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Abstract: The phase equilibria of the Ag—Zr—Y system at 800, 600 and 500 °C were investigated by means of X-ray
diffraction (XRD) and scanning electron microscope (SEM) with energy dispersive X-ray spectrometry (EDS)
techniques. The solubilities of Y in the AgoZr and AgZr phases and of Zr in the Ags1 Y14, Ag:Y and AgY phases were
measured, and no ternary compound was found in these isothermal sections. By means of the CALPHAD method,
thermodynamic parameters of the Ag—Zr—Y system were assessed based on the experimental data from the present
work and the literature. Substitutional solution model was used to describe the solution phases and sublattice models
were used to describe binary compounds. A set of self-consistent and accurately described thermodynamic parameters
of the Ag—Zr—Y system were obtained. The representative isothermal sections and liquidus projection were calculated,
and the Hill reaction scheme of the Ag—Zr—Y system was constructed. The calculated results are in agreement with the
experimental data.
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different alloys likewise enhancing the strength

1 Introduction

Ag-based alloys were widely used in
biomaterials [1], photocatalytic materials [2,3] and
coating materials [4] due to their advantages of
unique chemical, physical, electronic and optical
properties. In Ag-based alloys, the addition of
rare-earth can refine grain, improve mechanical
properties and thermal stability of matrix metals,
and improve recrystallization temperature [5,6]. Y
is a rare-earth, and the Y-added alloys were widely
studied. The addition of Y has different roles in

properties of alloys [7—9], improving the structure
of alloys [10], and inhibiting interfacial void
formation of matrix materials [11]. For sterling Ag,
increasing the Y content can improve the corrosion
resistance [12]. Adding a small amount of Zr is a
useful way to decrease the diffusion rate of Ag for
promoting a homogeneous and slower continuous
decomposition reaction [13]. Accurate phase
constitution and thermodynamic parameters are the
key to the design and manufacture of Ag-based
advanced materials. The phase diagram of the
Ag—Zr—Y system is very crucial for the deep study

Corresponding author: Biao HU, Tel/Fax: +86-554-6601194, E-mail: hubiao05047071@163.com,;
Shao-ding SHENG, Tel/Fax: +86-554-6601194, E-mail: shengshao-4210@126.com

DOI: 10.1016/51003-6326(23)66298-3

1003-6326/© 2023 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press


mailto:shengshao-4210@126.com

Cheng-gang JIN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2784—-2798

of Ag-based alloys.

However, the experimental phase equilibria
data of the Ag—Zr-Y system reported in the
literature are limited. Only HE et al [14] studied the
phase equilibrium relationships of the Ag—Zr-Y
system and determined six three-phase regions in
the Ag—Zr-Y system at 750 °C. The solubilities of
the third elements in binary phases were measured
and no ternary compound was found. However,
only one isothermal section was experimentally
determined and no thermodynamic description of
the Ag—Zr—Y system was reported in Ref. [14]. It is
hard to obtain a set of accurate thermodynamic
parameters of the ternary system based on the
limited experimental data. Considering the practical
applications in heat treatment, the experimental
temperatures should be higher than recovery
temperature of the phases in the Ag—Zr—Y system.
In addition, based on the phase diagrams of the
binary systems, the stable existence
temperature of liquid phase in the Ag—Y system is
about 800 °C. For those reasons, the purposes of the

lowest

present work are to experimentally determine the
phase equilibria of the Ag—Zr—Y system at 800, 600
and 500 °C by means of X-ray diffraction (XRD)
and scanning electron microscopy (SEM) with
energy dispersive X-ray spectrometry (EDS) and to
thermodynamically assess this
CALPHAD method [15—-17].

system by the

2 Literature review

To facilitate reading, the equilibrium phases
and their crystal structures in the Ag—Zr—Y system
are listed in Table 1.
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2.1 Ag—Zr binary system

The Ag—Zr binary system has only two
intermetallic compounds, i.e., AgZr and AgZr,. The
first complete phase diagram of the Ag—Zr system
was constructed by ZHANG et al [20]. The
enthalpies of formation of the AgZr and AgZn
phases at 25 °C were determined by FITZNER and
KLEPPA [21]. The thermodynamic parameters of
the Ag—Zr system were assessed by several
researchers [18,22—24], in which the thermo-
dynamic parameters from HSIAO et al [18] well
reproduced experimental phase diagram data and
enthalpies of formation for compounds and were
adopted in the present work. The calculated Ag—Zr
phase diagram was shown in Fig. 1(a) according
to the thermodynamic parameters from HSIAO
etal [18].

