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ARTICLE INFO                          ABSTRACT 
 
This study investigated the use of reduced graphene oxide (rGO) obtained by chemical route as a 
reinforcement phase in aluminium matrix nanocomposites (AMNCs) fabricated by powder 
metallurgy. Mechanical milling of a mixture of aluminium and rGO powders was able to form 
homogeneous and highly densified composites, allowing an effective interaction between matrix 
and reinforcement to establish. The effect of rGO content (ranging for 0.01 to 1.0 wt%) on the 
mechanical properties of rGO-AMNCs was investigated. Microhardness, elastic modulus and 
yield strength increase gradually up to 0.5 wt% with respective gains of 308%, 61% and 86%. 
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INTRODUCTION 

Aluminium matrix nanocomposites (AMNCs) reinforced with carbon 
nanomaterials have attracted great attention in the last few decades 
due to their potential use in different areas such as the automotive and 
aerospace sectors, meeting specific demands currently fulfilled 
exclusively by metals and their alloys (Nieto, 2017). These 
nanocomposite materials offer a unique balance of the physical and 
mechanical properties of its constituents, such as ductility, tenacity, 
and thermal and electrical properties of the metallic matrix, together 
with the high elastic modulus, and high electrical and thermal 
conductivity of the graphenic materials. In addition, the proportions 
of the phases in the metal matrix composites (MMCs) are not directly 
limited by thermodynamic factors as in metallic alloys, offering great 
possibilities in terms of properties that can be designed, customized 
and adapted to a given application (Bianco, 2013). Among carbon 
nanomaterials, carbon nanotubes (CNTs) and, more recently, all 
graphene family compounds (Bianco, 2013), i.e., graphene oxide 
(GO), reduced graphene oxide (rGO), few layer graphene (FLG), 
graphene nanosheets (GNS) and graphene nanoplatelets (GNPs) are 
considered to be the best candidates to provide AMNCs with better 
enhanced properties. Graphene materials seem to comprise the best 
choice for reinforcement in nanocomposites over other forms of 
carbon due to their relatively large surface area providing greater  

 
 
 
 
interaction with the matrix material, which implies an increased and 
more efficient transfer of electrons, phonons or mechanical stresses 
(Nieto, 2017). Many researchers have focused in attempting to 
incorporate graphene materials into Al matrix in order to obtain 
AMNCs with desirable properties. Despite constant efforts, the 
reinforcing effects are still notably lower than the theoretically 
predicted, due mainly to factors related with incorporation and 
dispersion efficiency of the graphene material in the Al matrix during 
processing (Baig, 2018). In the face of the different processing 
methodologies like powder metallurgy, colloidal processing, 
molecular level mixing and nanoscale dispersion, powder metallurgy 
by ball milling processing (BM) is widely used due to its low 
processing temperature which is beneficial by avoiding or controlling 
the harmful reaction interface, allied to the relatively low cost, 
reproducibility and scalability that make this processing a common 
choice for obtaining AMNCs. Bartolucci et al. (Bartolucci, 2011) was 
one of the first to report obtaining an AMNC reinforced with 
graphene. The authors evidenced a remarkable decrease in 
mechanical properties of the AMNC, which was attributed to the 
formation of interfacial products. In the  following studies, different 
methodologies showed promising results regarding a gain in 
mechanical properties of the AMNCs, mostly reinforced with GNPs 
(Bartolucci, 2011; Bianco, 2013; El-Ghazaly, 2017; Jiang, 2019; 
Khan, 2017; Kwon, 2017; Li, 2017, 2015a; Liu, 2016; Niteesh 
Kumar, 2017; Pérez-bustamante, 2014; Raj, 2020; Rashad, 2014; 
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Shin, 2016; Syed Nasimul Alamn, 2016; Turan, 2020; Zan Li et al., 
2014). A few approaches consider AMNCs reinforced with rGO, 
obtained in situ by thermal reduction (trGO) during the sinterization 
process (Abdolhosseinzadeh, 2015; Bisht, 2017; Li, 2015b; Pérez
bustamante, 2014; Sun, 2017; Zan, 2020). Due to its grapheme
nature allied with its own characteristics, such as the high degree of 
exfoliation and high-throughput production process, rGO is an 
important candidate as reinforcement in AMNCs. Herein, rGO 
previously obtained by low temperature chemical route was used as a 
reinforcement material in AMNCs prepared by powder metallurgy. 
SEM and TEM analysis were conducted to evaluate microstructural 
changes and help ensure the desirable material modifications. 
Furthermore, the influence of the rGO content in the mechanical 
properties of the composite, such as compressive strength and 
microhardness, were measured and compared with
related works.  

