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Abstract

Graphene-based metallic nanocomposites are promising materials for applications where tailored
strength and functionality are required such as space and automotive industries. Additive
manufacturing, specifically 3D printing, is currently considered a revolutionary process to tailor and
engineer materials for certain applications. Herein, we report fast and reliable approach to prepare
mechanically robust, ductile and high thermally conductive graphene-based aluminum
nanocomposites using laser deposition manufacturing (LDM). Conventional ball milling was used to
homogenously mix graphene platelets and aluminum alloy powder (AlISi7Mg) and then sintered by
LDM. Structure-property relations of aluminum/graphene nanocomposites were investigated and thus
LDM process was assessed. This includes morphological characterizations such as optical
microscopy, transmission electron microscopy, x-ray diffraction and energy dispersive spectrometry;
and mechanical properties measurements including tensile test and Vickers hardness. The 3D printed
Al-alloy/graphene nanocomposites showed increments of 60.7%, 23.03%, 193.7% and 66% in tensile

strength, Young’s modulus, elongation at break and Vickers hardness in comparison with pure Al-
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alloy. This study proved reliability of 3D printing metallic composites with mechanical robustness

and other tailored functionality such as thermal conductivity.

Key words: Graphene; Metal matrix composites (MMCs); laser deposition manufacturing (LDM);

Mechanical properties

1. Introduction

Aluminum (Al) and its alloys are the most commonly used nonferrous metals in manufacturing due
to their relatively low density, high specific strength, excellent electrical and thermal conductivity,
low coefficient of thermal expansion and high corrosion resistance. This justifies the wide range of
applications for aluminum alloys in aerospace, defence, constructions and home appliances industries.
However, Al alloys suffer from low mechanical properties in comparison to steel alloys and they are
poor in wear resistance. Therefore, Al composites containing spectrometer reinforcing fillers were
used to address the drawbacks of pure Al. Reinforcing fillers such as alumina particles, silicon carbide
and boron nitride were well investigated and commercially used in Al matrix in the last two decades
[1-4]. However, aluminum composites reinforced by ceramic particles suffer from low ductility.
Recently, after they succeeded in polymer nanocomposites [5-8] and ceramic composites [9, 10],
carbon nanomaterials attracted significant attention in developing metal nanocomposites which
possess not only high mechanical performance but also excellent physical properties such as thermal

and electrical conductivity.

Graphene— single-atom thickness, plate-like material- is the strongest material ever measured
(Young’s modulus of 1 TPa, strength of 130 GPa) and has outstanding electron mobility at room
temperature (15000 cm?/V-s) and excellent thermal conductivity (4840-5300 W/m-K) [7, 8, 11-14].

The combination of these superb properties qualifies graphene to be used in a wide range of
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applications from drug delivery, energy storage devices and chemical sensors to flexible electronics
and automotive-body structures. Due to the challenges in producing single layer graphene, few-layer
graphene or graphene platelets is well-accepted in developing polymer nanocomposites [ 7]. Graphene
and its derivatives — graphene oxide, reduced graphene oxide and graphene platelets — were reported
as functional and reinforcement fillers in Al matrix composites [1, 15-25]. To incorporate graphene
into Al matrix, conventional preparation methods were used including—to name a few— friction stir
processing, ball-milling then pressing and extrusion, ball-milling then consolidation followed by
sintering, and powder metallurgy then pressing and consolidation followed by extrusion. In most of
these methods, the fabrication steps could be conducted either at room temperature or high
temperature [1]. Li et al [19] reported 36.8% increase in ultimate tensile strength of Al when 0.2 wt%
of graphene platelets added to Al prepared by combination of ball milling, cold pressing, continuous
casting and subsequent rolling. Despite of the outstanding mechanical and physical properties of
graphene, the reported enhancements in Al/graphene composites are below the expected outcomes
and even accompanied with reduced ductility. The main reasons are (i) the phase separation due to
poor wettability of graphene with most of metal matrices; (ii) the nonuniform dispersion of graphene
(in general nanofillers) in the Al matrix; clustering and agglomeration of nanofillers at solid/liquid
interface during solidification, and (iii) the formation aluminum carbide (Al4C3) at the interface which

promotes the phase separation and reduces the mechanical performance.