2.2 Ag—Y binary system

The Ag—Y binary system contains three
intermetallic compounds, i.e., AgY, AgY and
AgsiYis. MCMASTERS et al [25] reported the
stoichiometry of the AgsiYis phase. The phase
diagram of the Ag—Y system was reported by
GSCHNEIDNER and CALDERWOOD [19]. Then,
the Ag—Y system was thermodynamically assessed
using the sublattice model and Thermo-Calc
software by WANG et al [26], and using the
Compound Energy Formalism (CEF) model and
FactSage software by WANG et al [27],
respectively. WANG et al [27] used the CEF model
to describe AgY considering its natural ordered
bce B2 part from disordered becc A2 solution and
to describe AgsiYis with a small homogeneity
range. However, the calculated results are not in

Table 1 Equilibrium phases and their crystal structures in Ag—Zr—Y system

Phase Prototype Personal symbol Space group Phase description Ref.
(Ag) Cu cF4 Fm3m Solid solution based on fcc Al Ag [18]
PZr, BY) W cl2 Im3m Solid solution based on bcc A2 Zrand Y [18,19]
(aZr, oY) Mg hP2 P63/mmc Solid solution based on hcp A3 Zrand Y  [18,19]
AgZr y-CuTi tP4 P4/nmm Binary phase AgZr [18]
AgrZr MoSi, t16 14/mmm Binary phase Ag.Zr [18]
AgY CsCl cP2 Pm3m Binary phase AgY [19]
AgY MoSi, t16 14/mmm Binary phase Ag,Y [19]
Ags1Yia Ags1Gdis hP65 P/om Binary phase Agsi Y14 [19]
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Fig. 1 Calculated phase diagrams of Ag—Zr (a), Ag—Y (b)
and Zr—Y (c) using thermodynamic parameters from
HSIAOQO et al [18], WANG et al [26] and BU et al [29],
respectively

agreement with part of experimental data using the
CEF model. Considering the compatibility in
ternary system, the sublattice model was better than
CEF model to describe the Ag—Y system in the

present work. Therefore, the thermodynamic

parameters from WANG et al [26] were adopted in
the present work and the calculated Ag—Y phase
diagram was shown in Fig. 1(b).

2.3 Zr-Y binary system

The phase equilibria of the Zr—Y binary
system are simple because they only contain solution
phases, i.e., liquid, (aZr), (5Zr), (oY) and (5Y). The
phase diagram of the Zr—Y system was first
assessed by PALENZONA and CIRAFICI [28].
However, the transformation type and temperature
between (aY) and (fY) in the Zr—Y system
are controversial in the literature. Recently, BU
et al [29] have experimentally studied these issues
and reassessed the Zr—Y system. The calculated
Zr—Y phase diagram was shown in Fig. 1(c)
according to the thermodynamic parameters from
BU et al [29].

2.4 Ag—Zr-Y ternary system

The phase equilibria data of the Ag—Zr-Y
system are very limited. Only one piece of
experimental data was reported by HE et al [14].
The isothermal section at 750 °C was investigated
experimentally by the diffusion-triple technology,
SEM and electron probe microanalysis. Six three-
phase regions, i.e., (aY) + (aZr) + AgY, AgY +
AgY + (aZr), AgY + AgsiYus+ AgZn, AgyY +
AgZr, + (oZr), AgsiYis + AgZr + AgZr, and
AgsiYis + AgZr + (Ag), were determined. No
ternary compound was found. The measured
solubilities of Zr in AgY and AgsiYis and Y in
AgZr, are approximately 1.5, 2.2 and 1.5 at.%,
respectively. The solubilities of Zr in Ag,Y and Y in
AgZr are very small and can be negligible. The
experimental data reported by HE et al [14] were
used in the present work for comparison, analysis
and assessment.

3 Experimental

Isothermal sections of the Ag—Zr-Y system
at 800, 600 and 500°C were experimentally
determined. Silver rods, zirconium rods and yttrium
pieces with a purity of 99.99% (China New Metal
Materials Technology Co., Ltd.) were used as raw
materials. The nominal compositions of the samples
were listed in Table 2 in detail. Twelve ternary
alloys, each with a mass of approximately 1 g, were
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Table 2 Phases and compositions of Ag—Zr—Y alloys annealed at 800, 600 and 500 °C determined by XRD and
SEM-EDS at 25 °C
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Alloy Nominal Annealed  Temperature/  Phase Composition/at.%
No. composition/at.% time/d °C identified Ag 7r A%

