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Ternary Cu-Sb-Zn system has been thermodynamically assessed by using CALPHAD method and exper-
imentally by DSC and SEM-EDS methods. The liquidus projection, invariant equilibria, several vertical
sections and isothermal sections at 450°C and 25°C were predicted using COST 531 Thermodynamic
Database. Phase transition temperatures of alloys along three predicted vertical sections of the Cu-Sb-Zn
ternary system with molar ratios Cu:Zn=1:3, Cu:Zn=1 and Sb:Zn=1, were determined by DSC analysis.

Predicted isothermal sections at 450 °C and 25 °C were compared with the results of the SEM-EDS analy-
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sis. The calculated values were found to be in a good agreement with the experimentally obtained values

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Investigations into the alternative low temperature solders, in
the light of environmental and health concerns, have been carried
out by numerous authors for quite some time now. Taking into con-
sideration the importance of the lead-free solders, in recent years
these investigations are extended to the high temperature ternary
systems with copper. These systems are of great interest due to
wide application of these alloys in various industries.

For this reason, in the present study, the ternary Cu-Sb-Zn
system has been thermodynamically assessed through experimen-
tal and theoretical investigation of phase transition temperatures,
liquidus projection, invariant equilibria, three vertical sections
and isothermal sections at 450°C and 25 °C. Experimental results
obtained using differential scanning calorimetry (DSC) and scan-
ning electron microscopy (SEM) combined with energy dispersive
spectrometry (EDS) are compared with the results of thermody-
namic binary-based prediction, based on the 4.4 SGTE values of
Gibbs energies for pure elements [1] and thermodynamic binary
data included in the, COST 531, Version 1.0, Thermodynamic
Database [2].

* Corresponding author. Tel.: +381 63 7025683.
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2. Experimental procedure

All samples were prepared by melting Cu, Sb and Zn pellets of 99.99 at.% purity
in an induction furnace, under high purity argon atmosphere. Given that Sb is easy
to volatilize, before melting, an extra amount of Sb (about 3-5at.%) was added to
compensate the weight loss. Microstructures of the selected samples and chemi-
cal compositions of the equilibrium phases were determined using JEOL JSM-6460
scanning electron microscope (SEM) equipped with Oxford Instruments energy dis-
persive spectrometer (EDS). The samples for SEM-EDS investigation were annealed
at 450 °C for 200 h and subsequently quenched into ice water.

Thermal behavior of the selected alloy samples was investigated by DSC method
using TA instruments SDT Q600 thermal analyzer. Phase transformation tempera-
tures were determined at 5°C/min heating rate under dynamic argon atmosphere.
Used sample mass and applied heating rate were selected on the basis of the previous
analysis of Cugs5Sbg225Zng 225 alloy samples under different testing conditions.

Composition of the investigated alloy samples from Cu:Zn=1:3 and Sb:Zn=1
vertical cross sections was varied by gradual increase of molar ratio of antimony
and copper by 0.1. Due to the simplicity of the third vertical section (Cu:Zn=1),
molar ratio of antimony was gradually increased by 0.2.

3. Thermodynamic models and crystallographic data

Phase diagram of the Cu-Sb-Zn ternary system was calculated
by CALPHAD method [3,4] using only optimized thermodynamic
parameters for constitutive binary systems. The basic mathemati-
cal method used for calculation of phase equilibria is a constrained
minimization of Gibbs energy for a given temperature, pressure
and overall composition, which is common approach for all cur-
rently available software packages for modeling of thermodynamic
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properties and phase diagrams of multi-component systems. The
molar Gibbs energy of a phase ¢ can be considered as the sum of a
number of different contributions:

G =Glop + G+ GE + Ghhag + G+ M

where G;’Zf is the molar Gibbs energy of the weighted sum of the

system constituents i (elements, species, compounds, etc.) of the
phase ¢ relative to the chosen reference state (typically the Stable
Element Reference state — SER),

n
Ghy = Zx,- LoG? 2)
i=1

and its temperature dependence is given by

G(T)=a+bT +cTIn(T) + > _dT" 3)
i
where a — d; are adjustable coefficients.
Glf’; is a contribution to the Gibbs energy from ideal random mix-

ing of the constituents on the crystal lattice for an n-constituent
system, given as

n
(;g:RTin In(x;), i=1,....n (4)
i=1

G? is the excess Gibbs energy, which describes the influence of
non-ideal mixing behavior on the thermodynamic properties of
a solution phase. It is given by the Muggianu extension of the
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Fig. 1. Calculated phase diagrams of (a) Cu-Sb, (b) Cu-Zn and (c) Sb-Zn binary systems.

