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Abstract

Graphene has been successfully coated with a nano-Al layer through a novel activating treatment
(i.e., organic aluminum reduction method). The nano-Al coated graphene was further processed
into AlSi10Mg alloy based composites through a selective laser melting (SLM) process. During
the nanocoating of Al on graphene, Al atoms deposited on the graphene through organic
aluminum reduction gradually, via nucleation and growth process. There were two primary grain
growth patterns: two dimensional (2D) layered growth and three dimensional (3D) island growth,
until graphene was coated with Al. The Al-coated graphene was added to the AlSi10Mg alloy,
refining the cell, increased the tensile strength, hardness and wear resistance of the alloy. Coating
Al on the graphene improved the wetting between graphene and Al, and the addition of
Al-coated graphene led to a high nucleation rate, which was responsible for refining the cell.
This approach facilitated graphene homogeneous distribution in the Al alloy, the interface
between graphene and Al was relatively stable, and the grapheme could pin the dislocation and
grain boundary. All these attributes enabled superior mechanical properties to be obtained in the
final alloy based nanocomposites.

Keywords: Graphene; Al nanocoating; AlSi10Mg alloy; selective laser melting; microstructure;

property.



1. Introduction

With high toughness, high conductivity and high strength [1-5], graphene or reduced
graphene oxide have been used for many applications including energy storage/conversion [6-9],
electromagnetic interference (EMI) shielding [10, 11], sensors [12-14], and one additional
unique field of preparing reinforced metal (such as Al) composites for wide applications in
situations where excellent properties in mechanics, photology, electricity and thermology are
required [15-17]. The main methods to prepare graphene/Al composites include liquid stir
casting, friction stir processing, ball milling and hot extrusion, cryomilling and powder
metallurgy. For example, Guan et al. prepared Al-graphene composites and Mg matrix
composites with high strength via liquid stir casting and rheo-rolling [18-20]. Graphene/Al
matrix composites with enhanced thermal conductivity were fabricated by friction stir processing
method [21]. Zhang and Li ef al. successfully fabricated graphene/Al composites by ball milling
and hot extrusion [22, 23]. While Yan et al. investigated Al-3.9Cu-1.5Mg alloys reinforced by
graphene nanoflakes via powder metallurgy [24]. Complex shaped parts are difficult to be
produced with these forming methods. Both poor wettability and density difference between
graphene and Al cause easy agglomeration of graphene in the Al matrix, to obtian homogeneous
distribution of graphene in metals is still a challenge [25-28].

Selective laser melting (SLM) could be used to quickly prepare complex parts, through
selectively melting successive layers of powders by the laser beam [29-33]. For example, Song et
al. prepared Cr3Ca2/Fe nanocomposites with excellent tensile properties and hardness using the
SLM process [34]. Simchi et al. found that the graphite promoted the quality of parts prepared by
laser sintering [35]. Attar et al. prepared porous Ti-TiB composites by SLM and studied the
mechanical behaviour of porous Ti-TiB composite materials [36]. Gu et al. demonstrated that the
SLM method could produce Ti-based bulk nanocomposites with excellent wear resistance [37].
Hu et al. reported that that the graphene/aluminum composites prepared by 3D printing exhibited
a higher Vickers hardness. Compared with pure aluminum counterpart, the Vickers hardness for
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the prepared composite samples was increased by 75.3% [38]. The characteristics of SLM
powders directly affected the stability of the SLM process and the properties of parts. The SLM
process has very strict requirements for chemical compositions and physical properties of the
powders including high purity, high sphericity, flowability and narrow size distribution (Al
powder: 15-50 pm) [39].

