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Abstract

The design of the overall thickness and thickness ratio in multilayered composites is vital
because it affects interfacial microstructures and mechanical properties. These elements are
significant in the application of multilayered composites in diverse scenarios. This study
systematically investigated the interfacial microstructure, mechanical properties, and fracture
mechanisms of Cu/Al/Cu trilayered composites with varying overall thicknesses and copper
thickness ratios. The microstructure results showed that the distribution and thickness of
intermetallic compounds (IMCs) at the Cu/Al interface changed significantly with different
thickness designs. As the Cu thickness ratio increased from 20% to 35%, the intermetallic layer
transitioned from a continuous structure to a fragmented one in both the 1 mm and 2 mm
composites. Additionally, the bonding mechanism evolved from primarily metallurgical
bonding to a combination of metallurgical and mechanical bonding. In the 4 mm composite
with a 35% Cu thickness ratio, the interfacial intermetallic layer comprised three sublayers
identified as Al4Cu9, AlCu, and Al2Cu. Tensile results indicated that increasing the Cu
thickness ratio markedly enhanced strength and ductility: the 1 mm composite showed
increases of 22.3% in ultimate tensile strength and 70.9% in elongation, while the 2 mm
composite exhibited increases of 32.4% and 38.7%, respectively. In contrast, increasing the
overall thickness had only a limited effect. Fractography revealed ductile fracture features in
both the Al and Cu layers, characterized by more compact interfaces, deeper dimples, and
more pronounced tear ridges at higher Cu thickness ratios. These findings demonstrate that
optimizing the Cu thickness ratio is an effective strategy for enhancing interfacial bonding
strength and overall mechanical performance in Cu/Al/Cu composites.

Keywords: interfacial microstructure; intermetallic compounds; mechanical bonding;
metallurgical bonding; mechanical properties; fractography

1. Introduction
Recently, Cu/Al laminated metallic composites (LMCs) have attracted much attention

in both academic and industrial sectors due to their cost-effectiveness [1–4], corrosion
resistance, lightweight property [5], excellent electric conductivity, prominent thermal
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dissipation performance, and suitable formability [6]. Through years of dedicated research
and persistent efforts, Cu/Al LMCs have found broad applications in various areas of
human society, including thermal dissipation substrate material, the electronics industry,
the automotive sector, renewable energy fields, and aerospace [7–9].

To achieve various structures and optimal mechanical properties, most Cu/Al LMCs
are fabricated using solid-state techniques [10,11]. In this regard, the main solid-state pro-
cessing methods include explosive welding [12], diffusion bonding [13,14], extrusion [15],
vacuum hot pressing [16], friction-stir welding [17,18], accumulative roll bonding [19],
and roll bonding [20]. Among them, roll bonding is particularly favored in the industrial
fabrication of Cu/Al composites due to its high efficiency, low cost, concise process, and
consistent product quality. However, during the rolling process of Cu/Al composites,
the dissimilar layers with varying properties often demonstrate different deformation
capacities [21]. This discrepancy leads to intense, incoherent deformation, which adversely
affects their performance. Consequently, extensive research has indicated that the sample
size and thickness ratio of LMCs are crucial factors influencing the behavior of composite
deformation, the mode of interface fracture, and the overall mechanical properties [22–25].

