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Abstract
The present article is focused on the in-house synthesis of graphene nano-flakes (size range: 3–8 nm)
reinforcedAl-alloy (AA6005 series) nanocomposites using stir casting process. Themicrostructure of
the obtained Al nanocomposites at different concentration offlake shaped graphene nanoparticles
(GRNPs) show that the particles at 2 wt% and 4 wt% found to be distributed extensively on the
surfaces of Al alloymatrix but observed negligible across the grain boundarywhereas in the case of
6 wt% concentrated developed composite specimen, theGRNPswere observed to bewell dispersed
both on the surfaces and grain boundary of thematrix.With the addition of the particles, there found
to be the formation ofmore voids in the nanocomposite specimens. The experimental characteriza-
tion results reveal that with the increase in graphene content to 6 wt%, the tensile strength,
compressive strength, impact energy, hardness andwear resistance of the nanocomposites were
increased by 9% to 36%, 30% to 44%, 9.8 J, 36.03HRB and 33% respectively as compared to
unreinforced alloy. It was observed that the compositeswith increased concentration of reinforcement
exhibits brittle behaviour and at 6 wt%GRNPs, the elongation is almost found to be 50% lower than
the unreinforced one. Further, a 3Dmicrostructure representative volume element (RVE)model of
aluminiumnanocomposite is generated usingDigimat-FE software. Then,microstructural deforma-
tion behaviour of the nanocomposite is realized byRVEmodel. The simulation results reveal that the
tensile property of the aluminiumnanocomposites predicted using RVEmodel is inwell agreement
with the experimental values.

1. Introduction

In thismillennium, nanotechnology has gained considerable importance with its application in the
multidisciplinary scientific field for the aim of producing newmaterials at nano level scale known as
nanostructuredmaterials. Nanostructuredmaterials are thosematerials which are having at least one dimension
in a range of 1 to 100 nm. These nanostructuredmaterials include nanoparticles, nanocomposites, nanotubes,
nanorods, and nano-thin films, etcHowever, in recent time nanocomposites in the field of nanotechnology has
drawn a lot of attention among the researchers and have become a fast-growing field. Nanocomposites are those
materials inwhich the dispersed phase is in the nanometer range. Thesematerials have played a significant role
in scientific, industrial andmedicalfields because of their extraordinary properties as compared to conventional
composites. Their uniqueness arises due to the large surface area to volume ratio of the dispersed phase
indicating a large fraction of atoms present on the dispersed phase surface that are chemically unsaturated.
Among various nanocomposites,metalmatrix nanocomposites (MMNCs) have gained a remarkable research
andmarket attention because of their novelmechanical, physical, thermal, electrical, tribological, permeability,
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optical properties, etc and interdisciplinary emerging applications [1]. Currently, aluminiummatrix
nanocomposites (AMNCs) have attracted significant curiosity among the researchers owing to their reasonable
cost, low-weight structure cum extraordinary aforesaid properties and promising applications in automotive
components, aircraft and space structures, defence, railway brakes, electronics, thermalmanagement systems,
household appliances, recreational and sporting goods, etc [2–10]. Different promisingmethods like stir casting,
spray casting, squeeze casting, cold drawing and powdermetallurgy has been established for the preparation of
aluminium composites containingmicron-size reinforcements [11, 12]. But, among themethodsmentioned
above, stir casting is widely considered because it is simple, flexible and low-costmethod, and causes negligible
damage to the reinforcement during composites fabrication.

