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Abstract

Thermodynamic properties of pure titanium stannides obtained by crucible-less growth techniques
under vacuum are determined by differential scanning calorimetry and Knudsen effusion. The
enthalpy, specific heat capacity, entropy and Gibbs energy temperature dependence were simulated
using Maier and Kelly equations. Standard enthalpies of evaporation, formation and atomization of
titanium stannides were determined and compared with earlier-known data.
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Introduction

The thermodynamics (TD) study of pure intermetallic compounds is of special inter-
est for practical usage in metallurgy. The first necessary step of such study deals with
single crystal growth. Absence of specific information on the pure stannides synthe-
sis in binary system Ti—Sn, in particular, intermetallic compounds solidification
mode, facilitate growth processes and alloy compositions optimization. Moreover,
the extreme reactivity of the melts with oxygen and, practically, all known crucible
materials require crucible-less growth techniques under high-purity inert atmosphere.
Selective evaporation of alloy components and peritectic solidification mode of some
compounds additionally aggravates the crystal growth process.

We synthesized Ti,Sn, Ti,Sn, Ti,Sn, and Ti,Sn, by a vertical floating zone melt-
ing technique with radio frequency (r.f.) heating for consequent thermodynamics
study. Relevant parts of binary phase diagram have been determined in order to opti-
mize the growth conditions [1].
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Experimental procedures

Phase equilibrium Ti—Sn has been studied in several issues [2, 3] by DTA, powder
X-ray crystallography and electron probe microanalysis (EPMA).

Four different types of intermetallics are formed in binary Ti—Sn system. The
section of the Sn—Ti phase diagram, which is relevant for the crystallization is shown
in Fig. 1. Titanium stannides Ti,Sn, Ti,Sn, melt congruently at 1936 and 1667 K, re-
spectively. Intermetallic compound Ti,Sn, Ti,Sn, were synthesized by perictectic re-
action at 1825 and 1778 K, correspondingly, Ti,Sn was crystallized in narrow ho-
mogenous area, which lies in concentration diagram section exceeded by tin.
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Fig. 1 Phase equilibrium in Ti—Sn system at temperature range 1073-2073 K

At first traditional arc-melting technique was used for stannides synthesis as dis-
cussed below. The polycrystalline master alloys were prepared from a mixture of the
high purity (Aldrich grade) element powders with a nominal Ti:Sn ratios of 3:1, 2:1,
5:3, 6:5, which were cold-pressed into tablets and melted by arc-melting on the wa-
ter-cooled copper hearth under an inert argon atmosphere. The purity of the starting
materials was better than 99.99% and average particle size of the powders was less
than 100 pm (to ensure a high homogeneity and remove internal stress the samples
were remelted several times). Rapid cooling and homogenization procedure in solid
lead to formation of polyphase material with a grain size less than 150 pm. Obtained
polyphase materials (Ti,Sn, Ti,Sn, Ti;Sn,, Ti,Sn, with tin and titanium polymorphs
admixtures) are useless for thermodynamic study that is why a new method of pure
stannides single crystals growth was elaborated.

The stoichiometry control of the master alloys is one of the key problems for the
crystal preparation. The soft melting process usually minimizes selective element
evaporation. For the preparation of intermetallides bulk titanium element and powder
blend of Sn were pressed to pellets and melted in r.f. Hukin type cold copper crucible.
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The buttons were several times remelted in an arc furnace for homogenisation and fi-
nally cast into feed rods of 6 mm diameter from the levitated melts in the Hukin type
crucible. The overall mass loss was kept below 0.5%. The polycrystalline feed rods
have been homogenized by annealing in vacuum up to 1673 K. The alloy was homog-
enized by remelting due to interaction of titanium as well as stannides (Ti,Sn, Ti,Sn,
Ti;Sn;) with molten tin constituent. This procedure permits to complete the reaction
of high-melting binary stannides formation at moderate temperature.

Bulk crystals were grown by a computer-aided floating zone facility with r.f. in-
duction heating (250 kHz, 30 kW). Asymmetric counter-rotation of crystal (10 rpm)
and feed rod (2040 rpm) was employed. Growth parameters like zone travelling
rate, zone temperature, radio frequency and input power were tracked during the
growth process. Other parameters and features of the growth process, which are spe-
cific for a class of intermetallic compounds, are discussed in [1]. Titanium and tin
content, microstructure and crystal perfection of the samples were investigated by
chemical analysis, optical metallography, electron probe microanalysis (EPMA), re-
sulted that obtained materials tin and titanium content is equal to the theoretically
predicted amounts in compounds (deviation less than 0.2%).

