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Abstract 
Cu–xAg/Ni multilayers (x = 0 at.%, 5 at.%, 10 at.%) with individual layer thickness of 25 nm were synthesized to explore 
alloy-modulated strengthening effects in nanolayered composites. Nanoindentation measurements revealed that alloying the 
Cu layers with 5 at.% and 10 at.% Ag increases the hardness of the Cu/Ni multilayer system by 10.4% and 12.9%, respectively. 
Microstructural characterization indicates that the solid solution of Ag atoms in the Cu matrix leads to lattice expansion and 
a corresponding increase in lattice mismatch at the Cu–xAg/Ni interfaces. Additionally, nanoscale Ag-rich precipitates were 
observed, resulting from the partial demixing of Ag in the Cu–Ag layers. The enhanced mechanical strength is attributed to 
a combination of strengthening mechanisms, including solid solution strengthening, precipitation hardening, and interface 
strengthening. Among these, theoretical analysis identifies lattice misfit strengthening at the interface as the predominant 
contributor to the overall hardening effect.

Introduction

Nanoscale multilayer composites have demonstrated remark-
able mechanical [12, 18], magnetic [14] and electrical prop-
erties [1], as well as radiation resistance [11, 15]. These 
features have enabled their application in both structural 
and functional components, including magnetic sensors, 
biomedical sensing devices, nanoelectromechanical sys-
tems (NEMS), and functional coatings. In recent research, 
for example, the metal and E-glass/epoxy multilayers uti-
lized in printed circuit boards possess properties fulfilling 

the demands of high-frequency microelectronics, providing 
substantial resistance to drop-impact induced damage.

Due to the high density of interfaces in these multilayers, 
interface-related effects become increasingly significant as 
the individual layer thickness decreases to the nanometer 
scale [8, 12, 18]. Extensive research has focused on inter-
face-modulated strengthening, which is influenced by sev-
eral factors, including Koehler stress [13], coherency stress 
[12, 21], lattice mismatch [22–24], stacking fault energy 
mismatch [3], and slip continuity [26]. Specifically, Koehler 
stress arises from the elastic modulus mismatch between 
adjacent layers [13], whereas coherency stress depends on 
lattice continuity across interfaces [12, 21].

Although many studies on interface-modulated strength-
ening employs multilayers composed of pure metal, the 
strengthening mechanisms in alloy-containing multilayers 
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often lack comprehensive quantitative description [29, 30]. 
Alloying elements, in particular, provide a crucial means to 
quantitatively investigate how diverse physical properties 
tune the strengthening effect.

Alloying is a well-established strengthening strategy in 
bulk materials, enhancing properties via multiple mecha-
nisms including modulus mismatch tuning, solid solution 
strengthening, and precipitation hardening. These mecha-
nisms can also affect lattice mismatch, which is prevalent 
in engineering materials with coherent or semi-coherent 
interfaces—such as matrix/precipitate systems, composition 
gradients across diffusion zones, and alternating layers in 
nanolaminates [4, 27, 28]. The lattice mismatch determines 
the structure and stress state of interface, which directly 
influences the microstructure and mechanical properties. 
Changing the lattice mismatch can vary the distribution of 
misfit dislocation and precipitation [6, 17] at interface, leav-
ing a corresponding change of barrier to the movement of 
dislocations.

Among common multilayer systems, Cu/Ni is a model 
due to their similar lattice parameters and excellent inter-
face quality. Ag is partly miscible with Cu and immiscible 
with Ni, ensuring it remains within the Cu layers [19, 20]. 
However, introducing Ag into Cu is known to expand the Cu 
lattice [2, 16], raising the question of whether such alloying 
could be used to modulate interface properties and enhance 
the strength of Cu/Ni multilayers.

Previous atomic-scale simulations predicted a ~ 20% and 
~ 25% increase of the flow stress in biaxial tensile deforma-
tion for Cu–5%Ag/Ni and Cu–10%Ag/Ni, respectively, com-
paring with Cu/Ni multilayers. The increasing Ag content 
enhances strength via Ag precipitation and elevated misfit 
dislocation density at the Cu/Ni interface [10].

