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Abstract—The system TI-Se—Br was studied in the region TI-TIBr—Se by DTA, X-ray powder diffraction, emf
measurements, and microhardness measurements. Several vertical sections, the isothermal section at 400 K, and
the liquidus-surface projection were constructed. The quasi-binary sections TIBr—T1,Se, TIBr-TISe, T1;Se,Br-TI,
and TlsSe,Br-T1Se allow the system TI-T1Br—Se to be triangulated into five subordinate triangles. Wide immis-
cibility regions were discovered in the system, including a three-phase region in subsystem T1,Br—T1,Se—Se.
Homogeneity and primary separation regions were determined, as well as the types and coordinates of invariant
and monovariant equilibria on the 7—x—y- diagram. From the results of emf measurements, the standard ther-
modynamic functions of formation were calculated for the compound TlsSe,Br.
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Here, we continue our physicochemical investiga-
tion of thallium chalcogenides started in [1-8] and
present new data on the phase equilibria and thermody-
namic properties of the system Tl-Se-Br in the region
TI1-TIBrSe.

The system T1-Se—Br was studied in several works.
In work [9], the quasi-binary section TIBr-Tl,Se was
described, in which the congruently melting compound
TlsSe,Br is formed (745 K) with a virtually constant com-
position. This compound forms a eutectic (~10 mol %
T,Se, 705 K) with TIBr and a peritectic (90 mol %
Tl,Se, 720 K) with Tl,Se. The peritectic reaction L +
Tl;Se,Br == o produces the TIl,Se-base o phase,
whose homogeneity region at 720 K reaches ~25 mol %
TIBr.

According to the data in work [10], the system
TIBr-TISe is also quasi-binary and has a simple eutec-
tic phase diagram. The eutectic has the composition
90 mol % TISe and temperature 595 K. The restudy of
this system [7] showed eutectic equilibrium (85 mol %
TISe, 580 K) and monotectic equilibria. At the mono-
tectic temperature (690 K), the immiscibility region
extends from 20 to 50 mol % TISe[7]. The vertical sec-
tions 0.25T1sSe,Br—TISe and Tl;Se,Br-TI are also quasi-
binary [8]. The former is of the eutectic type (60 mol %
TISe, 590 K) with an extensive region (to 13 mol %
T1Se) of TlsSe,Br-base solid solution; the latter has a
monotectic phase diagram (733 K) with a degenerate
eutectic.

In work [11], the crystal structure of Tl;Se,Br was
studied. This compound has a tetragonal TlsTes-type
structure (space group /4/mcm) [12] with the following

o

unit cell parameters: a = 8.594 A, c =12.788 A, Z=4.
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EXPERIMENTAL

First, the compounds TIBr, Tl,Se, TISe, and
TlsSe,Br were prepared. Tl,Se and TISe were synthe-
sized by the ampoule technique from the high-purity
constituent elements (10~ wt % impurities) under vac-
uum (~1072 Pa). The alloying temperature was 750 K.

Thallium monobromide was prepared as described
in work [13]. 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 HBr was added until reaching complete pre-
cipitation. TIBr is hardly recrystallizable. Therefore,
the trace mother solution was removed by repeated
boiling with water; then, it was filtered and sucked. The
product was dried over KOH in a desiccator at 390—400
and stored in the dark to avoid its degradation.

Alloying the thus prepared TIBr with elementary
thallium and selenium in required proportions in a
evacuated silica ampoule, we obtained the ternary com-
pound TlsSe,Br.

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 with composi-
tions lying along the sections TIBr-Tl,Se, TIBr-Se,
T1,Se—[T1,Br] (hereafter, heterogeneous alloys taken
as a “component” are indicated in parentheses),
T1,Se—[T1SeBr], and TlsSe,Br—Se, as well as several
samples in the region TI-TIBr—Se. The compositions of
these samples were chosen proceeding from the avail-
able phase equilibrium data in the boundary binary
Tl-Se [14, 15] and along the previously studied inner
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Fig. 1. (a) T—x, (b) Hy~x, and (¢) E~x diagrams for the sys-
tem T1,Se-T1,Se,Br.

sections of the ternary system [7-9]. For equilibration,
the alloys were annealed at temperatures 20-30 K
below the solidus for 500-1000 h.