(aZr) 0.90+0.01 97.08+0.06 2.02+0.01

1 Agr0Zr20Y 60 40 800 (@Y) 0.01£0.01 3.53+0.02 96.47+0.07
AgY 49.45+0.36 1.60+0.02 48.95+0.32

(aZr) 1.94+0.02 98.06+0.96 0.02+0.02

2 Aga7Z120Y 33 40 800 AgY 65.12+0.78 3.23+0.07 31.65+£0.02
AgY 50.86+0.97 2.84+0.01 46.30+0.02

(aZr) 2304002  97.7040.04  0.020.02

3 Aga717r33Y 20 40 800 AgZr 33.60+0.11 65.82+0.24 0.58+0.01
AgY 68.57+0.31 1.72+0.02 29.71+0.22

AgZr; 35.64+0.14 63.17+£0.01 1.19+0.12

4 Age3Zri7Y 20 40 800 AgsiYis  76.96+0.18 2.10+0.10 20.94+0.22
AgY 67.22+£1.22 2.10+0.01 30.68+0.32

(Ag)  97.11%1.55  1.00£0.04  1.89:0.03

5 Ag73ZrY7 50 600 AgZr 52.09+1.08  46.79+0.48 1.12+0.01
AgsiYis  77.49+0.63 2.40+0.04 20.11+0.38

(aZr) 1.69+0.04 97.84+0.33 0.47+0.01

6 Ags1Z120Y 33 50 600 AgY 65.64+0.63 1.72+0.02 32.46+0.43
AgY 49.59+1.02 3.38+0.02 47.03+0.56

AgsiYis  77.89+0.51 1.12+0.02 20.99+0.05

7 AgsaZraYe 50 600 AgZr 37.46+0.50 61.69+0.41 0.58+0.01
AgZr 48.91+0.71 49.71+0.56 1.38+0.01

(aZr) 7404003  92.6£0.65  0.010.01

8 AguZraoY 17 50 600 AgZr 33.50+0.30 66.09+0.08 0.41+0.22
AgY 66.04+0.51 2.08+0.01 31.88+0.34

(aZr) 0404001  96.77£0.57  2.83+0.02

9 AgiaZrsoY a6 50 600 (@Y)  3.1320.11 9732021  88.14+0.51
AgY 47.63+0.53 2.44+0.05 49.93+0.02

(Ag)  94.82+1.01  0.69+0.01  4.49+0.03

10 AggoZr10Y 10 60 500 AgZr 50.65+1.34  48.62+0.43 0.73+0.01
AgsiYis  79.55+1.31 0.78+0.01 19.67+0.21

(aZr) 3.2240.02 95.89£1.08 0.89+0.01

11 AgsrZr10Y 38 60 500 AgY 66.23+£1.07 1.02+0.01 32.75+0.05
AgY 49.93+1.13 2.35+0.01 47.72+1.11

AgsiYis  77.92+0.85 1.12+0.31 20.96+0.35

12 AgeoZr3oY 1o 60 500 AgZr 35.73+0.71 64.27+0.92 0.02+0.01
AgZr 48.91£1.22  49.71+0.85 1.38+0.01
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prepared in a non-consumable vacuum arc-melting
furnace (WK-I, Physcience Opto-electronics Co.,
Ltd., Beijing, China) with a water-cooled copper
crucible under a 99.999% pure Ar atmosphere. To
improve their homogeneities, each alloy was
re-melted at least 4 times. Since the mass losses
were less than 2 wt.% for all alloys, the alloys after
arc melting were not subjected to chemical analysis.
With a vacuum sealing machine (MRVS—1002,
Wuhan Bailibo Technology Co., Ltd., China), the
button samples were sealed in evacuated quartz
capsules and put in a high-temperature diffusion
furnace (KSL—1200X, Hefei Kejing Material
Technology Co., Ltd., China) and annealed at
800 °C (40 d), 600 °C (50d) and 500 °C (60 d),
followed by quenching in cold water.

After standard metallographic preparation,
Cu K, radiation at 40kV, 300 mA (Smartlab SE,
Rigaku Corporation, Japan) and 25 °C was used to
test the annealed alloys. Diffraction patterns were
generally acquired at a scan step of 0.02° in a 26
range of 20°-80°. After that, the samples were
further examined using SEM equipped with EDS
(acceleration voltage 20 kV, and working distance
4.5 mm) (JSM—6360LV/GENESIS2000XM60, JEOL,
Japan). In addition, three points of each phase were
measured by EDS analysis, and the average value
was taken as the phase composition.

4 Thermodynamic model

The Gibbs energy functions of the pure
elements Ag, Zr and Y were taken from the
Scientific Group Thermodata FEurope (SGTE)
database compiled by DINSDALE [30]. The
thermodynamic parameters for the Ag—Zr, Ag—Y
and Zr—Y systems from HSIAO et al [18], WANG
et al [26] and BU et al [29] were adopted in the
present work, respectively. The calculated binary
phase diagrams were presented in Fig. 1.