In this study, we synthesized Cu–xAg/Ni multilayers 
( x = 0, 5, 10 at.%) via magnetron sputtering at a substrate 
temperature of 100 °C, with an additional Cu–10 at.%Ag/
Ni sample deposited at 300 °C. Nanoindentation was used 
to evaluate the mechanical properties, and microstructural 
characterization was performed to understand the relation-
ship between Ag content, interface structure , and strength-
ening mechanisms. We hypothesize that Ag-induced lattice 
mismatch will enhance interface strengthening in a quantifi-
able and controllable manner.

Materials and Methods

Cu–xAg/Ni multilayers ( x = 0 at.%, 5 at.%, 10 at.%) were 
deposited via DC magnetron sputtering onto 525 μm-thick 
single-crystal Si substrates at a deposition rate of 0.3 nm/s. 
The chamber was evacuated in an Ar atmosphere at a work-
ing pressure of 0.4 Pa, with a base pressure below 1 × 10−7 
Torr. The materials of targets are Cu (purity ≥ 99.9999%), 

Ni (purity ≥ 99.995%), Cu–5 at.% Ag alloy (purity ≥ 
99.99%) and Cu–10 at.% Ag alloy (purity ≥ 99.99%).

To optimize the deposition quality of the Cu–Ag lay-
ers, the substrate temperature was varied. Specifically, the 
Cu–10 at.% Ag/Ni multilayers were deposited at both 100 
and 300 °C, while all other multilayers were deposited at 
100 °C. Each multilayer consisted of individual layers 25 
nm thick, with a total film thickness of 1000 nm.

Nanoindentation testing was carried out using a Nano 
Indenter G200 (Agilent/Keysight Technologies, Inc., Cali-
fornia, USA) equipped with a diamond Berkovich tip and 
operated in continuous stiffness measurement (CSM) mode, 
with a constant strain rate of 0.05 s−1 at room temperature. 
The instrument was calibrated using a fused silica standard, 
and the tip area function and frame stiffness was verified 
prior to testing. Tests were performed when the thermal 
drif was below 0.05 nm/s. Fifteen indents were performed 
for each sample. To minimize substrate and surface effects, 
final hardness and modulus values were taken as the average 
within the indentation depth range of 90 nm–120 nm.

X-ray diffraction (XRD) analysis was conducted using a 
Rigaku D/max 2400 system with Cu/K-alpha radiation (λ = 
1.54056 Å) in θ–2θ geometry with a scan range of 30–68°, 
step size of 0.02°, and a scan rate of 8°/min.

Transmission electron microscopy (TEM) samples were 
prepared by mechanical grinding followed by ion polishing 
at − 100 °C using a Gatan 691 precision ion polishing sys-
tem. Cross-sectional microstructures were examined using 
a field emission TEM (FEI Tecnai F20), and elemental dis-
tributions were mapped using energy-dispersive X-ray spec-
troscopy (EDS) in scanning TEM (STEM) mode. STEM-
EDS was performed at 200 kV with a dwell time of 1 μs/
pixel and spatial resolution of 4.13 nm.

Results

The XRD patterns of Cu–xAg/Ni ( x = 0  at.%, 5  at.%, 
10  at.%) multilayers deposited at 100  °C, along with a 
Cu–10 at.% Ag/Ni multilayer deposited at 300 °C, are shown 
in Fig. 1a. All samples exhibit reflections corresponding to 
(111) and (200) planes of both Cu and Ni. For the sam-
ple deposited at 300 °C, an additional (111) Ag peak is 
observed, indicating Ag precipitation, whereas no Ag peak 
is detected in samples grown at 100 °C. The (111) peak posi-
tion for Ni remains unchanged across all samples, while the 
(111) Cu peak shifts with increasing Ag content, suggesting 
expansion due to Ag incorporation.

The interplanar spacing of Cu dCu was calculated from 
the Cu(111) reflection, and the degree of lattice expansion, 
defined as dCu–Ag–dCu , is plotted as a function of Ag content 
in Fig. 1b. The lattice expansion values for films deposited at 
100 °C deviate from Vegard’s law [25] but align closely with 
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experimental results from Bernasconi et al. [2]. By contrast, 
the Cu–10 at.% Ag deposited at 300 °C shows significantly 
less lattice expansion, implying enhanced Ag demixing at 
higher deposition temperatures.