Rahman et al [13] fabricated aluminiummatrix composites with different concentration of SiC (0, 5, 10 and
20 wt%)using stir casting technique. The tensile strength and hardness of the reinforced aluminium composites
was found to be increasedwith respect to un-reinforced one and observed to bemaximumat 20 wt%SiC. Also,
found that there is amaximum reduction inwear of the composites at 20 wt%SiC.Micro-structural
examination revealed the non-homogeneity nature of the reinforced composites with the formation of
porosities. Sivananth et al [14] studied the characterization of TiC reinforcedAlmetalmatrix composite
prepared by stir casting process at three different concentration of TiC particulates (10, 12 and 15 wt%) and are
in the size of 325meshes. They have conducted the tensile and impact test and also studied themicrostructure of
the composites. They found that the tensile strengthwas increased as compared to the unreinforced Al and
observed to bemaximumat 15 wt%TiC. The brittle nature of the test samples found to be increasedwith the
increase inwt%of TiC particles in theAlmatrix. Yolshina et al [15] investigated the synthesis and properties of
graphene and graphite based aluminiummetallicmaterial. The density and tensile strength of the unreinforced
aluminiumwere found to be 2.7 g cm−3 and 41.46 MPa. But, after incorporating 2 wt%of graphene sheets and
graphite, tensile strength has found to be increased to 48.1 MPa and 43.92 MPa respectively, while the density
decreased to almost 2.4 g cm−3 in both the cases. Shankar [16] studied themechanical characteristics of glass
reinforced aluminiummatrix composite prepared by stir casting. They usedmatrixmaterial Al 6061 alloy and
reinforcedwith 3 to 12 wt% glass particulates. They used glass particulates of different sizes- 75, 88, 105 and
250 μm.They found that by addition of reinforcement up to 9 wt% the tensile strength and hardness found to be
increased and thereafter decreased. Sharifi et al [17]mixedAl powderwith B4Cnanoparticles (concentration:
5 wt%, 10 wt%, and 15 wt%)using a ballmilling process. Nanocomposite samples were fabricated by hot
pressing ofmilled powders. They found that the samples with 15 wt%have a compressive strength of 485MPa
and hardness of 164HVwhereas pure Al showed the compressive strength of 130MPa and hardness 33HV.
Devaraju andPazhanivel [18] carried out hardness, wear and compressive strength characterization onAl 1100
alloy composites reinforcedwith B4Cparticles (average size—30 μm). The composite samples produced by stir
casting process at a concentration of 2.5%, 5%, 7.5% and 10%byweight of reinforcement. The hardness
property of the samples found to be increased due to the uniformdispersion of B4C in the aluminiummatrix.
Thewear rate observed to be less when the sample subjected to a load of 16 N at 7.5 wt%of reinforcement.
Moreover,maximum compressive strengthwas found at 7.5%of B4C. Padmavathi andRamakrishnan [19]
preparedAl 6061matrix based composites using stir casting by reinforcing combinedmulti-walled carbon
nanotubes (MWCNT) (concentration-0.5 wt% and 1 wt%) and SiC (concentration-15 wt%) in thematrix. They
performedwear and hardness test on the composite samples. The hardness of the samples found to be increased
with increase in the concentration ofMWCNT.Also, over the addition ofMWCNT, the coefficient of friction
found to be reduced and resulted in lowwear rate as compared to pure aluminium. James et al [20] synthesized a
hybrid compositematerial by incorporating SiC andTiB2 particles in Almatrix using stir casting. They studied
thewear, tensile and hardness behaviour of the composites and the effect of the reinforcements on the properties
of the samples. It was found that thewear resistance of the composite samples significantly enhancedwith the
addition of TiB2 particles but when the concentration of TiB2 exceeds 10 wt%, thewear resistance behaviour got
reduced. The tensile strength and hardness of the composites considerably increasedwith the addition of SiC
particles. Imran et al [21] prepared graphite plus bagasse ash reinforcedAl 7075 compositematerials using stir
casting at a discrete concentration of 1%, 3%, 5%byweight of graphite and 2%, 4%, 6%byweight of bagasse
ash.With an increase in the concentration of graphite andmaintaining 2 wt%of bagasse ash, there is an
improvement in the characteristics like ultimate tensile strength andBrinell hardness number (BHN) of the
composite specimens. The similar trendwas observed by changing the content of ashwhilemaintaining 1 wt%
of graphite. Xavier and Suresh [22] synthesized aluminiummatrix composites by reinforcing the different
concentration of stone dust particles using stir casting technique. Thewear test was performed on the composite
specimens using pin on disc (62HRC)method and comparedwith the unreinforced specimens. The coefficient
of friction found to be reduced by an increase in load and this is caused due to softening of the composite
through frictional wear. As a result, thewear resistance of the composite specimens observed to be enhanced
with respect to the unreinforced one.
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The properties of single phasematerials can be determined either experimentally or by numerical
simulation. But, the properties ofmulti-phasematerials in a certain rangewith exceptionalmicrostructures
cannot be evaluated experimentally [23]. The idea of the firstmodel was developed to determine themechanical,
electrical and thermal characteristics of simple structuredmulti-phasematerials (either particle reinforcedwith
matrix phase or two soluble phases) [24]. A precise 3Dmicro-structural representationwas required for
predicting the naturalistic behaviour of amaterial [25, 26]. Themodel representing different shapes of particle
was generated and parameters like size of the particle and its distribution, agglomeration and neck formation
were included in themodel. In themodel, different volume of pores and contact area of particles for various
shapes of particle was considered [27]. Chawla andChawla [28] compared the 3Dmicrostructuralmodel of
respective spherical and ellipsoidal shaped single particle withmultiparticle. They concluded that the 3D
microstructure concept found to bemore adaptive in realizing thematerial behaviour through numerical
simulation. The properties of the completemicrostructure of amaterial can be suitably described by
representative volume element (RVE)model [29]. RVEmodel represents a small volume ofmicrostructure of a
material inwhich various phases of particularmorphology are present and this unit volume behaviourwill be
similar to its bulk form [30, 31]. Themodeling of grain structures reinforced intomatrix phasewas carried out
usingmathematical algorithms [32]. Awide variety of diagnostic techniques have been used to characterize the
3Dmicrostructures. Thesemethods include atomic forcemicroscopy, scanning tunnellingmicroscopy, focused
ion beammicroscopy, X-ray computer tomography, and ultramicrotomy [26, 33].