4.1 Solution phases

The solution phases, i.e., liquid, (aZr), (6Zr),
(aY), (fY) and (Ag), were described by the
substitutional solution model [31,32] with the
Redlich—Kister—-Muggianu polynomial [33]. For
example, the molar Gibbs energy of the (Ag) phase
is expressed as follows:

GA9 = x3 GO +x3,GH) + x,GYP® +
RT (xyq Inx,, +xz1Inx, +xy Inxy )+

(Ag) (Ag)
Xpg Xz Lag 70 + XpgXy Lagy +

(Ag) 07(Ag)
Xz Xy Ly v + Xp X7 Xy (Xpg Lagzey +
1 r(Ag) 2 r(Ag)
Xze Lag7ey Xy Lag7:v) (1)

where R represents the molar gas constant, T
represents the thermodynamic temperature, and xag,
xz: and xy are the molar fractions of the elements
Ag, Zr and Y, respectively. "L{E) ., 1L(/$j’%ry and
zLﬁ‘f’%nY are ternary interaction parameters that
are linearly temperature-dependent and can be
expressed as L(fﬁ)Zr’Y =A+ BT . The coefficients
A and B will be optimized according to the
experimental data available in the present work and
the literature.

4.2 Binary phases extending into ternary system

According to the experimental data from HE
et al [14] and the present work, the binary phases
Ags1 Y14, Ag2Y and AgY in the Ag—Y system exhibit
extended solubilities of Zr, and the binary phases
AgZr and AgZr, in the Ag—Zr system exhibit
extended solubilities of Y. Sublattice models [34,35]
were used to describe these binary phases as
(Ag)w(Y,Zr),. In view of the experimental results, it
was assumed that Zr and Y substitute each other in
the sublattice models. In accordance with the
formula for the sublattice model, taking Agsi Y4 as
an example, the Gibbs energy can be expressed as
follows:

Ags Yy _ moAgs Yy n o Ags Yy
G =y GAg:Y +er GAg:Zr +

" " n

14RT (y§ Iny§ + y5. Iny; )+ y4 vy, -
LSS + (0 — ) L3, +-+] (2)

where yy and y; are the site fractions of Y
and Zr in the second sublattice, respectively. The
parameters °G:§§Y‘4 and OGﬁgngl:{” correspond
to the Gibbs energies of the end-members AgsiY 14
and AgsiZri4, respectively. The interaction parameters
OLii?{ZE‘r and lLiif\‘ZE‘r are also linearly temperature-
dependent, which can be expressed as Lﬁ’;f@fgr =
atbT, and the coefficients @ and b will be optimized
according to the experimental data. Analogous

expressions similar to Eq. (2) were used to describe
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the Gibbs energies of the Ag,Y, AgY, AgZr, and
AgZr phases.

5 Results and discussion

5.1 Experimental results and discussion

Twelve alloys were prepared to determine the
phase equilibria of the Ag—Zr—Y system at 800, 600
and 500 °C. The phases were identified by XRD,
and the composition and microstructure were
measured by SEM—-EDS. The phases of alloys
can be distinguished based on the contrast of
microstructure images and composition. The
experimental results are listed in Table 2 in detail.
No ternary compound was found in
isothermal sections at 800, 600 and 500 °C.

Alloys 1-4 were prepared for determining the
isothermal sections of the Ag—Zr—Y system annealed
at 800 °C. Figure2 shows the backscattered
electron (BSE) micrographs and XRD patterns
of Alloys 1 and 4 annealed at 800 °C for 40 d.
According to the SEM—-EDS and XRD results,
Alloy 1 (AgxZrYeo) is located in the three-phase
region, i.e., dark (aY) + dark gray AgY + light gray
(aZr), as shown in Figs. 2(a) and (b). Figure 2(c)

these
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shows the BSE micrograph for Alloy 4
(Age3Zr17Y20) which is located in the three-phase
region. Figure 2(d) shows the XRD pattern for
Alloy 4, where the characteristic diffraction peaks
of AgZr, and Ag,Y are present but those of Agsi Y14
are in low intensity and pretty hard distinguished.
With different additions of Ag, different phases
show different contrasts and the AgsiYis+ phase
is ecasily distinguished in BSE micrographs.
Combined with the results of BSE micrographs and
EDS composition analysis, the AgsiYi4
identified and Alloy 4 was determined to be located
in AgsiYis + AgZr, + Ag,Y. Likewise, the phases
of Alloys 2 (Ag47Zron33) and 3 (Ag47ZI'33Y20) WEre
also determined, and their XRD patterns were
shown in Figs. 3(a) and (b). According to the XRD
results and EDS composition analysis, Alloys 2 and
3 were located in three-phase region, i.e., (aZr) +
AgY + AgY and (aZr) + AgZrn, + Ag)Y,
respectively. Based on the experimental analysis
above, the phase equilibria of the Ag—Zr—Y system
at 800 °C were obtained in the present work and
four three-phase regions were determined: AgZr, +
AgsiYuu + AgY, (aZr) + AgZr, + AgY, (aZr) +
Ag)Y + AgY and (aZr) + (oY) +AgY. According to

