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A B S T R A C T

Inspired by the structure of nacre, bionic laminar composites composed of 85.6 wt% Cu, 11.9 wt% Al, and 2.5 wt 
% Mn were prepared using highly flexible Cu-coated graphene films as fillers. The effects of surface modification 
and graphene films content on the properties were investigated. Results indicated that the loss factor of com
posites with 0.1 wt% Cu-coated graphene films is improved by approximately 28% and reaches 0.044 compared 
to uncoated samples. The density and tensile strength are increased by up to 98% and 362 MPa, respectively. This 
enhancement is attributed to the improved bonding at the graphene films/matrix interface due to the Cu coating, 
which allows for efficient load transfer. Concurrently, the activation of interlayer sliding in the graphene films 
dissipates substantial energy. However, an excessive addition of graphene films leads to decreased density and 
increased internal defects in the composites, resulting in deteriorated properties. This study provides a reference 
for the preparation of CuAlMn matrix composites with enhanced mechanical and damping properties.

1. Introduction

CuAlMn alloys have been widely researched as high-damping ma
terials, with current studies focusing on the addition of alloying ele
ments [1], reinforcements [2], and heat treatment [3] to enhance their 
damping properties. However, enhancing damping properties often 
leads to a decrease in the strength. The nacre in nature excellently 
combines static (stiffness and toughness) and dynamic (damping) me
chanical properties [4]. Its interlocking "brick-mortar" structure facili
tates energy dissipation [5,6], while intrinsic and extrinsic toughening 
mechanisms enable excellent mechanical properties [7]. Inspired by 
nacre, constructing laminar structures is an effective method to enhance 
both the strength and damping properties of CuAlMn matrix composites, 
and the selection of suitable filler as "mortar" is crucial in this prepara
tion [6].

The “mortar” in nacre refers to soft and ductile fillers [8] that allow 
for slight movement of the surrounding hard mineral sheets to relieve 
stress concentrations [9]. Graphite exhibits excellent self-lubricating 
properties, making it an ideal choice as a filler. Recently, a variety of 
two-dimensional carbon materials have been developed from graphite, 
including graphene and graphene films (GFs) [10,11]. GFs are flaky 

carbon materials assembled from stacks of graphene [12–15]. Their 
larger size enhances orientation controllability [16], while the internal 
micro-fold structure provides GFs with excellent flexibility and ductility 
[17]. Compared to graphene, GFs not only possess excellent mechanical 
properties but also superior damping properties [18]. Monolayer gra
phene lacks intrinsic damping capability, with its damping contribution 
arising solely from friction and sliding at the interface with the matrix 
[19]. In contrast, multilayer graphene exhibits three energy dissipation 
mechanisms: sliding, rippling, and impacts [20]. Among these, inter
layer sliding serves as the predominant mode of energy dissipation 
because the weak van der Waals bonds between graphene layers break 
easily [21]. Additionally, the micro-fold structure in GFs plays a crucial 
role in energy dissipation as well [22].

However, directly incorporating graphene into the CuAlMn matrix 
tends to cause agglomeration and can only form interfaces for me
chanical interlocking [23]. Weak interfacial bonding significantly re
duces the strengthening effect [24]. Commonly used dispersion 
methods, such as high-energy ball milling and organic solution disper
sion, often damage the structure of graphene and compromise its 
wettability with the metal matrix [25,26]. In contrast, using electroless 
plating to coat metal layer on the surface of GFs effectively addresses 
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these issues [27]. This technique does not damage GFs and provides 
advantages such as controllable deposition thickness and densified 
microstructure [28–32]. It improves the dispersion of reinforcements 
and the wettability between GFs and metal matrix, thereby enhancing 
the interfacial bond strength [33]. Montazeri et al. [34] used molecular 
dynamics simulation to investigate the effect of graphene surface 
coating on load transfer in Cu-matrix nanocomposites, finding that the 
coating significantly improved the shear stress at the interface when 
graphene was pulled out. Wang et al. [35] conducted simulations to 
assess the effects of Ni, Cu, and Ti coatings on the interfacial bonding 
and mechanical properties of Al-matrix composites, demonstrating that 
these coatings enhanced Young’s modulus and microhardness.