The investigation of selected samples along the section
TIBr-Tl,Se showed that in the region TIBr—TlsSe,Br, data
coincided with the data of work [9] but were slightly
different in the subsystem TlsSe,Br—T1,Se. In view of
this, we restudied the system TlsSe,Br-Tl,Se. Particu-
lar attention was paid to the equilibration of alloys.
After being alloyed at 780-800 K, samples were
homogenized by stepwise annealing: first, they were
annealed at 690 K for 500 h, then cooled to 650 K and
exposed at this temperature for 500 h. Transitions
between the specified temperatures were very slow
(for ~10 h).

The investigative tools used were DTA (pyrometer
NTR-75, chromel-alumel thermocouples), X-ray pow-
der diffraction (diffractometer DRON-2, CuK, radia-
tion), microhardness measurements (tester PM~T-3),
and emf measurements in the concentration circuits

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

from 300 to 430 K. The electrolyte was a glycerol solu-
tion of KBr with ~0.5 wt % TIBr. The left-hand elec-
trode was metallic thallium. The right-hand electrodes
were presynthesized equilibrium alloys from the region
TIBr—T1,Se—Se of the system TI-TIBr-Se.
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The emf was measured by a compensation technique
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 [5, 15].

RESULTS AND DISCUSSION

Figure 1 displays the results of the investigation of
TlsSe,Br-Tl,Se alloys after careful heat treatment. Our
design of the phase diagram (Fig. 1a) differs from that
in work [9] in that the TlsSe,Br-base 6 phase of variable
composition exists along with the Tl,Se-base o solid
solution. There is peritectic equilibrium Lp + 6 == o
(T'="717 K). The peritectic point p has the composition
~25 mol % TIsSe,Br. The coordinates of all invariant
equilibria of the system TI-TIBr-Se are compiled in
Table 1 and are not specified in the text.

The microhadrness (Fig. 1b) and emf measure-
ments (Fig. 1¢) and X-ray powder diffraction data ver-
ify the single-phase composition of alloys in the region
0-65 mol % TIlsSe,Br (o phase) and 75-100 mol %
TlsSe,Br (4 phase).

In the homogeneity region of the o phase, the micro-
hardness decreases from ~1450 MPa in pure Tl,Se to
~1300 MPa; in the region of the o phase, it increases
from 1100 MPa in Tl;Se,Br to 1200 MPa (Fig. 1b). The
emf isotherm at 300 K consists of two monotonic
curves in the ranges 0-65 and 75-100 mol % TlsSe,Br.
In the range 65-75 mol % Tl;Se,Br, the emf has a fixed
value ((390 £ 2) mV), indicating the constancy of the
compositions of the o~ and d phases, i.e., the two-phase
(o0 + 0) constitution of the alloys [15].

The indexing of X-ray powder diffraction patterns
shows that the in the homogeneity region of the o phase
(0-65 mol % TIsSe,Br), the alloys have a tetragonal
TlsSe; _ -type structure (space group P4/ncc) [16]
and that their unit cell parameters vary monotoni-
cally in the following ranges: a = 8.523-8.555 A c=
12.68-12.73 A. Within the homogeneity region of the
d phase (75-100 mol % TIsSe,Br), the unit cell param-
eters of the TlsTes-type tetragonal lattice [12] have the
following values: a = 8.571-8.595 A, ¢ = 12.75-12.79 A.

The section 0.5TIBr-Se (Fig. 2) is quasi-binary and
monotectic type (m,.) At the monotectic temperature
(723 K), the immiscibility region extends from 6 to
~99 at. % Se. The eutectic (494 K) is degenerate near
pure selenium.

