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Abstract

Copper-aluminum layered composites offer a promising combination of high conductivity, light
weight, and cost-effectiveness, making them attractive for applications in electric vehicles,
electronics, and power transmission. However, achieving reliable interfacial bonding while avoiding
excessive work hardening and brittle intermetallic formation remains a significant challenge. In this
study, a Cul8150/A11060/Cul8150 trilayer composite was fabricated through a three-stage high-
temperature oxygen-free rolling process. Subsequently, the produced composite was subjected to
annealing treatments to systematically investigate the effects of rolling passes, annealing
temperature/time on interfacial evolution and mechanical behavior. Results indicate that rolling
passes primarily influence interfacial topography and defect distribution. Fewer passes lead to wavy,
mechanically bonded interfaces, while more passes improve flatness but reduce intermetallic
continuity. Annealing temperature critically governs diffusion kinetics; temperatures up to 400 °C
promote the formation of a uniform AlCu layer, whereas 450 °C accelerates the growth of brittle
AliCuy, thickening the intermetallic layer to 18 pm and compromising toughness. Annealing duration
further modulates diffusion mechanisms, with short-term (0.5 h) treatments favoring defect-assisted
diffusion, resulting in a porous, rapidly thickened layer. In contrast, longer annealing (=1 h) shifts
toward lattice diffusion, which densifies the interface but risks excessive brittle phase formation if
prolonged. Mechanical performance evolves accordingly; as-rolled strength increases with the
number of rolling passes, but at the expense of ductility. Annealing transforms bonding from a
mechanical to a metallurgical condition, shifting fracture from delamination to collaborative failure.
The identified optimal process, single-pass rolling followed by annealing at 420°C for 1 hour, yields
a balanced interfacial structure of Al.Cu, AlCu, and Als«Cus phases, achieving a tensile strength of
258.9 MPa and an elongation of 28.2%, thereby satisfying the target performance criteria (220 MPa
and 220%).

Keywords: copper-aluminum composite; high-temperature oxygen-free rolling; heat treatment;
intermetallic compounds; diffusion kinetics; tensile properties; fracture mechanism
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1. Introduction

The pursuit of high-performance, multifunctional materials has become a cornerstone of modern
materials engineering in response to the global imperative for energy efficiency, lightweight design,
and sustainability. Across diverse sectors, including transportation, renewable energy, high-speed
electronics, etc., there is mounting pressure to develop materials that combine low density, high
strength, and superior electrical/thermal conductivities within a single architecture [1]. This necessity
stems from the accelerating shift toward electrification and miniaturization, where the careful
management of heat and current under demanding mechanical conditions dictates device longevity
and system efficiency. Against this evolving backdrop, heterogeneous metallic composites such as
Cu/Al multilayers have emerged as promising solutions, offering an engineered balance between
functional and structural properties that cannot be achieved by monolithic metals alone [2—4].

Copper, with an electrical conductivity of approximately 5.96x107 S/m and thermal conductivity
near 401 W/m-K, remains indispensable for high-performance electrical and thermal applications [5].
Its excellent corrosion resistance and mechanical integrity under varying environments make it the
preferred choice in power transmission, heat exchangers, and electronic packaging. However, its high
density (8.96 g/cm?) presents a recurring challenge for applications where weight directly impacts
performance, such as in electric vehicles, aerospace structures, and portable electronics. Moreover,
the fluctuating price of copper compounds the economic constraints associated with large-scale
deployment [6,7]. In contrast, aluminum offers a markedly lower density (2.70 g/cm?), roughly one-
third of that of copper, along with a cost advantage and moderate thermal and electrical
conductivities (=3.5x107 S/m and 237 W/m'K, respectively). These attributes have made it attractive
for lightweight electrical conductors and structural materials. Nonetheless, aluminum’s lower
mechanical strength, higher creep rate, and pronounced oxidation tendency often limit its standalone
use where high reliability under thermal and mechanical loads is required [8].

The practical and economic advantages of combining these two metals have long been
recognized. The concept of copper—-aluminum composites aims to harness the high conductivity and
strength of copper with the lightweight and cost-effectiveness of aluminum. In a layered architecture,
copper surfaces provide excellent electrical contact, wear resistance, and corrosion protection, while
the aluminum core contributes to weight reduction and cost savings. This synergy positions Cu/Al
composites as potential replacements for monolithic copper in several industrial domains, most
notably in high-current busbars, connectors, heat sinks, and electrical conductors used in electric
vehicles and power electronics [9-11].

To overcome the challenges associated with oxide formation, high-temperature oxygen-free
rolling (HTOR) has recently gained attention as an effective and scalable approach for fabricating
dissimilar metal composites. In the HTOR process, Cu—Al stacks are preheated in a sealed chamber
under a controlled non-oxidizing atmosphere, typically a mixture of inert (N2 or Ar) and reducing
(H2) gases. This environment prevents or removes surface oxides, allowing intimate metallic contact.
Rolling at elevated temperatures (400-500 °C) further enhances atomic mobility and promotes solid-
state diffusion, enabling the onset of metallurgical bonding during deformation [12-14]. Compared
to conventional hot rolling in air, HTOR produces interfaces with fewer voids, thinner oxide residues,
and more continuous IMC layers, significantly improving interfacial shear strength and electrical
continuity. Beyond oxide suppression, the combination of elevated temperature and controlled
deformation in HTOR also modifies grain structures and dislocation distributions, affecting diffusion
kinetics during subsequent thermal treatments. Fine-grained or highly deformed zones near the
interface can enhance diffusion pathways via increased grain boundary area. This procedure speeds
up the development of IMC during annealing. Consequently, understanding how HTOR parameters,
such as rolling reduction, pass number, and temperature, affect the pre-annealed interface has
become a key step in optimizing post-processing schedules [15-18]. Although HTOR provides a
strong foundation for metallurgical bonding, the microstructure of as-rolled Cu/Al composites
typically contains high dislocation densities and heterogeneous IMC formation. Hence, subsequent
annealing becomes vital to balance strength and ductility while stabilizing the interface.
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Annealing facilitates recovery and recrystallization within both Cu and Al layers, releasing
internal stresses and restoring ductility. Simultaneously, it promotes further diffusion across the Cu—
Al interface, allowing IMC growth and homogenization. However, the annealing process introduces
a delicate trade-off [19,20]. Moderate annealing enhances bond strength and toughness through
improved diffusion and stress relief. Excessive annealing, by contrast, leads to uncontrolled IMC
thickening, particularly the growth of AlICu and Al,Cuy phases, which are highly brittle and prone to
cracking under mechanical loading [21,22]. The kinetics of these interfacial reactions typically follow
parabolic rate laws governed by diffusion coefficients that vary exponentially with temperature. This
highlights the importance of precise control of thermal exposure [23-25]. The optimal annealing
parameters are not universal but are influenced by the initial interfacial condition created during
rolling, especially the density of defects, interfacial roughness, and proportion of residual oxides.
Studies have shown that Cu/Al composites subjected to lower rolling reductions or fewer passes
develop thinner, less uniform IMC layers upon annealing due to limited atomic contact. Instead,
excessive deformation can introduce cracks or delamination that persist even after diffusion bonding
[26-30]. Hence, integrated control of both deformation and heat treatment stages is essential for
achieving reliable mechanical properties.