Table 1

Considered phases and their crystal structures [8].
Phase common names Thermodynamic Pearson’s

database name symbol

L LIQUID -
(Zn) HCP_ZN hP2
(Cu) FCC_A1 cF4
(Sb) RHOMBO_A7 hR2
CuZns HCP_A3 hP2
B-CuZn BCC_A2 cl2
CuZns BCC.A2 cl2
CusZng CUZN_BRASS cI52
B’-CuzZn B2.BCC cP2
8_Sb3Zny4 (Sb3094ZN3.906) SBZN_DELTA
’ySb?, Zn4 (Sb3_0372n3,913) SBZN_GAMMA .
§,Sb22n3 (Sb2_025zl'12_g75) SBZN_ZETA ol*
SbZn SBZN_BETA oP16
Sb3Zny SBZN_EPSILON ...
SbyZns SBZN_ETA oP30
Cu,Sb CUSB_ETA tP6
Cuy3Sbyg CUSB_ZETA hP26
CuyoSbs CUSB_EPSILON oP8
CugSb;, CUSB_DELTA hP*
Cuy;Sby CUSB.GAMMA hP2
CusSb BCC_A2 oF16

Redlich-Kister formalism [5,6]

n m n
V4 VA
G? = E XiX; E L(Xi - Xj) + E XinXkLijka z=0,...m
i,j:l z=0 i,j,k:]
i#] i#j+k
(5)
b 1200
1000
L+CuZng
800 CuZn,+CugZng
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Table 2
Comparative review of DSC results and calculated results for the investigated alloys of the Cu-Sb-Zn ternary system.
Alloy composition Phase transition temperatures (°C)
Liquidus temperature Temperatures invariant reactions Temp. monovariant reactions
Exp. Calc. Exp. Calc. Exp. Calc.
x(Cu) Xx(Sb)/x(Zn)=1
0.1 520 516.6 380 388.3 - -
0.2 494 486.7 382 388.3 - -
0.3 446 441.9 384 382.5 - -
04 383 381 - - - -
0.5 452 452.3 381 388.3 - -
0.55 523 507.4 413; 465 397.7; 441.1 480 478.6
0.6 582 571.6 375; 442 379.3; 440 501 497.3
0.7 709 707.5 113; 267; 521 115.6; 257.7; 500.8 - -
0.8 840 836.3 - - 445; 611 435; 601
0.9 991 992 - - 464; 624 460; 629
X(Sb) X(Cu)/x(Zn)=1/3
0.1 672 657.7 293; 476 297.1;478.7 - -
0.2 551 575.3 494 485.4 - -
0.3 498 493.4 382 382.8 - -
04 512 509.2 385 378.9 - -
0.5 502 498.3 381 388.7 - -
0.6 495 490.5 395 388.7 - -
0.7 534 537.6 393 388.7 - -
0.8 572 575.3 402 388.7 501 493.6
0.9 602 601.7 401 388.7 498 4854
x(Sb) X(Cu)/x(Zn)=1
0.2 567 559 382 380.1 - -
04 426 4244 387 380.1 - -
0.6 523 507.4 402 387.6 - -
0.8 602 573.6 403 387.6 - -
1 1
® — [29] O —-[28]
0.9 A — [25] 0.9 A - [25]
— -— Calculated.
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Fig. 2. Comparative presentation of the calculated and literature values of activities of Zn for two vertical sections: (a) CusoSbso-Zn and (b) Cuss33Sbgss7-Zn.
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Fig. 3. DSC curves of: (a) CuggSbo2Zno2 and (b) Cugs5Sbg225Zno 225 alloys.
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Table 3
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Calculated and experimentally determined phase compositions in the ternary Cu-Sb-Zn system at 450 °C.