MATERIALS AND METHODS

Materials: Atomized aluminium powder of globular particles with 
mean size of 6 µm (purity > 99.5%) was supplied by Alcoa®, Brazil, 
and used as received. Milled expanded grafite with average lateral 
size of 8 µm and thickness of 5-10 nm was supplied by Nacional de 
Graphite LTDA, Brazil. For simplification purposes this sample was 
labelled as GNP. All solvents and reagents were of analytic grade and 
used without further purification. 
 
Preparation of rGO: Firstly, a graphene oxide (GO) sample was 
obtained from natural graphite through an adapted Hummers method 
described by Abdolhosseinzadeh et al.(Abdolhosseinzadeh, 2015)
The sample was washed with 1 mol.L-1 HCl solution a
water for several times by centrifugation (Eppendorf, 5810
10000 rpm. The final solid precipitate was dried at temperatures 
below 40°C under vacuum for 48 hours and was manually ground 
until it passed through a sieve of 40# to obtain a h
powdered sample, which was chemically reduced to rGO. This 
reduction was carried out in one step under reflux treatment in pH 10 
solution containing 0.45 mol.L-1 L-ascorbic acid (LAA) as reducing 
agent (LAA:GO = 10:1). The solid product was separ
filtration and washed using deionized water and 
The final product was collected and dried in vacuum at temperature 
lower than 40°C for 24h. 
 
Preparation of AMNCs: The AMNC powders were prepared by ball 
milling at 250 rpm for 3 h in a 250 mL stainless steel jar with steel 
grinding balls of 2 mm in diameter, under inert atmosphere of 
ultrapure N2, using a Retch PM 100 high energy (Germany) planetary 
ball mill. The ball to powder weight ratio was kept constant at 10:1. 
Methanol (CH3OH) with purity of 99.99% was used as process 
control agent to avoid cold welding in a ratio of 0.8 wt% in relation to 
the aluminium content. At the end of the process, the jar with the 
powder blend was kept in a desiccator under vacuum to allow the 
passivation of the metallic powders for 24 h. Afterwards, each 
powder was placed in a die of 10 mm in diameter and cold compacted 
at a compaction pressure of 550 MPa in order to fabricate the billets. 
The obtained samples were placed in a tubular furnace w
inert gas atmosphere. The sintering conditions were: maximum 
temperature of 605°C, holding time of 180 min, and heating rate of 
10 C.min-1. Samples with different weight percent of the 
reinforcement ranging from 0.01, 0.05, 0.5 and
obtained. For comparison an Al sample was also prepared using the 
same method excluding the graphene material addition.
 
Characterization: Morphology and structural characterizations were 
performed by optical microscopy (OM; Carl Zeiss
A2m, Gottingen, Germany), scanning electron microscopy (SEM) 
(SEM, TESCAN VEGA2) and transmission electron microscopy 
(Tecnai G2-20 Super Twin, FEI under the acceleration voltage of 200 
KV). The relative density of the AMNC samples was measured by 
Archimedes’ principle. The microhardness measurements were 
performed using a Vickers Wilson-402 MVD microdurometer with a 

47595            Daniel Andrada Maria et al., Reduced graphene oxide as reinforcement in aluminium nanocomposites prepared by powder metallurgy

 

Shin, 2016; Syed Nasimul Alamn, 2016; Turan, 2020; Zan Li et al., 
AMNCs reinforced with rGO, 

obtained in situ by thermal reduction (trGO) during the sinterization 
(Abdolhosseinzadeh, 2015; Bisht, 2017; Li, 2015b; Pérez-

. Due to its grapheme-like 
nature allied with its own characteristics, such as the high degree of 

tion process, rGO is an 
important candidate as reinforcement in AMNCs. Herein, rGO 
previously obtained by low temperature chemical route was used as a 
reinforcement material in AMNCs prepared by powder metallurgy. 

luate microstructural 
changes and help ensure the desirable material modifications. 
Furthermore, the influence of the rGO content in the mechanical 
properties of the composite, such as compressive strength and 
microhardness, were measured and compared with those reported in 

MATERIALS AND METHODS 

Atomized aluminium powder of globular particles with 
mean size of 6 µm (purity > 99.5%) was supplied by Alcoa®, Brazil, 

with average lateral 
10 nm was supplied by Nacional de 

Graphite LTDA, Brazil. For simplification purposes this sample was 
labelled as GNP. All solvents and reagents were of analytic grade and 

Firstly, a graphene oxide (GO) sample was 
obtained from natural graphite through an adapted Hummers method 