RVEmodeling technique is a robust tool to simulate themicromechanical behaviour of engineering
materials at a low computational cost. Numerous studies have carried out on the simulation of themechanical
behaviour of compositematerials, yet RVEmodeling of themicromechanical behaviour ofmetalmatrix
nanocomposites is not often detailed in the literature.Moreover, the preparation and characterization of
aluminiummatrix (elemental aluminium/aluminium alloy of different series—Al 1100, 6061 and 7075)
composite reinforcedwithmicron size particles were carried out extensively, as it was found from various
available literature, whereas, with nanoparticles, it was devoted to a limited extent. The nano-reinforcements
like B4C,MWCNTs, graphite, stone dust particles and few others have been studied. But, the preparation and
characterization study of aluminium alloymatrix (AA6005 series) composites reinforcedwith graphene
nanoparticles have yet to be discussed. This could be the alternative for the aforementioned nanoparticles
reinforced composites andwould be advantageous for potential applications.

Therefore, the present work is focused on the development and characterization of aluminium alloymatrix
(AA6005 series) graphene reinforced nanocomposites using stir casting process. Stir casting route is preferred in
this study because thismethod could provide good dispersion of nano-reinforcement within thematrix, better
matrix-particle bonding, breaks preformnanoparticle clusters, controlmatrix structure easily and remove
impurities from the surface of the particles. A 3Dmicrostructure RVEmodel of aluminiumnanocomposite was
generated usingDigimat-FE software. Digimat evaluates themicrostructural deformation behaviour of the
model. The tensile property of the aluminiumnanocomposites was determined using numerical simulation and
the simulation results are comparedwith the experimental values.