Sample Overall Theoretically Experimentally Compositions of phases (at.%)
composi- predicted determined
tion phases phases
(at.%)
Cu Sb Zn
Exp. Calc. Exp. Calc. Exp. Calc.
9Cu SbZn SbZn 0.88 - 51.08 50 48.04 50
1(a) 60 Sb (Sb) (Sb) 0.68 - 95.56 98.76 3.76 1.24
31Zn L L 19.73 21.32 49.96 48.77 30.31 29.92
31 Cu
2(00) 49 Sb (Sb) (Sb) 1.92 - 95.44 99.39 2.64 0.61
20Zn L L 33.05 33.41 45.05 44.37 219 22.22
38 Cu Cu,Sb Cu,Sb 64.58 67 34.77 33 0.65 -
3(0) 51 Sb (Sb) (Sb) 3.35 - 95.63 99.58 1.02 0.42
11Zn L L 38.58 38.04 44.07 43.45 17.35 18.51
26 Cu CusZng CusZng 38.72 39.8 - - 61.28 60.2
4(v) 19 Sb SbZn SbZn 2.88 - 49.27 50 47.85 50
54 7Zn L L 28.63 28.52 33.74 31.61 37.63 39.87
59 Cu Cu,Sb Cu,Sb 65.25 67 32.74 33 2.01 -
5(6) 22 Sb (Cu) (Cu) 60.84 62.69 1.05 0.23 38.11 37.08
19Zn L L 53.95 50.22 23.17 24.86 22.88 2492
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Fig. 4. Calculated vertical sections of the Cu-Sb-Zn ternary system: (a) Sb:Zn=1, (b) Cu:Zn=1:3 and (c) Cu:Zn=1 compared with DSC results from the present study.
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Fig. 5. Isothermal section of the ternary Cu-Sb-Zn system at 450°C with marked
experimentally determined phase compositions of the samples: 1(4), 2(0), 3(O),
4(v)and 5(0).

where the interaction parameters, describing the mutual interac-
tion among constituents i and j, are denoted as ZL. The liquid phase
and solid solution phases are modeled this way, but more com-
plex phases, such as intermetallic compounds, are usually modeled
using the compound energy formalism [7]. Additional terms that
are necessary for the proper description of the Gibbs energy from
Eq.(1)are Gfmg which s the magnetic contribution and the pressure

term G}f.

In the present study, for the thermodynamic functions of the
pure elements in their stable and metastable states, the phase sta-
bility equations compiled by Dinsdale [1] were used.

The phases from constitutive binary subsystems considered for
thermodynamic binary-based prediction with their Pearson’s sym-
bols are listed in Table 1.

4. Literature data
4.1. Binary systems

Generally speaking, properties of the constitutive Cu-Sb, Sb-Zn
and Cu-Zn binary systems were previously investigated by a

number of authors [9-21]. Optimized thermodynamic parameters
for the analyzed constitutive binary systems which were used in
this study are therefore taken from the literature. For the binary
Cu-Sb and Sb-Zn systems the thermodynamic data were taken
from Liu et al. [9] and for the binary Cu-Zn system from Kowalski
and Spencer [10].

The calculated phase diagrams of Cu-Sb, Cu-Zn and Sb-Zn con-
stitutive binary systems are presented in Fig. 1.

The calculated results (Fig. 1) show good overall agreement with
the experimental data taken from the literature [22,23,19]. The
observed discrepancies between experimentally determined and
calculated binary diagrams can be attributed to the fact that in the
calculation process the compounds were considered as stoichio-
metric.

Given that the data for Cu-Sb system were taken from the
assessment presented by Liu et al. [9] it should be noted that
this assessment represents a significant improvement compared
to previous studies [24,25] as 3 phase has been treated as disor-
dered bcc phase (BCC_A2). However, further modeling of y phase
(CUSB_.GAMMA) [9], by using model for the HCP_A3 phase, will be
necessary, with consideration to the real crystallographic structure
over the range of homogeneity.

