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Introduction

ABSTRACT

The investigation of the Al-Ag—Zr system is crucial for the development of heat-
resistant Al alloys, which are essential for applications in high-temperature
environments. In this work, we first determined the isothermal sections of the
Al-Ag—Zr system at 500 and 600 °C using equilibrium alloys. Simultaneously,
the 73 (Al¢AgZrs) phase was identified by transmission electron microscopy
(TEM). In addition, the three-phase equilibrium of 73 + AgZr + (Ag) instead of
AlZr, + AgZr 4 (Ag) was confirmed at 500 and 600 °C. The formation
enthalpies of the end-members and ternary compounds in the Al-Ag-Zr system
were calculated via first-principles calculations. Based on the experimental and
computational results, a thermodynamic database of the Al-Ag—Zr system was
established using the CALPHAD (calculation of phase diagrams) method. The
hardness of 11 (Al 6sAgo32Z1) and 1, (Al s4Agp 16Zr) were determined to be 3.82
and 10.20 GPa, respectively, using nanoindentation. The introduction of the 1,
phase in the design of Al alloys can considerably increase the mechanical
properties of the alloys.

applications, multiple strengthening methods are
often combined to optimize alloy performance.
Adding alloying elements to aluminum alloys can

Aluminum alloys are commonly strengthened using
methods such as solid solution strengthening [1, 2],
grain refinement strengthening [3], work hardening
[4, 5], second phase strengthening [6, 7], and
heterostructure strengthening [8-10]. In practical
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form heterostructures or introduce second phases to
improve their heat resistance and strength. For
example, in Al-Sc—Zr alloys, core—shell nanoparticles
with a Sc-rich core and a Zr-rich shell about 1-2 nm
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thickness can precipitate. These nanoparticles can
provide the alloys with high strength and excellent
thermal stability [11]. The addition of equal amounts
of Fe and Ni to Al-Cu-Mg alloys introduces a
stable dispersed strengthening AlgsFeNi phase [6].
This phase exhibits hardness values of 7.71 GPa and
5.83 GPa at room temperature and 350 °C, respec-
tively, which are higher than that of Al,Cu at room
temperature (5.77 GPa) [12]. Therefore, the intro-
duction of AlgFeNi can considerably improve the
mechanical properties of the alloy. Currently, the
most used Al-Cu-Mg-Fe-Ni alloy is 2618, which
retains good mechanical properties above 200 °C.
Adding Mn to Al-Cu alloys can form a dispersed
Al)CusMn; phase [13]. The high-temperature creep
resistance of an Al-Cu-Mn alloy reinforced by coarse
AlCusMn; phases is better than that of AlI-Cu-Mg
alloys consisting of small ¢’ phases [7].

Using phase diagrams to guide the design of heat-
resistant aluminum alloys can reduce time and cost
[14]. Zirconium, a transition element, is one of the
microalloying elements commonly used in Al-Cu-
Mg-Ag alloys [15, 16]. Kotur et al. [17] experimen-
tally verified the existence of 1, and 1, ternary phases
in the Al-Ag-Zr system. Currently, reports on the
thermodynamic data and phase properties of the
ternary phases in the Al-Ag-Zr system are limited
[17, 18]. Understanding the phase equilibrium and
thermodynamic properties of the Al-Ag—Zr system is
crucial for designing alloy compositions and devel-
oping heat treatment regimes. In this work, the
isothermal sections of the Al-Ag-Zr system at 500
and 600 °C were determined experimentally. The
enthalpy of formation of phases such as 7; and 1, was
calculated via first-principles calculations, and a
thermodynamic database for the Al-Ag—Zr system
was established. Additionally, the hardness of the 14
and 1, ternary phases was measured to provide the-
oretical references for studying the effect of the
introduction of the second phases on the properties of
aluminum alloys.

Literature review
The Al-Ag system

An evaluation of the Al-Ag system can be found in
our recent report [14], and the thermodynamic
parameters reported by Wit et al. [19] were used in
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this work. The corresponding Al-Ag binary phase
diagram is shown in Fig. 1.

The Al-Zr system

The Al-Zr binary phase diagram [20] is shown in
Fig. 1. In this system, 10 stable intermetallic com-
pounds are listed: AlZr;, AlZr,, AlsZrs, AlZr;, Als.
Zry, AlyZrs, AlZr, AlsZr,, AlLZr and AlzZr. In 1954,
McPherson et al. [21] conducted the first systematic
investigation of the Al-Zr phase diagram using
metallographic methods, X-ray diffraction (XRD) and
thermal analysis. Later, Peruzzi [22] re-determined
the phase diagram of the Zr-rich region at
500-1300 °C via metallography, XRD, electron probe
analysis, and resistance measurement. The samples
used by Peruzzi are of higher purity than those used
in previous experiments, and the phase diagrams are
very reliable. Saunders [23, 24] evaluated the Al-Zr
system twice, but neither evaluation considered the
AlsZry phase. In 2001, Wang et al. [25] used a new
thermodynamic model to evaluate the Al-Zr binary
system, and the calculated enthalpy of formation of
the compound was in good agreement with the
experimental data. However, Wang et al. [25] did not
apply any thermodynamic constraint to the Zr-rich
intermetallic compounds. Therefore, Fischer and
Colinet [20] reassessed the Al-Zr binary system,
attributing high reliability to the ab-initio results.

