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ABSTRACT

In this work, a novel copper nanoparticles-modified graphene (Cu-NPs@GN)-

reinforced Al matrix composites were fabricated. The Cu-NPs@GN hybrids

were firstly synthesized by an NaCl template-assisted in situ CVD method and

then incorporated into the Al matrix to fabricate Cu-NPs@GN/Al bulk com-

posites by cold-press sintering and hot extrusion. With the merit of the unique

characteristic of Cu-NPs@GN hybrid, the Cu-NPs@GN/Al composites exhibited

homogeneously dispersed GNs and a strong GN–Al interfacial bonding. It was

found that the in situ grown Cu-NPs@GN showed much better strengthening

effect than that of the ex situ grown counterparts, which might be attributed to

the pinning effect of Al2Cu at the interface and thus promote the load transfer

efficiency. Compared with pure Al, the composites with only 0.75 wt% Cu-

NPs@GN exhibited a 68% increase in tensile strength (224 MPa) as well as had a

total elongation of 17.5%.

Introduction

Metal matrix composites (MMCs) arise from the

permanent demands for high-performance structural

components in aerospace, automotive, electronic

devices and military field [1, 2]. Among all the

MMCs, aluminum matrix composites (AMCs) have

attracted wide attention due to their lightweight but

high strength [3]. However, aluminum matrix com-

posites reinforced with traditional reinforcement

exhibit limitations and unsatisfactory comprehensive

mechanical properties. Thus, new reinforcement

materials possessing unique properties were devel-

oped for the further enhancement of mechanical

properties of aluminum matrix composites [4–6].

Graphene, a single atomic layer carbon nanosheet,

has recently attracted considerable attention due to

its excellent mechanical, electrical and thermal

properties [7]. Owing to its extraordinary mechanical

properties such as high Young’s modulus (1 TPa) and

high tensile strength (130 GPa), graphene is
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considered to be an ideal reinforcement in Al matrix

composites [8–11].

The research focused on graphene-reinforced Al

matrix composites is still limited because there are

several critical problems need to be resolved. One

major issue is that it is hard to achieve uniform dis-

persion of graphene in the aluminum matrix due to

its large specific surface area; in this case, the

resulting aggregation of graphene would reduce its

strengthen efficiency and even be harmful to the

metal matrix [10]. To solve this issue, high-energy

ball milling is often used to realize the uniform dis-

persion of graphene, but it is also accompanied by the

destruction of graphene at the same time [12].

Another critical issue is the inherent poor wettability

between graphene and metal matrix, which leads to a

weak interfacial bonding during the consolidation

process [13]. Therefore, fabricating graphene-rein-

forced Al matrix composites with uniformly dis-

persed graphene and intimate interfacial bonding

simultaneously is still a great challenge.

It was reported that metal nanoparticles (MNPs)

can be used as an interval to prevent the aggregation

and restacking of graphene; meanwhile, the MNPs

can form a chemical bonding between graphene and

the metal matrix by alloying reaction during high-

temperature consolidation process [14]. To further

improve the interfacial bonding in MMCs, decorating

or coating graphene with modification materials

(metals [13], carbides [15], oxides [16]) to form a

chemical bonding at the interface is considered to be

an effective approach. Unfortunately, there are still

few works concerning improving the wettability

between graphene and metal matrix by surface

modification. The existing work mainly focuses on

decorating graphene with metal particles by an ex

situ method (ball milling [17], chemical reduction

[18], electroless plating [19]), which is very difficult to

ensure the uniform distribution of MNPs and the

tight coupling of MNPs/graphene. The MNPs

loosely attached on the graphene surface are easy to

fall off during the harsh mixing and consolidation

processes; thus, the pinning effect of MNPs cannot be

brought into full play. Therefore, in order to realize

the uniform dispersion and the strong interfacial

bonding in MMCs, the preparation of graphene

decorated with MNPs by an in situ method still

remains challenging. Our group firstly synthesized

Ni NP-modified graphene-reinforced 6061Al com-

posites by a simple NaCl-assisted in situ method, and

the interfacial bonding between graphene and 6061Al

was significantly improved by Al3Ni intermetallic

[20]. However, the strengthening effect of Ni-

NPs@GN is still unsatisfactory (30% enhancement for

UTS), which may be attributed to the scarce existence

of Al3Ni. The Gibbs free energy of Al2Cu formation is

usually more negative than that of Al3Ni formation at

the same sintering temperature, indicating that the

formation of Al2Cu is more thermodynamically

advantageous than that of Al3Ni [21, 22]. Therefore, it

can be supposed that using Cu NPs as an interfacial

bonding agent would achieve better strengthening

effect than Ni NPs.