Li et al. [26] demonstrated that the impact energy and crack initiation energy of
heterogeneous titanium laminated composites are significantly influenced by the thickness
ratios of the titanium layers, a relationship explained by the various types of interface grain
orientations. Lei et al. [27] prepared Mg/Al LMCs with magnesium thickness ratios of 2:1,
3:1, and 5:1. Considering the effect of interface microstructure evolution on mechanical
properties, the 5:1 Mg thickness ratio exhibited more coordinated deformation behavior
and the lowest interface defect density. Atifeh et al. [28] investigated the microstructure
and formability of Al/steel bilayer sheets with varying initial thicknesses and thickness
ratios. They observed changes in interface grain size and the formation of shear bands at
different thickness ratios. The optimized parameters for the bilayer sheet were determined
as 4 mm for the aluminum thickness, 0.8 mm for the steel thickness, and a 45% reduction in
thickness. Additionally, temperature is an important factor that interacts with the thickness
ratio to influence the mechanical properties of composites. In this regard, Chen et al. [29]
studied the morphology and bonding properties of aluminum/steel clad plates at varying
thickness ratios and rolling temperatures. Their findings indicated that the interface shear
strength depends on the initial thickness ratio, except when the rolling temperature reaches
600 ◦C. Furthermore, fracture behavior was also impacted by the thickness ratio. In research
conducted by Xia et al. [30], it was observed that as the aluminum thickness ratio increased,
the tolerance for premature interfacial microcracks also improved, leading to more uniform
crack distributions on the fracture surface. The varying bonding behaviors and fracture
modes resulted in different distributions of interface stress and strain across the distinct
thickness ratios. Wang et al. [31] conducted both experimental and numerical studies on
the coordinated deformation behavior at the interface of Cu/Al composites with varying
thickness ratios. The findings indicated that the distribution of interface normal stress
initially becomes uniform; however, as the copper thickness ratio increases, it becomes less
uniform. Notably, the bonding force for the 8:4 Cu/Al thickness ratio was approximately
174% greater than that of the 4:8 ratio. The importance of the thickness ratio in deformation
coordination between different constituent layers and its impact on the overall properties
of multilayered metallic composites has been demonstrated in numerous studies [32–35].
While significant research has addressed the effects of thickness ratios on LMCs during
fabrication, there is a notable lack of studies investigating the mechanical properties and
interface microstructure of rolled Cu/Al/Cu composites with varying overall thicknesses
and thickness ratios.
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Cu/Al/Cu trilayered composites have emerged as an ideal alternative to traditional
copper and aluminum plates. These special trilayer composites combine the best features
of both materials, providing the excellent conductivity of copper and the light weight
of aluminum [36–38]. As a result, various industries, including aerospace, automotive,
and construction, widely use Cu/Al/Cu trilayered composites in power transmission
equipment [39–41]. In this paper, Cu/Al/Cu trilayered composites with different overall
thicknesses and copper thickness ratios were fabricated by high-temperature oxygen-free
rolling. The effects of overall composite thickness and thickness ratio on the interface
microstructure were investigated. Additionally, the deformation behavior and fracture
mechanisms of Cu/Al/Cu composites under varying thickness ratios were analyzed
through uniaxial tensile testing and fracture morphology characterization. This work
aimed to develop a practical design strategy for regulating the interface microstructure
and mechanical properties of Cu/Al/Cu trilayered metallic composites, thereby promoting
better practical applications of Cu/Al/Cu LMCs.

2. Materials and Methods
2.1. Materials

In this study, Cu/Al/Cu trilayer composites were prepared using high-temperature
oxygen-free rolling to achieve oxide-free metallurgical bonding and to control the evolu-
tion of the interfacial microstructure. The base and cladding layers of the Cu/Al/Cu
composites consisted of commercially pure copper and commercial pure 1060 aluminum
(Al1060), respectively. Table 1 lists the detailed chemical compositions of the copper and
aluminum samples.

Table 1. Chemical composition of copper and aluminum used for the fabrication of Cu/Al/Cu
trilayered composites.

