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h i g h l i g h t s

� Homogeneous dispersion of nano 2D
– Grnp in an aluminium matrix is
achieved by reinforcing a synthesized
novel mixture with embedded and
interlocked 2D – Grnp.

� This research focuses on development
of isotopic composite material aimed
for launch vehicle Super Lightweight
fuel Tank (SLWT) Structural
Application.

� 0.5 wt% 2D – Grnp and its
homogeneous dispersion facilitated
homogeneous nucleation of the stable
h-Al2Cu intermetallic precipitate
which resulted in improved
mechanical properties compared to
the pure alloy.

� A successful isotropic composite
material is created and three major
strengthening mechanisms are
responsible for the enhancement in
the mechanical properties were (1)
precipitation hardening, (2) grain
refinement strengthening and (3)
dispersion strengthening.

� This innovation of synthesizing novel
mixture with embedded and
interlocked 2D – Grnp and reinforcing
them to achieve homogenous
dispersion creates a pathway in
fabricating large scale isotropic
composite materials that can be used
in aerospace and space exploration
g r a p h i c a l a b s t r a c t
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applications as an alternate material
for light weighting with improved
properties.
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The need for lightweight materials towards aerospace has increased prominently. This paper focuses on
introducing a novel reinforcement mixture of graphene with Al 2014 powder synthesised through ball
milling technique. The synthesized powder was utilized as a reinforcement to fabricate Al 2014 based
MMCs through squeeze casting technique. The results exhibited that Al 2014 mixture with embedded
and interlocked 2D-Grnp (2.517 g/cm3) matched the density of the matrix metal (2.771 g/cm3) that facil-
itated homogeneous dispersion of 2D-Grnp and solved the dispersion problems during stir casting. As a
result, AA 2014 embedded with 2D-Grnp acted as a carrier to homogeneously disperse combined with
the squeeze casting process leading to the production of homogeneously reinforced MMC. This can be
considered as a potential fabrication route for the launch vehicle super lightweight fuel tank (SLWT)
structural application. The final casted plate after T6 heat treatment with 0.5 wt% 2D-Grnp exhibited
an improved tensile strength of 361 MPa (52% higher than the monolithic 2014 aluminium alloy) with
total elongation of 21% and improved hardness of 119 HRB (45.5 % increase). Furthermore, SEM and
TEM results exhibited that squeeze casting led to enhanced interfacial bonding between the 2D-Grnp
and Al 2014.
� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Aluminium alloy (AA) 2xxx series and their metal matrix MMCs
(MMCs) have great potential as an alternate super lightweight
material in aerospace and space exploration application and has
gained tremendous attention among researchers due to their
improved strength, heat treatability, formability, reduced density,
improved fracture toughness at cryogenic temperatures and abun-
dant availability of resources of matrix material at fair cost per
kilogram (cost/kg) [1–3]. Particularly, various researchers reported
that AA 2014 with reinforcements could be considered for various
structural applications owing to its improved strength-
microstructural integrity [4–6]. Further, AA 2014 is a heat-
treatable alloy which exhibits increased strength properties and
has unique microstructural characteristics when heat treated [5].
With these advantages, it is quite necessary to engineer the
microstructure of the developed metal matrix that can further
enhance the strength-microstructural integrity for various applica-
tions [5]. Engineering such novel nanocomposites with fine grain
microstructure, enhanced particulate-matrix interfacial bonding
and improved overall density for aerospace and space exploration
structural application needs a careful selection of reinforcement
type that needs to be reinforced with matrix metal AA 2014 [6–7].

Among various other carbides and oxides forms of ceramic rein-
forcements, graphene is considered as one of the promising mate-
rials to reinforce MMCs which are utilized for aerospace and space
exploration applications [3,6]. 2D – Graphene nano particulates
exhibit hybrid sp2 orbital characteristics with strongly bonded car-
bon atoms that are found in a single layer with a hexagonal posi-
tioned structure. Grnp is one of the strongest materials in the
market, which exhibits an ultimate tensile strength of 130 GPa,
Young’s modulus of 1 TPa [4–5], superior thermal conductivity of
5000 Wm�1 K�1, higher specific surface area of 2630 m2 g�1, supe-
rior electrical conductivity of upto 100 MS/m [5–6] and with low
density of 2.2 g cm�3[7] Grnp is considered as an effective rein-
forcement material for Al-based MMC. Reinforcing Grnp with
higher specific surface area provides improved particle to particle
interfaces with enhanced load transfer mechanism, making it
superior to single walled or multi walled carbon nanotubes for fab-
ricating MMCs [8]. To meet the fuel tank structural application
demand and their property requirements and to utilize the excel-
lent mechanical properties with full potential offered by reinforced
2

graphene not more than 0.5 wt% [9–11], is required to disperse the
reinforced Grnp homogeneously and achieve strong interfacial
bonding in the final MMC plate.

Considering the MMC processing and fabrication routes, recent
research studies have highlighted and emphasized on using solid-
state powder processing routes like hot pressing [9–12], micro-
wave sintering and spark plasma sintering [13], surface processing
routes like friction stir processing and pressure infiltration routes
[14–15] are majorly used to produce 2D – Grnp reinforced alu-
minium MMCs. However, these solid-state processing routes have
the capability to support the fabrication of MMCs only in small-
sized components and are highly expensive. Thus, for fabricating
MMCs at a larger scale towards structural applications, a liquid
metallurgy route like stir casting or squeeze casting methods are
the only viable options [9,16]. Compared to solid-state MMC man-
ufacturing methods, liquid in-situ manufacturing methods exhibits
various process advantages like improved yield, low manufactur-
ing cost and simple operational flow that make it more reliable
to fabricate MMCs [17 –18]. Although with these advantages,
researchers and manufacturing companies feel unfortunate to fab-
ricate nanoparticles reinforced MMCs owing to its significant den-
sity mismatch, which leads to poor wettability during the stirring
process and the 2D – Grnp tend to float on the molten alloy pool
making the liquid fabrication route a great challenge to make as
a commercial regular production route [6,10,19].

