Ues! materials

Article

Phase Equilibria, Thermodynamics and Solidified
Microstructure in the Copper-Zirconium-Yttrium System

Fengting Jing !, Yuling Liu 1"*, Yong Du "*(¥, Chenying Shi !, Biao Hu % and Xiancong He 3

check for
updates

Citation: Jing, F; Liu, Y.; Du, Y,;

Shi, C.; Hu, B.; He, X. Phase
Equilibria, Thermodynamics and
Solidified Microstructure in the
Copper—Zirconium-Yttrium System.
Materials 2023, 16, 2063. https://
doi.org/10.3390/ma16052063

Academic Editor: Slavko Bernik

Received: 6 January 2023
Revised: 18 February 2023
Accepted: 23 February 2023
Published: 2 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China

School of Materials Science and Engineering, Anhui University of Science and Technology,

Huainan 232001, China

School of Material Science and Engineering, Nanjing Institute of Technology, Nanjing 211167, China

*  Correspondence: liu.yuling@csu.edu.cn (Y.L.); yong-du@csu.edu.cn (Y.D.); Tel.: +86-731-8887-7300 (Y.D.)

Abstract: A copper alloy with the addition of zirconium and yttrium is an attractive high strength and
high conductivity (HSHC) copper alloy. The study of the solidified microstructure, thermodynamics
and phase equilibria in the ternary Cu-Zr-Y system is expected to provide new insight into designing
an HSHC copper alloy. In this work, the solidified and equilibrium microstructure and phase
transition temperatures in the Cu-Zr-Y ternary system were studied by X-ray diffraction (XRD),
electron probe microanalysis (EPMA) and differential scanning calorimeter (DSC). The isothermal
section at 973 K was experimentally constructed. No ternary compound was found, while the CugY,
CugY, CuyYy, CusZr, CusiZryy and CuZr phases substantially extended into the ternary system.
According to the experimental phase diagram data from the present work and the literature, the
Cu-Zr-Y ternary system was assessed using the CALPHAD (CALculation of PHAse diagrams)
method. The isothermal sections, vertical section and liquidus projection calculated by the present
thermodynamic description agree well with the experimental results. This study not only establishes
a thermodynamic description of the Cu-Zr-Y system, but also contributes to the design of a copper
alloy with the required microstructure.

Keywords: Cu-Zr-Y system; phase diagram; liquidus projection; CALPHAD; solidified microstructures

1. Introduction

Copper alloy has excellent electrical and thermal conductivity, good ductility and
moderate strength. It is widely used in new energy, electrical and electronics, rail transit
and so on [1-3]. With the continuous iterative development of products, the requirements
for the properties of copper alloy are gradually increasing [4-8]. The high strength and
high conductivity (HSHC) copper alloy is drawing growing interest. The influence of
zirconium (Zr) on the properties of copper alloy has been systematically studied by many
researchers [9-11]. Peng et al. [9] studied phase transition for the Cu-0.12 wt.% Zr alloy in
the course of aging at 723 K and concluded that the CusZr precipitation contributes to the
strength. Du et al. [10] investigated the Zr-containing precipitate evolution of the copper—
chromium-zirconium alloy and noted that the yield strength was mainly influenced by
the CusZr phase, Cr-rich precipitation and Zr-rich atomic clusters. To further improve
the performance of copper alloy, more and more studies [12-16] have been conducted on
the microstructure and properties influenced by the rare earth elements added to copper
alloy. The properties for the copper—zirconium-yttrium alloy after cold-rolling and aging
were studied systematically by Gao et al. [12] using selected area electron diffraction
(SAED) and transmission electron microscopy (TEM), and they concluded that second-
phase precipitation can be promoted by adding yttrium (Y). Wang et al. [15] noted that the
addition of Y into a Cu-Cr alloy will inhibit the growth of Cr precipitation and decrease
the dislocation density, thus increasing the ultimate tensile strength and hardness after
cold-rolling and aging. As depicted above, the addition of Zr and Y can promote strength
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during aging in copper alloy, and Cu-Zr-Y alloy is a key system for potential HSHC
copper alloy. The aging process is driven by thermodynamics and knowledge of phase
equilibrium and thermodynamics is essential to design compositions and optimize the
aging process [17]. Therefore, obtaining an accurate thermodynamic description for the
Cu—Zr-Y ternary system is expected to provide new insight into designing an HSHC
copper alloy.

