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Abstract
In this work, an investigation was conducted into the microstructure and mechanical characteristics of friction stir processed
aluminum matrix composites (AMCs) reinforced with exfoliated graphite nanoplatelets (xGnPs). The microstructure was
characterized usingX-ray diffraction (XRD), electron backscattered diffraction (EBSD) and transmission electronmicroscopy
(TEM), respectively. In addition, microhardness and tensile tests were performed to evaluate the differentiation of mechanical
properties for all the samples. Field emission scanning electron microscopy was employed to reveal the fractographic features
of all the samples. The results illustrated that the grains of the AMCs consist of equiaxed crystals with an average grain size
of 3.2 μm, forming an ultrafine-grained microstructure. Additionally, the ratio of high angle grain boundaries in AMCs was
higher than that of FSPed sample. The mechanical performance of AMCs was improved significantly as a result of Al4C3

generated in the solid-phase chemical reaction between the xGnPs and the Al matrix during FSP in combination with the fine
grain strengthening. The microhardness, yield strength and ultimate tensile strength of AMCs reached 80 HV, 110 MPa and
210MPa, respectively, which were 47, 69 and 20% higher than those of the base metal, respectively. The preferred orientation
of the base metal transformed from < 200 > toward < 111 > , < 220 > and < 311 > owing to the combination effect of FSP
and xGnPs. The incorporation of xGnPs ameliorated the mechanical properties of the AMCs dramatically, and the fracture
surface of the AMCs was indicative of a combined ductile–brittle failure behavior.

Keywords Friction stir processing · Aluminum/xGnPs composite · Texture coefficient · Solid-phase chemical reaction ·
Mechanical performance

1 Introduction

Possessing phenomenal mechanical and physical perfor-
mance, metal matrix composites could be regarded as one
of the versatile materials that can be tailored to meet differ-
ent industrial needs. To design and develop these materials,
the processing technologies have involved advanced meth-
ods and characterized techniques in materials science and
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engineering. Since aluminum and its alloys possess excel-
lent properties such as high specific strength, low density,
distinguished corrosion resistance, workability and weld-
ability, they provide promising applications in a wide range
of areas from electronic packaging, aeronautical, aerospace
and automotive [1–6]. Although aluminum alloys are exten-
sively utilized in a variety of industries, the applications are
restricted because their hardness, wear and corrosion resis-
tances are lower than stainless steel materials [7]. It is a
potential method to refine the grain and to handicap dislo-
cation sliding through the incorporation of secondary phase
particulate into Al matrix for enhancing the mechanical per-
formance of aluminum alloys [8]. Powder metallurgy and
molten metal technology are the main methods to prepare
composites, in addition to the severe plastic deformation
(SPD) techniques developed in recent years. There are several
techniques introduced including pressurized squeeze casting

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-022-07051-6&domain=pdf
http://orcid.org/0000-0002-9744-3857


3010 Arabian Journal for Science and Engineering (2023) 48:3009–3019

Table 1 Chemical composition
of 5052 alloy (wt%) Al Mg Fe Si Cr Mn Cu

Base 2.21 0.291 0.2 0.147 0.113 0.0065

[9], accumulative roll bonding (ARB) and mechanical alloy-
ing (MA) [10, 11].

