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Abstract—Thermodynamic models of phases in the Ag—Sb—Sn system are constructed on the basis of the
available experimental information. Polythermal sections in the phase diagram of this system are calculated
for compositions xag/Xgp, = 1, Xae/Xsn = 1, Xgp/Xsy = 1, and xg, = 0.5, along with an isothermal section at
473 K. The coordinates of the invariant points of this system and the projection of its liquidus surface are

determined.
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INTRODUCTION

Alloys belonging to the Ag—Sb—Sn system are
promising materials for use as high-temperature lead-
free solders [1, 2] and anode materials for lithium-ion
batteries [3]. The creation and operation of such mate-
rials requires good knowledge of phase equilibria in
the Ag—Sb—Sn system. However, experimental stud-
ies of this system have revealed uncertainty associated
with the most low-temperature invariant equilibrium
in the Ag—Sb—Sn system. Three possible variants of

this equilibrium have been proposed in the literature:
L + (SbSn) <> € + (Sn) at 508 K [4] (information on
the solid phases in the Ag—Sb—Sn system is given in
Table 1), L + (Sb,Sn;) <> € + (Sn) at 502 K [2], and L
+ Sb3Sn, <> € + (Sn) at 506 K [5] (in this work, the
Sb;Sn, phase is denoted as Sb,Sn;, though the compo-
sition found by the authors for this phase (57 at % of
Sn [6]) corresponds to the Sb;Sn, phase (57.14 at % of
Sn) instead of the Sb,Sn; phase (60 at % of Sn)).

Table 1. Structural characteristics of solid phases in the Ag—Sb—Sn system [6, 8, 10, 13, 17, 18, 23, 34, 35]

Phase Composition Space group Pearson symbol Structural type

(Ag) Agy_,_,SbSn, Fm3m cFa Cu
0<x<0.06,0<y<0.12

(Sb) Sb; _ ,Sn, R3m hR2 a-As
0<x<0.16

(Sn) Sn,_,_,SbAg, 14,/amd tl4 B-Sn
0<x<0.11,0<y<0.001

4 Ag,Sb,Sn, P65/mmc hP2 Mg
0.76<x<0.92,0<y<0.14,
0<z<5024,x+y+z=1

€ Ag,Sb,Sn, Pmmn oP8 B-CusTi
0.72<x<0.79,0<y<0.28,
0<z<025,x+y+z=1

(SbSn) Sb; _ ,Sn, R3m hRS
0.37<x<0.55

Sb3Sn4 Sb3/7sn4/7 R3m Bi3Se4

(szsn:;) Sb0.4Sn0.6 _ )cAgX Fmgm cF8
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To solve this problem, we must thermodynamically
model the Ag—Sb—Sn system with allowance for the
existence of both Sb,Sn; and Sb;Sn, phases [7]. Earlier
thermodynamic calculations of phase equilibria in the
Ag—Sb—Sn system considered either the high-tem-
perature Sb,Sn; phase [8, 9] or the low-temperature
Sb;Sn, phase [10]. In addition, the liquid models used
in these calculations were characterized by consider-
able deviation from the recent data on the integral
enthalpy of mixing of ternary liquid alloys [2]
(459 experimental points; the error of measuring is
estimated by the authors as 150 J/mol). The numbers
of points whose deviation from the data [2] is more
than 300 J/mol for the liquid models used in [8§—10]
are 71, 52, and 58, respectively.

It is also noteworthy that some results of [8] are
erroneous. When modeling the Ag—Sb—Sn system,
the authors of [8] used thermodynamic models of
phases in the Sb—Sn system taken from [11] to deter-
mine that the lowest temperature stable invariant
equilibrium exists in this system at 505 K and can be
described by the reaction L + Sb,Sn; <> € + (Sn). This
means the Sb,Sn; phase metastable (with respect to
(SbSn) and (Sn)) below 515 K in the binary Sb—Sn
system [11] becomes stable at 505 K in the ternary Ag—
Sb—Sn system. This can happen only when Ag is dis-
solvable in the Sb,Sn; phase, but such solubility was
taken to be zero in [8]. Hence, the unexpected stability
of the Sb,Sn; phase at 505 K [8] is apparently
explained by artificial metastability that can emerge in
the (SbSn) phase due to flaws in the used software. As
aresult, all of the computational results in [8] for equi-
libria with participation of the (SbSn) phase cannot be
reproduced by minimizing the Gibbs energy of this
system. Possible errors in the thermodynamic descrip-
tion of the (SbSn) phase were discussed in [7].