Additive manufacturing— or (3D printing)— becomes one of the fastest growing technology in digital
manufacturing where a complete part can be fabricated directly in layer-bay-layer technique from a
computer-aided design (CAD) file. Powder-based 3D printing methods including laser deposition

manufacturing (LDM) and selective laser melting (SLM) offer design flexibility and high product



quality [26]. Inspired by the successfulness of 3D printing in developing end-product from polymer
nanocomposites, it starts to attract attention to employ it in metal matrix composites. Hu’s group
reported promising results of 3D printed metal-matrix nanocomposites [27-30]. In a recent study, Hu
et al [28] prepared Al/graphene platelets nanocomposites using 3D printing technology. Graphene
platelets and aluminum powder were first mixed by ball-milling then sintered by the SLM method,
2.5 wt% of graphene platelets improved Vickers hardness of Al by 75.6%. By looking at the published
studies on metal-matrix composites prepared by 3D printing, clear procedures and efficiency of the
fabrication process, and structure-property relations of the end-product still need more in-depth

investigation.

In the current study, aluminum alloy (AlSizMg) was used as matrix and graphene platelets were added
via laser deposition manufacturing (LDM) process to produce Al/GnP nanocomposites. To the best
of our knowledge, LDM method is reported here for the first time to prepare Al/graphene platelets.
The reported results show that the Al alloy not only has gained outstanding enhancements in Young’s
modulus and ultimate tensile strength by adding GnPs but also they possess high ductility which was
always challenge the maintain in previous works.

2. Experimental procedures

2.1. Powder materials

An atomized aluminum alloy (AlSi7Mg) in powder form with size range 63—150 um was employed
in this study; its elemental analysis is shown Table 1. Aluminum alloy powder was purchased from
Kangpu Xiwei Technology Co., Ltd, Beijing, Graphite intercalation compounds (GICs) 1395 were

kindly supplied by Asbury Carbon (Asbury, NJ, USA).

No-oxidized graphene platelets were fabricated by thermally shocking GICs; 0.5 gram of GICs were
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transferred to a preheated crucible at 700°C for one minute in a muffle furnace. After that, the
expanded product was added into a beaker filled with alcohol for at least 2 hours of ultrasonication.
Finally, the produced graphene platelets (GnPs) were dried overnight in a fan oven at 80°C. Vertical
planetary ball milling machine (YXQM-2L, Changsha MITR Instrument and Equipment, China) was
used to homogenously wrap and/or attach the produced GnPs onto the surface of aluminum alloy
(AISi;Mg) powder. The aluminum alloy powder, GnPs and moderate amount of alcohol were added
and sealed in a stainless-steel tank which contains Smm diameter stainless steel balls for ball-milling
process. The ball-milling process was running at 260 rpm for 16 hours under vacuum; the process
stopped 5Smin break every 30 mins to avoid excessive heating. The mass ratio of Al-alloy powder to
steel balls was 1:5 which represents volume ratio of 1:2 considering density of aluminum and steel
as 2.7 and 7.7 g/cm?®, respectively. Aluminum alloy/GnP composites at fractions 0.05, 0.1 and 0.2 wt%
were prepared. Pure aluminum alloy powder was ball-milled under the same conditions as a control

sample. The fabrication process is schematically presented in Figure 1.

Table 1.Elemental analysis of aluminum alloy AlSiMg in wt%
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Figure 1. Schematic diagram for 3D printing Al- alloy/GnP nanocomposites by LDM



2.2. Laser deposition manufacturing process

The laser deposition manufacturing (LDM) process was carried out using LDM-800 system which is
a home-customized system. Figure 1 shows a schematic illustration of LDM process. It consisted of
6 kW-semiconductor laser (wave length 1064nm) at frequency 50 kHz, pneumatic feeder and four

equipped with water-cooling system.