2. Experimental work

In the present work, thematrixmaterial was taken as aluminium alloy (AA6005)purchased from Junaid Steel &
Alloys, Chennai and reinforcement as graphene nanoparticles (in the formofflakes) fromAdnanotech Pvt. Ltd,
Shimoga, India. Al alloy (AA6005)was chosen because of its lowweight, high strength, good corrosion
resistance, good casting properties, etc after casting [14, 34, 35] andGRPNs exhibit extraordinary properties like
high stiffness, thermal conductivity, impermeable to gases, highmobility of charge carriers and optically
transparent. Themicroscopic image of AA6005 sample and preformGRPNs (in the formofflakes) is shown in
figure 1.

TheAl alloy sample comprises of 97.25 wt%Aluminiumwith 2.75 wt%other elements (Mg—1.08 wt%; Fe
—0.17 wt%; Si—0.63 wt%; Zn—0.32 wt%;Mn—0.52 wt%;V—0.01 wt%; Ti—0.02 wt%). The physical and
mechanical properties of the preform graphene nanoparticles (GRNPs) are listed in table 1.

The detail description of the preparation of GRNPs reinforcedAlMMCsusing stir casting process is as
follows. The bulk Al alloywasweighed and cut into small pieces and placed in the crucible (size number- 6 and
total capacity—2 kg) alongwith degasser and coverall powder. Degasser and coverall powderwere used to
remove the impurity from themoltenmetal and retain the temperature in the crucible, respectively. TheAl alloy
wasmelted in the electric furnace at 850 °Cand at the same time, GRNPs loaded in another crucible also placed
in the furnace for 2 hours to avoidmoisture content, if any, as shown infigure 2(a). The preheatedGRNPswere
mixedwithmoltenAl alloy bymechanical stirrer at a speed of 250 rpmas shown infigure 2(b). Themixture was
poured into the preheated die and allowed for solidification for a fewhours, and finally, the solidifiedmaterial as
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Al nanocomposite specimens is taken out from the die as shown infigure 2(c) and (d). In this study, aluminium
matrix nanocomposite test specimenswith three different concentrations (2 wt%, 4 wt% and 6 wt%) ofGRNPs
were cast formechanical characterization. The unreinforced Al alloy specimens are also prepared for
comparison.

The properties like tensile, compression, impact, hardness andwear of the prepared aluminium
nanocomposites are characterized using various diagnostic equipments. The tensile and compression test
specimens (figures 3(a) and (b))were prepared according to theASTM-E08 [36] andASTME09 [37],
respectively from the cast specimens. The tests were conducted on the specimens using a 100 kN servohydraulic
Instron universal TestingMachine at room temperature. The impact test specimens (figure 3(c))were prepared
from the cast specimens as per ASTM-E23 [38] and tests were carried out using theCharpy impact testmachine.
The hardness tests for the specimens were carried out as per ASTM-E18 standard in an FIERASNE-3 Rockwell
hardness testing unit. A ball indenter was pressed on the specimens at a load of 100 kg and five readings were
taken for each sample to ascertain precision hardness value. The Rockwell testmethod is chosen for hardness
testing because it is a quick and cost-effective process, the hardness value is directly readable irrespective of
surface quality of the specimen and optical evaluation is not required.

Further, using pin-on-disc setup (Make: DUCOM;Model:Wear&FrictionMonitor TR-201), thewear tests
were conducted for the specimens (figure 3(d)) as per ASTMG99 under dry conditions. The aluminium
nanocomposite test specimens as shown in (figure 3(d))were used as pin specimens (length: 30 mmand
diameter: 10 mm) and the pinned specimenwas positioned perpendicular to the counter face of a disc (EN31
steel) having diameter 60 mm. In the present work, the disc rotates at 500 rpm and the pinned specimenwas
loaded against the disc bymeans of deadweight loading systems. Thewear test was carried out for three samples
each for unreinforced Al alloy and different concentrated specimens (2 wt%, 4 wt%and 6 wt%) under the
normal loads of 5 N, 10 N, 15 N and duration of 5 min for each sample, and subsequently wear loss was recorded
byweighing the specimen.Duringwear test, the parameters such as relative speed, duration of experimental run
and load applied are kept constant throughout for all the experiments.