Thus far, only two studies on the phase equilibria of the Cu-Zr-Y system have been
reported. He et al. [18] first determined the partial isothermal section at 978 K by an electron
probe microanalysis (EPMA) technique applied to diffusion couples and extrapolated the
ternary isothermal section according to the thermodynamic parameters of three binary
systems. No ternary compound was found, and the solubilities of Y in the Cu—Zr system
and those of Zr in the Cu-Y system were not considered. The crack in the diffusion-triple
affected the results and eight three-phase regions were estimated in the Cu-Zr-Y system
by alloy-sampling and diffusion-triple. He et al. [18] noted that measuring three-phase
equilibrium was difficult due to electron scattering effects and the presence of a lot of small
phase regions around the tri-junction points. Myronenko et al. [19] studied the isothermal
section of the Cu-Zr-Y system at 870 K by the alloy annealed at 870 k for 720 h with X-ray
diffraction (XRD) and microstructural analysis. The solubility of Y in the Cus;Zr14 phase
was surprisingly high compared to Cus;Zrp 3Y11 7, but no detailed experimental data were
provided. The solubilities of Y in the Cu-Zr system and those of Zr in the Cu-Y system are
still not clearly characterized.

Further experimental studies for the Cu-Zr-Y system are therefore warranted to
provide basic information for the thermodynamic description. The purposes of this work
are (1) to experimentally investigate the solidification and equilibrium microstructure
and phase transition temperatures in the Cu-Zr-Y system; (2) to evaluate experimental
data from the present work and literature to optimize thermodynamic parameters; and
(3) to calculate the phase diagram and perform the Scheil solidification simulations.