X-ray powder study indicated that all obtained specimens are in single phase and
their crystallographic parameters are identical to that for Ti,Sn, T1,Sn, Ti,Sn,, Ti,Sn
[2]. Diffraction data were collected using DRON-3 (CuK, radiation) diffractometer.

The pure stannides single crystals: Ti,Sn, T1,Sn, Ti,Sn, and Ti,Sn, were used for
thermodynamics study. The standard enthalpies of formation, specific heat capacity
and enthalpy dependence vs. temperature for stannides were measured on Calvet type
differential automatic calorimeter (DAC-1-M). Evaporation rates of stannides were
determined by Knudsen effusion using self-made vacuum evaporator.

The total vapour pressure above titanium stannides was calculated using evapo-
ration rates data by well-known Hertz—Knudsen effusion equation modified by
Clausing [4]. The effusate was analyzed by chemical analysis also by X-ray diffrac-
tion and was found to be a pure tin.

The self-made high-temperature vacuum evaporator is similar in general to instru-
ment described elsewhere [5]. Major modifications introduced concerned with replace-
ment of some components of electronic equipment that improved temperature stabiliza-
tion of the core and balance regulation system, which made the data acquisition more ver-
satile. As the particulars of our high-temperature instrument have not been disclosed in
English language publications before, we shall briefly discuss here the general principles
adopted at the design stage and highlight a few distinctive features.

The high-temperature vacuum evaporator consist of three blocks (a) the vacuum
system, (b) the furnace with temperature stabilization system, (c) the microanalytical
balance with data acquisition system. A scheme of the central part of instrument is
shown in Fig. 2. L. It consists of two equal by volume cylindrical vacuum chambers.
The microanalytical balance is located in the top chamber, while the high-tempera-
ture furnace is placed in the bottom chamber. The bottom chamber casing, top and
bottom flanges are cooled by flowing water. The heating chamber contains water
cooled copper electrodes (14), molybdenum cylindrical resistance heater (9) (inside
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diameter 40 mm, height 150 mm, maximal furnace using power 6 kW) and W-Re
5/20 thermocouples placed in isothermal zone of the heater, nearby the effusion cell
containing measured sample (10). Used graphite (Fig. 2. I1,2) Knudsen cell was cov-
ered by 0.005 inch tantalum sheet (Fig. 2. II,1) with orifice, which geometry were
previously measured with traveling microscope. The diameter of the cell was
0.0658+0.0009 cm and the edge of hole was 0.025+£0.001 cm thick. In calculation
proceeding the rate of evaporation, the orifice dimensions are corrected for thermal
expansion [6].

Several vertical and horizontal reflecting shields made of molybdenum and
nickel foils are placed around the heater to decrease the heat loss (7, 8, 17). The tem-
perature inside the heater is maintained constant +1 K by means of an analogue
PID-regulator that governs the voltage supply to the lowering transformer through a
bridge of electronic valves. A thermocouple (11) located in the immediate vicinity of
the heater surface, in its uniform temperature zone, serves as a feedback detector of
temperature. All thermocouples employed in the furnace core were made of the same
consignment of thermocouple wire that had been calibrated by comparison with the
exemplary Pt—PtRh/10 thermocouple. Control thermocouple was placed previously
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Fig. 2 A scheme of the central part of the evaporator device. See text for details
I. Scheme of evaporator device
1 — microanalytical balance BIM-20 g-M placed in vacuum chamber; 2 — ebo-
nite balance’s frame; 3 — balance dempfer; 4, 12 — top and bottom chamber cas-
ing; 5, 13 — top and bottom water cooling flange; 6 — chain; 7 — nickel and
8 — 17-molybdenum horizontal and vertical shields; 9 — molybdenum cylindrical
heater; 10 — effusion cell with specimen; 11 — measured and regulated by tem-
perature regulator WRT-3 thermopiles (W-Re 5/20 type) placed in alumna
cover; 14 — water cooling copper electrodes; 15 — diaphragm; 16 — looking win-
dows; 18 —ring; 19 — arretire with low; 20 — balance body; 21 — balance scale;
22 —inductive coil; 23 — ferrit magnet’s core
II. Projection view of effusion cell
1 — tantalum sheet with orifice; 2 — graphite effusion cell chamber
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inside the mullite tube in the position normally occupied by the Knudsen cell for tem-
perature correction during study. The overall accuracy of the temperature measure-
ment is estimated to be within 1.6 K.