3. Experimental results

Themicrostructural andmechanical characterization results of the developed graphene nanoparticle reinforced
AlMMCs are discussed in this section.

Figure 1. (a)Optic image of AA6005 alloy sample, (b) SEM image of preformGRNPs.

Table 1.Properties of preformGRNPs.

Sl. No. Physical properties Description Mechanical properties Values

1 Colour Black powder Tensile strength 130 GPa

2 Purity >99% Elasticmodulus 1TPa

3 Average thickness (Z) 3–8 nm Thermal conductivity 5000 W/mK

4 Average lateral dimension (X&Y) 5–10 μm Electrical conductivity 10×107 S m−1

5 Number of layers 2–4 layers

6 Surface area 250 m2 g−1
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3.1.Microstructural characterization
Themicrostructure of the Al nanocomposite specimens cast with different concentrations was examined by
using a scanning electronmicroscope-SEM (FEIQuanta FEG 200) to study the distribution ofGRPNs in the Al
alloymatrix. (figures 4(a)–(c)) shows the SEM images of a polished cross-section of Al alloy- 2 wt%, 4 wt%and
6 wt%GRNPs reinforced composite specimens respectively. It is evident from the (figures 4(a), (b)) that the
GRNPs represented by bright spots are distributed extensively on the surfaces of the Al alloymatrix but found to
be negligible across the grain boundary. However, in the case of 6 wt% concentrated developed composite
specimen (figure 4(c)), the flake-shapedGRNPswere observed to bewell dispersed on the surfaces and at the
grain boundary of thematrix. This was attributed due to the goodwettingmechanism resulted frommatching
between the FCC crystal structure of Al and nature ofGRNPs. The presence of graphene particles at thematrix
grain boundary ensures a strong interfacial bond between themdue to the pinning of particles on the grain-
boundary structure. This will result in the strong opposition to the deformation across grain boundaries during
loading and thus increase in ultimate strength of the composites.Moreover, at some locations, voids/porosities
are formed at 6 wt%GRNPs (figure 4(d)). This is due to the entrapment of air between the particles during
molten alloy infiltration and variation in solidification rate within thematerial. So, with further increase in the
concentration ofGRNPs there found to be increased in the formation of voids.

Figure 5 shows the EDAXpattern of theGRNPs/Al alloy developed composite. The analysis was carried out
over a one square inch area offigure 4(c) and the pattern shows the characteristic peaks of carbon and
aluminiumalloyedwith other elements likeMg, Si, and Zn. This indicates the presence of graphene particles in
the Al alloymatrix.Moreover, it is demonstrated that oxides of aluminium are observed and other negligible
impurities were also noticed in EDAX that cannot be excluded.

3.2. Effect of GRNPSonmechanical properties
The tensile and compression properties of unreinforced cast Al alloy andGRNPs/Al alloy composites are
provided in table 2.

From the tensile test results, it was observed that with the addition of GRNPs inAl alloymelt there is an
enhancement of strength of the composites as compared to the unreinforced Al alloy. This is because the

Figure 2. (a)Al alloymelting andGRNPs heating inside the furnace; (b)mixing of preheatedGRNPswithmelt bymechanical stirrer;
(c) pouring ofmixture in the preheated die; (d) prepared Al nanocomposite specimens.
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graphene content in the aluminumalloymatrix strongly influences the enhancement of themechanical
properties of theGRNPs/ aluminumalloy composites. The ultimate tensile strength and yield strength of Al-6
wt%GRNPs increase up to 135.53MPa and 118.59MPa respectively. The increase in strength is due to the
strong interfacial bonding between the reinforcement and thematrix and grain strengthening effect. Also owing
to thefine eutecticmixing of silicon in thematrix and forming globules alongwith graphene particles, the
strength is increased.Moreover, with the increase in the concentration ofGRNPs the resistance to plastic
deformation increases, thereby increasing ultimate tensile strength. It is found that the% elongation decreased
due to the addition of particles indicating the brittle behaviour (reduced ductility) of composites (figure 6(a)).
The improvement in strength accompanied by reduction of elongation is observed to be significant as compared
to the literature [39, 40]. The aluminium composite specimens reinforcedwith 6 wt%GRNPs shows elongation
of almost 50% lower than that of unreinforced one and this is due to the above-mentioned statement. The tensile
test specimens after failure are shown infigure 6(b).