The wvertical sections [Tl,Br]-Tl,Se (Fig. 3),
0.125T1sSe,Br—Se (Fig. 4), and T1,Se—[TISeBr] (Fig. 5)
have complicated interactions and reflect almost all
invariant and monovariant equilibria of the system
TI-TIBr-Se.

The section [TLBr]-TLSe crosses the subsystems
TI-TIBr-TlsSe,Br and T1-TlsSe,Br-T1,Se. Its character-
istic feature is an extensive (0-85 mol % TL,Se) two-
phase liquid immiscibility region (L; + L,). The hori-
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zontals at 700 and 710 K are due to four-phase mono-
tectic equilibria (Table 1, Fig. 6; MlMil< and MzMj.
The DTA curves for almost all alloys show well-defined
peaks at 575 and 505 K associated with the crystalliza-
tion and polymorphic transition of elementary thallium
(Fig. 3); the appearance of these peaks signifies the
degeneracy of the suggested eutectics of the sub-
systems TI-TIBr-TIsSe,Br and TI-Tl;Se,Br-Tl,Se near
the thallium corner of the triangle.

The section 0.125T1;Se,Br-Se (Fig. 4) crosses the
subordinate triangles  TIBr-TlsSe,Br—TISe and
TIBr-T1Se—Se and reflects several invariant equilibria
(E, es, e, my) and monovariant equilibria (Fig. 6;
Tables 1, 2). The liquidus consists of three branches
associated with the primary crystallization of T1Br and
the TlsSe,Br-base 0 phase and selenium. The liquidus
of the d phase covers the range 0-2.0 at. % Se. In the
range ~60-98 mol % Se, TIBr crystallizes by the
monovariant monotectic reaction L, == L; + TIBr

(Table 2, Fig. 6; curve My m,).

The section T1,Se—[T1SeBr] (Fig. 5) is more com-
plex. The section crosses three subordinate triangles
and reflects eutectic (ey4, es, E) and monotectic Mr, m,)
invariant equilibria, as well as several monovariant
equilibria (Fig. 6; Tables 1, 2). Along this section, Tl,Se
has an extensive o homogeneity range (85-100 mol %
Tl1,Se). The liquidus consists of the primary crystalliza-
tion areas of the compound TIBr (0—65 mol % T1,Se),
o phase, and d phase. We failed to clearly demarcate the
last two fields. In Fig. 5, the phase fields with the par-
ticipation of these phases are demarcated by dashed
lines with account for the subsolidus fields o + T1Se
and § + T1Se (Fig. 7). This section reflects immiscibility

regions, including the three-phase region L, + L), + L;
(for more detail, see the description of the liquidus-sur-
face projection below).

The subsolidus phase fields of the system
TI-TIBr-Se are displayed in Fig. 7. The a- and 6 pha-
ses have extensive homogeneity regions. These regions
are separated by a narrow two-phase region o + 9,
which narrows with increasing selenium concentration
and practically degenerates to transform into the mor-
photropic phase transition oo == §. In Fig. 7, there are
four two-phase fields: Tl, + o, T, + 9, o + TISe and & +
TISe. The first two fields are separated by a narrow
three-phase field Tl, + o + §; a possible three-phase
field o + 8 + T1Se is degenerate (shown in dashed lines).

The liquidus surface of the system TI-TIBr—Se
(Fig. 6) consists of three major fields associated with
the primary crystallization of TIBr, the & phase, and
TISe (fields /-3). The o phase field is a narrow band
extending along the Tl-Se binary (field 4). The liquidus
surfaces of elementary thallium and selenium are
degenerate at the relevant corners of the triangular dia-
gram (Fig. 6).
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Table 1. Invariant equilibria of the system TI-TIBr—Se