The deposition head of the LDM machine moves following to a G-M code generated by a CAD file;
the head is operated by a computer numerical control (CNC) system in 3 axes. The laser beam is
coaxial with the deposition head providing an accurate movement along the designed trajectory based
on the 3D-CAD file. The heat energy provided by laser beam selectively melts the GnP-coated metal
particles forming a molten pool which starts to solidify once the beam moves away. The selectively
melting process with the CNC motion was repeated until a neat-net shape product is built using layer-
by-layer approach [31, 32]. The LDM process was carried out at the following parameters: laser
intensity (1900W), laser spot diameter (4mm), scanning speed (5mm/s) with step rate (50%) and
powder feed rate (0.6 rev/min)[33]. The laser head was fixed on computer numerical controlled x-y
stage. A flat substrate from Al alloy (AlSizMg) was polished and cleaned and used as platform for
Al/GnP composites. The LDM process was performed in closed chamber filled with argon gas to
prevent oxidation during manufacturing. Al composites with 0, 0.05 and 0.1 wt% GnPs were 3D
printed. Cubic specimens of size 15x15x10mm were prepared for microstructure analysis. Flat-
dumbbell samples of dimensions 70x18x5mm were 3D printed and used for tensile testing.

2.3. Characterizations

2.3.1 Morphology of GnPs and Al alloy powders

Transmission electron microscopy (TEM) was used to observe the morphology of graphene platelets



(GnPs). 0.1g GnPs was added into a beaker with 100ml alcohol and ultrasonicated for 30 min. 10%
of the liquid was then extracted and added to 100ml of alcohol for another 30 min of ultrasonication.
This process was repeated till 0.0004% concentration of GnPs was obtained. Few droplets of 0.0004%
GnPs suspension were dropped on 200-mesh copper grids, dried and observed by transmission
electron microscope (TEM-JEM-2100, JEOL, Japan) with 200kV of accelerating voltage. Further
investigation was conducted to measure GnP’s thickness by atomic force microscope (AFM,

Dimension FastScan, Bruker, Germany) using the same 0.0004% GnP suspension.

Scanning electron microscopy was employed to study the surface morphology of ball-milled powders
of (i) pure Al alloy and (ii) Al alloy/GnP nanocomposite. The powder dispersed on a sticky conductive
tape and then inserted into scanning electron microscopy (SEM, Gemini-SEM 300, Carl Zeiss,
Germany). Images at various magnifications were captured at accelerating voltage of 2kV and using

SE2 detector and InLens detector.

2.3.1 Morphology and mechanical performance of LDM-processed Al-alloy/GnP nanocomposites

Specimens were cut by wire electrical discharge machining from samples manufactured by LDM
process and used to conduct various characterizations including microstructure morphology and
mechanical performance. In microstructure measurements, specimens with dimensions of
15x15%x10mm were sequentially ground by a range of SiC-abrasive papers (240# —2000#). The last
polishing pass was performed by a diamond abrasive paper then the specimens were etched by a
mixture of 10ml HF and 100ml H>O. The etched surfaces were investigated by various tests such as

optical microscopy, transmission electron microscopy (TEM) and x-ray diffraction (XRD). GX51



optical microscope (OM, Olympus Corporation, Japan) was used to perceive an overall image of the
pure Al alloy and its GnP nanocomposite (manufactured by LDM). JEOL Jem-2100 transmission
electron microscopy was used to observe the sub-micro morphology of the Al alloy and GnP Al alloy
manufactured by LDM-3D printing. Phase identification was tested by XRD using an x-ray
diffractometer (XRD-7000s, Shimadzu Corporation, Japan) equipped with Cu Ka radiation at 40kV

and 40mA. The scan speed was set at 2°/min with 26 range 5— 100°.

Raman spectra were obtained by a HORIBA LabRAM HR Evolution Raman spectrometer; A 532nm
He-Ne laser was focused by an Olympus 50X objective as an excitation source at the centre of the
sample at room temperature. Energy dispersive spectrometry (EDS, Oxford Instruments, UK) was

used to determine the constituent elements of the prepared Al/GnP composites.

Mechanical performance was assisted by Vickers-type hardness and tensile test. Vickers hardness was
measured by HVS-100A digital micro hardness tester operating at 200g load for 10s dwell time; ten

indentations with Imm space were measured and averaged for each specimen.