Another shortcoming of [8] is that a simplified
model of the € ((Ag),75(Sb,Sn), »5) phase was used to
calculate invariant equilibria in the Ag—Sb—Sn system

(according to Table 3 in [8] xf\g = (.75 in all the calcu-
lated equilibria). The composition of the € phase in the

binary Ag—Sb system varies in the range xig =0.728—

0.785[12], so approximation xig =0.75[8] contradicts
these data and prevents correct calculation of the com-
position of the € phase in equilibria.

In [9], a simplified € phase model [8] was also used
to calculate invariant equilibria in the Ag—Sb—Sn sys-
tem (the calculation results given in Table 4 in [9] are

reproduced only if approximation xig = (.75 is used).
In addition, the temperature calculated in [9] for
invariant equilibrium L + (Sb) <= € + (SbSn) (661.2 K)
differs appreciably from the corresponding experi-
mental values (648 [2], 649.5 [13], 651.5 [4], and
652 K [5]).
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In [10], the composition of the Sb;Sn, phase was
assumed to be 58 at % of Sn. This value deviates from
both the stoichiometric composition of this phase
(57.14 at % of Sn) and the value of 57 at % of Sn, which
was used for the composition of this phase in other
works by the same authors [6, 14, 15].

Our modeling of the Ag—Sb—Sn system is based on
recent thermodynamic data for ternary liquid alloys
and the modified Sb—Sn phase diagram in [7], which
considers the existence of both Sb,Sn; and Sb;Sn,.
Different sections of the Ag—Sb—Sn phase diagram
and the liquidus surface projection were calculated
after thermodynamic models of the ternary liquid
phase and solid (Ag), {, €, and (Sb,Sn;) solution were
constructed.

Ag—Sb, Ag—Sn, AND Sb—Sn SYSTEMS

The Ag—Sb system, a binary subsystem of the Ag—
Sb—Sn system, contains solid solutions based on pure
components and intermediate { and € solid solutions
in addition to a liquid phase. Information about the
solid phases of this system is given in Table 1. The
available experimental data on the thermodynamic
properties of phases and the phase equilibria in the
Ag—Sb system were reviewed in [8, 16]. This system
was modeled thermodynamically in [8, 10, 12, 16]. In
this work, the phases in the Ag—Sb system were
described thermodynamically using the parameters in
[12].

The set of phases in the Ag—Sn system is the same
as in the Ag—Sb system. The available experimental
information about the thermodynamic properties of
phases and the phase equilibria in the Ag—Sn system
was reviewed in [8, 17, 18]. This system was modeled
thermodynamically in [8, 10, 17—20]. In this work, the
phases in the Ag—Sn system was described thermody-
namically using parameters from the COST MP0602
thermodynamic database [21, 22].

In addition to the liquid phase, the Sb—Sn system
contains solid solutions based on pure components, an
intermediate (SbSn) solid solution, Sb,Sn;, and
Sb;Sn, [7, 23]. The available experimental data on the
thermodynamic properties of phases and the phase
equilibria in the Sb—Sn system were reviewed in [6, 23,
24]. This system was modeled thermodynamically in
[6—8, 11, 24, 25]. In this work, the phases in the Sb—
Sn system was described thermodynamically using the
parameters in [7, 25].

THERMODYNAMIC MODELS OF PHASES IN
THE Ag—Sb—Sn SYSTEM

According to [1, 5, 26], the Ag—Sb—Sn system
contains no ternary compounds and has two continu-
ous intermediate solid solutions ({ and €) that begin in
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the Ag—Sb system and terminate in the Ag—Sn system.
In addition, the solubility of Ag in the (Sb) and (SbSn)
phases is very low [1, 4, 5].