(Abdolhosseinzadeh, 2015). 
HCl solution and distilled 

water for several times by centrifugation (Eppendorf, 5810-R) at 
10000 rpm. The final solid precipitate was dried at temperatures 
below 40°C under vacuum for 48 hours and was manually ground 
until it passed through a sieve of 40# to obtain a homogenous 
powdered sample, which was chemically reduced to rGO. This 
reduction was carried out in one step under reflux treatment in pH 10 

ascorbic acid (LAA) as reducing 
agent (LAA:GO = 10:1). The solid product was separated by vacuum 

 anhydrous ethanol. 
The final product was collected and dried in vacuum at temperature 

The AMNC powders were prepared by ball 
or 3 h in a 250 mL stainless steel jar with steel 

grinding balls of 2 mm in diameter, under inert atmosphere of 
, using a Retch PM 100 high energy (Germany) planetary 

ball mill. The ball to powder weight ratio was kept constant at 10:1. 
OH) with purity of 99.99% was used as process 

control agent to avoid cold welding in a ratio of 0.8 wt% in relation to 
the aluminium content. At the end of the process, the jar with the 
powder blend was kept in a desiccator under vacuum to allow the 
passivation of the metallic powders for 24 h. Afterwards, each 
powder was placed in a die of 10 mm in diameter and cold compacted 
at a compaction pressure of 550 MPa in order to fabricate the billets. 
The obtained samples were placed in a tubular furnace with dry and 
inert gas atmosphere. The sintering conditions were: maximum 
temperature of 605°C, holding time of 180 min, and heating rate of 

. Samples with different weight percent of the 
reinforcement ranging from 0.01, 0.05, 0.5 and 1.00 wt% were 
obtained. For comparison an Al sample was also prepared using the 
same method excluding the graphene material addition. 

Morphology and structural characterizations were 
performed by optical microscopy (OM; Carl Zeiss–Axio Imager 

, Gottingen, Germany), scanning electron microscopy (SEM) 
(SEM, TESCAN VEGA2) and transmission electron microscopy 

20 Super Twin, FEI under the acceleration voltage of 200 
KV). The relative density of the AMNC samples was measured by 

principle. The microhardness measurements were 
402 MVD microdurometer with a 

load of 0.2 kgf and a time of 15 seconds. Compression tests were 
performed at room temperature on the basis of the monolithic 
cylindrical samples according to ASTM E9 using an Instron 2300 
universal test machine with a 100 KN load cell with a speed of 0.5 
mm.min-1. Cylindrical samples with an aspect ratio (l / d) of ~ 1.5 
were used in all assays. At least three samples for each composition 
were measured to ensure the accuracy.

RESULTS AND DISCUSSIONS

Morphology of the composite powders
dispersion, all mixtures resulted in a fine powder with a bright 
surface. In this condition, the resulting powders are still very reactive 
and need to be handled very carefully. SEM images of the powders 
obtained by manual mixing show aspects of both Al matrix and 
isolated reinforcement (Fig. 1 – a-b). Fig. 1
flake of rGO attached to a non
before dispersion by ball milling. 
 

 
Fig. 1. SEM images of Al particle(a), 1.0 wt% rGO

dispersion (b) and 1.0 wt% rGO-AMNC after ball milling dispersion (c)

After milling it was not possible to distinguish the phases of carbon 
material from the metal matrix (Figure 1
shape resulting from cold welding, deformation and fragmentation 
are observed in the image. Such a change in the morphology of the 
particles can be considered desirable from the point of view of 
compaction, since in thesis they provide a better packing than 
spherical particles allowing to obtain a higher densification. No rGO 
agglomerate was observed in representative SEM images of the 
milling composites. 
 
Density of AMNCs: Calculated (ρ
values of sintered composites were evaluated for all AMNCs and are 
displayed in Table 1. Calculated densities were computed by the rule 
of mixtures, using the experimentally measured density of each 
constituent of the composite materia
to be respectively 2.698±0.006 g.cm
rGO is less dense than aluminium, a slightly reduction in the density 
of the composites is expected in the range of the reinforcement 
concentration studied here. A significant reduction should just occur 
with incorporating large volumes of reinforcement.
aluminium, a reduction of ~ 2% in the measured density after 
sintering (2.63±0.01) was observed in comparison to the one 
measured for Al powder. This reduction demonstrates the high level 
of densification that can be achieved by the proposed methodology, 
and is in accordance with the literature values
2014; Zan, 2020). For rGO-AMNCs
2.63±0.01, 2.63±0.01, 2.60±0.01 and 2.57±0.01 for 0.01, 0.05, 0.5 
and 1.0 wt% rGO content, respectively. Above the content of 0.5 
wt%, the incorporation of reinforcement materials has a symptomatic 
effect in reducing the density, reaching ~96% in terms of relative ρ
A general difference between ρe