In this work, bionic laminar 85.6 Cu-11.9 Al-2.5 Mn (wt.%) com
posites were fabricated via flake powder metallurgy. GFs were used as 
reinforcements and Cu particles encapsulated on GFs (referred to as GFs 
(Cu)) through electroless plating. Scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM) were employed to char
acterize the interfaces and microstructures of the composites. The tensile 
strength and damping properties of the composites were evaluated, and 
a comparative analysis was proceeded to assess the effects of Cu coating 
and GFs content on the properties. Additionally, the mechanisms of 
interfacial bonding on mechanical and damping properties were 
explored, providing new insights into the development of composites 
with both high mechanical and damping properties.

2. Experimental

2.1. Material preparation

The raw materials for the experiments included Cu powder (250 
mesh), Al powder (300 mesh), Mn powder (300 mesh) and GFs (density 
approximately 2 g/cm3, thickness around 12 μm). GFs were roughened 
by immersion in a roughing solution (HCl + Ethanol) using ultrasound. 
Subsequently, the films underwent sequential treatment with a sensi
tizing solution (SnCl₂ + HCl) followed by an activation solution (PdCl₂ 
+ HCl). The treated GFs were then immersed in a plating solution 
composed of CuSO₄⋅5H₂O (15 g/L), C₄O₆H₄KNa (14 g/L), EDTA (14 g/L), 
and water. The solution was stirred with a magnetic stirrer, and NaOH 
was used to adjust the pH to 12.5–13, while formaldehyde served as a 
reducing agent to facilitate copper precipitation. The plating solution 
was filtered off by stirring for about 20 min, then copper-coated 

graphene films (GFs(Cu)) were removed and dried in an oven for 24 h.
In order to achieve the flake morphology, Cu and Al powders were 

ball milled at 300 rpm for 6 h and 3 h, respectively. Subsequently, 0.1 wt 
% GFs, 0.1 wt% GFs(Cu), 0.2 wt% GFs(Cu), and 0.3 wt% GFs(Cu) were 
selected and mixed with metal powders for 1 h, followed by drying using 
a vacuum freeze dryer. Dense metal blocks were obtained by sintering at 
27 MPa and 850 ◦C using vacuum hot pressing. The experimental flow is 
shown in Fig. 1.

2.2. Material characterization

The morphology and chemical composition of the composite pow
ders and GFs(Cu) were analyzed using scanning electron microscopy 
(SEM, ZEISS Sigma 300) and energy dispersive spectroscopy (EDS). 
Phase compositions of the composites were determined using an X-ray 
diffractometer (XRD, Rigaku XRD-6100). Microscopic morphology and 
phase distribution of sample cross sections were initially observed by 
SEM, and the phase morphology and interfacial bonding were further 
analyzed using transmission electron microscopy (TEM, FEI Talos 
F200X). Tensile strength was measured by utilizing a universal testing 
machine (WDW-3100) at a speed of 0.5 mm/min, and fracture 
morphology was observed using SEM. Damping properties of the sam
ples at room temperature were tested with a Dynamic Mechanical 
Analyzer (DMA, TA DMA850) at a frequency of 1 Hz and an amplitude 
range of 1–500 μm.

3. Results and discussion

3.1. Microstructures of Cu-coated graphene films and composite powders

Electroless plating faces the challenge of poor wettability between 
Cu and GFs, necessitating a pretreatment process (roughening-sensi
tizing-activating) to enhance the adhesion of Cu particle. The initial 
roughening of GFs provides more attachment points for Cu particles 
during subsequent electroless plating, thereby enhancing the boundary 
between Cu coating and GFs [36]. Sensitization and activation treat
ments reduce Sn2+ to obtain Pd, which serves as an activation center for 
catalytic reaction and facilitates the uniform distribution of Cu particles 
[37]. The reactions involved are shown in equations (1)–(4). 

SnCl2 + H2O = Sn(OH)Cl↓ + H+ + Cl− (1) 

Fig. 1. Schematic diagram of the preparation process of GFs(Cu)/CuAlMn laminated composites.