It was observed from the table 2 that with the increase in the concentration of reinforcements (2, 4 and
6 wt%), the compressive strength of Al alloymatrix based nanocomposite test specimens found to be increased
monotonously by 30.51%, 33.89%, and 44.21% respectively as compared to the unreinforced cast specimen.
This is due to the presence of dense graphene particles at higher concentrations across thematrix grain boundary
that impedes the dislocationmovement. Visual identification of the deformed specimens after the compression
test as shown in (figures 6(c)–(f)) also confirms that Al-6wt%GRNPs specimen displayed increased compressive
strength. The impact energy of the developed test composite specimens reinforcedwithGRNPs at different
concentrations is shown in (figure 7(a)). It is inferred from thefigure that increasingwt%ofGRNPs inAl alloy
matrix, the composites withstandmore impact load. This is because of the strong semi-metallic characteristic of
graphenewhich improves the bonding between reinforcement andmatrix. But, in case of unreinforced Al alloy,
due to the absence of graphene particles, the crack could initiates from theAl alloymatrix area and quickly
propagates in various directions without any obstruction and thus the impact energy is reduced. The impact
energy of Al-6wt%GRNPs specimens found to be high (i.e. absorbsmore energy during impact testing) and this
could be due to the presence of highly denseGRNPs in thematrix. The impact test specimens after fracture are
shown infigure 7(b).

Figure 3. (a)Tensile specimens; (b) compression specimens; (c) impact specimens; (d)wear test specimens.
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TheRockwell hardness of unreinforced Al alloy as shown in table 2 is found to be 25.87HRB andwith
increasingGRNPs content, the hardness of Al alloy nanocomposite specimen reinforcedwith 6 wt%GRNPs is
found to be 61.9HRB. It was observed from the table that the hardness of the developedGRNPs/Al alloy
composite specimens is directly proportional to the concentration ofGRNPs up to 6 wt%. The hardness of

Figure 4. SEM images ofGRNPs/Al alloy composite specimens—(a) 2 wt%; (b) 4 wt%; (c) 6 wt%; (d) formation of voids at 6 wt%
concentration.

Figure 5.EDAXpattern of theGRNPs (6 wt%)/Al alloy developed composite.
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Figure 6. (a)Tensile stress-strain behaviour ofGRNPs/Al alloy nanocomposites at different concentrations; (b) tensile test specimens
after failure; (c)–(f) compressive strength comparison of deformed nanocomposite specimens at different concentrations (figure (d)
and (f)) [41]).

Figure 7. (a) Impact energy comparison of the different test composite specimens; (b) impact test specimens after fracture; (c)
Rockwell hardness tested samples; (d) variation of cumulativemass loss in different test composite samples under applied loads.

8

Mater. Res. Express 6 (2019) 116593 BNayak andRKSahu



nanocomposite specimens is at least 1.25 to 2.5 times higher than that of unreinforced alloy. The improvement
in hardness of the composite specimens is due to the presence of a large number of stiff and strong graphene
flakes (exhibit significant surface area to volume ratio) in the Al alloymatrix (mostly on the grain boundaries and
part of them inside the grain of Al alloymatrix) that could effectively impede themovement of dislocations. Also,
may be attributed to the strong interaction between theGRNPs andAl alloymatrix at the interface which can
transfer the load efficiently from thematrix to the reinforcement. Figure 7(c) shows the Rockwell hardness tested
samples of different concentrations of graphene. As shown infigure 7(d), thewear is found to bemore in
unreinforced Al alloy samples as compared to theGRNPs/Al alloy nanocomposite samples and observed to be
maximumat the load of 15 N. But, with the increased addition ofGRNPs, thewear inAl nanocomposite samples
gets reduced. It is attributed to the hardGRNPswhich is exposed in between two surfaces sliding against each
other acts as a dry lubricant and prevents the Al alloymatrix from furtherwear if the concentration is increased
to 6 wt%.