The temperatures of the liquidus and other phase
transitions in this system were determined in [2, 4, 5,
9, 13]. The integral enthalpy of mixing of liquid Ag—
Sb—Sn alloys was studied in [2, 27, 28]. The activity of
tin in ternary liquid alloys was also investigated in [28].

In this work, the molar Gibbs energy of the liquid
phase, the intermediate  solid solution, and the solid
solutions based on pure components were described

with the formula
3 3
G, = Zka,z(P + RTZxk In x,
k=1 k=1

+> Z XD L0 - x)" (1)

i=l j=i+l n=0

)

. . .
1 X1 XX;3 Lﬁﬁk(xl - %) (3 = Xx3) (3 — x3)",

i,j k=20

where @ is the physical state of the solution; G,* rep-
resents the Gibbs energies of pure components (for

function G,°, we used expressions from the SGTE
database of version 4.4 for pure elements [29]); x,
denotes the molar fractions of components in the
solution (k =1, 2, 3 corresponds to Ag, Sb, and Sn); R
is the universal gas constant; 7 is the absolute tem-

perature; LZ?‘P represents the parameters describing the
excess Gibbs energy of the @ solution in the binary

subsystems of the Ag—Sb—Sn system; and L(pk denotes
the parameters describing the excess Gibbs energy of ter-
nary solutions (the functions (x;— x,)(x; — X3V (x; — x3)*
corresponding to these parameters were used to extend
the Redlich—Kister formalism [30] to ternary solu-
tions; i.e., functions (x; — x;)" were used to describe the
excess Gibbs energy of binary solutions).

The molar formation Gibbs energy of Sb;,;Sn,/,

(Sb;/;Sn,/; = 1/7 Sb;Sn,) was described by the expres-
sion [7]
AGsosy(/mol) = Goy* = 3/765™™
— 4/7GS = —3433.1.

The thermodynamic properties of the Sb,Sn; _ ,Ag,
solid solution (denoted below as (Sb,Sn;)) were
described by the two-sublattice model of
(Sb)( 4(Sn,Ag), . The molar formation Gibbs energy
of this solution is characterized by the expression

SbySny __ Sb,Sn; Sb25n3
AfG - ySnAfGSb:Sn + yAgAf Sb:Ag (3)

+ 0.6RT s, In(¥s,) + Yag IN(Vap)],
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b,Sn; -

where AfGSb is the molar formation Gibbs energy
of Sb, 4,Sn, ¢, y; is the molar fraction of the ith element
in the second sublattice of the (Sb,Sn;) phase, and

AcGsying is a fitted parameter.

The € solid solution was described thermodynami-
cally  using a  two-sublattice model of
(Ag,Sb), 75(Ag,Sb,Sn), 55 [8]. The molar Gibbs energy
of the formation of this phase is characterized by the
expression

2 3
e _ 1,2 €
AG —Zzyl' Y AG

i=1 j=1

+0. 75RTZ " 1n y

i=l1

+0. 25RTZ 77 In y? (4)

Jj=

2
D@ a
+zzy,()y§ kjyk)+ijyk)

3
=1

i=1 jk
1.2, (2 (2
z AngSn Vi yAgySbySn:

is the molar fraction of the ith element (i =

where y"

Ag, Sb) in the first sublattice; y}z) is the molar fraction
of the jth element (j = Ag, Sb, Sn) in the second sub-

lattice; and AGY,, ey Lite, Lisgspsn are the ther-

modynamic parameters.

The (SbSn) solid solution was described using a
two-sublattice model of (Sb,Sn), 5(Sb,Sn), 5 [25]. The
molar formation Gibbs energy of this phase is charac-
terized by the expression

GSS" . SbSn
ZZy A/G;

i=1 j=I1

+0. SRTZ Z » Iy (5)

s=1 i=

2
1 2
+ > P

i,j,k=1

0,SbSn

0,SbSn (1)
+ Lljk Vi

2
ik j )9

is the molar fraction of the ith element (i =
1, 2) of the (SbSn)

are the thermody-

where
Sb, Sn) in the sth sublattice (s =

SbS 0 SbS 0,SbS
phase, and AG;)>", L ", L
namic parameters

Sbs
Parameters 1° G"