Most prior investigations have focused on bilayer Cu/Al composites, where copper and
aluminum are bonded in a two-layer configuration. While these systems are conceptually simpler
and easier to fabricate, they exhibit asymmetric mechanical behavior during bending or forming,
resulting in uneven stress distributions and interface delamination [31-34]. To mitigate these effects,
trilayer Cu/Al/Cu configurations have gained attention in recent years [35-37]. By sandwiching
aluminum between two copper layers, the architecture provides mechanical symmetry and
improved resistance to flexural stresses. Furthermore, double interfaces can distribute strain more
evenly and enhance crack arrest capability during deformation or fatigue loading [38—40]. Beyond its
mechanical advantages, the trilayer structure also offers functional benefits. The outer copper layers
ensure superior surface conductivity and wear resistance, while the aluminum core significantly
reduces mass. Such composites find potential applications in high-current connectors, clad strips, and
conductor laminates used in EV power systems and aerospace electrical harnesses [11,41]. Yet,
despite their technological promise, systematic studies on the combined effects of rolling and
annealing on the interfacial and mechanical evolution of Cu/Al/Cu trilayers remain limited,
especially when incorporating high-strength copper alloys rather than pure copper [12].

Recent advances in alloy design have introduced precipitation-strengthened copper alloys, such
as Cul8150 (Cu—Cr-Zr), as candidate materials for demanding electrical and mechanical applications.
The alloy derives its strength from fine Cr and Zr precipitates, which impede dislocation motion and
provide superior thermal stability compared to pure copper. Its high conductivity (=80-90% IACS),
combined with exceptional hardness and wear resistance, makes it ideal for high-load electrical
contacts and electrodes [42,43]. When integrated into a composite system with aluminum, Cu18150
significantly influences interfacial diffusion kinetics due to solute drag effects and modified grain
boundary behaviors. The diffusion of alloying elements (Cr, Zr) may also alter IMC nucleation or
growth, potentially stabilizing desirable interfacial morphologies [17,22,42]. However, despite these
advantages, substantial unexplored questions remain regarding Cu—Cr—Zr/Al interfaces. Most prior
works on Cu/Al thermomechanical processing have used high-purity copper, neglecting the
compositional complexity introduced by alloying elements. The possible partitioning of Cr or Zr at
the interface, their effect on IMC phase selection, and their impact on mechanical response under
tensile loading or fracture conditions remain poorly understood. Addressing these questions is vital
for designing robust Cu—Al multilayer composites compatible with modern electrical and structural
demands [44-46].

The manufacturing sequence of HTOR followed by controlled annealing introduces a coupled
thermomechanical system, where each stage strongly influences the other. The rolling process
establishes the initial defect density, interfacial roughness, and bonding integrity, all of which define
the subsequent diffusion behavior during annealing. Inadequate deformation limits atomic contact,
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leading to discontinuous diffusion fronts; excessive deformation generates micro-cracks and
localized heating, resulting in distorted diffusion pathways and potential IMC discontinuities.
Therefore, determining the optimal rolling reduction and pass number is crucial to forming a
uniform, defect-minimized interface that can evolve favorably during heat treatment [26,30,34,47].
Equally critical is the annealing temperature and time combination, which governs IMC thickening
rate, recrystallization extent, and stress relaxation. At lower annealing temperatures (=300 °C),
recovery and limited diffusion occur, improving ductility without substantial IMC growth. When
temperatures approach 450 °C, recrystallization accelerates and diffusion becomes dominant,
forming thicker IMC layers (Al:Cu and AlICu). These IMC layers, beyond an optimal thickness
(typically 1-3 um), may act as crack initiation sites during tensile loading [21,48-51]. Elucidating how
these microstructural factors interact to determine mechanical properties, particularly the trade-off
between strength and ductility, is a necessary step toward process optimization.

The mechanical performance of Cu/Al multilayer composites is fundamentally linked to the
nature of their interfaces. Unlike monolithic metals, fracture in layered composites is typically
interface-controlled. The transition between ductile and brittle behavior depends on IMC thickness,
bonding continuity, and the residual stress state near the interface [52-54]. Thin IMC layers (<2 um)
tend to deform coherently with the base metals, enhancing tensile strength through effective load
transfer. Once the layer becomes excessively thick (>5 um), brittle intergranular fracture along IMCs
dominates, drastically reducing elongation and toughness [23,55-57]. Tailored post-rolling annealing
can thus be viewed as a mechanical optimization strategy, not merely a thermal relaxation step. High
bonding strength and sufficient ductility can be attained through precise control of diffusion kinetics,
grain recovery, and interface chemistry. Quantitative correlations between microstructural evolution
(IMC morphology, grain size distribution, dislocation density) and macroscopic mechanical
responses (yield strength, ultimate tensile strength, elongation) provide a pathway to designing
process—structure—property relationships essential for industrial application [21,48,58].