Evolving from friction stir welding (FSW) [12, 13], FSP
has been effectively employed in the manufacture of metal
matrix composites [14]. FSP is a thermo-mechanical solid
state manufacturing technique where the material under-
goes severe plastic deformation, heating and mixing. The
heat is primarily generated from friction and plastic defor-
mation [15]. Numerous academics have fabricated metal
matrix composites successfully via FSP. Khodabakhshi et al.
produced the aluminum matrix composites reinforced with
nano-SiC particulates by FSP, and revealed that the textu-
ral components are comprised of the Goss/Cubic and P1/P2
dominant fiber components as a result of the incorporation of
nano-particles [16]. Bymixing flake graphite with aluminum
powder and filled the grooves of aluminum plates, Mahdi
Alishavandi et al. ameliorated strength-ductility efficiency
of multi-layer graphene-reinforced aluminum composites
through seven passes FSP, and discovered that the flake
graphite was exfoliated in situ to a multilayer graphene sheet
with a thickness of approximately 6 nm [17]. Kheirkhah
et al. developed BN-reinforced Al matrix composites, and
obtained the results indicating that the hardness, the yield
strength (σ y), tensile strength (σUTS) and elongation (%E)
of specimens increased with an increase in the number of
FSP passes [6]. Yijun Liu et al. successfully fabricated in situ
exfoliated graphene/Al composites using Al2024 alloy as the
substrate and nano-graphite as the reinforcing phase after
four passes FSP and found that the hardness and electri-
cal conductivity were significantly ameliorated compared to
the specimens without the addition of nano-graphite [18].
Vikram Kumar S. Jain et al. developed Al5083-CNTs/SiC
composites successfully through FSP processing and found
out that CNT partially reacted with the Al5083 matrix to
generate in situ Al4C3 intermetallic compound [19].

However, as far as the authors’ knowledge, there are
still few reports on the incorporation of xGnPs as a rein-
forcement into Al matrix via FSP to fabricate composites.
Therefore, the objective of this work is to fabricate AMCs
via FSP and evaluate the effect of the incorporation of xGnPs
on the improvement of the microstructure and mechani-
cal performance of the prepared composites systematically.
Meanwhile, the stability of xGnPs during FSP processing has
also been investigated.

Fig. 1 a TEM image of the exfoliated graphite nanoplatelets,
b schematic diagram for the preparation of AMCs

2 Materials and Experimental Procedure

2.1 Materials and Processing

In the present research, AA5052-O alloy sheet was utilized
as base metal (BM) with a thickness of 5 mm, which was
cross-sectioned to pieces with dimensions of 250 × 75mm2.
Table 1 shows the chemical composition of the AA5052-O
alloy. The reinforcement particles were xGnPs, and the TEM
image is shown in Fig. 1a. The schematic for the preparation
of AMCs is shown in Fig. 1b. Initially, referring to the lit-
erature [20], two grooves were machined in the middle of
the sheet to stow with xGnPs. The grooves dimensions and
theoretical volume of xGnPs are depicted in Table 2. The
processing was conducted by using a cylindrical tool with a
shoulder diameter of 18 mm, and a threaded pin with a 6 mm
width and a 3 mm height made from H13 steel. In order to
achieve sufficient material flow with fewer FSP passes, the
final processing parameters were determined with reference
to the literature [19, 21]. FSP was carried out using a robotic
FSWmachine (FSW-LM-AL-16-2D) with a rotational speed
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Table 2 Dimensions of the grooves and the theoretical volume of xGnPs

Dimension (mm) Number of grooves Intervals (mm) Total volume of xGnPs (mm3) Synthesized AMCs volume
(mm3)

Width Depth Length

1 1 250 2 1 500 5500

of 1400 rpm, a traverse speed of 50 mm/min, a counterclock-
wise rotational direction and a tool tilt angle of 2.5° for three
cumulative FSP passes with 100% overlap to incorporate the
embedded xGnPs properly. Additionally, aluminum matrix
composites reinforced with xGnPs were denoted as AMCs.
For comparison, BM was processed under the identical con-
ditions without introducing any reinforcing powder, and the
sample was nominated as FSPed Sample.

2.2 Characterization

The microstructure was etched using a modified Poulton’s
chemical reagent produced by mixing two chemical solu-
tions: 1 mL H2O–6 mL HNO3–1 mL HF–12 mL HCl and
25 mL HNO3–10 mL H2O–1 g CrO3. Optical microscope
was employed to detect the cross section macrostructure of
the AMCs. All of the samples were analyzed using XRD
(Model: Rigaku D/ max 2500 diffractometer) with Cukα in
the range of 20–90° at a rate of 2°/ min working at 40 mA
and 100 kV. In order to further estimate the variation on the
crystal structure of the samples after FSP, the texture coeffi-
cient was calculated using Eq. (1) developed by Berube and
L’ Esperance [22–24] for characterizing the preferred degree
of different crystal planes.