was
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800 °C, 40 d
* (aZr)
$ + (aY)
= AgY
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Fig. 2 BSE images (a, ¢) and XRD patterns (b, d) of Ag—Zr—Y alloys annealed at 800 °C for 40 d: (a, b) Alloy 1

(AgzoZI’onéo); (C, d) AllOy 4 (Ag63ZI'17Y20)
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the phase regions of the isothermal section at
750 °C from HE et al [14] and the Gibbs phase rule,
two three-phase regions (Ag) + AgZr + Ags Y14 and
AgZr + AgZr, + AgsiYi4 were extrapolated.
According to the eutectic reaction: liquid =
Agsi1 Y14+ (Ag) at 797 °C in the Ag—Y system [26],
the liquid phase exists in the isothermal section at
800 °C in the Ag—Zr—Y system. Combined with
Gibbs phase rule [36], a three-phase region of
liquid + (Ag) + AgsiYi4 was extrapolated. The
measured solubilities of Ag and Zr in (oY), of Zr in

Cheng-gang JIN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2784-2798

AgsiYi4, AgY and AgY and of Y in AgZr, at
800 °C are approximately 0.01, 3.53, 2.10, 2.35,
2.22 and 0.89 at.%, respectively.

Five alloys (Alloys 5-9) were used to
determine the isothermal section of the Ag—Zr-Y
system at 600 °C by SEM—EDS and XRD analysis.
Figure 4 shows the BSE micrographs and XRD
patterns of Alloys 5 and 8 annealed at 600 °C
for 50d. In Fig. 4(a), the BSE micrograph of
Alloy 5 (AgnZryY7) has three-phase region. The
characteristic diffraction peaks of Agsi Y14 are also

@)

Alloy 2: Agy,Zr5,Y 35 (at.%)
800 °C, 40d
* (aZr)
+ AgY
= AgY

b
® =, Alloy 3: Agy;Zr33Y 5 (at.%)
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e (aZr)
+ AgZr,

L1

(tzZr)I PDF No. 005-0665
I
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| L

‘ Ag,Y

|1
Agfrz PDF TTOA 018-1197
I | |
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L L

Ag,Y [PDF No. 019-1167

20 30 40 50 60 70

= oa i o
Fig. 4 BSE images (a, ¢) and XRD patterns (b, d) of Ag—Zr—Y alloys annealed at 600 °C for 50 d: (a, b) Alloy 5
(Ag73Zr20Y7); (C, d) Alloy 8 (Ag43ZI'40Y17)
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in low intensity and pretty hard distinguished in
Fig. 4(b). Also combined with the composition by
EDS and the region by BSE micrograph, the
three-phase region of Alloy 5 was determined to
consist of white (Ag) + dark AgZr + light gray
AgsiYis. Figures4(c) and (d) show the BSE
micrograph and XRD pattern for Alloy 8
(AgasZraoY17), respectively, which is located in the
three-phase region, i.e., dark grey (aZr) + light grey
AgZr, + dark Ag)Y. Similarly, the phases of Alloys
6 (Ag47Zron33), 7 (Ag54ZI'4oY6) and 9 (Ag14ZI'4oY46)
were also determined. Their XRD patterns are
shown in Figs. 5(a), (b) and (c). Combined with the
results of XRD pattern and EDS composition
analysis, Alloys 6, 7 and 9 are located in three-
phase regions, i.e. (aZr) + Ag,Y + AgY, AgsiYis +
AgZr + AgZr, and (oZr) + (aY) + AgY,
respectively. Based on the experimental analysis
above, five three-phase regions (Ag) + AgZr +
Agsi Y4, AgZr + AgZrr + Agsi Y, (aZr) + AgZr, +
AgY, (aZr) + Ag,Y + AgY and (aZr) + (oY) + AgY

2791

were determined at 600 °C. According to the phase
regions of Alloys 7 and 8 and the Gibbs phase
rule [36], a three-phase region AgZr, + AgsiY 4+
Ag)Y was extrapolated. The measured solubilities
of Agand Zr in (aY), Zr in Ags1 Y14, Ag>Y and AgY,
and Y in AgZr, and AgZr are approximately 3.13,
9.73, 1.76, 1.90, 291, 0.50 and 1.25 at.%,
respectively.