Dumbbell-shaped tensile testing samples were machined from a rectangular specimen manufactured
by LDM. Dumbbell samples were profiled to gauge length of 25mm and cross-section of 10x2mm
according to GB/T 228.1-2010 Standard. Tensile testing was carried out by universal tensile testing
machine (MTS, China) at room temperature and crosshead speed of 2mm/min. The test was repeated
three times at least for each fraction; the recorded data is the average of the measurements. The
fracture surfaces after the test were further investigated by SEM.

3. Results and discussion

3.1. Morphology of graphene platelets (GnPs)

The microscopic images of the prepared graphene platelets are displayed in Figure 2a&b at high and
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low magnifications; respectively image (a) and (b). Image (a) shows wrinkled and overlapped
platelets stacked together. Image (b) is a high magnification of an area from Image (a) which depicts
that graphene platelets consists of few layers staked and indicated by red arrows. Herein, the GnPs
were prepared by thermal expansion then ultrasonication for 2 hours. Due to thermally shocking GIC
at 700°C, gasses burst at high pressure providing swollen and expanded GIC that has worm-like
structure where graphene layers bonded together by the weak van der Waal bonds. Ultrasonication
process breaks the weakly bonded worm-like structure into few layers of graphene; graphene platelets
(GnPs). A randomly selected area was examined to study the electron diffraction (ED) pattern of GnPs.
The inset diffraction in Figure 2(b) confirms the high crystalline structure of the prepared graphene

platelets. Both TEM images and ED agree with the previous studies [6, 34, 35].

Thickness of GnPs was measured via AFM by randomly selecting at least ten GnPs. Figure 2c&d
shows three representative measurements recording an average thickness of 3.2 £ 0.7nm which is
consistent with the previous studies [6, 35, 36]. To quantify structural integrity of GnPs, Raman
spectroscopy was performed and analysis is displayed in Figure 2e. The GnPs’ spectrum shows three
characteristic bands at 1350, 1580 and 2716 cm™! corresponding to D, G and 2D-bands respectively.
The G-band is due to the in-plane stretching vibrations of sp’ carbon atoms whereas the D-band
originates due to the breathing modes of sp’ carbon rings[37]. In general, D-band corresponds to
structural defects and thus its intensity is proportional to amount of disorder or defects. Usually, the
ratio between the intensities /p/lg 1s a parameter to quantify the structural integrity or disorder of
graphene [38]. Herein, the Ip/Ic of GnPs is determined at 0.049 demonstrating high structural integrity
GnPs in comparison with graphene oxide which is well-known by high defect concentration graphene

derivative; its Ip/lg is ~1 endowing electrically nonconductive material.
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Figure 2. (a&b) TEM micrographs of graphene platelets (¢, d) AFM micrograph and thickness (height)
of randomly selected graphene platelets and (e) Raman spectrum of graphene platelets.

3.2. Powder morphology of aluminum alloy and its GnP composites

Figure 3 shows the micrographs by SEM of pure Al-alloy (AlSizMg) powder and its 0.05 and 0.1 wt%
GnP-based nanocomposites after 16 hours of ball milling. Images (a, ¢ and e) are in low magnification
(600X) to observe the overall surface structure of the powders while Images (b, d and f) are captured
at high magnification (20,000X) to further investigate the surface structure of each corresponding
powder particles. The particle size range is 100—150 um as depicted in Images (a, ¢ and e). The pure
AlSi7Mg alloy powders in Image (a) shows typical surface structure of pure Al powder with good
sphericity [39]. When a small area is magnified to Image (b), a uniformly distributed small protrusions
are observed, which is related to the atomization process of the Al alloy.

