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ARTICLE INFO ABSTRACT

Keywords: Owing to its intrinsic two-dimensional structure, combined with its functionalized surfaces and superior me-
Aluminium matrix composites chanical properties, Ti3CoTyx (MXene) has emerged as a highly attractive candidate for reinforcing aluminium
MXene

matrix composites (AMCs) in advanced structural applications. In this study, few-layer MXene (FMXene) was
successfully incorporated into pure aluminium via an electrostatic self-assembly strategy followed by high-
pressure torsion (HPT) processing at room temperature. The microstructure evolution of FMXene-Al compos-
ites was systematically investigated, revealing that this integrated processing strategy effectively induced grain
refinement and facilitated the homogeneous dispersion of FMXene. The microhardness of the FMXene-Al com-
posites increased with both the number of HPT turns and the FMXene content (wt%), reaching a maximum value
of approximately 140 HV. Notably, a favourable trade-off between strength and ductility was achieved at an
FMXene content of 0.5 wt%, where the ultimate tensile strength (UTS) reached 290 MPa while retaining
appreciable ductility of ~ 1 %. This work provides valuable insights into the development of nanostructured,
high-performance AMCs via room temperature, interface-engineered processing routes.

High-pressure torsion
Electrostatic self-assembly strategy
Mechanical property

1. Introduction the desired balance of strength and ductility [6,7]. Carbon-based ma-

terials, particularly graphene, have long been considered an ideal rein-

Since their introduction in the early 20 century, aluminium-matrix
composites (AMCs) have undergone significant development, driven
by the increasing demand for lightweight, high-performance materials
in transportation and aerospace sectors [1-3]. The unique combination
of low density, high strength, and decent ductility renders AMCs highly
attractive for applications from consumer electronics to automotive and
aerospace, enabling reduced fuel consumption without compromising
structural integrity [4,5]. Over decades of research, efforts to enhance
the properties of AMCs have largely focused on the incorporation of
reinforcing phases. While ceramic reinforcements like SiC and Al,O3
offer excellent mechanical properties, their intrinsic brittleness and poor
machinability have limited their widespread adoption. Similarly, metal
oxides, despite their compatibility with aluminium, often fail to achieve
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forcement material due to their remarkable properties [8]. However,
challenges such as agglomeration and poor interfacial wettability be-
tween graphene and aluminium have significantly hindered its practical
viability in AMCs, despite its theoretical advantages [9-12]. In this
context, MXene has emerged as a promising alternative, combining the
benefits of carbon-based materials with improved compatibility, sta-
bility, and enhanced wettability with the aluminium matrix. MXene as a
two-dimensional material, exhibits excellent electrical conductivity and
remarkable mechanical properties, with an electrical conductivity of
11000 S cm ™}, Young’s modulus reaching up to 500 GPa and tensile
strength up to 15.4 GPa, making it an attractive candidate for rein-
forcing AMCs [13-17]. In comparison to graphene, MXene shows
improved dispersion stability, owing to its abundant surface functional
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groups (-OH, -COOH), these functional groups can generate electrostatic
repulsion in dispersion and chemical affinity with the aluminium ma-
trix, which not only mitigate agglomeration but also enhance wetting
ability with aluminium [18-22]. Those improvements underscore the
potential of MXene as an effective reinforcement in AMCs.

One major challenge associated with carbon-based reinforcement in
AMCs is the formation of the needle-shaped Al4C3 phase at temperatures
exceeding 600 °C during conventional high-temperature processing
techniques such as selective laser melting, stir casting, and friction stir
welding [9,23-25]. This brittle Al4C3 phase significantly degrades the
composite’s mechanical properties and compromises its structural
integrity [26-28]. To address this issue, strategies that prevent Al4Cs
formation are essential for achieving high-performance AMCs.
High-pressure torsion (HPT), a severe plastic deformation (SPD) tech-
nique, offers a viable solution by enabling composite processing at room
temperature [29]. By eliminating the risk of Al4C3 formation, HPT en-
sures that the reinforcing phase retains its structural and functional
properties. Additionally, the intense shear strain and elevated pressure
applied during HPT facilitate significant grain refinement and the uni-
form dispersion of reinforcing phases, further enhancing the composite’s
mechanical properties without inducing phase transformations or
structural degradation [30-32].