Cross-sectional TEM images of the Cu–5 at.% Ag/Ni and 
Cu–10 at.% Ag/Ni multilayers are shown in Fig. 2a, b. The 
layered structure is clearly visible, although contrast between 
the Cu–Ag and Ni layers is limited due to the similar atomic 
numbers. The bilayer period and columnar grain size were 
measured via TEM and are summarized in Table 1. The 
period thickness varies by less than 6.5%, and the grain size 
variation remains under 11%, indicating consistent deposi-
tion conditions across samples. A slight increase in average 
grain size is observed with increasing Ag content; however, 

this variation is not statistically significant relative to the 
standard deviation. Figure 2c, d show the STEM-HAADF 
images of Cu–5 at.% Ag/Ni and Cu–10 at.% Ag/Ni, with 
corresponding EDS elemental maps of Cu, Ag, and Ni. The 
Ag distribution contours in Fig. 2e, f confirm that Ag is pri-
marily localized within the Cu–Ag layers. Horizontal inte-
gration of the EDS data reveals that while the average Ag 
concentration matches the target values, localized regions 
show significantly higher concentrations—up to twice the 
nominal content—indicating nanoscale Ag segregation.

High-resolution TEM (HRTEM) images (Fig. 3a, b) taken 
along the [110] zone axis reveal coherent interfaces between 
the Cu–Ag and Ni layers, oriented parallel to the (111) plane. 
Due to the similar atomic structure and Z-contrast of Cu–Ag 
and Ni, the interface location is estimated from bright-field 
(BF) TEM images. The FFT patterns in the insets confirm 
the orientation relationship (111)Cu–Ag ∥ (111)Ni . This rela-
tionship, which establishes a coherent interface parallel to 
the (111) plane, remains consistent across all samples.

Nanoindentation measurements were performed to evalu-
ate the hardness and modulus of Cu–xAg/Ni multilayers. 
Figure 4a shows the hardness as a function of indentation 
depth ( hc ). At shallow depths (below 50 nm), an elevated 
hardness is observed due to surface effects. In the 90–120 
nm depth range, a plateau was reached, from which average 
modulus and hardness values were determined (Fig. 4b). The 
modulus values closely follow the rule-of-mixtures (ROM) 
prediction and decrease slightly with increasing Ag content. 
Conversely, hardness increases with Ag content, indicating 
strengthening. Compared to the pure Cu/Ni multilayer, the 
Cu–5 at% Ag/Ni and Cu–10 at% Ag/Ni multilayers show 
hardness increases of 10.4% and 12.9%, respectively.

Discussion

As shown in Fig. 1b, the measured lattice expansion of the 
Cu–Ag alloy in Cu–xAg/Ni multilayers is consistently lower 
than predicted by Vergard’s law, particularly at higher Ag 
concentrations. This deviation suggests partial demixing of 
Ag atoms. Notably, the Cu–10 at.% Ag/Ni multilayer depos-
ited at 300 °C shows significantly lower lattice expansion 
than its 100 °C counterpart, indicating that higher substrate 
temperatures promote further Ag demixing.

Using the measured lattice expansion and applying Ver-
gard’s law, the dissolved Ag content in the Cu matrix at 
100 °C is estimated to be approximately 4.6 at.% and 7.3 
at.% for the nominal 5 at.% and 10 at.% alloy, respectively. 
The remaining Ag is likely present as precipitates, which 
do not contribute to lattice expansion. While the absence 
of distinct Ag peaks in XRD limits direct analysis of these 
precipitates, the trends align with observations reported by 

Fig. 1   X-ray diffraction (XRD) analysis and lattice expansion of 
Cu–xAg/Ni multilayers. a XRD patterns of Cu–xAg/Ni multilayers 
with x = 0 at.%, 5 at.%, 10 at.% deposited at 100 °C and Cu–10 at.% 
Ag/Ni deposited at 300 °C. Peaks corresponding to (111) and (200) 
planes of Cu and Ni are labeled; a distinct (111) Ag peak appears 
only in the 300  °C sample, indicating Ag precipitation. b Lat-
tice expansion of the Cu layers as a function of Ag content, derived 
from the Cu (111) peak positions. Red circles correspond to samples 
deposited at 100  °C; the red triangle represents the 300  °C sample. 
Experimental data are compared with predictions from Vegard’s law 
and with previous measurements on electrodeposited Cu–Ag alloys 
by Bernasconi et al. [2]
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Bernasconi et al. [2], suggesting a comparable precipitation 
behavior in electrodeposited Cu–Ag alloys.