2. Experimental Procedure

The purities of the elements used were Cu-99.99 wt.%, Zr-99.95 wt.% and Y-99.99
wt.%. The alloys were prepared in an arc furnace (WKDHL-1, Opto-electronics Co. Ltd.,
Beijing, China) with a water-cooled copper crucible in a highly pure argon environment.
The alloys were flipped and remelted at least four times to ensure uniformity. The
weight of each sample was usually between 4-6 g. The weight loss of every alloy was
lower than 2.5%. The real overall composition of the alloys was determined through
inductively coupled plasma-optical emission spectrometry (ICP-OES, Thermo Fisher
Scientific Inc., Waltham, MA, USA). Each alloy was cut into two parts using wire electri-
cal discharge machining (EDM). One part was analyzed as an as-cast alloy. The other
part was encapsulated in a vacuum quartz pipe. A total of 12 samples were melted and
numbered sequentially as A1-A12, and their compositions are listed in Table 1. Alloys
A1-A8 were annealed at 973 K for 40 days, then water quenched. Alloys A9-A12 were
annealed at 1073 K for 40 h, and then annealed at 973 K for 30 days and finally water
quenched. XRD (Bruker-AXS D8) and EPMA with wavelength dispersive X-ray spec-
troscopy (WDX) (JXA-8230, JEOL, Japan) were then used to determine the microstructure
and components of these alloys. Afterwards, differential scanning calorimeter (DSC,
Netzsch, Germany) measurements of the phase change temperatures of the annealed
alloys were performed. The DSC device was performed in an Al;O3 crucible under a
continuous flow of argon (99.998 wt.% purity) with a heating rate of 5 K/min from 303 K
to 1323 K. The temperatures for the invariant reactions and liquidus were defined by the
initial and peak temperatures, respectively.
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Table 1. Summary of the experimental data for the Cu-Zr-Y system.
Alloy Alloy Primary Primary Phase Phase Equilibrium Phase
No. Composition Phase Composition (at.%) Solidification Paths Equilibria Composition (at.%)
(at.%) Cu Y Zr Cu Y Zr
Al Cu90Zr8Y2 CusZr 83.05 1.05 15.9 L — CusZr (Cu) 99.95 0 0.05
L — (Cu) + CusZr CusZr 83.22 2.03 14.75
L — (Cu) + CusZr + CugY CugY 84.69 8.7 6.61
A2 Cu88Zr5Y7 CusZr 82.84 7.08 10.08 L — Cus1Zry4 (Cu) 99.62 0.15 0.23
L + Cus1Zryy — CusZr CusZr 82.20 2.57 15.23
L — (Cu) + CusZr CugY 84.26 9.84 59
A3 Cu69Zr10Y21 CuyYs 77.18 17.00 5.82 L — CuyY> CujoZry 59.74 1.53 38.73
L — CuyY + CupY CuyY 6759  31.79 0.62
L + CuyYy — CuypZry + CupY CuyYs 78.79 13.38 7.83
A4 Cu33Zr7Y60 (xY) 4.78 94.28 0.94 L — (xY) (xY) 2.06 97.26 0.68
L — («Y) + («Zr) («Zr) 2.81 1.51 95.68
L = (xY) + (aZr) + CuY CuY 49.64 4976 0.60
A5 Cu87Zr2Y11 CugY 8425  11.12 4.63 L — CugY (Cu) 98.80 1.19 0.01
L — CugY + (Cu) CugY 85.34 11.56 3.1
A6 Cu86Zr13Y1  Cus1Zryy  79.46 0.13 20.41 L — Cusi1Zry4 (Cu) 98.98 0.16 0.86
L + Cus1Zr14 — CusZr CusZr 83.07 1.04 15.89
L — (Cu) + CusZr
A7 Cu79Zr13Y8  CusZryg  79.17 3.72 17.11 L — Cus1Zry4 Cus1Zryy 78.87 3.99 17.14
L — CusY CugY 79.88 13.85 6.27
A8 Cu48Zr41Y11 CuZr, 34.52 0.04 65.44 L — CuZr, CuZr, 34.55 0.1 65.35
L — CuZr + CuZr, CuZr 50.54 3.38 46.08
L+ CuZr — CuY + CuZr, CuyY 67.38 30.50 2.12
A9 Cub3Zr12Y35 CuY 50.14  46.08 3.78 L — CuY CuY 50.76 ~ 47.43 1.81
L — CuY + CuyY CuY 67.05 3295 0
L — CuY + CuwpY + CuZr, CuZr, 34.78 0 65.22
A10 Cu227r71Y7 («Zr) 4.34 0 95.66 L — («Zr) («Zr) 2.28 0 97.72
L — («Zr) + CuZr, CuZr, 34.06 0 65.94
L — (aZr) + CuZr, + CuY CuY 49.09 48.78 2.13
All Cu78Zr18Y4  CusZryy  79.10 6.16 14.74 L — Cus1Zri4 Cus1Zryy 78.80 4.42 16.78
L— Cu102r7 + CU51.ZI']4 Cuer7 59.82 0.31 39.87
Al12 Cu66Zr32Y2  CusZrys 73.39 1.87 24.73 L — Cus1Zry4 Cus1Zr14 7823 4.45 17.32
L— Cu1ozr7 + CL‘I5121'14 Cuer7 59.66 0.01 40.33

3. Thermodynamic Models

The phase diagram of the Cu-Y system was minutely adjusted in the present work
based on the work of Fries et al. [20]. The phase diagrams of the Cu—Zr system by
Liu et al. [21] and the Zr-Y system by Bu et al. [22] are accepted in this work due to
the consistency of the thermodynamic databases of copper alloy [23-26]. The crystallo-
graphic data for stable phases in the Cu-Zr-Y system are shown in Table S1 [20,27-35] in
the supporting information. The calculated binary sub-systems phase diagrams are shown

in Figures 1-3.
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Figure 1. Calculated Cu-Y phase diagram using the parameter from Fries et al. [20] and this work.
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Figure 2. Calculated Cu-Zr phase diagram using the parameter from Liu et al. [21].
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Figure 3. Calculated Y-Zr phase diagram using the parameter from Bu et al. [22].

