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Abstract: The phase equilibria of the Ag−Sn−Zr ternary system were investigated over the whole composition via 
thermodynamic modeling coupled with key experiments. Twenty-two equilibrated alloys were prepared to determine 
the isothermal sections of the Ag−Sn−Zr system at 500, 700 and 900 °C by means of X-ray diffraction (XRD) and 
scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDS), and eight as-cast alloys were 
prepared to study the solidification behavior of the alloys. The solubilities of Zr, Sn and Ag in binary compounds of the 
Ag−Sn, Ag−Zr and Sn−Zr systems were measured. No ternary compound was found. Based on the thermodynamic 
descriptions of three constitutive binary systems as well as the experimental phase equilibria data obtained from the 
present work, thermodynamic assessment of the Ag−Sn−Zr system was carried out by the CALPHAD (Calculation of 
phase diagrams) approach. A set of thermodynamic parameters of the Ag−Sn−Zr system were obtained. The calculated 
isothermal sections are in good agreement with most of the reliable experimental data. The liquidus projection and 
reaction scheme of the Ag−Sn−Zr system over the whole composition were also presented. The solidification behaviors 
of as-cast alloys were simulated under Gulliver−Scheil non-equilibrium condition. The simulated and experimental 
results are consistent with each other. 
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1 Introduction 
 

The Ag−Sn−Zr system is of great technical 
importance both as Ag-based and Zr-based alloys. 
On the one hand, Ag-based alloys are extensively 
utilized in electronic industry, mechanical brazing 
and reflected backing for optics railways as they 
display high strength brazing, excellent electronic 
properties, thermal conductivity and process 
performance [1−3]. It was reported that a small 
addition of Sn and Zr in Ag-alloys leads to a 
considerable enhancement of strength, electrical 
and mechanical properties in the fabrication  
process through solid solution strengthening and 

precipitation hardening mechanisms [4−6]. For 
instance, TAHER et al [5] reported Sn as alloying 
element to improve the strength and mechanical 
properties of Ag-alloys due to the formation of the 
Ag3Sn and hcp(AgSn) phases. On the other hand, 
there is extensive application of Zr-based alloys in 
the field of the nuclear industry as fuel cladding 
material due to low neutron absorption coefficient, 
good processing properties and superior corrosion 
resistance [7,8]. The addition of Ag in Zr-based 
alloys can improve their glass forming ability and 
crystallization kinetics [9−11]. Investigation by 
YANG et al [11] reveals that 2 at.% Ag in Zr-based 
bulk metallic glasses brings about high ultimate 
fracture strength and plastic strain, which is caused 
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by the atomic size mismatch of Ag with Zr and the 
formation of eutectic structure. Knowledge of the 
phase equilibria and thermodynamic properties of 
the Ag−Sn−Zr system is essential in developing 
new Ag-based and Zr-based high-temperature 
structural materials. Consequently, the phase 
equilibria of the Ag–Sn–Zr system play a 
significant role in improving the thermal and 
mechanical properties of Ag-based and Zr-based 
alloys. 

Therefore, the purposes of the present work 
are: (1) to determine the isothermal sections at 500, 
700 and 900 °C via techniques including XRD and 
SEM/EDS; (2) to obtain an optimal set of reliable 
thermodynamic parameters for the ternary system 
over the entire composition by the CALPHAD 
approach [12,13]; (3) to experimentally investigate 
the solidified microstructure of the Ag–Sn−Zr 
system; (4) to perform the Scheil solidification 
simulations and calculate the reaction scheme for 
the ternary system using the presently-established 
thermodynamic parameters. The investigations on 
phase equilibria and solidified microstructure of the 
Ag−Sn−Zr system are anticipated to provide a new 
insight in establishing thermodynamic database of 
multicomponent Ag-based and Zr-based alloys. 
 
2 Evaluation of literature data 
 

Solid phases [14] with their crystal structures 
in the Ag−Sn−Zr system are summarized in Table 1. 

2.1 Ag−Sn binary system 
The phase equilibria and thermodynamic 

properties of Ag–Sn system have been investigated 
by many researchers [21−25]. The existence of the 
intermediate phases, i.e., hcp(AgSn) and Ag3Sn,  
in the Ag–Sn system was determined and  
confirmed by PETRENKO [21], PUSHIN [22] and 
MURPHY [23] using XRD and micrographic 
analysis methods, and Ag3Sn phase was reported  
to be homogeneous between 23.7 and 25 at.%. 
Though KARAKAYA and THOMPSON [26] 
reproduced overall features of the phase diagram 
and individual phases using CALPHAD method, 
they modeled the Ag3Sn phase as a simple 
substitutional solid solution and did not employ  
the lattice stability values of pure elements 
recommended by the SGTE database [27]. Later, 
CHEVALIER [15] attempted to revise the result 
from KARAKAYA and THOMPSON [26] within 
the framework of SGTE description and update the 
thermodynamic description of Ag–Sn system. 
However, the thermodynamic parameters from 
CHEVALIER [15] couldn’t reproduce well the 
invariant reaction of Liquid + (Ag) → hcp(AgSn) at 
724 °C. KATTNER and BOETTINGER [16] also 
optimized the limited model parameters. However, 
the calculation couldn’t satisfy the thermochemical 
properties of the solid phases, such as enthalpies of 
formation and heat capacities. Then, a more recent 
thermodynamic assessment of the Ag–Sn system 
has been performed by OH et al [28], and it can 

 
Table 1 Solid phases in Ag–Sn–Zr system 

Phase Prototype Personal system Space group 
Lattice parameter/nm 

Ref. 
a b c 

(Ag) Cu cF4 3Fm m  4.071 4.071 4.071 [14] 

(αSn) C(d) cF8 3Fd m  6.489 6.489 6.489 [14] 

(βSn) βSn tI4 I41/amd 5.833 5.833 3.182 [14] 

(αZr) Mg hP2 P63/mmc 3.232 3.232 5.148 [14] 

(βZr) W CI2 3Im m  3.616 3.616 3.616 [14] 

Ag3Sn Cu3Ti oP8 Pmmn 5.968 4.780 5.184 [15] 

hcp(AgSn) Mg hP2 P63/mmc 2.966 2.966 4.782 [16] 

AgZr CuTi tP4 P4/nmm 3.468 3.468 6.603 [17] 

AgZr2 CuZr2 tI6 I4/mmm 3.246 3.246 12.004 [18] 

ZrSn2 TiSi2 oF24 Fddd 9.573 5.644 9.927 [19] 

Zr5Sn3 Ti5Ga3 hP18 P63/mcm 8.460 8.460 5.780 [19] 

Zr4Sn W3O cP8 3Fm n  6.900 6.900 11.100 [20] 
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reproduce overall features of the phase diagram  
and thermodynamic properties. The thermodynamic 
parameters of the Ag–Sn system reported by OH  
et al [28] are accepted in the present work and   
the calculated phase diagram of the Ag–Sn system 
is shown in Fig. 1(a). 
 
