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Abstract: Local chemical heterogeneity of highly-concentrated multicomponent alloys has drawn
much attention as it can produce novel material behaviors and remarkable properties. In Au-Ag-
Cu-based multicomponent alloys, phase separation and ordering have long been recognized to
correlate with grain boundaries (GBs), but there is still a lack of atomic-scale understanding of the
heterogeneous phase transition and how the microstructures respond to deformation. In this paper, a
joint experimental and theoretical study was conducted on a medium-entropy polycrystalline model
alloy, which is a representative Au-Ag-Cu-based multicomponent alloy with important applications
in fields such as photocatalyst and micro-/nano-electromechanical systems. The GB regions are
observed to preferentially nucleate two-phase lamellar structures, which are softer than grain interiors
featuring short-range-order and modulated morphologies. First-principles calculations suggest
the GB segregation of Ag and depletion of Cu are energetically favorable, consequently creating
compositions that facilitate phase separation and impede ordering. Calculations of elasticity-based
mechanical properties, stacking fault and surface energies reveal the GB lamellar structures are
intrinsically soft with heterogeneous deformation capabilities. Furthermore, design strategies based
on GB segregation engineering and tuning the dual-phase compositions are proposed to control
heterogeneities. The results provide new insights into GB segregation, phase nucleation precursor
and mechanical properties of noble-metal multicomponent alloys.

Keywords: multicomponent alloys; grain boundaries; first-principles; phase transition; mechani-
cal properties

1. Introduction

Heterogeneity in metallic alloys is a common phenomenon referring to the distinctly
nonuniform distribution of specific atoms and varying properties within the medium. As
one of the most important sources to develop heterogeneities, the interfaces of crystalline
grains—grain boundaries (GBs)—have attracted tremendous research efforts aimed at
exploiting these structurally discontinuous regions to improve material properties. Typ-
ical examples include applying the GB segregation of boron to design creep-resistant
Ni-based superalloys [1], rendering local phase transformations at Mn-enriched GBs to
promote toughness in advanced high-strength steels [2], and employing the stabilization
effect of segregation to influence sintering process [3] and increase the catalytic activity of
nanoparticles [4]. Recently, heterogeneities in multicomponent alloys with high concen-
trations of several alloying elements, also known as complex concentration alloys (CCAs)
or medium/high entropy alloys (HEAs), have attracted special scientific and technical
interests, as the complex atomic interactions may generate novel physical phenomena and
material behavior. It was found the nano-clustering of principal elements at GBs could

Metals 2022, 12, 1966. https://doi.org/10.3390/met12111966 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met12111966
https://doi.org/10.3390/met12111966
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-1511-1200
https://orcid.org/0000-0002-2733-5113
https://orcid.org/0000-0001-9623-1863
https://doi.org/10.3390/met12111966
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12111966?type=check_update&version=1


Metals 2022, 12, 1966 2 of 17

significantly influence the GB cohesion [5], migration of interfaces [6], local phase transi-
tions [7], and the strength-ductility synergy [8]. These clearly demonstrate the significance
of GBs with localized structural and chemical characteristics in affecting the mechanical,
physical and functional properties of metallic materials [9].

The multicomponent alloys consisting of Group IB noble-metal elements, i.e., Au, Ag,
and Cu, have important applications in various fields such as photocatalysts and sensing de-
vices [10], dental implants and jewelry accessories [11], and micro-/nano-electromechanical
systems of satellites [12]. In the Au-Ag-Cu ternary system, two types of phase transition,
including phase separation and disorder-order transformation, have been widely inves-
tigated. In the context of photocatalyst applications requiring unique optical properties,
the nanometer-sized thin films of Au-Ag-Cu alloy were used to fabricate diverse types
of metallic nanoparticles, such as the solid solution particles precipitating the L10-Au-Cu
ordered phase, and the phase-separated particles showing L12-Au-Cu3 ordering with het-
erogeneous element distribution at GBs [13–15]. For structural applications, several ternary
alloys have been assessed regarding the solidus surfaces [16], miscibility gap [17] and order-
ing reactions [18]. GBs are frequently observed to initiate the phase separation composed
of alternating Ag-rich and Cu-rich FCC phases showing a lamellar morphology [19,20].
Moreover, only the Cu-rich phase of the GB lamellar structures was observed to contain
ordered nanoprecipitates [21]. When adding a quaternary solute or multiple other elements
in Au-Ag-Cu-based multicomponent alloys, the two types of phase transitions were also
observed [22]. Similar to that in ternary alloys, the lamellar structures exhibit a general
trend to preferentially form at GBs. These suggest the GBs of the Au-Ag-Cu ternary system
may play a fundamental role in facilitating the heterogeneous phase nucleation, and it is
thus of interest to explore the atomic details of GB chemistry and elucidate how the phase
separation interacts with the ordering reactions.