When Al-alloy powder is roll-milled with GnPs for 16 hours at different GnP fractions, the Al-alloy
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powder surface becomes rough yet spherical. At 0.05 wt%, Image (c) illustrates that GnPs
homogeneously and completely cover the particles resulting in rough Al alloy/GnP surface powders.
Obviously, the Al-alloy/GnP powder in Image (c) retains its spherical shape after ball-milling which
means that GnPs are possible physically attached to Al-alloy powder surface and/or attached by
chemical bonding such as van der Waal’s forces without the hydrolysis reaction. Zhang L. ef al [16]
ball-milled pure aluminum powder with graphene oxide (GO) in deionized (DI) water and dried. The
authors found that Al/GO powder shape transformed from spherical into irregular shape due to the
hydrolysis reaction occurred during the drying process. It is noteworthy to mention that the Al/GO
powder kept its spherical shape when they were rinsed by alcohol, then dried. When GnPs were added
at 0.1 wt% to Al-alloy powder and ball-milled, the composite-powder surface becomes rougher with
thick GnPs attached to Al-alloy powder as shown in Image (e) and (f). From Image (e), it seems that
GnPs erode the Al-alloy particle during the ball milling process at high fractions (yellow circles);
graphene is the stiffest and strongest material ever measured and hence possesses extremely high
hardness while Al-alloy is soft and ductile material. Due to friction between steel-balls, Al-alloy
powder and GnPs, the GnPs will erode Al-alloy powder in the course of ball-milling process. This is
paramount at high GnPs. In general, composite powder in spherical or near spherical shape benefits

the LDM process in 3D-printing high density metal composite [40].
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Figure 3. SEM images of (a, c and e) pure Al-alloy, 0.05wt% and 0.1 wt% composites at low
magnifications; and (b, d and f) images of the above fractions at high magnification; respectively

Figure 4 shows optical micrographs of the metallographic structure of pure Al-alloy and its GnP’s
nanocomposites prepared by LDM process. The white gray coloured areas are assigned to primary o-
Al dendrite (yellow arrows) while the dark areas correspond to eutectics of (a-Al + Si) [41] as
highlighted by red-coloured contours. It is evident in Figure 4 that the inclusion of GnPs into Al-alloy
through LDM process changes the metallographic structure of the Al-alloy. Figure 4b &c shows that

the grain size and range of grain distribution of the composite are significantly smaller than that of
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pure Al-alloy in Figure 4a. At the same time, with the increase of GnP content, the number of near-
circular grains increases; this indicates that GnPs are effective in refining the AlSi;Mg alloy. Image-
Pro Plus software was utilized to measure and calculate the grain size of the composite; it revealed
that 0.05 wt% of GnPs refines the grain size from 18.2 to 11.8 pm. When the content of GnPs is
increased to 0.1%, the average grain size reduced to 7.9 um. These data indicate that grain refinement
is pronounced with the increase of GnP content. According to the heterogeneous nucleation theory,
GnPs can work as nucleation cores during solidification of aluminum alloy and hence form large
number of small crystals. In the subsequent growth process, they collide with each other and their
growth space is suppressed. With the increase of GnP content, more nucleation will be formed; this

will effectively inhibit the growth of dendritic and obtain fine microstructure.

Figure 4. Optical microscopy images of (a) pure Al alloy, and (b) and (¢) 0.05 and 0.1 wt% Al-
alloy/GnP composite, respectively

Further morphological investigation was conducted by taking TEM micrographs for as Al-alloy/GnP
nanocomposites as presented in Figure 5. Traces of GnPs indicated by yellow arrows are observed in
Figure 5a. Also, few hexagonal structures of aluminum carbide (Al4C3) were depicted by blue arrows
in Figure 5a. Aluminum carbide in carbon-based filler/aluminum alloy is inevitable and largely
depends on the processing temperature and time. The free energy of AlsCs is -168 kJ/mole at
temperature range 650—750°C [42, 43]. In LDM, the temperature at the incident point of the laser

beam is above 750°C which favours the formation of Al4«Cs. However, the laser beam is a focused
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heat source which heats a narrow area of the powder at-a-time and then moves away— unlike to other
processing methods such sintering. Short time of heating and small molten area does not form large

quantity of Al4C3 [44].

The existence of Al4Cs in Al composites is a two-fold sword; excessive amount of Al4C; deteriorates
the mechanical performance of Al composites. On the other side, certain amount of it would improve
the wettability between graphene platelets and Al-alloy matrix and hence strengthen interface
between GnPs and Al-matrix leading to high mechanical strength. Figure Sc shows the EDS analysis

results at point hexagonal area confirming the formation of Al4C3[45].