Herein, an in situ synthesis strategy was proposed

for preparing Cu NP-modified graphene hybrid (Cu-

NPs@GN) -reinforced AMCs. With the merit of the

spatial confinement function of NaCl template, a

novel structure of Cu NPs tightly pinned on the

graphene wall was firstly synthesized by in situ

chemical vapor deposition (in situ CVD). Then, the

Cu-NPs@GN powders were evenly dispersed in

aluminum powder by a short time intermittent ball

milling. Finally, the obtained composite powders

were consolidated into a bulk by cold-press sintering

and hot extrusion. The Cu NPs (* 20 nm) anchored

on graphene not only function as a catalyst for the

in situ growth of high-quality graphene nanosheet

(\ 3 nm), but also facilitate the robust interfacial

bonding between GN and Al matrix by forming

Al2Cu as a bridge. With only 0.75 wt% addition of

reinforcement, the as-obtained Cu-NPs@GN-rein-

forced aluminum bulk exhibits a 68% enhancement

for tensile strength compared with pure Al bulk.

Furthermore, it is found that the in situ synthesized

Cu-NPs@GN/Al has enhanced capabilities to better

utilize the strengthening potential of graphene than

the bulk composites reinforced with Cu@GN pre-

pared by an ex situ method. To the best of our

knowledge, this work demonstrates the most out-

standing strengthening efficiency in modified gra-

phene-reinforced AMCs. Moreover, the effects of Cu-

modified graphene on the mechanical properties of

the composites were illustrated, and the strengthen-

ing mechanisms were also discussed in detail.
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Experimental

In situ synthesis of Cu-NPs@GN
reinforcement powders

The overall production process is shown in Fig. 1.

Firstly, Cu NPs decorated graphene hybrid (Cu-

NPs@GN) powders were synthesized through our

original NaCl template-assisted in situ CVD process

[23, 24]. Typically, 2.265 g of Cu(NO3)2�3H2O, 0.938 g

of anhydrous glucose and 36.590 g NaCl were dis-

solved in deionized water (120 mL) by magnetic

stirring, and the obtained solution was frozen in a

refrigerator at - 20 �C for 24 h. Then, the water in the

resulting gel is eliminated by freeze-drying and the

obtained dry gel was ground to fine composite

powders, which were further subjected to in situ

CVD. During the in situ CVD process, 10-g powders

placed inside the tube furnace were calcinated at

750 �C for 2 h under H2 and then cooled down to

room temperature under Ar. The as-synthesized

products were washed with deionized water several

times to remove NaCl. After dried at 80 �C in the

oven overnight, pure Cu-NPs@GN powders were

obtained. Pure Cu NPs and GN nanosheet were

synthesized at the same preparation conditions just

without adding anhydrous glucose and Cu(NO3)2-
3H2O in precursor solution, respectively. For com-

parison, ex situ Cu/GN composites were prepared

by hot-drying the solution of Cu(NO3)2 and pure GN,

then the as-dried powders were reduced in a tube

furnace under H2 atmosphere. A simple blended

mixture of pure GN nanosheet and Cu NPs were also

prepared as a reference.

Synthesis of Cu-NPs@GN/Al composite
powders

The second step is to incorporate Cu-NPs@GN into

Al powder through a short time intermittent ball

milling process in order to obtain uniform Cu-

NPs@GN/Al composite powders. The Al powder

(* 10 lm in diameter) and Cu-NPs@GN were mixed

in a stainless steel jar and milled for 90 min at a ball-

to-powder ratio of 10:1 and a rotation speed of

360 rpm under the protection of Ar. To avoid the

damage of graphene by heat concentration in con-

tinuous ball milling, the ball milling was paused for

30 min after every 10 min of milling. Stearic acid

(0.2 wt%) was added as the process control agent to

prevent the cold welding of aluminum powder.

Figure 1 Schematic

illustration of the fabrication

process of Cu-NPs@GN/Al

bulk composites.

5500 J Mater Sci (2019) 54:5498–5512



Fabrication of the Cu-NPs@GN/Al bulk
composites

The Cu-NPs@GN/Al composite powders were

added to a steel mold (20 mm in diameter) and then

consolidated by cold-pressing under a pressure of

500 MPa. Then the obtained bulks were sintered at

630 �C for 1 h inside a tube furnace under Ar. To

obtain a relatively high density, finer grain and GN

well-dispersed materials, the as-sintered bulks were

finally preheated to 550 �C and then subjected to hot

extrusion with an extrusion ratio of 16:1 and a ram

speed pf 3 mm/s. The final Cu-NPs@GN/Al bulk

composites were 5 mm in diameter, and the length

could be controlled by the amount of powder added.

Reference materials were also processed under the

same route.

Characterization

Scanning electron microscopy (SEM, Hitachi S-4800)

and transmission electron microscopy (TEM, JEOL

JEM-2100F) were employed to view the microstruc-

ture of reinforcement powders and bulk composites.

Raman spectroscopy (Renishaw, 532 nm Ar? laser)

was utilized to determine the quality of graphene.