Cu Al Fe Cr Si

Pure Cu Bal. - 0.003% - 0.003%
Al1060 0.030% Bal. 0.260% 0.150–0.350% -

The Cu/Al/Cu composites with varying Cu thickness ratios were supplied by Jiang-
suZhongse composite material Co., Ltd., Wuxi, China. The detailed fabrication process
of the Cu/Al/Cu composite is outlined as follows: The optimized Cu/Al1060 bilayer
composite material was selected for this procedure [42]. Initially, these bilayer composite
materials underwent two rolling passes, followed by annealing at 350 ◦C for 2 h. This
process resulted in two types of composites, each 4 mm thick, featuring Cu layer propor-
tions of 10% and 17.5%. Following this, the Al side was polished to remove surface oxides
and then preheated in a substrate heating furnace prior to rolling. The rolling process was
performed using a rolling mill operating at a linear speed of 3 m/min, with a work roll
diameter of 350 mm and a rolling temperature of 250 ◦C. After completing 1 to 3 rolling
passes, the thickness of the Cu/Al1060/Cu trilayer composite was reduced to 4 mm, 2 mm,
and 1 mm, respectively, while the proportions of each Cu layer remained approximately
10% and 17.5%. Finally, using the optimized annealing parameters established for the
Cu/Al1060 bilayer composite, the high-temperature oxygen-free rolled Cu/Al1060/Cu
trilayer composite was annealed at 350 ◦C for 2 h. This study utilized five symmetric
Cu/Al/Cu trilayered composites, each with distinct Cu thickness ratios. Detailed thickness
values are provided in Table 2, where the thickness ratio denotes the combined thickness
of the two copper layers, which are identical on both the top and bottom sides of the
Cu/Al/Cu trilayered composite. For instance, the designation “1-20” indicates a 1 mm
Cu/Al/Cu composite with a thickness ratio of 10:80:10.
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Table 2. Five Cu/Al/Cu trilayered composites with different copper thickness ratios used in this study.

Composite Designation Overall Thickness (mm) Cu Thickness Ratio (%)

“1-20” 1 20
“1-35” 1 35
“2-20” 2 20
“2-35” 2 35
“4-35” 4 35

2.2. Microstructural Characterization and Mechanical Properties

Samples for microstructural characterization were prepared using electrical discharge
machining (Sodick Co., Ltd., Yokohama, Japan). Following this, a series of mechanical
grinding steps was performed on the RD/TD planes of the samples, utilizing P400, P800,
P1200, P2000, P5000, and P7000 SiC abrasive papers. This was succeeded by polishing with
0.05 µm colloidal silica to eliminate grinding scratches and achieve a mirror-like finish.
Ultimately, microstructural analyses and interfacial characterizations were carried out
using a Zeiss Sigma 500 scanning electron microscope (Thermo Fisher Scientific, distributed
by Phenom Scientific Instrumen Co., Ltd., Shanghai, China) that was equipped with a
backscattered electron (BSE) detector and integrated energy dispersive X-ray spectroscopy
(EDS). The SEM operated at an accelerating voltage of 20 kV. In this regard, examinations
such as elemental mapping, line scanning, and point analysis were employed to clarify
interfacial diffusion profiles, identify phases, and assess micro-segregation [43].

To investigate the effect of composite thickness and the copper thickness ratio on the
mechanical properties of Cu/Al/Cu LMCs, a uniaxial tensile test was conducted. Tensile
samples were prepared along the rolling direction (RD) with an overall length of 110 mm, a
width of 10 mm, and a gauge length of 50 mm. Before testing, the samples were mechani-
cally ground using P600 abrasive paper (Starcke GmbH & Co. KG, Melle, Germany). The
tensile tests were performed on an MTS C45.105 machine at a strain rate of 1 × 10−3 s−1

at room temperature, with strain measured using a video extensometer (Instron, AVE3,
Norwood, MA, USA). At least three specimens were tested for each temperature sample to
ensure the reproducibility of the data. Fractography was also carried out through SEM in order
to investigate the fracture mechanisms. Dimensional specifications of sample preparation for
tensile tests and microstructure analyses were shown schematically in Figure 1.

Figure 1. Schematic representation of the prepared samples for the tensile test and microstructure analysis.

https://doi.org/10.3390/met16060656

https://doi.org/10.3390/met16060656


Metals 2026, 16, 656 5 of 15

3. Results and Discussion
3.1. Interface Analysis

Figure 2 represents the micrograph of the ND-RD section of Cu/Al/Cu trilayered
composites which have varying thicknesses and copper thickness ratios. Accordingly, a
distinct thickness ratio profile was evident in the micrographs. Additionally, a continuous
and straight bonding interface was observed, with no cracks present in the joint interfaces.