Further confirmation is provided by EDS mapping in 
Fig. 2e, f, which reveals nanoscale Ag segregation within 
the Cu–Ag layers. Although the spatial resolution of EDS 
limits quantitative analysis, the presence of localized Ag-
rich regions is clear. This segregation is consistent with 

the known limited solubility of Ag in Cu (< 0.1 wt.% at 
200 °C [7]). Similar segregation behavior has also been 
predicted by atomistic simulations from Gola et al. [10], 
where Ag clustering was found both within the Cu layers 
and partially at the Cu/Ni interface.

Compared to the Cu/Ni multilayer, the Cu–Ag/Ni sys-
tem benefits from additional strengthening contributions: 
solid solution strengthening ( �ss ), precipitation strengthen-
ing ( �p ), and an increase in interface barrier stress due to 
Ag-induced modifications ( Δ�i ). The total yield strength 
�y of the Cu–Ag/Ni multilayer can be expressed as:

where M = 3.06 is the Taylor factor. Each term is discussed 
in detail below. 

(1)	 �Cu/Ni : Yield strength of Cu/Ni, which is estimated from 
the hardness using � = H∕3.

(2)	 �ss : Calculated using Fleischer’s model for dilute solid 
solutions [9], where: 

(1)�y = �Cu/Ni + �ss + �p +MΔ�i,

Fig. 2   Cross-sectional imaging and elemental mapping of Cu–xAg/
Ni multilayers. a, b Bright-field (BF) TEM images of Cu–5 at.%Ag/
Ni and Cu–10  at.%Ag/Ni, respectively. c, d Corresponding cross-
sectional STEM-HAADF images, with red boxes indicating regions 
selected for EDS elemental mapping of Cu, Ag, and Ni. e, f Con-
tour maps of Ag atomic concentration in the Cu–5 at.% Ag/Ni and 

Cu–10  at.% Ag/Ni multilayers, derived from the EDS maps shown 
in (c) and (d), respectively. The line profiles adjacent to each con-
tour map represent horizontally integrated Ag concentration across 
the multilayer. Ag is primarily localized within the Cu–Ag layers, 
displaying Ag enrichment in nanoscale regions, particularly in the 
Cu–10 at% Ag/Ni sample.

Table 1   Bilayer period thickness and columnar grain size of each 
type of Cu–Ag/Ni multilayer measured by morphology in TEM. 
(Columnar grain size was determined by measuring over 200 individ-
ual grains per sample)

Sample Substrate 
temperature 
(°C)

Period thickness 
(nm)

Columnar 
grain size 
(nm)

Cu/Ni 100 48.5 ± 6.7 25.9 ± 3.9
Cu–5 at.% Ag/Ni 100 51.8 ± 8.2 26.8 ± 6.1
Cu–10 at.% Ag/Ni 100 51.2 ± 6.9 29.0 ± 5.6
Cu–10 at.% Ag/Ni 300 51.7 ± 4.9 27.8 ± 8.6
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 with mismatch factor � = | �G

1+0.5�G
− ��a|, incorporating 

modulus ( �G ) and lattice ( �a ) mismatches. Here, G is 
the shear modulus of Cu, c is the concentration of sol-
ute Ag atoms, and � = 3.

(3)	 �p : Although Ag precipitation is confirmed, its contri-
bution is difficult to quantify. Literature suggests solid 
solution strengthening dominates at low Ag content [2, 
5], while precipitation hardening has a lesser impact, 
especially below 10–12 wt.% Ag.

(4)	 Δ�i : The additional interface barrier stress due to Ag 
alloying includes contributions from modulus mis-
match ( �G ) [13] and lattice mismatch ( �a ) [23]: 

The expressions for �G and �a are:

where � = 0.5, G1 and G2 are the shear moduli of Cu–xAg 
and Ni, respectively, and h, b and � are the layer thickness, 
Burgers vector, and slip/interface angle. Employing the 
XRD measured lattice parameter, lattice mismatch values 

(2)�ss = M
G�

3

2

√
c

700
,

(3)
Δ�

i
= Δ�G + Δ�a = �G|Cu–Ag/Ni − �G|Cu/Ni
+ �a|Cu–Ag/Ni − �a|Cu/Ni.