X-ray diffraction (XRD, Bruker D8 Advanced) was

conducted using a Rigaku D/max diffractometer

with Cu Ka radiation at a wavelength of 1.5406 Å.

Thermogravimetric analysis (TGA, Netzsch

STA449f3) was used to determine the Cu or GN

content in the Cu-NPs@GN composite powders.

X-ray photoelectron spectroscopy (XPS) analysis of

Cu-NPs@GN was performed on a PHI 1600 ESCA

system using 300 W Al Ka radiation. Electron

backscattered diffraction (EBSD) analysis was con-

ducted by using a HKL Channel 5 system to deter-

mine the average grain size of the bulk material. For

tensile tests, the obtained bulk samples were

machined on a lathe from an extruded rod to a

dumbbell-like specimen with a gauge length of

17 mm and a diameter of 3 mm. Tensile tests were

conducted on a CSS-44100 universal testing machine

with a constant crosshead speed of 0.5 mm min-1 at

room temperature.

Results and discussion

Characterization of Cu-NPs@GN
reinforcement

Generally, a novel in situ spacial confined synthesis

strategy is adopted for preparing Cu-NPs@GN rein-

forcement with the assistant of water-soluble NaCl

crystals, which is distinct from coating metal particles

on graphene by an ex situ way like ball milling or

chemical reduction. To be precise, the self-assembled

NaCl crystals (Fig. 2a) can function as a template for

the growth of graphene as well as restrain the

agglomeration of Cu NPs due to the in situ spatial

confinement effect generated from the self-assembly

process [25, 26]. As illustrated in Fig. 1, self-assem-

bled NaCl crystals coated with ultrathin composite

film of Cu(NO3)2–C6H12O6 were obtained by freeze-

drying the homogeneous solution of Cu(NO3)2,

C6H12O6 and NaCl (see Fig. 2a), which were then

subjected to in situ CVD. During the CVD process,

the solid carbon source of C6H12O6 was carbonized

within the 2D-confined space between adjacent NaCl

surfaces and further in situ catalyzed to graphene

with the assistant of Cu NPs reduced from Cu(NO3)2
[23]. As a result, Cu-NPs@GN hybrids were obtained

after removing the NaCl by distilled water. With the

incorporation of dense Cu NPs on graphene, not only

the serious agglomeration of graphene can be allevi-

ated by using Cu NPs as a spacer, but also the poor

wettability between aluminum and graphene can be

improved by forming Al2Cu at the interface.

The morphology of the in situ synthesized Cu-

NPs@GN was characterized by SEM. As shown in

Fig. 2b, the thin graphene framework with submi-

crometer-size well duplicates the space structure of

the NaCl assembly. Dense Cu NPs (* 20 nm)

homogeneously and tightly anchored on the gra-

phene walls are observed in high-magnification SEM

images of Fig. 2c, while no aggregation of Cu NPs is

found. Unlike the uniform distribution of Cu NPs on

graphene in the Cu-NPs@GN, the Cu NPs in the ex

situ Cu@GN prepared by impregnation-reduction

process present a tendency to agglomerate into

clusters (Fig. 2d) and are weakly attached on the

surface of graphene, which verified the fatal draw-

back for the ex situ combination process of pre-syn-

thesized GN and metal. Our group previously

demonstrated that the in situ space-confined catalysis

could suppress the overgrowth of metal NPs as well
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as guarantee the strong coupling between GN and

metal [27], which is further confirmed in this work.

Figure 2e, f demonstrates the typical SEM images of

pure GN nanosheet and Cu NPs prepared by the

same NaCl-assisted in situ CVD process, respec-

tively. It can be seen that the Cu NPs were agglom-

erated into large particles when no carbon precursor

were adopted.

TEM and high-resolution TEM (HRTEM) were

employed to get insight into the microstructure of

Cu-NPs@GN. As shown in Fig. 3a and b, the gra-

phene nanosheets were decorated with a mass of

uniformly dispersed and firmly pinned Cu NPs

(* 20 nm), which facilitates the even distribution of

graphene in aluminum powder during the subse-

quent mixing process as well as promotes the inter-

facial bonding between Al matrix and graphene in

the consolidation process. In addition, it can be seen

that the graphene walls exhibit transparent features,

in good agreement with above SEM observations. It is

Figure 2 SEM images of a Cu(NO3)2–C6H12O6@NaCl precursor, b, c in situ Cu-NPs@GN, d ex situ Cu-NPs@GN, e pure GN

nanosheet, f Cu NPs.