3.1. Pure Elements
The Gibbs energy function for the pure element i (i= Cu, Zr and Y) is taken from the
Scientific Group Thermodata Europe (SGTE) by Dinsdale [36] and described in the form of:
Gi(T) — HPER = a4 bT + cT-InT +dT? +eT 1 + fT3 4+ iT” +jT° (1)

where H 15 ER means the mole enthalpy of element i relative to the stable element reference
(SER) at 298.15 K and 1 bar, and T is the absolute temperature in Kelvin.

3.2. The Solution Phases

In the Cu-Y and Cu-Zr-Y systems, (Cu) is the fcc phase, («Zr) and (xY) are the hcp
phases ($Zr) and (fY) are the bcc phases. The liquid, fcc, hcp and bec phases serve as

a substitutional solution model. The molar Gibbs free energy of the solution phase is
described as follows:

0G¥ — HoFR =Y " x,°G? + RTY_ x;In(x;) + G, ()
i i



Materials 2023, 16, 2063

50f 15

where x; is the mole fraction of element i (i= Cu, Zr and Y); OG;P denotes the molar Gibbs
energy of component i in the state phase ¢; and R represents the gas constant. *G;,
represents the excess Gibbs energy, which is described by the Redlich—Kister (R-K) [37]
polynomial. In the Cu-Zr-Y system, **Gj, is represented as follows.

exG;f; = XcuXy L ngu,y(xCu - xY)m +XcuXzr L mLzu,y(xCu - er)m
m:O,l... m:O,l (3)
+xyxzr X mL?zr(xY —xz)" + XCuXYerLguly,Z,
m=0,1...

where leij is the mth binary interaction parameter, which can be shown by:

'"Lf]. =ay, +b,T (4)
where Lgu,Y, ~, 18 ternary interaction parameter, which can be shown by:

¢ . 079 179 279
Leyy,zr = Xcu Leyy,ze + Xy Loy y 70 + X2 Loy y 7y ©)

The interaction parameters were optimized in this work based on the available experi-
mental data.

3.3. Intermetallic Compounds

There are 11 intermetallic compounds in the system. The Cu,Y, CuY, CugZrz, CujoZry
and CuZr, phases with ignorable homogeneity are considered as stoichiometric compounds
according to the literature and current experimental data, whose Gibbs energy description
is given as follows:

GAmBn = moGgSER + T’ZOGEISER +a+bT (6)

where m and n stand for the ratios of stoichiometry and OGESER and °GH SER represent the
molar Gibbs energy referring to the SER states of A and B, respectively.

The CuyY, CugY, CuyY,, CusZr, CusiZryy and CuZr phases with solubilities of a
third element were described by a two-sublattice model. Take a phase ¢ modeled as
(A, B),(4, C), for example. The molar Gibbs energy formula is given as Equation (7):

G =YY Gl +YayGhc +VaYaGha +ViycGhie

+RT[p(y, Inyy +ypInyg) + 4y Iny)y + y¢ Inyl)

+4 Y <y£ZiL3'i,B:A (Y —¥p) + Ve LY gy — y’g)’) @)
1 1

" "

+YaY¢ (y’AZ, LhacWh —v0) +ypL Lac(y — }/é)l)
1 1

where y/, and ', are the fraction of the constituent A in the first and second sublattice,
respectively. 'L represents the ith optimized interaction parameter in this work.

