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Abstract—Phase equilibria in the system T1-Se—Cl were studied in the region TI-TICl-Se by DTA, X-ray
powder diffraction, emf measurements concentration circuits (—) Tl/glycerol + KCI + TICl/(Tl-Se—Ce) (+), and
microhardness measurements. Several vertical sections, an isothermal section at 400 K, and the liquidus-surface
projection were constructed. The primary crystallization regions and homogeneity regions of phases were
determined, including the o phase of variable composition based on TlsSe,Cl, the only ternary compound of
the system. The types and coordinates of invariant and monovariant equilibria on the 7—x—y diagram were deter-
mined. From the results of emf measurements, the standard thermodynamic functions of formation and the stan-
dard entropy were calculated for the compound Tl5Se,Cl.
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Previously, the ternary system TI-Se—Cl was stud-
ied only along the quasi-binary sections TICI-T1,Se [1]
and TICI-TI1Se [2]. According to work [1], the system
TICI-T1,Se forms a single ternary compound, T1sSe,Cl,
which melts incongruently by a syntectic reaction at
725 K. At the syntectic temperature, the immiscibility
region extends from 15 to 80 mol % TI,Se. The com-
pound TlsSe,Cl forms a eutectic with TICI (5 mol %
Tl,Se, 689 K) and a peritectic with T1,Se (~93 mol %
Tl,Se, 684 K). The peritectic reaction L + Tl5Se,Cl == o
produces the Tl,Se-base solid solution, which extends
to 18 mol % TICI [1].

It was determined in work [2] that the system TICI-
TISe has a simple eutectic phase diagram with the
eutectic degenerate at T1Se.

The compound Tl5Se,Cl crystallizes in a CrsB;-type
tetragonal structure with the following unit cell param-
eters: a = 8.565 A, ¢ = 12.741 A, Z = 4, space group
P4/ncc [3]. The lower thallium selenide TlsSe;_,
(0.06 < x <0.5) has the same structure [4]. Thallium tel-
luride TlsTe; [5, 6] and other compounds of the general
formula TlsX,Hal (where X = Se, Te; Hal = Cl, Br, I),
which also crystallize in the CrsB;-type structure, have
higher symmetry (space group I4/mcm) [1, 3, 7-9].
Thus, the TlsX,Hal compounds are ternary structural
analogues of TlsSe; _ , and TlsTes; they are produced by
the substitution of anions Hal~ for anions X?~. Ternary
analogues of TlsSe;_, and TlsTe; obtained by cation
substitutions are also known: TI,BVX; and TI,BVX,
(B = Sn, Pb; BY = Sb, Bi; X = Se, Te) [10-17].

Analysis of phase diagrams for the systems TI-X

[18-20] and TI-BY(BY)-X [10-15] shows that both
TlsSe;_, and TlsTe; and their ternary analogues are

phases of variable composition; the homogeneity
regions of the ternary compounds extend far beyond the

quasi-binary joins TLX- BVX and TLX-B) X, form-
ing extensive fields along the isothermal sections of
T—x—y diagrams. The same situation was observed in
the systems TI-TII-Se [7] and TI-TII-Te [8]. This
proves the pertinence of the investigation of phase equi-
libria over wide ranges of compositions in other
Tl-X—Hal systems. Such data are also necessary for the
thermodynamic investigation of ternary systems by the
emf method [14, 15, 20].

In view of the above, we studied the system TI-Se—C1
over a wide range of compositions. The results of the
restudy of the quasi-binary section TICI-TISe
described in work [21] differ qualitatively from the data
in above-cited work [2]. According to work [21], this
section has eutectic equilibrium (85 mol % Tl1Se, 593 K)
and monotectic equilibrium (685 K). At the monotectic
temperature, the immiscibility region extends from 15
to 70 mol % TISe.

The sections Tl;Se,CIl-TISe and TlsSe,CI-TI [22]
are non-quasi-binary by virtue of the syntectic melting
character of Tl;Se,Cl, but they are stable below the soli-
dus. An extensive Tl;Se,Cl-base homogeneity region
was found along the section Tl;Se,CI-T1Se and an

extensive three-phase immiscibility region was found
along the section TlsSe,CI1-TI [22].