High vacuum in the evaporator system was generated by Fisher Maxima C cor-
rosion resistant vacuum pump D2A and measured by Fisher digital pressure gauge
equipped with Pirani gauge heads. At 2000 K the pressure in system during experi-
ment was not lower than 3-10"° Pa.

The microanalytical balance is fixed by ebonite balance frame in the top vacuum
chamber center, nickel and molybdenum shields are used for heat irradiation reflec-
tion. The microbalance is equipped with devices for fixing and removing misbalance
of mass loss. The misbalance removing, measuring and correction system is princi-
pally based on controlled by IBM PC electrical scheme, which regulates ferrite mag-
net induction proportionally to mass losses. High purity metals (99.99% Ag, Ti, Sn)
were used for microbalance calibration. The sensitivity of the balance was found to
be 2.01 pg/0.001 cm, while the readings of the traveling microscopy were reproduc-
ible to 0.00025 cm. Construction of microanalytical balance in conjunction with a
specific design of misbalance detector allows an increase in the sensitivity of the in-
strument by an order of magnitude compared with our previous model [7].

Results and discussion

Evaporation rate and total vapour pressure

Heating of stannides in vacuum lead to dissociation of compound, which is repre-
sented by chemical reactions:

Ti,Sn(s) < 3Ti(s)+Sn(g) (R1)
3Ti,Sn(s) = 2Ti,Sn(s)+Sn(g) (R2)
2Ti.Sn, (s) = 5Ti,Sn(s)+Sn(g) (R3)
5Ti Sn(s) = %Ti,Sn, (s)+Sn(g) R(4)

The experimental stannides evaporation rates via temperature logarithmic de-
pendence are plotted in Fig. 3. Evaporation rate of stannides is higher than evapora-
tion rate of pure titanium but lower than for pure tin in temperature interval
1566—-1834 K. The temperature dependence of total tin vapour (P, Pa) and evapora-
tion rates (G, kg m ™~ s ') for reactions calculated by least squares method can be best
represented by logarithmic equation InG=—[(4+A4)10* T"'(B+AB)] and linear re-
gression InP= —[(a+Aa)10* T"'—~(b+Ab)] which was reported in [8]. The equations
empirical coefficients are listed in Table 1.

J. Therm. Anal. Cal., 67, 2002



654 PONDAREVSKAYA et al.: TITANIUM STANNIDES

-2 -
[ ]
-4 o B
]
T ] A® _Ey
" _g ¢, VA, O | |
9 %, ..
€ m ‘ A~. ..
25| " a N vEa% =
T} [ | L 2 A e my
£ '. %, Yy A, O
-104 - " vaA .. 2
h 5 4 3
-12 m 6
45 50 55 60 6.5 7.0 7.5
T10YK™

Fig. 3 Experimental H°(T)-H°(298.15 K) enthalpy dependence vs. temperature

Table 1 Empirical coefficients of total tin vapor (P, Pa) and evaporation rates (G, kg m> s
temperature dependency equations

Chemica  Temp. _ InP=—[(axAa)10* T (b0b)]  InG=—[(4=DA)10°* T (B+AB)]
1 formula range/K atha b+Ab A+NA B+AB

Ti;Sn 1565-1835 5.487+0.121 30.826+0.719 5.399+0.119 23.545+0.708
Ti,Sn 1500-1770 4.413+£0.154  26.111+0.949 4.335+0.154 18.890+0.951
TisSn; 1440-1735 4.355+£0.160  26.435+0.997 4.260+0.160 19.113+0.998
TigSns 1390-1700 3.954+0.035 25.132+0.227 4.293+0.121 19.243+0.749

Thermodynamic function temperature dependence study

Previously the values of (H;,, —H 5 ,s) Were determined using low temperature re-
gime of calorimeter. The formation enthalpy of titanium stannides found to be 63.13,
55.56, 154.94 and 215.67 kJ mol ™" for Ti,Sn, Ti,Sn, Ti,Sn, and Ti,Sn,, correspond-
ingly. Determined by differential scanning calorimetry enthalpy values are in good
agreement with data for other stannides types [9], contrary to [10], which data are
ground-less large. Using enthalpy data the heat capacities C, (298.15 K) were calcu-
lated to be 100.23, 72.94, 195.94 and 272.18 J mol™' K™ for Ti,Sn, Ti,Sn, Ti,Sn, and
Ti,Sn,, respectively.