0.e 0.e
(/] Li,k:j’ Li:_/‘,k>
Lgﬁl}sn, and L0 bSM wwere taken from the thermody-
namic descnptlons of the binary subsystems of the

€
A,Gf

iij»
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Ag—Sb—Sn system in [7, 12, 22, 25], and parameters

0] Sb,Snj Le . .
.L,»jk. , .AfGSb: Ag > .and. L; AgSb,sn WETE determined by min-
imizing the objective function

F(P) = Y o} (T)(P) - T}*)’

! 6
+ D 0 Z,(P) - Z}), ©

where P is the sought set of parameters; 7,* and Z;" are
the experimental values for the temperatures of phase
transitions and the thermodynamic properties of
phases; T(P) and Z(P) are the calculated values cor-

responding to 7;* and ij; and w, represents the weight
multipliers taken to be equal to the reciprocal error of

estimating parameters 7;* and Z. Z(P) was found
using the analytical expressions for the Gibbs energies
of phases and the well-known relationships of thermo-
dynamics. T;(P) was found by solving the system of
nonlinear equations that follow from the condition of

equilibrium between phases [31, 32].

The experimental information used to find the
parameters consisted of

« the temperatures of the liquidus and secondary
crystallization determined in [2, 4, 5, 9, 13];

« the temperatures of invariant equilibria in [2, 4,
5, 13];

« the integral mixing enthalpies of ternary liquid
alloys at 803, 873, and 903 K (sections with x,,/xg, =
1:3,1:Tandxg/xg,=3:7,1:1,7:3)[2],at912 and
1075 K (section with xg./xg, = 1: 1) [28], at 1224 K
(Sb,Sn,_,—Ag, ¢Sn,, sections with x = 0.2, 0.4, 0.6,
0.8), and at 1253 K (section with xg, /x5, =4 : 1) [27];

« the activities of tin in the Ag—Sb—Sn liquid alloys
at 1073 and 1223 K (sections with xAg/xSb=1:3,1:
1,3:1)[28].

Function (6) was minimized by the Marquard
method [33]. The set of parameters found as a result of
optimization was (in J/mol):

Lo = 31107 — 22.095T,
Ly = 214.876T —26.5518T InT,
Ly, = 43042 — 26.374T,
Lios = —46758 +31.9637,
Ly = 29995 + 38.026T, (7)
Lo = 29963 + 54.976T,

L(/)\’;,Sb:Sn = 27. 103T,
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Ll/&Z:Ag,Sb,Sn =-10 9407

AGoinei= 5.594T.

The obtained set of parameters perfectly describes
the experimental temperatures of phase transitions
with average absolute deviations (AADs) of 8.9 K (lig-
uidus), 6.7 K (secondary crystallization), and 1.7 K
(invariant equilibria). The deviation of calculation
results on the enthalpies of mixing of liquid alloys from
the experimental data [2] is AAD = 107 J/mol; 455 of
the 459 experimental points [2] are in this case
described within 300 J/mol, and the deviation for the
other four points [2] is less than 350 J/mol. The differ-
ence between the calculated and experimental values
of the integral enthalpy of mixing of the Ag—Sb—Sn
liquid alloys is characterized by AADs of 211 J/mol
[28] and 241 J/mol [27]. The description of experi-
mental data on the activity of tin in the liquid alloys
[28] is characterized by AAD = 0.044.

CALCULATING PHASE EQUILIBRIA IN THE
Ag—Sb—Sn SYSTEM

Thermodynamic models obtained for all phases of
the Ag—Sb—Sn system by finding parameters (7) were
used to calculate phase equilibria by minimizing the
Gibbs energy of the system. The calculated polyther-
mal sections of the Ag—Sb—Sn phase diagram for the
COMPpOSitions X,,/Xg, = 1, Xpe/Xs, = 1: 1, and xgp/Xs, =
1: 1 are shown in Figs. 1-3. The obtained phase dia-
grams are characterized by the existence of several
large regions of primary crystallization belonging to
the phases € (all sections), {, (Ag) (the section with
Xsp/Xsp = 1 : 1), and (Sb) (sections with x,,/xg, = 1: 1
and X,./xg, = 1 : 1). The calculated temperatures of
phase transitions are in good agreement with the avail-
able experimental data.