Tc �
(
I(hkl)/

n∑
i�1

I(hkl)

)
×

(
n∑

i�1

I0(hkl)/I0(hkl)

)
× 100 (1)

where Tc represents texture coefficient, I (hkl) indicates the
diffraction peak intensity of the (hkl) reflection of aluminum,∑

I(hkl) denotes the sum of the intensities for all the diffrac-
tion peaks monitored, and n is the number of peaks. The
index 0 refers to the peak intensity of the standard Al pow-
der sample, take from JCPDS file card number 85-1327. The
orientation of the crystal planes conforms to random distri-
bution when the texture coefficients are equal, whereas there
is a preferred orientation of that crystal plane when the tex-
ture coefficient of a particular crystal plane is larger than
the average. Furthermore, the preferred degree of the crystal
plane is proportional to the texture coefficient. In this paper,
the value of n is set to 4, i.e., the (111) (200) (220) and (311)
crystal planes are taken for calculation, so that the crystal
plane with a texture coefficient larger than 25% is regarded
as the preferred orientation crystal plane.

Fig. 2 Dimension of the tensile specimen

The structural information of xGnPs in AMCs was
evaluated using a microscopic laser Raman spectrometer
(LabRAM HR). Additionally, EBSD and TEM tests were
performed to further characterize the specimens.

2.3 Evaluation of Mechanical Performance

Microhardness and tensile tests were carried out to determine
the mechanical performance of all the samples. Microhard-
ness was measured across the thickness section along a
transverse line 2 mm below the top surface at an interval
of 0.5 mm by microhardness tester (model:FM700), a load
of 50 g and a 15 s dwell time. The tensile specimens were
machined in terms of the schematic sketch, as shown in
Fig. 2. Tensile tests were conducted at room temperature
using a WDW-200 universal testing machine at a strain rate
of 1 mm/min. The fracture surfaces of the investigated mate-
rials were evaluated using field emission scanning electron
microscopy after tensile test.

3 Results and Discussion

3.1 Materials Flow Pattern

The morphology of local macrostructure from the stereo-
graphic cross section of the AMCs is shown in Fig. 3. It can
be seen from the figure that there are no obviousmacroscopic
defects, such as voids and large agglomerations of xGnPs
powder in the stir zone after FSP. It was determined that
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Fig. 3 Local stereographic
macro-image from the thickness
cross section of the AMCs

Fig. 4 XRD patterns of BM, FSPed sample and AMCs

FSP could be employed to fabricate Al/xGnPs composites
with excellent formation. According to the contrast arising
from the xGnPs distribution after chemical etch, the material
flow could be discriminated easily. It could be noticed that
trapezoidal stir zone and onion ring structure were formed
during FSP. The volume of the synthesized AMCs volume
could be estimated from the area of the trapezoidal stir zone,
as shown in Table 2. The profile of the onion ring structure
could be regarded as a vortex swirl zone. It has been proposed
that the formation of onion ring structure is ascribed to the
convectionalmaterial flowduring friction stirring before con-
solidation process, leading to the development of an elliptical
texture across the thickness section of SZ from bottom to up
primarily due to the effect of the rotating shoulder.

3.2 XRD Analysis

The X-ray diffractograms of all the samples are shown in
Fig. 4. It could be found that there is a xGnP diffraction peak
at 2θ � 26.6° in AMCs. By combining the effect of FSP and
xGnPs, it can be observed that the intensity of the diffraction
peaks corresponding to the different crystal planes changed
significantly.

Fig. 5 Texture coefficients for BM, FSPed sample and AMCs

Figure 5 shows the bar chart of texture coefficients for all
the samples. BM shows a preferred orientation at < 200 >
with a texture coefficient of 63.1%, suggesting the distinc-
tive characteristic of rolling. In comparison with BM, the
texture coefficient for FSPed sample decreases drastically,
while that for (111), (220) and (311) increases significantly,
which indicates that FSP is conducive to the growth of (111),
(220) and (311), retarding the texture developed at < 200 >
. Compared with FSPed sample, the texture coefficient of
AMCs shows a slight increase in the crystal planes (111),
(220) and (311), indicating that the preferred orientation is
changed by not only FSP but also the addition of xGnPs par-
ticulates, promoting the development of the crystal planes
(111), (220) and (311). Also, the increased texture coefficient
of the (111) crystal plane contributes to the improvement of
mechanical properties since crystal plane (111) is a densely
packed surface of aluminum metal.

