
10,561,19| 8,6/1,02| 7,40,81 9,5|1,38 9,0 |1,40 7,9}1,00| 8,5/1,15| 8,73} 1,12
10,90/1,39] 9,2]1,11} 7,8}0,91]10,61,75!10,1 |1,69; 8,4|1,13] 9,1|1,30} 9,85} 1,37
9,7/1,24| 8,210,98|11,1(1,93/11,0 |2,01| 9,4{1,36| 9,51,3710,36] 1,50
10,7/1,51] 8,6{1,06 12,00|2,22| 9,7|1,44] 9,8)1,44|10,73| 1,67
9,3(1,19 10,311,53|10,6)|1,72)10,79| 1,62
9,5(1,22 .
10,011,33
10,8 11,48
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TABLE 2. Electrical Resistivity p-10° (Q*cm) of Sc, Ti, and
Sc—Ti Alloys

- L d St - - R
< « « « « 76,4 at. < 3,8 at.
T,ok | T (P& S5 | ey | o8 | e | ey | T | Sy | WS s
22 | Qx| 8= | ¥ | B o=
10| 3,6]165]|30,1139,4|43,5153,1|565! 752 !7,3] 70,0 | 41,4
20 | 36| 166|392 3944361532546 753 |76.4| 70.2 |41.6
30 | 3.7]16,8] 39,8 39,7 |43,8 53,8550 756 |769| 70,8 |42,0
20 | 41]17/4]40,7]40'3 | 44,3 | 54,6 | 56,0 | 76.3 | 78,0 | 71.6 |42.7
50 | 49| 18.8 | 41,9 | 41,4 | 45,3 |55.7 |'57.3| 7702 |79.3| 72,9 | 43.8
60 | 6.1)19°6|43.3|42.9 | 46,4 | 57,0 | 59,1 | 78'7 | 80.6| 74,6 |45.2
70 | 78| 209 | 44.8 | 44,9 | 48,1 58,4 | 61,2| 80’2 |82.2] 76,5 |47.0
80 | 905|225 | 46,6 | 46,6 | 49.6 | 59,9 | 63,2 | s1.9 | 84.0| 78,7 |48.8
90 | 11,2 | 24,4 | 48)5 | 48,5 | 51,6 | 61,8 | 65,2 | g3'7 | 859! 80,6 |50.6
100 | 130 | 2674 | 50,4 | 50,6 | 53.4 | 63.7 | 67,0 | g5'8 |87.7| 82,7 | 623
110 { 147 | 28.5 | 52,3 | 52,7 | 55,1 | 65,7 | 68,9 | g7'9 | 89.4 | 84,6 | 54,1
120 | 16,4 | 30.6 | 5204 | 54,7 | 56,9 | 67,8 [ 70,8 | on’0 | 91.1 | 868 |55.9
130 | 18,2 | 32,4 | 56,0 | 56,9 | 58.7 | 69.6 | 72,9 | go’1 | 93.0 | 89.0 | 57.8
120 | 1979 [ 34/5 | 57,8 | 59,0 | 60,7 | 71,7 | 748 | gg'0 | 94.9| 91,2 |59)5
150 | 21,8 | 36.6 | 50,9 | 61,2 | 62,6 | 737 | 76,8 | go'2 | 97,0 | 931 | 61,3
160 | 23)7 | 38)7 | 61,8 | 633 | 64,6 | 75,8 | 790 | og’4 | 99,1 | 95.1 |63,0
170 | 2504 | 4009 | 63)7 | 656 | 66,7 | 777 | 80,9 | 190’7 |lOL,2| 97.0 | 64,7
180 | 27,2 | 430 | 65,8 | 67,9 | 68,8 | 79.6 | 83.1 | 193’0 |103.1| 99,2 | 66,6
190 | 2071 | 45,1 | 67,6 | 70,1 | 70,7 | 81.7 | 85,1 | 109’5 [104,8 | lo1.1 |68.3
200 | 31,2 | 47,3 | 69,7 | 72.3 | 72,6 | 83.8 | 87.0 | 19’6 |106.7 | 103,3" | 70,0
210 | 33)5 | 49,3 | 71,8 | 74)5 | 74,7 | 85.8 | 88,9 | 109’6 [108.3 | 105.0 | 71,6
220 | 35,8 | 51,3 | 73,6 | 76,6 | 76,9 | 87.7 | 90,7 | 111’5 [110,2| 107.0 | 732
230 | 38,0 53,3 | 75,7 | 78,7 | 79,0 | 89,8 | 92,6 | 11374 |l1.8 | lo9)1 | 75.1
240 | 39,9 | 65,4 | 77,8 | 80,8 | 808 | 91,8 | 94,5 | 1,20 [113)8| 110,19 | 76.9
250 | 41,8 | 57,5 | 79,7 | 82,8 | 82,7 | 93,5 { 96,1 | 1,25 1155 | 1128 | 786
260 | 437 | 59,7 | 81,8 | 84,7 | 84,8 | 95,0 | 97,4 | [1>7 (7.2 | 114.5 | 8001
270 | 45,8 | 61,6 | 83,7 | 86,4 | 86,9 | 96,3 | 98,6 | 1,0'g [118,9| 116.1 | 81.6
280 (47,9 | 63,4 | 85,4 | 87,6 | 89,0 | 97,2 | 99,4 | (156 112002 | 1176 | 82)9
290 | 50,0 | 65,0 | 87,0 | 88,4 | 907 | 9716 [100;1 | 1393 112173 | 118)7 | sa2
300 | 318 | 66,3 | 88,4 | 88,8 | 92,2 | 98,0 [100,6 | 1507 12212 | 1196 | 85.4

It can be seen from Fig. la that y, the coefficient of electronic heat capacity of
titanium, is equal to 3.2 # 0.2 mJ/°K*+g-atom, which, within the limits of experimental
error, agrees with the results of [5]. The value of y for scandium is equal to 4.4 mJ/°K?-
g-atom, which differs from the value of 7.8 mJ/°K*-g-atom [6] found for a purer scandium
with a resistance ratio of psoco/Pa.2 = 5.