Resulting from the heterogeneous phase transition, the local deformation responses
vary in different regions. It was found that isothermal aging causes the GB lamellar struc-
tures to have either two-stage hardening responses associated with the phase separation
and metastable/stable ordered phases [11] or single-stage hardening associated with the
phase separation [21]. Contrary to the age-hardening effect, studies also found that soften-
ing occurs at the GB regions with layered Ag-rich phase and nanoprecipitates of ordered
phase [23]. The variation of mechanical properties can be explained by thermo-kinetic
factors that the aging condition changes the proportions of disordered and ordered phases,
and from microstructural factors that the coarsening of lamellar structures decreases the
hardening contributions [24]. However, it is extremely difficult for traditional experiments
to directly observe the intrinsic deformation characteristics, especially for phases exhibiting
varying chemical compositions and degrees of ordering [25,26]. Recent first-principles
studies demonstrated that the chemical short-range-order (SRO) significantly affects dis-
location mobilities and, consequently, the mechanical properties of refractory [27] and
noble-metal [28] HEAs and highly concentrated binary alloys [29]. The theoretical simula-
tions have proven to be invaluable in providing atomic-scale details of the deformation
mechanism and elucidating its dependence on elemental/structural heterogeneities.

Designing Au-Ag-Cu-based multicomponent alloys for better material performances
requires a comprehensive understanding of the connection between the heterogeneous
phase transitions of phase separation and ordering, chemical compositions of phases and
the deformation mechanisms. To date, considerable efforts have focused on the phase
constituents formed at various processing conditions and the overall mechanical properties.
However, the atomic mechanism controlling the heterogeneous phase transitions at GBs
and the origin of various deformation responses in phases remain seldom considered. More
importantly, there is so far no report on tuning the local phase transformations in a wide
chemical composition space to achieve better mechanical properties of Au-Ag-Cu-based
multicomponent alloys.

Aimed to unveil the atomistic origin of the phase and deformation heterogeneities
in Au-Ag-Cu-based multicomponent alloys, here we conduct a joint experimental and
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theoretical study on a medium-entropy ternary polycrystalline alloy. As a representative
of Au-Ag-Cu-based multicomponent alloys with complex phase transitions in the grain
interior and at GBs, the model alloy also has important applications in various engineering
areas. Based on electron microscopy characterizations and first-principles simulations of
the model alloy, we propose the heterogeneous phase nucleation and formation of lamellar
structures are closely correlated with the GB segregations, where a high driving force for
phase separation and the nucleation precursor are provided. In contrast, the heterogeneous
element distributions hinder the L12 ordering process in the GB phases. Notably, the
characteristics of both the chemical composition and degree of ordering directly determine
the deformation behavior in the grain interior and in the vicinity of GBs. Moreover, the
implications of controlling heterogeneities are discussed from perspectives of the segrega-
tion engineering of GBs and the composition design of dual-phase structures, respectively.
The findings will foster the rational design of noble-metal-based multicomponent alloys
for high-performance applications.

2. Materials and Methods
2.1. Material and Microstructure Characterizations

The model alloy containing 28 at.% Au, 20 at.% Ag and 52 at.% Cu was prepared using
high-purity (99.999 wt. %) metals by vacuum induction melting, followed by intermediate
annealing and cold rolling. The samples with a final diameter of 0.5 mm were solution
treated at 750 ◦C for 1 h and rapidly quenched, and then aged at various temperatures
for 10 min in a vacuum. After etching the polished surface in 75% HCl and saturated
CrO3 aqueous solution, the microstructure was observed by scanning electron microscopy
(SEM, TESCAN AMBER). The focused ion beam (FIB, TESCAN AMBER) technique was
applied to lift out TEM samples, where a 2-step thinning at a voltage of 30 kV and 5 kV,
respectively, was performed to obtain sheet samples with a width of ~40 nm, and a final
thinning at 2 kV, and a current of 50 pA was used to remove the surface damage induced
by Ga ions. The high-resolution transmission electron microscopy (HRTEM, FEI TECNAI
F30) characterizations were then conducted on the nanostructures. Micro-hardness tests
(SINOWON Vicky MHV-1000) were performed in regions of grain interior and GBs, respec-
tively, with a load of 0.98 N and a holding time of 10 s for more than 6 individual points.
Thermodynamics calculations were conducted on the Thermo-Calc 2022a software with
the TCNOBL1 database.

2.2. First-Principles Calculations

First-principles calculations can provide valuable predictions and insights into phase
equilibrium and mechanical properties. The mcsqs module of Alloy Theoretic Automated
Toolkit (ATAT) was used to generate various special quasi-random structures for compo-
sitions beyond the dilute limit [30]. To understand the phase transition behavior and the
effect of GBs on phase equilibrium in Au-Ag-Cu-based multicomponent alloy, we used
the nominal chemical composition of the model alloy to build a category of seventeen SQS
supercells with orthogonal axes [100], [021] and

[
012
]
. Symmetrical rotation operations

around [100] by 53.13◦ were performed on 1/3 of total atoms, from which fifty-one super-
cells of Σ5 (021) symmetric tilt grain boundary (STGB) were created to represent general
high-angle GBs.