4. Results and Discussion
4.1. Microstructure and Phase Transition Temperatures Analysis

In this work, twelve alloys were prepared to determine the primary phase and phase
equilibria of the Cu-Zr-Y system at 973 K. Table 1 summarizes the results measured by
EPMA and XRD, including the primary phase and solidification paths of the as-cast alloy,
as well as the equilibria phases of the annealed alloy. In this work, eight primary phases, i.e.,
(xY), (Zr), CuZry, Cusi Zr14, CusZr, CuY, CuyY; and CugY, were found. The representative
alloys are discussed in detail below. Table 2 lists the temperatures of the invariant reactions
and liquidus measured by DSC.
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Table 2. Comparison of the DSC results with the calculated results in the Cu-Zr-Y system.

Alloy Alloy Phase Transition Temperatures (K)
No. Composition Liquidus Invariant
(at.%) Exp. Calc. Exp. Calc.
Al Cu90Zr8Y2 1253 1252
1223 1217
A2 Cu88Zr5Y7 1225 1197 1149 1149
A3 Cu697r10Y21 1143 1141
A4 Cu33Zr7Y60 1093 1090
A5 Cu87Zr2Y11 1180 1179
1153 1151
A6 Cu86Zr13Y1 1223 1217
A7 Cu79Zr13Y8 1295 1299

4.1.1. Microstructure of Solidification

Figure 4a,d presents the back-scattered electron (BSE) micrograph and XRD pattern of
the as-cast alloy Al CugpZrgY> (at.%). The primary phase in the images is shown in bold.
The analysis shows that the gray phase of CusZr is the primary phase, and there are a lot of
eutectic structures around it. During the arc-melting process, the side close to the copper
crucible cools faster and the solidified microstructure is coarser, while the microstructure
further away from crucible is finer. As shown in Figure 4a, the microstructure on the right
is coarser than that on the left side. The coarser and finer microstructures in one alloy
were also found in our previous Ag-Cr—Zr alloy [24]. Combined with the XRD results,
the eutectic structure should be composed of (Cu) + CusZr + CugY. It can be postulated
that the CusZr phase solidifies first during the solidification process. Then the liquidus
transformation component point soon contacts L — (Cu) + CusZr eutectic reaction. Finally,
the eutectic equilibrium reaction of L — (Cu) + CusZr + CugY occurs quickly, therefore a
large number of eutectic structures are formed. Figure 5 shows a representative DSC curve
for the Al alloy with a heating rate of 5K/min. There are two visible peaks on this curve.
Combined with the previous solidification analysis, the onset temperature of 1123 K of
the first peak corresponds to the reaction of L — (Cu) + CusZr. The peak temperature of
1153 K of the second peak corresponds to the liquidus temperature of the alloy.

Eutectic(Cus, Zr,, +Cu,,Zr;)

10 pm 10 pm

o (Cu) 1000 g @ CuY ¢ ® CuioZrr
A CusY

O CusiZnis
1 CusZr

Intensity

Intensity

T
50

T T T
60 70 80 90

26/degree 26/degree 20/degree

Figure 4. BSE micrographs and XRD patterns of as-cast alloys: (a,d) Al CuggZrgY; (at.%); (b,e) A9
Cus3Zrin Y35 (at.%); (¢,f) A12 CuggZrsr Ys (at.%).
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Figure 5. The DSC curves with a heating rate of 5 K/min for annealed alloy A1 CugyZrgY; (at.%) of
the Cu—Zr-Y system.

Figure 4b,e presents the BSE micrograph and XRD pattern of the as-cast alloy A9
CussZri2Y35 (at.%). There are bright phase CuZr,, gray phase CuY, black phase Cu,Y and
a eutectic structure of CuZr; + CuY + CuyY noted in the white rectangle. The solidification
paths of A9 are L — CuZrp, L — CuZr; + CuZr and L — CuZr; + CupY + CuZr.