2.2 Ag−Zr binary system 

The Ag−Zr binary phase diagram was 
experimentally determined [29−33]. RAUB and 
 

 
Fig. 1 Calculated Ag−Sn (a), Ag−Zr (b) and Zr−Sn (c) 
phase diagrams using thermodynamic parameters from 
OH et al [28], HSIAO et al [36] and PÉREZ et al [46], 
respectively 

ENGEL [29] and BETTERTON et al [31] clearly 
revealed two intermediate phases, i.e., AgZr and 
AgZr2, by using differential thermal analysis  
(DTA), XRD and optical microscopy methods. 
MASSALSKI et al [34], KARAKAYA and 
THOMPSON [17] critically evaluated the 
constitution, crystallography and thermodynamic 
data of the Ag−Zr system based on Refs. [29−33] 
and constructed the phase diagram of the Ag−Zr 
system. HE et al [35] optimized the Ag–Zr system 
by using the CALPHAD method; however, the 
thermodynamic model parameters can induce an 
inverse liquid miscibility gap in the Ag−Zr system 
at high temperature. KANG and JUNG [18] used 
modified quasichemical model to assess the  
system. Though the calculated phase diagram of the 
Ag−Zr system is consistent with the experimental 
data [29−33], the quasichemical model can be  
only applied in Factsage software and it is not 
compatible with Pandat and Thermo-calc softwares. 
Then, HSIAO et al [36] updated the thermodynamic 
description of the Ag−Zr system and obtained a set 
of thermodynamic parameters, which can reproduce 
the measured phase diagram and thermodynamic 
data well. Thus, the thermodynamic parameters 
from HSIAO et al [36] are adopted in the present 
work and the calculated Ag−Zr phase diagram is 
shown in Fig. 1(b). 
 
2.3 Sn−Zr binary system 

The phase equilibria and thermodynamic 
properties of the Sn−Zr system have been 
investigated [37−45]. MCPHERSON and HANSEN 
[37] first constructed the phase diagram of Sn–Zr 
system by XRD and micrographic analysis and  
then it was updated by different authors [38−45].      
It contains three intermediate phases, i.e., ZrSn2, 
Zr5Sn3 and Zr4Sn. The earlier controversies mainly 
concentrated on the structure of the Zr4Sn phase  
and the phase boundary of (αZr) and Zr4Sn. GRAN 
et al [39] found that the Zr4Sn phase was 
energetically favored with the structure prototype of 
Cr3Si and the deviation from the stoichiometric 
ratio of 3/1 was attributed to the substitution of Zr 
on the Sn sites. MASCLET et al [44] revised the 
phase boundary by discrete Fourier transform 
calculations method and found that the solubility of 
Sn in the (αZr) phase decreased as the temperature 
decreased, from 6 at.% at 900 °C to 4 at.% at 
600 °C. The recent controversies focused on the 
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configurations and thermodynamic stabilities of the 
Zr5Sn4 phase in the range of 37.5−44.4 at.% Sn. 
BAYKOV et al [45] theoretically predicted Zr5Sn4 
as stable phase due to the hybridization of Sn 5p 
with Zr 4d electronic states. PÉREZ et al [46] 
confirmed the structural correlation between them 
and observed the existence of a miscibility gap by 
metallurgical characterization. Thus, the Zr5Sn3+x 
phase was employed in the thermodynamic 
modeling of the Sn−Zr system from PÉREZ      
et al [46]. The thermodynamic parameters of the 
Sn−Zr system from PÉREZ et al [46] are adopted in 
the present work and the calculated Sn–Zr    
phase diagram is shown in Fig. 1(c). 
 
2.4 Ag−Sn−Zr ternary system 

So far, no phase equilibria and thermodynamic 
properties of the Ag−Sn−Zr ternary system were 
reported in the literature. As a part of our efforts to 
establish a thermodynamic database for multi- 
component Ag-based and Zr-based alloys [47−49], 
the present work is dedicated to determine the 
isothermal sections of the Ag−Sn−Zr system at  
500, 700 and 900 °C, study the solidification 
microstructure of some representative as-cast alloys 
and obtain a set of reliable thermodynamic 
parameters of the Ag−Sn−Zr system. 
 
3 Experimental  
 

In order to determine the phase equilibria of 
the Ag−Sn−Zr system at 500, 700 and 900 °C, 
twenty-two ternary equilibrated alloys and eight 
as-cast alloys were prepared by melting mixture  
of the high purity Ag (99.99 wt.%) rods, Sn 
(99.99 wt.%) blocks and Zr (99.99 wt.%) blocks 
(China New Metal Materials Technology Co., Ltd.) 
as starting materials. The equilibrated alloys and 
as-cast alloys, each with a mass of approximately 
1 g, were prepared in a non-consumable vacuum 
arc-melting furnace (WK-I, Physcience Opto- 
electronics Co., Ltd., Beijing, China) with water- 
cooled copper crucible in 99.999 % pure Ar 
(Shanghai Pressure Reducer Factory Co., Ltd.) 
atmosphere. The experimental pressure (p) of the 
protective gas is 0.98 MPa (standard uncertainty 
(u): u(p)=0.5%). In order to reduce the oxygen 
pollution of the sample during smelting process, the 
deoxidant (typically zirconium) was first melted, 
which could reduce the oxygen amount in the 

melting vessel. Each alloy was re-melted at least 
five times to make sure its homogeneity. The alloys 
after arc melting were not subjected to chemical 
analysis since the mass losses were less than   
1 wt.% for all alloys. Then, the equilibrated alloys 
were wrapped with molybdenum wire, sealed in 
evacuated quartz capsules with vacuum sealing 
machine (MRVS-1002, Wuhan Bailibo Technology 
Co., Ltd., China), and annealed at 500 °C (50 d), 
700 °C (30 d) and 900 °C (15 d) in the high- 
temperature diffusion furnace (KSL−1200X, Hefei 
Kejing Material Technology Co., Ltd., China), 
followed by quenching in cold water. The as-cast 
alloys were cut into two pieces for XRD and 
SEM/EDS measurements after arc melting and 
cooling naturally to room temperature in Ar     
gas atmosphere with the pressure of 0.9 MPa 
(u(p)=0.5%). 

The powder XRD measurements of the 
annealed alloys and the as-cast alloys were 
performed using a Cu Kα radiation at 40 kV and 
300 mA (Smartlab SE, Rigaku corporation, Japan) 
at room temperature. Diffraction patterns were 
generally acquired in a scan step 0.02° of over a 2θ 
range of 20°−80°. Then, these samples were further 
examined using scanning electron microscopy 
equipped with energy dispersive X-ray analysis 
(SEM/EDS) (acceleration voltage of 20 kV, 
scanning speed of 10 µs, working distance       
of 4.5 mm) (JSM−6360LV/GENESIS2000XM60, 
JEOL, Japan). The equipment standard uncertainty 
is 0.05 at.%. Generally, three points of each phase 
were measured by EDS analysis and their average 
value was taken as the phase composition. The 
phases and compositions of the annealed alloys are 
listed in Table S1 in Supplementary materials in 
detail. The phase composition wasn’t calibrated to 
the standard sample and the error range of the 
average value compared to the compositions of 
each points was about 1 at.%. 
 