Figure 5d shows Raman spectrum of pure Al-alloy and its GnPs nanocomposites prepared by LDM
3D printing. Typical absorbance at ~1335, ~1580 and ~2673 cm™' assigned to D, G and 2D bands of
graphene platelets, respectively. In comparison with the Raman spectrum of graphene platelets in
Figure 2e, the Ip/Ic of Al-alloy/GnP nanocomposite is significantly higher: Ip/Ig (0.05 wt% GnPs) <
Ip/Ic (0.10 wt% GnPs). During the laser deposition process, thermal accumulation induced by the
laser beam to the graphene structure increases structure defects in graphene. Also, the reaction
between graphene and aluminum may increase structural defects. Similar results were observed by
Hu Z. et al [28]; they reported Ip/Ic of 0.48 for Al/graphene nanocomposite prepared by selective

laser melting, in comparison with 0.053 for graphene.
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Figure 5. (a, b) TEM micrographs of 3D-printed Al-alloy/GnP nanocomposite, (¢) energy dispersive
spectrum (EDS) at point A and (d) Raman spectra of 3D-printed Al-alloy/GnP nanocomposites.

3D-printed Al-alloy/GnP composite samples were cut, polished and then examined using x-ray
diffraction (XRD) to investigate their phase composition. Figure 6 displays the XRD patterns of pure
Al-alloy, and 0.05 and 0.1 wt% of Al-alloy/GnP composites. The XRD analysis revealed that the
composition of the 3D-printed composites comprises of Al and Si. The 26 peaks at 38.472°,44.738°,
65.133°, 78.227°, and 82.435° are associated to (111), (200), (220) (311) and (222) crystal planes of
Al according to PDF #04-0787 [46]. Other peaks can be found at 26 of 28.442°, 47.302°, and 56.121°
which are indexed to (111), (220) and (311) crystal planes of Si according to PDF #27-1402. Due to
the low fraction of GnP in the fabricated Al-alloy composites, XRD was not able to capture peaks for

graphene.

The formation of aluminum carbide (AlsC3) at the interface between GnPs and Al-alloy matrix is

crucial; Al4Cs is a brittle compound and promote the phase separation in the fabricated composite
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leading to low mechanical performance. According to PDF#35-0799, Al4Cs phase can be detected at
26 peaks of 31.13°, 31.77°, 35.89°, 40.12° and 55.05° which were not observed in Figure 6. This
means that Al4C3 was not detected by XRD test. However, TEM micrographs showed some hexagonal
structures within the Al-alloy matrix. This suggests the quantity of Al4C; was minimal endowing
another advantage of LDM-processed Al-alloy/graphene nanocomposite. The AlSi;Mg alloy contains
(0.45-0.6 wt%) Mg and (6.5-7.5 wt%) Si as summarized in Table 1; it was reported that Mg and Si
are alloying elements which minimize the formation of Al4Cs at the interface between GnPs and Al
alloy [47]. Although the mechanism of suppressing the formation of Al4Cs at the interface by Mg
content is not fully understood, Wang et al.[48] suggests that the existence of Mg promotes the
formation of AlzMgy at the interface reducing the chance of having Al4Cs. In the current study, the
XRD patterns showed no needle-like Al4Cs leading to Al-alloy/GnP nanocomposites with high

mechanical performance as elaborated in Section 3.4.

0.1 wt.% GnPs

F A

Intensity

A\l

0.05 wi.% GnPs \l
~ R .

Al
Pure Al-alloy 1 l
A A

L A A " I A I " ! " I " I

10 20 30 40 50 60 70 80 90
20(°)

Figure 6. XRD patterns of the 3D printed pure Al alloy, and its GnP nanocomposites

3.3. Mechanical performance of the composites

The tensile strength, Young’s modulus and elongation at break of pure Al-alloy and its GnP-based

16



composites as function of graphene content are shown in Figure 7. Evidently, GnPs possess
significant reinforcing effect on Al-alloy; tensile strength and Young’s modulus of the 3D-printed Al-
alloy/GnP composites steadily increased with the GnP content. 0.1 wt% of GnP increases the tensile
strength and Young’s modulus of pure Al-alloy from 149.7 to 240.5 MPa and 72.5 to 89.2 GPa
recording 60.7% and 23.0% increments, respectively. Strikingly, in Figure 7d, the elongation at break
of Al-alloy/GnP composites was increased by 193.7%.The literature reports that most of Al
composites exhibit reductions in ductility upon adding stiff fillers such as graphene [1, 46, 47, 49-
51]. This gives advantage to LDM 3D printing of producing Al/graphene nanocomposites with
improvements in conflicting properties including tensile strength and Young’s modulus, and

elongation at break.