The estimated data for Cu-Zn system taken from the study of
Kowalski and Spencer [10] show good agreement with the experi-
mentally obtained data for this system. The used data set includes
data for both: ordered B2_BCC phase and associated disordered
BCC_A2 phase. According to the results presented in [26] d phase
(CuZns) is modeled as BCC_A2, while the ordering temperature of
the structure BCC_A2 — B2_BCC is concentration dependent within
the range 454-467 °C.

The data for Sb-Zn system, taken from Liu et al. [9] as well,
showed a good agreement between calculated and experimental
values.

4.2. Cu-Sb-Zn ternary system

One of the earliest studies of the alloys of ternary Cu-Sb-Sn
system by Keese [27] included investigation of the influence of
antimony on the mechanical properties, Brinell hardness measure-
ments and the isothermal section at 25 °C. In a more contemporary
study Peng et al. [24] determined activities of Zn at 973K in
alloys of ternary Cu-Sb-Zn system by using EMF method and
calculated thermodynamic values based on those results. These
values are compared to the thermodynamic values obtained
using four different models: Kohler, Colinet, Hillert and Toop.
The experimentally obtained values showed a good agreement
with the calculated ones obtained using Hillert and Toop’s model.

Fig. 6. SEM micrographs of the microstructures of the samples: (a) 4 and (b) 5.
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Fig. 7. Calculated liquidus projection of the ternary Cu-Sb-Zn system.

Experimentally obtained values of Zn activity for four vertical sec-
tions in the ternary Cu-Sb-Zn system at 973 K were determined by
EMF method by Peng and Mlkula [25]. More recently, the activities
of Zn for the same vertical sections were calculated using Miedema
model and Tanaka equations by Jiang et al. [26].
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In the current study, values of the activities of Zn for two verti-
cal sections (CusgSbsg-Zn and Cuss 33Sbggg7-Zn) were calculated.
The predicted values show good agreement with the experimen-
tal results from the literature [25,26]. Comparative presentation of
the calculated and the literature values of the activities of Zn for the
selected vertical sections of the ternary Cu-Sb-Zn system is given
in Fig. 2.

5. Results and discussion

Experimentally determined liquidus temperatures for three
vertical sections: Cu:Zn=1:3,Cu:Zn=1and Sb:Zn=1 as well as tem-
peratures of invariant and monovariant reactions, determined by
DSC method, are given in Table 2.

The obtained DSC curves of the analyzed CuggSbg2Zng, and
Cug.55Sbg.225Zng 225 alloy samples are presented in Fig. 3.

Calculated phase diagrams for three vertical sections together
with experimentally determined liquidus temperatures and tem-
peratures of invariant and monovariant reactions are presented in
Fig. 4. The temperatures of invariant reactions are marked with blue
triangles, liquidus temperatures are marked with red circles, while
temperatures of monovariant reactions are marked with green
rectangles. (For interpretation of the references to color in text, the
reader is referred to the web version of this article.)

As can be seen from Fig. 4, the calculated and experimentally
obtained phase transition temperatures are in good agreement.

Thermodynamic assessment of the ternary Cu-Sb-Zn system
included calculation of the isothermal section at 450°C as well.
In order to provide better insight into the microstructure of the
alloys and validate the results of calculation, five samples were
investigated using SEM-EDS method. The existing phases in the
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Fig. 8. Enlarged details of the liquidus projections of the Cu-Sb-Zn ternary system in a vicinity of: (I) P2, P3 and E1 points; (II) U4, U5, U6 and U8 points; (III) E2, U11, U12,

U13 and P4 points; (IV) U5 and U6 points.



D. Mini¢ et al. / Journal of Alloys and Compounds 517 (2012) 31-39 37

— — — W.Keese [27]
calculated

SbZn+{Zn)+CuZng

07 %

0 01 02 03 04 05/ 0."6\0.7 08 09 1
SbeZny sbyZn,

Sh X(Zn) Zn

Fig. 9. Comparative presentation of calculated and experimentally determined
isothermal sections of the ternary Cu-Sb-Zn system at 25°C.

microstructure of the investigated samples are defined by the EDS
point analysis of chemical composition. The overall compositions of
samples and experimentally determined compositions of the coex-
isting phases as well as the calculated phase compositions are given
in Table 3.