mixing rule neglecting any effect related to morphological, textural 
changes such as porosity and / or product formation (agglomeration 
of the reinforcement) changes, interface between aluminium and 
carbon, etc. Similar results were obtained by Khan et al. 
Zan, 2020), who used a similar methodology to that used in this work 
and in other studies using other processing methodologies 
2017; Li, 2017). In order to evalua
composites by verifying of any significant porosity, the surface of 
rGO-AMNC was evaluated by optical microscopy (OM) and SEM. 
Figure 2 shows OM and SEM images for 1.0 wt% rGO
respectively, revealing an effective compactio
powders after sintering without evidences of significant porosity or 
rGO agglomeration. 
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SEM images of Al particle(a), 1.0 wt% rGO-AMNC before 
AMNC after ball milling dispersion (c) 

 

After milling it was not possible to distinguish the phases of carbon 
from the metal matrix (Figure 1-c). Particles of irregular 
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particles can be considered desirable from the point of view of 
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Microhardness and compression tests of the AMNCs: Table 1 
displays the values of Vickers microhardness (HV) and the 
parameters of compression modulus (E), 0.2% yield strength (YS) 
and ultimate compressive strength (UCS) obtained from the stress-
strain curves for the rGO-AMNC composites in different mass 
fractions. In general, it was observed that HV, YS and E gradually 
increases by increasing the reinforcement content until the limit of 
0.5 wt% of rGO and then decrease at 1.0 wt%. The 0.2% YS 
parameter is a measure of the resistance of the material to flow or to 
being submitted to plastic deformation. An increase of up to 86% in 
YS at 0.5% wt%. rGO agrees with the expectative of increase in 
mechanical resistance of the composite material. Furthermore, the 
increase of 61% of the elastic modulus reflects the synergetic 
combination of the elastic modulus of the matrix and the 
reinforcement, which can be reached when the material responds as a 
composite. Thus, we can consider that although we did not observe a 
clear trend or real gain in the UCS, in agreement with the results of 
Rashad et al.(Rashad, 2014), YS and E parameters provided 
evidences that rGO can act as an effective reinforcement in AMNCs. 
Similar behaviour was obtained in other studies reporting an 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
enhancement in the mechanical properties of Al nanocomposites via 
favourable dispersion at low mass fraction up to 0.5 wt% of graphene 
material (Baig, 2018; Li, 2015a; Sun, 2017). However, the gain of ~ 3 
times (308%) in HV observed here for 0.5 wt% rGO-AMNC, from ~ 
39 HV (382.5 MPA) for pure Al to ~ 120 HV (1177 MPA), had not 
been reported until now. Table 2 compares our result with the others 
reported in the literature. Few works have reached near the maximum 
gain observed in this work, despite using a relatively higher amount 
of reinforcement (El-Ghazaly, 2017; Kwon, 2017; Syed Nasimul 
Alamn, 2016). 
 
Microstructure of the AMNCs: In order to evaluate the interface and 
the phases present in the obtained composites, TEM analysis was 
carried out from thin sections obtained for the rGO-AMNCs sample. 
Figure 3 shows a sequence of images obtained for the 1 wt% rGO-
AMNC sample in different magnifications. Initially it is possible to 
identify elongated Al grains (Figure 3 (a)), which are presented in this 
way because of the milling of the powders, which cause a 
deformation of the Al particles, changing their original rounded shape 
into elongated plates with a thickness of ~ 600 nm and with a higher 

 
 

Fig. 2. Optical image of polished non-etched surfaces at 400x magnifications for 1.0 wt% rGO-AMNC (a) and SEM images under different 
magnifications (b-d) for 1.0 wt% rGO- AMNC 

 

 
 

Fig. 3. TEM images under different magnifications for the 1 wt% rGO-AMNC sample 

 
Table 1. Mean values of ρc, ρe, HV, 0.2% YS, E and UCS for the rGO-AMNC 

 
wt% ρc (g.cm-3) ρe (g.cm-3) HV 0.2% YS (MPa) E (GPa) UCS (MPa) 
0 2.63±0.01 2.698 39 ± 2 57 ± 2 4.4 ± 0,2 299 ± 16 
0.01 2.63±0.02 2.698 43 ± 3 57 ± 3 5.1 ± 0,5 305 ± 5 
0.05 2.63±0.01 2.697 47 ± 3 71 ± 1 5.1 ± 0,4 255 ± 3 
0.5 2.60±0.01 2.689 120 ± 4 106 ± 4 7.1 ± 0,2 284 ± 2 
1.0 2.57±0.01 2.681 98 ± 2 99 ± 5 6.6 ± 1,0 274 ± 11 