Prior to the processing of graphene/Al composites by the SLM process, it is important to
prepare graphene/Al composite powders with homogeneous distribution of graphene [38].
Because of poor wettability between Al and graphene, graphene is easy to accumulate in the
Al powders. Activating treatment can improve the wettability between graphene and Al, and the
metal coating on a graphene surface is one of the most important activating treatments. Many
methods for coating metal on graphene surfaces have been reported such as electrochemical
deposition, self-assembly, chemical reduction, redox method, and vapor deposition. For example,
Muszynski et al. decorated graphene sheets with gold nanoparticles [40]. Hong et al. prepared
gold-coated graphene by self-assembly [41]. Luo et al. potentiostatically electrodeposited Cu
nanoparticles on graphene sheets [42]. However, precious metals such as copper or nickel in Al
powders are thought to be impurities, and can affect the laser absorptivity of powders during the
SLM processing [43, 44]. Coating Al on the graphene is an effective method to reduce these
impurities. However, it is difficult to coat Al on the graphene through the conventional Al salt
solution reaction because of active nature of Al [45, 46]. Organic aluminum reduction method to
coat nano-coat Al on graphene was reported. The effects of reaction temperature and reducing
agent were studied and high quality Al-coated graphene was obtained [45, 46]. However, to use
the Al coated graphene for making AISi10Mg alloy nanocomposites has not been reported yet.

In this study, the nano-Al coated graphene was further processed into graphene/Al
composite powders with homogeneous distribution of graphene by vacuum ball milling. The
Al-coated graphene powders and Al powders at different ratios were fabricated into AISi10Mg
alloy nanocomposites through SLM. The tensile strength, hardness and wear resistance of the

alloy were studied. Meanwhile, the formation mechanism of Al coating, as well as the
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microstructure and mechanical properties of the Al-coated graphene AlSi10Mg alloy composites
prepared by SLM were studied. The graphene AlSi10Mg alloy composites were also prepared

and their properties were studied for comparison.

2. Experimental method
2.1 Nano-Al coating on graphene

Graphene (Fig. 1a) and AlSi10Mg powders (an average size of 15-50 um, Fig. 1b) were
supplied by Tangshan Jianhua Science and Technology Development Co., Ltd., and China and
Renishaw Plc. UK, respectively.

Organic aluminum chemical reduction was used to coat Al on the graphene. First, the alkyl
aluminum solution was prepared. Using sodium metal wire as an indicator, 1.49 g Al powders
(Hunan crest Technology Co., Ltd., China), 29 mL bromoethane (Tianjin Da Mao chemical
reagents factory, China), 0.1 g iodine (Tianjin Da Mao chemical reagents factory, China) and 0.1
g aluminum chloride (Tianjin Da Mao chemical reagents factory, China) were placed in a
reaction vessel filled with hydrogen. The reaction solution protected by H2 was stirred at 39 °C.
When the color of the solution did not change, the reaction temperature was decreased and held
for 1 h at 0 °C. Subsequently, tetrahydrofuran (4 mL) was added into the vessel. The solution
was filtered when the reaction was completely over, and the alkyl aluminum solution was formed.
Secondly, the alkyl aluminum solution was heated at 70 °C. 0.05 g graphene was added into
alkyl aluminum solution protected by Hz and stirred. After reacting for 2 h, the Al was coated on
the graphene.

The Al-coated graphene and AlSi10Mg powders were ball milled with a QM-3SP4 ball mill
(Nanjing University Capital Management Co., Ltd., Jiangsu, China) for 2 h in a vacuum. The
mass ratio of powders to balls was 1:8 w/w, and the speed was 230 rpm. During the process, the
stainless steel balls with a 5 mm diameter were used. Finally, the Al-coated graphene/AlSil0Mg
composite powder with the homogeneous distribution of graphene was prepared. The content of
graphene was 1 wt%. In order to study the effects of coating Al on graphene, the graphene
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(without coating Al)/AlSi10Mg powders were prepared by ball milling process.

2.2 SLM process

The Renishaw AM400 machine (AM400, Renishaw) used was an Yb fiber laser
(wavelength 1070 nm). The laser power was 200-400 W, the hatch spacing was 130 pum,
scanning speed was 1200 mm/s, and the exposure time was 100-160 ps. A chessboard laser-scan
strategy was used, and the hatching was rotated by 67° in each layer prior to the next exposure.
The powder layer thickness was 30 um, and the building platform was heated to 180 °C before
SLM processing. The SLM process was under argon protection, and the oxygen was less than
0.1%. The Al-coated graphene/AlSilOMg composites as well as graphene (without coating

Al)/AlSi110Mg composites were prepared by SLM as well for comparison.