BEC 20kV x100
UB-RGF

100pm  —

-—
BEC 20KV
UB-RGF

The calculated isothermal section of the ternary Cu-Sb-Zn sys-
tem at 450°C and experimentally determined phase compositions
for samples 1(2), 2(0), 3(0), 4(v) and 5(¢) are presented in Fig. 5.
The experimentally determined compositions of present phases are
marked with color filled marks. All phases in one alloy sample are
marked by the same mark and the same color. (For interpretation
of the references to color in text, the reader is referred to the web
version of this article.)

In the calculated isothermal section (Fig. 5) there are 32 regions
present, two of them represent liquid phase, one is single phase
region (Sb), 12 are two-phase regions and 17 of them are three-
phase regions. Four out of the five analyzed alloy samples are from
three phase region (L+(Sb)+SbZn, L+(Sb)+Cu,Sb, L+(Cu)+Cu,Sb
and L+SbZn+CusZng) and the fifth sample is from two-phase
region (L+(Sb)). A good agreement of calculated and experimental
results can be seen in Fig. 5.

SEM images of the microstructures of the two analyzed samples
(4 (v)and 5 (¢)) are presented in Fig. 6.

Experimentally determined phase compositions (Fig. 6) of con-
sidered alloys confirm existence of the calculated three-phase
regions (Fig. 5).

Based on the values of the thermodynamic parameters included
in COST 531 database the liquidus projection of the Cu-Sb-Zn
ternary system is calculated and plotted in Fig. 7.

In the calculated liquidus projection there are 13 larger regions
of primary crystallization ((Cu), CusSb, CusZng, 3-CuZn, CuZns,
CuZns, (Zn), SbyZns, {_SbyZn3, 8_Sb3Znyg, SbZn, (Sb) and Cu,Sb)
and four smaller regions. Given that some regions of primary
crystallization are very small, or hardly visible on the liquidus pro-
jection graph plotted in Fig. 7, the enlarged details of the liquidus
projection in a vicinity of certain invariant points are presented
in Fig. 8.

BEC 20kV
UB-RGF

Fig. 10. SEM micrographs of the alloy samples: (1), (2) and (3).
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Table 4
Predicted invariant reactions in the Cu-Sb-Zn ternary system.

Type T(°C) Reactions Composition (at.%)

Cu Sb Zn
u1 558.74 CuZnsz — L+ CusZng + CuZns 13.57 8.22 78.21
P1 527.86 L+8_SbsZng +SbZn — y_Sb3Zny 7.26 43.88 48.86
U2 502.28 L+ Cu3Sb — CuySb+(Cu) 59.25 22.64 18.11
u3 494.84 L+8.Sb3Zng — CusZng +&_SbyZns 12.33 21.06 66.61
U4 491.76 L+8.Sb3Zny +CusZng — Sb3Zny 17.84 28.48 53.68
us 491.75 L+vy-Sb3Zny +3.SbsZng — Sb3Zny 17.8 30.97 51.23
u6 491.41 L+vy.Sb3Zny — SbZn +Sb3Zn4 17.88 30.88 51.24
u7 487.56 L+ CusZng — &£.SbyZns + CuZns 10.93 18.1 70.97
U8 486.56 L+Sb3Zny — CusZng +SbZn 18.93 29.53 51.54
u9 444.27 L+&.SbyZn3 — CuZns +Sb,Zns 3.6 6.68 89.72
u10 441.19 L+(Cu)— Cu,Sb+B_CuZn 48.95 25.29 25.76
P2 416.81 CuZns +Sb,Zn3 — L+SbsZny 2.07 3.01 94.92
P3 409.82 L+Sb3Zn4 — SbyZn3 +(Zn) 0.71 2.29 97
E1 409.71 L— Sb3Zny +(Zn)+CuZns 1.8 247 95.73
P4 408.29 B-CuZn+CusZng — L+ p’_CuZn 40.4 28.8 30.8
U11 397.7 L+B-CuZn — CuySb+'_CuZn 42.34 28.9 28.76
u12 388.37 L+(Sb) — SbZn +Cu,Sb 37.17 35.57 27.26
U13 382.54 L+CusZng — '-CuZn+SbZn 39.38 30.62 30
E2 380.01 L— SbZn+Cu,Sb+p’_CuZn 39.71 30.68 29.61