The calculated polythermal section of the Ag—Sb—
Sn system for compositions xg, = 0.5 is shown in
Fig. 4. Two-phase L + € and (SbSn) + € regions and
three-phase L + € + (Sb,Sn;) region predominate in
this phase diagram.

The isothermal section of the Ag—Sb—Sn system at
473 K is shown in Fig. 5. The (Sb) + €, (Sb) + (SbSn) +
€, (SbSn) + €, and Sb;Sn, + (Sn) + € phase fields pre-
dominate in this phase diagram.

The calculated projection of the liquidus surface of
the Ag—Sb—Sn system is shown in Fig. 6, where the
solid line represents monovariant equilibria, and the
fine lines are the liquidus isotherms at 573—1173 K.
The points of intersection between the solid lines cor-
respond to invariant equilibria, and their coordinates
are given in Table 2. Of these equilibria, six are transi-
tional, and one is of the eutectoid type. In earlier ther-
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T, K
800 [
L + (Sb) L
[¢)
L+ (Sb) + ¢
L+e
L+e
600 (SbSn)O )
O
Sy +e L + &+ (Sb,Sn;) L+ (Sn)
(SbSn) + ¢ PN 7,
(Sb) + ¢ % ! o+ (5n
+ (SbSn)
8_
3
400 Sb,Sn, + & + (Sn)
4_
Ag,5Sby s 20 40 60 80 Sn
Sn, at %

Fig. 1. Polythermal section with xa./xsp, = 1 in the Ag—Sb—Sn phase diagram: calculations (lines), experimental data (O) [4], and
(o) [13]; (1) (SbSn) + (Sb,ySn3) + €, (2) (SbySn3) + €, (3) (SbSn) + Sb3Sny + €, (4) Sb3Sny + €, (5) (SbySnj) + Sb3Sny + €,
(6) L +¢e+ Sb3Sny, (7) L + e+ (Sn), (8) (Sn).

T, K

800

L+ (Sb)

[©)
L+¢+(Sb)
O

600 - ! &+ (Sb)
2 4
f J g+ (SbSn)
of 7 8
9 g+ (SbSn) + (Sn) (Sb) —
+(Sm) 10
€ n
400 + Sb,Sn,
| | |
Ag()jsn()_s 20 40 60 80 Sb

Sb, at %
Fig. 2. Polythermal section with xAg/xsn = 1 in the Ag—Sb—Sn phase diagram: calculations (lines), experimental data [13]

(points); (I) L + & + (SbSn), (2) L + € + (Sb,Sn3), (3) € + (Sb,Sn3), (4) € + (Sb,ySn3) + (SbSn), (5) L+ €+ (Sn), (6) € + (Sn),
(7) L + &+ Sb3Sny, (8) € + Sb3Sny + (SbySny), (9) € + Sb3Sny, (10) regions of € + Sb3Sn, + (SbSn) phase coexistence.
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T, K
1200
L
+
1000 | L (Ag)
5
L+c /I
4
800 |-
¢ (Ag)
L+te
12 3
L+ (SbSn
L+ (SbSn) +¢
600 %
€
+
(SbSn) + ¢ ¢
L (SbSn)
(Sb)
400 +
\ (SbSn) + (Sb) + & €
7 ! ! ! !
SbysSng s 20 40 60 80 Ag
Ag, at %

Fig. 3. Polythermal section with xg,/Xg, = 1 in the Ag—Sb—Sn phase diagram: calculations (lines), experimental data [4] (points);
(/) L+ (Sb), (2) L+ (Sb) + (SbSn), () L+ &+ (Sb), (DL + L +¢, (5 L+ L+ (Ag), (6) L+ (Ag), (7) (SbSn) + Sb3Sny + &.

modynamic calculations of the Ag—Sb—Sn system [8§—
10] that considered only one of the (Sb,Sn;) and

Sb;Sn, phases, only three non-variant equilibria were

found.