2.4 Microstructural observation

The samples were polished and etched via a solution of 2.5 vol.%HNO3+1 vol.%HF+95
vol.% H20+1.5 vol.%HCI. Microstructure observation was carried out using a scanning electron
microscope (SEM) equipped with energy dispersive spectroscopy (EDS) (Zeiss Ultra 55, Jena,
Germany). The precipitates in the Al-coated graphene reinforced Al matrix composites was
analyzed by X-ray diffraction (XRD) (X’Pert, Almelo, Holland). The specimens for TEM
observations were cut from the samples, and was ground to 80 um. The specimens were further
thinned with Gatan 691 ion polishing system. High-resolution transmission electron microscopy

(HRTEM, Tecnai G2 F20, FEI, USA) was used to perform TEM inspections.

2.5 Mechanical and wear behavior

The densities of Al-coated graphene/AlSil0Mg composite were measured using
Archimedes’ method [47]. The mechanical properties of the composites were evaluated using an
MTS 810 mechanical properties testing system (MTS, USA). The strain rate was 5 x 1073 s™! at
room temperature. At least three tensile tests were performed to ensure repeatability and
accuracy of the data. Fig. 2 shows the geometry and dimensions of the tensile specimens. The

hardness was measured via a Vickers hardness tester (TMHVS-1000, Beijing Shidai Shanfeng



Technology CO., LTD, China) at a load of 1.96 N for 15 s. Friction and wear tests were carried
out on MFT-4000 friction and wear testing machine (Lanzhou Huahui Instrument Technology
Co., Ltd., China). The module did a linear reciprocating motion (room temperature) at a load of
20 N, the friction distance was 5 mm, the frequency was 100 mm/min and the wear time was 20

min. The friction pair was A GCr15 steel, the hardness was 65 HRC, and the diameter was 4 mm.

3. Results and Discussion
3.1 The Al-coated graphene

The morphology and composition of Al-coated graphene are shown in Fig. 3. The graphene
maintained its irregular curls and folds, indicating that mechanical stirring did not affect the
structure of graphene. After reacting for 0.5 h, there were a few particles in small local areas of
graphene surface. Based on XRD and EDS analyses (Figs. 3 and 4), the heterogeneous particles
on the graphene surface were determined to be Al particles. The diffraction peaks of Al phase
were weaker (Fig. 4). With increasing the reaction time, the volume fraction of Al particles on
graphene was increased (Fig. 3b and c). When the reacting time reached 1.5 h (Fig. 5), the
diffraction peaks corresponding to the Al phase became increased and sharper, indicating a larger
size of the particles, as shown in Fig. 5 (point ¢ and d). Most Al particles were homogeneously
coated on the graphene (Fig. 5), and the content of Al element was 71% (Fig. 5e). The Al-coated
graphene was successfully prepared.

The HRTEM images of Al particles coating on the graphene are shown in Fig. 6. When the
reaction time was 0.5 h, a few particles with crystal structures were formed on the graphene and
distributed discontinuously. These particles were identified from the HRTEM micrograph to have
[1 1 0] orientation (Fig. 6a). As the reaction continued, lots of Al particles nucleated gradually
and grew up, and the dispersed Al particles gradually became segregated (Fig. 6b) and coated
evenly on the graphene (Figs. 5 and 6). During the reaction process, there were two kinds of Al
coating surface, one was smooth (Fig. 7a), and the other had an island structure (Fig. 7b).

Coating Al on the graphene could be divided into two steps. The first was the preparation in
the alkyl aluminum solution. While the second step was a gradual deposition on the surface of
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graphene with the decomposition of alkyl aluminum. After the Al powders were added into the
C2HsBr solution, the reaction between C:HsBr and Al powders led to (C:Hs)2AlIBr and
C2Hs5AIBr2, following Equation (1):

3C,H;Br+2Al— (C2H5)2A1Br+ C,H AlBr, (1)

The product from the reaction between C2HsAlBr2 and Al powders further reacted to produce
(C2Hs)2Al1Br following Equation (2):

2C,HAlBr, + Al » (C2H5 )2 AlBr+ Al+ AlBr, (2)

The (C:2Hs)2AIBr reacted with Al to produce (C:Hs)3Al, new Al and AlBr3 following

Equation (3):
3(C,H, ), AlBr+ Al — 2(C,H, ), Al + Al + AlBr, 3)
The (C2Hs)3Al has a poor thermal stability and can be easily decomposed at high temperatures.