The integration of MXene as a reinforcement and the application of
HPT as a forming technique presents a transformative approach for
addressing longstanding challenges in AMCs development. By
combining the exceptional properties of MXene with the advanced
processing capabilities of HPT, this strategy offers a pathway to develop
lightweight, high-performance materials for structural and functional
applications. This study focuses on investigating the strengthening
mechanism of MXene within the aluminium matrix by employing
MXene reinforcements with different morphologies and layer structures,
and on optimizing the interface design to achieve both high performance
and improved economic efficiency in AMCs.

2. Experimental section
2.1. Materials and preparations

The matrix material, aluminium powder (99.5 % purity, maximum
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particle size of 125 pm) was obtained from Goodfellow. The MXene
colloid was synthesized in the lab by etching aluminium from TizAlIC,
(MAX) phase using in-situ generation hydrofluoric acid (HF). Fig. 1 is a
schematic diagram showing the steps of preparation of MXene-Al com-
posites. Further details of each step will be demonstrated in the
following sections.

2.1.1. Few-layer MXene preparation

In a polytetrafluoroethylene (PTFE) conical flask, 3.2 g of LiF was
dissolved in 40 mL of 9 mol L™! HCl and kept at 45 °C for 15 min to
ensure sufficient dissolution and in-situ generation of HF. Subsequently,
2 g of TizAlCy was slowly added, and the etching was carried out at 45 °C
with a stirring speed of 500 rpm for 48 h, during which the aluminium
layers were selectively removed from Ti3AlC, phase. After completion of
the reaction, the obtained product was transferred to a centrifuge tube
and centrifuged at 3500 rpm for 5 min, this process was repeated
7-8 times until the solution reached a PH of 6. The resulting product
multilayer MXene (named as MMXene) was then mixed with deionized
water and transferred to an air washing setup. The equipment was
placed in an ultrasonic bath filled with ice water and sonicated for one
hour under an argon atmosphere. After ultrasonication, the liquid was
poured into a centrifuge tube and centrifuged at 3500 rpm for 30 min.
The resulting supernatant, which contains few-layer MXene solution, is
hereafter referred to as FMXene.

2.1.2. FMXene-Al powder mixture preparation by electrostatic self-
assembly

To prepare the FMXene-Al powder mixture, aluminium powder was
slowly introduced into the FMXene colloidal solution under continuous
stirring at its naturally established PH (~ 6). The suspension was then
stirred vigorously for 30 min to facilitate electrostatic self-assembly and
ensure homogeneous mixing. After self-assembly, the suspension was
vacuum filtrated and dried to obtain FMXene-Al composite powders
containing 0.5 wt%, 1 wt%, and 5wt% FMXene. For instance,
"0.5FMXene-Al" refers to a composite containing 0.5 wt% FMXene in the
aluminium matrix. The concentration of the FMXene colloidal solution
used for preparation was determined by vacuum-filtration and freeze-
drying (see Supporting Information for details). For comparison,
MMXene-Al composites with 5 wt% MMXene (referred to as “5MMXene-

Al powder
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()
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Vacuum filtration

Fig. 1. Schematic diagram of preparation of FMXene-Al composites.
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Al”) was prepared following the same procedure as that used for the
FMXene-Al samples.