Here, we report the results of our complex investiga-
tion of phase equilibria and thermodynamic properties
of the system TI-Se—Cl in the region TI-TICIl-Se.
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Fig. 1. (a) T—x, (b) Hu—x, and (c¢) E—x diagrams for the sys-
tem T1,Se-Tl5Se,CL

EXPERIMENTAL

First, the compounds TICl, T1,Se, T1Se and T15Se,Cl1
were prepared. T1,Se and T1Se were synthesized by the
ampoule technique from the high-purity constituent
elements (10~ wt % impurities) under vacuum (~1072
Pa). The alloying temperature was 750 K.

Thallium monochloride was prepared as described
in work [23]. First, metallic thallium was dissolved at
~350 K in dilute (~7-10 M) sulfuric acid to obtain a
T1,SO, solution. Then, to the boiling 2% T1,SO, solu-
tion, dilute HCI was added until reaching complete pre-
cipitation. After cooling the mother solution, TIC] was
separated, washed with ice-cold distilled water, and
dried for a long period in a drier at 390-400 K.

Alloying the thus prepared TICl with elementary
thallium and selenium in required proportions in a
evacuated silica ampoule, we obtained the ternary com-
pound TlsSe,Cl. In view of the syntectic melting char-
acter of this compound, the sample after alloying was
heat-treated at 710 K for 100 h.

All compounds synthesized were identified by DTA
and X-ray powder diffraction.

Alloying the precursor compounds with elementary
selenium and thallium in various proportions in evacu-
ated silica ampoules, we prepared alloys of the system
TI-TICI-Se with compositions lying along the sections
TICI-T1,Se, TICI-Se, T1,Se—[T1,Cl] (hereafter, hetero-
geneous alloys taken as a “component” are indicated in
parentheses), T1,Se—[T1SeCl], and T15Se,Cl-Se, as well
as several samples outside these sections. The sample
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size in DTA experiments was 0.5 g; in the other exper-
iments, it was 1 g.

From the results of the DTA of cast unhomogenized
samples, the annealing temperatures were chosen at
which these samples were exposed for periods of 500
to 1000 h. Particular attention was paid to the equili-
bration of the alloys with compositions lying along
the section TICI-Tl,Se and in the region TlsSe,Cl—
T1,Se—T1sSe, o4 (the boundary composition of the phase
TlsSe;_,). After alloying at 770-780 K, the samples
were stepwise annealed. First, they were exposed at 690 K
for 500 h; then, they were slowly (for 10 h) cooled to
650 K and exposed for another 500 h.

The investigative tools were DTA (pyrometer NTR-75,
chromel-alumel thermocouples), X-ray powder dif-
fraction (diffractometer DRON-2, CukK, radiation),
microhardness measurements (tester PMT-3), and emf
measurements in the concentration circuits

(-) Tl(solid)/liquid electrolyte
+ TI*/(T1-Se—Cl)(solid)(+) (1)

from 300 to 430 K. The electrolyte was a glycerol solu-
tion of KCI with ~0.1 wt % TICI. The left-hand elec-
trode was metallic thallium. The right-hand electrodes
were presynthesized equilibrium alloys from the region
TICI-T1,Se-Se of the system T1-TICI-Se.

The emf was measured by a compensation tech-
nique using a high-resistance digital voltmeter
V-7-34A. The composition of circuits (1) and the emf
measurement procedure were the same as in works [14,
15, 20].

RESULTS AND DISCUSSION

The investigation of carefully annealed alloys along
the previously studied section TICI-T1,Se showed that
our results (Fig. 1) in the region TICI- TlsSe,ClI coin-
cide with the data in work [1] but are slightly different
in the region Tl;Se,CI-Tl,Se.

The system T1,Se-TlsSe,Cl (Fig. 1a) forms com-
plete solid solutions: the solidus temperature increases
continuously from 663 K in T1,Se to 725 K in T15Se,Cl.
The horizontal at 725 K proves the existence of immis-
cibility in the region ~40-100 mol % TlsSe,Cl, which
matches the data in work [1]. However, we have not

confirm the existence of the peritectic horizontal at 684
K indicated in work [1] (Fig. 1a).

The powder X-ray diffraction, microhardness (Fig. 1b),
and emf (Fig. 1c) data confirm the DTA data. From
Figs. 1b and 1c, one can see that the microhardness and
emf in the T1,Se—T1sSe,Cl alloys are continuous func-
tions of composition: their value vary monotonically
between the H and E of the starting compounds. The
single-phase constitution of each sample is proven by
the fact that a single microhardness value was mea-
sured. The continuous variation in the emf of circuit (1)
over a wide range from 280 mV in T1,Se to 454 mV in
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Fig. 2. TIC1-Se phase diagram.
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Fig. 4. Vertical section TlsSe,Cl-Se of the TI-TICl-Se
phase diagram.