3.3 Microstructural Evolution

Figure 6 shows the grain structure of all the samples and the
grain-size distribution of samples after FSP. BM is comprised
of elongated grains parallel to the rolling direction, as shown
in Fig. 6a. Moreover, the EBSD map from FSPed sample
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Fig. 6 EBSD images showing the grain structure of a the BM, b FSPed sample and c AMCs; d the grain size distribution of FSPed sample and
AMCs

without incorporation of xGnPs reveals that an equiaxed bi-
modal fine grain structure was formed after FSP, and that the
mean grain size was reduced from 147 μm of BM to about
7.1μm of FSPed sample, which could ascribe to the thermo-
mechanical effect generated from FSP processing and the
generation of dynamic recrystallization (DRX) mechanism
during FSP. Compared with FSPed sample, the equiaxed
grain microstructure of AMCs was refined to about 3.2 μm,
and grain orientation was randomly distributed, as shown in
Fig. 6c. Meanwhile, as shown in Fig. 6d, the distribution pro-
file of grain size in AMCs is remarkably narrower than that
of the FSPed sample, suggesting that the addition of xGnPs
can lead to a more uniform grain size, which may be related
to the effect of xGnPs on the DRX process.

The main mechanisms involved in the FSP process com-
prise of dynamic recovery (DRV), continuous dynamic
recrystallization (CDRX), discontinuous dynamic recrys-
tallization (DDRX), geometric dynamic recrystallization
(GDRX) as well as meta-dynamic recrystallization (MDRX)
[25]. At the initial stage of deformation, there is an occur-
rence of multiplication and interaction of dislocation during
DRV process in high stacking fault metals, such as alu-
minum, which gives rise to the formation of low angle grain
boundaries [26]. Additionally, the degree of DRV increases
with the more application of plastic strain, and high angle
grain boundaries are formed owing to the transformation
and annihilation of low angle grain boundaries, resulting in
the appearance of CDRX. The strain-free grain with high
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Fig. 7 Grain boundary maps of a FSPed sample and bAMCs; the corresponding misorientation angle distribution of a FSPed sample and bAMCs.
For the boundary misorientation, red lines: 2–5°, green lines:5–15°, blue lines: > 15°

angle grain boundaries is transformed from classical nucle-
ation and growth during DDRX, whereas the characteristic
of GDRX is the formation of serrated grains derived from the
impingement of elongated grain boundaries [26, 27]. MDRX
implicates the continuation of DRV with the company of
stored-strain energy [26]. Figure 7 shows the maps of grain
boundary and the corresponding misorientation angle distri-
bution obtained from EBSD of FSPed samples and AMCs.
A certain amount of subgrain boundaries (red lines) and low
angle grain boundaries (green lines) can be found in the vicin-
ity of the high angle grain boundaries (black lines). This
is due to the fact that during the FSP process, the mate-
rial undergoes both high temperature and intense plastic
deformation. However, Al possesses a high stacking fault
energy (166 mJ m−2), leading to a rapid increase and anni-
hilation in dislocations with the increase in flow stress, and

dynamic recovery occurs.During the recovery process, dislo-
cation is rearranged to form subgrain boundaries. At dynamic
equilibrium, the subgrain boundaries continuously absorb
dislocations and merge, transforming into low angle grain
boundaries. Therefore, when the subgrain size reaches a crit-
ical grain size, continuous dynamic recrystallization occurs.
In the meantime, the subgrain rotates slowly and the mis-
orientation increases, transforming from a low angle grain
boundary to a high angle grain boundary. It is noteworthy
that the FSPed sample and AMCs possess similar misorien-
tation angle distribution, both with a random distribution for
cubic polycrystals. The ratio of high angle grain boundary
in AMCs is about 87%, while that in FSPed sample is about
77%, suggesting that the addition of xGnPs is beneficial to
the formation of more sufficient DRX structures.
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Fig. 8 Bright field TEM images
from a FSPed sample, b and
c AMCs