Figure 4c,f presents the BSE micrograph and XRD pattern of the as-cast alloy A12
CugeZr3; Y7 (at.%). There are gray phase CuygZry, dark gray phase Cus;Zr14 and a eutectic
structure of CujpZr; + Cus1Zryy in the alloy. Combined with the as-cast microstructure and
XRD results, the primary phase of A12 is Cus;Zry4, although the composition of Cus;Zrq4
in the as-cast alloy deviates slightly from the equilibrium phase composition shown in
Table 1. The solidification paths of A12 are L — Cus;Zry4 and L — CujgZr; + CusiZryy.

4.1.2. Microstructure of Annealed Alloys

The experimental results of 12 alloys annealed at 973 K are summarized in Table 1. No
ternary compound exists. Four two-phase regions, i.e., (Cu) + CugY, (Cu) + CusZr, Cus1Zri4
+ CuygY, Cus1Zry4 + CuyoZry, and six three-phase regions, i.e., (Cu) + CugY +CusZr, CujoZry
+ CwY + CuyYsy, (xY) + (aZr) + CuY, CupY + CuZry + CuZr, CupY + CuZr; + CuY, (aZr) +
CuZr, + Cuy, are determined experimentally. The relationships are discussed as follows.

Figure 6a,d shows the BSE micrograph and XRD pattern for alloy A1 CuggZrgY» (at.%),
respectively. The annealed microstructure of alloy Al is similar to that of the cast state
shown in Figure 4a. The XRD result indicates the presence of the CugsY phase and the
BSE micrograph illustrates the presence of the CugY phase in the eutectic microstructure.
Therefore, in conjunction with the analysis above, alloy A1 consists of white CusZr, gray
CugY and black (Cu). The solubility of Y in CusZr is 2.03 at.%. The solubility of Zr in
CugY is 6.61 at.%. Figure 6b,e shows the BSE micrograph and XRD pattern for alloy A3
CuggZrioYo1 (at.%), respectively. The annealing alloy A3 is composed of CuygZr; (white),
CuyY (gray) and CuyY; (dark). The concave-convex morphology of the CuyY; phase and
CuyY phase is the same as the result of He et al. [18]. The solubility of Y in Cuj¢Zr7 is 1.53
at.%. The solubility of Zr in CuyY; is 7.83 at.%. Figure 6¢,f shows the BSE micrograph and
XRD pattern for alloy A8 CusgZrs1Y11 (at.%), respectively. According to the results, alloy
A8 is located in the three-phase region, i.e., bright CuZr,, grey CuZr and black Cu,Y. The
solubility of Y in CuZr is 3.38 at.%.
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Figure 6. BSE micrographs and XRD patterns of annealed alloys: (a,d) A1 CuggZrgY; (at.%); (b,e) A3
Cu692r10Y21 (at.%); (C,f) A8 Cu4BZr41Y11 (at.%).

Figure 7a,d shows the BSE micrograph and XRD pattern for alloy A7 Cuz9Zri3Yg
(at.%), respectively. The results show that alloy A7 consists of light gray Cus;Zr14 and dark
gray CusY phases. The A7 alloy is located in the two-phase region of Cus; Zry4 and CuyY.
Figure 7b,e and Figure 7c,f show the BSE micrographs and XRD patterns for alloys All
CuygZrigYy (at.%) and A12 CugsZrsy Y, (at.%), respectively. In the standard PDF cards for
the Cus;1Zr14 and CujpZry phases, there is no standard peak after 77.757° of 26, therefore
the peak larger than 78° is not calibrated in the XRD pattern. According to the results,
alloys A1l and A12 are both located in the grey CujgZr; and dark gray Cus;Zrq4 two-
phase region, although their microstructures differ considerably. More Cus;Zr;4 phases are
present in alloy A11l. The measured maximum solubility of Y in Cus;Zry4 is about 4.45 at.%.
The solubilities of the 3rd element are determined in this work for the Cu-Zr-Y system.
Noticeable solubilities were also measured in the Al-Zr-Y system by Liu et al. [38] and
Bao et al. [39].