4 Thermodynamic model 
 

The Gibbs energy functions of the pure 
elements Ag, Sn and Zr are taken from the SGTE 
database compiled by DINSDALE [27]. The 
thermodynamic parameters of the Ag−Sn, Ag−Zr 
and Sn−Zr binary systems reported by OH et al [28], 
HSIAO et al [36] and PÉREZ et al [46] are 
accepted in the present work. 
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The phases in the Ag−Sn−Zr system to be 
optimized in the present work are as follows: 
solution phases, i.e., liquid, (Ag), (βSn), (αZr), (βZr) 
and hcp(AgSn); six binary phases extending into 
the ternary system, i.e., Ag3Sn, AgZr, AgZr2, ZrSn2, 
Zr5Sn3 and Zr4Sn. 
 
4.1 Solution phases 

The solution phases are described by the 
substitutional solution model. The molar Gibbs 
energy of solution phase φ is expressed by the 
Redlich−Kister−Muggianu polynomial [50]:  

o o o
Ag Ag Sn Sn Zr ZrG x G x G x Gϕ ϕ ϕ ϕ= ⋅ + ⋅ + ⋅ +  

Ag Ag Sn Sn Zr Zr( ln ln ln )RT x x x x x x⋅ + ⋅ + ⋅ +  

Ag Sn Ag,Sn Sn Zr Sn,Zrx x L x x Lϕ ϕ⋅ ⋅ + ⋅ ⋅ +  
0

Ag Zr Ag,Zr Ag Sn Zr Ag Ag,Sn,Zr(x x L x x x x Lϕ ϕ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅ +

    
1 2

Sn Ag,Sn,Zr Zr Ag,Sn,Zr )x L x Lϕ ϕ⋅ + ⋅            (1) 
 
where o

iGϕ  stands for the Gibbs free energy of the 
pure component i (i=Ag, Sn or Zr) in the reference 
state for φ phase, R represents the molar gas 
constant, T is the thermodynamic temperature, and 
xAg, xSn and xZr are the molar fractions of the 
elements Ag, Sn and Zr, respectively. The ternary 
interaction parameters, 0

Ag,Sn,ZrLϕ , 1
Ag,Sn,ZrLϕ  and 

2
Ag,Sn,ZrLϕ  are linearly temperature-dependent, which 

can be expressed as Ag,Sn,Zr =Lϕ A+B·T. The 
coefficients A and B will be optimized according to 
the experimental data obtained from the present 
work and the literature. 
 
4.2 Binary phases extending into ternary system 

According to the experimental data, the binary 
phases Ag3Sn in the Ag−Sn system, AgZr, AgZr2 in 
the Ag−Zr system and ZrSn2, Zr5Sn3 and Zr4Sn in 
the Zr−Sn system exhibit some solubilities for Zr, 
Sn and Ag, respectively. Sublattice models [51,52] 
are used to describe these binary phases. From the 
experimental results, it is assumed that Ag and Sn 
substitute each other in the sublattice models. Thus, 
in the present work, the Ag3Sn, AgZr, AgZr2, ZrSn2, 
Zr5Sn3 and Zr4Sn phases are modeled as (Ag)3-  
(Ag,Sn)1, (Ag,Sn)1(Zr)1, (Ag,Sn)1(Zr)2, (Zr)1-  
(Ag,Sn)2, (Zr)5(Ag,Sn)3(Ag,Sn,Va)1 and (Ag,Sn,Zr)3- 
(Ag,Sn,Zn)1, respectively. In these sublattices, the 
boldfaces mean the normal atoms (i.e., major 
species). Taking the AgZr2 phase as an example, its 
Gibbs energy can be expressed as follows: 

2 2 2AgZr AgZr AgZro o
Ag Ag:Zr Sn Sn:ZrG y G y G′ ′= ⋅ + ⋅ +  

 
( )Ag Ag Sn Snln lnRT y y y y′ ′ ′ ′⋅ + ⋅ +  

 
2 2AgZr AgZr0 1 1

Ag Sn Ag,Sn:Zr Ag Sn Ag,Sn:Zr( )y y L y y L ′ ′ ′ ′+ − ⋅ +   

                    (2) 
where y′Ag and y′Sn represent the site fractions     
of Ag and Sn in the first sublattice, respectively. 

2AgZro
 Ag:ZrG  and 2AgZro

 Sn:ZrG  are the Gibbs free energies 
of end-members of the AgZr2 phase. The interaction 
parameters 2AgZr0

Ag,Sn:ZrL  and 2AgZr1
Ag,Sn:ZrL  are also 

linearly temperature-dependent, which can be 
expressed as 2AgZr

Ag,Sn:Zr = ,L a b T+ ⋅  and the 
coefficients a and b are optimized in the present 
work based on the experimental data. Analogous 
expressions similar to Eq. (2) are applied to 
describing the Gibbs energies of the Ag3Sn, AgZr, 
ZrSn2, Zr5Sn3 and Zr4Sn phases. 
 
5 Results and discussion 
 

Twenty-two ternary alloys were prepared to 
determine the phase equilibria of the Ag−Sn−Zr 
system at 500, 700 and 900 °C, and eight as-cast 
alloys were prepared to study the solidification 
behavior of the alloys, respectively. The phases 
with lattice parameters identified by XRD and the 
compositions and microstructures measured by 
SEM/EDS of the samples are listed in Table S1 in 
Supplementary material for detail. 
 
5.1 Microstructures of equilibrated alloys 

Figure 2 presents the backscattered electron 
(BSE) images and the XRD patterns of the 
representative ternary alloys, A1 (Ag19Sn46Zr35), A4 
(Ag55Sn10Zr35) and A6 (Ag30Sn5Zr65) annealed at 
500 °C for 50 d, respectively. The composition of 
each alloy was examined by EDS after annealing 
and the standard X-ray diffraction patterns for 
individual phases are displayed. Figures 2(a, b) 
show the BSE micrograph and XRD diffraction 
patterns of Alloy A1, respectively. The micro- 
structural analysis results of the equilibrated alloy, 
A1, clearly show three distinct phases, i.e., the 
white, gray and dark phases, which correspond to 
hcp(AgSn), ZrSn2 and Zr5Sn3, respectively. This is 
confirmed by XRD analysis and the characteristic 
peaks of the three phases are distinctly described by 
the corresponding standard spectral lines. Therefore, 
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Fig. 2 BSE micrographs (a, c, e) and XRD patterns (b, d, f) of Ag−Sn−Zr alloys annealed at 500 °C for 50 d:      
(a, b) Alloy A1 (Ag19Sn46Zr35); (c, d) Alloy A4 (Ag55Sn10Zr35); (e, f) Alloy A6 (Ag30Sn5Zr65) 
 