In addition to tensile testing, Vickers hardness test was performed on the LDM-processed Al/GnP
composites. The average Vickers hardness values of these samples were plotted in Figure 7e; at 0.1
wt%, the Vickers hardness of Al-alloy/GnP composites enhanced by 66% in comparison with pure
Al-alloy. Liu J. et al [15] reported 43% increment when 0.15 wt% graphene sheets are added to Al by
compacting and sintering. In another study, 0.1wt% Al/graphene oxide composite exhibited 14%

increment in Vickers hardness as the composites were produced by powder metallurgy technique [16].

The high mechanical performance of Al-alloy upon adding GnPs using LDM is due to the following
factors: (1) the high contrast in strength and Young’s modulus between graphene and Al-alloy endows
Al-alloy ability to effectively resist mechanical load along with the good interface between the two
phases [52]; (i1) GnPs have assured uniform dispersion within the Al-alloy matrix by LDM because
they have attached to and coated Al-alloy powder during ball-milling process, thus GnPs do not work
as stress concentration centres and could assist the matrix in resisting mechanical load; (iii) the
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significant thermal expansion coefficient mismatch between GnP and Al-alloy leads to high
dislocation density at the interface resulting in high strength [53]; GnPs could also work as a barrier
so that dislocations do not freely move through the matrix [17, 53]; (iv) the absence of needle-like
structure Al3Cy4 at the GnPs and Al-alloy interface promotes very much the ductility of the Al
composite; and (v) existence of GnPs restrains the growth of Al grains during fabrication of the

composites bringing on grain refinement strengthening mechanism [54, 55].

On the other hand, when graphene platelets content increased to 0.2 wt%, the increments in tensile
strength and elongation at break drop though they are still higher than pure Al-alloy; Young’s modulus
of 0.2 wt% Al-alloy/GnP nanocomposite less than pure Al-alloy. This is assigned to two main reasons:
agglomeration of GnPs and formation of large quantity of Al3C4. The later induces crack initiation

due to stress concentration while the former factor promotes phase separation.

It is generally known that the mechanical properties of the composites are dominated not only by the
reinforcement and the matrix but also by the interfacial bonding strength between them[56]. It is
necessary to study the materials fracture behaviour to understand the load transfer between the matrix
and reinforcement. Improvements in the strength of Al-alloy/graphene composites are mainly
attributable to the effective load transfer between the matrix and graphene through the interface. Good
load transfer is the reason for the basic toughening mechanism of GnPs [57-59]. It is seen from Figure
8 that the graphene platelets are uniformly distributed in the matrix; meanwhile, some platelets are
pulled-out and observed on the tensile fracture surfaces of 3D printed Al-alloy/GnP nanocomposites.
The pits on the fracture surface indicate that the length of the graphene pulled-out are very short,
suggesting a strong interfacial bonding between graphene and the Al matrix. This also indicates that
the high mechanical properties are obtained in 0.1wt.% graphene/ AlSi7Mg composite. Figure 8
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Figure 8.Fracture morphology of composites (a-c) pure al alloy,(d-f) 0.05 wt% Al-alloy/GnP composite, (g-i) 0.1 wt%
Al-alloy/GnP composite