D. Li et al.                                                                                                                                                                                                                                        Journal of Materials Research and Technology 33 (2024) 2153–2163 

2154 



4H+ +2Sn2+ + O2 = 2Sn4+ + 2H2O (2) 

Sn2+ +Pd2+ = Sn4+ + Pd (3) 

Cu2+ +2HCHO + 4OH− = Cu↓ + H2↑ + 2H2O + 2HCOO− (4) 

During electroless plating, temperature, time, and pH significantly 
influence the coating quality. Previous investigations have indicated 
that optimal results are achieved by stirring GFs in the plating solution at 
pH 12.5 and 45 ◦C for approximately 20 min [37]. Fig. 2a and b depict 
the surfaces that are incompletely covered due to excessively tempera
tures, resulting in uneven Cu particle deposition. In contrast, Fig. 2c and 
d illustrate the successful attachment of Cu particles to the GFs surface, 
with the magnified image demonstrating a relatively uniform and 
densified coating that shows no apparent delamination or cracks. Fig. 2e 
and f shows that the coating consists entirely of copper with no signs of 
contamination by impurities.

Microscopic morphology of the composite powders is shown in 
Fig. 3. Fig. 3a and b reveal that Cu and Al powders predominantly 
exhibit a flaky morphology, while Mn powders have an irregular shape. 
Al flakes generally exhibit a circular shape, with a maximum diameter of 
88 μm and an average size of 38 μm. In contrast, Cu flakes display an 
irregular morphology with significant size variations, ranging from 10 to 
39 μm in diameter and the average size is 19 μm. The sizes of Cu and Al 
flakes, serving as "bricks" for laminate structure, affecting the layer 
morphology and properties of the composites [6]. EDS results (Fig. 3c–f) 
indicate a uniform mixing of the powders. The protective effect of the 
ball milling medium (tert-butyl alcohol) minimizes cold-welded parti
cles, resulting in good dispersion.

3.2. Microstructures and characterization of composites

Phases were identified using X-ray diffraction (XRD), with the results 
presented in Fig. 4. The CuAlMn alloy undergoes a eutectoid reaction 
during furnace cooling, leading to the formation of α and γ2 phases [38]. 
The presence of Mn inhibits the eutectoid reaction, resulting in the 
retention of some parent phases and the formation of two types of 
martensite (β1’ and γ1’) [39]. However, the amount of martensite is 
relatively low. SEM images (Fig. 5) clearly show GFs distribution with 
some orientation, but no diffraction peak of carbon was detected in the 
XRD pattern, probably due to the low content of GFs.

Fig. 5a, b, d, and e display the micro-morphology of cross-sections 
with varying GFs contents. The GFs exhibit a black stripe morphology 
that is predominantly oriented perpendicular to the pressurization di
rection. This regular orientation is partly a result of gravitational self- 
assembly during the hot-pressing process and is influenced by the 
morphology of powders. Flake powders demonstrate good morpholog
ical compatibility with GFs, enhancing their dispersion and alignment 
during ball milling and hot pressing [40]. Elemental distribution of the 
sample containing 0.1 wt% GFs (Cu) is shown in Fig. 5c, indicating that 
black areas represent GFs, which are tightly bonded to the matrix with 
no observable pores at the interface. The absence of a distinct Cu coating 
around GFs can be attributed to good compatibility between the Cu 
coating and matrix [32]. Fig. 5f illustrates the phase morphology and 
distribution, with elemental compositions detailed in Table 1. The 
light-colored region represents the α-phase (region 1), a solid solution 
formed after a small amount of Al enters the Cu lattice. In contrast, the 
dark-colored region corresponds to γ2-phase (region 3), which is a solid 
solution based on intermetallic compounds [41]. Mn inhibits the 

Fig. 2. SEM images of GFs surface: (a, b) electroless plating at 75 ◦C for 20 min, (c, d) electroless plating at 45 ◦C for 20 min, (e, f) EDS results of (c).

D. Li et al.                                                                                                                                                                                                                                        Journal of Materials Research and Technology 33 (2024) 2153–2163 

2155 



eutectoid reaction, allowing the retention of a small amount of parent 
phase, which subsequently forms martensite (region 2). Additionally, a 
black region devoid of GFs was observed (region 4), and EDS results 
indicate that a small amount of oxide has formed in this area.