The predicted invariant reactions in ternary Cu-Sb-Zn system
are listed in Table 4, together with the reaction temperatures, cor-
responding types of those invariant reactions and the compositions
at which the reactions occurred.

Altogether, there are 19 reactions. Two of them are E-type
reactions (L— o+ 3 +v) and those are ternary eutectic reactions.
Thirteen of them are U-type reactions and 10 of them are transi-
tion reactions (L+o — 3 +1y). Four reactions are P-type, and those
are peritectic reactions (L+a + 3 — v) i.e. formation reactions.

The ternary Cu-Sb-Zn system was further thermodynamically
assessed by calculation of the isothermal section at 25 °C. Compara-
tive presentation of the calculated and experimentally determined
(Keese [27]) isothermal sections is presented in Fig. 9.

The isothermal section determined by Keese [27] is divided
into eight triangles: Cu3Sb-CuZn-Cu, Cu3Sb-CuZn-Cu,Sb,
Cu,Sb-CuZn-Sb, CuZn-Sb-Cu;,Zns, Sb-Cu,Zn3-ZnSb,
ZDSb—CUzZH3—ZH4Sb3, Z[l4Sb3—CUZZH3—ZII3Sb2 and
CuyZn3-Zn3Sby-Zn. These eight regions are marked by dashed
lines in Fig. 9. However, in the calculated isothermal section there
are 13 regions, seven of them are three-phase regions and six of
them are two-phase regions.

In order to gain more information about the microstructure and
composition of the alloys from the calculated three-phase regions
(Fig. 9), especially considering the observed discrepancy between
the presented sections, three alloy samples were investigated using
SEM-EDS method. The samples with the following compositions
were analyzed: sample 1 (x(Sb)=0.6; x(Zn)=0.2; x(Cu)=0.2), sam-
ple 2 (x(Sb)=0.1; x(Zn)=0.3; x(Cu)=0.6) and sample 3 (x(Sb)=0.3;
20 x(Zn)=0.2; x(Cu)=0.5). The obtained microstructures are pre-
sented in Fig. 10.

From Fig. 10 it is evident that experimentally defined phases,
present in the microstructures of the considered alloys, are in a
good agreement with theoretically predicted phase regions. Con-
trary to the published study [27], the results of EDS analysis
confirm the presence of three phases in all three samples, sample
1 (CuySb+SbZn +(Sb)), sample 2 (Cu,Sb+CugSb; +[3'_CuZn) and
sample 3 (CuySb+SbZn + ’_CuZn), thus corroborating presence of
the three-phase regions in the calculated isothermal section (Fig. 9).

6. Conclusion
Phase diagram of the Cu-Sb-Zn ternary system has been

investigated experimentally by DSC and SEM-EDS techniques and
theoretically by CALPHAD method. Calculated constitutive binaries

and predicted activities of Zn for two vertical sections of the investi-
gated ternary system were found to be in a good agreement with the
experimental results from the literature. Melting behavior of the
different Cu-Sb-Zn alloys has been determined and the invariant
reactions and the types of reactions were defined. The calculated
liquidus temperatures show reasonable agreement with the DSC
results from the present study. The isothermal section at 450°C
has been calculated and validated by SEM-EDS analysis. Addition-
ally, the isothermal section at 25 °C has been calculated as well and
compared with the results from the literature. Contrary to the lit-
erature data, the results of SEM-EDS analysis confirm presence of
three phases in investigated samples, thus corroborating existence
of the three-phase regions in the calculated isothermal section.
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