There are many dislocations found in the TEM image
of the FSPed sample, along with the dislocation cell struc-
tures and dislocation tangle observed near grain boundaries,
as shown in Fig. 8a. Figure 8b shows that dislocations and
cell structures are weakened prominently within AMCs, and
the equiaxed grains are significantly increased. The distri-
bution of fine xGnPs is relatively uniform, and there are
winkles between xGnPs and matrix, which not only expands
the contact area between them, but also facilitates excel-
lent interfacial bonding, with no obvious micropore defects
observed. Additionally, some dark features at the edges of
the xGnPs indicate the formation of new phases due to the
solid-state chemical reaction between the xGnPs and Al dur-
ing processing to form the Al4C3. In accordance with the
relevant literature [28], it is known that the Al4C3 phase is a
typical interfacial reaction product in Al/C composites, and
the Gibbs free energy of this reaction is far less than 0 in
the temperature range of FSP [21], which is indicative of
a spontaneous reaction. Figure 8b shows that Al4C3 pref-
erentially nucleates at the open edges of xGnPs rather than
at the basal plane, suggesting that Al4C3 nucleation is het-
erogeneous and predominately at defect sites. It is due to
the fact that during the FSP, the aluminum matrix undergoes
severe plastic deformation while the xGnPs are subjected to
friction, crushing and stirring, leading to the breaking of the

xGnPs into smaller fragments. The process is conducive to
the formation of excellent physical contact between xGnPs
and the aluminummatrix, facilitating the formation of bond-
ing between them. Simultaneously, the breakage of C–C
bonds at the edges of abundant xGnPs causes the appear-
ance of more active C atoms, giving rise to the open edges of
xGnPs are more reactive than the basal planes. As a result,
the Al4C3 phase was found at the xGnPs edge, while that was
not detected at the basal planes.

In Fig. 8c, it is observed that there is a high diffrac-
tion contrast between many subgrain boundaries and some
bright bands around them, which results from the continu-
ous absorption of lattice dislocations by subgrain boundaries
to form long-range stress field and the sharp grain bound-
aries between adjacent subgrains. Therefore, it is confirmed
that the misorientation across these grain boundaries is close
to high angle. However, there are no dislocations found in
the ultra-fine grains, with sharp and clear grain boundaries.
Apparently, these findings are consistent with the character-
istics of CDRX. Therefore, it is considered that both CDRX
and DDRX occur in both specimens during the FSP pro-
cess. However, it is probably due to the higher temperature
arising from FSP that few features of GDRX and MDRX
were found. Not only the effect of DRX generated from
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Fig. 9 Raman spectra of nano-graphite powder and AMCs

FSP but also the high densities of geometrically neces-
sary dislocations formed with the addition of xGnPs that
accommodate the strain incompatibility during FSP result
in the grain size refiner than FSPed sample by enhancing the
nucleation rate during processing. Additionally, in terms of
the particulate-stimulated nucleation (PSN) mechanism, the
clusters of xGnPs and the size higher than 1 μm could pro-
vide preferential nucleation sites for the generation of new
grains [29, 30]. On the other hand, in terms of the Zener–Hol-
loman mechanism, the incorporation of xGnPs also can pin
grain boundaries [31], which impedes the migration of grain
boundaries. Hence, the grain size of AMCs is finer than that
of FSPedwith the assistance of these twomechanisms simul-
taneously.

Figure 9 shows the Raman spectra of the AMCs and the
xGnPs. The intense peaks in the figure appear at around 1350,
1580 and 2700 cm−1, corresponding to the damage-band (D-
band), graphite-band (G-band) and 2D band, respectively. In
general, the intensity ratio of D-band to G-band (ID/IG) is
utilized to estimate the microstructure damage of xGnPs. It
can be seen from the graph that there is not a distinct D-peak
for the spectra of xGnPs, indicating that its crystal structure is
relatively intact. The D-peak is obvious in AMCs, and ID/IG
� 1.13, indicating an increase in lattice defects and amassive
reduction in the flake diameter of xGnPs during the FSP pro-
cess, as further evidenced by Fig. 8b. In addition, the G band
in AMCs shifted to a higher value, which is due to the diffu-
sion of Al atoms into the graphite layer under the effect of the
severe plastic deformation and high temperature during the
FSP process, resulting in the distortion to the SP2 bond struc-
ture and the noticeable peak of Al4C3 at 868 cm−1, which
further demonstrates the existence of nano-Al4C3 in the pre-
pared composites. The value of I2D/IG is generally employed
to evaluate the number of nano-graphite layers, with higher