The linear increase of y for alloys in the center of the Sc—Ti system can be explained
by the increase in the amount of a-Sc¢, which has a y value higher than o-Ti, in the two-
phase alloys with 37, 49.5, and 58.7 at. % Sc. The largest discrepancy between the experi-
mental vy values and those obtained by straight-line interpolation is found for 13.7 at. %
scandium.

On the basis of the values found from the experimental results for the lattice compo-
nent of the heat capacity, we calculated the values of the Debye temperatures @¢ of the in-
vestigated substances averaged for the alloys (Fig. 1b). As can be seen from Fig. 1, the
values of G¢ for the alloys in the center of the system are lower than for those at the ends.

The results of the measurements of the electrical resistivity of scandium—titanium
alloys in the 4.2-300°K temperature range are shown in Table 2. The measurements were car-
ried out by a potentiometric method, and the error was 2.5%. From the resulting values of
p we constructed the isothermal plots of the electrical resistivities of the alloys at tem—
peratures of 4.2, 100, and 300°K (Fig. lc). We observe anomalously high values of p for
alloys on the titanium side (~14 at. Z Sc) and on the scandium side (0-30 at. 7 Ti).

The Debye temperature 8, obtained on the basis of the electrical resistivity of Sc—Ti
alloys was calculated by the formula [7]

02 _ 4976 (—Ti)4 I
[AJ] @ Tl

from a comparison of the temperature-dependent p, and p, values for high (T,) and low (T,)
temperatures. The values of O, for scandium—titanium alloys depend substantially on the

temperature (Fig. 1d). TFor 23°K and 50°K the values of O, lie below the values obtained by
linear interpolation, and the largest deviation from the interpolated values is found in an
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Fig. 2. Microstructure of scandium and of scandium—titanium
alloys (magnified 200 times): a) with 13.7 at. 7 scandium,
quenched from the melt; b) cast scandium with paoo/ps.2 = 23
c) with 6.25 at. %Z Ti, quenched from the melt; d) Sc with
Psoo/Pa.2 = 75, annealed for 9 h at 1423°K with subsequent
cooling together with the furnace; e) with6.25 at. % Ti,
annealed for 9 h at 1423°K, cooled together with the furnace.

alloy with 13.7 at. % scandium. The values of @¢ determined by measurement of the specific
heat capacity in the 4.2-12°K range (Fig. 1b) are found to be closer to the 8p determined
by the measurements of electrical resistivity at T = 77°K (Fig. 1d, curve 1).

From the experiments measuring the volume of an elementary cell and the microhardness
of scandium-titanium alloys as a function of composition (Fig. le, f), and alsc from the
data of measurements of the specific heat capacity and electrical resistivity, we can con-
clude that the anomalous behavior of these physical quantities in alloys with compositions
close to 13.7 at. % scandium is due to the formation in these alloys, on the titanium side,
of a supersaturated solid solution with an &-Ti base (hcp), which, as a result of quenching
from themelt, has a martensitic structure (Fig. 2a).

The sharp increase in the electrical resistivity of alloys near the scandium end pre-
supposes the existence of an additional mechanism of electron scattering. Metallographic
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analysis of scandium and an alloy with 6.25 at. 7 Ti revealed formations which were diffi-
cult to distinguish from polishing defects (Fig. 2b,c). When scandium whose purity was
characterized by the value of the ratio psoo/ps.z = 75 was annealed for 9 h at 1423°K and
subsequently cooled together with the furnace, dendritic structures were formed (Fig. 2d),
and annealing for 9 h at 1423°K of an alloy with 6.25 at. % Ti led to the formation of a
band structure (Fig. 2e).

In the view of the authors of [8], in scandium containing gaseous H, N, C, and 0 im-
purities, scandium hydrides, nitrides, carbides, and oxides are formed, constituting a
second phase in it. The formations we have discovered appear to be compounds of scandium
with N, H, C, and O, the presence of which stimulates the appearance of a B phase in scan-
diumr-titanium alloys. All of this leads to the anomalous behavior of the resistivity of the
alloys on the scandium side.

NOTATION

a~Ti, low-temperature modification of titanium with(hcp structure; o-Sc, low-temperature
modification of scandium with hcp structure; C, specific heat capacity; o, coefficient of the
lattice component of the specific heat capacity; T, temperature, °K; p, electrical resisti- \
vity; P»s characteristic Debye temperature, determined from measurements of the electrical
resistivity; Hy, microhardness; V, volume of an elementary cell; vy, coefficient of the elec~
tronic component of the specific heat capacity; @g, Debye temperature determined from mea~

surements of the specific heat capacity; B-Sc, low—temperature modification of scandium with
bce structure.
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