(4)�G =
G1(G2 − G1) sin�

8�(G1 + G2)
,

(5)�a =�G(
�a

a
−

b

2h
)

were calculated as 2.56%, 3.03% and 3.31% for x = 0, 5, and 
10 at.% Ag, respectively.

The calculated and experimental values for different strength-
ening contributions are summarized in Table 2. All mechanisms 
show increasing contributions with higher Ag content. While �G 
increases modestly, �a exhibits a more pronounced rise, empha-
sizing the role of lattice mismatch in strengthening.

Figure 4c visualizes the relative contributions. Solid solu-
tion strengthening and modulus mismatch contribute mod-
estly, while precipitation strengthening appears minimal. 
Lattice misfit strengthening is the dominant mechanism. 
However, the calculated total strength slightly overestimates 
the experimental values. The discrepancy likely stems from 
simplifications in the theoretical model. The lattice mis-
fit strengthening model by Rao et al. [23] assumes a 2D 
dislocation network at the interface, whereas atomic-scale 
simulations by Gola et al. [10] reveal a more complex 3D 
dislocation structure when Ag is present. These dislocation 
networks are further pinned by Ag atoms, increasing local 
stress barriers. Such 3D effects are not captured in simplified 
models, explaining the overestimation.

Conclusion

This study demonstrates that alloying Cu/Ni multilayers with Ag 
significantly enhances their mechanical performance through 
multiple synergistic strengthening mechanisms. The addition 
of Ag increases the lattice mismatch at the Cu/Ni interface—
from 2.56% in pure Cu to 3.31% at 10 at.% Ag—while also 
promoting the formation of fine Ag-rich precipitates. These 

Fig. 3   High-resolution TEM (HRTEM) images of Cu–xAg/Ni mul-
tilayers taken along the [110] zone axis. a Cu–5 at.% Ag/Ni and b 
Cu–10 at.% Ag/Ni. The dashed lines mark the interfaces between 
the Cu–Ag and Ni layers, which appear coherent and are aligned 
parallel to the (111) crystallographic planes in both phases. The 

fast Fourier transform (FFT) patterns used to identify the crystal 
structure of Ni and Cu–xAg layers are displayed in the upper and 
lower insets, respectively. The observed orientation relationship is 
(111)Cu–Ag ∥ (111)Ni , indicating well-matched lattice planes across 
the interface
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structural changes lead to a measurable increase in hardness by 
up to 12.9%, as shown by nanoindentation testing. Our analysis 
reveals that while solid solution and precipitation strengthening 
contribute, the dominant mechanism is interface strengthening 
driven by lattice misfit. This finding is supported by theoretical 
modeling, though the models slightly overestimate strength due 
to simplifications in representing the dislocation network.

These results underscore the importance of alloy design 
in tuning interface properties and mechanical performance in 
nanoscale multilayer systems. Specifically, they highlight lattice 
mismatch as a powerful and controllable parameter for enhanc-
ing strength at the nanoscale. This insight provides a framework 
for the rational design of high-performance nanolayered com-
posites in structural and functional applications where mechani-
cal reliability at reduced dimensions is critical.
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Fig. 4   Nanoindentation results for Cu–xAg/Ni multilayers 
( x = 0 at.%, 5 at.%, 10 at.%). a Hardness as a function of indentation 
depth ( hc ). At shallow depths (< 50 nm), surface effects cause arti-
ficially high hardness values while a stable plateau is reached in the 
90–120 nm range. b Average hardness and modulus values calculated 
within the 90–120 nm depth range. Error bars represent the stand-
ard deviation among 15 indentations per sample. The yellow shaded 
region indicates the range of elastic modulus values predicted by the 
rule-of-mixtures (ROM) for each composition. Increasing Ag con-
tent results in a clear increase in hardness, while the modulus shows 
a slight decreasing trend. c Comparison between experimental meas-
urements and theoretical calculations of the strengthening contribu-
tions in Cu–xAg/Ni multilayers

Table 2   Experimental and calculated mechanical properties of  
Cu–xAg/Ni multilayers ( x = 0, 5, and10 at.%)

All values are reported in MPa

Sample �exp �ss �G �a

Cu/Ni 1893 0.0 407 441
Cu–5 at.% Ag/Ni 2090 33.6 416 542
Cu–10 at.% Ag/Ni 2136 82.5 425 594
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