Despite extensive studies on Cu/Al bonding mechanisms, several key gaps remain in the current
body of knowledge. (i) Trilayer composite systems: Research has largely concentrated on bilayer
Cu/Al systems, neglecting the mechanical symmetry and improved stress distribution achievable in
trilayer designs. Also, the dynamic interplay between dual interfaces during rolling and annealing,
including diffusion asymmetry and composite bending performance, remains underexplored [30,59].
(ii) Influence of alloyed copper: The introduction of alloying elements such as Cr and Zr in copper
adds another dimension to interfacial diffusion kinetics and phase stability. Their potential to modify
IMC formation, interface adhesion, or fracture pathways is poorly documented in the current
literature [45,60]. (iii) Coupled effects of rolling and annealing: Existing studies typically examine
rolling and annealing in isolation. A holistic understanding of how rolling-induced microstructural
states (defects, texture, dislocation density) affect subsequent annealing kinetics, and consequently
mechanical properties, remains lacking [21,30,34]. Addressing these gaps is essential for developing
a unified processing framework that links rolling parameters, annealing conditions, and interfacial
microstructure to optimize mechanical performance.

The present research aims to systematically investigate the interfacial design and mechanical
optimization of Cu-Al-Cu trilayer composites fabricated through HTOR, followed by tailored
annealing treatments. The specific focus lies in understanding how the synergy between
deformation-induced structures and diffusion-driven transformations dictates interfacial evolution
and composite properties. The study employs Cul8150 (Cu—Cr—Zr alloy) as the outer layers and
AI1060 as the core to explore the following objectives: (i) To fabricate Cul8150Cu/A11060/Cul18150Cu
trilayer composites using HTOR under various rolling passes (1-4) and quantify how deformation
influences the initial bonding condition. (ii) To systematically investigate annealing parameters,
temperature (300-450 °C) and duration (0.5-2 h), to determine their effects on IMC growth,
microstructural uniformity, and interfacial integrity. (iii) To correlate microstructural evolution with
mechanical performance, particularly tensile strength, ductility, and fracture morphology, enabling
the establishment of structure—property relationships. (iv) To identify diffusion mechanisms (grain
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boundary vs. lattice diffusion) governing IMC evolution through kinetic modeling and
microanalysis. (v) To propose optimized processing parameters that deliver a balanced combination
of strength and ductility suited for structural and functional applications of Cu—Al multilayer
composites.

By integrating process control, interfacial characterization, and mechanical evaluation, this
study aims to contribute to the fundamental understanding of Cu—Al composite metallurgy while
offering practical guidelines for industrial manufacturing. Beyond the immediate application in
power and transportation systems, insights from this research could extend to other dissimilar metal
systems where interface control is critical, such as Cu-Ni, Cu-Mg, or Al-Fe multilayers used in
advanced conductors and lightweight hybrid components [61,62]. The broader significance lies in
demonstrating how thermomechanical coupling via rolling-induced microstructural tailoring
followed by diffusion-managed annealing can serve as a rational design framework for next-
generation metal-metal composites. As industries advance toward electrification and sustainable
performance optimization, such materials are poised to play a pivotal role in future engineering
systems where multifunctional performance, manufacturability, and reliability converge.

2. Materials and Methods

2.1. Materials

Commercially sourced base materials were employed in this study. The outer layers were made
of copper-chromium-zirconium alloy (Cul8150 ) sheets, conforming to ASTM B631 standards for
precipitation-hardenable copper alloys. Their chemical composition was quantitatively verified via
optical emission spectroscopy (OES) using a Skyray OESS8000 spectrometer (Jiangsu Skyray
Instrument Co., Ltd., Kunshan, China), equipped with a high-performance linear array CCD detector
and Paschen-Runge polychromator. Analysis was conducted under argon atmosphere with digital
plasma spark excitation (100-1000 Hz frequency, 1-60 A current, and high-energy pre-spark mode),
following surface preparation by mechanical grinding and turning to ensure flat, contaminant-free
analytical areas. Calibration utilized certified reference materials (CRMs) traceable to GBW standards
for Cu-Cr-Zr matrices, achieving detection limits below 10 ppm for key alloying elements. Triplicate
measurements yielded results with <1% relative standard deviation, as detailed in Table 1. This
alloy's strength derives from fine, coherent Cr2Zr precipitates formed during aging, which effectively
impede dislocation motion while preserving high electrical conductivity.

Table 1. Chemical composition of the 18150 copper alloy and 1060 aluminum alloys in wt.% [63].

Cu Cr Zr Zn Al Fe Si Ni Mn Mg
Cul8150 99.081 0.720 0.102 0.042  0.023 - 0.0079  0.015 0.0006 0.0004
Al1060  0.050 0.0008 - 0.039 989 050 0.460 0.0037 0.0041 0.0033