To fabricate a MMC with homogeneously dispersed Grnp, vari-
ous researchers have employed powder processing methods using
high energy planetary ball milling (HEPBM) techniques which may
facilitate dispersion of low dense 2D – Grnp homogeneously in the
aluminiummatrix metal by superior shear forces [9,20]. During the
HEPBM process lower speed ball milling facilitates uniform disper-
sion of 2D – Grnp onto the surface of aluminium powder by provid-
ing sufficient shear force and causing the 2D – Grnp to embed and
cold weld onto the deformed aluminium powder at higher speed
ball milling [13]. In addition, 2D – Grnp dispersion efficiency
majorly influenced by total ball milling duration. Various research-
ers have reported that the longer ball milling duration facilitates
uniform dispersion as well as reducing the stacked 2D – Grnp layers
[8,11]. Furthermore, stacked 2D – Grnp in ideal conditions with
poor surface tension also influences the wettability and interfacial
bonding of them to the matrix metal that creates a fabrication dif-
ficulty using any casting technique [9,21–23]. Due to this phe-
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nomenon, it is quite challenging to introduce 2D – Grnp into the
molten matrix metal whirlpool during stirring directly [12,24–26].

To overcome the issue of achieving homogeneous dispersion of
graphene nanoparticles onto the Al matrix, various researchers
have tried to embed powder processing into the liquid in-situ
routes to fabricate MMCs. In our previous research, MMC mixtures
were processed using 2D – Grnp-aluminium powder through pow-
der metallurgy and have improved the overall properties of the
MMC compared with the monolithic alloy [27,28]. The processed
powder mixture with reinforced nano 2D – Grnp were processed
with high energy ball milling and ultra-sonication which exhibited
homogenous dispersion of 2D – Grnp in the matrix aluminium
alloys like 2024, 2219, 2014 and 6061 as well as good interfacial
bonding among the dispersed 2D – Grnp and by forming active
stable precipitates (Al2Cu and Al2CuMg) at the grain-
reinforcement-matrix interface, respectively [27,28].

In this research work, integration of powder processing and liq-
uid metallurgy is carried out. The in-situ processed novel powder
mixture of aluminium parent alloy 2014 powder with 0.5 wt% 2D
– Grnp is synthesised through HEPBM followed by adding the mix-
ture to the stir casting stir molten pool to fabricate the MMCs
through stir followed by squeeze casting technique. The mixture
with parent alloy 2014 with 0.5 wt% of 2D – Grnp facilitated and
solved the issue of density mismatch between the 2D – Grnp and
2014 matrix alloy and the floating issue of 2D – Grnp when added
to the stir pool during the process. By using the mixture during the
stir-cum-squeeze casting process the MMC with homogenously
dispersed 2D – Grnp was produced in solid casted billets and can
be hot rolled into bigger MMC plates and in large scale which will
create a new pathway to fabrication technology to fabricate alu-
minium based MMC that can be more suitable as a potential
replacement for the SLWT structural applications which may
reduce the overall weight of the launch vehicle in a significant
amount making space travel more cost and fuel-efficient while
meetings the strength and ductility requirements. In this paper,
along with the fabrication of MMC various other microstructural
investigations and mechanical properties were performed to eval-
uate the influence of the novel mixture.
2. Experimental procedures

2.1. In-situ synthesis of the 2D – Grnp/AA 2014 novel powder mixture

Fig. 1 illustrates the process schematic of novel mixture synthe-
sis and the 2D – Grnp/AA 2014 MMC using the squeeze casting pro-
cess. 2D – Grnp nano-particulate in the form of a flaky structure
with dimensions of �10 lm in length and width and 5 nm in thick-
ness was procured from Angstron Materials Inc USA. and used as a
main constituent in preparing the novel mixture. AA 2014 powder
Fig. 1. Schematic of the novel mixture processing and the 2
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with particle size �25 lm and density of 2.80 g/cm3 was used as
supporting material to produce the reinforcing particulates due
to its closer density match with the matrix (2.76 g/cm3) which is
considered towards the fabrication of MMCs. The 2D – Grnp with
overall density of 2.267 g/cm3 of 0.5 wt% (5 g) and AA 2014 powder
(20 g) with a mixture ratio of 1:4 has been processed through a
HEPBM technique using tungsten carbide balls in them with a ball
to powder ratio of 5:1. The HEPBM process was conducted in two
modes, one with low speed of 150 rpm for 2 h followed by high
speed of 320 rpm for 1 h. AA 2014/2D – Grnp mixture mechanically
mixed by HEPBM process was carefully transferred to an airtight
container to prevent oxidation.

The synthesized powder mixture was used in the stir casting
process along with AA 2014 to fabricate the 2D – Grnp reinforced
MMCs. The overall mixture density was calculated to be 2.56 g/
cm3 through Archimedes method by using a solid compact made
out of the synthesized mixture by following ASTM standard
ASTMB311-22 [23]. Fig. 2(a and b) show the field emission scan-
ning electron microscopy (FESEM) of the as procured 2D – Grnp
flakes and the AA 2014 powder. Table 1 provides the chemical
composition of the AA 2014 powder and as received Ingot in as
procured condition by using a handheld portable X-ray fluores-
cence (XRF) analyzer.
2.2. Squeeze casting of the 2D – Grnp/AA 2014 MMC

Aerospace grade aluminium alloy 2014 was selected as the pri-
mary matrix material for this research study. The AA 2014 ingots
were cut into several pieces and then were placed inside a stir cast-
ing furnace melting chamber. Before placing the ingots in the stir
casting melting chamber, the inner wall of the melting chamber
and the stirring blade with the shaft is evenly coated with a nano
graphite paste to void interaction of the chamber liner and shaft
material to diffuse into the final casted MMCs. AA 2014 ingot melt-
ing was performed using an induction electrical unit covering the
melting chamber externally to a target temperature close to�750 �-
C. AA 2014 ingot initiated to melt around 610 �C while achieving a
liquidus state at 640 �C. 10 g of magnesium powder was added as a
wetting agent and stirring of the AA 2014 alloy melt was per-
formed. The total stirring time was set to 20 min and the stirring
revolution to 500 rpm respectively. Followed by stirring and suc-
cessful creation of the whirlpool vortex of molten aluminium, the
novel 2D – Grnp with 0.5 wt% (5 g) and AA 2014 powder (20 g) mix-
ture was added to the molten pool and further stirred for 10 min.