2.1.3. FMXene-Al composites fabricated by HPT process

0.2 g of FMXene-Al mixture powder was cold-pressed in a cylindrical
mold under manual load for half a minute. The obtained green com-
pacts, with 10 mm in diameter and 0.85 mm in height, were then sub-
jected to HPT processing at room temperature. This involved applying a
pressure of 6.0 GPa with an anvil rotation speed set at 1 rpm, and green
samples were processed to 0, 1, 5, and 20 turns (denoted as ON, 1 N,
5N, and 20 N).The 0 N sample was used as a reference to show the in-
fluence of shear strain induced by HPT on the microstructure evolution.
It should be noted that the entire HPT process was carried out under
quasi-constrained conditions, where friction between the sample and
anvils restricted radial flow, allowing only a small amount of material
flowing out around the edge of sample, therefore, the total weight of the
final sample is approximately 0.17 g.

2.2. Characterization methods

All the samples were polished using abrasive paper of 1200#, 3000#
and then polished with diamond paste at a size of 0.1 um. The phase
composition of all samples was examined using X-ray diffraction (XRD)
with Ko radiation (Siemens, Germany). Surface morphology and
microstructural features were analysed using a Zeiss Sigma field emis-
sion gun scanning electron microscope (FEG-SEM, Carl Zeiss Microscopy
GmbH, Jena, Germany), equipped with secondary-electron imaging (SE)
and electron backscatter diffraction (EBSD) detectors. EBSD maps were
acquired with a step size of 60 nm. The dispersion and interfacial
bonding state of the FMXene-Al composites were observed by trans-
mission electron microscopy (TEM, JEOL JEM-2100) coupled with
energy-dispersive spectroscopy (EDS). The chemical states of the sam-
ples were characterized using X-ray photoelectron spectroscopy (XPS,
Kratos AXIS Supra). Microhardness was measured using a Vickers
hardness tester (Buehler VH1102, Germany) under a load of 200 g and a
dwell time of 15 s. Tensile testing was performed at room temperature
using a Zwick testing machine (Zwick/Roell Z030, Germany). Miniature
tensile specimens were extracted from the HPT-processed disc using
wire electrical discharge machining (wire EDM), yielding two samples
with approximate dimensions of 2 mm in gauge length, 1 mm in width,
and 0.6 mm in thickness. The drawing of specific cutting position and
dimension is shown in Fig. S1 (Supporting Information). During tensile
tests, the displacement rate was held constant, and the initial strain rate
was maintained at 1 x 1073 s™!. Engineering strain was calculated from
the crosshead displacement. Due to the small gauge length of the
miniature specimens and the influence of machine and grip compliance,
the initial elastic portion of the stress-strain curves does not represent
the true Young’s modulus of the material. Therefore, elongation was
evaluated as the plastic strain to fracture by subtracting the initial 0.2 %
strain.

3. Results and discussion
3.1. Interfacial interaction mechanism between FMXene and aluminium

Fig. 2 presents a schematic illustrating the mechanism for the for-
mation of FMXene-Al composite powders through a facile self-assembly
process conducted under weaky acidic conditions (PH =~ 6). Specifically,
aluminium rapidly forms a dense and stable oxide layer (AlyO3) upon
exposure to ambient air due to its high reactivity with oxygen.

When in contact with water, this oxide layer undergoes hydrolysis,
generating hydroxyl (-OH) groups on its surface. Furthermore, under the
weakly acidic environment, partial dissolution and protonation of the
alumina layer occur, leading to the formation of locally active Al-OH3
sites and exposing fresh metallic areas [33-35]. This mild surface acti-
vation generates abundant reactive hydroxyl groups and positively
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Fig. 2. Schematic illustration of the formation mechanism of FMXene-
Al powder.

polarized sites on the aluminium surface. Simultaneously, FMXene
nanosheets possess negatively charged surface terminations such as -O,
-OH, and -COOH, which can readily interact with these sites [16,17].
The hydrogen bonding and localized electrostatic attractions between
FMXene functional groups and the hydroxylated aluminium surface
drive the spontaneous self-assembly of FMXene sheets onto the surface
of aluminium particles, forming a conformal and uniform coating. This
interfacial process, governed by interfacial physicochemical interactions
between both materials, resulting in strong adhesion and homogeneous
coverage of the FMXene nanosheets, thereby forming a stable
FMXene-Al composite structure.