The Ag-Zr system

Figure 1 also shows the binary phase diagram of the
Ag-Zr system [26]. Two intermetallic compounds
AgZr and AgZr, exist. Raub et al. [27] measured the
liquidus and solid solubility curve in the 4-51 at.% Zr
phase region and found that the eutectic reaction L
Ag + AgZr occurred at 955 °C. Betterton et al. [28]
studied the phase diagram of the Zr-rich region and
proved the existence of intermetallic compounds
AgZr and AgZr,, and measured the eutectoid reac-
tion (BZr) < (aZr) + AgZr,. Zhang [29] et al. sur-
veyed the phase diagram of the Zr content in the
20-80 at.% range via thermal analysis. Karakaya et al.
[30] optimized the Ag—Zr system but ignored the
experimental data of Zhang et al. [29] in the opti-
mization process. In 2010, Kang et al. [31] evaluated
Ag-Zr system using a modified quasi-chemical
solution model of FactSage [32], but this model only
works with FactSage and is not compatible with
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Figure 1 Binary Al-Ag [19], Al-Zr [20], and Ag—Zr [26] phase diagrams calculated with the thermodynamic datasets from the literature.
The red triangles mark the alloy composition designed to determine the isothermal section.

Pandat [33] and Thermo-Calc [34]. In 2016, Hsiao
et al. [26] re-evaluated the Ag—Zr system, and most of
the calculated data are consistent with the experi-
mental data.

The Al-Ag-Zr ternary system

The isothermal section of the Al-Ag—Zr ternary sys-
tem at 500 °C was first described by Kotur et al. [17]
in 2003. Three ternary intermetallic compounds exist
in this system: 7; (AuCugs structure type), 7o (MgCuy,),
and 13 (WeFe;). Recently, Hsiao et al. [18] also
determined the isothermal section of Al-Ag-Zr
ternary system at 500 °C using the equilibrium alloy
method, and confirmed the existence of 7, and 73. A
comparison of the experimental results of Kotur et al.
and Hsiao et al. indicates that Hsiao et al. suggest that

@ Springer

AgZr, and AgZr are stoichiometric compounds,
whereas Kotur et al. suggest that they comprise a
certain range of solid solution. In addition, Hsiao
et al. measured the phase equilibria at the Zr-rich
region as AlZr, + AgZr, + AgZr, AlZr,.
+ AgZr + AlyZr;, and AlyZr; + AgZr + AlsZry,
which differs from the results of Kotur et al. Earlier,
Rieger [35] had reported that AlAg,Zr; existed stably
at 850 °C or 1100 °C, but the existence of an AlAg,Zr3
phase was not detected in the experiments by Kotur
et al. and Hsiao et al. Because few studies exist on the
Al-Ag—Zr ternary system, the thermodynamic data
of the intermediate compounds are also very limited.
Therefore, in this work, the isothermal sections of the
Al-Ag—Zr system at 500 and 600 °C were further
investigated using equilibrium alloys annealed for a
longer time. The data on the crystallographic
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structure of each phase in the Al-Ag-Zr system are
given in Table 1.

Experimental procedure
Alloy samples preparations

The isothermal sections of Al-Ag-Zr at 500 and
600 °C were extrapolated via the Thermo-Calc soft-
ware [34] using databases [19, 20, 26] without any
ternary parameters.

Using Al, Ag, and Zr of 99.99 wt% purity from
Beijing Jinyu as the raw materials, fifteen individual
10 g alloys samples, were prepared via arc melting
under argon protection. Table 2 lists their nominal
compositions, which were chosen to place them in
different phase regions. During alloy preparation, a
titanium ball was used as an oxygen getter, and all
alloys were turned six times after each melting round
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to ensure homogeneity. The as-melted samples were
divided into two pieces, sealed in argon-filled quartz
tubes, and placed in a diffusion furnace (KSL-1700X,
Shenyang Kejin) at 500 °C for 120 days and 600 °C
for 90 days, respectively.