Figure 3 TEM images of a, b in situ Cu-NPs@GN, c typical Cu NP, d graphene layer, e, f pure GN nanosheet after etching Cu NPs.
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noteworthy that the graphene network still remains

intact and the Cu NPs are tightly anchored on gra-

phene walls when subjected to intense ultra-sonica-

tion for 20 min during the preparation process of the

TEM samples (see Fig. 3c), indicating an excellent

mechanical features of graphene grown by CVD and

a strong coupling of Cu NPs and graphene, which are

very beneficial for the enhancement of the mechanical

properties of the final bulk composites. According to

Fig. 3c, the measured interplanar spacing of the gra-

phene shells is * 0.34 nm, corresponding to (0 0 2)

planes of graphite, while the lattice spacing of Cu

NPs is * 0.21 nm, consistent with the (1 1 1) plane of

Cu. Figure 3d depicts the edge of graphene wall with

typical curved lattice fringes, the thickness of gra-

phene is estimated to be less than 3 nm (\ 10 layers).

Many pores are observed on the graphene walls

(Fig. 3e) after etching the Cu NPs from the Cu-

NPs@GN, indicating that Cu NPs are partially

embedded inside the GN walls instead of weak

adsorption, which can be an evidence of Cu NPs

tightly anchored on GN. Figure 3f exhibits the Cu

NPs-catalyzed graphene shell around the pore, fur-

ther validating an intimate interfacial bonding

between GN and Cu NPs.

The crystallinity and quality of graphene in the Cu-

NPs@GN powders were evaluated by Raman spec-

troscopy (Fig. 4a), which clearly reveals typical D

(1335 cm-1), G (1570 cm-1) and 2D (2670 cm-1)

peaks of graphene. The intensity ratios of the D-band

to the G-band (ID/IG) and the 2D-band to the G-band

(I2D/IG) of the composite powders are calculated to

be 0.92 and 0.40, respectively. The lower relative

intensity of the D-band peak and the sharp 2D-band

reveal the relatively high crystallinity of few-layered

graphene in the composite powders. On the basis of

TGA (Fig. 4b), the original contents of Cu in the

in situ Cu-NPs@GN and ex situ Cu-NPs@GN are

calculated to be 80 and 79 wt%, respectively. This

result verifies that the in situ Cu-NPs@GN and ex situ

Cu-NPs@GN possess almost identical composition,

which facilitates the later comparison of their

mechanical properties. The phase composition of the

Cu-NPs@GN detected by XRD is shown in Fig. S1.

Three sharp diffraction peaks at 43.5�, 50.4�, and 74.0�
correspond to Cu (111), (200), (220) lattice plane

(PDF#01-1241), respectively. Considering the heavy

loading of Cu on graphene (80 wt%), the diffraction

peak of graphene is relatively weak due to the strong

interference of Cu metallic phase [13, 19]. XPS anal-

ysis in Fig. 4c reveals the strong C=C (sp2 284.7 eV)

peaks for Cu-NPs@GN, further indicating the well-

crystallized GNs of Cu-NPs@GN [28].

Characterization of Cu-NPs@GN/Al bulk
composites

Figure 5a displays the XRD pattern of the Cu-

NPs@GN/Al bulk composites after hot extrusion. It

is worth noting that obvious sharp diffraction peaks

emerge at the angle of 20.6�, 29.4�, 42.1, 42.6�, 47.3�
and 47.8� in the Cu-NPs@GN/Al bulk composites,

attributing to Al2Cu (110), (200), (220), (112), (310)

and (202) lattice plane (PDF#25-0012), respectively.

Strong diffraction peaks of Al2Cu demonstrate the

presence of chemical bonding between aluminum

and Cu NPs, which can be inferred that the Al2Cu

plays a role in bridging aluminum and graphene at

the interface. Figure 5b–e depicts the element map-

ping images of the bulk composite. No obvious ele-

ment accumulation can be found in the bulk

composite, further confirming the uniform distribu-

tion of Cu-NPs@GNP in the composites.

Figure 4 a Raman spectrum, b TGA profile, c C 1 s spectrum of Cu-NPs@GN.
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TEM micrograph perpendicular to in-plane of GNs

was utilized to gain insight into the distribution and

microstructure of Cu-NPs@GN in the Al matrix.

According to Fig. 6a, the light-colored flaky phases

appear at the boundary of several grains, which is

confirmed to be Cu-NPs@GN by EDS results shown

in insets. Cu-NPs@GN with a large size and a dense

Cu NPs anchored on it still remains intact after the

harsh milling, sintering and hot extrusion process,

further revealing the excellent mechanical flexibility

of graphene and a robust bonding between Cu NPs

and graphene nanosheet. Figure 6b depicts the clear

and unseamed interface (indicated by white square in

Fig. 6b) between Al and graphene, which clearly

shows that Cu NPs were located at the interface.