o Composition,
Pg;gf o Equilibrium at. % T,K
Br Se

D, L = Tl,Se - 33.3 663
D, L == TiISe - 50 617
D; L == TIBr 50 - 733
D, L =—= TI5Se,Br (3) 12.5 25 745
e L = TL,Se(o) + TISe - 43 580
e) L = TISe + Se - 73 475
3 L ——=TIBr+o 43 4.5 705
ey L ——= 3+ TISe 5 40.5 590
es L —— TIBr + TISe 7.5 42.5 580
E L <= 0+ TIBr + TlSe 7.5 41 573
p L+d=—o0a 3 31 717
m, (mT) L, ==L, + T,Se(a) - 32.5 653
m3(m§<) L, ==L, +TIBr 49 - 730
m4(m:1k) L2 — L3 + TlBr 47 6 723
}/n5 (m:) L2 P— Ll + TlssezBr(S) l 15 23 728
m(,(m'é) L, = x; + TIBr 40(25) | 10(25) [690
M, (M?) |Ly ==L, +TIBr+3 42 4 700
My(M3) [La+d =L, +a 25 |30 710
M3(M;) L, = L, +TIBr+9 38(27)| 10(21) |675
MT(MLF ,|Ly ==L, +L;+TIBr | 41.5(7)| 10(66) |680
M7)

Notes: Conjugate invariant points and their compositions are
parenthesized. Asterisks mark points degenerate at elemen-
tary thallium or selenium. o and & denote solid solutions
based on T1,Se and Ti,Se,Br, respectively.

According to the Kurnakov’s principle of congruent
triangulation [17], the T—x—y diagram of the system
T1-TIBr—Se can be considered as the combination of
the following autonomous subsystems: TI-TIBr—
TlsSe,Br (I), TI-T1,Se-TlsSe,Br (II), TIBr—Tl;Se,Br—
T1Se (III), T1,Se-T1Se-TlsSe,Br (IV), and TIBr-T1Se—
Se (V).

The liquidus surfaces of the subsystems I and II are
almost fully covered by the immiscibility region L; + L,.
The intersection of this region by the eutectic curve (e;M,)
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Fig. 4. Vertical section Tl;Se,Br—Se of the TI-TIBr-Se
phase diagram.

and the peritectic curve (pM,) leads to four-phase mono-
tectic equilibria M, and M,, respectively (Tables 1, 2).
Conjugate points M, and M5 (Table 1), which corre-
spond to the compositions of the liquid phase L,, are
virtually degenerate at the thallium corner of the trian-
gle. Eutectic equilibrium (L, == TI, + TIBr + 9) and
peritectic equilibrium (L, + & == TI, + o), which cor-
respond to the full solidification of melts, are also
degenerate.

The subsystem III also has liquid—liquid immisci-
bility (meM;K M’ my ), which is due to the penetration

of the immiscibility region mgmg along the quasi-
binary section TIBr-TISe into this subsystem. The
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Fig. 5. Vertical section Tl,Se—[T1SeBr] of the TI-T1Br-Se
phase diagram.

eutectic curve e;E splits into a pair of curves (e;M; and
M, E) when intersecting this region to form the hori-
zontal M;M; with monotectic invariant equilibrium.
Solidification ends with eutectic equilibrium E (Table 1).

The subsystem IV involves eutectic invariant equi-
librium e4e,. A possible peritectic reaction L + 6 == o
has not been detected experimentally, apparently
because of the degeneracy of the two-phase field o +
in this subsystem (Fig. 7).

The subsystem V (Fig. 6) has an extensive three-
phase immiscibility region L+ L, + L; (triangle
MMy M%), in which TIBr crystallization occurs by
the monotectic invariant reaction (Table 1). This trian-
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Fig. 6. Liquidus surface projection for the system TI-TIBr—Se. Primary crystallization fields: (/) TIBr, (2) TlsSe,Br-base 3 phase,
(3) T1Se, and (4) T1,Se-base o phase. Quasi-binary joins are indicated by dashed lines.