it can be concluded that Alloy A1 is located in the 
three-phase region hcp(AgSn) + ZrSn2 + Zr5Sn3. 
The measured solubilities of Zr in the hcp(AgSn) 
phase and Ag in the ZrSn2 and Zr5Sn3 phases are 
about 1.77, 0.41 and 1.09 at.%, respectively. In 
Alloy A4, a three- phase equilibrium constituted by 
bright (Ag), light gray Zr5Sn3 and dark gray AgZr is 
identified, as shown in Fig. 2(c). The characteristic 
peaks of the three phases are distinctly described by 
the corresponding standard spectral lines shown  
in Fig. 2(d). Thus, Alloy A4 is located in the 
three-phase region, i.e., (Ag) + Zr5Sn3 + AgZr. The 
measured solubility of Ag in the Zr5Sn3 phase is 
about 0.46 at.% and that of Sn in the AgZr phase is 
about 1.31 at.%. Figure 2(e) shows the BSE 
micrograph of Alloy A6, where a three-phase 

equilibrium, AgZr + AgZr2 + Zr4Sn, is identified. 
According to Fig. 2(e), the white phase is AgZr, the 
gray phase is AgZr2, and the dark phase is Zr4Sn. 
The corresponding XRD diffraction pattern of 
Alloy A6 shown in Fig. 2(f) illustrates that the 
characteristic peaks of the AgZr, AgZr2 and Zr4Sn 
phases are well distinguished. Combined with the 
BSE and XRD results, Alloy A6 is located in the 
three-phase region, i.e., AgZr + AgZr2 + Zr4Sn. The 
measured solubilities of Sn in the AgZr and AgZr2 

phases are about 2.57 and 1.84 at.%, respectively, 
and the solubility of Ag in the Zr4Sn phase is about 
2.65 at.%, respectively. 

Similarly, the phases and compositions of 
Alloys A2 (Ag74Sn16Zr10), A3 (Ag20Sn32Zr48), A5 
(Ag10Sn23Zr67) and A7 (Ag7Sn10Zr83) were also 
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analyzed and listed in Table S1 in Supplementary 
materials in detail. Alloy A5 is located in the 
three-phase region Zr5Sn3 + AgZr + Zr4Sn. Alloys 
A2, A3 and A7 are located in the two-phase regions 
hcp(AgSn) + Zr5Sn3, Zr5Sn3 + Zr5Sn4 and Zr4Sn + 
(αZr), respectively. 

Figure 3 shows the BSE images and XRD 
patterns of the representative ternary alloys,     
B4 (Ag55Sn10Zr35), B6 (Ag30Sn5Zr65) and B7 
(Ag8Sn10Zr82), annealed at 700 °C for 30 d. Figures 
3(a, b) show the BSE micrograph and XRD patterns 
for Alloy B4, respectively. As shown in Fig. 3(a), 
three phases, i.e., (Ag), Zr5Sn3 and AgZr can be 
observed. The white phase is (Ag), the gray phase is 
Zr5Sn3 and the dark phase is AgZr. The XRD 
pattern shown in Fig. 3(b) illustrates that the 
characteristic peaks of the (Ag), Zr5Sn3 and AgZr 

phases are well distinguished. Therefore, Alloy B4 
is confirmed to be located in the three-phase region 
(Ag) + Zr5Sn3 + AgZr. The measured solubility of 
Sn in the AgZr phase is about 0.37 at.% and that  
of Ag in the Zr5Sn3 phase is about 0.86 at.%. 
Figures 3(c, d) show the BSE micrograph and  
XRD patterns of Alloy B6, respectively. The  
XRD pattern indicates that Alloy B6 contains  
three phases, i.e., AgZr, AgZr2 and Zr4Sn, which 
correspond to the bright, gray and dark regions of 
the BSE micrograph shown in Fig. 3(c). Thus, 
Alloy B6 is located in the three-phase region, i.e., 
AgZr + AgZr2 + Zr4Sn. The measured solubilities of 
Sn in the AgZr and AgZr2 phases are about 2.46 
and 2.24 at.% and the measured solubility of    
Ag in the Zr4Sn phase is about 2.18 at.%. The 
microstructural analysis results of the equilibrated 

 

 
Fig. 3 BSE micrographs (a, c, e) and XRD patterns (b, d, f) of Ag–Sn–Zr alloys annealed at 700 °C for 30 d:      
(a, b) Alloy B4 (Ag55Sn10Zr35); (c, d) Alloy B6 (Ag30Sn5Zr65); (e, f) Alloy B7 (Ag8Sn10Zr82) 
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Alloy B7, presented in Fig. 3(e) clearly show three 
distinct phases, i.e., the white, gray and dark phases, 
which correspond to Zr4Sn, AgZr2 and (αZr), 
respectively. This is confirmed by XRD pattern 
shown in Fig. 3(f). Therefore, it can be concluded 
that Alloy B7 is located in the Zr4Sn + AgZr2 + 
(αZr) three-phase region. The measured solubilities 
of Ag in the Zr4Sn and (αZr) phases and Sn in the 
AgZr2 phase are about 0.46, 0.76 and 2.54 at.%, 
respectively. 

The phases and compositions of Alloys B1 
(Ag68Sn22Zr10), B2 (Ag74Sn17Zr9), B3 (Ag20Sn32Zr48) 
and B5 (Ag20Sn17Zr63) were also analyzed and listed 
in Table S1 in Supplementary materials in detail. 
Alloys B3 and B5 are located in the three-phase 
region (Ag) + Zr5Sn3 + Zr5Sn4 and Zr5Sn3 + AgZr + 
Zr4Sn, respectively. Alloys B1and B2 are located in 

the two-phase region hcp(AgSn) + Zr5Sn3. 
Figure 4 shows the BSE images and XRD 

patterns of the representative ternary alloys, C3 
(Ag70Sn5Zr25), C6 (Ag33Sn3Zr64) and C7 (Ag20Sn10- 
Zr70), annealed at 900 ℃ for 15 d. The micro- 
structural analysis results of the equilibrated alloy, 
C3, presented in Fig. 4(a) clearly show three 
distinct phases, i.e., white, gray and dark phases, 
which correspond to (Ag), AgZr and Zr5Sn3, 
respectively. This is confirmed by XRD analysis 
shown in Fig. 4(b). Therefore, it can be concluded 
that Alloy C3 is located in (Ag) + AgZr + Zr5Sn3 

three-phase region. The measured solubilities of  
Ag in the Zr5Sn3 phase and Sn in the AgZr and  
(Ag) phases are about 1.87, 0.77 and 1.77 at.%, 
respectively. Figure 4(c) shows the microstructure 
of Alloy C6, in which a three-phase equilibrium, 

 