Moreover, part of some Cu NP penetrates into the

interior of the aluminum matrix, validating that the

Cu NPs play the role of bridging aluminum matrix

and graphene at the interface (see Fig. 6c). It is well

known that there is little wettability between gra-

phene and aluminum, and the wettability between

aluminum and copper is more favorable [13]. With

the infiltration of copper atoms into aluminummatrix

during high-temperature processing, the poor wet-

tability between aluminum and graphene can be

effectively improved by the copper atom as an

interfacial bonding agent. To better comprehend the

interfacial characteristics of bulk composites, the

Figure 5 a XRD patterns, b–e EDS mapping images of in situ Cu-NPs@GN/Al bulk composites after hot extrusion.

Figure 6 a TEM images of

the 0.75 wt% Cu-NPs@GN

bulk materials,

b magnification of the

interface in the composites.

c and d are the corresponding

magnification of the selected

area in (b), respectively.
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interface of Al-Cu-NPs@GN was characterized by

EDS analysis (see Fig. S2) [3]. The chemical compo-

sition variations near the interface indicate the pos-

sible existence of Al2Cu intermetallic (related

discussions were concluded in Supplementary data).

Figure 6d presents a typical chemical interfacial

bonding at nanoscale; the substance in each region is

determined by measuring interplanar spacing toge-

ther with diffraction analysis. The details of interface

analysis are shown in Fig. 7. Region A is the metal

matrix, the measured d-spacing of 0.143 nm should

be corresponding to the (220) Al; Region B represent

the Cu NP anchored on the GN; the measured

interplanar spacing of 0.186 nm could be ascribed to

the (200) Cu; Region C is the junction area of alu-

minum matrix and Cu NP, and the measured

d-spacing of 0.306 nm corresponds to (200) Al2Cu.

Considering the solid interfacial bonding between Cu

NPs and graphene, the existence of Al2Cu at the

interface indicates the strong chemical bonding

between aluminum and graphene, well consistent

with the results of XRD analysis. The interface

between GN and metal matrix is demonstrated as the

mode of Al-Al2Cu-Cu@GN, and the interfacial

strength can be greatly promoted by forming Al2Cu

intermetallic compound as a ‘‘rivet.’’

In order to further determine the effect of Cu NPs

on the bridging of aluminum and graphene, Al

matrix in the Cu-NPs@GN/Al bulk composites was

completely etched by Keller’s corrodent, and the

remaining graphene is characterized by scanning

TEM (STEM) after several times of washing and

centrifuging. Fig. S3 depicts the EDS mapping of

remaining graphene, and it can be clearly seen that a

large amount of Cu element and Al element are dis-

tributed on the carbon matrix. It is noteworthy that

the position of Al element and Cu element is almost

exactly overlapping on graphene, while there is no

Figure 7 HRTEM images and microstructure analysis of the interfacial bonding area in Fig. 6d. a Interface, b–d corresponding

magnification of the selected area in (a), respectively.
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existence of Al element in the region without Cu

element. Since Al has been fully removed by Keller’s

corrodent, we can conclude that Al element and Cu

element on graphene mostly exist in the form of Cu

and Al2Cu. The results of STEM perfectly agree with

the above XRD and TEM observations, that is, Cu

plays a bridging role between aluminum and gra-

phene through the formation of the Al2Cu. The

chemical bonding instead of mechanical bonding

significantly enhances the interfacial bonding

between graphene and aluminum, thereby avoiding

the interfacial slip between graphene and aluminum

under external loading, thus further improving the

mechanical properties of the final bulk composites.

Mechanical properties of the Cu-NPs@GN/
Al bulk composites

The mechanical properties of the Cu-NPs@GN/Al

bulk composites with various graphene contents are

demonstrated in Table 1. The representative engi-

neering tensile stress–strain curves of the Cu-

NPs@GN/Al bulk composites are depicted in Fig. 8a.

The Cu-NPs@GN/Al composite with only 0.5 wt%

Cu-NPs@GN content is shown to have a yield

strength of 121 MPa and a tensile strength of

191 MPa, * 51.3% and * 43.3% higher than that of

the pure Al matrix fabricated through the identical

processing routes, respectively. When the content of

Cu-NPs@GN is increased to 0.75 wt%, the yield

strength and tensile strength of the composite reach

the maximum 140 MPa and 223 MPa, respectively

(75% and 68% higher than that of the pure Al matrix).

Compared to our previous work of Ni-modified

graphene-reinforced 6061Al matrix composites, Cu-

NPs@GN exhibited a much better strengthening

effect on the tensile strength (Ni@GN/Al shows only

30% enhancement for tensile strength). The better

strengthening effect of Cu-NPs@GN may be attrib-

uted to the fact that the Cu NPs are more capable to

play the role of interface bridging since Al is prone to

react with Cu to form Al2Cu intermetallic, making it

possible for Cu-NPs@GN to fully exert its load-

bearing capability. However, with the increasing

addition of Cu-NPs@GN up to 1.0 wt%, the yield

strength and tensile strength of the Cu-NPs@GN/Al

fall down to 125 MPa and 201 MPa, respectively. This

may be attributed to the common issue that high

content of graphene is hard to disperse homoge-

neously in aluminum matrix, and thus, the resulting

agglomeration of graphene is detrimental to the

mechanical properties of the bulk composites [10, 20].