With mechanical stirring, the (C:Hs)sAl was dispersed homogeneously on the surface of

graphene and decomposed gradually into (C2Hs)2AIH and C2H4 following Equation (4):
(C,H;),Al— (C,H; ) AIH+C,H, (4)
When C2Ha was formed, C2Ha reacted with (C2Hs)3Al to produce (C2Hs)2AICH2C2Hs, following
Equation (5):
(C,H;),Al+CH, = CH, — (C,H;), AICH,CH,C,H; (5)
When the (C2Hs)2AICH2C2Hs was formed, the (C2Hs)2AICH2C2Hs reacted with C2Ha to produce
(C2Hs)3Al and CH(C2Hs)=CHz following Equation (6):
(C,H;), AICH,CH,C,H; +CH, = CH, — (C,H;), Al+CHI(C,H; )= CH, (6)
On the other hand, the (C:Hs):AICH2C2Hs was decomposed gradually into (C2Hs):AlH and
C2HsCH=CHz: following Equation (7):
(C,H; ), AICH,CH,C,H; — (C,H;), AIH + C,HCH = CH, 7)

The (C2Hs)2AlH was further decomposed into Al, H2 and C2H4 following Equation (8):



(C,H;),AlH — Al+ %Hz +2C,H, (8)

In summary, the reaction formula of thermal decomposition of (C2Hs)3Al can be

summarized as:
2(C,H,),Al— 6C,H, +3H, +2Al 9)

The Al particles were gradually built up on graphene with the decomposition of (C2Hs)3Al. With
the reaction processing, lots of Al particles were nucleated gradually and grew up, and the
dispersed Al particles were gradually accumulated (Fig. 6) and coated homogeneously on the
graphene (Fig. 5).

After the Al particles were nucleated on the graphene surface, there were two primary grain
growth patterns: two dimensional (2D) layered growth and three dimensional (3D) island growth.
The two dimensional layered growth involved the layer-by-layer growth, while maintaining the
two-dimensional (2D) morphology of Al coated surface, and the Al coated surface was smooth,
as shown in Fig. 7a. During the reaction process, the Al atoms in the solution gradually built up
on the graphene to form an Al coated layer, a region of low concentration of Al atoms was
formed above the coated layer, which hindered the growth of Al coated layer normal to the
coated surface direction. Thus, the coated layer preferentially grew along the horizontal direction
(Fig. 7¢). After the formation of a layer or multilayer Al atomic layer on the surface of the
graphene, the low concentration area of Al atoms was constantly destroyed by mechanical
stirring. The Al atoms continued to deposit on the coating, and the next Al coated layer was
formed by two-dimensional (2D) layered growth. Besides the 2D layered growth pattern, three
dimensional (3D) island growth could also occur, the Al coated surface had an island structure,
as shown in Fig. 7b. The (C2Hs5)3Al was decomposed into Al, H> and C2Ha4 during the reaction.
The Hz and C2Ha4 floated on the surface and destroyed the local Al low concentration region, such
that the Al atoms were continuously deposited on the coated layer normal to the coated direction,
making the coating grow along the normal direction of the coated surface, while at the same time,
the coated layer grew along the horizontal direction (Fig. 7d). Therefore, the Al coated layer was
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formed by the three dimensional (3D) island growth.

3.2 The microstructure and properties of Al-coated graphene/AlSil0Mg composites
prepared by SLM

The Al-coated graphene and AlSi10Mg powders were ball milled for 2 h in vacuum. The
Al-coated graphene/AlSi10Mg composite powders for SLM were prepared, as shown in Fig. 8. It
was found that the Al-coated graphene was evenly dispersed in the AlSi10Mg powders. It is
reported that the metal coating on a graphene surface could improve the wettability between the
metal and the graphene [40-42]. Based on previous studies, we can conclude that coating Al on
the graphene improved the wettability between Al and grapheme, which was beneficial for
obtaining more homogeneously Al-coated graphene/AlSi10Mg composite powders. However,
the effect of ball milling on the morphology of the AISi10Mg powders was not obvious, which
was beneficial to the SLM process.