Composition and phase equilibrium
analysis

After annealing, the alloy samples were quenched in
cold water and observed using a scanning electron
microscope (SEM, FEI Quanta FEG 250) equipped
with an energy dispersive X-ray spectrometer (EDS,
AZtec X-Max 80) to investigate the alloy morphology.
Electron probe microanalyzer (EPMA, JXA-8100 F)
was performed at 20 kV and 20 nA using the pure
elements as standards. X-ray diffraction (XRD,
(Advance D8) was conducted on ground alloy pow-
ders under Cu-Ku« radiation at 40 kV and 40 mA with
a scan rate of 5°/min. The alloys were characterized

Table 1 Crystal structure data on the equilibrium phases in the Al-Ag—Zr system

Phase Pearson  Space Proto-type  Lattice parameter (A) Comments/ T (°C) References
symbol  group
a b c
(Al) cF4 Fm3m Cu 4.049 - - Pure Al [36]
(Ag) cF4 Fm3m Cu 4.085 - - Pure Ag [36]
C (AgrAl) hP2 P63/mmec Mg 2.878 - 4.622  27-43 at.% Al < 727  [36]
1 (AgsAl-r) cP20 P4132 Mn 6.942 - - 21-26 at.% Al <448  [37]
B> (AgzAl-h) c2 Im3m w 3.240 - - 21-30 at.% Al [37]
610-780
(0Zr) hP2 P6s/mmc Mg 3.232 - 5.148  Pure Zr < 863 [38]
(BZr) c2 Im3m W 3.609 - - Pure Zr 863-1855 [39]
Al Zr tI16 I4/mmm AlsZr 4.010 - 17.300 < 1580 [40]
AlLZr hP12 P6s/mmec  MgZn, 5.280 - 8.748 <1660 [40]
AlyZr, 0F40 Fdd2 Al3Zr, 9.601 13.910 5578 <1590 [40]
AlZr oC8 Cmcm CrB 3.360  10.890 4270 <1275 [40]
AlyZrs hP18 P6s/mem  GayTis 8.447 - 5.785  1000-1550 [40]
Al3Zry hP7 Po/mmm  Al3Zry 5.430 - 5390 <1030 [40]
Al,Zr; tP20 Payfmnm  AlyZrs 7.632 - 6.997 <1480 [40]
AlyZrs t132 I4/mem SizWs 11.042 - 5393 1012-1380 [40]
AlZr, hP6 P6s/mmc  InNi, 4.882 - 5918 <1350 [40]
AlZr; cP4 Pm3m AuCus 4373 - - < 1019 [41]
AgZr tP4 P4/nmc y-CuNi 3.471 6.603 <1135 [29]
AgZr, tl6 I4/mmm MoSi, 3.265 12.030 < 1190 [42]
71 (Al 3Ag0.32Z1) cP4 Pm3m Al;Cu 4.102 - - [17]
T2 (Ali g4-1.60A80.16-031Z1)  cF24 Fd3m MgCu, 7515 - - [17]
73 (Als70-5.18A81 30-1.82Z1)  hR39 R3m WeFe, 5.393 - 29.093 [17]
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Table 2 Equilibrium phase

J Mater Sci (2023) 58:10516-10538

constitution and compositions Alloy No. Nominal composition (at.) EPMA analyzed composition (at.)  Phase determination
of constituent phases measured Al Ag 7r Al Ag 7r
in the annealed Al-Ag—Zr
alloys at 500 °C 1# 0.01 0.02 0.97 0.01 0.02 0.97 (aZr)
24 0.02 0.18 0.8 0.02 0.04 0.94 (oZr)
0.01 0.32 0.67 AgZr,
3# 0.02 0.58 0.4 0.00 0.50 0.50 AgZr
0.04 091 0.05 (Ag)
4# 0.10 0.79 0.11 0.30 0.21 0.49 13
0.09 0.84 0.07 (Ag)
S# 0.10 0.10 0.80 0.03 0.02 0.95 (0Zr)
0.03 0.30 0.67 AgZr,
0.23 0.02 0.75 AlZr,
o# 0.19 0.76 0.05 0.15 0.81 0.04 (Ag)
0.55 0.11 0.34 Ty
T# 0.28 0.45 0.27 0.54 0.11 0.35 T,
0.31 0.20 0.49 73
0.10 0.85 0.05 (Ag)
8# 0.38 0.54 0.08 0.59 0.14 0.27 T
0.33 0.67 0.00 AgrAl
o# 0.41 0.29 0.30 0.55 0.10 0.34 T,
0.32 0.19 0.49 13
0.07 0.86 0.07 (Ag)
10# 0.41 0.41 0.18 0.55 0.11 0.34 T,
0.20 0.80 0.00 (Ag)
0.59 0.14 0.27 T
11# 0.44 0.10 0.46 0.34 0.16 0.50 13
0.55 0.11 0.34 T,
0.49 0.01 0.50 AlZr
12# 0.49 0.25 0.26 0.54 0.11 0.35 T,
0.20 0.80 0.00 (Ag)
0.58 0.14 0.28 T
13# 0.58 0.20 0.22 0.35 0.65 0.00 AgrAl
0.60 0.13 0.27 T
14# 0.64 0.23 0.13 0.39 0.61 0.00 AgrAl
0.73 0.00 0.27 Al Zr
0.88 0.12 0.00 (AD
15# 0.92 0.04 0.04 0.73 0.00 0.27 AlsZr
0.95 0.05 0.00 (A

using TEM (Tecnai G*> G20 ST) operating at 200 kV.
The vacuum of the TEM was between 10~* and
10~° Torr.