 
Figure 2. Observation of Cu/Al/Cu trilayered metallic composites at the RD-ND section, fabricated
at varying thickness ratios: (a) “1-20”, (b) “1-35”, (c) “2-20”, and (d) “2-35”.

Figure 3 illustrates the results of SEM observations and EDS analysis of the Cu/Al
interface with varying overall thicknesses and copper thickness ratios. In this regard,
EDS line scan profiles are shown in Figure 3(a4,b4,c4,d4,e4), with yellow arrow symbols
positioned perpendicular to the interface to provide better insight into the interfacial el-
emental distribution. In Figure 3(a1–a4), a layer with distinct contrast is observed at the
Cu/Al interface, identified as the intermetallic composites (IMCs). The EDS mapping
results indicate that Cu and Al atoms undergo mutual diffusion, resulting in a straight,
uniform diffusion layer. Furthermore, the line scanning curves at the interface become
approximately horizontal within the diffusion layer, suggesting a sudden change in ele-
ment content due to the formation of intermetallic compounds. These findings align with
previous studies [44,45], which indicate that IMCs typically form at the Cu/Al interface
and significantly affect the properties of the composite material. To determine the thickness
of the IMCs for each of the five composites, 25 equidistant measurements were taken at
0.5 µm intervals using ImageJ software (1.54s 26 March 2026). Interface area fraction was
also measured using ImageJ by calculating the IMC length fraction along the interface. In
the case of the 1 mm Cu/Al/Cu composite with a 20% Cu thickness ratio (“1-20”), the
IMC layer exhibits a primarily continuous distribution, with a 3.41 µm thickness and an
interface area fraction of 94%. Some cracks are also noted within the IMC layer, suggesting
that the bonding mechanism for the “1-20” Cu/Al/Cu composite is predominantly metal-
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lurgical bonding. In contrast, the “1-35” Cu/Al/Cu composite displays a distinct interface
microstructure (Figure 3(b1)), characterized by alternating regions of IMCs and IMC-free
areas. In the separation area of the primary IMC layer, the Cu and Al layers appear to be
extruded and filled. The thickness of the IMCs in this case is 2.17 µm, which is significantly
lower than the “1-20” composite. The interface area fraction was 68%, which is higher
than that of the “1-20” composite. These variations in interface structure and IMC distri-
bution result in differing mechanical properties, which will be discussed later. Moreover,
as shown in Figure 3(b2–b4), the EDS mapping results for the 1 mm 35–Cu-ratio (“1-35”)
composite display a more irregular diffusion layer compared to the 1 mm 20–Cu-ratio
(“1-20”) counterpart. This segregated structure of the intermetallic compounds is expected
to introduce additional mechanical bonding strength under shear loading, as reported in
extensive studies [46–48]. Consequently, the bonding mechanism for the “1-35” composite
was determined to be a combination of metallurgical and mechanical bonding. Figure 3(c1)
illustrates the interface microstructure of the “2-20” Cu/Al/Cu composite, which have an
IMC thickness of 3.36 µm and IMC interface area fraction of 96%. It is noteworthy that
numerous cracks have developed in the IMC layer near the Al layer; however, the overall
IMC layer remains largely continuous. As shown in Figure 3(d1), the thickness of the IMCs
at the interface of the “2-35” Cu/Al/Cu composite was measured to be 3.01 µm, with an
interface area fraction of 84%. The IMC layer is more severely fragmented compared to
the “2-20” condition, indicating a preliminary trend toward mechanical bonding formation.
This is because a greater rolling force is required for Cu/Al/Cu composites with a higher
Cu thickness ratio during the rolling process, which slightly thins the IMCs and causes
them to break. Particularly, at the interface of the 4 mm 35–Cu-ratio Cu/Al/Cu compos-
ite, as depicted in Figure 3(e1), an intermittent IMC layer is present. The IMC thickness
was recorded at 3.12 µm, and the gaps between adjacent IMCs along the rolling direction
have increased compared to the “1-35” counterpart, suggesting enhanced mechanical
bonding behavior.