Fig. 10 Microhardness profile of all the samples

ratios implying higher dispersion. The ratio of I2D to IG in
AMCs is slightly higher than that of xGnPs, demonstrating
that there is no large-scale agglomeration within the AMCs.
Also, xGnPs are exfoliated during FSP processing.

3.4 Mechanical Properties

Figure 10 shows the microhardness profiles for all the sam-
ples along the cross section. The result suggests that the
average hardness of BM is about 55HV, while the value of
the FSPed sample is about 64HV, which is slightly higher
than BM. The main contributors to enhancing the hardness
of FSPed sample are grain refinement and the homog-
enization of precipitates. The hardness was increased to
80HV in AMCs with the addition of xGnPs. Meantime, the
hardness distribution curve fluctuates gently, confirming a
relatively homogeneous distribution of the reinforcements in
the AMCs. It also reflects the effect of grain refinement due
to the variation in preferred orientation.

Figure 11 presents the engineering stress–strain curves
of BM, FSPed samples and AMCs. The tensile strength,
yield strength, and elongation of all the samples were deter-
mined according to the tensile test. The main performance
parameters measured after tensile examination for the three
specimens are shown in Table 3. Compared with BM, both
yield strength and tensile strength of FSPed sample and
AMCs were enhanced dramatically, despite a decrease in
elongation. In general, there are four main strengthening
mechanisms contributing to the improved yield strength of
AMCs: (i) grain refinement, (ii) dislocation strengthening
owing to the coefficient of thermal expansion mismatch
between xGnPs and aluminum during the temperature from
processing down to the ambient temperature, (iii) interface
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Fig. 11 Stress–strain curves of BM, FSPed sample sand AMCs

Table 3 Tensile properties of BM, FSPed sample and AMCs

Specimen Tensile
strength
(MPa)

Yield strength
(MPa)

Elongation
(%)

BM 175 65 34.17

FSPed sample 195 93 32.91

AMCs 210 110 24.70

load transfer capacity of xGnPs and (iv) Orowan strengthen-
ing. The presence of xGnPs at grain boundaries and within
the grains contributes to restricting dislocation glide, which
increases the probability of dislocation pile-up. The effect of
wrapping and pinning related with xGnPs against the grain
also impedes the grain growth during FSP, causing finer grain
structure formed as a result of DRX, as shown in Figs. 6a and
8b. The strengthening effect generated from grain refinement
could be calculated utilizing the Hall–Petch formula as fol-
lows [32]:

σy � σ0 +
ky√
d

(2)

where d represents the average grain size (3.2 μm), σ y indi-
cates the yield strength, σ0 denotes the lattice frictional stress
(~ 45 MPa for Al–Mg alloy), and ky refers to a proportional
constant depending upon the materials utilized (~ 74 MPa
μm0.5) [33]. Consequently, the yield strength is calculated
to be approximately 86.37 MPa due to grain refinement. The
thermal mismatch stress would be generated during the FSP
process as a result of the large difference in coefficient of ther-
mal expansion between xGnPs (2× 10–6 K−1) and aluminum
(23.6 × 10–6 K−1). Accordingly, there would be more ther-
mal mismatch dislocations formed to alleviate the stresses

in the matrix, leading to an increase in dislocation density.
Nevertheless, for sub-micron strengthening phase, the ther-
mal mismatch resulting from the difference in expansion of
thermal coefficient tends to be mitigated by element diffu-
sion and atom relaxation, resulting in a significant decrease
in dislocation density [34]. Herein, the thickness of nano-
graphite is only a few nanometers, and the flake diameter is
dozens of nanometers after FSP. Consequently, the disloca-
tion strengthening effect can be ignored. It could be observed
that the dispersion of the xGnPs is homogenous inside the
grain and Al4C3 formed in situ, as shown in the TEM image
of Fig. 8b. The formation of this nano-phase is conductive
to improving the interfacial load transfer capacity. The fol-
lowing Zener equation [31] could be applied to evaluate the
pinning effect of xGnPs.