 
Fig. 4 BSE micrographs (a, c, e) and XRD patterns (b, d, f) of Ag−Sn−Zr alloys annealed at 900 °C for 15 d:      
(a, b) Alloy C3 (Ag70Sn5Zr25); (c, d) Alloy C6 (Ag33Sn3Zr64); (e, f) Alloy C7 (Ag20Sn10Zr70) 
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AgZr + AgZr2 + Zr4Sn, is identified. The XRD 
pattern shown in Fig. 4(d) indicates that Alloy C6 
contains three phase, i.e., AgZr, AgZr2 and Zr4Sn, 
which correspond to the bright, gray and dark 
regions, respectively. Therefore, Alloy C6 is 
located in the three-phase region, i.e., AgZr + 
AgZr2 + Zr4Sn. The measured solubilities of Sn in 
the AgZr and AgZr2 phases are 1.64 and 1.53 at.%, 
respectively. The BSE micrograph of Alloy C7 is 
shown in Fig. 4(e) and three phases, i.e., AgZr, 
AgZr2 and Zr4Sn, can be observed. The white phase 
is AgZr, the gray phase is AgZr2 and the dark phase 
is Zr4Sn. The XRD pattern of Alloy C7 shown in 
Fig. 4(f) illustrates that the characteristic peaks of 
the AgZr, AgZr2 and Zr4Sn phases are well 
distinguished. Combined with the BSE and XRD 
results, Alloy C7 is located in the three-phase 
region, i.e., AgZr + AgZr2 + Zr4Sn. The measured 
solubilities of Sn in the AgZr and AgZr2 phases are 
about 2.09 and 2.15 at.%, respectively, and the 
solubility of Ag in the Zr4Sn phase is about 
1.49 at.%. 

The phases and compositions of Alloys C1 
(Ag21Sn34Zr45), C2 (Ag20Sn30Zr50), C4 (Ag37Sn18- 
Zr45), C5 (Ag20Sn17Zr63) and C8 (Ag12Sn8Zr80) were 
also analyzed and listed in Table S1 in 
Supplementary materials in detail. Alloys C2, C4, 
C5 and C8 are located in the three-phase regions, 
i.e., (Ag) + Zr5Sn3 + Zr5Sn4, (Ag) + Zr5Sn3 + AgZr, 
Zr5Sn3 + AgZr + Zr4Sn and Zr4Sn + AgZr2 + (βZr), 
respectively. Alloys C1 is located in the two-phase 
region (Ag) + Zr5Sn3. 
 
5.2 Isothermal sections at 500, 700 and 900 °C 

Based on the experimental analysis above, the 
phase equilibria of the Ag–Sn–Zr system at 500, 
700 and 900 °C were obtained in the present work. 
For the isothermal section at 500 °C, four three- 
phase regions, i.e., hcp(AgSn) + ZrSn2 + Zr5Sn3, 
(Ag) + Zr5Sn3 + AgZr, Zr5Sn3 + AgZr + Zr4Sn   
and AgZr + Zr4Sn + AgZr2, and three two-phase 
regions, i.e., hcp(AgSn) + Zr5Sn3, Zr5Sn3 + Zr5Sn4 
and Zr4Sn + (αZr) were determined. According to 
the phase regions of Alloys A2, A3 and A4 and  
the Gibbs phase rule, two three-phase regions 
hcp(AgSn) + Zr5Sn3 + (Ag) and Zr5Sn3 + Zr5Sn4 + 
(Ag) were extrapolated. Similarly, a three-phase 
region, i.e., Zr4Sn + AgZr2 + (αZr), could be 
extrapolated according to the experimental results 

of Alloys A6 and A7 in view of the Gibbs phase 
rule. The measured average solubilities of Ag in the 
ZrSn2, Zr5Sn3, Zr5Sn4 and Zr4Sn phases are about 
0.41, 1.07, 0.58 and 1.86 at.%, respectively. The 
measured average solubilities of Sn in the AgZr and 
AgZr2 phases and Zr in the hcp(AgSn) phase are 
about 1.74, 1.84 and 1.81 at.%, respectively. It can 
be noted that the solubilities of the third element in 
binary compounds in the Ag−Sn, Ag−Zr and Sn−Zr 
systems at 500 ℃ are less than 2 at.%. 

For the isothermal section at 700 °C, five 
three-phase regions, i.e., (Ag) + Zr5Sn3 + Zr5Sn4, 
(Ag) + Zr5Sn3 + AgZr, Zr5Sn3 + AgZr + Zr4Sn, 
AgZr + AgZr2 + Zr4Sn and Zr4Sn + AgZr2 + (αZr) 
and one two-phase regions, i.e., hcp(AgSn) + 
Zr5Sn3 were determined. According to the 
experimental results of Alloys B2 and B3 and the 
Gibbs phase rule, a three-phase region hcp(AgSn) + 
Zr5Sn3 + (Ag) is extrapolated. Based on the phase 
equilibria of the Ag–Sn–Zr system at 500 °C and 
the Gibbs phase rule, Alloy B1 could be located in 
the three-phase region, i.e., hcp(AgSn) + Zr5Sn3 + 
ZrSn2. The measured average solubilities of Ag in 
the Zr5Sn3, Zr5Sn4 and Zr4Sn phases are about 1.69, 
0.75 and 1.79 at.%, respectively. The measured 
average solubilities of Sn in the AgZr and AgZr2 

phases and Zr in the hcp(AgSn) phase are about 
1.54, 2.39 and 1.41 at.%, respectively. It can be 
noted that the solubilities of the third element in 
binary compounds in the Ag−Sn, Ag−Zr and Sn−Zr 
systems at 700 °C are less than 3 at.%. 

For the isothermal section at 900 °C, five 
three-phase regions, i.e., (Ag) + Zr5Sn3 + Zr5Sn4, 
(Ag) + Zr5Sn3 + AgZr, Zr5Sn3 + AgZr + Zr4Sn, 
AgZr + Zr4Sn + AgZr2 and Zr4Sn + AgZr2 + (βZr) 
and one two-phase region, i.e., (Ag) + Zr5Sn3 were 
determined. According to the experimental results 
of Alloys C1 and C2 and the phase relationship of 
the Ag−Sn−Zr system at 500 and 700 °C applying 
the Gibbs phase rule, a three-phase region Liquid + 
(Ag) + Zr5Sn3 is extrapolated. The measured 
average solubilities of Ag in the Zr5Sn3, Zr5Sn4 and 
Zr4Sn phases are about 0.89, 0.38 and 1.23 at.%, 
respectively. The measured average solubilities of 
Sn in the AgZr and AgZr2 phases are about 1.47 
and 1.41 at.%, respectively. It can be noted that  
the solubilities of the third element in binary 
compounds in the Ag−Sn, Ag−Zr and Sn−Zr 
systems at 900 °C are less than 2 at.%. 
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5.3 Thermodynamic calculation 
Based on the experimental data obtained from 

the present work and literature, the thermodynamic 
parameters of the Ag–Sn–Zr system were evaluated 
by the optimization module PARROT [53] of the 
Thermo-Calc program, which works by minimizing 
the square sum of the differences between measured 
and calculated values. Step-by-step optimization 
procedures [54,55] were utilized in the present 
assessment. 