The thickness and distribution of intermetallic compounds are crucial to the mechan-
ical properties of fabricated composites. Deng et al. [49] observed varying distributions
of interface IMCs in Al/Fe composites due to different heat treatments. Their findings
indicated that granular IMCs shifted the maximum shear stress location from the interface
to the aluminum layer, thereby enhancing the bonding strength. Zhang et al. [50] utilized
electric current to induce different IMC formations in the Al/steel interface, effectively
regulating its interfacial bonding strength. Qiu et al. [47] illustrated that the aluminum
layer’s penetration into the gaps of IMCs in Al/steel composites facilitated additional
mechanical bonding. Cai et al. [51] also reported distinct shear properties associated with
various IMC distributions in the Cu/Al interface. In this regard, the fragments of the IMC
layer remaining at the interface of Cu/Al/Cu composites with a higher copper ratio can
act as particulate pinning sites under shear stress, further strengthening the interface. The
presence of scattered IMCs at the interface signifies robust mechanical bonding, comple-
mented by diffusion bonding in the composite structure. As previously described, there is
a notable difference in the interface microstructure between Cu/Al/Cu composites with
varying thicknesses and copper thickness ratios. In Cu/Al/Cu trilayer composites, the
IMC layer exhibits a greater tendency to fracture, and the IMC thickness decreases slightly
as the copper thickness ratio increases from 20% to 35%. This suggests a shift in the bond-
ing mechanism from purely metallurgical bonding to a combination of metallurgical and
mechanical bonding. Furthermore, increasing the overall composite thickness results in a
larger gap between adjacent IMC fragments, which enhances the contact area between the
aluminum and copper layers. Additionally, the IMC thickness experiences a slight increase.
Such discrepancies in microstructure account for the differing mechanical properties of
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Cu/Al/Cu composites with varying overall thicknesses and copper thickness ratios, which
will be further elaborated upon in the subsequent discussion.

According to Figure 4, it is obvious that the interface IMC layer is clearly composed
of three distinct sublayers (I, II, and III), which were differentiated by varying light and
shade conditions. In this regard, in order to investigate the composition of these three
IMC sublayers, an EDS point scanning test was conducted on the interface of the 4 mm
35–Cu thickness-ratio (“4-35”) composite. The results are represented in Table 3. Based on
the obtained results and relevant research papers [38–40] on the constituents of IMCs in
the interfaces of Cu/Al laminated composites, it can be confirmed that layers I, II, and III
correspond to Al4Cu9, AlCu, and Al2Cu, respectively.

 

Figure 3. SEM observation, EDS line scanning, and elemental mapping of the Cu/Al interface in the
fabricated Cu/Al/Cu trilayered composites: (a1–a4) 1 mm 20–Cu-thickness-ratio, labeled “1-20”,
(b1–b4) 1 mm 35–Cu-thickness-ratio, labeled “1-35”, (c1–c4) 2 mm 20–Cu-thickness-ratio, labeled
“2-20”, (d1–d4) 2 mm 35–Cu-thickness-ratio, labeled “2-35”, (e1–e4) 4 mm 35–Cu-thickness-ratio,
labeled “4-35”. Note that dashed lines indicate the thickness of the diffusion layer.
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Figure 4. Three sublayers of the intermetallic compounds (denoted by I, II, and III) at the interface of
4 mm 35–Cu-thickness-ratio (“4-35”) Cu/Al/Cu composites.

Table 3. The point EDS results of IMCS (at.%) at the interface of 4 mm 35–Cu-thickness-ratio (“4-35”)
Cu/Al/Cu composites, as shown in Figure 4.