Fig. 9 shows the Al-coated graphene/AlSi10Mg, graphene/AlSil0Mg composites, and the
AlSi10Mg alloy prepared via the SLM process and the microstructure (cross section). When the
laser power was lower such as 300 W, and the exposure time was less such as 140 ps, there were
lots of pores on the surface of sample, and the molten track was discontinuous (Fig. 9a), which
weakened the mechanical performance of the composites. When the laser power was 300 W, and
the exposure time was 140 ps, no obvious defects were observed in metals (Fig. 9b), and the
relative density of the fabricated samples could reach 98%. Fine cells and coarse cell regions
were observed in the prepared alloy. The fine cell region was mainly composed of equiaxed cells,
and there were numbers of cellular dendrites in the coarse cell region. When the Al-coated
graphene was added to the AlSi10Mg alloy, the number of coarse cells was decreased, and more
fine spherical cells were formed (Fig. 9 ¢ and d).

The phase compositions of o-Al, Si, C, Al4«Cs and Mg:Si in the Al-coated
graphene/AlSi10Mg composites are shown in Fig. 10. The eutectic Si phase appeared near the
grain boundary of a-Al (Fig. 9). However, there were less Al4Cs and Mg2Si (Fig. 10). The AlsCs
phase precipitated in the Al-coated graphene/AlSi10Mg composites, indicating the reaction of Al
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with graphene during the SLM process. Fig. 11 shows the interfacial microstructure between
graphene and Al matrix. Aluminum carbide was also noted. Based on XRD and HRTEM
analyses, the aluminum carbide near the interface between graphene and Al matrix was
determined to be Al4«Cs phase, and was nano size. Hu et al. also found similar scenario [38].

The fine particles could be seen in the composites (indicated by arrows in Fig. 12a). EDS
analysis revealed that the chemical composition of that the fine particles mainly contained C,
indicating that the fine particles were Al-coated graphene (Fig. 12b). The Al-coated graphene and
Si were homogeneously distributed within the matrix, as shown in Fig. 9c and d. However, there
were more pores in the graphene/AlSil0Mg nanocomposites, the graphene powders were
severely agglomerated (Fig. 12 e and f), which resulted in a decreased strength of the alloy.

The Al-coated graphene/AlSilOMg composites prepared by SLM exhibited a tensile
strength of 396 MPa and an elongation at break of 6.2%, which was 11% and 13% higher than
the AISi10Mg alloy (357 MPa, 5.5%) prepared by SLM (Fig. 13). The hardness of Al-coated
graphene/AlSi10Mg composites prepared by SLM was 169 HV, which was 40.8% higher than
the AISilOMg alloy (120 HV) prepared by SLM. The wear resistance of Al-coated
graphene/AlSi10Mg composites was better than the AlSilOMg alloy prepared by the SLM
process. After friction and wear for 20 min, the average friction coefficient of the Al-coated
graphene/AlSi10Mg composites was 0.274, which was lower than the AlSil0Mg alloy (0.472)
prepared via the SLM process, and the friction coefficient curve of Al-coated
graphene/AlSi10Mg composites was more flat (Fig. 14). The worn surfaces of AISi10Mg and
Al-coated graphene/AlSi10Mg composites prepared by SLM after friction and wear are shown in
Fig. 15. It can be seen that grooves, partial irregular pits and intense plastic deformation
appeared on the worn surfaces of AlSi10Mg alloys, which indicated an adhesive wear behavior
(Fig. 15a). The presence of grooves indicates the micro-cutting and micro-ploughing effect of the
counter face. The adhesion occurred under experimental conditions induced a substantial
attractive force between the mating surfaces, leading to a high mutual solubility of aluminum and

iron. The addition of graphene into the AlSi10Mg alloy improved the wear resistance of the
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composites. The grooves, partial irregular pits and intense plastic deformation were decreased in
the Al-coated graphene/AlSil0Mg composites, which exhibited a self-lubricating phenomenon
(Fig. 15b). The main lubrication action of the Al-coated graphene/AlSi10Mg composite was
attributed to the uniformly distributed graphene in the composites, which was beneficial for
obtaining good wear resistance.