2.2. Composite Fabrication via High-Temperature Oxygen-Free Rolling

The Cu18150/A11060/Cu18150 trilayer composites were fabricated through a three-stage high-
temperature oxygen-free rolling (HTOR) process, designed to ensure oxide-free metallurgical
bonding while controlling the evolution of interfacial microstructure. Commercially sourced
Cul8150 alloy sheets (initial thickness: 2.0+0.05 mm; purchased from Shanghai Unique Alloy Co. Ltd.,
Shanghai, China) and AA1060 aluminum sheets (initial thickness: 3.0+0.05 mm; purchased from
Jiangsu Skyray Instrument Co., Ltd.) were precision-cut to dimensions of 100 mm x 50 mm using a
waterjet cutter to minimize edge contamination. Bonding surfaces were sequentially ground with
400-, 600-, and 800-grit SiC abrasive papers to remove native oxide layers, achieving a centerline
average roughness (Ra) of <0.4 um as verified by profilometry. Surfaces were then degreased via
ultrasonic cleaning in acetone (5 min) followed by absolute ethanol (3 min), and dried with
compressed argon to prevent reoxidation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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A symmetric Cu18150/A11060/Cu18150 sandwich stack was assembled with precise alignment
under optical microscopy to ensure uniform contact between layers. The assembly was promptly
loaded into a custom-fabricated, vacuum-sealed quartz retort furnace (Beijing GF Co., Ltd., Beijing,
China; maximum temperature of 1200°C, vacuum capability of 10-* Pa) directly coupled to the rolling
mill via a heat-insulated transfer trolley (transit time: <10 s). The chamber was evacuated to 102 Pa,
then backfilled and purged three times with ultrahigh-purity argon, establishing a reducing
atmosphere of 95 vol.% Nz + 5 vol.% Hz. The stack was ramped to 500+5 °C at 10 °C/min and soaked
for 30 min, promoting surface activation via Ho-mediated oxide dissociation while ensuring through-
thickness thermal homogeneity (gradient <5 °C, monitored by three K-type thermocouples).

Hot rolling was performed on a laboratory-scale two-high reversing rolling mill (Jiangsu
Guangduan Machinery Co., Ltd., Wuxi, China; roll diameter of 300 mm, barrel width of 200 mm,
maximum separating force of 500 kN). Preheated stacks were transferred within 8-10 s and rolled
unlubricated (dry rolls, u=0.3-0.4) to maximize shear-driven atomic mixing at interfaces. Progressive
reductions were applied in four passes at an inter-pass temperature of 450-480 °C (measured via
infrared pyrometer): Pass 1: 35% reduction (to 3.9 mm), Pass 2: 38% (to 2.4 mm), Pass 3: 33% (to 1.6
mm), and Pass 4: 44% (to 0.9+0.02 mm final thickness), yielding cumulative ~70% deformation. Roll
speed was maintained at 0.1-0.15 m/s (20-30 rpm), with ~20-30 s inter-pass equilibration in the retort.
Post-final pass, samples were air-cooled to room temperature (~25 °C) at 15 °C/min in ambient air.
This integrated HTOR sequence, high-temperature deformation under inert/reducing conditions,
effectively suppressed oxide entrapment while tailoring defect densities for controlled post-rolling
annealing responses.

2.3. Post-Rolling Heat Treatment (Annealing)

Systematic post-rolling annealing treatments were employed to influence the evolution of IMCs,
alleviate residual stresses caused by deformation, and enhance the balance between strength and
ductility in the Cul8150/Al/Cu18150 trilayer composites. All annealing experiments were conducted
in an NBD-M1200-30IT high-temperature box furnace (NBD Material Technology Co., Ltd., Nanjing,
China; maximum temperature: 1200 °C), featuring silicon carbide heating elements, K-type
thermocouple control (1 °C accuracy), and a 16-segment programmable PID temperature controller.
To mitigate surface oxidation during air exposure, samples were precision-wrapped in type 304
stainless steel foil pouches (0.05 mm thick, seam-sealed under argon flush) before insertion. The
systematic annealing protocol comprised three sequential phases, as outlined below.

e  Phase 1: Temperature screening. Representative samples from each of the four rolling passes
(final thicknesses: 3.9, 2.4, 1.6, 0.9 mm) underwent broad temperature exploration at 300, 350,
400, and 450 °C, each with a 2 h isothermal hold. This phase established preliminary IMC growth
kinetics and recovery/recrystallization thresholds, with furnace cooling (~3 °C/min) to ambient
temperature (~ 25 °C).

. Phase 2: Temperature refinement. Informed by Phase 1 outcomes, a narrower matrix of 360, 380,
400, 420, and 450 °C was applied to the most promising rolling condition (Pass 4, 70% cumulative
reduction), using a standardized 1 h hold time. This refinement targeted the optimal window
for balanced IMC thickening (1-3 pum) while preserving matrix ductility. Phase 3: Time
optimization. Building on the identified optimal temperature from Phase 2, dwell times of 0.5,
1.0, 1.5, and 2.0 h were evaluated for the selected rolling-annealing combination. This phase
quantified time-dependent diffusion and phase stability.

Across all phases, samples were ramped from room temperature to target values at a controlled
rate of 10+1 °C/min, with overshoot limited to <5 °C via the furnace's adaptive control algorithm.
Post-annealing, foil-wrapped specimens were transferred to a desiccator within 30 s to prevent
moisture ingress, ensuring microstructural fidelity for subsequent characterization. Temperature
profiles were continuously logged at 1 s intervals using the furnace's integrated data acquisition
system, with independent verification via embedded K-type thermocouples. This multi-phase
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strategy enabled the construction of comprehensive process—microstructure—property maps for
HTOR-annealed Cu18150/A11060/Cu18150 systems.

2.4. Microstructural Characterization

Cross-sectional specimens for microstructural examination were extracted perpendicular to the
rolling direction (RD) using a precision slow-speed diamond saw to minimize heat-affected zones
and edge artifacts. Samples were hot-mounted in phenolic conductive resin to ensure edge retention
and electrical grounding. Progressive mechanical preparation followed metallographic standards:
grinding with P400, P800, P1200, and P2000 SiC papers (under ethanol lubrication, 150-300 rpm wheel
speed), followed by diamond polishing (9, 6, and 3 um suspensions on automated platen). Final
surface finishing employed 1 pum alumina suspension and vibratory polishing with 0.05 um colloidal
silica to achieve mirror-like surfaces without relief polishing artifacts. No chemical etching was
required, as backscattered electron (BSE) contrast inherently delineated phases.

