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Immiscible Ag-Cu alloys exhibit complex behavior due to varying Cu solid solubilities reported under equilibrium
and metastable conditions. In ultrafine-grained alloys, these limits are further complicated by a high fraction of
grain boundaries, where solute atoms tend to segregate and, in some cases, form clusters. This study investigates
the influence of Cu solute segregation and clustering on solid-solution limits in ultrafine-grained Ag-Cu alloys
synthesized by magnetron sputtering with varying Cu content. X-ray diffraction peak shifts reveal a solid-solution
concentration plateau for Cu contents from 4.9 to 11.7 at %, in contrast to the peak shifts predicted by density-

functional theory for Ag-Cu alloys. Scanning transmission electron microscopy further reveals limited solid
solubility and the formation of numerous Cu-rich clusters at grain boundaries. Atomistic simulations demonstrate
that such limited solubility does not arise from grain boundary segregation alone, but only when strong solute-
solute interactions promote the formation of grain-boundary Cu solute clusters.

There are several physical factors that contribute to the complexity
of the binary Ag-Cu system. Under equilibrium conditions at the eutectic
temperature of 779.1 °C, the maximum solubility of Cu in Ag is 8.27 at.
% [11, while at room temperature, the mutual solubility of Ag and Cu is
<1 at.% [2,3]. This pronounced immiscibility, however, is unexpected,
as both elements have similar electronegativities, share the same
face-centered cubic (FCC) crystal structure, and exhibit an atomic size
mismatch of approximately 13 %, which satisfy the Hume-Rothery cri-
terion for solid solution formation [4]. Nevertheless, various
non-equilibrium processing techniques, such as vapor deposition, me-
chanical alloying, and ion beam mixing, have been extensively
employed to synthesize metastable Ag-Cu alloys with extended solid
solubility [2,3,5-9]. For instance, F. Misjdk et al. have produced Cu-Ag
alloys by thermal evaporation with mutual solubility of Ag and Cu of 10
at.% [3]. S. Gohil et al. have reported the sputtering of Ag-Cu thin films
at room temperature, achieving a Cu solubility of up to 13 at.% with an
additional formation of a hexagonal (4H) phase [2]. Dirks et al. have
reported Cu solubility of 10 at.% in vapor-deposited thin films [10]. Ma
et al. have observed a formation of amorphous Ag-Cu solid solutions [5,
6].

All these phenomena have been demonstrated for alloys with a high
Cu content, often close to the eutectic composition of Ag-40Cu, within
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the spinodal decomposition region of the Ag-Cu phase diagram, where
thermodynamic effects dominate and lead to the decomposition of the
solid solutions and the formation of Ag- and Cu-rich phases [11-13].
Meanwhile, recent molecular dynamics (MD) simulations have shown
that at lower Cu concentrations (up to 15 at.%), Cu segregates to grain
boundaries (GBs), with the dilute limit depending on the Ag grain size
[14], and exhibits complex solute-solute interaction behavior [15,16].
In ultrafine-grained and nanocrystalline materials, the GB fraction be-
comes comparable to the grain interior fraction and must be accounted
for in the analysis. The intrinsic GB structure of Ag-Cu polycrystals also
varies strongly with composition, evolving from random distributions of
GB solutes in Ag-rich alloys [17,18] to ordered GB complexions and even
amorphous interface films with Cu-rich alloys [19,20]. Given that Cu
segregates to Ag GBs and exhibits complex solute-solute interactions,
these effects are expected to significantly influence the solid solution
limits of Ag-Cu alloys as well [21]. There are, however, no experimental
studies addressing these effects.

In this study, Ag-Cu alloys with Cu contents up to 12 at.% were
synthesized via magnetron co-sputtering. Microstructural characteriza-
tion by X-ray diffraction (XRD) and scanning transmission electron mi-
croscopy (STEM) reveal an intragranular solid-solution concentration
plateau for Cu contents extending from 4.9 to 11.7 at.%. MD simulations
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further demonstrate that the observed maximum solubility limit of Cu in
ultrafine-grained Ag arises from attraction interactions between Cu so-
lute atoms segregated to the GBs, which promote clustering and ulti-
mately limit further dissolution into the Ag matrix.