Alloys 10—12 were prepared to determine the
isothermal section of the Ag—Zr—Y system annealed
at 500 °C. Figure 6 shows the BSE micrographs and
XRD patterns of representative Alloys 11 and 12,
which were annealed at 500°C for 60d. In
Alloy 11 (Ags»Zri0Y3s), the three-phase equilibrium
dark AgY + light gray Ag>Y + dark gray (aZr) is
observed in the BSE micrograph and confirmed by
XRD pattern, as shown in Figs. 6(a) and (b).
Likewise, Alloy 12 (AgeoZr3oY 10) is located in the
three-phase region, i.e., white Agsi Y14 + light gray
AgZr + dark gray AgZr,. The measured results are
shown in Figs. 6(c) and (d). Similarly, the phase of
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600 °C,50d
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Ag,Y
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Fig. 5 XRD patterns of Ag—Zr—Y alloys: (a) Alloy 6 (Ags7Zr20Y33); (b) Alloy 7 (AgsaZraoYe); (c) Alloy 9 (AgiaZraoY se);

(d) Alloy 10 (AgsoZrioY 10)
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Fig. 6 BSE images (a, ¢) and XRD patterns (b, d) of Ag—Zr—Y alloys annealed at 500 °C for 60 d: (a, b) Alloy 11
(Ag522r10Y3g); (C, d) AllOy 12 (AgsoZI‘3()Y1())

Alloy 10 (AgsoZrioY10) was also determined in the
three-phase region, i.e., (Ag) + AgZr + Ags1Y 14 by
the results of XRD pattern and EDS composition
analysis, as shown in the Fig. 5(d). Based on the
experimental analysis above, the phase equilibria of
the Ag—Zr-Y system annealed at 500 °C were
obtained in the present work and three three-phase
regions were determined as follows: (Ag) + AgZr +
Ag51Y14, AgZI‘ + AgZI’z + Ag51Y14 and (aZr) +
AgY + AgY. According to the binary phase
diagrams, the experimental data in the present work
and the Gibbs phase rule [36], three three-phase
regions AgZr + AgsiYis+ AgY, (aZr) + AgZr, +
Ag)Y and (aZr) + (oY) + AgY were extrapolated.
The phase equilibria of the Ag—Zr—Y system
annealed at 600 and 500 °C are similar to those at
750 °C in the work of HE et al [14]. The measured
solubilities of Zr in Agsi Y14, Ag2Y and AgY and Y
in AgZr; and AgZr are about 0.95, 1.02, 2.35, 0.02
and 1.06 at.% at 500 °C, respectively.

It is worth noting that some phases shown in
Fig. 2(a) and Fig. 6(a) are fine. It may be AgY
precipitated on coarse phases. In order to reduce the
influences of fine precipitates, when performing
EDS measurements, the center of the relatively

20 30 40 50 60 70 80
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large phase region was selected. By comparing the
measured results of large and small phase fields, it
was found that both results are close. This means
that the compositions measured by EDS are very
little affected by the surrounding phases or fine
precipitates. As AgZr, phase has the highest
melting point of compounds in the Ag—Zr-Y
system, homogeneously annealing at 600 and
500 °C is difficult to eliminate the as-cast structure
in samples, as can be seen in Figs. 4(c) and 6(c).
Even so, comparing the EDS composition analysis
in the present work with the results by EPMA at
750 °C annealing for 90 d of HE et al [14], the
composition of each phase is homogeneous and
there is no macro or dendrite segregation. Thus, the
samples are basically in the equilibrium state and
the experimental results are acceptable.

Based on the experimental results, the
solubilities of the third element in Agsi Y4, Ag2Y,
AgZr, and AgZr decrease with the decrease of
temperature except AgY. In the present work, near
the Ag—Zr side, the average measured solubilities
of Y in (aZr) are very small and negligible and
those of Ag in (aZr) at 800, 600 and 500 °C are
about 2.12, 4.45 and 3.22 at.%, respectively. The
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solubilities of Y and Zr in (Ag) at 600 and 500 °C
are approximately 1.89, 4.49, 1.00 and 0.69 at.%,
respectively. Due to close packing of hcp and fcc
structures, the solubilities of solution phases should
not be large in the Ag—Zr—Y system. Considering
this reason, the solubility of Ag in the (Zr) phase at
600 °C and that of Y in the (Ag) phase at 500 °C are
slightly large maybe due to the experimental error.
The measured solubilities of the third element in
AgsiYisand AgZr, are smaller and those in AgyY,
AgY and AgZr are larger than the corresponding
values at 750 °C from HE et al [14]. All the
experimental results were accepted to use for the
analysis of the phase equilibria and optimization of
the Ag—Zr—Y system.