It is well known that the appearance of necking is

the result of the plastic deformation of the material.

The obvious necking stage in the Cu-NPs@GN/Al

composites manifests that the final bulk material

possesses an excellent plastic deformation capability.

The total elongation of the Cu-NPs@GN/Al com-

posite (20.3% and 17.5% for composites containing

0.5 wt% and 0.75 wt% Cu-NPs@GN content, respec-

tively) is moderately lower than that of the pure Al

matrix (25.2%). Considering the loss of ductility after

hot extrusion, the elongation of 17.5% is still far more

satisfactory for the critical ductility (5%) required for

many structural applications [29]. The outstanding

ductility of the Cu-NPs@GN/Al composites may be

due to the intimate interfacial bonding between GN

and Al matrix, together with the unique graphene

network structure containing a lot of wrinkles gen-

erated by template of NaCl (Fig. 2b). When the

composite is deformed, the Cu-NPs@GN tightly

pinned on the Al matrix can be stretched into a plane

surface and further pulled out, which can effectively

inhibit the crack propagation and final failure of the

composite, and thus, the toughness of the Al matrix

can be preserved to a large extent.

Tensile curves of ex situ Cu@GN/Al and mixed

Cu@GN/Al are shown in Fig. 8b. It can be seen

clearly that the in situ Cu@GN/Al possesses superior

strength and ductility than ex situ counterpart, while

the mixture of Cu/GN-reinforced Al exhibits the

Table 1 Mechanical properties of Al matrix composites reinforced by in situ Cu-NPs@GN

Reinforcement content (wt%) Yield strength (MPa) Tensile strength (MPa) Total elongation (%) Microhardness (HV)

0 80.5 ± 3.7 133.4 ± 3.2 25.2 ± 0.3 85.1 ± 2.2

0.5 121.3 ± 3.3 (?51%) 189.9 ± 2.4 (?42%) 20.3 ± 0.4 102.1 ± 4.1

0.75 140.2 ± 2.4 (?75%) 223.5 ± 5.6 (?68%) 17.5 ± 1.1 123.4 ± 5.6

1.0 125.5 ± 2.4 (?56%) 201.3 ± 3.3 (?51%) 12.8 ± 1.3 109.3 ± 4.2
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worst mechanical properties. Since the composition

of different reinforcement is almost identical, the

variation of mechanical properties may be attributed

to the different interfacial bonding state of compos-

ites. The Cu NPs tightly anchored on in situ Cu/GN

can still maintain during the consolidation process,

while the Cu NPs weakly attached on GN nanosheet

by an ex situ method could easily fall off during the

same process. It is clarified that the Cu NPs play an

important role on bridging graphene and Al matrix;

thus, the strengthening effect of the in situ Cu-

NP@GN surpass the ex situ contrast as well as the

simple mixture of each component. Figure 8c

demonstrates the strength contribution to UTS with

different type of reinforcements, and the UTS con-

tribution of in situ Cu-NPs@Al is 90.1 MPa, which is

much higher than ex situ counterpart (45.7 MPa) and

mixture of Cu/GN (36.6 MPa).

The strengthening efficiency R is adopted to eval-

uate the strengthening capability of reinforcement in

Al matrix composites, which is defined as the

strength enhancement per unit volume fraction of the

reinforcement. The strengthening efficiency R of the

reinforcement can be expressed as below:

R ¼ rc � rmð Þ=Vfrm

where rc is tensile strength of the composite, rm is the

tensile strength of the matrix and Vf is the volume

fraction of the reinforcement. For the correct com-

parison of normalizing purposes, all the references in

Fig. 8d are chosen and compared based on pure Al

matrix composites. The mass fraction of the rein-

forcement in all references is converted into volume

fraction by assuming that the compact density of

graphene and aluminum is 2.2 g/cm3 and 2.7 g/cm3,

respectively. By the result of the TGA, we can cal-

culate that the theoretical compact density of our Cu-

NPs@GN is 6.16 g/cm3; thus, the mass fraction of

0.75 wt % is corresponding to the volume fraction of

0.33 vol%. As shown in Fig. 8d, the strengthening

efficiency (R) of 0.75 wt% Cu-NPs@GN/Al composite

is calculated to be 203, which is considerably higher

than those of previously reported pure Al matrix

composites reinforced by other reinforcements, such

as Al2O3 [29], SiC [30], CNT [31], rGO [11, 13, 32–34].