To validate this self-assembly mechanism, various characterization
techniques were employed. The morphology of MMXene, FMXene,
aluminium and the distribution of FMXene on the aluminium surface
were examined by SEM, providing visual evidence to support the pro-
posed self-assembly mechanism. Fig. 3a and b show the as-prepared
MMXene, which exhibits an accordion-like structure, indicative of its
layered morphology that facilitates efficient exfoliation and high inter-
layer accessibility. After 1 h of ultrasonic treatment, the MMXene is
exfoliated into few-layer FMXene (2-5 layers), as shown in Fig. 3c and d.
The SEM images reveal that the exfoliated FMXene sheets possess a high
aspect ratio, with a width of approximately 50-100 um and a thickness
of around 500 nm. By comparison, MMXene retains a much thicker
multilayered structure, with an average layer number estimated to be
approximately10 times higher, as evidenced by the pronounced thick-
ness difference observed in the SEM images. Fig. 3e and f display the
irregularly shaped aluminium powders, with particle sizes ranging from
50 to 125 um. A closer examination of Fig. 3g and h reveals that, in the
0.5FMXene-Al composite, the soft FMXene sheets conform closely to the
surface topography of the aluminium particles, forming a continuous
and intimate coating.

The regions highlighted by blue dashed circles in Fig. 3g mark typical
areas where the FMXene nanosheets are observed wrapping around the
aluminium particle surface, while Fig. 3h presents a magnified view of
red region in Fig. 3g, clearly showing the wrinkled and layered
morphology of the FMXene coating. This conformal coverage modifies
the surface texture rather than altering the overall morphology of the
aluminium powders, which reflects the typical nature of the self-
assembly process. Such good interfacial contact indicates effective
coating of FMXene and is expected to enhance the mechanical integrity
and structural stability of the FMXene-Al composites.

X-ray photoelectron spectroscopy (XPS) is a powerful tool for
detecting surface elements and confirming the presence of functional
groups on aluminium and FMXene surfaces. The chemical valence and
elemental composition of the aluminium and FMXene were analysed by
XPS, and the results are shown in Fig. 4. Fig. 4a displays the XPS survey
spectra of aluminium and FMXene powders. The spectra confirm the
presence of key elements, including Al, O, Ti and C, as well as minor
traces of fluorine (F) in FMXene. Fig. 4b and c represent the high-
resolution XPS spectra of Al 2p and O 1 s of aluminium, respectively.
As shown in Fig. 4b, the XPS peak at 74.48 eV is attributed to AlyOs,
while the two additional peaks at 72.54 eV and 72.13 eV correspond to
metallic aluminium (Al). Since XPS primarily detects the sample surface,
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Fig. 3. (a, b) Multi-layer MXene; (c, d) After 1-hour ultrasonic treatment to adjust few-layer MXene; (e, f) Aluminium powder; (g, h) 0.5FMXene-Al composites.

the intensity of AlyOg is higher compared to metallic Al, indicating the
presence of an oxide layer on the surface. Fig. 4c shows the XPS spec-
trum of O 1s, which is deconvoluted into three distinct peaks at
approximately 531, 531.58, and 532.08 eV [36]. These peaks are
assigned to Al-O, carbonate and -OH bonds, respectively, confirming the
presence of hydroxyl (-OH) groups on the surface of aluminium. Fig. 4d,
e and f represent the high-resolution XPS spectra of Ti 2p, C 1 s, and O
1 s regions for the FMXene sample, respectively. In Fig. 4d, the Ti 2p
spectrum shows that the Ti-C bond has the highest peak intensity,
indicating the predominant presence of Ti in the carbide form. The
presence of a minor peak at 485.5 eV, attributed to Ti*t (TiOy), has the
lowest intensity among the Ti peaks, suggesting minimal oxidation of
titanium [37,38]. This indicates that the FMXene structure remains