Hardness testing

The hardness values of the 7; and 7, phases were
measured on a nano-indenter (Anton-Paar NHT?)
with a Berkovich diamond indenter, and the inden-
tation depth was maintained at 1 pm.

@ Springer

Calculation methods
Thermodynamic modeling

The Gibbs energy of a pure element is dependent on
temperature and pressure. The molar enthalpy of
stable elements at 298.15 K and 1 bar is commonly
used as the standard element reference (SER) state.
The Gibbs energy for the element i (i = Ag, Al, Zr) can
be expressed as follows:



J Mater Sci (2023) 58:10516-10538

G/ (T)=a+b-T+c-T-InT+d - T>+e- T ' +f
T+ g - T +h-T°

The European Thermochemical Research Group
(SGTE) has optimized the expressions of Gibbs
energy as a function of temperature for all pure ele-
ments and established a corresponding database of
lattice stability parameters. The Gibbs free energies
for pure elements were retrieved from the Dinsdale
compilation [43].

The solution phase ¢ (¢ =Fcc Al, Bcc A2,
Hcp_A3 and Liquid) is described using the substi-
tutional solution model. Their Gibbs energy function
is expressed by the following equation:

— HSER — Z x'G? + RT Z x;In(x;) + “G?

in which H*"® is the abbreviation of xa;-H $5® + xag:
H ¥R + xz H 3%, and x; is the mole fraction of
component i (i = Al, Ag, Zr). °G! is the Gibbs energy
for pure element i in the phase ¢. R is the gas con-
stant. “G? is the excess Gibbs energy of the phase ¢,

which is described by the Redlich—Kister polynomial
[44]:

n
ex~p __ ny e n
G” =xaxag E : LAI.Ag(xAl — Xag)
n
[ n
+ XA1Xzy E nLAl,Zr(xAl — Xzr)

n
+ag Xzr Z nLZ;gyzy (xAg - er)n
+ xAleng"LfZl,Ag,Zr
L?=a+b-T+c-T-nT+d-T?>+e-T ' +--.

LY

Ore 17 210
Ag.alzr = XAg Lag a1 zr + XAl Lpg 17, + %21 Lag p1 7,

where L;f’j (i, j = Al, Ag, Zr, and i # j) represent the
nth binary interaction parameters between i with j,
Lfﬁg’ alzr 1s the ternary interaction parameter to be
evaluated in the present work.

The ternary intermetallic compound 14 is modeled
as a stoichiometric phase. The Gibbs energy of each
compound is given by the following expression:

G — XAl -HSER ]/Ag HAg

= A+B T +x,Gl +5,Ghs + zZrGhCP

Al AgyZr, HSER
Zr
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in which A and B are to be evaluated.

For the 1, and 13 phases, experimental results
suggest that Ag may predominately replace AL
Therefore, the (Al, Ag)1s4(Aglo16(Zr); and (Al
Ag)e(Ag)1(Zr)s thermodynamic models are employed
to describe phases 1, and 13, respectively. The Gibbs
energy of these phases can be expressed as follows:

o ~(ALAg) AgyZr.
G = AIGAI Ag:Zr + yAg Ag Ag:Zr

+XRT (Y Iny o + yAg In yAg)

+ y;llyl‘lgol‘fgl,Ag:Ag:Zr
where x, y, z denote the number of sites in each
sublattice, and y/,; and y;‘g represent the site fractions
of Al and Ag on the first sublattice. G, agzr and
G% Ag:agizy are the molar Gibbs energies of the end-

members. °LY, , g4gzr Tepresent the interaction
parameters between Al and Ag in the first sublattice,

expressed by the Redlich-Kister polynomials.
First-principles calculation

The formation enthalpies of ternary compounds 1,
Ty, 73 and the binary compounds with solid solubility
were computed by the Vienna ab-initio simulation
package (VASP) [45], based on density functional
theory (DFT). The computational details can be found
in our previous work [14]. The formation enthalpy
AH¢(AlLZr,y) at 0 K could be expressed by the fol-
lowing equation:

AH¢ (Al Zry) = E(AlZry) —[xa1E(Al) + xzE(Zr)]

where E(AlZry) is the calculated total energy of the
structure Ag,Zry, and E(Al) and E(Zr) denote the
total energies of Al Zr,, fcc-Al and hcp-Zr at 0 K,
respectively. x; (i = Al or Zr) is the atomic fraction of
the component i.