The entire stirring process was carried out in a flushing argon
atmosphere (2 Liters/min) through a zinc oxide-coated steel tube
inside the melt chamber and which was well covered from top.
Novel mixture addition is simultaneously coupled with 120 s of
ultrasonication which facilitates temperature and particulate
D – Grnp/AA 2014 MMC using Squeeze casting process.



Fig. 2. FESEM of the as procured (a) aluminium alloy 2014 powder and (b) the 2D – Grnp flakes.

Table 1
Elemental composition of AA 2014 as received from Ampal Inc. USA.

Type and element in wt. % Al Cu Mg Mn Fe Si

Powder 93.05 % 4.29 % 0.51 % 0.83 % 0.41 % 0.91 %
Ingot 92.85 % 4.26 % 0.65 % 0.79 % 0.57 % 0.88 %
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homogenization in the melt chamber, which is found in other
research works [24–26]. 2D – Grnp nano particulate reinforced
AA 2014 MMCs have been fabricated by introducing the synthe-
sised powder mixture with embedded and interlocked 2D – Grnp
between the deformed AA 2014 particles. Post to the stirring and
ultrasonication of the molten MMC pool, the novel mixture with
deformed AA 2014 with embedded and interlocked 2D – Grnp par-
ticles starts at to attain a semisolid state at 750 �C without losing
its protective thin layer of aluminium oxide that prevents agglom-
eration or instant solidification of multiple reinforcing particles at
single location.

The prepared molten melt was poured into a split mould made
of D2 Steel designed and fabricated using ASTM B686/B686M stan-
dard for casting aluminium-based material. The pouring tempera-
ture of the molten MMC slurry was maintained at 650 �C. The D2
steel spilt mould was also preheated and maintained at 450 oC
to avoid rapid cooling and prevent instant solidification of the
MMC melt inside the die. Post to the pouring process very few
materials slag is left in the stirring chamber and XRD study
revealed that negligible amount of 2D – Grnp is found and mostly
the slag contained aluminium oxide particulates.

The overall dimension of the steel mould is 200 mm of height
and 30 mm in diameter. Followed by the down pouring of the
MMC melt into the die, a hydraulic unit with a ram is used to
squeeze press the poured MMC melt with a compaction pressure
of 110 MPa. The squeeze casted samples are naturally cooled and
further heat treated using T6 standards with solution treated at
460 �C for 6 h and water quenched. Further the artificial aging
was carried out on the MMC samples at 190 �C and furnace cooled
to further test it for various mechanical and microstructural evalu-
ations. Samples for testing were cut using a wire electric discharge
machine (WEDM) to avoid the induced thermal residual stress dur-
ing the sample preparation. Microstructural characterization was
carried out using an optical inverted microscope (Dewinter –
Dmi premium) and detailed characterization was also carried out
using a field emission scanning electron microscope (FESEM
Quanta 200 FEG) that is equipped with an energy dispersive x-
ray spectroscopy (EDS) and element mapping facility. The samples
for the microstructural characterization using FESEM and optical
microscope were prepared by a mechanical grinding technique fol-
lowed by a fine electrolytic polishing. Along with this High-
Resolution Transmission Electron Microscopy (HRTEM) was car-
ried out on the MMC samples using a FEI Tecnai TF20 HRTEM
machine that operates at 200 KV FEG.
4

Precision Ion polishing system (PIPS) was used to synthesis the
MMC samples for analysing in HRTEM observation. Further, the
polished surface is applied and rinsed with Keller’s reagent with
chemical composition (2.5 ml HF, 3 ml HCl, 4.5 ml HNO3and
190 ml of H2O) to etch the surface of the samples to observe the
grain boundaries clearly. Crystallographic characterization of the
casted MMC is also carried out using an electron backscattered
diffraction (EBSD) method available and equipped in the FESEM
used earlier. The average grain size and the crystal misorientation
was recorded for the MMC by following the ASTM: E112 standard.
Wide angle X-ray diffraction using XRD-Bruker D8 Advance was
used to perform the phase analysis on the novel powder mixture,
Squeeze casted MMC and the furnace residue post to the process
of casting.

XRD rig equipped with Rigaku D/max diffractometer with CuKa
with specific wavelength of 1.5406 Å and a high-speed energy dis-
persive detector (LYNXEYE XE-T) was used to analyse the MMC
samples. Laser Raman spectroscopy (Renishaw, 532 nm Ar+

sourced laser) was used to investigate the nature and quality of
the 2D – Grnp nanoparticulate. Tensile testing was performed using
ASTM E 08 standard in an Instron – 8801 testing machine with
maximum load capacity of 100 kN and test at strain rate of
0.5 mm/min. Microhardness measurements were carried out on
the casted MMC plate using ASTM E18 standards using 1/16 mm
steel ball with 100 KgF and a hardness map was developed
throughout the MMC to understand the homogeneity of the novel
mixture in the casted MMC. Fig. 3 represents the schematic of the
location where the testing and analysis is carried out for the
Squeeze casted 2D – Grnp nano particulate reinforced AA 2014
MMC sample.
3. Results and discussion

3.1. Particle mechanics and characterization of synthesized 2D – Grnp/
AA 2014 novel mixture

Initially, low energy (low speed) ball milling (LEBM) was carried
out to synthesis the novel mixture of adding 2D – Grnp into the AA
2014. Fig. 4a represents the FESEM image of the novel powder
morphology and the particle mechanics at the start of the synthesis
using LEBM (150 rpm 2 h). During this stage of LESM, the AA 2014
particles were observed to possess an undeformed spherical shape
with few surface shear marks due to the generation of mild shear



Fig. 3. Schematics of the places where the testing and characterization is carried out for the as-casted and T6 Treated MMC.

Fig. 4. FESEM of a. low revolution speed of 150 rpm for 2 h, b. high revolution speed of 320 rpm for 1 h, c, and d. EDS and Raman Spectrum of the synthesized 2D – Grnp/AA
2014 novel mixture.