According to our calculations, invariant equilib-
rium L + Sb;Sn, <> € + (Sn) has the lowest tempera-
ture (501.8 K) of the invariant equilibria of the Ag—

Sb—Sn system (Table 2). However, the temperatures

Table 2. Calculated invariant equilibria in the Ag—Sb—Sn system

Liquid composition
Equilibrium Type T, K TP K
100 xgy, 100 xg,
L + (Sb) <> € + (SbSn) U, 649.3 648 [2] 40.3 42.7
649.5 [13]
651.5 [4]
652 [5]
L + (SbSn) <> € + (Sb,Sny) U, 582.0 581 [2] 20.9 69.4
582.9 [13]
587 [5]
(SbSn) + (Sn) <> (Sb,Sn3) + Sb;Sny U; 514.4
L + Sb;Sn, <> (Sb,Sn3) + (Sn) Uy 512.4 8.4 90.3
(SbSn) + (Sb,Snj3) <> € + Sb;Sn, Us 508.6
(Sb,Snj3) <> €+ SbsSn, + L E 506.9 8.0 88.1
L + Sb;Sn, <> € + (Sn) Us 501.8 506 [5] 7.3 89.1
L + (Sb,Snj) <> & + (Sn)* 501.9* 502 2] 7.4 88.9
504.8 [13]
L + (SbSn) <> & + (Sn)* 502.0%* 507.8 [4] 7.5 88.9

* Metastable equilibrium. Types of equilibria: U is transitional, E is eutectoid.
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T, K
L
(9]
L+eg L + (SbSn)
o
600 - e} L + &+ (SbSn)
O
L+ e+ (Sb,Sny) €+ (Sb,Sn;) + (SbSn)
2 3 4
,[;,, " L (SbSn) + &
(Sn) +¢
5 —
400 (Sn) + Sb,Sn, + ¢ Sb,Sn, + (SbSn) + &
(SbSn) + Sb;Sn,—]
| | | |
Ag0.5Sn045 10 20 30 40 Sb0v5Sn0.5
Sb, at %

Fig. 4. Polythermal section with xg, = 0.5 in the Ag—Sb—Sn phase diagram: calculations (lines), experimental data [13] (points);
(/) L+ €+ (Sn), (2) L + €+ SbsSny, (3) € + (SbySnj), (4) € + (SbySnz) + Sb3Sny, (5) SbsSny + €.

(SbSn) + ¢

0.2

Sb,Sn, + (Sn) + ¢
(Sb) + (SbSn) + ¢

Sb (\Sb) 0.2 0.4 (SIIJSn)Sb 0.6 Xsn 0.8 (§n) Sn

5Sn,

Fig. 5. Calculated isothermal section in the Ag—Sb—Sn phase diagram at 473 K: (/) (SbSn) + Sb;Sny + €, (2) SbsSny + &,
(3) regions of Sb;Sny + (Sn) phase coexistence.

of metastable equilibria L + (Sb,Sn;) <> € + (Sn) and The calculated solubility of Ag in the (Sb,Sn;) phase,

L + (SbSn) <» € + (Sn) are very close to it, enhancing  which participates in several invariant equilibria, is 2.7 at
the role of kinetic factors in predetermining which of % at 582 K (L + (SbSn) < € + (Sb,Sn;)) and 1.3 at %
these equilibria is attained. at 507 K ((Sb,Sn;) <> & + Sb;Sn, + L).
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Sb

0.2 0.4

Xsn

0.6 0.8 U Sn

Fig. 6. Calculated projection of the liquidus surface in the Ag—Sb—Sn system and isotherms at (1) 1173, (2) 1073, (3) 973, (4) 873,

(5) 773, (6) 673, and (7) 573 K.

CONCLUSIONS

Thermodynamic modeling of the Ag—Sb—Sn sys-
tem was performed using a modified Sb—Sn phase
diagram [7] and recent thermodynamic data for ter-
nary liquid alloys [2, 28]. Four polythermal sections of
the Ag—Sb—Sn phase diagram were calculated along
with an isothermal section at 473 K. The coordinates
of invariant equilibria in this system and the projection
of the liquidus surface were determined.
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