Microstructural analysis and interfacial characterization were conducted using a Phenom XL G2
Desktop Scanning Electron Microscope (Thermo Fisher Scientific, distributed by Phenom Scientific
Instrument (Shanghai) Co., Ltd., Shanghai, China) operating at 15 kV accelerating voltage, ~10 mm
working distance, and 30° sample tilt for optimal interface resolution. The system featured a CeBs
electron source, backscattered electron (BSE) detector, and integrated Energy Dispersive X-ray
Spectroscopy (EDS). BSE imaging exploited Z-contrast to clearly resolve Cul8150 layers (bright),
Al1060 core (dark), and IMCs (intermediate gray: Al:Cu, AlCu). Interfacial IMC thickness was
quantified at 25 equidistant locations per sample (500 nm spacing) using ImageJ/FIJI v1.54f, reporting
mean + standard deviation (o). Elemental mapping (Al Ka, Cu La, O Ko, Cr Ko, Zr La; 1024768 pX,
100 ps dwell/pixel, 5 min acquisition) and point analyses elucidated diffusion profiles, phase
identification (via Cu/Al ratios), and microsegregation.

2.5. Mechanical Testing

Tensile specimens conformed to ASTM E8/E8M sub-size flat geometry (Type 1A sheet specimen,
scaled): gauge length 25 mm, width 6 mm, total length 100 mm, fillet radius 6 mm, with loading axis
parallel to RD. Electrical discharge machining (EDM, wire diameter 0.25 mm, spark energy 0.5 m])
ensured precise geometry and damage-free surfaces, verified by optical profilometry. The full
composite thickness (0.9-3.9 mm) was retained as-received. Quasi-static tensile tests were executed
at 23+2 °C using a WDW-10S electromechanical universal testing machine (Jinan Hensgrand
Instrument Co., Ltd., Jinan, China). A constant crosshead displacement rate of 1.0 mm/min yielded
an initial engineering strain rate of 6.7x10* s1. Strain measurement employed a non-contact video
extensometer (integrated ARAMIS system, 12 MP camera, 25 Hz acquisition, 0.05% strain resolution)
tracking two 6x6 mm speckle-patterned regions on the gauge, eliminating grip effects and enabling
full stress-strain curves to fracture. Load signals were acquired at 100 Hz via a 24-bit ADC. Minimum
n=5 valid replicates per condition ensured statistical robustness (rejection criterion: >10% deviation
from mean). Engineering stress-strain data yielded yield strength, ultimate tensile strength, uniform
elongation, and total elongation. Fractography utilized the aforementioned Phenom XL G2 SEM at
5-20 kV to document failure modes: ductile dimpling (Al matrix), transgranular cleavage (Cu/IMCs),
intergranular decohesion, and interfacial delamination. Cross-sectional failure analysis correlated
crack paths with IMC morphology and residual stresses. All data satisfied ISO 6892-1 Class Bl
precision requirements.
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3. Results and Discussion

3.1. Evolution of Interfacial Microstructure

3.1.1. Effect of Rolling Pass Number

Initial bonding was achieved via high-temperature oxygen-free rolling. The interfacial
morphology was strongly dependent on the number of rolling passes. After a single pass, the Cu/Al
interface exhibited a pronounced wavy, non-uniform contour (Figure 1a), indicative of deformation
incompatibility between the dissimilar metals. At this stage, IMCs were present but discontinuous
along the interface, with varying layers (1-3 layers). This observation supports the notion of non-
uniform atomic diffusion occurring in the system. In this regard, the EDS point analysis (Table 1)
identified three distinct IMCs of Al:Cu adjacent to the Al layer, AICu in the middle, and AlCus
adjacent to the Cu layer. The total IMC layer thickness was approximately 2 pm. EDS mapping
(Figure 1le-f) revealed sharp elemental boundaries, confirming that bonding was predominantly
mechanical with limited diffusion. With an increasing number of rolling passes (2 to 4), the interfacial
waviness was progressively reduced, achieving a near-flat interface after four passes (Figure 1b-d).
The IMC layer became more uniform, consistently presenting a three-layer structure; however, its
continuity along the interface decreased with increasing passes. Crucially, the total IMC thickness
remained largely unaffected by the number of passes, with variations of less than 1 um. This suggests
that rolling deformation primarily influences interfacial conformity and defect density, rather than
the extent of diffusion-driven growth during the brief high-temperature rolling contact.

Figure 1. SEM observation of as-rolled interfaces showing the effect of rolling passes of (a) 1 pass, (b) 2 passes,
(c) 3 passes, (d) 4 passes, (e-f) EDS elemental mapping of 1-pass-processed sample indicating the distributions
of Cu, Al, Zr, and Cr at the interface.

The pronounced wavy interface observed after a single rolling pass reflects the inherent
deformation incompatibility between Cul8150 and Al1060 layers during HTOR. This situation arises
from differential flow stresses leading to interfacial buckling and mechanical interlocking rather than
uniform metallurgical bonding [64]. The observed topography, along with the presence of
discontinuous IMCs that display a variable three-layer structure (Al2Cu, AICu, and ALCuy),
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highlights that the initial diffusion process is quite localized. This phenomenon is influenced by short
thermal exposure and the atomic mixing that occurs at asperity contacts due to shear forces. This is
further supported by the sharp elemental gradients revealed through EDS analysis, which primarily
suggest mechanical adhesion with limited solid-state intermixing. The progressive increase in rolling
passes, up to four, systematically flattens the interface by improving layer conformity and
distributing deformation more homogeneously. However, the continuity of IMC decreases, even
though the total thickness remains consistent at around 2 pm. This suggests that the number of passes
mainly influences defect density and topography, rather than cumulative diffusion, as the rolling
dwell times are still limited by interface reactions [65]. This pass-dependent interfacial evolution
aligns with established deformation-diffusion coupling in dissimilar metal cladding. While low
passes preserve high surface area for subsequent diffusion but introduce stress concentrators. In
contrast, high passes promote flatness at the cost of reduced atomic contact sites, influencing post-
rolling annealing responses.

Table 1. Point analysis composition of 1-pass-processed sample.