A. Pazhani, M. Venkatraman, M. Anthony Xavior et al. Materials & Design 230 (2023) 111990
force from the colliding tungsten carbide balls. Along with the min-
imal surface shear marks, added 2D – Grnp starts to integrate with
the AA 2014 particle surface in two distinct mechanisms like inter-
locking between the AA 2014 particulates and embedding to the
surface of the AA 2014 particulates which is clear evident from
Fig. 4a and is consistent with the research finding [23–24]. Post
to LEBM, High energy (high speed – 320 rpm 1 h) ball milling
(HEBM) led to the generation of strong shear force due to the
increase in tungsten carbide balls collision [31]. Deformation of
the AA 2014 particulate from spherical shape to flat shape is
observed with embedded and interlocked 2D – Grnp on the surface
and in between the particulates at the end of the process by syn-
thesizing a novel powder mixture that can be used in reinforce-
5

ment material during Squeeze casting the homogeneously
dispersed AA2014-2D – Grnp MMC.

It is also evident that no trace of folded or wrinkled nature of 2D
– Grnp is observed from the interlocked and embedded 2D – Grnp to
the flattened AA 2014 particulates at the end of the HEPBM pro-
cess. Various other materials research has proven that the HEPBM
process plays a significant role in achieving homogeneous disper-
sion in the final MMC fabricated [25–27]. Fabricating this novel
powder mixture by using HEPBM facilitates enhanced homoge-
neous dispersion and reduces agglomeration of 2D – Grnp during
the Squeeze casting process [28]. The interlocking and embedding
mechanism reduces the agglomeration of 2D – Grnp and is mostly
avoided because of the flattened AA 2014 acting as a spacer
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between the 2D – Grnp layers. A detailed study using Raman spec-
troscopy was carried out on the as-procured 2D – Grnp, novel mix-
ture processed with LEBM and HEBM that provides information on
the structural damage done to the 2D – Grnp after the process of
HEPBM [26]. From the Fig. 4d, the calculated ID/IG ratios are 0.89
and 0.88 respectively which is consistent with the other research
findings [27]. The negligible variation in the calculated ID/IG ratio
confirms the phenomenon of no damage is incurred to the 2D –
Grnp during the synthesis of the novel mixture using HEPBM
technique.

3.2. Densification and microstructural characterisation of the MMC

The AA 2014/2D – Grnp Squeeze casted MMC is fabricated by
adding the novel mixture (2D – Grnp with 0.5 wt% (5 g) and AA
2014 powder (20 g)) into the melt pool using AA 2014 ingots with
99.5% purity. The microstructural and strength properties were
recorded in three different locations of the squeeze-casted MMC,
as presented in Fig. 3. It is evident that the direct addition of 2D
– Grnp to the molten melt is difficult and causes 2D – Grnp floating,
non-homogeneous mixing and agglomeration [8]. By adding the
novel mixture of HEPBM processed 2D – Grnp/AA 2014 powder to
the molten melt facilitated the process of homogeneous mixing
of the added reinforcement in the molten melt by two key phe-
nomena. During the addition of the novel mixture into the AA
2014 melt pool, dissolution of the AA 2014 powder interlocked
and embedded with 2D – Grnp occurs, which transfers the 2D –
Grnp throughout the molten melt pool, acting as an effective carrier
Fig. 5. (a) Average Grain size and (b) porosity % at various locations of AA 2014 r
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to facilitate the homogeneous dispersion of the 2D – Grnp [21]. Dis-
solution of the AA 2014 also protects the interlocked and embed-
ded with 2D – Grnp from contact and reacting with the AA 2014
molten melt. Post to the addition of the novel mixture to the melt
pool, the high-speed stirring at 500 rpm for 20 mins prevents the
agglomeration of the 2D – Grnp and from being sintered. It is also
observed that using the AA 2014 particle that matches the density
of the molten melt facilitates homogeneous movement and disper-
sion of the interlocked and embedded with 2D – Grnp during the
high-speed stirring at around 750 �C [34].

Fig. 5(a) represents the influence of 0.5 wt% 2D – Grnp addition
and the average grain size measured at the different locations of
the Squeeze-casted MMC compared with the unreinforced AA
2014 alloy. It is clearly evident that 0.5 wt% 2D – Grnp addition
facilitated effective grain refinement, and it’s been observed
throughout the cast. The average grain observed after the addition
of 0.5 wt% 2D – Grnp was recorded to be 68 lm. This grain refine-
ment of the AA 2014 a-aluminium grains from 540 lm to 68 lm is
mainly due to the homogeneous dispersion of the added 2D – Grnp
[27]. The principal mechanism behind this aspect of grain refine-
ment is that the homogeneously dispersed 2D – Grnp acting as a
nucleating spot during the solidification of the a- AA 2014 grains.
Novel AA 2014 powder mixture with embedded and interlocked
2D – Grnp during solidification pin to the grain boundaries and
accelerate the grain refinement which tends to facilitate fine grain
formation that deflects cracks and leading to increase in the
mechanical properties of the fabricated MMCs [33–34]. It is consis-
tent with other research that adding more than 0.5 wt% of 2D –
einforced with 0.5 wt% 2D – Grnp along the direction of the Squeeze casting.



Table 2
Theoretical and Experimental Density of the pure alloy 2014, as casted and the squeeze casted MMC.

S.No. Casting Type Sample Description Theoretical Density in g/cm3 Experimental Density in g/cm3 % Error

1 As received Parent alloy 2014 2.765 2.771 0.21
2 As casted AA 2014/2D – Grnp 2.613 2.618 0.19
3 Squeeze Casted (T) AA 2014/2D – Grnp 2.678 2.669 0.32
4 (M) AA 2014/2D – Grnp 2.673 2.666 0.25
5 (B) AA 2014/2D – Grnp 2.675 2.668 0.25
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Grnp had a declining trend in the mechanical properties of the
MMCs as there was no evidence of grain size reduction or grain
refinement noticed in higher 2D – Grnp amounts >0.5 wt% [29–31].