The enthalpy of formation for the ternary com-
pound can be defined as:

AH; (AL Ag,Zr,) = [E(ALAg,Zr, ) —xuE(Al) -y, E(Ag)—22E(Zr)|
in which, E(Al,Ag,Zr,), E(Al), E(Ag), E(Zr) are the

total energies of AlegerZ, fcc-Al, fec-Ag and hcp-
Zr, respectively, at 0 K.

@ Springer
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Results and discussion

Establishing a thermodynamic database
of the Al-Ag-Zr System

Tables 2 and 3 summarize the experimental results of
phase composition measurements of alloy samples
annealed at 500 °C for 120 days and 600 °C for
90 days. The isothermal sections of the Al-Ag-Zr

J Mater Sci (2023) 58:10516-10538

system at 500 and 600 °C were obtained based on
these experimental results, combined with the first-
principles calculations of the formation enthalpy of
T1, T2, T3, and some metastable end-members phases.
The thermodynamic optimization of Al-Ag-Zr sys-
tem was performed using the PARROT module
incorporated in Thermo-Calc software [34]. The
optimized parameters are shown in Table 5.

Table 3 Equilibrium phase
constitution and compositions

Alloy no Nominal composition (at.)

EPMA analyzed composition (at.)  Phase determination

of the constituent phases

Al Ag Zr Al Ag Zr
measured in the annealed Al-
Ag—Zr alloys at 600 °C 1# 0.01 0.02 0.97 0.01 0.02 0.97 (0Zr)

2# 0.02 0.18 0.8 0.03 0.03 0.94 (0Zr)
0.01 0.32 0.67 AgZr,

3# 0.02 0.58 04 0.00 0.51 0.49 AgZr
0.05 0.90 0.05 (Ag)

4# 0.10 0.79 0.11 0.33 0.17 0.50 T3
0.06 0.90 0.04 (Ag)

S# 0.10 0.10 0.80 0.04 0.02 0.94 (aZr)
0.02 0.30 0.68 AgZr,
0.22 0.02 0.76 AlZrs

6# 0.19 0.76 0.05 0.11 0.89 0.00 (Ag)
0.57 0.19 0.24 T
0.55 0.11 0.34 T

T# 0.28 0.45 0.27 0.55 0.11 0.34 T
0.34 0.16 0.50 T3
0.09 0.88 0.03 (Ag)

8# 0.38 0.54 0.08 0.58 0.17 0.25 T
0.27 0.73 0.00 Ag,Al

O# 0.41 0.29 0.30 0.55 0.11 0.34 T
0.34 0.16 0.50 T3
0.09 0.88 0.03 (Ag)

10# 0.41 0.41 0.18 0.10 0.90 0.00 (Ag)
0.58 0.18 0.24 T
0.55 0.11 0.34 Ty

11# 0.44 0.10 0.46 0.37 0.13 0.50 T3
0.55 0.11 0.34 T
0.49 0.02 0.49 AlZr

12# 0.49 0.25 0.26 0.11 0.89 0.00 (Ag)
0.57 0.19 0.24 T
0.55 0.11 0.34 T

13# 0.58 0.20 0.22 0.58 0.18 0.24 71
0.31 0.00 0.69 AgrAl

14# 0.64 0.23 0.13 0.39 0.61 0.00 Ag,Al
0.72 0.01 0.27 AlsZr
0.61 0.39 0.00 Liquid

15# 0.92 0.04 0.04 0.73 0.00 0.27 AlzZr
0.95 0.05 0.00 (Al)
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Figure 2 BEI (a, ¢, e) and XRD patterns (b, d, f) of alloys 2#, 7#, and 8# after annealing at 500 °C for 120 days.

Representative alloys located in different phase of the EPMA and XRD, the dark and bright phases
regions are discussed. As shown in Fig. 2a, two are AgZr, and Zr, respectively. In addition, the
phases can be observed in 2#. According to the results eutectic structure of AgZr, and Zr can be observed in
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Figure 3 BEI image (a) and XRD pattern (b) of alloy 10# after annealing at 500 °C for 120 days. (c), (d), and (e) show the line scan
results of the 10# at high magnification, where the lighter phase in (d) represents t,, and the darker phase represents t;.

this sample. Similarly, 7# and 8# exhibit a three-phase
equilibrium of 1, + 13 + (Ag) and a two-phase
equilibrium of Ag,Al + 1. Some samples exhibit
unevenly distributed black spots on the surface,
which may be attributed to inherent pores in the
samples or to water stains and contaminants intro-
duced during the polishing and cleaning processes.
The microstructure of alloy 10# is shown in Fig. 3a.
Notably, the dark 1, phase is covered by a layer of 1;
phase, which is true for each grain. The microstruc-
ture of 10# is shown at higher magnification in
Fig. 3c. The lighter phase is evidently encompassed
by the darker phase, resulting in a structure similar to

@ Springer

that of a core-shell. The line scan analysis in Fig. 3e
exhibits significant changes in composition at the
interface of two different contrasts. Combined with
the XRD result, we determined that 10# is located in
the three-phase region of (Ag) + 1 + 15, and this
interesting phenomenon will be further studied in
future.