Spot Element Atomic Concentration Components
1 o 7o ALy
: o 5256 =
: o 215 ——

3.1.2. Effect of Post-Rolled Annealing Temperature

Subsequent annealing profoundly transformed the interfacial microstructure from mechanical
to metallurgical bonding. For samples annealed at 400 °C for 2 hours (Figure 2A), the IMC layer
thickened significantly, became continuous, and displayed a uniform three-layer structure across all
rolling passes. The initial waviness from rolling was preserved, but the IMC layers now grew
uniformly perpendicular to the interface. A systematic investigation of annealing temperature
revealed a strong thermally activated growth behavior. As shown in Figures 2B and 3, IMC thickness
increased dramatically with temperature: from ~2 um (as-rolled) to ~4 pm (350 °C/2 h), ~10 pm (400
°C/2 h), and ~18 pum (450 °C/2 h). Furthermore, the growth kinetics of the individual IMC layers were
temperature-dependent. At lower temperatures (<400 °C), the Al:Cu layer (Al-side) grew at a higher
rate. At 450 °C, the growth rate of the Cu-side Al«Cuy layer surpassed that of Al.Cu, resulting in a
thicker AlsCuo layer after 2 hours.
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Figure 2. SEM observation of samples at different pass numbers of 1, 2, 3, and 4 and at temperatures of 350, 400,

and 450 °C.
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Figure 3. Thickness of the interfacial compound layer in the as-rolled state and the annealed conditions after
holding at different temperatures of 350, 400, and 450 °C for 2 hours under different rolling pass numbers of 1,
2,3, and 4.

The growth kinetics were quantitatively analyzed using the parabolic growth law, x2=kt, where
the rate constant k follows an Arrhenius relationship, k=koexp(-Q/RT). A modified equation,
(x—x0)*=kt, accounted for the initial IMC layer thickness (xo) from rolling. Excellent linear fits of Ink
versus 1/T were obtained for both 1-hour and 2-hour annealing series (Figure 4a and 4b). The
calculated apparent activation energy Q was approximately 138.1 kJ/mol for 1-hour annealing and
121.5 kJ/mol for 2-hour annealing conditions. The higher Q and pre-exponential factor ko associated
with shorter annealing times indicate a transition in the dominant diffusion mechanism. Initially,
defect-assisted diffusion, such as pipe diffusion along dislocations and grain boundaries, plays a
crucial role in the initial and rapid growth phases. In contrast, bulk lattice diffusion dominates the
later steady-state growth phase [66].
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Figure 4. Fitting curves of the interface compound layer thickness at annealing temperatures of (a) 1 hour, (b) 2

hours.

Annealing at 400 °C for 2 hours transforms the as-rolled mechanical interface into a continuous,
uniform three-layer IMC structure across all pass conditions. This process maintains the waviness
that allows for perpendicular growth. Additionally, elevated temperatures ranging from 350 to 450
°C lead to exponential thickening from approximately 2 um to 18 pum, through thermally activated
diffusion. As the temperature rises, the composition of IMCs shifts from Al.Cu at temperatures up to
400 °C to AlsCuos at 450 °C, due to growth kinetics that favor copper-side diffusion at higher
homologues [27].

Parabolic growth analysis, taking into consideration the initial IMC (xo), reveals Arrhenius-
derived activation energies of 138.1 kJ/mol (1 h) and 121.5 kJ/mol (2 h). The observed elevated short-
time Q values suggest the presence of defect-pipe diffusion pathways, which are introduced by
rolling-induced dislocations. As these defects anneal out, the process transitions to lattice diffusion.
This behavior aligns with existing literature on Cu-Al systems, where Q~120-140 kJ/mol signals grain
boundary/pipe mechanisms [66]. The findings highlight temperature as the key factor influencing
kinetics. Optimal regimes (<400 °C) produce thin, ductile IMCs that improve bond strength without
causing embrittlement. However, at 450 °C, excessive thickening occurs, leading to the formation of
brittle AlsaCus, which aligns with previous reports on the importance of IMCs in clad composites.

3.1.3. Effect of Post-Rolled Annealing Duration

The time-dependent evolution of the IMC layer at 400 °C exhibited a non-monotonic trend
(Figure 5a-e). After 0.5 hours, the layer reached ~11.5 um. Unexpectedly, the thickness decreased to
~10.4 um after 1 hour before increasing again to ~14.0 um after 2 hours. This thickness reduction
between 0.5 h and 1 h is attributed to an interfacial densification process. The initial, defect-assisted
rapid growth likely produces a porous or structurally deficient IMC layer. With extended annealing,
atomic rearrangement and healing of micro-voids lead to a denser, more stable interface, manifesting
as a slight reduction in the measured thickness. Subsequent growth follows the classical parabolic
law, as confirmed by the linear fit of x? versus t for data from 1 to 2 hours.
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Figure 5. SEM observation of 1-pass-processed sample annealed at 420 °C for different duration times of (a) 0.5
h, (b) 1h, (c) 1.5 h, and (d) 2 h; (e) thickness of interfacial compound layer of 1-pass-processed sample annealed
at 420 °C for different duration times of 0.5h, 1 h, 1.5h, and 2 h.

At 400 °C, the evolution of IMC shows a complex behavior that deviates from simple parabolic
kinetics. Initially, there is a rapid increase in thickness to approximately 11.5 um within the first half
hour, driven by defect-assisted diffusion that leads to the formation of porous structures. This is
followed by a densification process, resulting in a thickness of about 10.4 pm after one hour, which
occurs through the annihilation of vacancies and rearrangement of atoms. After this stage, the growth
pattern shifts to a parabolic regrowth, reaching around 14.0 pum by the two-hour annealing, as
confirmed by linear fits of xe versus time after densification. The transient thinning reflects
microstructural stabilization. Here, the excess vacancies and dislocations inherited from the rolling
process initially promote rapid growth. However, during extended holds, these structures settle into
more stable and equilibrium configurations, which helps to avoid the Kirkendall voiding often seen
in prolonged Cu-Al diffusion couples [30]. Such behavior underscores the importance of annealing
time in striking a balance between the completeness of diffusion and the stability of phases.
Achieving optimal uniformity at 1 hour minimizes defects while preventing the excessive growth of
brittle phases, aligning with kinetic models that focus on the thresholds for defect annihilation in
deformed interfaces.