This characteristic behavior of grain refinement and improved
MMC property is in good agreement with the density data pre-
sented in Table 2 and porosity % data presented in Fig. 5(b). Theo-
retical density of the developed MMC is calculated based on the
rule of mixture principle as shown in Eq. (1), where qmmc, qAA

and qGrnp are the density of the MMC fabricated, AA 2014 and 2D
– Grnp. m is the mass of the AA 2014 and 2D – Grnp used in this
study. ASTM standard B962-17 is used to measure the experimen-
tal density of the fabricated MMC using Archimedes principle. The
average of three measurements and calculations were considered
in this validation [28].

qmmc ¼
1

mAA
qAA

þ mGrnp

qGrnp

ðg=cm3Þ ð1Þ

The porosity percentage of the developed MMC before squeeze
casting and after squeeze is calculated using the difference
between the calculated theoretical density and the measured
experimental density recorded in Table 2. From Table 2 it is evident
that MMC processed by squeeze casting technique resulted in
lower theoretical and experimental density compared to the par-
ent alloy 2014. This phenomenon is mainly due to the homoge-
neous dispersion and addition of the novel powder mixture with
embedded and interlocked 2D – Grnp particulates [6,26]. However,
there was an increase in theoretical and experimental density
observed than the as casted MMC sample clearly confirms that
110 MPa of compaction pressure during the squeeze casting pro-
cess facilitated in closing the fabrication defects like micropores,
voids and microcracks [26].

The result of the porosity % calculation in Fig. 5(b) shows that
industrial-procured AA 2014 ingot exhibited lowest porosity vol-
ume % of 0.25%. This means that industrial grade AA 2014 ingot
was vacuum casted which exhibited the lowest porosity %. It is also
clearly evident from Fig. 5(b) that stir casted MMC with 0.5 wt% 2D
– Grnp reinforced MMC exhibited the highest porosity volume % of
2.6%, which is ascribed to the formation of general defects like
micropores, macro pores, voids and micro/macro cracks and
defects that can be observed in a gravity casting process [8]. How-
ever, there was a decrease in porosity volume % from 2.6% to an
average of 0.85 % in all the regions (T, M, B) observed than the as
casted MMC sample clearly confirms that 110 MPa of compaction
pressure during the squeeze casting process facilitated in closing
the fabrication defects like micropores, voids and microcracks
[8,26]. The porosity decrease was recorded to be by the factor of
67% which, is in good agreement with the research carried out with
the same alloy matrix [26]. In various other researches, it is also
reported that higher wt% (>0.5 wt%) of graphene content led to
an increase in porosity and casting defects and eventually lower
density and lower mechanical properties [8,26].

Fig. 6 shows the FESEM micrographs of the AA 2014 ingot as
procured, and the novel mixture added AA 2014/0.5 wt% of 2D –
7

Grnp MMC post to the T6 treatment after Squeeze-casted process.
Comparing the FESEM micrographs of the pure AA 2014 ingot
and the novel mixture reinforced MMC, it is evident that the novel
mixture with embedded and interlocked 2D – Grnp has signifi-
cantly changed the dendritic grain morphology of the AA 2014
after the Squeeze casting process. This significant change in the
grain morphology is observed identically in all places of the
MMC cast, as clearly seen from Fig. 6(b – d) and is consistent with
various research findings [6,16,18,20]. The microstructure
throughout the MMC revealed that the addition of 2D – Grnp
resulted in the formation of the rosette-like microstructure which
is highlighted with yellow circles in Fig. 6(b – d). MMC cast with
rosette-like microstructure consists of the solid solution a-Al grain
surrounded by the interdendritic secondary phases along with the
finely dispersed novel mixture embedded and interlocked with 2D
– Grnp. In comparison with the casted MMC microstructure the AA
2014 ingot exhibit a courser microstructure with average grain size
of 540 lm.

From Fig. 6(b – d) it is evident that a novel mixture with embed-
ded and interlocked 2D – Grnp along with a higher stirring speed of
500 rpm for 20 mins resulted in an increase in the number of fine
grain boundaries which also facilitated in an increase in more
homogeneous nucleation of the intermetallic precipitates that are
highlighted with the red circles in the enlarged micrographs.
0.5 wt% of 2D – Grnp was found optimal and effective to fabricate
the AA 2014/2D – Grnp MMC and is consistent with the findings
reported by other research works [23,25–27]. XRD analysis was
carried out for the phase identification of the pure ingot AA
2014, the novel mixture (powder AA 2014/2D – Grnp), and at three
locations (T, M, B) for the T6 treated Squeeze casted MMC as shown
in Fig. 7. The XRD peak proves the presence of the a-Al in the
casted MMC as the major matrix element. The presence and nature
of the AA 2014/2D – Grnp novel powder mixture with embedded
and interlocked 2D – Grnp were observed at all three locations (T,
M, B) of the casted MMC and there was no trace of aluminium car-
bide (Al4C3) formation were observed in the final MMC fabricated
[32].

Fig. 8 shows the FESEM micrograph of the enlarged grain
boundary of the casted MMC reinforced with a novel powder mix-
ture with embedded and interlocked 2D – Grnp. From Fig. 6(b – d) it
is evident that the novel powder mixture was homogeneously dis-
persed in the final MMC cast. Homogeneously dispersed novel mix-
ture with embedded and interlocked 2D – Grnp and squeeze casting
process facilitated in the formation of the fine equiaxed grains with
the fine dendritic structure throughout the MMC cast which is in
good agreement with the density data furnished in Table 2. In over-
all the microstructure throughout the cast consisted of the fine
spherical-shaped grains and fine equiaxed grains with a clear pres-
ence of the embedded and interlocked 2D – Grnp and the inter-
metallic precipitates at the grain boundaries and in the matrix
itself [28].

Compared with the different locations of the MMC cast, the
microstructure at the top, middle and bottom exhibited uniform
dendritic cells with finer spherical grains, and moreover, the fine



Fig. 6. FESEMmicrostructure of AA 2014, with (a) ingot in as procured condition, location of the MMC cast (b) Top (T), (c) Middle (M) and (d) bottom (B) of the AA 2014/novel
mixture (AA 2014/0.5 wt. %2D – Grnp) reinforced MMC treated for T6 condition.
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spherical grains are observed throughout the MMC cast [23–27].
This phenomenon of formation of fine spherical grains are strongly
owing to the compaction pressure at which the squeeze casting is
performed (110 MPa). Under the squeezing load, the grains and the
bulk solidify rapidly, which arrests the further grain growth of the
a-AA 2014 grains. It is also evident from the EDS analysis of the
casted MMC that the presence of the equilibrium phase h-Al2Cu
intermetallic, which matches the copper and carbon levels and
observed to be higher than the average wt % of the chemical com-
position in the parent alloy. This equilibrium phase h-Al2Cu inter-
metallic forms by dissolving two atoms of aluminium, one atom
of copper and two more by vacancies and its mostly observed in
the grain boundaries, inside the a-AA 2014 grains and the inter-
faces of the novel mixture-AA 2014 and was homogeneously
nucleated [29].
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3.3. Solidification mechanism of the novel mixture (2D – Grnp/AA
2014) reinforced MMC

Novel mixture addition facilitated the homogeneous dispersion
of 2D – Grnp into the molten metal that did facilitate homogeneous
nucleation of the equilibrium phase h-Al2Cu and grain boundary
refinement post to the casting process. As a result of the homoge-
neous dispersion of the Novel mixture with embedded and inter-
locked 2D – Grnp led to three significant phenomena of
particulate strengthening, effective grain refinement and precipita-
tion strengthening of the developed MMC [33].