As illustrated in Fig. 4a, 14# is in a three-phase
equilibrium, where the plate-like phase is Al;Zr, the
light phase is Ag,Al, and the darker phase is (Al). For
15#, as shown in Fig. 4c, the matrix phase is (Al), and
the plate-like phase is AlzZr. The XRD results of 14#
and 15# confirm that they form phase equilibria as
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Figure 4 BEI images (a, ¢) and XRD patterns (b, d) of alloys 14# and 15# after annealing at 500 °C for 120 days.

AgyAl + (AD) + AlsZr and AlZr + (AD,
respectively.

Figure 5 presents the XRD results of 3#, 5#, and 6#.
The diffraction peaks of the samples match well with
the corresponding phases. After annealing for an
extended period, alloys 3#, 5#, and 6# form phase
equilibria of AgZr + (Ag), (0Zr) + AlyZr + Ag,7Zr,
and (Ag) + T, respectively.

Table 2 summarizes the phase equilibria formed by
alloy samples with different compositions after
annealing at 500 °C for 120 days. Combined with the

evaluation of the studies by Kotur et al. [17] and

Hsiao et al. [18], the isothermal section of the Al-Ag-
Zr system at 500 °C is constructed, as shown in Fig. 6.
The experimental results reveal the presence of five
three-phase regions: Al;Zr + Ag,Al + (Al), 11 + 1.
+(Ag), tw+r13+(Ag), AlZr+ 1+ 13 and
(0Zr) 4+ AlZr; + AgZr, and six two-phase regions:
AlZr + (AD, Ag2A1 + T, T2+ (Ag), T3 + (Ag),
AgZr + (Ag), and (Zr) + AgZr,.

Figure 7 shows the Backscattered electron image
(BE) and XRD results of 4#, 8# and 10#. The
microstructure of 4# is shown in 4a, the dark lath-like
phase in 4a is determined to be 13 by EPMA and XRD

@ Springer
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Figure 5 XRD patterns (a, b, ¢) of alloys 3#, 5#, and 6# after annealing at 500 °C for 120 days.

whereas the light area corresponds to the (Ag) phase.
For 8#, as shown in 4c, the dark phase with large area
is 71, and the light phase is Ag,Al, which is in good
agreement with the XRD results. The results for 10#
are similar to the result at 500 °C, located in the three-
phase region of (Ag) + 71 + 1.

The XRD results of 2#, 3#, 5#, and 6# annealing at
600 °C for 90 days are shown in Fig. 8, and all
diffraction peaks correspond well to the correspond-
ing phases. These samples form the phase equilibria of
(oZr) + AgZr,, AgZr + (Ag), (aZr) + AlZr + Ag,.
Zr, and (Al) 4+ AlsZr, respectively.

Similarly, we measured the isothermal section of
the Al-Ag-Zr system at 600 °C, which include five

@ Springer

three-phase regions and five two-phase regions, as
shown in Fig. 9. Except for the appearance of an Al-
rich end liquid phase, resulting from the melting of
Al at 600 °C, the results elsewhere are similar to those
at 500 °C.

Identification of the 13 phase
and determination of its equilibrium
with neighboring phases

The microstructure of 4# after long-time annealing at
500 and 600 °C is shown in Fig. 10a and b. EPMA
analysis determined that the light phase is (Ag),
whereas the dark phase, with a composition of
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Figure 6 The experimental
isothermal section of the Al-
Ag—Zr system at 500 °C. The
data shown for end points are
experimentally measured
compositions.

500 °C

10527

A Alloy compositions
—e— Tie-line end points
—a=— Tie-triangle end points
Predicted results

Ag (mole fraction)

Al:Ag:Zr close to 0.33:0.17:0.50, corresponds to 3.
This conclusion is supported by the XRD patterns in
Fig. 10c. The TEM bright-field phase of 4# after
annealing at 600 °C for 90 days is presented in
Fig. 10d, with the corresponding selected area elec-
tron diffraction (SAED) patterns shown in Fig. 10e
and f for regions 1 and 2, respectively. After identi-
fication, the grain in the middle of Fig. 10d was
determined to be 13, while the grains on the left and
right sides were determined to be (Ag). Therefore, we
demonstrate that the phase with composition Al: Ag:
Zr close to 0.33: 0.17: 0.50 is 73, rather than Al;Zry.
The correct phase relationship serves as the foun-
dation for constructing a thermodynamic database,
and a self-consistent thermodynamic database can
guide material design. Therefore, we determined 73
+ AgZr + (Ag) three-phase equilibrium instead of
Al3Zry, + AgZr 4 (Ag) in the isothermal section. To
prove that the three-phase region existing at 500 and
600 °C is 13 + AgZr + (Ag) instead of AlsZry.
+ AgZr + (Ag) as proposed by Kotur et al. [17] and
Hsiao et al. [18], we additionally prepared two