Tlp 5Brg 5

TIBr + TISe + Se

A =Tl5Se,Br

Tl 20  Tlog7Sepss | 40
Tl + o o o +TISe

Tlp5Se0s 60 80 Se

at. %

Fig. 7. Isothermal section at 400 K of the T1-TIBr—Se phase diagram. Dashed lines indicate the boundary between the two-phase
fields o + TISe and & + TISe. Circles indicate the compositions of the alloys studied by the emf method.

gle by its three sides bounds the immiscibility regions
L, + L, (mgMyMymg), Ly + Ly (myMy M3 mj), and
L, + Ly (Mymymy MY ) that originate from the bound-

ary binaries of the subsystem V. Four-phase eutectic
equilibrium L == TIBr+ TISe + Se is degenerate near
point e,.

Along with verifying the subsolidus equilibrium
phase diagram for the system TIBr—Tl,Se—Se, the emf
technique determined the thermodynamic functions for
the compound TlsSe,Br. In view of the linear trend of
the emf versus temperature, the results of the emf mea-
surements for circuit (1) in the region TIBr Tls—Se,Br—
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Table 2. Monovariant equilibria of the system T1-T1Br—Se

Same | watonun | Tomperure
esM, L —TIBr+39 705-700
e3M; L—=TIBr+9o 705-675
N3 L —= 5+ TlSe 590-580
e,E L — (8o + TISe 590-573
esE L == TIBr + TISe 580-573
€56 L = TIBr + TISe 580-475
PM, L+d=o0 717-710
Mym, L, =L +0 713-653
msM| L, ==L, +TIBr 730-700
myMr L, == L;+ TIBr 723-680
msM, L, == L, + Tl5sSe,Br(d) 728-700
msM, L, =—L;+d 728-710
m6M3(m'6 M'3) L, == L, + TIBr 690-675
meMp(mg My )| Lo == Lj + TIBr 690-680
M m, L), == L5+ TIBr 680487

Note: Conjugate monotectic curves are in parentheses.

TISe were processed by least-squares fits [15, 18] and
presented, in accordance with recommendation in [19],
in the form of

E = 464.7-0.053T

172

+2[(0.93/22) + 3x107°(T - 362.8)°] .
Using known thermodynamic relationships, from this
equation we calculated the relative partial molar func-

tions for thallium in the region TIBr-Tl;Se,Br—TISe
at 298 K:

AGr = —(43.32+0.06) kJ/mol,

AHr

~(44.84£0.39) kJ/mol,

ASt = —(5.11+£1.06) J/(mol K).

According to the solid-phase diagram (Fig. 7), these
functions are the thermodynamic characteristics of the
following potential-forming reaction [15]:

Tl(solid) + 0.5T1Br(solid) + T1Se(solid)
= 0.5T1sSe,Br(solid).

Thus, the standard thermodynamic functions of for-
mation and the standard entropy for the compound
TlsSe,Br can be calculated from
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Table 3. Standard integral thermodynamic functions for
compounds T1;Se,Br, TIBr, and TISe

0 0 0 0
Com- —AGyg —AH g AS>og S20g
pound

kJ/mol J/(mol K)

TIBr 16740t | 17268t | -17.7% 122.59 +

[19] +0.63 +0.67 +12 +0.21

TiSe 60.12 + 60.96 + 2.8+ 1034 +

[20.21] +0.10 +0.54 +14 +1.8

TlsSe,Br| 3743+ 1.0 | 384.3+£2.7|-33.6 £6.0| 447.6+64

AZ"(T1,Se,Br) =2AZn + AZ°(T1Br) + 2AZ°(T1Se),
where AZ" — AGO, AHO, ASO; and
S°(T1,Se,Br) = 2ASn +28°(T1)

+ S°(TIBr) + 25°(TISe).

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

rowed from the literature the thermodynamic character-
istics for T1Br [20] and T1Se [21] (Table 3) and the stan-
dard entropy of elementary thallium [20]. The results of
the calculations are displayed in Table 3. The errors
were found by error propagation.
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