Tl5Se,Cl indicates [20] the continuous variation in the
activity of the potential-forming element (thallium) in
the alloys, which provides circumstantial evidence of
the change in the composition of the o phase.

Analysis of the powder X-ray diffraction patterns of
annealed T1,Se-Tl;Se,Cl alloys showed that all sam-
ples (20, 40, 60, and 80 mol % Tl;Se,Cl) are a single
phase and have a Tl,Se-type tetragonal structure. The

unit cell parameters of the o phase vary almost linearly
from TL,Se to TlsSe,Cl (a =8.522-8.561 A; ¢ =
12.68—-12.74 A).

From the DTA data for all the alloys studied with
account for the data available on the vertical sections
TICI-TIsSe,Cl [1], TICI-TISe [21], and TlsSe,CI-T1Se(TI)

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 52

755
K S (IS .
+ Li+Ly+L bt 8
_;]_‘ |C2 715 1 2 3 1 ,QN \
700‘ 685 Ll +L2 + O
Y r Y r Y r Y
Ly+L;+ o :723»663
Li+Ly+TICI U Lta
Li+TICl+ o Ly +o.
Tl + TICI + o T+ o
500 1 -T-
Tl + TICl + o ThH + o
Il Il Il Il
[T1,Cl] 20 40 60 80 T1,Se
mol %

Fig. 3. Vertical section [T1,Cl]-T1,Se of the TI-TICl-Se
phase diagram.

T, K /

- |
L, , L+l S,
/ I + |'4
! ! Qm |3\|
700 L L+oa+Tise tms Lot Ly+mClL E\. | g o8

663 ¢
L +TICI

Ly +TICI

es

600 - a3 g
\! t
\l <
P VY
E L+TICL + Se P~
500 F 5 . my b 493
= o>
: Ly +TICI+ Se
TICI + TISe + Se
T1,Se 80 60 40 20 [T1SeCl]
mol. %

Fig. 5. Vertical section Tl,Se—[T1SeCl] of the TI-TICl-Se
phase diagram.

[22] and on the subsystem TI-Se [18], we derived the
complete and self-consistent pattern of phase equilibria
in the system TI-TICI-Se (Figs. 2-7; Tables 1, 2).

The section TICl-Se (Fig. 2) is quasi-binary. Its
characteristic features are the virtually complete
immiscibility of the components in the liquid state and
a degenerate eutectic.

The non-quasi-binary section [T1,CI]-T1,Se (Fig. 3)
reflects the character of phase equilibria in the region
TI-TICI-T1,Se (Figs. 6, 7). Below the solidus, this sec-
tion crosses the heterogeneous regions Tl + TICI + «
and T1 + o.. DTA traces for alloys of this section have
up to four peaks. The horizontals at 505 and 575 K are,
respectively, due to the polymorphic transition and
melting of metallic thallium. The peaks at 715 and
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685 K reflect four-phase syntectic equilibrium C, and
monotectic equilibrium M, (Fig. 7, Table 1). The sec-
tion [TL,CI]-T1,Se in the liquid state crosses four phase
fields: an extensive three-phase field L, + L, + Ls
(~15-78 mol % T1,Se) bounds two two-phase fields,
namely, L, + L, (0-15 mol % Tl,Se) and L, + L;
(~78—-88 mol % TI,Se); Tl,Se-rich melts are a single
phase (L5).

The sections TlsSe,Cl-Se (Fig. 4) and T1,Se—[T1SeCl]
(Fig. 5) reflect the character of phase equilibria in the
region TICI-T1,Se—Se. Both sections in their subsoli-
dus region cross all four phase fields (o, o + TISe, o +
TICI1 + TlSe, and TICI + TISe + Se). They fully match
the 7—x—y diagram (Figs. 6, 7; Tables 1, 2) and allow us
to refine the primary crystallization regions and the
coordinates of invariant points of the system TI-TICIl-.