samples with the same composition as 11# and 12# in
the study by Hsiao et al. Figure 11a and c shows the
as-cast microstructure of 16# and 17#, respectively, in
which the dark strip phase correspond to t3. The
EPMA results are shown in Table 4. The XRD results
in Fig. 11b and d also confirm that the specimens
were located in the three-phase region of 15
+ AgZr + (Ag), which is consistent with our calcu-
lated results. In the report by Hsiao et al. [18], the
XRD results of 10#, 11# and 12# were not given, and
their EPMA results showed that Ag has a large solid
solution in the Al;Zr, phase, which is close to the
composition of the 1; phase we measured. Therefore,
we consider the three-phase equilibrium to be
3 + AgZr + (Ag).

Additionally, we prepared alloy sample 18# with a
composition of Alg42Ag0 0621052 Through XRD and
EPMA analysis, the sample was found to be in the
three-phase region of AlzZr, + 13 + AlZr, directly
confirming the existence of 13 as a separate phase
from Al;Zr, and further validating the accuracy of
our experimental phase diagram.
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Figure 8 XRD patterns (a, b, d, f) of alloys 2#, 3#, 5#, and 15#, respectively, after annealing at 600 °C for 90 days.

First-principles calculation
and thermodynamic optimization

Through the analysis of the experimental results, we
determined the solid solubility of some phase in the
Al-Ag—Zr system and provided its corresponding
thermodynamic models. First-principles calculations
were incorporated to compute the zero-Kelvin ener-
gies of end-member phases in unstable structures,
because experimental data are not available for these
phases. The energies of the ternary phases 14, 15, and
13, whose crystal structures are known, were calcu-
lated. The results of the first-principles calculations
are shown in Table 5.

The constituent Al-Ag, Al-Zr, and Ag—Zr binary
system were taken from the reports by Witusiewicz
et al. [19], Fischer et al. [20], and Hsiao et al. [26],
respectively. With the precise descriptions for the
boundary binary systems, the phase equilibria and
thermodynamic properties in the Al-Ag—Zr ternary
system were computed via the standard procedure.
The optimization procedures were conducted in the
program PARROT module embedded in Thermo-
Calc software [34] using the step-by-step optimiza-
tion method reported by Du et al. [46]. Table 6
summarizes the optimized thermodynamic parame-
ters of this ternary system.
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As seen in Fig. 12a, the calculated results agree
well with our experimental results and those of pre-
vious reports. Notably, we have confirmed that the
three-phase equilibrium is 13 + AgZr + (Ag) rather
than AlsZry + AgZr + (Ag). In Fig. 12b, the calcu-
lated isothermal section at 600 °C is also consistent
with our experimental results, and all phase equi-
libria are accurately represented. It is worth noting
that, in order to ensure the consistency between the
calculated isothermal sections at 500 and 600 °C and
the experimental data, we sacrificed the solid solu-
bility of some phases, such as AgZr, and AgZr,
within a reasonable error range. We have therefore
established a self-consistent and reliable Al-Ag—Zr
thermodynamic database for alloy design.

@ Springer

The liquidus projection of the Al-Ag—Zr system is
presented in Fig. 13, where all primary phases and
isothermal lines are labeled. To better understand the
solidification path and liquidus surface, we have
calculated a partial Scheil reaction scheme for the Al-
Ag-Zr system (Fig. 14) using the database obtained
in this study. The scheme includes seven critical
reactions.

High-strength ternary phase 7, in Al-Ag-Zr
system

To investigate the influence on the properties of the
alloy of the two ternary phases, 11 and 15, located at
the Al-rich end in the Al-Ag-Zr system, the hardness
of 11 and 1, was measured using a nanoindentation
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Figure 10 (a) and (b) Microstructures of 4# after annealing at 500
and 600 °C, respectively, and (¢) XRD results. (d) TEM bright-
field image of 4# after annealing at 600 °C, with (Ag) on both

instrument. The microstructure of the sample is pre-
sented in Fig. 15a and b, and the residual imprints of
the indentation are indicated with red circles in
Fig. 15c and d. The indentation measurements per-
formed on the single phases of 1, and 15, respectively,

10531

(¢) o

Intenéity (Counts)

sides and a 153 phase in the middle. (e) and (f) Diffraction patterns
corresponding to regions 1 and 2 in (d).

were repeated three times, and the average value of
three consistent measurements was taken as the
hardness of the single phase. The results are shown in
Table 6. The load—displacement curves correspond-
ing to 1; and 1, are shown in Fig. 15e.
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Table 4 The phase