intact with limited degradation, and only a small amount of TiO5 has
formed. Fig. 4e illustrates the high-resolution Cls spectrum, which
shows peaks attributed to Ti-C, Ti-C-O, C-C, C-O and C—=O bonds.
Notably, the Ti-C peak exhibits the highest intensity, further confirming
the stability of the FMXene carbide structure [39]. The presence of C-O
and C=0 bonds suggest surface oxidation or functionalization, but their
relatively low intensity implies that most carbon atoms are still bonded
to titanium. Fig. 4f presents the Ols spectrum, deconvoluted into four
peaks corresponding to four oxygen environments, including Ti-O,
C=0, C-0, and a minor peak attributed to -COOH groups. The Ti-O
indicates titanium oxide, while the presence of C-O, C=0 and -COOH
indicates the surface functional groups. These oxygen-containing groups
can establish interfacial interactions with the hydroxylated aluminium
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Fig. 4. (a) XPS spectra of aluminium and FMXene; (b, ¢) High-resolution Al 2p and O 1 s spectra of aluminium powder; (d, e, f) High-resolution Ti 2p; C1s,and O 1 s

spectra of FMXene powder.

surface, leading to improved interfacial compatibility and bonding
strength. These results provide strong support for the self-assembly
strategy, confirming that the interfacial bonding is chemically driven
by complementary functional groups on both materials. The confirmed
uniform adhesion of FMXene on aluminium particles plays a crucial role
in enhancing the mechanical performance of the composites [40,41].

3.2. Mechanical properties of HPT-processed FMXene- and MMXene-Al
composites

To further evaluate the mechanical performance of the HPT-
processed composites, microhardness measurements were carried out.
Given the shear inhomogeneity resulting from HPT, where the shear
strain applied to the sample edges surpasses that at the centre, the me-
chanical response across the entire sample is expected to vary from the
central region to the periphery [30,42]. Fig. 5a, b, ¢ and d show the
microhardness profiles of pure Al, 5MMXene-Al, 1FMXene and
0.5FMXene composites, respectively, processed by HPT with varying
numbers of turns, ranging from 0 to 20. The 5SFMXene-Al composite,
which exhibited severe brittleness during HPT processing, is not
included here, the corresponding microhardness tests are provided in
the Fig. S2. In the overall observation of the microhardness profiles, the
hardness values exhibit a relatively stable distribution from the centre to
the edge at O turn, with the average values for pure aluminium and
5MMXene-Al composites approximately 55 HV, whereas the average
values for 1FMXene-Al and 0.5FMXene-Al composites are approxi-
mately 60 HV. This difference can be attributed to the structural
configuration of MMXene and FMXene within the composites. Specif-
ically, the FMXene tends to wrap around the aluminium particles,
thereby providing improved surface coverage and enabling efficient
load transfer even in the absence of torsion strain (0 turn). In contrast,
the micro-scale MMXene is merely physically mixed with the aluminium
matrix, contributing less effectively to interfacial bonding and me-
chanical strengthening [43,44]. As the number of HPT turns increases to
1, 5 and 20, the hardness values of all samples show a gradual rise, with
a noticeable increase from the centre to the edge. The observed hardness

increment is primarily due to shear strain induced by HPT, which in-
troduces significant strain gradients and grain refinement throughout
the materials [45], The underlying microstructure mechanisms respon-
sible for this behaviour will be discussed in detail in the following EBSD
section. Moreover, the disparity in hardness between the edge and
centre becomes increasingly pronounced with more HPT turns, except
for pure aluminium. As illustrated in Fig. 5a and supported by prior
study [46], pure aluminium exhibits relatively uniform hardness dis-
tribution after HPT, with only a slight increase from centre to the edge.
This minor gradient can be attributed to the non-uniform shear strain
imposed during HPT, which generates higher dislocation density and
finer grains at the periphery even in the absence of reinforcement par-
ticles. However, owing to the high stacking fault energy of aluminium,
dislocations are highly mobile, and dynamic recovery is readily acti-
vated at room temperature, which limits the extent of strain hardening
and leads to only minor hardness variation across the sample.