5.2 Thermodynamic calculation results and

discussion

Based on the experimental data available in the
present work and the literature [14], the Ag—Zr—Y
system was evaluated by the optimization module
PARROT [37] of Thermo-Calc software, which
works by minimizing the square sum of the
differences between the experimental results and
calculated values. First, the solubilities of the third
element in binary phases were optimized. Then, the
data of three-phase region in the isothermal sections
at 800, 750, 600 and 500 °C were considered one
by one. Finally, all parameters were optimized
simultaneously to achieve a set of self-consistent
thermodynamic parameters of the Ag—Zr—Y system,
which were listed in Table 3.
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The calculated isothermal sections of the
Ag—Zr—Y system at 800, 750, 600 and 500 °C are
shown in Fig. 7. Seven three-phase regions in the
isothermal section at 800 °C were calculated and
shown in Fig. 7(a). The calculated solubilities of the
other element in  (aY) and (aZr) are all very
small and negligible. The calculated solubilities of
Zr in AgsiYis, Ag2Y and AgY and Y in AgZr; are
2.33, 2.60, 2.83 and 1.01 at.%, respectively, which
are consistent with the experimental results of
2.10, 2.35, 2.22 and 0.89 at.%, respectively. The
calculated isothermal section at 800 °C is in good
agreement with the measured ones.

The calculated isothermal section at 750 °C
has six three-phase regions in Fig. 7(b). The
calculated phase equilibria are consistent with the
measured ones by HE et al [14]. The calculated
solubilities of the other two elements in (aY), (aZr)
and (Ag) are also very small. The -calculated
solubilities of Zr in Agsi Y14 and Y in AgZr; are 2.22
and 0.82 at.%, respectively, which are consistent
with the measured ones by HE et al [14]. However,
the calculated solubilities of Zr in Ag,Y and AgY
and Y in AgZr are 2.34, 2.64 and 1.65 at.%,
respectively, which are larger than those measured
by HE et al [14]. This is because the solubilities of
these phases at 800, 600 and 500 °C measured by
the present work are larger than those measured at
750 °C by HE et al [14]. During the optimization
process, the experimental solubility data by the
present work were given with larger weights than
the data from HE et al [14].

Table 3 Thermodynamic parameters of Ag—Zr— Y system in present work

Phase Model Thermodynamic parameter
Liquid (Ag,Y,Zr), 0L 4 =25000
AgZr (Agh(Y,Zr) GRS =-59989+8.815T + °GRy + Gy
AgZr (Ag)(Y.Zr), G =-59989+22.356T + °Gls +2°GyP
AgY (Ag)(Y,Zr), ALy, =—11898+10.994T + °GRs + °GpP
AgY (AQ)(Y.Zr) °Gatyy =-10999+5.262T +2°Glg + °Gh?
°Gpsy T =-1493765+50.3107 + 51°G iy +14°Gy®
Ags1Yi4 (Ag)51(Y,Zr)14

°Gp =20093+59.150T +51°Gs +14°GP

Temperature (7) was in K and Gibbs energy was in J/mol. The Gibbs energies for the pure elements were taken from SGTE database
compiled by DINSDALE [30]. The thermodynamic parameters for the Ag—Zr, Ag—Y and Zr-Y systems from HSIAO et al [18], WANG et al

[26] and BU et al [29], respectively, were adopted in the present work.
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Fig. 7 Calculated isothermal sections of Ag—Zr—Y ternary system with experimental data from present work and HE

etal [14]: (a) 800 °C; (b) 750 °C; (c) 600 °C; (d) 500 °C

Six three-phase regions in the isothermal
sections at 600 and 500 °C were calculated and
shown in Figs. 7(c) and (d), respectively. The
calculated isothermal sections at 600 and 500 °C
are similar to those at 750 °C. The calculated
solubilities of Zr in AgsiYis, Ag2Y, AgY and Y in
AgZr, and AgZr are 1.81, 1.66, 2.06, 0.40 and
1.10 at.% at 600 °C, respectively, and 1.49, 1.22,
1.65, 0.21 and 0.79 at.% at 500 °C, respectively,
which are consistent with the present experimental
results. The calculated solubilities of the other two
elements in the (aY), (aZr) and (Ag) at 600 and
500 °C are negligible. The calculated isothermal
sections at 600 and 500 °C are in good agreement
with the measured ones except for two data points
in the Y-rich corner at 600 °C and the Ag-rich
corner at 500 °C. According to the low solubilities
of Ag and Zr in the (aY) phase and those of Y in
the (Ag) phase in the Ag—Y [26] and Zr-Y [29]

binary systems below 600 °C, ternary interaction
parameters of the other two elements in the (aY)
and (Ag) phases have almost no influence on
the solubilities of the other two elements in the (aY)
and (Ag) phases. Considering the experimental
results of these regions at 800 and 750 °C, the two
experimental points at 600 and 500 °C were not
used during optimization. Thus, the calculated
solubilities of the other two elements in the (aY)
and (Ag) phases are slightly less than the
experimental values.