Ag-Cu alloys were prepared by direct-current (DC) magnetron co-
sputtering of Ag (99.99 % purity) and Cu (99.999 % purity) targets. B-
doped Si (100) wafers were used as substrates for deposition. The base
pressure was approximately 5 x 10~* Pa, and the Ar pressure (99.999 %
purity) during deposition was maintained at 1.6 Pa. The distance be-
tween the targets and the substrate was set at 8 cm. To control the Cu
content in the sputtered Ag-Cu alloys, two power units were used: the
power applied to the Ag target was fixed at 200 W, while the power
applied to the Cu target was varied up to 50 W. To promote uniform
distribution of Cu, the substrate was rotated at 15 rpm during deposi-
tion. The deposition time was 40 min, producing foils approximately 5
um thick with a strongly textured (111) microstructure, as detailed in
our recent work [22]. No substrate cooling was enforced during the
deposition. Using the methodology described in [22], the deposition
temperature was estimated to be in the range of 60-100 °C. The Cu
content in the sputtered alloys, measured by energy-dispersive X-ray
spectroscopy (EDS, Oxford Instruments) in a field-emission scanning
electron microscope (FESEM, Zeiss VP300), was found to be 2.0, 4.9,
8.0, and 11.7 at.%. Furthermore, a ThermoFisher Scientific Helios 5CX
Dual-Beam (SEM-focus-ion beam) microscope was used to fabricate
50-70 nm thick planar specimens for STEM. STEM analysis was per-
formed using a ThermoFisher Scientific Talos F200i STEM, equipped
with a Dual-X EDS (EDX) system.

XRD analysis was performed using a Rigaku Miniflex II diffractom-
eter with Cu-K radiation, the step size of 0.02°, and the scanning speed of
1°/min. Also, the experimental XRD patterns were compared to simu-
lated ones based on density-functional-theory (DFT) calculations. To do
this, pure Ag and Cu, and Ag-Cu alloys supercells (3 x 3 x 3) with
different Cu concentrations were fully relaxed (ionic + cell relaxation)
using DFT, and the XRD patterns of these structures were obtained using
the software VESTA (Powder Diffraction Pattern) [23-25]. DFT simu-
lations were performed with the software VASP [26]. Projector
augmented wave (PAW) pseudopotentials were used [27]. The electron
exchange-correlation was described using the GGA-PBE functional [28].
The plane-wave cutoff energy of 600 eV, Brillouin zone sampling with a
k-point grid of 21 x 0.02 A resolution and convergence criteria of 1 x
107 eV per atom for total energies and 1 x 1072 eV A™! for forces were
employed.

The representative XRD pattern of the Ag-Cu alloy (2 at.% Cu) is
shown in Fig. 1a. It exhibits a main (111) peak along with (200), (220),
(311), and (222) secondary peaks. All the peaks match those of the
reference FCC Ag. The full diffraction patterns of the Ag-4.9 at.% Cu and
Ag-11.7 at.% Cu alloys are not shown here, as they do not qualitatively
differ from that of Ag-2 at. % Cu (Fig. 1a). However, a zoomed-in view of

(a) Ag-2 at. % Cu (b)
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the (111) peak is presented for all the alloys (Fig. 1b) with a reference
value of pure Ag (dashed vertical line). The main (111) peak shifts to
38.22° for the Ag-2 at.% Cu and further to 38.28° for both Ag-4.9 at.%
Cu and Ag-11.7 at.% Cu, reaching its limit. In this case, the rightward
shift of the peaks can be attributed to Cu atoms substituting Ag atoms in
the lattice, indicating the formation of a solid solution. It should be
noted, however, that peak shifts can also result from residual stresses
induced during magnetron sputtering [29-32]. According to Ref. [29],
the calculation of residual stresses in strongly textured films requires
advanced techniques beyond standard XRD analysis and is not the focus
of this study. Therefore, in our further analysis, to minimize the influ-
ence of stress-related effects, the peak of pure Ag deposited under the
same sputtering conditions as the Ag-Cu alloys (Fig. 1b, green line) was
used as the reference.

Fig. 2 shows the trend of the (111) peak shifts in the experimental
Ag-Cu alloys with those predicted by DFT. The (111) peak shift of the
Ag-8 at.% Cu alloy was included for additional comparison. The
discrepancy in the (111) peak shifts becomes noticeable already at 2 at.
% Cu and becomes more pronounced with increasing Cu concentration.

0.6

o
()]
1

0.4-

(111) peak shift, °

©—&—& Experiment
O—&—& DFT

0 2 4 6 8 10 12

Cu concentration, at. %

Fig. 2. Experimental (111) XRD peak positions in the sputtered Ag-Cu alloys
compared to density-functional-theory (DFT) predictions on an FCC solution
supercell shown in inset, where Ag and Cu atoms are colored in light grey and
black, respectively.
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Fig. 1. XRD analysis of the sputtered Ag-Cu alloys. (a) XRD pattern of the Ag-2 at.% Cu alloy (logarithmic scale is used for better visualization of secondary peaks);

(b) Zoomed-in view of the (111) peak for the Ag-Cu alloys.
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At 4.9 at.% Cu, the experimental results significantly deviate from the
DFT-predicted trend, forming a plateau in the concentration range of 4.9
to 11.7 at.% Cu (Fig. 2).