Figure 8. (a)Generated 3DRVEmodel; (b)meshing of RVEmodel; (c)RVEunder uniaxial tensile loading.

Table 2.Properties of test specimens.

Sl. No. Test specimens

Ultimate tensile

strength (MPa)
Yield

strength (MPa)
Compressive

strength (MPa)
Rockwell hard-

ness (HRB)

1 Unreinforced cast Al

alloy

98.14 81.8 325.18 25.87

2 Al alloy-2wt%GRNPs 107.87 91.54 424.40 33.5

3 Al alloy-4wt%GRNPs 121 98 445.63 45.72

4 Al alloy-6wt%GRNPs 135.53 118.59 468.96 61.9
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4.Micro scale numerical simulation

4.1.Description of creation of RVEmodel
In the present article a RVE techniquewith incorporated particulate inclusions is developed to predict the tensile
behaviour of aluminiumnanocomposites. TheDigimat-FE software is used to create 3Dmicrostructure RVE
model of aluminiumnanocomposite. The RVEmicrostructuremodel is comprised of aluminiummatrix and
graphene particulate (as flake like shape) inclusionswith assumed perfectly bonded interface. Through proper
tuning of parameters, the size and dispersion of particulate inclusions in a nanocompositematerial can be
precisely stated. The size of the RVE is considered as very small so that computational timewill be less and
homogenous stress-strain relation can be expected in the entire RVE. The input parameters inDigimat-FE are
taken as follows: aluminium—elastic constant 70 GPa, density 2.70 g cm−3 andPoisson’s ratio 0.33, andGRNPs
—elastic constant 1020 GPa, density 2.1 g cm−3 and Poisson’s ratio 0.28. The RVEmodel was generated
(figure 8(a)) by assigning the volume fraction, shape, distribution of inclusion phase and theminimum relative
distance between inclusions. RVEmeshwas generated byDigimat-FEwith tetra element size 0.04 (figure 8(b)).

The application of boundary condition to the RVEmodel is themost important step during computational
process. In this paper, under static state of balancemix boundary condition (MBC)was applied to the 3DRVE
model using a set of equations and reference points [42]. InMBC, in one part the displacements will be applied
to theRVE and in other part the tractionswill be applied. The degree of freedom (DOF) of the nodes on the
outside faces is related by theDOFof the reference point using equationswith constraints. TheMBCs and stress
applied in the x-direction to the 2DRVE (figure 8(c))was permitted to show themacroscopic equivalent von
Mises stress state of the nanocomposites under uniaxial tensile loading.

4.2. Simulation results
The simulation results alongwith discussion on the validation of RVEmodel is shown clearly in this section. In
this paper RVEmodel was generated usingDigimat-FE, and by assigning all the pre-processing conditions RVE
model was exported toDigimat Solver. The displacement in the RVEmodel of aluminiumnanocomposite
(Al+6 wt% graphene particulate inclusions) under uniaxial load condition is shown infigure 9(a).