IMCs Element Atomic (%) Average Atomic (%) Possible Phase

I
Al 35.13 36.27 34.68 35.36

Al4Cu9Cu 59.11 63.53 60.32 61.65

II
Al 47.96 50.46 48.86 49.09

AlCu
Cu 44.78 45.42 48.17 46.12

III
Al 64.72 65.55 64.32 64.86

Al2Cu
Cu 28.46 33.64 32.88 31.66

3.2. Mechanical Properties

Uniaxial tensile tests were conducted at room temperature to investigate the impact of
overall thickness and the copper thickness ratio of Cu/Al/Cu composites on their mechan-
ical properties. Figure 5 illustrates the true stress–strain curves for Cu/Al/Cu composites
across various overall thicknesses and copper thickness ratios. As depicted in Figure 5,
Cu/Al/Cu composites with differing overall thicknesses and copper thickness ratios ex-
hibit distinct tensile properties. For the 1 mm Cu/Al/Cu composite with copper thickness
ratios of 20% and 35% (“1-20” and “1-35”), a significant enhancement in both ultimate ten-
sile strength (UTS) and elongation is observed when the copper thickness ratio is increased
from 20% to 35%. The yield strength and ultimate tensile strength for the “1-35” Cu/Al/Cu
composite are approximately 61 MPa and 128 MPa, respectively. This improvement is
attributed solely to the additional bearing capacity provided by the interface’s intermittent
distributions of intermetallic compounds (IMCs) in the Cu/Al/Cu composite with a 35%
copper thickness ratio. The 2 mm Cu/Al/Cu composites demonstrate a similar trend,
with ultimate tensile strength and elongation values for the “2-20” and “2-35” composites
being around 101.7 MPa and 13.1%, and 134.7 MPa and 18.2%, respectively. Finally, for the
Cu/Al/Cu composites with a 35% copper thickness ratio at varying thicknesses (“1-35”,
“2-35”, and “4-35”), a slight increase in tensile strength and a decrease in elongation are
observed when the thickness is increased from 1 mm to 2 mm. However, increasing the
thickness to 4 mm results in a decrease in tensile strength and a significant improvement in
elongation. This minor mechanical variation is attributed to the characteristics of the IMCs’
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distribution at the interface of the Cu/Al/Cu composites with different thicknesses. The
4 mm-thick composites with a 35% Cu ratio exhibit a regular intermittent IMC distribution
with larger gap distances, allowing the Cu and Al layers to extrude and fill these gaps,
which facilitates synergistic deformation during the tensile process.

Figure 5. True stress–strain curves of Cu/Al/Cu composites with varying overall thicknesses and
copper thickness ratios.

Additionally, Kocks–Mecking (K-M) plots [33], derived from true stress–strain curves,
were utilized to assess strain-hardening behavior. It is important to note that only the stress
increment (σ-σy) and strain-hardening rate (θ = dσ/dε) during the plastic deformation stage
were considered, where σy represents the yield stress. The K-M plots in Figure 6b,c display
an approximately linear region, referred to as stage III; the slope in this stage correlates
with the dynamic recovery rate. The Cu/Al/Cu composites with higher Cu thickness ratios
demonstrated a lower dynamic recovery rate compared to other conditions, suggesting
a greater strain-hardening capacity. This tensile behavior is attributed to the intermittent
interface distribution of intermetallic compounds in the Cu/Al/Cu composites with higher
Cu thickness ratios, which enhances mechanical bonding at the joint interface. As illustrated
in Figure 6c, as the overall thickness of the composite with 20% Cu ratio increased from
1 mm to 2 mm, the differences between the curve slopes become less pronounced compared
to those with varying Cu thickness ratios; Thus, their dynamic recovery behavior and
strain-hardening properties are nearly similar. However, for the composite with a 35% Cu
thickness ratio, the strain hardening rate was greater with increased thickness during the
initial stage of uniform plastic deformation.