The optimization starts with the isothermal 
section at 500 °C. Firstly, according to the phase 
equilibria and the solubilities of Ag, Sn and Zr in 
the binary phases in the Sn−Zr, Ag−Zr and Ag−Sn 
systems, respectively, the interaction parameters a 
for these phases in Eq. (2) were optimized. Then, 
the isothermal sections at 700 and 900 °C were 
considered one by one in the optimization process. 
Next, the ternary interaction parameter A for the 
phase hcp(AgSn) in Eq. (1) was obtained by fitting 
the experimental data of isothermal sections and 
invariant reactions. Finally, all the parameters were 
optimized simultaneously. The thermodynamic 
parameters obtained in the present work are listed 
in Table 2. 
 
Table 2 Thermodynamic parameters of Ag−Sn−Zr 
system obtained in present work 

Phase Model Thermodynamic parameter 

hcp (Ag,Sn,Zr)1Va0.5 
hcp0
Ag,Sn,Zr:Va 742130L = −  

Zr5Sn3 
(Zr)5(Ag,Sn)3- 

(Ag,Sn,Va)1 

5 3Zr Sno
Zr:Ag:Ag 12013+G =

hcpo o fcc
AgZr5 4 ,G G+  

5 3Zr Sno
Zr:Ag:Va 24653+G =

hcpo o fcc
AgZr5 3G G+  

Zr4Sn 
(Ag,Sn,Zr)3- 
(Ag,Sn,Zr)1 

4Zr Sno o fcc
AgAg:Ag 12082 4G G= +  

AgZr2 (Ag,Sn)33(Zr)67 
2AgZro

Sn:Zr 158793.09G = − +  
hcpo bct o

Sn Zr2G G+  
The Gibbs energies for the pure elements were taken from the 
compilation of DINSDALE [27]; The thermodynamic parameters 
for the Ag–Sn, Ag–Zr and Sn–Zr systems from OH et al [28], 
HSIAO et al [36] and PÉREZ et al [46], respectively, were adopted 
in the present work 
 

The calculated isothermal sections of the 
Ag−Sn−Zr system at 500, 700 and 900 °C 
compared with the experimental phase equilibria 
data obtained in the present work are presented in 

Figs. 5(a−c), respectively. The calculated phase 
equilibria are consistent with the measured ones. As 
can be seen from Fig. 5, seven three-phase regions 
in the isothermal sections at 500 and 700 °C and six 
three-phase regions at 900 °C are calculated. The 
calculated solubilities of Ag in the Zr5Sn3, Zr5Sn4 
and Zr4Sn phases, Sn in the AgZr and AgZr2 phases 
and Zr in the hcp(AgSn) phase are about 0.97,  
0.46, 1.56, 1.55, 1.78 and 1.80 at.% at 500 °C, 
respectively. The calculated solubilities of Ag in  
Zr5Sn3, Zr5Sn4 and Zr4Sn phases, Sn in the AgZr 
 

 
Fig. 5 Calculated isothermal sections of Ag–Sn–Zr 
system along with experimental data from the present 
work: (a) 500 °C; (b) 700 °C; (c) 900 °C 
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and AgZr2 phases and Zr in the hcp(AgSn) phase 
are about 1.54, 0.69, 1.80, 1.32, 2.14 and 1.42 at.% 
at 700 °C, respectively. Similarly, the calculated 
solubilities of Ag in Zr5Sn3, Zr5Sn4 and Zr4Sn 
phases and Sn in AgZr and AgZr2 phases are about 
0.88, 0.39, 1.35, 1.42 and 2.14 at.% at 900 °C, 
respectively. It can be concluded that the calculated 
solubilities of Ag, Sn and Zr in the binary phases  
in the Sn−Zr, Ag−Zr and Ag−Sn systems are 
consistent with the present experimental results. 

The calculated liquidus projection of the 
Ag−Sn−Zr system according to the present 
thermodynamic parameters is presented in Fig. 6. 
The constructed reaction scheme of the Ag−Sn−Zr 
system according to the present calculations is 
presented in Fig. 7 to provide a better understanding 
of the solidification sequence and liquidus 
projection. It is worth noting that the calculated 
liquidus projection exists a large liquid phase 
separation region, i.e., liquid#1 + liquid#2. The 
predicted invariant reactions in the Ag−Sn−Zr 
system are listed in Table 3. 
 

 
Fig. 6 Calculated liquidus projection of Ag–Sn–Zr 
system 
 
5.4 Microstructure and solidification behavior of 

as-cast alloys 
Regarding the condition of reactants and 

products, the phase transformation of an alloy 
system can be classified as liquid−solid, solid state 
and gas−solid reactions. Solidification is a process 
where the liquid phase gradually transforms into 
solid phases with temperature decreasing [56] and 
the Scheil module is employed to simulate the 
solidification process of as-cast Ag−Sn−Zr alloys 

under the non-equilibrium condition by using the 
present thermodynamic parameters. The final phase 
constitution and composition of the Ag−Sn−Zr 
alloys depend on the composition of alloys, the 
interface between the compound and the matrix, 
and the solid solubility of alloying elements. In 
order to provide more detail on the solidification 
behavior, eight Ag−Sn−Zr as-cast alloys were 
studied by SEM/EDS and Scheil module [57,58] 
was employed to simulate the solidification process 
of as-cast alloys by using the present thermo- 
dynamic parameters. The solidification phases and 
corresponding phase compositions of eight as-cast 
alloys determined by SEM/EDS are summarized in 
Table S2 in Supplementary material for detail. 
Figure 8 shows the microstructures of as-cast  
alloys, D1 (Ag83Sn2Zr15), D5 (Ag25Sn35Zr40), D6 
(Ag25Sn45Zr30) and D7 (Ag39Sn1Zr60). Figure 9 
shows the Gulliver−Scheil solidification curves of 
the as-cast alloys, D1−D8, which exhibit the 
solidification paths of these alloys. Figure 10 shows 
the calculated mole fraction of phases versus 
temperature for Alloys D1, D5, D6 and D7. 

For the as-cast alloy, D1, its microstructure 
exists three different contrasts, as shown in 
Fig. 8(a, b). According to the EDS results, the 
bright, gray and dark fields are the (Ag), AgZr and 
Zr5Sn3 phases, respectively. No typically liquid- 
separated microstructures were observed. By 
combining Gulliver−Scheil solidification curve of 
Alloy D1 shown in Fig. 9(a), solidification path   
of Alloy D1 is as follows: Liquid → Liquid#1 + 
Liquid#2 + Zr5Sn3 → Liquid#1 + Zr5Sn3 → 
Liquid#1 + Zr5Sn3 + AgZr → Liquid#1 + Zr5Sn3 + 
AgZr + (Ag). The primary crystallization phase for 
Alloy D1 is Zr5Sn3. After the solidification of the 
primary phase of Zr5Sn3, Alloy D1 undergoes a 
peritectic reaction, i.e., Liquid + Zr5Sn3 → AgZr, 
then with the invariant reactions, i.e., Liquid → 
Zr5Sn3 + AgZr + (Ag), and ends with the eutectic 
microstructure (Zr5Sn3 + AgZr + (Ag)). These 
simulated results are in accordance with the 
microstructure observed in the present experiment 
(Figs. 8(a, b)). Figure 10(a) shows the mole  
fraction of phases in Alloy D1 as a function of 
temperature during the solidification process. It can 
be seen that the Zr5Sn3 phase precipitates from the 
liquid phase starting at 1575 °C, and then the AgZr 
and (Ag) phases precipitate successively at about 
1097 and 954 °C, respectively. For mole fraction of  
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Fig. 7 Reaction scheme of Ag−Sn−Zr system associated with liquid phase 
 