Both fine grain and coarse cell region were observed in the AISi10Mg alloy composites
reinforced with Al-coated graphene prepared by the SLM process. During this process, laser
generally provided high heating/cooling rates of molten pool, the cooling rate could reach
10%-10° K/s, which was significantly higher than the melt during conventional casting and thus
resulted in the nucleation and formation of a fine cell region [48]. When the next layer of
AlSi10Mg powders was melted, the molten pool could directionally heat the solidified layer,
making the fine cell in the solidified layer grow further, leading to the formation of a coarse cell
region [49].

When the Al-coated graphene was added to the AISi10Mg alloy, the cells were gradually
refined (Fig. 9) through the following two possible mechanisms.

(i) Coating Al on the graphene improved the wetting between graphene and Al, which
increased the nucleation rate.

The contact angle was obtained by Young’s equation as shown by Equation (10):

cosf=tsaYs. (10)
Yie

where 0 is the contact angle, the ysG is the solid—vapor interfacial energy, the ystis solid—liquid
interfacial energy, and the yLg is the liquid—vapor interfacial energy [21,29].
The contact angle is related to the work of adhesion via the Young-Dupré equation as
shown in Equation (10):
AWsLv=yLc (1+cos 0) (10)
where AWsLyv is the solid-liquid adhesion energy per unit area in the medium V. A lower

contact angle is indicative of good wetting. The surface free energy of graphene was 46.7 mJ m™
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at room temperature [21,29]. When graphene was coated with Al, the contact angle between
metal and graphene was decreased, and the wetting was increased.

(i1)) During the molten pool solidification, the grain growth pattern depended on the
temperature gradient and cooling rates near the solid-liquid interface. The cell size decreased
with increasing the cooling rate and temperature gradient. The thermal conductivity of graphene
near the solidified interface was high, which increased the cooling rate of the alloy and was
favorable for the formation of fine cell. The graphene was gathered near the solid-liquid interface
and hindered the diffusion of the solute, which caused the homogeneous solute distribution and
the formation of fine cell. The fine cell improved the properties of the composites [50].

Metals often react with carbon to form carbide, such as:

X 1
—M+C=—MXCy
y y

when the reaction temperature reached 500 °C, aluminum react with graphite to form Al4Cs. The
specific surface area of graphene is large, the existing ¢ bonding between the in-plane carbon
atoms in graphene leads to exceptionally stable and high mechanical properties. The ¢ bond
formation can promote the formation of carbides. Because the graphene’s basal plane is stable,
the carbide formation is less influenced by the side contact. The contact interaction, through o
bond formation, tends to strongly result in the formation of Al4Cs at the interface, as confirmed
by XRD (Fig. 10) and HRTEM (Fig. 11). However, there was less Al«Cs. Hu ef al. reported that
excessive AlsCs decreased the properties of composites. However, a certain amount AlsC3 can
improve the wettability of graphene and Al, and thereby improves the properties of composites
[38].

Fig. 16 shows the HRTEM microstructures of graphene and an alloy matrix. There was no
obvious atomic vacancy at the interface between them (Fig. 16), indicating that there was a lower
strain energy in the interface, and the interface was more stable. The nucleation and growth of
microcracks were not easy to occur during the deformation, suggesting that Al-coated

graphene/AlSi10Mg composites exhibited perfect mechanical properties. Moreover, graphene
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with high strength and high modulus of elasticity was homogeneously distributed within the
matrix (Fig. 12), graphene was observed in the grain and near grain boundary (Fig. 17a). During
the deformation process, the load could be effectively transferred from the metal matrix to
graphene, and graphene could pin the grain boundaries and dislocations, lots of dislocation were
aggregated near graphene, as shown in Fig. 17b, and thus increased the strength [51-53]. This
strengthening phenomena were also observed in the polymer and ceramic nanocomposites
[54-57]. Considering different thermal expansion coefficients of graphene and Al matrix, the
thermal mismatch residual stress occurred near the interface between these two during the
deformation process, which increased the dislocation density and led to work-hardening, and

increased the strength of the composite material [1, 26, 58].