Figure 7 displays the comparison of yield strength, ultimate tensile strength, and
elongation-to-failure of the fabricated Cu/Al/Cu composites with different overall thick-
nesses and copper thickness ratios. It is evident that both ultimate tensile strength and
elongation improved with an increasing Cu thickness ratio. Specifically, for the 1 mm
and 2 mm Cu/Al/Cu composites, when the Cu thickness ratio increased from 20% to
35%, ultimate tensile strength (UTS) and elongation improved by approximately 22.3%
and 70.9%, and 32.4% and 38.7%, respectively. Further, yield strength increased with an
increasing Cu thickness ratio for both the 1 mm and 2 mm Cu/Al/Cu composites. This
variation in mechanical properties is likely related to the fragmentation of the intermetallic
compounds in Cu/Al/Cu composites with higher Cu thickness ratios, as the produced
IMCs (Al4Cu9, AlCu, and Al2Cu) tend to be hard and brittle. This fracture distribution of
IMCs provides additional mechanical bonding compared to a continuous IMC distribution
and enhances the UTS. Conversely, as the thickness of Cu/Al/Cu composites increased
from 1 mm to 2 mm, the ultimate tensile strength increased and elongation decreased. Upon
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further increasing the overall thickness to 4 mm, the ultimate tensile strength decreased
from 134.7 MPa to 126.1 MPa, representing a 6% decline. In contrast, elongation increased
by 19%, rising from 18.2% to 21.2%.

 

Figure 6. Kocks–Mecking (K-M) plots for the Cu/Al/Cu trilayer composites for various overall
thicknesses and copper thickness ratios: (a) comparison between “1-20” and “1-35”, (b) comparison
between “2-20” and “2-35”, (c) comparison between “1-20” and “2-20”, and (d) comparison between
“1-35”, “2-35”, and “4-35”.

Figure 7. Yield strength, ultimate tensile strength, and elongation of the Cu/Al/Cu composites with
varying overall thicknesses and copper thickness ratios.

3.3. Fractography

Figure 8 illustrates the fracture morphology of Cu/Al/Cu composites under various
conditions after conducting a tensile test at room temperature. It is clear that all composites
experienced significant plastic deformation following tensile loading, with cracks forming
at the Cu/Al interface. During the tensile process, the interface was compromised due to
shear stress resulting from the differing mechanical properties of the copper and aluminum
layers. Gaps also emerged between the Cu and Al layers, indicating mutual sliding
during deformation. As depicted in Figure 8a,b, the interface gap between the Cu and Al
layers in the “1-35” composite was tighter compared to the “1-20” counterpart, suggesting
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more coordinated deformation in Cu/Al/Cu composites with higher Cu thickness ratios.
Additionally, the fracture microstructure of the “1-20” composite exhibited delamination
at the Cu/Al interface, along with tear ridges on the fracture surface of the Al side. In
contrast, the fracture morphology of the “1-35” composite displayed dimples on the Al
side, which are characteristic of ductile fractures and were absent in the “1-20” composites.
Moreover, the Cu layer in the “1-35” composite showed more pronounced tear ridges
than its “1-20” counterpart, indicating a greater degree of deformation in the Cu layer.
This fracture behavior in Cu/Al/Cu composites with varying overall thicknesses and Cu
thickness ratios aligns well with the tensile test results discussed previously. As shown in
Figure 8c,d, when the overall thickness increased to 2 mm, the fracture interface became
more compact and exhibited fewer interface cracks with an increased Cu thickness ratio,
suggesting improved interface bonding. Similarly, the Al layer in the “2-35” composite
displayed denser and deeper dimples compared to the “2-20” counterpart. In conclusion,
for composites with the same overall thickness, increasing the Cu thickness ratio from 20%
to 35% facilitates more effective co-deformation between the Cu and Al layers, and ductile
fracture characteristics became more apparent. This phenomenon may be attributed to the
differing interface microstructures and the dispersed fracture of intermetallic compounds
in Cu/Al/Cu composites with higher Cu thickness ratios, which can accommodate greater
plastic strains and enhance coordinated deformation.

 

Figure 8. Fracture morphology of Cu/Al/Cu composites with varying overall thicknesses and copper
thickness ratios after undergoing tensile testing at room temperature: (a) “1-20”, (b) “1-35”, (c) “2-20”,
and (d) “2-35”.