10533

constitution and measured Alloy No. Nominal composition (at.) EPMA analyzed composition (at.)  Phase determination
compositions of constituent Ag 7r Al Ag 7r
phases
16# 0.40 0.40 0.32 0.18 0.50 T3
0.02 0.48 0.50 AgZr
0.01 0.04 0.95 (Ag)
17# 0.50 0.40 0.29 0.17 0.54 T3
0.01 0.49 0.50 AgZr
0.00 0.01 0.99 (Ag)
18# 0.06 0.52 0.34 0.14 0.52 T3
0.42 0.02 0.56 AlsZry
0.44 0.08 0.48 AlZr
Table 5 A summary of the
results from the first-principles Phase Model Formula First principles (0 K)
lculations k. le of
C? culations kl/(mole o AgZr (Ag, Al)(Z), AlZr — 214
atoms) AgZr, (Ag, Al),(Zr), AlZt — 276
T (A2 .68(Ag)o 32(Zr) Aly 68Ago 3271 — 453
) (AL Ag)1 5a(Ag)o.16(Z1) Al 34Ago.16Z1 — 48.6
Ag1,84AgO_IGZr + 15.1
T3 (Al, Ag)6(Ag)1(ZI')6 A16Ang6 — 432
AgsAgZrg + 1.6
Table 6 Summary of the thermodynamic parameters of the Al-Ag—Zr system in this work
Phase Model Thermodynamic parameters (J/mol)
Liquid (Ag, Al, Zr), OL o, = — 80,000
Fec Al (Ag, Al, Zn),(Va), L R atva = — 60,000
AgZr (Ag, Al)(Zr) 0G A2 _ 0G fee — OG 3P = — 43,200
07 Agzr _
L (/fg’Al):Zr = — 65,000
AgZr, (Ag, Al)(Zr), 0G A _ 0G fee _ o 0GP = _ 82 800
07 AgZr _
L (Agg,‘/il):Zr = — 30,000
T (A1) 65(Ag)o.32(Z1) 0G Aansn — 268 - OG T — 0.32 - °G ¢ — °G B = — 171,200
2 (AL, Ag)1 54(Ag)o.16(Zr): OG Aisre® — 184 9G T — 0.16 - °G e — °G 5P = — 140,800
"G N =2 G {5 — G 5T = — 5000
2 (AL, Ag)s(Ag)1(Zr)s °G At — 6 %G T — °G e — 6. °G B = — 540,600
G Aerie =7 %G — 6 °G P = — 5000
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Calculated: This Work
Experimental data: Hsiao et al.
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Figure 12 Calculated isothermal sections of the Al-Ag—Zr system at (a) 500 °C and (b) 600 °C compared with literature data.

Ag (mole fraction)

Figure 13 Calculated liquidus projection of the Al-Ag—Zr
system.

According to the load—displacement curve, the
average hardness values of 7; and 1, are 3.82 and
10.20 GPa, respectively. The hardness of 1, was much
higher than that of 7; and exceeded that of the com-
mon strengthening AlgFeNi (7.71 GPa at room tem-
perature) in Al alloys. Therefore, in the design of Al
alloys, the mechanical properties of the material can

@ Springer

be significantly improved by
strengthening phase 1, (Table 7).

introducing the

Conclusions

In this work, we determined the isothermal sections
of the Al-Ag—Zr system at 500 and 600 °C using the
equilibrium alloy method. Six two-phase regions and
five three-phase regions were identified at 500 °C,
while five two-phase regions and five three-phase
regions were identified at 600 °C. Additionally, we
identified the uncertain t; phase using TEM, and
determined that the three-phase equilibrium at 500
and 600 °C consists of 73 + AgZr + (Ag), instead of
AlZr, + AgZr 4 (Ag). Based on our experimental
results and first-principles calculations, we estab-
lished a thermodynamic database for the Al-Ag-Zr
system. Comparing it with previous literature data
afforded, a good agreement between calculated and
experimental results. Furthermore, we used nanoin-
dentation to measure the hardness of the Al-rich
ternary phases t; and 1, which were found to have
hardness values of 3.82 and 10.20 GPa, respectively.
Therefore, introducing 1, as a strengthening phase in
the design of Al alloys can significantly enhance their
mechanical performance.
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Figure 14 The partial Scheil AlAg ALZr AlAg-Zr AgZr

reaction scheme of the Al-Ag—
Zr system according to the = o
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Figure 15 BEI (a, b) and Metallographic (c, d) images for alloy samples. (e) Load—displacement curves for indentation into grains of the

intermetallic phases 1, and 5.

Table 7 Hardness of 1, and 1, phases et al.-rich ends

Phase Hardness (GPa)

1 2 3 Average value
T 3.90 3.81 3.76 3.82
T, 10.16 10.32 10.12 10.20
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