Pz � 3FV γβ

d
(3)

where, FV is the volume fraction of xGnPs, d is the mean
diameter of xGnPs, γβ is the energy of grain boundaries
for base metal, and Pz stands for the induced pinning pres-
sure [31]. It could be found from the above equation that
the pinning pressure is inversely proportional to the size of
the xGnPs and positively proportional to the volume fraction.
Accordingly, the xGnPs aswell as in situ formed nano-Al4C3

at the grain boundaries are beneficial to inhibiting grain
boundary migration more effectively, as shown in Fig. 8b,
which leads to Orowan strengthening effect, facilitating the
improvement of mechanical performance of AMCs.

3.5 Fractography

Figure 12 depicts the FE-SEM fracture surface of all the sam-
ples. According to Fig. 12a, numerous larger dimples and
voids exist in BM, demonstrating the typical ductile frac-
ture. The features about ductile fracture are also found in the
FSPed sample (Fig. 12b). For example, there is bimodal dis-
tribution bymeans of smaller voids around the larger dimples
originated from grain refinement after FSP. The fracture sur-
face for AMCs suggests neither the typical features of ductile
nor those of brittle fracture, implicating the mixed character-
istics of ductile–brittle failure. As shown in Fig. 12c and d,
the dimples on the fracture surface of AMCs are obviously
smaller, and small planes appear locally, which is similar to
the quasi-cleavage fracture feature. During tensile loading,
the dislocation slip was hindered by the reinforcement, cre-
ating a stress concentration there, leading to the nucleation
of voids around the reinforcement. Subsequently, the coales-
cence of voids and growthwith the increase in loading caused
the occurrence of failure. There were also some grain bound-
aries and triple junctions facilitating crack nucleation. Then,
the crack propagated along the weakest neighbor grains in
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Fig. 12 Fracture surface of
(a) BM, b FSPed sample,
c AMCs and d AMCs at high
magnification

the AMCs during tensile test. On the one hand, the xGnPs
as the pinning points improved the strength by changing the
direction of crack propagation, retarding the occurrence of
fracture. On the other hand, the pull-out of xGnPs occurring
simultaneously with the interruption effect of the xGnPs on
dislocation slip is also responsible for the increase in AMCs
strength.

4 Conclusions

In the present study, the effect of xGnPs on the microstruc-
ture andmechanical performance of AMCswas investigated,
while the strengthening mechanisms were discussed. The
main conclusions drawn from the investigation are summa-
rized below:

(1) The Al/xGnPs composites are successfully synthesized
using friction stir processing with a uniform distribution
of xGnPs. FSP and the incorporation of xGnPs resulted
in the preferred orientation of the BM transformed from
< 200 > to < 111 > , < 220 > and < 311 > , resulting
in the formation of ultra-fine grained structure and the
improvement of mechanical performance for AMCs.

(2) The addition of xGnPs not only facilitated the formation
ofmore crystal nucleus byparticle stimulated nucleation
during DRX, but also activated the Zener–Holloman

effect to impede the growth of grain, leading to the gen-
eration of fine equiaxed crystals with an average grain
size of approximately 3.2 μm and increasing the ratio
of high angle grain boundaries in AMCs.

(3) The Al4C3 was formed at the edge of graphite sheet as a
result of xGnPs reacting with Al matrix during the FSP
process. Besides, combined with the action of fine grain
strengthening, the hardness, yield strength and ultimate
tensile strength of the AMCs reached 80 HV, 110 and
210 MPa, respectively. The tensile fracture of BM and
FSPed sample is typical ductile fracture, whereas that
of AMCs indicates the characteristics of ductile–brittle
mixed fracture.
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