The hardening and deformation mechanisms were investigated through first-principles
calculations. The thermo-equilibrium compositions were used to build the 3 × 3 × 3 super-
cells of FCC-structured Ag-rich, Cu-rich phases and the L12-structured ordered phase. The
elastic constants were calculated based on the stress-strain method, from which the bulk
modulus (B), Young’s modulus (E), shear modulus (G) and hardness (HV) were predicted.
Besides the elastic properties, we further evaluated the plastic properties of the hetero-
geneous phase constituents by investigating the unstable stacking fault energies, stable
stacking fault energies and surface energies. Using the equilibrium lattice parameters,
the 120-atom SQS supercells oriented along [110], [111] and

[
112
]

containing fifteen (111)
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layers were chosen. Vacuum layers with a thickness of 13 Å were added to eliminate the
interaction between the 2 surfaces. Atom relaxations were allowed along the [111] direction
with frozen surface atoms. Up to 36 configurations were used to obtain the distribution of
stacking fault energies in each individual phase. The construction of the above models is
consistent with that in Refs. [31,32].

First-principles calculations were conducted using the Vienna Ab-initio Simulation
Package (VASP) code [33]. The projector augmented wave (PAW) method [34,35] with the
valence electron configurations Au: 5d106s1, Ag: 4d105s1, and Cu: 3d10p1 was adopted. The
generalized gradient approximation (GGA) [36] and PBEsol exchange-correlation function
were used to accurately describe the structural and enthalpy-related properties [37–39].
After converging tests of total energy and lattice parameter, a plane wave cut-off energy of
500 eV, a first-order Methfessel-Paxton method [40] with the smearing of 0.1 eV, and the
Monkhorst-Pack k-mesh [41] with a spacing of 0.02 Å−1 were chosen in all calculations.
The relaxation criterion was set at 10−6 eV and 10−2 eV Å−1, respectively, for electronic
and ionic relaxations. These parameters will ensure sufficient high accuracies of energetics
and atomic forces.

3. Results
3.1. Nanostructure Characterizations in the Grain Interior and at GBs

Phase separations combined with disorder-order phase transitions are critical for the
mechanical properties of Au-Ag-Cu-based multicomponent alloys. We first conducted
thermo-equilibrium calculations on Thermo-Calc before experimental investigations. The
results suggest that the model alloy passes through a miscibility gap at 731 ◦C with phase
separation into Cu-rich and Ag-rich FCC phases. With decreasing temperature to 370 ◦C,
the formation of the L12-type (AuCu3) ordered phase occurs. Based on the results, the
cold-rolled Au-Ag-Cu alloy was solution treated at 750 ◦C before aging at 350 ◦C and
450 ◦C for 10 min, respectively. The two representative aging conditions are considered to
satisfy the need to induce heterogeneous phase transition and enable a comparison of local
deformation responses.

Figure 1 shows the TEM morphologies of the aged matrix grains and corresponding
diffraction patterns. Clearly, the bright-field images show microstructure modulation mani-
fested as cross-hatched patterns, indicating spinodal decomposition during the isothermal
holding [42]. We confirmed from the indexed diffraction patterns that the modulation
occurs along the [001] direction in the two samples [21]. Compared with that of the low-
temperature aging at 350 ◦C, the width and length of the bright bands are coarser, in the
range of 5~10 nm, for the 450 ◦C aged matrix. Furthermore, weak super-lattice reflections
caused by the L12-type AuCu3 ordered phases are visible inside the patterns. The ordered
nanoprecipitates are crystallographic parallel to the matrix along basic orthogonal axes of
[100]FCC ‖ [100]L12 , [010]FCC ‖ [010]L12 , [001]FCC ‖ [001]L12 with the cube-on-cube orienta-
tion relationship, which was similarly reported in Au-Ag-Cu metallic nanoparticles [15].

The formation of lamellar structures after aging was observed by electron microscopy
techniques. Figure 2a,b shows the SEM image for the typical distribution of lamellar struc-
tures in the aged specimens, where the lamellar structures are primarily distributed at GBs
and GB triple junctions. A comparison between different aging conditions shows that the
volume fractions of lamellar structures are higher in the high-temperature aged samples.
The FIB technique was used to lift out lamellar samples from the position closest to GBs for
further TEM observations. As shown in Figure 2c, the lamellar structures are composed of
alternating layers in width of several tens of nanometers, which were confirmed by energy
dispersive spectroscopy (EDS) analysis to be Cu-rich and Ag-rich phases, respectively. The
indexed diffraction patterns suggest the two FCC structures have [310]Ag-rich ‖ [111]Cu-rich
parallel directions, in contrast to the cube-on-cube orientation relationship resulting from
spinodal decompositions. Moreover, there were neither side bands nor characteristic satel-
lites observed in the diffraction patterns, suggesting the lamellar structures are precipitated
by a nucleation and growth mechanism rather than spinodal decomposition. The HRTEM
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characterization and fast Fourier transformation (FFT) in Figure 2d indicate that the or-
dered nanoprecipitates could co-exist in the two separated phases, while the developed
degrees of chemical SRO are qualitatively lower than that of the grain interior. Earlier
studies proposed the formation of GB lamellar structure is correlated with the migrat-
ing GBs through a discontinuous precipitation mechanism, where the growth of lamellar
structures starts from GBs and proceeds by migrating GBs with a cellular shape at the
expense of coarse modulate matrix containing ordered nanoprecipitates [21]. Considering
the fact that the initial phase nucleation state does not necessarily require the migration
of interfaces, the above observations imply that the heterogeneous phase transition near
GBs involves the competition between phase separation into lamellar structures and the
chemical ordering process, thereby affecting the consequent phase constituents and local
deformation behaviors.
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Figure 2. Experimental characterization of the GB phases in samples after solution treatment and
isothermal aging at 350 ◦C. (a) The SEM image of the microstructure. (b) The locally enlarged SEM
image of the lamellar structure near GBs; (c) The TEM bright field image of the lamellar regions with
corresponding diffraction patterns showing FCC structures of Ag-rich and Cu-rich phases; (d) The
HRTEM micrograph of GB phases with corresponding diffraction patterns obtained by FFT.