5. Conclusions

The aluminum coating was introduced on the graphene surface through a chemical reduction of
organic aluminum, via nucleated and growth process. There were two primary grain growth
patterns: two dimensional (2D) layered growth and three dimensional (3D) island growth during
coating Al process. The Al-coated graphene was added into the AISi10Mg alloy, refined the cell,
and increased the tensile strength, hardness and wear resistance of the alloy. Coating of Al on the
surface of graphene improved the wetting between graphene and Al, such that the addition of
Al-coated graphene led to a high nucleation rate, and consequently the formation of fine cell.
This approach facilitated the homogeneous distribution of graphene in the AlSi10Mg alloy, the
interface between graphene and Al was relatively stable. These attributes contributed to the
superior mechanical properties in the obtained AlSi10Mg alloy nanocomposites. Compared with
polymers, carbon, ceramics and their nanocomposites [59-66] with the low thermal stability and
relatively low electrical conductivity, the obtained metal-graphene nanocomposites can have
many other applications where high electrical conductivity and thermal stability [67-71] are

required.
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Fig. 1 SEM observations show the morphologies of (a) graphene and (b) AlSllOMg powers.
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Fig. 2. Configuration of the samples used for the tensile tests(unit:mm).
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Fig. 3 SEM microstructures of Al-coated graphene with a reaction time of (a) 0.5, (b) 1.0 h; (¢)

and (d) EDS spectra of the corresponding sample.
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Fig. 4 XRD patterns for Al-coated graphene with a reaction time of (a) 0, (b) 0.5, and (c) 1.0 h.
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Fig. 5 SEM microstructures of (a, d) Al-coated graphene, (b, ¢c) composition analysis at point C

and D, (e) Al and C distribution maps of Al-coated graphene. The coating time was 1.5 hrs.
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Fig. 6 High-resolution TEM images of the Al-coated graphene with a reaction time of (a, ¢) 0.5,
and (b,d) 1 h.
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Fig. 7 The Al coating surface (a, b), the schematic illustration indicates the Al particles with a
two dimensional (2D) layered growth (c) and three dimensional (3D) island growth (d).
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Fig. 8 SEM microstrucures of (a, b) Al-coated graphene/AlSi10Mg composite powders, (c, d)

composition analysis at point E and F.
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Fig. 9 Al-coated graphene/AlSi10Mg composites prepared by SLM different exposure time (100
us) and laser power (220W, 240W) (a), Al-coated graphene/AlSi10Mg composites prepared
by SLM exposure time 140 ps and laser power 300 W(b), the microstructure of Al-coated
graphene/AlSi10Mg composites (cross section) prepared by SLM (c¢), the microstructure of
AlSi10Mg alloy (cross section) prepared by SLM (d).
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Fig. 10 XRD patterns for Al-coated graphene reinforced AlSi10Mg nanocomposites.

Fig. 11 High-resolution TEM images the interfacial microstructure between graphene and
AlSi10Mg matrix.
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Fig. 12 SEM microstructures of composites, (a, b) Al-coated graphene/AlSi10Mg, (c¢) C and (d)
Si distribution maps of Al-coated graphene, (e) graphene/AlSi10Mg, (f) Composition

analysis at point Y
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Fig. 14 The curve of friction coefficient and time.
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Fig. 15 SEM microstrucures of (a) AISi10Mg alloy prepared by SLM after friction and wear, (b)

Al-coated graphene/AlSi10Mg composites prepared by SLM after friction and wear.
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Fig. 16 High-resolution TEM microstrucures of (a, b and e) Al-coated graphene/AlSi10Mg

composites, (¢, d) composition analysis at point G and H.
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Fig.17 TEM microstructures of graphene/ A1Si10Mg composites prepared by SLM: (a) before

deformation, (b) after deformation.
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