The enthalpy temperature dependence for high temperature region (360—1150 K) is
plotted in Fig. 3. Observed monotonous enthalpy increase with temperature rises is in
agreement with phase transition absence in chosen temperatures. The experimentally
enthalpy data were used for thermodynamic function calculation (1-3).

C,=dH/dT (1)
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AS TZC"d 2
=(—dt

_T[ T (2)
AGzTos =AH 2T9s —TAS 2T98 (3)

The enthalpy temperature dependence (H°(7,K)-H°(298.15 K) can be best ex-
plained using Maier and Kelly equation [11]:

H°(T)-H° (29815 K)=AT*+BT+CT '+D 4)

Note: 4, B, C, D — coefficients.
Thus temperature dependence of specific heat capacity, entropy and Gibbs en-
ergy can be calculated according to Eqs (5)—(8):

Co(T)=24T+B-CT"* Q)

S°(T)-S° (29815 K)=2AT*® +BInT+H)5CT *+E (6)
G'(T)-G' (29815 K)=AT+BInT-DT '~05CT *+[E-B] (7
E=—(5963A+5698B+5.625M0° C) 8)

Note: E — coefficient.
Coefficients of Eqs (4)—(8) for thermodynamic function temperature depend-
ence are listed in Table 2.

Table 2 Coefficients of thermodynamical functions Eqs (4)—(8)

Chemical Temperature

formula range/K A B ¢ b £

Ti;Sn 380-1150 617.7 100.630 362 959 -31769 -579.07
Ti,Sn 360-1110 101.7 69.207 207 382 22234 —401.57
TisSn; 375-1110 258.3 191.033 936 493 —62 393 -1156.59
TieSns 410-1110 307.2 261.666 692 137 —83 068 —1548.22

The total tin vapour (P, Pa) pressure vs. temperature dependence was used for
A H°(298.15 K) standard enthalpy of reactions (1)—(4) calculation according to ther-
modynamics second-low treatment, such values were also calculated by Kirchoff
equation:

A H°(29815K)=A H° (T, )~H° (T.K)~H"° (29815 K) 9)

Ver

Obtained values lies in short interval listed in Table 3.
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Table 3 Standard enthalpy of reactions (1)—(4) and atomization of titanium stannides

Chemical formula

AH°(298.15K), kJ mol

AH(298.15 K)

1

kJ mol™! kJ g-atom '
Ti3Sn 364.13£2.5 1760 440.0
Ti,Sn 342.18+1.5 1287 429.0
TisSn; 333.32+1.8 3384 423.0
TisSns 318.21+1.4 4512 410.2

Atomisation enthalpies of stannides evaporation reactions (1)—(4) have been cal-
culated by additivity. It was established that AH $(298.15 K) value is increasing from
Ti,Sn to Ti,Sn, by linear order, which is caused by decrease of interatomic interaction

with tin content enlarging in stannides.
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Fig. 4 The logarithmic dependence of evaporation rates via temperature for
1 —Sn; 2 — TisSng; 3 — Ti5sSns; 4 — Ti,Sn; 5 — Ti3Sn; 6 — Ti

Conclusions

A method of bulk crystals growth for titanium stannides was elaborated. A series of
stannides Ti,Sn, Ti,Sn, Ti,Sn, and Ti,Sn, were obtained by crucible-less growth tech-
niques under vacuum. Temperature dependence equations for total tin vapour and
evaporation rate have been suggested. The enthalpy, specific heat capacity, entropy
and Gibbs energy temperature dependence were simulated using Maier and Kelly
equations. Atomisation enthalpy is increasing from Ti,Sn to Ti,Sn, by linear order

with tin content enlarging.
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