The isothermal section at 400°C of the TI-TICl-Se
phase diagram (Fig. 6) consists of six phase fields. The
homogeneity region of the o phase extends signifi-
cantly (to 4 mol %) into selenium-rich compositions
outside the quasi-binary system T1,Se-Tl;Se,Cl. This is
clearly demonstrated by the vertical sections
0.25T15Se,C1-T1Se [22] and T1,Se—[TISeCl] (Fig. 5):
the homogeneity region of the o phase extends from 0
to 13 mol % TISe and from 100 to 85 mol % TI,Se,
respectively. The existence of the extensive region of o
solid solution generates the two-phase regions o + TI,
and a + TISe (Fig. 6). In the three-phase regions o +
Tl, + TICI, o + TICI + TISe, and TICI1 + TISe + Se, the
compositions of all coexisting phases, except for the o
phase, virtually coincide with the pure components;

Tly5Cly 5

40

A = TlsSe,Cl

BABANLY et al.

that is, the solubility in elementary thallium and sele-
nium and in the compounds TICl and TISe is insignifi-
cant.

The liquidus surface of the system TI-TICI-Se (Fig. 7)
consists of three fields, which are generated by the pri-
mary crystallization of TICI, the o phase, and T1Se. The
fields of elementary selenium and thallium are degener-
ate. The characteristic feature of this system is the exist-
ence of extensive immiscibility regions with the partic-
ipation of four liquid phases, namely, metallic thallium
(L)), TICI (L,), the o phase (L;), and elementary sele-
nium (L,), in various combinations. The immiscibility
regions occupy to ~90% of the area of the TI-TICI-S
triangle. There are two extensive three-phase liquid
immiscibility regions: L; + Ly+ L; (C, C; C;k Yand L, +
L, + L4 (MTMIT M}k ), which are surrounded by two-

phase liquid immiscibility regions. Hereafter, asterisks
mark degenerate points. The first three-phase immisci-
bility region is generated by the three extensive immis-
cibility regions existing along the sides of the sub-
system TI-TICI-TLSe (m,m| , mymy , and C,C}). The
second three-phase immiscibility region is generated
by the interaction of two-phase regions m2m;k , m4m;k ,

and msmg , which originate from the boundary systems
of the subordinate triangle TICI-T1Se—Se. Between
these three-phase immiscibility regions, there is the
extensive two-phase region L, + L.

The crystallization of phases in the indicated immis-
cibility regions leads to various invariant and monova-
riant syntectic and monotectic equilibria (Tables 1, 2).

TICI + T1Se +Se

at. %

Fig. 6. Isothermal section at 400 K of the TI-T1Cl-Se phase diagram. Circles indicate the compositions of the alloys studied by the

emf method.
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Table 1. Invariant equilibria of the system TI-TICI-Se

BABANLY et al.

o o Composition, at. %
Point in Fig. 7 Equilibrium T,K
Cl Se

D, Ly, ==TlSe - 333 663
D, Ly, == TiSe - 50 617
D, Ly, ==TICI 50 = 703
e L = Tl,Se(o) + TlISe - 43 580
e L —- TISe + Se - 73 475
e L <= TICI + TlsSe,Cl(o) 46 2.5 690
ey L = TISe,Cl(ct) + TISe 35 42.5 590
es L =—-= TICl + TISe 7 43 593
E L —-= o+ TICl + TISe 6 42 580
my(my) Ly == L, + TL,Se(0) - 32.5 653
my (ms) L, — L +Se - 97.5 (77) 487
ms(m3) L, == L, + TICI 49 - 700
my(my) L, == L, + TICI 485 3 698
ms(ms) L, =—= Ly + TICl 42.5 (15) 7.5 (35) 685
Ci(C) L, + Ly == Tl5Se,Cl(cx) 40 (7.5) 7(28) 725
CACC5) | Ly+Ly=—L +o 38 (7) 6 (26) 115
M, (M) L, ==L, +TICl + & 45 25 685
My(M,) L, — Ly + 0o+ TISe 41 (14) 7.5(32) 680
MMy, M7) | L, == Ly +L, +TICI 44.5 (6.5) 7 (65) 673

Notes: Conjugate invariant points and their compositions are in parentheses. Asterisks mark virtually degenerate points.

For example, the intersection of the immiscibility
regions by the eutectic curves that radiate from point e

generates in Fig. 7 the horizontals M; M T and M2M12,

which are characterized by four-phase monotectic equi-
libria.