3.2. Evolution of Mechanical Properties

3.2.1. Effect of Rolling Pass Number

In the as-rolled state, the material exhibited classic work-hardening behavior (Figure 6A). The
ultimate tensile strength (UTS) increased from 250 MPa (1 pass) to 344 MPa (4 passes). Conversely,
elongation (EL) drastically decreased from 18.3% to 1.2%. The stress-strain curves for low-pass
samples showed serrations, indicating interfacial delamination and poor bond strength. High-pass
samples displayed smooth curves, suggesting improved interfacial integrity and cooperative
deformation. Annealing altered this relationship (Figure 6B). For single-pass material, annealing
maintained UTS near 250 MPa while dramatically improving EL to over 20% (peaking at 25.8% at 400
°C/2h), as work hardening was relieved and metallurgical bonding was achieved. For multi-pass
materials, annealing significantly reduced UTS (e.g., from 344 MPa to ~200 MPa for 4 passes) due to
the elimination of work hardening, but improved EL compared to the brittle as-rolled state. The
optimal combination of strength and ductility after annealing was consistently found in the single-
pass material, benefiting from its lower initial dislocation density and sufficient interfacial
development upon annealing.
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A: as-rolled state B: annealed state

Figure 6. A: Effect of different rolling pass numbers on stress-strain curves and tensile strength in the as-rolled

state, and B: Stress-strain curves, tensile strength, and elongation of different rolling pass numbers under

different annealing temperatures with a 2-hour holding time.

The tensile response of as-rolled materials highlights the significant role of work-hardening, as
evidenced by the increase in ultimate tensile strength from 250 MPa after one pass to 344 MPa after
four passes. This improvement is attributed to the rising dislocation densities. However, there is a
catastrophic reduction in ductility, which drops from 18.3% to 1.2%. This loss is linked to strain
localization and delamination observed in the low-pass serrated curves, which then shift to a
smoother cooperative deformation in the higher passes due to improved conformity. After the
annealing process, single-pass materials retain UTS (~250 MPa) while recovering EL>20% through
recovery and metallurgical bonding. In contrast, materials that undergo multiple passes experience
a significant decrease in tensile strength, dropping to around 200 MPa due to recrystallization, which
negates hardening effects, though EL improves modestly. This observation highlights the advantages
of low passes for achieving a favorable balance of properties, utilizing minimal initial hardening to
maximize interfacial benefits [64]. The observed trends highlight the role of rolling passes as
topography tuners, where low-pass wavy interfaces enable superior annealing-induced
strengthening without excessive softening. This aligns with research on deformation preconditioning
aimed at achieving the optimal strength-ductility synergy in clad systems.

3.2.2. Effect of Post-Rolled Annealing Temperature

The influence of annealing temperature on UTS followed a parabolic trend. For 2-hour anneals,
UTS peaked at 400 °C (~258 MPa for 1 pass) and dropped at 450 °C due to excessive growth of brittle
IMCs (Figure 7). For 1-hour anneals with finer temperature intervals, the peak shifted to 420 °C,
reaching 258.9 MPa for single-pass material (Figure 8). Ductility response was complex and pass-
dependent. Single-pass material showed peak ductility at 400-420 °C. Multi-pass materials, due to
the competition between recrystallization (improving ductility) and brittle IMC growth (reducing it),
exhibited more variable EL trends. Critically, low-pass materials annealed at high temperatures (450
°C) reverted to delamination failure, as evidenced by serrated stress-strain curves, due to stress
concentration at the wavy interface and crack initiation in the thick, brittle AICu layer.
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Figure 7. Stress-strain curves, tensile strength, and elongation at different annealing temperatures for a 2-hour

duration at various rolling pass numbers.
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Figure 8. Stress-strain curves, tensile strength, and elongation at different annealing temperatures for a 1-hour

duration at various rolling pass numbers.

UTS exhibits a parabolic relationship with temperature, reaching its highest point at
approximately 258 MPa when subjected to annealing in 400-420 °C for 1-2 hours. Beyond 450 °C, a
decline occurs due to the formation of brittle intermetallic compounds, which leads to delamination,
as indicated by serrations in the low-pass curves. In contrast, elongation is optimized in a single
pass at 400-420 °C, where a balance between recovery and bonding is achieved. The variability
observed in multi-pass processes reflects the competition between recrystallization and
embrittlement. Low-pass superiority persists, as they can tolerate moderate intermetallic compounds
while also increasing the risk of cracking at high temperatures. In contrast, flat high-pass interfaces
manage to distribute stress effectively but are prone to softening of the base metal. This delineates
annealing temperature as the arbiter of performance trade-offs, where 400-420 °C windows maximize
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load transfer through thin IMCs, corroborated by fracture mechanics models positing optimal IMC
thickness ~5-10 um for peak toughness in Cu-Al laminates [27].

3.2.3. Effect of Post-Rolled Annealing Duration

At the optimal 420 °C, the effect of annealing time on single-pass material was investigated
(Figure 9). UTS increased from 257.3 MPa (0.5 h) to a peak of 258.9 MPa (1 h), slightly decreased at
1.5h (256.3 MPa), and recovered at 2 h. EL peaked at 28.2% after 1 hour and then declined. This non-
monotonic behavior correlates directly with the microstructural evolution. The 1-hour condition
corresponds to the densified, optimally thick (~10.4 um), and uniform IMC layer, providing strong
bonding without excessive embrittlement. Shorter times yield incomplete bonding, whereas longer
periods promote the development of the embrittling AlCu phase. At 420 °C, the single-pass UTS
reaches a maximum of 258.9 MPa, while elongation is recorded at 28.2% after 1 hour. This outcome
is associated with a densified intermetallic compound measuring approximately 10.4 um. In contrast,
a shorter duration of 0.5 hours results in incomplete bonding, and extending the time beyond 1.5
hours leads to embrittlement due to AlCu. The observed non-monotonic behavior reflects the
microstructural densification process, where the 1-hour achieves an equilibrium state without the
occurrence of excess diffusion. This condition results in an optimal strength-ductility product,
fulfilling the specified targets (220 MPa and >20% EL). Time optimization thus refines the process
envelope, emphasizing the importance of short holds for defect healing without overgrowth. This
approach aligns with diffusion couple experiments that support time-temperature-transformation
frameworks for IMC control [30].
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Figure 9. Stress-strain curves, tensile strength, and elongation of annealing at 420 °C for different durations in a

one-pass-processed sample.