In contrast, the incorporation of MMXene (FMXene) as a reinforcing
phase plays a pivotal role in enhancing the hardness of the aluminium
matrix composites, though their effectiveness differs significantly.
Notably, the hardness of the 1IFMXene-Al composite (Fig. 5¢) reaches a
maximum of 140 HV, surpassing that of the SMMXene-Al composite
(Fig. 5b), which only achieves a maximum of 110 HV. Interestingly,
even the 0.5FMXene-Al composite (Fig. 5d) attains a comparable
maximum hardness of 110 HV. This behaviour can be attributed to the
progressively uniform dispersion of FMXene as the number of HPT turns
increases. Although HPT introduces significant shear strain, it may still
be insufficient to fully exfoliate and uniformly disperse the thicker
MMXene into few-layer structures, which could explain its relatively
lower reinforcing efficiency. In contrast, the thinner FMXene sheets are
more susceptible to tearing and fragmentation under severe shear
deformation, generating numerous nanoscale fragments that act as
effective dislocation barriers. These fragments promote dislocation
multiplication through Frank-Read sources and enhance Orowan loop-
ing, further strengthening the matrix. Meanwhile, the intrinsic large
specific surface area of FMXene promotes efficient load transfer and
further restricts dislocation motion at the FMXene/Aluminium interface
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Fig. 5. Vickers microhardness profiles of (a) Pure Al; (b) 5SMMXene-Al composites; (¢) 1IFMXene-Al composites and (d) 0.5FMXene-Al composites processed by HPT

with different numbers of turns (0—20).

[10]. The combined effects of these mechanisms lead to superior overall
hardening, confirming that FMXene is more efficient than MMXene as a
reinforcing phase in AMCs

Fig. 6 presents the engineering strain-stress curves of pure
aluminium, 5SMMXene-Al, 1FMXene-Al and 0.5FMXene-Al composites,
while the corresponding mechanical parameters, including yield
strength, ultimate tensile strength and total elongation, are summarized
in Table 1. Pure aluminium (Fig. 6a) exhibits a ductile behaviour with a
total elongation of up to 1.91 % after 20 HPT turns, but its yield strength
and ultimate tensile strength remain relatively low, with maximum
values of 197 MPa and 244 MPa, respectively. The incorporation of
MMZXene and FMXene as reinforcing phases significantly enhances the
yield strength and ultimate tensile strength of the aluminium matrix
composites. For instance, after 20 turns, the yield strength of 5SMMXene-
Al (Fig. 6b) and 0.5FMXene-Al (Fig. 6d) composites reach 257 MPa and
242 MPa, while the ultimate tensile strength of these composites in-
creases to 294 MPa and 291 MPa, respectively. However, this
improvement in strength comes at the expense of ductility, both
5MMXene-Al and 0.5FMXene-Al composites exhibit reduced total
elongation compared to pure aluminium, with values of 0.89 % and
0.857 %, respectively, after 20 turns. Despite the reduced elongation,
both 0.5 FMXene-Al and 5MMXene-Al composites exhibits approxi-
mately 1.3 times higher strength than pure aluminium after 20 turns. It
is noteworthy that the 0.5FMXene-Al composite achieves nearly equiv-
alent strength to the 5MMXene-Al composite while requiring only one-
tenth of the reinforcement content. This demonstrates that the supe-
rior reinforcement efficiency of FMXene, which is attributed to its higher
specific surface area and stronger interfacial bonding with aluminium

matrix.