3.2. The Local Deformation Behavior of the Heterogeneous Microstructures

To evaluate the mechanical responses in the heterogeneous microstructure, the Vickers
hardness tests were performed on the isothermal-aged samples. Figure 3a compares
the local hardness between the grain interior and the GB lamellar structures. Both the
matrix and GB lamellar regions show hardening effects after a short time aging of 10 min.
Compared with the grain interior, the GB lamellar structures have significantly lower
values of hardness. Aging at a higher temperature of 500 ◦C also causes an increase in local
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hardness, while the magnitude of the increase is limited. Figure 3b shows that while a small
area of the indentation may be outside of the GB lamellar region, aging indeed caused
hardening effects in the multicomponent solution-treated samples, which has a hardness
value as represented by the dashed line. At the stress-concentrated regions around the
corner of indentations, preferential propagations of micro-cracks in the lamellar structures
are visible, in contrast to that in the grain interior. The above observations indicate that the
phase constituents possess different hardening mechanisms and plastic properties.
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Figure 3. The Vickers hardness test. (a) The hardness values in grain interior and lamellar structures
near GBs after aging for 10 min, as compared with that of solution-treated specimens (dash line);
(b) Illustrations of the indentations in matrix and GB lamellar regions. The FIB technique was used to
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Besides the interfacial characteristics of the GB lamellar structures, the inherent defor-
mation behavior of Ag-rich and Cu-rich phases are also crucial to mechanical responses.
To explore the deformation details and microstructure factors determining the mechanical
response of the GB lamellar structures, we then lifted out TEM samples from the area close to
the indentation. As shown in Figure 4, the heterogeneous distributions of alloying elements
are superimposed on the high-angle annular dark field (HAADF) image. The white arrows in
Figure 4 indicate that straight and wavy dislocation lines can be observed along the longitude
direction of lamellar structures. Interestingly, the dislocations were primarily found in the
Cu-rich phase but not in the Ag-rich phase. This suggests the inherent differences in the
deformation mechanisms of the separate phases during deformation. In addition, as the
dislocation density in the Cu-rich phase is high, it also implies that the low fraction of ordered
nanoprecipitates in the Cu-rich phase plays a minor role in affecting the deformation.
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3.3. First-Principles Calculation of Phase-Transition Characteristics

A category of seventeen SQS supercells using the nominal composition of the investi-
gated Au-Ag-Cu model alloy was generated, from which a total number of fifty-one GB
supercells was used for DFT calculations. Figure 5 illustrates one example that the symmet-
rical rotation operation was performed on the part of the bulk supercell to generate the Σ5
(021) STGB supercell. Accounting that phase separation accompanying L12 ordering in the
ternary system is closely associated with the nearest-neighbor atoms, the SRO parameter
of different chemical bonding pairs [5], i.e., Au-Au, Au-Cu, Au-Ag, Cu-Cu, Cu-Ag, and
Ag-Ag, were evaluated. Further analysis indicates the structures are adequate to describe
the phase transition characteristics through quantification of the various bonding pairs.
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The SRO parameters of the bulk supercells are shown as a radar plot in Figure 6a.
Different magnitudes of phase separation (positive SRO) and ordering (negative SRO) can
be obtained. Figure 6b shows the Pearson correlation coefficient between the total energy
of the relaxed bulk supercell and the number of different bonding pairs, where a negative
(positive) value suggests the bonding pairs are energetically favorable (unfavorable) to
stabilize the system. We found a strong tendency to form SRO between Au and nearest-
neighbor Cu atoms, whereas the Au-Au, Au-Ag and Cu-Cu pairs are less likely to form
due to the increase in total energies. High confidence in the results can be expected from
the relatively low statistical significance values (p < 0.05). It suggests that the L12-Cu3Au
ordered phase is unambiguously preferential to precipitate in the quenched alloy matrix
at 0 K, whereas the phase separation of Ag-rich and Cu-rich phases is less likely. The
first-principles data conform to that of experimental characterizations in previous sections.
Figure 6c shows the statistics of the bonding length up to the third-nearest neighbor,
which further suggests there exists local structural disorder or lattice distortion in the
medium-entropy Au-Ag-Cu system. This observation is similar to that reported in other
multicomponent alloys [43,44]. Especially, the nearest-neighbor Cu-Cu bonds tend to have
the smallest average distance.