The uniformly dispersed novel mixture with embedded and
interlocked 2D – Grnp acted as the start point of the grain/precipi-
tate nucleation and end point of the grain/precipitate growth,
which is clearly seen in Fig. 9a with red boundaries with dispersed



Fig. 7. XRD pattern of (a) pure ingot AA 2014, (b) the novel mixture (powder AA
2014/2D – Grnp) and (c) at three locations (T, M, B) for the T6 treated Squeeze
casted MMC.
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2D – Grnp inside the a-AA2014 grains. The formation of the equilib-
rium phase h-Al2Cu and the grain boundary refinement is achieved
due to the slower cooling or heating at higher process tempera-
tures. Being homogeneous and coherent, it contributes well to
the hardening of the MMCs developed using the Squeeze casting
technique. Additionally, there have been three class of mechanism
models that are proven related to the homogeneous dispersion of
the particulate into a matrix metal, namely (1) kinetic models that
predict the solid/liquid interface velocity, which is critical due to
the transition from novel a-AA 2014 powder particle with embed-
ded and interlocked 2D – Grnp pushing to engulfment, (2) thermo-
dynamic models [27] related to the conventional heterogeneous
nucleation model and (3) models using the ratio between the ther-
momechanical properties of the novel powder mixture with
embedded and interlocked 2D – Grnp and the 2014 melt [23,25].

The first model predicts the dispersion capability in common
which relates to the dependency of the added reinforcement dis-
persion behavior on the processing boundaries. The last two mod-
els exhibit that the thermal conductivity of the added
reinforcement particulate into the molten metal that relates to
Fig. 8. FESEM of the enlarged grain boundary with element mapping

9

the switch of the interface structure from convex to concave as
the added novel mixture with embedded and interlocked 2D – Grnp
does influence the solidification mechanics of the 2014 matrix
metal [26–28].

This phenomenon of achieving homogeneous dispersion of the
reinforced novel mixture with embedded and interlocked 2D –
Grnp significantly affected the temperature gradient during the
solidification in the entire MMC cast. During the solidification
homogeneously dispersed novel mixture with embedded and
interlocked 2D – Grnp facilitated the rapid heat removal that will
be utilized for further solidification and prevents a-Aa 2014 grain
growth. It is well known that homogeneously dispersed novel mix-
tures with embedded and interlocked 2D – Grnp possess high ther-
mal conductivity, which facilitated in removing excess heat and
achieving homogeneously fine spherical shaped grains and fine
equiaxed grains with clear presence of the embedded and inter-
locked 2D – Grnp and the intermetallic precipitates at the grain
boundaries and in the matrix itself throughout the MMC cast in
all locations (T, M, B) which is evident from Fig. 6(b – d), Fig. 8
and Fig. 9a.
3.4. Rockwell hardness analysis

Fig. 10 shows (a) the schematic of the measuring locations and
(b) the Rockwell hardness results of the Squeeze casted MMC fab-
ricated by reinforcing with synthesized novel powder mixture (2D
– Grnp/AA 2014) at three different locations (T, M, B). At all the
samples from three individual locations, the hardness measure-
ment readings were recorded in a 5x5 array matrix with 2.5 mm
of offset between the measurements. ASTM E 18 standard was
used to measure the Rockwell hardness on the sample surface by
following the parameters as discussed earlier. Fig. 10(b) provides
the average values of 25 readings from each location (T, M, B)
and compared with the unreinforced parent alloy. It is evident
from the Fig. 10(b) that there is an increase in the hardness values
by the addition of the novel powder mixture with embedded and
interlocked 2D – Grnp from 82 HRB (Parent alloy) to an average
of 101 HRB in as casted condition and to 119 HRB in T6 condition
irrespective of the location measured. Hardness values from all the
locations were recorded the same and it is found to increase by 23
% for as-casted condition and 45.5 % increase for the T6 condition
from the parent alloy.
and EDS analysis of the eutectic phase in T6 treated MMC cast.



Fig. 9. FESEM micrographs of the T6 treated MMC samples showing the influence of Novel mixture (2D – Grnp/AA 2014) addition on the Solidification mechanics.

Fig. 10. Rockwell Hardness of (a) Schematic and (b) Novel Mixture reinforced (2D – Grnp/AA 2014) AA 2014-2D – Grnp MMC measured at different location (T, M, B) in the T6
treated MMC cast.
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This phenomenon of uniform hardness in all locations is attrib-
uted to the fact of achieving homogeneous dispersion of 2D – Grnp
by using the novel powder mixture with embedded and inter-
locked 2D – Grnp along with the improved density and reduced
porosity, which is evident and supported by the FESEM morphol-
ogy and XRD data presented in Fig. 5(b), 6 and 7. Three major
strengthening mechanisms are responsible for the enhancement
in the hardness recording were (1) precipitation hardening because
of the homogeneous nucleation of stable h-Al2Cu, (2) grain refine-
ment strengthening influenced by the homogeneous dispersion of
the novel powder mixture with embedded and interlocked 2D –
Grnp and (3) dispersion strengthening of the novel powder mixture
with embedded and interlocked 2D – Grnp. MMC reinforced with a
novel mixture with embedded and interlocked 2D – Grnp and the
above confirmed strengthening mechanism are verified with the
HRTEM characterization carried out at the three locations (T, M,
B) of the Squeeze MMC as shown in the Figure (a), (b) and (c).
Homogeneously dispersed novel powder mixture with embedded
and interlocked 2D – Grnp facilitated homogeneous nucleation of
the stable equilibrium phase h-Al2Cu, and upon squeeze casting,
the aluminium a-AA 2014 grain becomes soft to accommodate
and implant the nucleated and dispersed novel powder mixture
with embedded and interlocked 2D – Grnp and ends up in forma-
tion of the finer grain boundary as clearly seen in all section (T,
M, B) of the T6 treated MMC cast [32].