(The detailed discussion and comparison of

strengthening and toughening mechanism with

reported works were presented in the Supplementary

data.) The outstanding strengthening efficiency and

relatively high elongation of Cu-NPs@GN/Al com-

posite demonstrate that our Cu-NPs@GN is a

Figure 8 a Stress–strain

curves of Al and composites

reinforced by various content

of in situ Cu-NPs@GN.

b Stress–strain curves of

composites reinforced by

in situ, ex situ and mixture of

Cu-NPs@GN. c Strength

contribution to UTS of

different reinforcements.

d Comparison of

strengthening efficiency versus

total elongation of Al matrix

composites reinforced by

different types of

reinforcements.
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promising reinforcement for Al matrix composites

requiring high strength and high ductility.

Fracture mechanism analysis

The microstructure analysis of the fractured samples

of the pure Al bulk and Cu-NPs@GN/Al bulk com-

posite are shown in Fig. 9. It can be seen clearly that

pure Al bulk possesses many deep and broadened

dimples after tensile fracture, demonstrating a typical

ductile failure. Comparing with pure Al bulk, 0.75

wt% Cu-NPs@GN/Al bulk composite shows a fewer

and shallower dimple fracture morphology, which is

well consistent with the ductility variations. The

pulled out Cu-NPs@GN were observed at the frac-

tured surface of the bulk composite (as marked with

circles in Fig. 9d), validating the excellent load-bear-

ing effect of graphene derived from the tight inter-

facial bonding. This result suggests that the Cu-

NPs@GN hybrid facilitates the robust interfacial

bonding between Al matrix and graphene and thus

guarantees the load transfer strengthen capability of

graphene to be exert efficiently.

Strengthening mechanisms

Generally, load transfer, grain refinement, Orowan

strengthening and thermal mismatch are commonly

regarded as the four kinds of mechanisms for the

strengthening of graphene-reinforced metal

composites [35, 36]. It is noteworthy that the pile-up

of dislocations caused by thermal mismatch only

occurs when composites are undergoing fast cooling

such as quenching, which is not suitable for slow air-

cooled composites after hot extrusion [37]. Therefore,

thermal mismatch strengthening associated with the

different thermal expansion coefficients between

reinforcement and matrix should be less considered

in present case. As a consequence, the strengthening

effect of reinforcement can be expressed as the com-

bination of the three possible strengthening mecha-

nisms, which could be written as below:

rc¼rmþDrLTþDrGRþDrOR

where rc and rm are the tensile strength of composite

and matrix, respectively. DrLT;DrGR;DrOR represent

the strengthening effect of load transfer, grain

refinement and Orowan looping, respectively.

The grain information of the Al bulk and Cu-

NPs@GN/Al bulk composites was investigated to

verify the grain refinement effect by EBSD analysis

(Fig. 10 and Fig. S4). Figure 10 demonstrates the

grain information of pure Al and 0.75 wt% in situ Cu-

NPs@GN/Al. The pure Al bulk has a uniform grain

distribution with an average grain size of 2.88 lm
(Fig. 10a, b). The average grain size was decreased to

1.58 lm for the 0.75 wt% Cu-NPs@GN/Al bulk

composites (Fig. 10c, d), indicating that the grain size

of Al matrix composites was obviously refined after

Figure 9 SEM image of the

fractured surface of a, c pure

Al and b, d 0.75 wt% in situ

Cu-NPs@GN/Al bulk

composites.
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adding GNs. Grain refinement is directly attributed

to grain growth stagnation with the addition of GNs,

which inhibits the growth of Al grains during con-

solidation process [38]. The strength contribution of

grain refinement (DrGR) can be calculated based on

Hall–Patch relationship [39]:

DrGR = K(d�0:5
c � d�0:5

m Þ

where K is a constant (0.04 MPa m0.5 for Al [37]), dc
and dm are the average grain sizes for the composite

and pure Al, respectively. According to the grain size

of the samples measured by EBSD, DrGR is calculated

and listed in Table 2.

Orowan strengthening is frequently ignored for

graphene-reinforced MMCs due to the inherent large

surface area of graphene [40]. However, it is known

that ultrafine NPs inserted in the metal matrix

strengthen the composite by way of Orowan looping

[37]. The Cu NPs uniformly distributed in Al matrix

may accumulate to hinder dislocation propagation

and form Orowan loops in this case. The presence of

Cu NPs insertion in Al grain was shown in Fig. 6c,

and the Orowan loops were found in Al matrix

(Fig. S5); thus, the impact of Orowan strengthening

should be taken into account in this case. The

strength contribution of Orowan strengthening

(DrOR) can be determined by the given Orowan–

Ashby equation [41]:

DrOR ¼ MGb

2:36p
� ln /

2b

� �
� 1

k� /

where M is the Taylor factor (3.06 for face-centered

cubic metals such as Al [40]), G is the shear modulus

(25.4 GPa for Al [37]), b is the magnitude of the

Burgers vector (0.286 nm for Al [37]), / is the

nanoparticle diameter (* 20 nm for Cu NPs, Fig. 3b)

and k is the inter-particle spacing, which can be

Figure 10 Grain information of pure Al and AMCs measured by EBSD. a, b Pure Al, c, d 0.75 wt% in situ Cu-NPs@GN/Al.