The equivalent vonMises stress in theRVEmodel (figure 9(b)) demonstrates that both the phases
(aluminium and graphene particulates) are perfectly bondedwith each other because of the high strength of

Figure 9. (a)Displacement in RVEmodel of aluminiumnanocomposite; (b) equivalent vonMises stress in RVEof composite; (c) cut
section of the RVE under stress; (d) total strain in the RVEmodel.
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GRNPs as compared to the Almatrix. The load applied to the RVEmodel is primarily transferred to thematrix
phase and then distributed to the inclusion phase. As a result, maximum stress is induced in the inclusion phase
which is ascertained infigure 9(c). The investigation on the state of stress will be useful to point out the defects
occurred. Themain reasons of failure of nanocomposites during the stage of bothmanufacturing and their
applications could be due to the originated defects and its escalation under applied stress. This can be realized
from the figure 8(c)where deformation of RVEmodel of nanocomposite takes place. The total strain in the RVE
model in x-direction (figure 9(d)) clearly shows that strain in the inclusion phase is very small as compared to the
matrix phase. This is due to the high elasticmodulus characteristics of dispersedGRNPs as compared to the Al
matrix phase. Similarly, the RVEmodel was generated for other concentrations of graphene particulate
inclusions in this study, and the stress-strain graphs for different concentrations obtained fromDigimat-FE
solver in the RVE are presented infigure 10.

The difference between the plots of stress-strain in the RVEof aluminiumnanocomposites is a result of the
different concentration of the particulate inclusions. The graphs obtained from the simulation are compared
with the tensile stress-strain plots obtained from the experimentation for 2, 4 and 6 wt%graphene reinforced

Figure 10.Comparison between simulation and experimental results: stress-strain relation plots for (a)Al+2 wt%GRNPs;
(b)Al+4 wt%GRNPs; (c)Al+6 wt%GRNPs.
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nanocomposites as shown in the figure 10. The results reveal that the tensile properties of the aluminium
nanocomposites predicted using RVEmodel are inwell agreementwith the experimental values. It can be
inferred that the effect of interactions between graphene particulate inclusions and aluminiummatrix in the
developed 3Dmicrostructure RVEmodel of aluminiumnanocomposites considered being practical. This
results in preciseDigimat-FE prediction of the stress-strain relationwithin the nanocomposites. Further, the
Digimat-FE simulation can be applicable to detect the damage of nanocompositemicrostructure during the
loading process in a cost-effective and non-destructivemanner.

5. Conclusions

In this article, an experimental approach has beenmade to develop graphene nanoparticles (GRNPs) reinforced
Al-alloy nanocomposites using stir casting process. The nanocompositematerials were synthesizedwithwell-
dispersed graphene inclusions inside an aluminium alloymatrix. The reinforcements are in the formofflakes
having size—thickness in the range of 3–8 nmand lateral dimension of 5–10 μm, and the concentrationwas
taken as 2 wt%, 4 wt% and 6 wt%.Characterization of the developed nanocomposites was carried out using
various diagnostic equipments. Further, 3DRVEmodel of aluminiumnanocomposite was generated using
Digimat-FE software and the deformation behaviour under uniaxial tensile loadwas analyzed. The following
conclusions are drawn from the experimental and simulation results.

1. The microstructural analyses showed that at 6 wt% concentrated developed nanocomposite specimen, the
GRNPswas found to bewell distributed both on the surfaces and at the grain boundary of the Al alloy
matrix. But, at lower concentrations (<6 wt%) the dispersion ofGRNPs observed to be negligible across the
grain boundary.

2. A large amount of porosity was observed in the Al nanocomposites with the increase in the concentration of
nano-reinforcements.

3.With the increase in graphene content to 6 wt%, the tensile strength, compressive strength, impact energy,
hardness andwear resistance of the nanocomposites were increased by 9% to 36%, 30% to 44%, 9.8 J, 36.03
HRB and 33% respectively as compared to unreinforced alloy.

4. At 6 wt%GRNPs, the elongationwas almost found to be 50% reduced than the unreinforced one indicating
the brittle behaviour ofGRNPs/Al-alloy composites when concentration of reinforcement was increased.

5. The simulation results reveal that the tensile properties of the aluminium nanocomposites predicted using
RVEmodel are inwell agreement with experimental values.

6. RVEmodel created usingDigimat-FE permits reproducing the actual deformation of the aluminiummatrix
with graphene particulate inclusions and precise prediction of the stress-strain relationwithin the
nanocomposites.
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