3.5. Tensile behavior

Fig. 12 represents the comparison of the ultimate tensile
strength (UTS) data of the T6 treated and as-cast 0.5 wt% 2D – Grnp/
AA 2014 MMC. The data were acquired by using a micro tensile
specimen for metal and MMCs, and the sample dimensions are
provided in Fig. 3 and are measured in all three locations (T, M,
10
B) and the reported values are average of three trails per location.
It is found from the graph provided in Fig. 12(a) that addition of
0.5 wt% 2D – Grnp and homogeneous dispersion of the novel pow-
der mixture with embedded and interlocked 2D – Grnp and fabrica-
tion of defect-free and highly dense MMC by squeeze casting
process significantly influenced the increase in the UTS values from
185 MPa (Pure alloy) to 310 MPa (MMC as casted condition with
the presence of homogeneously dispersed 2D – Grnp) which is
observed to exhibit 67% increase from the as casted condition
[26,33]. Further increase in UTS by 32% (from 310 to 360 MPa) is
found in the final MMC cast processed with T6 heat treatment
procedure.

0.5 wt% 2D – Grnp addition, squeeze casting and T6 heat treat-
ment played a significant role in improving the final MMC plate
properties and is in good agreement with other research carried
out earlier [23–27]. Various researches proved that reinforcing
with more than 0.5 wt% 2D – Grnp resulted in a decline trend of
the mechanical properties and found that 0.5 wt% of 2D – Grnp
addition is the threshold quantity to fabricate a superior MMCwith
aluminium as a matrix metal [23–27]. Improving the mechanical
properties of any ductile material like aluminium is purely depend-
ing on the reinforcement type, shape, total weight percentage (wt.
%), secondary processing like heat treatment and most importantly,
achieving the homogeneous dispersion of the nano 2D – Grnp and
engineering the nucleation mechanics of the intermetallics in the
grain boundary and within the a-aluminium grain itself is highly
significant [11].

The first primary mechanism of the strength increase is greatly
due to the extensive grain refinement facilitated by the homoge-
neously dispersed novel mixture with embedded and interlocked
2D – Grnp, which also further influenced the homogeneous nucle-
ation of the stable h-Al2Cu at the grain boundary and in a-AA
2014 grain itself as evident from all the HRTEM micrographs pre-



Fig. 11. HRTEM micrographs of the T6 treated 0.5 wt% 2D – Grnp/AA 2014 MMC characterized after squeeze casting process (a) top of the MMC cast, (b) middle of the MMC
cast and (c) bottom of the MMC cast as shown in the schematic provided in Fig. 3.
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sented in Fig. 11(a – c). As evident from the HRTEM micrographs,
the nucleation of the stable h-Al2Cu intermetallic precipitate is
facilitated by the T6 heat treatment and from the solid solution
of AA 2014 with Al-Cu through the Squeeze casting process. The
key strengthening mechanism by Orowan strengthening mecha-
nism is backing up this homogeneous nucleation of the stable h-
Al2Cu intermetallic precipitate, which is presented in Eq. (2) and
Eq. (3) [21].

DrOrowan ¼ MGb
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1
L
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4f

r
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Where M is the mean orientation factor (3.06 for all FCC based
metallic material), G is the modulus of shear (26 MPa for alu-
minium), b is the burgers vector value (0.286 nm for aluminium),
L is the inter-particulate spacing, Dp is the average particle diame-
ter of the homogeneously dispersed novel powder mixture with
embedded and interlocked 2D – Grnp, f is the volume fraction of
the nucleated stable h-Al2Cu intermetallic precipitate inside the
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MMC cast. Another key strengthening mechanism that is responsi-
ble for the increase in the mechanical properties of the MMC cast
according to hall-petch theory [36], which relates the grain size
and the final mechanical properties, as evident from Fig. 12(b). This
current research validated the grain refinement (Fig. 5) at all loca-
tions of the MMC cast (T, M, B) and it is proven that a novel mixture
with embedded and interlocked 2D – Grnp produced finer grains
and facilitated homogeneous nucleation of the stable h-Al2Cu
intermetallic precipitate in the grain boundary, a-AA 2014-2D –
Grnp interfaces and inside the a-AA 2014 itself which is evident
and highlighted in the HRTEM micrographs provided in Fig. 11(a
– c).

However, the strengthening mechanism of the AA 2014 matrix
cannot be only influenced by the addition of 2D – Grnp alone, T6
treatment also played a significant role in improving the properties
according to the precipitation mechanics observed from the
HRTEM micrographs presented in Fig. 11(a – c). We can find thick
(5 nm) multi-layers of the embedded and interlocked 2D – Grnp at
the grain boundary as highlighted in Fig. 11(a – c) uniformly
observed in all the locations of the MMC cast. It is well understood
that homogeneously dispersed novel powder mixture with embed-
ded and interlocked 2D – Grnp influenced the nucleation mechanics



Fig. 12. Tensile stress vs. strain of the T6 treated 0.5 wt% 2D – Grnp/AA 2014 Squeeze casted MMC.
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of the stable h-Al2Cu intermetallic precipitate in the grain bound-
ary, a-AA 2014-2D – Grnp interfaces and inside the a-AA 2014 itself
after Squeeze casting process and is in good agreement with the
XRD patterns of the T6 processed specimens (Fig. 7).