The types of invariant equilibria and the coordinates
of relevant points are listed in Table 1. The types and
temperature ranges of monovariant equilibria are dis-
played in Table 2.

The results of the emf measurements in circuits (1)
in the region TICI-T1,Se—Se are in full match with the
solid phase diagram and allow us to calculate the ther-
modynamic functions for TlsSe,Cl. Recall that the emf
is a monotone function of composition within the
homogeneity region of the o phase (Fig. 1c). We also
determined that within either of the three-phase regions
o + TICI + TISe and TICI + TISe + Se, the emf is unaf-
fected by the bulk composition of the alloys. In the
region TICI + T1Se + Se, the numerical emf values coin-
cide accurate to £3 mV with the data for pure T1Se [24].
First, this proves the reversibility of circuits (1) [20]

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 52

and second, supports the insignificant TISe-base solu-
bility we found in the system TI-TICI-Se.

The thermodynamic functions for TlsSe,Cl were
calculated from the emf measurements of circuits (1) in
the three-phase region 0(T15Se,Cl)-TICl-T1Se using the
procedure described in work [20]. The least-squares fits
[25] in accordance with the recommendation in work
[26] yielded the linear equation for the emf versus tem-
perature in the specified three-phase field:

E, mV = 4733 -0.066T

2.1/2

+2[(1.57/22) + 5.1x107°(T - 362.8)] .

Using known thermodynamic relationships, from
this equation we calculated the relative partial molar
functions for thallium in the region at 298 K:

AGr = —(43.77 +£0.10) kJ/mol;

AHTI

—(45.67 £ 0.05) kJ/mol;
ASt = —(6.37 +1.38) J/(mol K).

No. 5 2007



PHASE EQUILIBRIA AND THERMODYNAMIC PROPERITES OF THE SYSTEM TI-TICI-Se

Table 2. Monovariant equilibria of the system TI-TICI-Se

Curve in Fig. 7 Equilibrium Ti‘;‘}fgeéf‘%‘re
e3M, L = TICl + TIsSe,Cl(ot) | 690-685
esM, L=—TICl+a 690-680
ese) L — o+ TISe 590-580
e,E L —-= o+ TISe 590-580
esE L == TICI + TISe 593-580
ese) L == TICI + TISe 593-475
CiC, (C\Cy) | Ly+ Ly =—TIsSe,Cl(0) | 725-715
CiM, (C\M}) | L,+L; == TIsSe,Cl(ct) | 725-680
C,M, L, == L, + TlSe,Cl(ot) | 715685
Chm, L, ~=L,+0 715-653
m;M, L, == L, + TICI 700685
msMy (msM3) | L, =—= Ly + TICI 685-680
msMy(msMy) | L, == L, + TICI 685-673
myMy L, —-= L, + TICI 698673
M.y m) L, == L, + TICI 673-487

Note: Conjugate monotectic curves are in parentheses.

According to Fig. 6, these quantities are the thermo-
dynamic functions of the following potential-forming
reaction [20]:

Tl(solid) + O'STICI(SO]id)) + TlSe(Solid» = 0.5T15SGZC1(SOH(D).

In accordance with this equation, the standard ther-
modynamic functions of formation for TlsSe,Cl were
calculated from

AZ"(T1,Se,Cl)
= 2AZn +2AZ°(T1Se) + AZ°(TICI).

Here, AZ = AG, AH, or AS. The standard entropy was
calculated from

S°(T1,Se,Cl) = 2ASm +28°(T1)
+S°(TIC1) + 25°(T1Se).
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Table 3. Standard integral thermodynamic functions for
compounds TICI, T1Se, and Tl;Se,Cl

0 0 0 0
—AGg —AH 4 AS50g S298
Com-
pound
kJ/mol J/(mol K)
TICI[27]| 184.97 % 2083+ | =783+ | 11146+
+0.69 +3.0 1.2 +0.21
TiSe [24]| 60.12 60.96 + 2.8+ 103.4 £+
+0.10 +0.54 +14 1.8
TIsSe,Cl1 | 392.8 + 4216+ | -96.6* 4339+
+1.1 +5.1 6.5 +72

In so doing, we used our own AZq data and bor-

rowed from the literature the standard thermodynamic
functions for TICI [27] and T1Se [26] (Table 3) and the
standard entropy of elementary thallium [27].

The results of the calculations are displayed in table 3.
The errors were determined by error propagation.
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