Figure 8a,d shows the BSE micrograph and XRD pattern for alloy A4 Cus3Zr;Yg
(at.%), respectively. The results show that alloy A4 is in the three-phase region for white
aZr, grey oY and dark CuY. The rare earth Y is chemically active [40]. The oxidation of Y
can be observed during the metallographic polishing process, which does not affect the
phase equilibrium after vacuum annealing at 973 K. Combined with the XRD result, the
black Y-oxide is Y,Os3. The solubility of Cu in the hcp phase is about 2 at.%. Figure 8b,e
shows the BSE micrograph and XRD pattern for alloy A9 Cus3Zry;Y35 (at.%), respectively.
The diagrams show that alloy A9 is in the three-phase region for white CuZr,, grey CuY
and black CuyY. Figure 8c,f shows the BSE micrograph and XRD pattern for alloy A10
CupyZry1Y7 (at.%), respectively. The diagrams show that alloy A10 is in the three-phase
region for white aZr, grey CuZr; and dark CuY.

Based on the present experiments, the isothermal section at 973 K is constructed in
Figure 9. Three two-phase regions and four three-phase regions agree well with those of
He et al. [18]. The red dashed line in the experimental phase diagram indicates the phase
regions that were not directly measured by the experiment. The alloys designed in the
three-phase region of CusY + CugY + CusZr tend to shift into the three-phase region of
(Cu) + CugY + CusZr due to the small range of the phase region and the easy volatilization
of Y during melting. This part has not been experimentally determined.
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Figure 7. BSE micrographs and XRD patterns of annealed alloys: (a,d) A7 Cuy9Zr3Yg (at.%); (b,e) All
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Figure 8. BSE micrographs and XRD patterns of annealed alloys: (a,d) A4 CuszZr; Yo (at.%); (b,e) A9
CuszZrip Y35 (at.%); (c,f) A10 CuppZry Yy (at.%).
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Figure 9. Experimental isothermal section of Cu—Zr-Y system with experimental data at 973 K.

4.2. Thermodynamic Assessment

The PARROT module in Thermo-Calc software [41] was used for optimization based
on the least square method. The thermodynamic descriptions for the Cu-Y [20], Cu—Zr [21]
and Zr-Y [22] systems in the literature were combined to form a basis for the Cu—Zr-Y
system assessment. Before optimizing the ternary system, the thermodynamic parameters
of Cu—Y were optimized in order to satisfy the phase relations of (xY) + (xZr) + CuY and
(xZr) + CuZrp + CuY at 870K of the Cu-Zr-Y system. After optimization the temperature of
the invariant reaction (oZr) + CuY — (oY) + CuZr, was adjusted downward to 860 K. The
presently calculated phase diagram of the Cu-Y system is consistent with the experimental
data [20,42-44] and the calculated date [45], which is shown in Figure 1. For the Cu-Zr-Y
system, the experimental data measured by alloy-sampling from the literature [18] are also
used in the optimization.

Then the measured ternary solubilities of CugY, CusY, CuyYs, CusZr and Cus1Zry4
were considered. Optimization was carried out sequentially from the copper-rich end to
the copper-poor end. Afterward, all the parameters were optimized simultaneously to
achieve reasonable thermodynamic parameters. Finally, Table 3 provides the reasonable
parameters of the Cu-Zr-Y system obtained in this work where the adjusted parameters
are bolded. According to the current thermodynamic parameters, the calculated isothermal
sections at 870 K, 973 K and 978 K are shown in Figure 10 compared with the reported
experimental data [18,19] and the present measurement results. These calculations are in
good agreement with experimental data. The calculated vertical section of the Cu—Zr-Y
system at 10 at.% Zr, compared with the measured temperatures by DSC, are shown in
Figure 11. It is noteworthy that only alloy A3 is located at the 10 at.% Zr vertical section.
Alloy A2 is labeled in the vertical section by L — (Cu) + CusZr + CugY invariant reactions.