Table 3 Calculated invariant reactions in Ag–Sn–Zr system 

Type Invariant reaction Temperature/°C 
Composition/at.% 

Ag Sn Zr 

M1 Liquid#1 + Zr5Sn3  Liquid#2 + Zr5Sn3#2 1539 72.69 7.59 19.72 

P1 Liquid + (βZr) + Zr5Sn3  AgZr2 1240 29.87 3.41 66.72 

P2 Liquid + Zr5Sn3 + AgZr2  AgZr 1158 48.11 0.75 51.15 

M2 Liquid#1 + Zr5Sn3  Liquid#2 + ZrSn2 1076 13.90 71.76 14.33 

M3 Liquid#1 + Liquid#2  Zr5Sn3 + ZrSn2 1076 68.87 6.72 24.41 

P3 Liquid#1 + Zr5Sn3#1 + Zr5Sn3#2  (Ag) 961 99.53 0.03 0.44 

E1 Liquid  Zr5Sn3 + (Ag) + AgZr 954 95.10 0.01 4.89 

P4 Liquid + Zr5Sn3 + (Ag)  hcp(AgSn) 789 84.41 15.58 0.01 

U1 Liquid + Zr5Sn3  hcp(AgSn) + ZrSn2 721 72.78 27.21 0.01 

U2 Liquid + hcp(AgSn)  ZrSn2 + Ag3Sn 453 45.66 54.32 0.01 

E2 Liquid  Ag3Sn + ZrSn2 + (Sn) 220 4.09 95.90 0.01 
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Fig. 8 BSE micrographs of as-cast alloys in Ag–Sn–Zr system: (a, b) Alloy D1 (Ag83Sn2Zr15); (c, d) Alloy D5 
(Ag25Sn35Zr40); (e, f) Alloy D6 (Ag25Sn45Zr30); (g, h) Alloy D7 (Ag39Sn1Zr60) 
 
the Zr5Sn3, AgZr and (Ag) phases, (Ag) is the most, 
followed by AgZr, and Zr5Sn3 is the least, which 
corresponds to the phases fraction, i.e., 76.22, 18.45 
and 5.33 at.%, presented in Table S2 in 
Supplementary materials in detail. The calculated 
results are consistent with the observed ones  

shown in Figs. 8(a, b). The microstructures and 
solidification sequences of the as-cast alloy, D2 
(Ag86Sn2Zr12), are similar to those of Alloy D1. The 
solidification of Alloy D2 followed the path of the 
primary phase of Zr5Sn3, then the AgZr and (Ag) 

phases, and finally the eutectic microstructure, i.e.,  
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Fig. 9 Calculated Gulliver−Scheil solidification curves of as-cast alloys in Ag–Sn–Zr system: (a) Alloys D1 
(Ag83Sn2Zr15) and D2 (Ag86Sn2Zr12); (b) Alloys D3 (Ag85Sn10Zr5) and D5 (Ag25Sn35Zr40); (c) Alloys D4 (Ag70Sn25Zr5) 
and D6 (Ag25Sn45Zr30); (d) Alloys D7 (Ag39Sn1Zr60) and D8 (Ag34Sn1Zr65) 
 
Zr5Sn3 + AgZr + (Ag). 

For the as-cast alloy, D5, there are four 
different phase regions, i.e., the white, light gray, 
dark gray and dark phase regions, in the solidified 
microstructure shown in Figs. 8(c, d), which 
correspond to hcp(AgSn), (Ag), Ag3Sn and Zr5Sn3, 
respectively. As shown in Fig. 8(d), it also exists a 
small bright Ag-rich region embraced by the Zr5Sn3 

phase which reveals the decomposition of one 
liquid phase into two liquid (Liquid → Liquid#1 + 
Liquid#2). According to the Gulliver−Scheil 
solidification curve of Alloy D5 shown in Fig. 9(b), 
the solidification path of Alloy D5 is as follows: 
Liquid → Liquid#1 + Liquid#2 + Zr5Sn3 → 
Liquid#1 + Zr5Sn3 → Liquid#1 + Zr5Sn3 + (Ag) → 
Liquid#1 + (Ag) + hcp(AgSn) → Liquid#1 + 
hcp(AgSn) → Liquid + hcp(AgSn) + Ag3Sn. The 
primary crystallization phase for Alloy D5 is also 
Zr5Sn3. After the solidification of the primary  
phase, Alloy D5 undergoes an invariant reaction, 
i.e., Liquid + Zr5Sn3 + (Ag) → hcp(AgSn), then  
the peritectic reaction, i.e., Liquid + hcp(AgSn) → 

Ag3Sn, and finally with the peritectic micro- 
structure, i.e., hcp(AgSn) + Ag3Sn. These simulated 
results are in accordance with the micro-   
structure observed in the present experiment (see 
Figs. 8(c, d)). Figure 10(b) shows the mole fraction 
of the phases in Alloy D5 as a function of 
temperature during the solidification process. It  
can be seen that the Zr5Sn3 phase precipitates  
from the liquid phase starting at 1873 °C, then the 
(Ag), hcp(AgSn) and Ag3Sn phases precipitate 
successively at about 1548, 774 and 482 °C, 
respectively. For mole fraction of the Zr5Sn3, (Ag), 
hcp(AgSn) and Ag3Sn phases, Zr5Sn3 is the most, 
followed by hcp(AgSn) and (Ag), and Ag3Sn is the 
least, which correspond to the phase fraction, i.e., 
68.94, 23.89, 4.65 and 2.52 at.%, listed in Table S2 
in Supplementary materials in detail. The calculated 
results are also consistent with the observed results 
shown in Figs. 8(c, d). The microstructures and 
solidification sequences of the as-cast alloy, D3 
(Ag85Sn10Zr5), are similar to those of Alloy D5. The 
solidification of Alloy D3 followed the path of the  
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Fig. 10 Calculated mole fraction of phases vs temperature of as-cast alloys in Ag–Sn–Zr system: (a) Alloy D1 
(Ag83Sn2Zr15); (b) Alloy D5 (Ag25Sn35Zr40); (c) Alloy D6 (Ag25Sn45Zr30); (d) Alloy D7 (Ag39Sn1Zr60) 
 
primary phase of Zr5Sn3, then the (Ag), hcp(AgSn) 
and Ag3Sn phases, and finally the peritectic 
microstructure, i.e., hcp(AgSn) + Ag3Sn. 