 
Table 2. Comparison between the HV values reported here and in the literature for graphene content AMNCs 

 
Reinforcement Mass fraction Microhardness variation Reference 
trGO 0-0.1% wt. ~1.2x increase in HV (0.1% wt.) (Bartolucci, 2011) 
GNPs 0-3% wt. ~1.7x increase in HV (3.0% wt.) (Latief, 2011) 
GNPs 0-5% wt. ~1.6x increase in HV (5.0 % wt.) (El-Ghazaly, 2017) 
GNPs 0-5% wt. ~3.0x increase in HV (1.0 % wt.) (Syed Nasimul Alamn, 2016) 
GO 1.0% vol. ~2.4x increase in HV (1.0% vol.) (Kwon, 2017) 
trGO 0-5% wt. ~1.2x increase in HV (0.5% wt.) (Sun, 2017) 
GNPs e trGO 0-5% wt. ~1.4x increase in HV (0.3 % wt.) (Liu, 2016) 
GNPs 0-5% wt. ~1.6x increase in HV (1.5 % wt.) (Baig, 2018) 
GNPs 0-5% wt. ~1.3x increase in HV (0.5 % wt.) (Turan, 2020) 
GO 0-0.2% wt. ~1.1x increase in HV (0.2% wt.) (Dasari, 2018) 
GNPs 0-1.0% wt. ~1.9x increase in HV (1.0% wt.) (Raj, 2020) 
rGO 0.5% wt. ~3.0x increase in HV (0.5 % wt.) Present work 
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width of 6 m (not shown). Regions of grain boundaries (GB) as well 
as the occurrence of some dislocations in the Al matrix ({D}) can be 
observed in Figure 3 (a). Pores or voids were not identified in the 
TEM images, again characterizing a well densified sample. GB are 
present as discontinuous phases in the Al matrix. Similar results were 
observed by Zhang et al.(Jiang, 2019; Li, 2015b; Zan, 2020). Due to 
its intrinsic characteristics as relative low crystallinity, high 
exfoliation degree, thin morphology, allied to its relative low mass 
fraction in the AMNCs, rGO phase becomes an object of difficult 
observation, mainly if it is intercalated between GB or surfaces of 
adjacent Al particles. However, in some specific regions of the 
sample outside the grain boundary region, it was possible to identify 
the rGO phase in the form of thin curved or folded layers (Figure 3 
(c) e (d)), showing that the rGO phase was introduced into the Al 
matrix and does not occupy only the border regions between the 
metal particles. The reinforcement phase incorporated into the matrix 
reflects the conditions where stress transfer from the matrix to the 
reinforcement can be activated. Moreover, Figure 3 (d) illustrates the 
tendency of occurrence of discordances {D} pilling up in the 
interface formed between the Al matrix and the rGO layer. The rGO 
act as an effective barrier to the movement of dislocations, thus 
controlling and restricting the plastic deformation of the matrix. Also, 
the rGO was found dispersed in the Al matrix and in suitable 
conditions to allow stress transfer phenomena to occur. These 
observations agree with the results obtained of increase in 
microhardness and their overall macroscopic mechanical properties. 
Due their own characteristics, such as the high degree of exfoliation, 
high dispersibility and relative higher interfacial strength(Chen, 2021; 
Li, 2018; Zhang, 2021) than other near-pristine or high-quality 
graphene materials like GNPs, the rGOcan act as effective 
reinforcement phase in AMNCs. 

CONCLUSIONS 

Chemical reduced GO (rGO) was employed as reinforcement in 
AMNCs. Composites with uniformly dispersed rGO in loadings of 
0.01 to 1.0 wt% were successfully manufactured by powder 
metallurgy technique using the ball milling processes. Uniaxial 
pressing and pressureless sintering were used for the densification of 
mixed powders into compact composite bodies. The degree of 
densification of the sintered composites was of ~96%. Pores and 
voids were not identified by TEM, which also characterized the rGO 
phase acting as a barrier to the movement of dislocations and fully 
inserted into the metallic matrix in an appropriate condition for the 
phenomena of stress transfer. Additionally, intermetallic compounds 
like Al4C3 were not evidenced, signaling a good interaction between 
the reinforcement and the metal matrix. As a consequence, gains in 
mechanical properties of 61% in elastic modulus, 86% in yield 
strength and 308% in microhardness were reached for rGO-AMMCs 
at the limit of 0.5 wt% rGO content. 
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