As seen in Figure 6d for the relaxed GBs, a Gaussian-type distribution of GB energies
with an average value of 0.59 J/m2 and a standard error of 0.14 J/m2 can be found. The
mean value of GB energy is comparable to that of pure Au [45]. To determine the effect
of local chemistry on the GB energies, the adaptive common neighbor analysis (CNA)
method was applied to identify GB atoms in the GB supercells without atom relaxation.
The Pearson correlation between GB energy and the number of various bonding pairs
within the GB region is plotted in Figure 6e. As seen from the magnitudes of P values, the
numbers of Cu-Ag and Ag-Ag bonds are significant to exhibit strong negative correlations
with the GB energy, suggesting that the formation of these bonds lowers the GB chemical



Metals 2022, 12, 1966 8 of 17

energy. After relaxation, we found the trend still holds, although the significance may be
reduced to some extent. This suggests that both chemical and structural effects influence
GB energy, and it will be discussed in the following results of GB segregation. In contrast
to the bulk region favorable of Au-Cu bonds which are related to the L12 ordering, the GB
region is found to show a different tendency of phase transition, with a high number of
Ag-Ag bonds as a manifestation of promoting the phase separation. The distribution of
bonding length within the GB region was also calculated, as shown in Figure 6f. Among
the various bonding pairs, the nearest-neighbor Cu-Cu bonds again show the smallest
average length, which is the same as the case in the bulk region. However, much larger
lattice distortions were found for GB atoms, manifested as the smaller Cu-Cu and larger
Ag-Ag interatomic distances than that in the bulk, respectively. With the strong interfacial
disordering at GBs, co-segregation of Ag and Cu is expected to be further prompted.
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The above calculations of GB energetics and bonding characteristics strongly indicate
the prevailing role of high-angle GBs in affecting phase separation and ordering. We,
therefore, analyzed the chemical and structural effects of GBs on equilibrium segregation
to further understand the heterogeneous phase transitions. The correlations between
the distribution of atoms and the GB energy without atomic relaxation, as well as the
energy reduction during relaxation (∆γ), were evaluated. As shown in Figure 7, the DFT
calculations predict that the GB segregations of Cu and Ag decrease the unrelaxed GB
energy while Au increases the energy. The coefficient of Ag is more negative than that of
Cu, which implies the GB segregation of Ag should be more important to influence the local
phase transitions. Contrarily, we observe opposite trends for the correlation coefficients
between GB chemistry and ∆γ. For instance, as more Ag atoms segregate to the GB, the
induced structural contributions to reduce the GB energy become smaller. This suggests
that the chemical effect on GB energies can be compensated by the structural effect. It
should be noted we found the P values are smaller than 0.05 in all cases, which supports
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the test hypothesis that the GB chemistry in the ternary system does play a role in affecting
the GB energy.
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3.4. Atomic-Scale Calculation of Mechanical Property and Deformation Mechanisms

First-principles calculations were performed to predict the elastic and plastic proper-
ties of the individual phase-transition product and to gain insights into the atomic-scale
deformation mechanisms. The compositions of the equilibrium phases at 450 ◦C obtained
from Thermo-Calc calculations were used to generate the SQS supercells. Accounting that
the L12 phase maintains almost the same composition as the disordered Cu-rich phase, we
then constructed the highly ordered L12 supercells where the Ag atoms are distributed
randomly at all lattice sites, while Au and Cu atoms occupy the corner and face-centered
sites, respectively.

The calculated lattice parameters are summarized in Table 1. As compared with the
disordered FCC matrix with the nominal composition of the model alloy, the decomposed
Ag-rich (Cu-rich) phase shows a larger (smaller) lattice parameter, which agrees well with
HRTEM characterizations in Figure 2c. Although the interface misfit between the two
phases is small (<0.02), interfacial dislocations are expected to release the coherency strains
and contribute to hardening. All the phases were confirmed to be mechanically stable
at 0 K according to Born–Huang’s criteria of lattice stability [46]. The elastic constants
(C11, C12, C44) were used to approximate the bulk modulus (B), Yong’s modulus (E) and
shear modulus (G) of polycrystals. We see the ordered structure has the largest values
of elastic parameters among the multicomponent solid solutions, followed by the Cu-
rich and Ag-rich disordered phases. The intrinsic hardness (HV) values, as predicted by
Chen’s model [47] in Table 1, show the decomposed phases are inherently softer than the
ordered phase. This demonstrates that the higher micro-hardness of the matrix than GB
lamellar structures in previous experimental tests stems from the ordered phase. Besides,
the HV/E parameter, which is an effective indicator of tribological behaviors and has a
negative correlation with the wear rate [48,49], suggests a better service performance for
local regions precipitating the ordered phase.