Table 2 summarizes the mechanical performance of Al/graphene nanocomposites prepared by
different methods [28, 40, 60-63]. It is evident that method of fabrication is a key factor in determining
mechanical properties of Al composites. Generally, tensile strength and hardness of Al composites
increase with the graphene content. SLM — one of 3D printing methods — [28, 40, 60] did not show
significant improvements in tensile strength, hardness and elongation at break in comparison with
traditional fabrication methods such as powder metallurgy and frication stir processing [62, 63]. For
example, 1 wt% of graphene into Al alloy via SLM increased tensile strength by 11% while it was
incremented by 23.3% when stir friction method was used. It is worth noting that the composite

materials obtained by traditional processing methods have a great loss of toughness while increasing
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the strength; for example, 1.5 wt% graphene reduced toughness of the Al alloy by 60% when field
activated and pressure assisted synthesis (FAPAS) was employed [61]. In addition, the traditional
processing methods are not flexible to form complex parts. SLM method as an additive manufacturing
is able to create intricate shapes with no loss in toughness (even improved) though tensile strength is
not as high as desired. The current study evidenced that LDM method is able to solve and overcome
the aforementioned disadvantages of both SLM and traditional fabrication methods due to the
advantage of using coaxial powder feeding in LDM[64]. In our work, tensile strength and
simultaneously elongation at break were exceedingly increased by 60.7% and 193%; elongation at

break is an indirect indicator for toughness.
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Table 2.Comparison of mechanical performance

. Graphene content Tensile strength Elongation Hardness
Synthesis method (Wt%) (MPa) (%) (HV) Reference
1111 0, 0,
Ba'll rpllhng and 3D 0/0.05/0.1 .149.7 /205.43 /240.49 (66.7% 2.87 /6.1/8.43 (193.7% 88.?3 / 124.98 / 146.87 Our study
printing, LDM increase) increase) (66% increase)
V) V)
Ball milling and SLM 0/1 357/396 (1% 5.5/6.2 (13% increase) 20/ 169 (40.8% [40]
increase) increase)
- 38/47.1/49.6/66.6
Ball milling and SLM 0/05/1/2.5 N/A N/A (75.3% increase) [28]
o0 0,
Ball milling and SLM 0/05 3377346 (2.67% 3.0/3.2 (6.67% N/A [60]
increase) increase)
91/131/115/104 (44%,26% 60/42/34/24 (30%,43%
FAPAS 0/0.5/1/15 and 14% increase) and 60% decrease) N/A [61]
o 0,
qud§r mej[allurgy apd 0/1 417 /514 (23.3% 12/10 (16.6% N/A [62]
frication stir processing increase) decrease)
Solution mixing and 0/03/0.6 203/255/241 (25%and  30.5/19.2/13.2 (37%and 59.1/743/71.3  (25.7% [63]

powder metallurgy

18% increase)

56.7% decrease)

and 20.6% increase)

SLM: selective laser melting; FAPAS: field activated and pressure assisted synthesis
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Conclusion

In this paper, graphene platelets (GnPs) at various fractions were successfully added into aluminum
alloy by 3D printing technology — laser deposition manufacturing (LDM). Comprehensive
morphological and mechanical performance measurements were employed to investigate structure-
property relations of Al-alloy/GnP nanocomposites. AFM revealed that the produced GnPs possessed
an average thickness of 3.2 + 0.7nm which are of high structural integrity as confirmed by the Ip/Ic
of 0.049 from Raman analysis. TEM analysis for Al-alloy/GnP nanocomposites showed that GnPs
uniformly distributed; Al4Cs was observed in hexagonal shapes with no sign of having needle-like
structure. Small quantity of Al4Cs could promote the wettability of GnPs into Al matrix leading to
good interface and high mechanical performance. Surprisingly, Al-alloy/GnP nanocomposites
prepared by LDM process have outstanding increments in tensile strength, hardness and elongation
at break; they were increased by 67%, 66% and 193%, respectively at 0.1 wt% GnPs. To the best of
our knowledge, this is the first time to report such ductile Al/GnP nanocomposites and yet possess
high strength and stiffness. These properties started to decrease at 0.2 wt% GnPs mainly due to

graphene agglomeration and formation of more Al4Cs.

The study indicates that laser deposition manufacturing (LDM) is a promising process not only for
aluminum/graphene nanocomposites but also for other metallic nanocomposites; since it is an
additive manufacturing process, it is capable to produce intricate profiles which traditional processes
cannot make.
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