Fig. 6a presents a TEM image of the matrix, revealing two main 
phases. Electron diffraction analysis indicates that the a2 region corre
sponds to the α-Cu phase, which exhibits a FCC structure. In contrast, the 
a1 region represents the γ2 phase, which is characterized by a BCC 
structure and higher concentration of Al. A small number of particles 
enriched in Al and O were observed at the grain boundaries in Fig. 6c 
and e, indicating the formation of a small amount of aluminum oxide. A 
significant area of martensite appears in Fig. 6g, predominantly exhib
iting in a lath-like structure. Its inner twin structure becomes visible 
upon magnification in Fig. 6h. The high-resolution TEM image of the 
twin boundary and the selected area electron diffraction (SAED) results 
are shown in Fig. 6i. Based on the SAED pattern, this region can be 
identified as 2H(γ1’) martensite. Twinning occurs in martensite with 

(121) plane, which serves as twin plane and is observed in [101] di
rection, classified as type I twinning [42]. High-resolution TEM images 
reveal clear, straight, parallel twin boundaries, with stacking faults 
appearing around these boundaries, which manifest as streaks parallel 
to the (121) crystal plane in the SAED diagram. The phase composition 
in the matrix is closely related to Al content. During the eutectoid re
action, Al atoms diffuse to grain boundaries and forms Al-rich γ2 phase, 
while Al-poor regions transform into the α-Cu phase. Regions with high 
Al content are more likely to form 2H(γ1’) martensite during the 
martensitic transformation. To accommodate the strain generated dur
ing the thermoelastic martensite formation, parallel or V-shaped adap
tive structures form within the martensite [39], as shown in Fig. 6g.

Fig. 7 demonstrates the TEM morphology of the 0.1 wt% GFs(Cu) 
composite, highlighting two selected regions for the characterization of 
GFs. The bright-field TEM image shown in Fig. 7a reveals that white 
areas in the form of bars and granules within the matrix. Element 
mapping results indicate that these bars consist of curved GFs, with 
notable aluminum oxides observed between and around the GFs. The 
formation of oxides may be attributed to the introduction of O during 
ball milling and electroless plating process. Fig. 7g displays GFs 
embedded within the α-Cu phase, with SAED patterns for both the α 
phase and GFs shown in Fig. 7i1. Fig. 7h and i provide high-resolution 
TEM images at the interface where GFs bond to the matrix. These im
ages reveal an amorphous structure with circular SAED pattern, as 
shown in Fig. 7i1.

Fig. 7j presents a high-resolution TEM image of the GFs, revealing a 
continuous and uniform strip with a thickness of approximately 13.3 
nm. Internal crystal planes exhibit ordered arrangement, with SAED 
patterns revealing the (002) and (004) crystal planes of the GFs, and 
crystal plane spacing measured at approximately 0.35 nm. There is a 
transition region between the GFs and the matrix, with a width of 6–7 
nm, while the end transition region is narrower at only 2.5 nm. The 
inverse fast Fourier transform (Fig. 7j, upper right) clearly reveals a 
significant number of dislocations in the transition region around 
interface. This formation is attributed to the substantial differences in 
thermal expansion coefficients between the GFs and the matrix, which 
generate an internal stress at the interface during temperature fluctua
tions [3]. In order to alleviate thermal mismatch strain, a high-density 
dislocation zone develops around the GFs. Furthermore, the GFs 

Fig. 3. SEM results of composite powders: (a, b) micro-morphology of Al and Cu particles in the composite powders as well as average size statistics, (c–g) EDS 
results of (a).

Fig. 4. XRD patterns of the composites with different GFs contents.
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impede dislocation movement, leading to the accumulation and entan
glement of dislocations in the interfacial region, which ultimately en
hances the mechanical properties of the composites.

3.3. Mechanical properties of composites

The density of the composites was measured using the Archimedes 
drainage method, the results are shown in Fig. 8a. The relative density of 
the composite with 0.1 wt% GFs is 0.974, which increased to 0.982 after 
the application of Cu coating on GFs surface. This increase indicates that 
the Cu coating enhances interfacial bonding between the GFs and the 
matrix while reducing the porosity of the composites. As the content of 
GFs increases, the pore volume within the composites also rises, leading 
to a gradual decrease in density.