Additionally, we used the XRD data to estimate the fraction of Cu
dissolved into the Ag matrix using Vegard’s law [33] such as:

Xew = (aalloy - aAg)/(aCu - aAg) (@]

where the a parameters are the respective lattice constants determined
from the experimental XRD (111) peak positions and Bragg’s law. The
results of Eq. (1) are presented in Table 1 for all films synthesized in this
study. For the Ag-2 % Cu alloy, Eq. (1) predicts that 0.9 % Cu is in solid
solution with the Ag matrix, and this value increases with higher Cu
content. However, for alloys with Cu contents between 4.9 % and 11.7
%, Table 1 shows that the fraction of Cu dissolved in the Ag matrix
reaches a plateau at 2.2 %.

It is important to note that the excess free volume at GBs was not
considered in Eq (1). As a result, the above analysis does not account for
the influence Cu atoms segregated to GBs. This point is important
because atomistic simulations have shown that GB excess free volume
decreases linearly with the local Cu concentration in Ag polycrystals
[14]. To study the possible segregation of Cu atoms to GBs, we con-
ducted STEM-EDX on specimens containing 2 %, 4.9 %, and 11.7 % Cu.
To evaluate the Cu solid solution in each specimen, we analyzed the
elemental composition of five individual Ag grains per specimen (ex-
amples of analyzed regions are marked with a yellow square in Fig. 3a
and 3c). The STEM results shown in Table 1 indicate that the average Cu
content inside grains is close to the Cu solid solution estimated by XRD
using Eq. (1). Furthermore, STEM-EDX images of the Ag-2 at. % Cu and
Ag-11.7 at. % Cu alloys in Fig. 3 reveal ultrafine Ag grains with di-
ameters approximately ranging from 100 nm to 200 nm. Notably, the
sputtered materials contain Cu-rich clusters and nanoprecipitates
[34-36], which are typical of coarse-grained Ag-Cu alloys. These fea-
tures form either near GB junctions, as shown in the inset of Fig. 3a, or
along individual GBs, where they appear as necklace-like clusters in
Fig. 3b A detailed STEM-EDX analysis of these clusters and nano-
precipitates, including line profile measurements, was reported in our
previous study [37]. Also, Fig. 3 and Table 1 show that Cu clusters
formed at all concentrations, which suggests that the solubility limits
were exceeded, even at low Cu contents.

The presence of both Cu-rich clusters and nanoprecipitates and solid
solution grains at all concentrations is significant for several reasons.
First, it confirms that these alloys exhibit limited solubility. Second, the
observed solid solution limits are directly linked to the formation of Cu
clusters and nanoprecipitates along the GB network. Third, the forma-
tion of Cu clusters was not anticipated in previous MC/MD simulation
studies of annealed Ag-Cu polycrystals [14,17,18,38]. Notably, these
simulations predicted only weak Cu-Cu interactions at GBs [14], which
may explain the absence of clustering in those models. In our recent
work [22], however, we demonstrated a previously unrecognized
pathway for GB solute clustering, driven not by individual solute-solute
interactions but by collective solute-cluster interactions. In this mecha-
nism, once a solute cluster is formed, it could act as a preferential site
that strongly attracts additional solute atoms.

In the present study, we show atomistic simulations that demonstrate
pronounced Cu clustering at the interface of a high-energy ¥9(221)

Table 1
Summary of experimental results in the sputtered Ag-Cu alloys by XRD using Eq.
(1) and STEM-EDX analysis inside individual grains away from GBs.

Total Cu content (at.  Cu solute (at.%) by Intragranular Cu solute (at.%) by
%) Eq. (1) STEM

2.0 0.9 1.0+ 0.1

4.9 2.2 2.7 £0.3

8.0 2.2 -

11.7 2.2 2.8+0.3
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symmetric tilt bicrystal in Ag, which contrasts with the Cu segregation
behavior predicted in previous atomistic simulations [15]. To achieve
this, we employed the optimized EAM-X (embedded atom method) po-
tential developed by Daw and Chandross [39,40] to model the Ag-Cu
interactions. This potential introduces a cross-interaction parameter y
(0.106 for Ag-Cu) and enables the simulation of GB segregation alone
when the parameter has a negative sign, and solute clustering when it is
positive. The parameter y is fitted to binary dilute heats of solution, and
the sign of y controls the balance between clustering and ordering ten-
dencies. Readers interested in the detailed formulation and justification
of this parameter are referred to the original paper [40]. Hybrid Monte
Carlo/molecular dynamics (MC/MD) simulations implemented in the
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
code [41] were performed at a temperature of 500 K using the same
parameters described elsewhere [16].