The plastic deformation mechanisms of phases were then evaluated by calculating the
unstable stacking fault energies γUSF and stable stacking fault energies γSFE. As shown
in Figure 8a, the average stacking fault energies of the Ag-rich phase are lower than that
of the Cu-rich phase. However, larger variations of γUSF and γSFE were found in the
Cu-rich and Cu-order phases. With the transition from disordered to ordered structure,
the average γUSF and γSFE are increased, indicating increased activity of dislocations.
Interestingly, the γSFE in the Cu-rich disordered phase could even become negative for
certain faulting planes, which implies the Shockley partials will become predominant over
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perfect dislocations during deformation [50]. Besides, the original FCC will be locally
metastable and can transform into a nanoscale HCP phase [51]. Using the same supercells,
the (111) surface energies of phases are plotted in Figure 8b, which shows the Ag-rich
disordered phase has the lowest surface energies.

Table 1. First-principles calculation of the lattice parameters (a, Å), elastic constants matrix (C11, C12
and C44, GPa), bulk modulus (B, GPa), Young’s modulus (E, GPa), shear modulus (G, GPa), hardness
(HV-Chen, GPa) and the effective indicator of wear-resistance (HV/E) for various phases.

Phases a
(Å)

C11
(GPa)

C12
(GPa)

C44
(GPa)

B
(GPa)

E
(GPa)

G
(GPa)

HV-Chen
(GPa) HV/E

Nominal FCC 3.8655 187.7 139.9 61.0 155.8 115.1 41.8 0.8 0.007
Ag-rich 4.0393 165.5 119.1 56.7 134.5 108.2 39.6 1.1 0.010
Cu-rich 3.7825 200.1 148.9 69.6 165.9 127.7 46.5 1.3 0.010

AuCu-order 3.7312 211.4 148.2 79.6 169.3 148.7 54.9 2.6 0.017
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According to the universal scaling of planar fault energy barriers in FCC metals [52],
the material characteristic ratio

Λ = γSFE/γUSF, (1)

and the twinnability measure

T =

√
(3− 2Λ)/

(
1 +

Λ

2

)
, (2)

can reveal the relative importance of partial or full dislocation emission vs. micro-twin
emission from crack tips under deformation. Among the three phases, it is predicted
the Ag-rich phase with the smallest Λ and the largest T value is more favorable for twin
emission. When a high degree of SRO is developed in the Cu-rich phase to form the L12
phase, the twinnability is decreased, i.e., emission of trailing partial dislocations becomes
favored over twins. The above calculations are qualitatively consistent with experimental
observations in Figure 4, where more dislocations are initiated in the Cu-rich phase of GB
lamellar structures. Moreover, the ductility parameter

D = 0.3
γSur f

γUSF , (3)

which indicates the susceptibility to cracking according to the Rice-criterion [53], were
calculated using the average surface energies and unstable stacking fault energies of the
three phases. The D > 1 values suggest the energy barrier of cleavage is higher than that of
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the dislocation nucleation [54]. While all the phases are generally ductile, the Ag-rich FCC
phase is relatively brittle and more likely to initiate and propagate cracks. This explains
the frequently observed micro-cracks near indentations at the GB lamellar regions with
coarsened layers of the Ag-rich phase.

4. Discussion
4.1. The Effect of GB Segregation on Phase Separation and Ordering

The phase stability is of particular interest in studies of multicomponent alloys. Even
with a high configurational entropy to stabilize the solid solution, phase transition takes
place due to the strong interactions between atomic pairs. Especially, GBs, as the most
ubiquitous defects of polycrystalline materials, are preferential to nucleate phases [55–57].
For instance, the Fe-35Ni-35Mn (at%) medium-entropy alloy show L10-NiMn ordering
and phase separation, while the latter can primarily occur at GBs with localized Mn
clustering [58]. In the current Au-Ag-Cu model alloy, the modulated morphology and
the superlattice spots (Figure 1) indicate that spinodal-type phase separation accompanies
the L12 chemical ordering process in the grain interior. However, the phase separation
exhibiting lamellar morphologies and containing a low fraction of ordered nanoprecipitates
can be directly observed in the vicinity of GBs. Previous experiments indicated that
the formation of GB lamellar structures in noble-metal multicomponent alloys might be
stimulated by the decrease of lattice strains [24]. A similar observation was also explained
by the attractive interactions between particular elements [59].