Tensile strength was evaluated along the laminar direction using a 
universal testing machine, with the stress-strain curve depicted in 
Fig. 8b. The ultimate tensile strength of the uncoated composites was 
about 338 MPa. However, the application of Cu coating improved the 
mechanical properties of the composites, increasing the ultimate tensile 
strength to 362 MPa and strain to approximately 19%. These enhance
ments result from the improved interfacial bonding, reduced internal 
porosity, and more effective load transfer induced by the Cu coating 
[34].

Furthermore, neatly arranged GFs create laminated structure with 
the matrix, while highly flexible GFs enable micro-sliding between 
layers of metal sheets, alleviating stress concentration and preventing 
premature crack formation. Once cracking occurs, GFs can alter the 
crack propagation path, thereby improving toughness. However, com
posite mechanical properties decreased with the increase of GFs content, 
the ultimate tensile strength and strain decreased to 286 MPa and 13%, 
respectively. This decline is attributed to decreased dispersion due to 
higher GFs content, along with the increase in pores and weak points 
within the material, resulting in diminished tensile strength.

The fracture characteristic was analyzed to elucidate the mecha
nisms for changes in strength, and the morphology is presented in 
Fig. 8c–f. There are mainly two types of dimples and cleavage in the 
matrix (Fig. 8e), showing a mixed fracture mode exhibiting both 

toughness and brittleness. Fig. 8c shows several long, deep cracks in the 
composite without Cu coating, with GFs visibly separated from the 
matrix within these cracks. This observation implies poor bonding be
tween GFs and the matrix, resulting in reinforcement debonding and 
subsequent crack formation during tensile testing [43]. In contrast, as 
shown in Fig. 8d, the depth of transverse cracks in Cu-coated composite 
is shallower, and no thicker GFs are present. This change suggests that 
the Cu coating enhances both the dispersion of GFs and their bonding 
with the matrix, allowing GFs to remain attached during fracture and 
effectively facilitate load transfer. Fig. 8e and f depict long, continuous 
GFs with some delamination at the interface, indicating that bonding 
remains inadequate. Micro-folds on the GF surface are visible in the 
magnified image [44], which can inhibit the densification of GFs, 
leading to the reduction in the density of the composite [10]. Addi
tionally, the larger size of GFs may accelerate crack propagation along 
the interface, reducing material strength and ductility.

During the hot pressing process, uncoated GFs form weak mechani
cal bonds with the metal matrix, primarily connecting through friction 
generated by surface roughness [33]. As shown in Fig. 8c, large gaps 
appear at both the upper left and right sides of the fracture, indicating 
weak bonding between the GFs and matrix. Generally, mismatches in 
thermal expansion coefficients between reinforcement and metal matrix 
[24] lead to the formation of high-density dislocation zone around the 
interface. For weak interfaces, dislocation accumulation around the 
interface may lead to stress concentration, preventing the composite 
from achieving its desired properties [45]. The densified Cu coating on 
GFs creates an "interlocking effect", binding GFs and metal matrix tightly 
[32]. This interaction in the interfacial region significantly influences 
load transfer capacity and enhances the interfacial shear strength [46]. 
The observation of the fracture morphology in Fig. 8d shows that GFs 
remain tightly connected to the matrix. This strong interfacial bonding 
prevents premature crack formation, allowing GFs to absorb more en
ergy during fracture, thus increasing the material’s strength [34]. The 
reinforcement mechanism is illustrated in Fig. 9.

3.4. Damping properties of composites

The damping properties of the composites were tested at room 
temperature to obtain curves of damping values, loss modulus, and 
storage modulus as functions of amplitude. Fig. 10 presents the damping 
strain curves, with the vertical coordinate tan δ, referred to as the loss 
factor. This factor represents the ratio of loss modulus to storage 
modulus, reflecting the viscoelasticity of the material and characterizing 
damping capacity. The data indicate that the value continues to increase 
with the rise in strain amplitude. This phenomenon occurs because the 

Fig. 5. (a, b, d, e) SEM images of the composites with different GFs contents, (c, f) enlarged SEM images of the composite with 0.1 wt% GFs(Cu) content.

Table 1 
Distribution of selected elements in different regions.

1 2 3 4

Cu (at.%) 63.28 61.21 58.04 37.03
Al (at.%) 16.36 20.03 24.13 24.33
O (at.%) 1.19 1.03 0.92 26.74
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energy dissipation is caused by internal dislocation movement, viscous 
movement at the martensite/matrix interface and sliding friction be
tween GFs and the matrix. As strain amplitude increases, these mecha
nisms exacerbate energy dissipation, leading to a higher tan δ value.