To explore the effects of both segregation and clustering of Cu solutes
on the limits of solid solubility, we examined two representative cases: a
low Cu concentration of 2 at.% and a high concentration of 11.7 at.%. As
can be seen from Fig. 4a and b, a negative value of the cross-interaction
parameter y of —0.106 results in homogeneous GB segregation, as evi-
denced by the significantly higher Cu concentration at the GBs
compared to the Ag grains, corresponding to 10 at.% for the Ag-2 at.%
Cu bicrystal and 22.7 at.% for the Ag-11.7 at.% Cu bicrystal. However,
GB segregation alone does not impose a limit on solid solubility, as the
Cu content within the Ag grains increases proportionally with the
overall Cu concentration (Fig. 4e). This indicates that segregation, in the
absence of clustering, is insufficient to establish a solubility plateau.

When the cross-interaction parameter y is set to a positive value of
+0.106, Cu solutes exhibit a clear tendency to form clusters, and GB
solute clusters become well-defined. At 2 at.% Cu, the GB clusters are
only a few bonded Cu atoms, as highlighted by red arrows in Fig. 4c, and
become significantly larger in size at high solute concentration as shown
in Fig. 4d. This observation is consistent with our recent work [22],
which showed that solute-cluster attraction is weak for small clusters
(up to 6 atoms) but increases markedly as the cluster size grows. At 2 at.
% Cu, the number of solutes segregated to GBs is insufficient to form
clusters of critical size. At higher concentrations, however, enough sol-
utes are available to form stable clusters that act as strong segregation
sites, attracting additional Cu atoms in a snowball-like manner. This
process limits the solute content in the surrounding solid solution within
the Ag grains, as observed in Fig. 4d. At the same time, as demonstrated
in [37] using the same MC/MD approach, these Cu solute clusters at GBs
are amorphous, with adjacent FCC Cu inclusions acting as precursors for
the growth of ordered Cu nanoprecipitates.

To quantify the influence of GB clustering on solid solubility, the
solid solution Cu content was evaluated for concentrations between 2
and 11.7 at.%, as shown in Fig. 4e. These results reveal an intragranular
solid-solution concentration plateau at approximately 1.5 + 0.5 at.%
within the Cu concentration range of 4.9 to 15 at.% Cu. The estimated
error of £0.5 at.% accounts for the diffuse nature of large clusters,
whose boundaries may extend slightly beyond the GB region, depending
on how their edges are included in the analysis. The obtained simulation
results are in close agreement with the experimental data, although not
in exact quantitative correspondence. This discrepancy may be attrib-
uted to the use of a high-energy X9 (221) GB in the simulations, whereas
the experimental specimens contain a distribution of GBs with varying
energies.

In conclusion, these findings underscore the critical role of solute
clustering at GBs in establishing the limits of solid solubility in ultrafine-
grained alloys and provide new insight into the thermodynamic and
kinetic factors governing alloy stability at the nanoscale. While GB
segregation alone does not limit solubility, the formation of Cu-rich
clusters, driven by strong solute-solute and solute-cluster interactions
[22], was found to be essential for the emergence of a solubility plateau.
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(a) 2 at.% Cu (b) 2 at.% Cu

(c) 11.7 at.% Cu

STEM
EDX

Fig. 3. Pairs of brightfield (BF-S) STEM images and EDX elemental maps recorded from the sputtered (a-b) Ag-2 at.% Cu alloy and (c) Ag-11.7 at.% Cu alloy. Yellow
squares indicate locations within Ag grains where EDX analysis was performed to measure Cu concentration. The inset image in (a) is a mixed BF-S and EDX close-up
image focused on three GB solute clusters seen in the lower-right region.
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Fig. 4. Hybrid EAM-X MC/MD simulations of the effects of GB solute segregation (a, b) and GB solute clustering (c, d) on Cu solid solution concentration in high-
energy X9 (221) GBs at overall Cu concentrations of 2 and 11.7 at.%. The local solute compositions (at.%) in the grain interior and the two GBs are indicated in red

color. (e) Solid solution concentration as a function of overall Cu concentration for either GB segregation or GB clustering simulations (dashed lines are included for
visual guidance only).
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