Figure 9 illustrates the fracture morphology of the interface in Cu/Al/Cu composites
with varying overall thicknesses and copper thickness ratios. As shown in Figure 9a, the
Al side of the “1-35” composite has clear tear ridges, which means that the fracture is
ductile. The Cu layer, on the other hand, has a relatively smooth fracture. In the case of
the “2-35” composite depicted in Figure 9b, the tear ridge features in the Al layer become
less pronounced as the overall thickness increases; however, some shear dimples appear,
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suggesting a different deformation behavior during tensile loading. Additionally, there
are residual bonding areas at the Cu/Al fracture interface of the “2-35” composite. For
the “4-35” composite presented in Figure 9c, the fracture morphology in the Cu layer
appears rougher compared to its thinner counterparts, while the Al layer exhibits fractures
characterized by dimples and tear ridges. The 2 mm Cu/Al/Cu composites with a 35%
Cu thickness ratio demonstrate well-coordinated deformation between the Cu and Al
layers. Furthermore, for the Cu/Al/Cu composites with a 20% Cu thickness ratio shown
in Figure 9d,e, as the overall thickness increases, the interface fracture becomes tighter,
and the Cu layer fracture presents a tilted surface. This indicates coordinated deformation
in the “2-20” composite compared to the “1-20” counterpart, which is consistent with the
improved elongation-to-failure observed in the “2-20” composite.

 

Figure 9. Fracture morphology of the interface in the Cu/Al/Cu composites with varying overall
thicknesses and copper thickness ratios after undergoing tensile testing at room temperature: (a) “1-35”,
(b) “2-35”, (c) “4-35”, (d) “1-20”, and (e) “2-20”.

4. Conclusions
In this study, we comprehensively examined the interfacial microstructure, mechanical

properties, and fracture mechanisms of Cu/Al/Cu trilayered composites with varying over-
all thicknesses and copper thickness ratios. The distribution of intermetallic compounds
varied with overall thickness and copper thickness ratio, leading to distinct mechanical
properties and fracture mechanisms. These findings offer practical methods and valuable
guidelines for enhancing the interface bonding strength of Cu/Al/Cu composites. The key
conclusions are summarized as follows:

(1) The Cu/Al/Cu composites with varying Cu thickness ratios exhibited distinct interfacial
microstructures and IMC distributions. For both 1 mm and 2 mm composites, an increase
in the Cu thickness ratio from 20% to 35% resulted in an IMC distribution shift from a
continuous pattern to intermittent fragments. This change in the distribution of IMCs
suggested that higher Cu thickness ratios contribute to additional mechanical bonding at
the Cu/Al interface, potentially due to increased bonding strength at the interface.

(2) The increase in the copper thickness ratio of Cu/Al/Cu composites has led to improve-
ments in both tensile strength and elongation. Specifically, for the 1 mm composite,

https://doi.org/10.3390/met16060656

https://doi.org/10.3390/met16060656


Metals 2026, 16, 656 13 of 15

increasing the Cu thickness ratio from 20% to 35% results in enhancements of approxi-
mately 22% in UTS and 71% in elongation. In contrast, the 2 mm composite shows
increase of 32% in UTS and 39% in elongation when the Cu thickness ratio is raised
from 20% to 35%.

(3) For Cu/Al/Cu composites with a 35% copper thickness ratio, changes in the overall
thickness of the composite affect its mechanical properties. There was a slight decrease
in ultimate tensile strength as the overall thickness increased from 1 mm to 3 mm.
Initially, the elongation decreased slightly, then increased, reaching a maximum value
of 21.2% at a thickness of 4 mm.

(4) The fractography of Cu/Al/Cu composites with varying overall thicknesses and Cu
thickness ratios demonstrated distinct fracture mechanisms. When the Cu thickness
ratio was 20%, the Al layer exhibited ductile fracture characteristics, characterized by
dense and deep dimples, while the Cu layer also displayed a ductile fracture mode,
marked by tear ridges. As the Cu thickness ratio increased, the fracture interface
became more compact, resulting in a greater number of dimples observed in the Al
layer. Furthermore, the bonding interface showed improved compactness, indicating
enhanced mechanical strength and elongation, as confirmed by tensile tests.
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