At low strains and room temperature, grain and phase boundaries are 
difficult to move, making dislocation movement the primary mechanism 
contributing to damping properties [47]. According to G-L theory [48], 
dislocations within the material are anchored between strong pinning 
points (e.g., grain boundaries or precipitation phases) and weak pinning 
points (e.g., vacancies), as shown in Fig. 11. When the external force is 
small, dislocations oscillate between weakly pinned points. As force 
increases, dislocations detach from these weak points and oscillate be
tween strongly pinned points, resulting in higher energy dissipation. An 
increased strain amplitude activates more movable dislocations, 
enhancing both their quantity and mobility [49], thereby improving 
damping ability at low strain amplitudes. Samples with 0.1 wt% GFs 
exhibit relatively high tan δ values, but these values decrease after Cu 
coating. The significant difference in coefficients of thermal expansion 

between GFs and matrix [3] generates residual stresses at the interface, 
causing the matrix to undergo plastic deformation and increasing 
dislocation density. The coefficient of thermal expansion of Cu coating is 
similar to that of the matrix, which reduces mismatch strain on one side 
and decreases the dislocation density, thus weakening the damping ef
fect [50].

The tan δ value rises with increasing strain amplitude, but the curve 
gradually flattens. This behavior may occur because the number of 
movable dislocations has reached saturation and no longer increases 
with amplitude. Most dislocations move out of weak pinning points, 
resulting in limited increase in energy dissipation capacity [51]. Addi
tionally, the increased dislocation number and mobility after amplitude 
rising may lead to interactions that form dislocation entanglements, 
increasing the number of strong pinning points. This limits dislocation 
movement range, which is unfavorable for damping properties, making 
dislocation movement less significant at high amplitudes. As strain 
amplitude rises, the GFs/matrix interface starts contributing to damp
ing, causing further increase in tan δ value. The curve for the 0.1 wt% 

Fig. 6. (a–f) TEM images and elemental distribution of α and γ2 phases, (a1, a2) selected area electron diffraction images of α and γ2 phases, (g–h) TEM images of 
martensite, (i) high-resolution transmission electron microscopy and selected area electron diffraction images of twins in 2H martensite.
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GFs(Cu) sample displays a higher slope different from others. Its tan δ 
value surpasses that of the 0.1 wt% GFs sample at a certain point and 
gradually widens the gap with other samples, reaching a maximum of 
about 0.045. In contrast, the uncoated sample has a maximum tan δ 
value around 0.035, while increasing GFs content significantly reduces 
the tan δ value to around 0.029, which is even lower than that of the 0.1 
wt% GFs sample.

The interfacial damping mechanism is illustrated in Fig. 12. Various 
interfaces exist in the composite, including phase and twin boundaries, 
as shown in Fig. 6. The bonding between GFs and the matrix is relatively 
weak, making it susceptible to sliding friction as strain amplitude 

increases. Additionally, the large size of the GFs and their incoherence 
with the matrix lead to stress concentration at the interface (particularly 
at end of GFs), and dislocation accumulate towards this region. The self- 
lubricating effect of the GFs allows the interface to deform or slide, 
thereby reducing stress concentration [52]. Weak interfacial bonding 
results in inefficient shear load transfer to GFs, leading to slip primarily 
occurring at the GFs/matrix interface. The Cu coating significantly im
proves the interfacial bonding between GFs and the matrix, allowing 
effective stress transfer to graphene interlayers and activating slip be
tween these layers. Multilayer graphene layers bond through weak van 
der Waals forces, making the interfaces more prone to slip under cyclic 

Fig. 7. (a–f) TEM images and elemental distribution of graphene films, (g–j) TEM, high-resolution transmission electron microscopy and selected area electron 
diffraction images of graphene films/matrix interface.
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Fig. 8. (a, b) Relative density and engineering stress-strain curves of the composites, (c–f) fracture morphology of the composites.