Through first-principles modeling of the bulk and GBs in the multicomponent Au-Ag-
Cu alloy, we found the critical role of interfacial chemistries in affecting the local phase
constituents. The calculations reveal that Ag and Cu atoms are energetically favorable to
enrich at the high-angle GBs, while the Au concentration is depleted. This is consistent with
recent experimental observations of Au-Ag-Cu metallic nanoparticles where the incoherent
GBs are primarily segregated by Ag [13]. The GB segregation is therefore expected to
provide a high chemical driving force for the Ag-Cu phase separation [60]. Contrarily, the
ordering process is hindered due to decreased concentrations of Au (Figure 6). To validate
the first-principles predictions that GB segregation is the precursor state to nucleation
and heterogeneous phase transformations, thermodynamics calculations were further
conducted using different Au concentrations. Figure 9 demonstrates the miscibility gap
expands to the liquidus temperature with decreasing Au content, thus facilitating the
formation of the eutectic-like lamellar structures. However, the ordering occurs from L10 to
L12, showing a decreasing Au/Cu ratio from 1 to 1/3, and the L12 phase region shrinkages
until it completely disappears. It is evident from the pseudo-binary phase diagrams that
local chemical composition affects both the phase separation of the Ag-Cu system and
the ordering of the Cu-Au system. The results evidenced that the difference of phase
constituents in grain interior and at GBs originates from the local solute supersaturations
at GBs, which would provide a comprehensive understanding of the phase transition
precursors and nucleation mechanisms in multicomponent alloys.

The above results point to a feasible design strategy to modulate heterogeneous phase
transitions through GB engineering of solute segregations. Firstly, we propose tuning
the thermodynamic driving force for GB segregation via multiple solute interactions is
of crucial importance to hinder the heterogeneous phase transition in multicomponent
alloys. By using the segregation and mixing enthalpies from binary subsystems, a lattice-
type model for describing GB segregation in ternary alloys [61] was extended to quinary
non-equimolar HEAs, which yields qualitatively consistent results with atomistic simula-
tions [62]. The model could provide useful guidance for the design objective to prevent the
phase separation products from exhibiting poor mechanical properties. For example, we
may add a quaternary solute X in the Au-Ag-Cu ternary system to produce competitive GB
segregations with Ag according to thermodynamic parameters as tabulated in Ref. [63]. The
candidate solutes should ideally have negative values of ∆Hseg

Au, X, ∆Hseg
Ag, X, ∆Hseg

Cu, X and

negative values of ∆Hmix
Au, X, ∆Hmix

Ag, X, ∆Hmix
Cu, X to enhance the GB segregation of X, while
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negative value of ∆Hseg
X,Ag, ∆Hmix

X,Au ∆Hmix
X,Cu and a positive value of ∆Hmix

X,Ag to decrease the

GB segregation of Ag, where the negative ∆Hseg
A,B represents that solute B tends to segregate

to GBs in solvent A. Further studies are encouraged to realize a quantitatively accurate
prediction of GB segregations and thus heterogeneous phase transition in Au-Ag-Cu mul-
ticomponent alloys [64]. Secondly, as the lamellar morphologies at GBs are correlated
with migrating interfaces, the diffusion kinetics of atoms and migration of GBs play a
role in the initiation of heterogeneous phase transitions. Previous studies suggest that the
GB segregation of Nb atoms in the (CoCrFeNi)94-xAl3Ti3Nbx (at.%) HEA can inhibit GB
diffusion of alloying atoms and retard GB migration, consequently hindering the hetero-
geneous phase transition at GBs [65]. It indicates exploiting the solute drag effects that
retard GB migrations [66] as a kinetic controlling factor helps to regulate the formation of
heterogeneous phase transitions. Moreover, we note the preferential phase separation near
GBs can be initiated not only by the equilibrium segregation during isothermal holding but
also by the inter-dendrite segregation after solidification. Controlling the non-equilibrium
solidification is also a possible route. Hence, both thermodynamic and kinetic factors
should be considered to minimize the discontinuous phase separation at GBs.
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4.2. Strengthening in Different Phases and Implications for Alloy Design

Age hardening is critical to obtain a high service performance of Au-Ag-Cu-based
multicomponent alloys. Previous studies have shown that ordering in the matrix dominates
the hardening, while the GB precipitates composed of ordered phase, and stable Ag-
rich phase could decrease the local hardness [23]. However, the hardness decrease was
attributed to the microstructural coarsening of the lamellar structures rather than the types
of metastable or stable product phases [24]. The model alloy, as a representative of the Au-
Ag-Cu multicomponent, was used in this study to explicate the solid solution strengthening
and deformation mechanisms in different phases.



Metals 2022, 12, 1966 13 of 17

From microhardness tests, we found strong age-hardening effects in the grain interior,
while the lamellar structures near GBs show relatively lower hardness values (Figure 3). By
ab-initio prediction of the intrinsic hardness, solid solution strengthening was validated in
the disordered FCC phases with a higher Ag or Cu content than the nominal composition.
We see significant hardening occurs when a high degree of chemical SRO is developed
in the Cu-rich phase (Table 1). The calculations demonstrate that the ordering process in
the Cu-rich phase dominates the strengthening increment. Accounting that the Ag-rich
and Cu-rich phases grow cellularly as alternating layers in the lamellar structures, the
low-hardness Ag-rich phase causes a large indentation area due to its coarsened width up to
several tens of nanometers. We emphasize the deformation mechanisms are different in the
heterogeneous phase transition products. More dislocations were observed in the Cu-rich
phases (Figure 4), which seems to contradict its relatively high hardness. First-principles
simulations revealed that the disordered Cu-rich phase features a higher average γUSF