Figure 12 shows the calculated liquidus projection in comparison with the exper-
imental primary phases. The present thermodynamic parameters are used for Scheil
solidification simulation to guide the solidification behavior. Figure 13 shows the Scheil
solidification simulation results of alloys Al and A9. It can be seen that the primary phases
of alloys Al and A9 are CusZr and CuY, respectively. The ternary eutectic structure of
(Cu) + CusZr + CugY and CuZr, + CupY + CuZr are formed. These Scheil solidification
simulations are consistent with the experimental result discussed in Section 4.1.1.
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Table 3. The thermodynamic parameters obtained in this work.

Phases Models Thermodynamic Parameters
Liquid (Cu,Y,Zr), 0GLTT — _89300 421.5669-T
"4, Liquid
LCu,Y,Zr = 2000
CuZr (Cu)1(Zr Y 0GEuZr — 11582 +0GEe - 0GP
Cus1Zry4 (Cw)s1(Zr,Y)14 0GSUZns — 896480 +51-0GE® 4 14.0G]
CusZr (Cws(ZrY) 0GE1Zr = —64998 +5-0GEee +0G]1Y
CugY (Cu)g(Y,Zr)y 0GSHY = 89500 +8.25205-T + 4-0GE 4 0GLY
"0~CugY _ 0~F 0~Hep
Geuizr = —40366 +4-°Gey +7Gy, i
CugY (Cu)5(Cu2,Y,Zr)y 0GE!s! = —90000 +8.29539-T + 5-0GE + 9G¥
T0gCuY _ 0GFee 4 0 Hep
GCu:GZr = —45447 +5: GCftc +7Gy, H
CuzY, (Cu)7(Y,Zr) 0GEM Y2 — 168880 +15.56757-T + 7-0GE +2.0G,,F
0~CusYs __ 0~F o~Hcp
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712 —
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Figure 10. Calculated isothermal sections of Cu-Zr-Y system at (a) 870 K with experimental data [19],
(b) 973 K with experimental data from this work and (c) 978 K with experimental data [18].
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Figure 11. Calculated vertical section of the Cu-Zr-Y system at 10 at.% Zr with the experimental data.
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Figure 12. Calculated liquidus projection of the Cu-Zr-Y system with experimental data.
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Figure 13. The Scheil simulation for alloys Al CuggZrgY; (at.%) (a) and A9 Cus3Zr1, Y35 (at.%) (b).

Based on the CALPHAD method and key experiments, a reasonable set of thermody-
namic parameters for the Cu-Zr-Y system was obtained. The thermodynamic parameters
were used to simulate phase equilibrium and Scheil solidification, which can guide the
design of composition and microstructure of HSHC copper alloy.

5. Conclusions and Summary

The solidification microstructure, phase equilibria and phase transition temperatures
in the Cu-Zr-Y ternary system were investigated by XRD, EPMA and DSC technologies.
Furthermore, the thermodynamic optimization and a sequence of calculations and simula-
tions using the present thermodynamic parameters were carried out. The major conclusions
are as follows:
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e The solid solubility in the ternary system is determined. The maximum solubility
of Zr in CugY, CuyY and CuyY, are about 6.61, 6.27 and 7.83 at.% Zr, respectively.
The solubility of Y in CusZr, CusiZr14 and CuZr are about 2.57, 4.45 and 3.38 at.% Y,
respectively. The solubility of Cu in the hep phase is about 2 at.%.

e  The Cu-Y system and the Cu-Zr-Y system were optimized by the CALPHAD method.
The calculated isothermal sections, liquidus projection and vertical section are consis-
tent with the experimental data.

e  The observed solidified microstructure agrees with the result of the Scheil solidification
simulations using the thermodynamic parameters. The presently obtained thermody-
namic description for the Cu-Zr-Y system can be used to guide the composition and
microstructure design of Cu—Zr-Y alloys.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mal6052063/s1, Table S1. Summary of the crystallographic data for
stable phases in the Cu-Zr-Y system. References [20,27-35] are cited in the supplementary materials.
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