Table 2 Strengthening factors of Al matrix composites reinforced by Cu-NPs@GN

Reinforcement content (wt%) Grain refinement (MPa) Orowan strengthening by Cu (MPa) Load transfer by GN (MPa)

0.50 (in situ) 5.4 (9.6%) 16.2 (28.7%) 34.9 (61.7%)

0.75 (in situ) 8.3 (9%) 20.7 (23%) 61.1 (68%)

1.00 (in situ) 6.2 (9.1%) 23 (33.9%) 38.7 (57%)

0.75 (mixed) 5 (11.9%) 20.7 (49.3%) 16.3 (38.8%)
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calculated by assuming Cu NPs are evenly dispersed

in the Al matrix (Fig. 5e) [40]:

k ¼ 1

2
/

ffiffiffiffiffiffiffiffiffiffiffi
3p

2VCu

s
ð1Þ

where VCu is the volume fraction of Cu NPs. The

strength contribution of Orowan strengthening is

calculated and listed in Table 2.

It is generally accepted that the strengthening effect

of graphene-reinforced composites is mainly

depending on the load transfer from matrix to gra-

phene. Considering the large surface area of gra-

phene nanosheet, robust interfacial bonding between

matrix and graphene is crucial for improving the load

transfer efficiency [34, 38, 42]. The contribution of

load transfer is hard to quantify by direct equations

in present case, but it could be determined as

DrLT¼rc � rm � DrGR � DrOR according to Eq. (1).

The strengthening factors (DrLT;DrGRand DrOR)
for Cu-NPs@GN/Al composites are listed in Table 2

and summarized in Fig. 11. It can be seen that grain

refinement (8.3 MPa) and Orowan strengthening

(20.7 MPa) moderately contributed to the total

strength. Obviously, the load transfer (61.1 MPa)

dominated the main strengthening contribution

(* 68% proportion) for the 0.75 wt % Cu-NPs@GN/

Al composite. Moreover, the DrLT of the 0.75 wt%

in situ Cu-NPs@GN/Al bulk is 275% larger than that

of Cu-GNmixture/Al bulk, demonstrating a superior

load-bearing ability of GN in the in situ Cu-

NPs@GN/Al composite. As illustrated in Fig. S6, the

in situ synthesized Cu-NPs@GN guarantees excellent

chemical bonding between matrix and graphene

instead of poor mechanical bonding by forming Al2-
Cu intermetallic at the interface, which is confirmed

by XRD analysis and TEM observations. The

mechanical property measurements demonstrate that

the in situ synthesized Cu-NPs@GN shows a better

strengthening effect than ex situ synthesized Cu-

NPs@GN as well as simple mixture of Cu NPs and

graphene; this may also attribute to excellent inter-

facial bonding state of in situ Cu-NPs@GN/Al. The

pull-out and breaking of GN during AMC deforma-

tion can be inhibited or delayed by Al2Cu inter-

metallic compounds distributed near the interface.

The Al2Cu intermetallic distributed near the interface

can be exploited to inhibit or delay the pull-out and

breaking of GNs during deformation process; thus,

the load transfer efficiency can be promoted and the

inherent ultrahigh strength of GNs can be fully

exerted. These results confirm the dual function of Cu

NPs that not only significantly improve the load

transfer efficiency by forming Al2Cu at interface but

also play a role of the possible Orowan strengthening

themselves.

Conclusions

In summary, the Cu-NPs@GN/Al composites with

uniformly distributed GN and strong interfacial

bonding have been successfully fabricated through

cold-press sintering followed by hot extrusion. The

Cu-NPs@GN synthesized by in situ CVD process has

tightly anchored Cu NPs on the surface of graphene,

which facilitates the uniform dispersion of GN and

intimate interfacial bonding between GN and metal

matrix during the mixing and consolidation process.

The interface between GN and metal matrix is

demonstrated as the mode of Al-Al2Cu-Cu@GN,

which greatly promoted the interfacial load transfer

efficiency by forming Al2Cu intermetallic compound

as a ‘‘rivet.’’ The tensile strength of the Cu-NPs@GN/

Al composite improved by * 68% with the addition

of 0.75 wt% Cu-NPs@GN and without the sacrificing

of the total elongation. Improved mechanical prop-

erties were mainly attributed to the load transfer and

grain refinement in our Cu-NPs@GN/Al composites.

This novel modification strategy may open up a new

avenue to optimize the interface bonding toward

Figure 11 Strengthening factors in Cu-NPs@GN/Al composites.
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fabricating advanced graphene/metal composites

with excellent comprehensive properties.
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