Fig. 9. (a, b) Dislocations around graphene films and interaction between graphene films and dislocations, (c) Cracks form at weak interfaces, (d) Cracks form 
between layers of graphene films.
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loading, which leads to significant energy dissipation. The superposition 
of graphene interfacial and interlayer slip greatly enhances the damping 
properties [53]. A schematic representation of interfacial damping ap
pears in Fig. 12. Furthermore, the "interlocking effect" generated by the 
coating results in interface sliding friction that exceeds that of the un
coated state. Energy dissipation from interfacial slip can be expressed by 
the following equation [54]. 

ΔU=

∫

δl⋅f⋅dS (5) 

δl is the differential displacement at the interface during the deforma

tion of the composite, f is the friction between graphene and matrix, and 
dS is the area of slip movement. Improved interfacial bonding with 
coating means that Cu-coated GFs must overcome greater interfacial 
shear to achieve the same displacement in the metal matrix compared to 
uncoated GFs, thus consuming more energy.

In order to a deeper understanding variation in damping properties, 
the curves of loss and storage modulus with strain amplitude are 
analyzed. Loss modulus reflects the viscous behavior of the material, 
representing energy lost during deformation and proportional to tan δ. 
In contrast, the storage modulus indicates the elastic behavior of the 
material and is inversely proportional to tan δ [55]. Both Cu coating and 
increased GFs content result in higher loss modulus (Fig. 13), which is 
attributed to the sliding friction at the GFs/substrate interface that 
greatly contributes to energy dissipation [56]. However, at higher strain 
amplitudes, the loss modulus decreases for samples with high GFs con
tent, indicating that excess GFs do not enhance energy dissipation. The 
storage modulus of the composites increases from 65 GPa to 77 GPa with 
higher GFs content, indicating improved resistance to deformation. This 
enhancement may stem from the high GFs content hindering dislocation 
motion, the primary deformation mode in metals [5]. Such hindrance 
leads to increased material stiffness. Additionally, adding high-modulus 
reinforcements to matrix allows external loads to transfer to the re
inforcements, thus further increasing modulus [34]. Under the same 
load, materials with high GFs content experience reduced deformation 
and internal sliding displacements, resulting in reduced damping ca
pacity. The gradual decrease in the storage modulus with increasing 
strain amplitude may arise from movement at the GFs/matrix interface 
and a weakening of interfacial bonding, negatively impacting mechan
ical properties [57]. Although the storage modulus significantly 

Fig. 10. Damping strain curves of composites.

Fig. 11. (a) Dislocations in the matrix, (b) schematic diagram of dislocation damping mechanism.

Fig. 12. Schematic diagram of interface damping: (a) Weakly bonded interfaces formed by uncoated surfaces and the presence of incomplete contact between 
interfaces, (b) Cu coating improves interfacial bonding and enhances wettability between graphene films and matrix, (c, d) Slip occurs at the interface as well as 
between graphene films layers.
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increases with GFs content, the loss modulus experiences only slight 
enhancement, explaining the decrease in tan δ despite the increased GFs 
content.

4. Conclusion

In this study, Cu particles were coated on the GFs surface by elec
troless plating, and bionic laminated composites were prepared by using 
flake powder metallurgy. The micro-morphology, mechanical properties 
and damping properties of the composites were characterized, and the 
intrinsic mechanism of Cu coating on the properties was analyzed by 
combining with fracture and TEM images, the following conclusions can 
be drawn.

1. Most of the GFs within the composites were oriented perpendicular 
to the compression direction, demonstrating good alignment.

2. Composite with 0.1 wt% uncoated GFs exhibited tensile strength of 
338 MPa and a maximum loss factor of 0.0355. In contrast, the Cu- 
coated composite achieved a tensile strength of 362 MPa, and the 
damping properties were significantly improved with a loss factor 
(tan δ) of 0.044, which has an improvement of 28% compared to the 
uncoated sample. However, a higher content of GFs results in the 
decreased density and mechanical properties.

3. The improvement in tensile strength is attributed to the densified Cu 
coating on GFs, which creates an “interlocking effect”. This effect 
tightly bonds GFs to the matrix, enhances interfacial shear strength, 
effectively inhibits dislocation movement and allows efficient load 
transfer.

4. The enhancement in damping properties is also due to the improved 
interfacial bonding of Cu coating. This bonding increases friction 
between GFs and the matrix, and activates interlayer slip within GFs, 
leading to substantial energy dissipation.
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