The liquidus projection and reaction scheme
have been proved to be a useful tool in describing
ternary and higher order systems. The liquidus
projection of the Ag—Zr—Y system was calculated
by Pandat software [38,39], as shown in Fig. 8. The
constructed reaction scheme is shown in Fig. 9. The
calculated invariant reactions are listed in Table 4.
Fifteen invariant reactions were predicted.
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Fig. 8 Calculated liquidus projection of Ag—Zr—Y system
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Fig. 9 Constructed reaction scheme of Ag—Zr—Y system (L, L1 and L2 represent Liquid, Liquid 1 and Liquid 2, respectively)
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Table 4 Calculated invariant reactions in Ag—Zr—Y system

Cheng-gang JIN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2784—-2798

Composition/at.%

Type Invariant reaction Temperature/°C
Ag Zr Y
M, Liquid 1 + Liquid 2 = AgZr, + (fZr) 1188 31.85 67.68 0.47
M, Liquid 1 + Liquid 2 = AgZr, + (fZr) 1188 77.83 1.63 20.54
M; Liquid 1 = Liquid 2 + AgZr, + AgZr 1154 84.95 2.14 12.91
My Liquid 1 + Liquid 2 = AgZr, + AgZr 1154 31.69 67.77 0.54
Py Liquid + AgZr, + AgZr = Agsi Y14 936 78.71 0.75 20.54
U Liquid + (fZr) = AgZr, + AgY 949 70.30 0.68 29.02
U, Liquid + (fZr) = Ag,Y + AgY 947 63.06 0.59 36.35
Us; Liquid + AgZr, = AgsiY1s T AgY 908 73.45 0.57 25.98
Uy Liquid + AgZr = (Ag) + AgsiY14 801 89.27 0.79 9.94
Ei Liquid = (Zr) + AgY + (aY) 875 26.38 1.27 72.35
Pmax,1 Liquid 1 + (fZr) = Liquid 2 1480 60.43 3.32 36.25
Pmax,2 Liquid 1 + Liquid 2 = AgZr, 1190 79.11 1.69 19.20
Pmax,3 Liquid 1 + Liquid 2 = AgZr 1167 88.13 2.89 8.98
Prmax,4 Liquid + (Zr) = AgY 1155 49.17 1.85 48.98
Pmax,s Liquid + (BZr) = Ag,Y 964 67.22 0.66 32.12

With the help of key experiments and CALPHAD
method, a set of self-consistent thermodynamic
parameters of the Ag—Zr—Y system were obtained,
which enriched the thermodynamic database of the
Ag-based multicomponent alloys. By using the
thermodynamic database, the phase equilibria and
thermodynamic properties of the Ag-based
multicomponent alloys can be predicted for helping
design and manufacture of the new alloys.

6 Conclusions

(1) By means of XRD and SEM—EDS methods,
the phase equilibria of the Ag—Zr—Y system at 800,
600, and 500 °C were investigated. No ternary
compound was found in these isothermal sections.
Seven three-phase regions at 800 °C and six
three-phase regions at 600 and 500 °C were
determined or extrapolated.

(2) At 600 °C the measured solubilities of Y in
(aZr) are very small and negligible, and those of Ag
in (aZr), Y and Zr in (Ag) and Ag and Zr in (aY)
are about than 4.45, 1.89, 1.00, 3.13 and 9.73,
respectively. The measured solubilities of Zr in
Ags1 Y14 and AgoY and Y in AgZr; decrease with the
decrease of temperature and those at 800 °C are
about 2.10, 2.35 and 0.89 at.%, respectively. Those

of Zr in AgY at 800, 600 and 500 °C are about 2.22,
2.91 and 2.35 at.%, respectively.

(3) Based on the experimental phase equilibria
data, the Ag—Zr—Y system was assessed by means
of the CALPHAD method. A set of self-consistent
thermodynamic parameters were obtained. The
1sothermal sections at 800, 750, 600 and 500 °C and
liquidus projection were calculated. The reaction
scheme for the Ag—Zr—Y system was constructed.
Most of the reliable experimental results can be
well reproduced by the present thermodynamic
modeling.
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