3.2.4. Fractography

Fractographic examination of the fracture surfaces established a clear relationship between the
interface microstructure and the dominant failure modes, as illustrated in Figures 10 and 11, and
summarized in Table 2. In high passes, optimally annealed samples (4 passes at 400 °C for 1 h), failure
proceeded cooperatively without macroscopic delamination. The Cu layer exhibited a dimpled
rupture, which is a sign of microvoid coalescence and indicates a ductile fracture. In contrast, the Al
layer presented a mixed-mode fracture, primarily characterized by cleavage-like facets mixed with
dimples, suggesting a predominantly brittle behavior. The IMC layer, in turn, showed brittle
intergranular fracture. Energy-dispersive spectroscopy (EDS) analysis further revealed that cracks
predominantly initiated and propagated through the AICu phase.

In contrast, low-pass, optimally annealed samples (1 pass at 400 °C for 1 h) failed primarily via
interfacial delamination, with both Cu and Al layers displaying fully dimpled fracture surfaces that
underscored their intrinsic ductility. The failure path followed the IMC layer, specifically through the
AlCu phase. These observations highlight that a robust metallurgical bond suppresses macroscopic

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0095.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 January 2026

16 of 22

delamination, yet the fracture locus and overall plasticity remain governed by the intrinsic properties
of the IMC layer. Notably, the AICu phase serves as the preferred site for crack initiation, with wavy
interfaces in low-pass materials exacerbating stress concentrations and thereby accelerating cracking
within this brittle phase.

High-pass optimal annealing (4 passes, 400 °C/1 h) yields cooperative fracture delamination,
with ductile Cu dimples (microvoid coalescence), mixed Al cleavage/dimples, and brittle IMC
intergranular paths through AlCu. Whereas, low-pass (1 pass) promotes delamination along AICu
despite ductile layers, exacerbated by wavy stress risers. Robust bonding suppresses gross
separation, but AlCu brittleness dictates locus, with geometry modulating propagation. These modes
affirm interface-controlled failure, where topography governs initiation and IMC properties limit
ductility. This is consistent with existing research on stress concentration in wavy clads that
accelerates brittle phase cracking, suggesting that having a minimal sufficient IMCs can improve
toughness [66].

»

Figure 10. Fractography after annealing at 400 °C for 1 hour in 4-pass rolling: (a) fracture surface morphology of
the material with EDS point numbers, (b) dimple in the copper layer, (c) fracture morphology of the interface

layer, and (d) dimple in the aluminum layer.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0095.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 January 2026 d0i:10.20944/preprints202601.0095.v1

17 of 22

Figure 11. Fracture surface morphology and the magnified morphology of the aluminum layer dimples after

annealing at 400 °C for 1 hour in 1-pass rolling.

Table 2. EDS point scanning composition analysis of the fracture surface of the material annealed at 400 °C for 1

hour in 1-pass rolling.
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4. Conclusions

This investigation systematically delineates the coupled thermomechanical pathways governing
interfacial evolution and mechanical optimization in Cul8150/AI1060/Cu18150 trilayer composites
fabricated via high-temperature oxygen-free rolling followed by tailored annealing. Rolling passes
emerge as the primary architects of interfacial topography; low passes (1 pass sample) result in wavy,
defect-rich interfaces that promote increased post-annealing diffusion because of the higher surface
area. In contrast, high passes (4-pass sample) create flatter surfaces at the expense of IMC continuity
but have little effect on the thickness of the as-rolled IMC (~2 pum). This highlights the significant role
of deformation in shaping defect landscapes rather than influencing diffusion during transient rolling
contacts.

Annealing plays a crucial role in transforming the bonding process from mechanical to
metallurgical. The temperature range of 300-450 °C significantly influences the IMC growth, which
can thicken exponentially from 2 to 18 um, following parabolic kinetics with an activation energy of
approximately 121-138 kJ/mol. This process illustrates a shift in mechanisms, starting with
dislocation-pipe diffusion at shorter times and transitioning to lattice-controlled diffusion.
Additionally, the time factor, particularly at 420 °C over 0.5 to 2 hours, leads to a non-linear
densification pattern, where the thickness varies from 11.5 to 10.4 and then to 14.0 um, primarily due
to the annihilation of defects.

The mechanical performance highlights important microstructural factors: the as-rolled state
enhances UTS from 250 to 344 MPa but significantly reduces ductility, dropping from 18.3% to 1.2%.
In contrast, annealing improves elongation, achieving values greater than 20-28% through recovery
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and bonding processes. The optimal condition occurs at a single-pass treatment of 420 °C for 1 hour,
resulting in a UTS of 258.9 MPa and an elongation of 28.2%. This condition leads to the fabrication of
a uniform trilayer IMC of approximately 10.4 um (Al2=Cu/AlCu/Al:Cuy), which effectively balances
strength and ductility without leading to brittle overgrowth.

Fractographic revelations cement the AlCu phase as the Achilles' heel, dictating where cracks
begin in ductile layers. The presence of low-pass waviness increases the likelihood of delamination
due to stress concentrations, while high-pass flatness facilitates cooperative fracture. This affirms the
role of interface-controlled failure, where topography modulates propagation and IMC brittleness
sets limits of ductility. The findings establish a continuum that connects process, structure, and
property, highlighting that the optimal conditions for exceeding benchmarks (=220 MPa UTS and
>20% EL) involve 1-pass HTOR followed by annealing at 420 °C for 1 hour. Additionally, they shed
light on the specific characteristics of the alloy Cul8150, particularly the influence of Cr-Zr on
diffusion stability.
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