For the as-cast alloy, D6, there are three 
different phase regions, i.e., the white, gray and 
dark phase regions, in the solidified microstructure 
shown in Figs. 8(e, f), which correspond to (Ag), 
hcp(AgSn) and Zr5Sn3, respectively. Moreover, a 
eutectic (Ag) + Zr5Sn3 microstructure around the 
Zr5Sn3 phase is observed in Fig. 8(f). It is indicated 
that Alloy D6 undergoes the monotectic reaction 
Liquid#1 → Liquid#2 + Zr5Sn3 and one liquid 
phase is decomposed into two liquid (Liquid → 
Liquid#1 + Liquid#2). According to the Gulliver− 
Scheil solidification curve of Alloy D6 shown in 
Fig. 9(c), the solidification path of Alloy D6 is 
Liquid → Liquid#1 + Liquid#2 + Zr5Sn3 → 
Liquid#1 + Zr5Sn3 → Liquid#1 + hcp(AgSn) → 
Liquid + Ag3Sn. The primary crystallization phase 
for Alloy D6 is also Zr5Sn3. After the solidification 
of the primary phase, Alloy D6 undergoes the 
peritectic reaction, i.e., Liquid + Zr5Sn3 → 

hcp(AgSn) and Liquid + hcp(AgSn) → Ag3Sn,  
and ends with the Ag3Sn phase. These simulated 
results are in accordance with the microstructure 
observed in the present experiment (see 
Figs. 8(e, f)). Figure 10(c) shows the mole fraction 
of the phases in Alloy D6 as a function of 
temperature during the solidification process.     
It can be seen that the Zr5Sn3 phase precipitates 
from the liquid phase starting at 1721 °C, and then 
the hcp(AgSn) and Ag3Sn phases precipitate 
successively at about 545 and 482 °C, respectively. 
For mole fraction of the Zr5Sn3, hcp(AgSn)     
and Ag3Sn phases, Zr5Sn3 is the most, followed  
by Ag3Sn, and hcp(AgSn) is the least, which 
correspond to the phase fraction, i.e., 52.99, 29.96 
and 17.05 at.%, presented in Table S2 in 
Supplementary materials in detail. The calculated 
results are also consistent with the observed results 
shown in Figs. 8(e, f). The microstructures and 
solidification sequences of the as-cast alloy, D4 
(Ag25Sn35Zr40), are similar to those of Alloy D6. 
The solidification of Alloy D4 followed the path of 
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the primary phase of Zr5Sn3, then the hcp(AgSn) 
and Ag3Sn phases, and finally the Ag3Sn phase. 

For the as-cast alloy, D7, there are two 
different phases, i.e., the white and gray phases, in 
the solidified microstructure shown in Figs. 8(g, h), 
which correspond to AgZr2, and AgZr, respectively. 
According to the Gulliver−Scheil solidification 
curve of Alloy D7 shown in Fig. 9(d), the 
solidification path of Alloy D7 is Liquid → 
Liquid#1 + AgZr2 → Liquid#1 + AgZr2 + AgZr. 
The primary crystallization phase for Alloy D7   
is AgZr2. After the solidification of the primary 
phase, Alloy D7 undergoes a eutectic reaction, i.e., 
Liquid → AgZr2 + AgZr, and ends with the eutectic 
microstructure, i.e., AgZr2 + AgZr. These simulated 
results are in accordance with the microstructure 
observed in the present experiment (see 
Figs. 8(g, h)). Figure 10(d) shows the mole fraction 
of the phases in Alloy D7 as a function of 
temperature during the solidification process. It can 
be seen that the AgZr2 phase precipitates from the 
liquid phase starting at 1201 °C, and the AgZr 
phase precipitates successively at about 1156 °C. 
For mole fraction of the AgZr2 and AgZr phases, 
AgZr is more than AgZr2, which corresponds to the 
phase fraction, i.e., 62.29 and 31.71 at.%, presented 
in Table S2 in Supplementary material for detail. 
The calculated results are also consistent with the 
observed results shown in Figs. 8(g, h). The 
microstructures and solidification sequences of the 
as-cast alloy, D8 (Ag34Sn1Zr65), are similar to those 
of Alloy D7. The solidification of Alloy D8 
followed the path of the primary phase of AgZr2, 
then AgZr phase, and finally the eutectic 
microstructure, i.e., AgZr2 + AgZr. 

It can be stressed that based on experiments 
and thermodynamic calculations, the Scheil 
solidification simulations and reaction scheme 
obtained from the thermodynamic parameters of the 
Ag–Sn–Zr system are anticipated to obtain the 
desired solidified microstructure and thus design a 
novel Ag-based and Zr-based alloy according to the 
relationship between microstructure and properties. 
 
6 Conclusions 
 

(1) The phase equilibria of the Ag–Sn–Zr 
system at 500, 700 and 900 °C were experimentally 
investigated by means of the XRD and SEM/EDS. 
Four three-phase regions and three two-phase 

regions at 500 °C, five three-phase regions and two 
two-phase regions at 700 °C and five three-phase 
regions and one two-phase region at 900 °C were 
determined. No ternary compound was found in the 
ternary system. The solubilities of Ag in Sn–Zr 
compounds, Sn in Ag–Zr compounds and Zr in  
Ag–Sn compounds were measured and their values 
are less than 3 at.% in general. 

(2) The thermodynamic assessment of the Ag–
Sn–Zr system was carried out by using the 
CALPHAD method based on the experimental data 
available in the present work. A set of thermo- 
dynamic parameters of the Ag–Sn–Zr system was 
obtained. The calculated isothermal sections are in 
good agreement with most of the reliable 
experimental data. The liquidus projection and 
reaction scheme of the Ag–Sn–Zr system over the 
whole composition were also presented. 

(3) The microstructures of four as-cast alloys 
were measured by SEM/EDS and simulated under 
the Gulliver−Scheil non-equilibrium condition. The 
simulated results are consistent with the 
experimental data, which confirms that reliable 
thermodynamic parameters can describe the 
solidified microstructure well. 
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摘  要：采用关键实验和热力学模拟研究 Ag–Sn–Zr 三元系的相平衡。通过制备 22 个平衡合金，采用 X 射线衍

射、扫描电子显微镜和能量色散 X 射线能谱测定 Ag–Sn–Zr 体系 500、700 和 900 ℃的等温截面。通过制备 8 个

铸态合金，研究合金的凝固行为。测定 Zr、Sn 和 Ag 在 Ag–Sn、Ag–Zr 和 Sn–Zr 体系中二元化合物的溶解度，未

发现三元化合物存在。基于 3 个边际二元系的热力学描述及获得的相平衡数据，采用 CALPHAD 方法对 Ag–Sn–

Zr 体系进行热力学优化，得到一套自洽的热力学参数。计算的等温截面与实验数据吻合较好。计算和构筑 Ag–Sn–

Zr 体系在整个成分范围内的液相面投影图和希尔反应图，模拟 Gulliver−Scheil 非平衡条件下铸态合金的凝固行  

为。模拟结果与实验数据相一致。 

关键词：Ag–Sn–Zr 体系；相平衡；热力学模型；显微组织；凝固模拟 
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