than the Ag-rich phase, with even negative γSFE on certain planes (0). This means that
compared with the Ag-rich phase, the emission of partial or full dislocations is favored
in the Cu-rich phase, which agrees well with the characterizations of dislocations in the
deformed nanostructure. When the degree of local chemical SRO is enhanced, the stacking
fault energies are also increased. Thus, the deformation is predicted to be correlated with
the chemical SRO [67], which can be understood as the result of some stable atomic pairs
increasing defect energies. The strong correlation between SRO and deformation was also
reported in CrCoNi medium-entropy alloys with local chemical order around Cr atoms [68].

The above findings suggest the deteriorating effect of the lamellar phases at GBs
originates mainly from the Ag-rich phase, which exhibits a low hardness and ductility.
To guide the design of Au-Ag-Cu alloys with a highly uniform microstructure and local
deformation responses, here we explore the correlation between phase composition and
yield strength through the mechanistic model that assumes individual atoms interact with
dislocations in an average FCC alloy matrix [28,69]. Figure 10a shows at a temperature
of 300 K, and a strain rate of 10−4 s−1, more than 5000 chemical compositions in the
full composition space of the Au-Ag-Cu ternary system were evaluated and numbered
according to an increasing sequence of the predicted strength. Then every 100 compositions
were averaged to illustrate the general correlation between phase chemistry and strength,
where we see a higher Cu concentration of the disordered FCC phase generally features
a higher yield strength, in contrast to the effects of Au and Ag. Integrating the model
with thermodynamics calculations in the full composition space and the rule-of-mixtures
inputs, the dependence of yield strength on alloy composition, phase fraction, and the
experimental testing conditions can be predicted. For instance, the strength difference
in the two-phase region after aging at 450 ◦C is plotted in Figure 10b. Obviously, the
difference is large in the middle region with Au concentrations in the range of 48~55 wt. %.
This explains the large difference in local hardness observed in the current model alloy
with 50 wt. Au%. The average yield strength was then calculated by considering the
phase fraction in the ternary system. As suggested in Figure 10c that the highest strength
is not located at the Cu-rich corner; the overall mechanical properties in heterogeneous
microstructures are determined by the characteristics of phase constituents rather than the
alloy composition. The results will provide helpful directions for composition design to
achieve high strength and homogeneities of local mechanical properties in Au-Ag-Cu-based
multicomponent alloys.
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tion in the ternary system. As suggested in Figure 10c that the highest strength is not lo-
cated at the Cu-rich corner; the overall mechanical properties in heterogeneous micro-
structures are determined by the characteristics of phase constituents rather than the alloy 
composition. The results will provide helpful directions for composition design to achieve 
high strength and homogeneities of local mechanical properties in Au-Ag-Cu-based mul-
ticomponent alloys. 

 
Figure 10. The first-principles-based prediction of yield strength in the full composition space. (a) 
The dependence of yield strength on alloying concentration in disordered FCC phase. (b) The 
Figure 10. The first-principles-based prediction of yield strength in the full composition space. (a) The
dependence of yield strength on alloying concentration in disordered FCC phase. (b) The strength
difference between the Ag-rich and Cu-rich phases in the two-phase region. (c) The average yield
strength in the ternary Au-Ag-Cu alloy according to the rule of mixtures. The compositions are
in wt. %.

5. Conclusions

To summarize, the atomic-scale origin of heterogeneous phase transition and deforma-
tion behaviors in a medium entropy Au-Ag-Cu model alloy was investigated through a
combination of experimental characterizations and first-principles calculations. We reveal
the close correlation between GB segregation, different phase constituents and the local
deformation responses in Au-Ag-Cu-based multicomponent alloys. The high-angle GBs
are found to be favorable for the segregation of Ag and depletion of Au, which then could
create localized composition regions rendering phase separation and formation of lamellar
structures. Contrarily, the L12 ordering is less likely to take place. The Ag-rich phase
is suggested to be intrinsically soft and susceptible to cracking, and the two separated
disordered phases lacking chemical ordering in the GB lamellar structures exhibit heteroge-
neous deformation capabilities. The deformation mechanism, as predicted from stacking
fault energies, agree well with experimental observations of deformed nanostructures that
the dislocations are primarily observed in the Cu-rich phase. Based on the above results,
we discuss and propose the alloy design strategy for controlling phase and deformation
heterogeneities via the GB segregation engineering and the tuning of phase composition
and fraction. It is recommended to investigate the effect of a quaternary element on GB
segregation and heterogeneous phase transitions and conduct mechanical tests to validate
the correlation between alloy composition and yield strength in future experimental studies.
The study will help to guide the composition design for controlling the heterogeneous phase
transition and for achieving better mechanical properties in noble-metal Au-Ag-Cu-based
multicomponent alloys.
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