It is very important to analyze the deformation behavior of the
developed MMC and is validated using the tensile stress vs strain
curve generated at all the locations, which was compared with
the pure AA 2014 alloy. The UTS of AA 2014 alloy increased with
the addition of the novel powder mixture with embedded and
interlocked 2D – Grnp and its homogeneous dispersion facilitated
the increase at an expense of elongation to failure as seen clearly
in Fig. 12(b). Looking at the strain-to-failure trend of them, a reduc-
tion in the strain-to-failure values was recorded in all locations (T,
M, B) for as 0.5 wt% reinforced as-casted and T6 heat-treated MMC.
This phenomenon of reduction in strain to failure is mainly due to
the particulate strengthening mechanism caused by the homoge-
neously dispersed novel powder mixture with embedded and
interlocked 2D – Grnp which bends and bows the dislocation during
the testing which led to lesser plastic deformation and improved
strain hardening effect [37].
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Specifically with the presence of homogeneously dispersed
0.5 wt% of 2D – Grnp, homogeneously nucleated stable h-Al2Cu
intermetallic precipitate in the grain boundary, a-AA 2014-2D –
Grnp interfaces and inside the a-AA 2014 itself, the plastic flow
mechanics during the loading was transformed and localized
deformation behavior of the a-AA 2014 grain was induced. Along
with this the dislocations were pinned and getting blocked at the
matrix-a-AA 2014-2D – Grnp-h-Al2Cu interfaces during the loading
condition which also resulted in MMC samples exhibiting reduced
strain to failure of 40% (observed for MMC at as casted) and a strain
to failure reduction of 44% (Observed for MMC at T6 condition) as
seen from Fig. 12(b).

Fig. 13(a and b) clearly shows the failure mechanics of the
MMCs to be a ductile mode failure with fine cup shaped dimples
for 0.5 wt% 2D – Grnp during the external loading. This study con-
firms the presence of homogeneously dispersed 0.5 wt% of 2D –
Grnp, homogeneously nucleated stable h-Al2Cu intermetallic pre-
cipitate in the grain boundary, a-AA 2014-2D – Grnp interfaces
and inside the a-AA 2014 itself that facilitated in improving the
strength of the MMCs that includes mechanism like stress disper-



Fig. 13. (a) and (b) Fracture surface morphology of the T6 treated 0.5 wt% 2D – Grnp/AA 2014 squeeze casted MMC (m) (c) the fracturing mechanics and (d) is the EDS
spectrum of the fracture surface.

A. Pazhani, M. Venkatraman, M. Anthony Xavior et al. Materials & Design 230 (2023) 111990
sion, crack deflection, linking and branching as seen from a sche-
matic representation of the fracture surface (Fig. 13(b and c))
[30,33]. The crack branching or deflection led to the dislocation
bowing mechanism that increased the path of crack propagation,
which improved the mechanical strength of AA2014 matrix, as
seen in Fig. 13(b) [30,33]. Likewise, through the crack bridging
mechanism of homogeneously dispersed 2D – Grnp could absorb
the excess loading energy efficiently during the application of
external load [35–37]. The whole crack propagation mechanism
is presented in the schematic provided in Fig. 13(c). The EDS data
from the fracture surface confirms the presence of the 2D – Grnp
and the copper based intermetallics with higher levels than usual
(Fig. 13(d)).

The superior strength in the MMC is also due to the strong
interfacial bonding between the a-AA 2014 grain achieved by
squeeze casting process and the homogeneously dispersed 0.5 wt
% of 2D – Grnp which increased the load transfer efficiency that
eliminates the obliteration of the stress concentration during the
loading. In addition, homogeneously dispersed 0.5 wt% of 2D –
Grnp, homogeneously nucleated stable h-Al2Cu intermetallic pre-
cipitate in the grain boundary, a-AA 2014-2D – Grnp interfaces
and inside the a-AA 2014 itself provided higher resistance to the
crack propagation which led to dislocation bowing around the 2D
– Grnp-h-Al2Cu-a-AA 2014 interface that can be seen from Fig. 13
(b) [21–29,30].
4. Conclusions

In this study, an aluminium-copper based alloy system (AA
2014) and its MMCs were engineered using a novel powder mix-
ture with embedded and interlocked 2D – Grnp. The developed
novel MMC was aimed at for launch vehicle Super Lightweight fuel
Tank (SLWT) Structural Application which uses another aluminium
copper system made of AA 2219 and AA 2195 with 1 wt% lithium
[3]. However, the developed novel mixture with embedded and
interlocked 2D – Grnp using their own parent alloy powder facili-
13
tated homogeneous dispersion in the final cast when fabricated
through Squeeze casting process. The experimental findings are
listed as follows.

1. Novel mixture with matrix of AA 2014 powder with embedded
and interlocked 2D – Grnp clearly acted as an effective carrier of
2D – Grnp during the stirring process and resulted in homoge-
neous dispersion in the aluminium alloy 2014 matrix and
throughout the MMC cast.

2. Homogeneous dispersion of the novel powder mixture with
embedded and interlocked 2D – Grnp resulted in grain refine-
ment and acted as a homogeneous nucleation site during the
T6 heat treatment process that resulted in enhanced strength
properties. (Rockwell hardness from 82 to 119 HRB and UTS
from 185 to 360 MPa).

3. 0.5 wt% 2D – Grnp addition to AA 2014 matrix exhibited
enhancement in the mechanical properties, including Rockwell
hardness and UTS, which is in good agreement with the
strengthening mechanism related to grain boundary/refine-
ment strengthening, precipitation hardening and particulate
strengthening mechanism.

4. From the FESEM and HRTEM characterization, homogeneous
dispersion of the novel powder mixture and the 2D – Grnp-h-
Al2Cu-a-AA 2014 interface integrity is found to be improved
and is uniformly observed in all the locations of the casted
MMC (T, M, B).

5. HRTEM observation on the interfaces clearly proves that nucle-
ation of the stable h-Al2Cu intermetallic precipitate is strongly
influenced by the homogeneously dispersed novel mixture with
embedded and interlocked 2D – Grnp that led to improved
mechanical properties of the final MMC cast.

In overall, this research facilitates in understanding the large-
scale production of aluminium based MMC plate with homoge-
neous dispersion at large dimensions. As this research work
focuses on finding an alternate super lightweight MMC materials
and their effective fabrication route for the launch vehicle Super
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Lightweight fuel Tank (SLWT) Structural Application, it is found
that synthesizing novel powder mixture with same matrix mate-
rial powder (same as the ingot material used for casting) facilitates
homogeneous dispersion of the nano low dense reinforcements
like 2D – Grnp at optimal stirring parameters and Squeeze casting
parameters.
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