To further evaluate the effect of FMXene content, the tensile
behaviour of the 1FMXene-Al composites was also investigated, as
shown in Fig. 6¢c. The results reveal that the 1FMXene-Al composite
exhibits tensile strength of 114.8, 178.3 and 192.9 MPa after 1, 5 and 20
turns, respectively, accompanied by negligible ductility across all con-
ditions. The relatively low tensile strength and brittle failure of the
1FMXene-Al composites are likely caused by excessive incorporation of
FMXene. While moderate FMXene content is well dispersed within the
aluminium matrix under the severe plastic deformation induced by HPT,
which contributes to an increase in dislocation density and improves the
load-bearing capacity of the composite. However, when the FMXene
content is excessive, the high aspect ratio of FMXene tends to agglom-
erate within the matrix. These aggregates act as stress concentrators,
facilitating the premature initiation and propagation of cracks under
tensile loading, thereby compromising the overall mechanical perfor-
mance [47-49]. Considering the above-mentioned hardness and tensile
test results, the 0.5FMXene-Al composite exhibits the most favourable
combination of mechanical performance and structural integrity.
Furthermore, its low reinforcement content provides a clear economic
advantage compared to higher-load formulations. Therefore, subse-
quent analyses in this study focus primarily on the 0.5FMXene-Al
composites as the optimal system.

3.3. The distribution of MMXene and FMXene in the Al matrix after HPT
processing

To further elucidate the origin of the enhanced mechanical
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Fig. 6. Engineering stress-strain curves of (a) Pure Al; (b) 5SMMXene-Al composites; (c) 1FMXene-Al composites and (d) 0.5FMXene-Al composites processed by HPT

with 1, 5 and 20 turns.

Table 1
The yield strength, ultimate tensile strength, total elongation extracted from
Engineering stress-strain curves.

Sample Yield Strength Ultimate tensile Total Elongation
(MPa) strength (MPa) (%)

Pure A1 N 159 190.2 0.74

Pure AI5N 177 230.84 1.74

Pure A1 20 N 197 243.89 1.91

5MMXene-Al 175.52 211.4 0.69
1IN

5MMXene-Al 207.17 253.72 0.9
5N

5MMXene-Al 257.11 293.7 0.89
20N

1FMXene-Al N/A 114.8 0.27
1IN

1FMXene-Al N/A 178.3 0.49
5N

1FMXene-Al N/A 192.86 0.43
20N

0.5MXene-Al 181.35 201.7 0.49
1N

0.5MXene-Al 213.27 255.22 1.01
5N

0.5MXene-Al 242.45 290.71 0.86
20N

properties, detailed microstructural analyses were carried out on the
HPT-processed composite discs using SEM, TEM, XRD and EBSD. Fig. 7a,
b and c show the SEM images of 5SMMXene-Al composites processed by
HPT for 1, 5 and 20 turns in the edge region. It can be observed that the
shape and morphology of MMXene remain largely unchanged as the
HPT turns increase from 1 N to 20 N. This suggests that the applied shear

stress during the HPT process is insufficient to induce exfoliation or
delamination of MMXene. This observation may explain the relatively
lower reinforcing efficiency of MMXene compared to FMXene in me-
chanical properties. Moreover, MMXene, as a micro-scale material, is
inherently well-dispersed and resistant to aggregation, reducing the
effectiveness of HPT in further improving dispersion [43,50]. Conse-
quently, the lack of exfoliation and the natural dispersion of MMXene
limit its reinforcing effect in the aluminum matrix, resulting in modest
improvements in mechanical properties. Fig. 7d, e and f indicate the
SEM images of 0.5FMXene-Al composites processed by HPT for 1, 5 and
20 turns in the edge region. The noticeable agglomeration of FMXene
can be observed at 1 N. As the number of HPT turns increases to 5 and
20, the agglomerated FMXene is progressively fragmented into much
smaller particles and becomes more uniformly dispersed within the
matrix, compared to the sample processed at 1 N. This indicates that the
shear deformation induced by HPT effectively promotes FMXene flow
and facilitates the fragmentation of FMXene agglomerates within the
matrix.

To further support this observation, a quantitative SEM-based anal-
ysis was performed on the images in Fig. 7d-f, and the corresponding
fragment size distributions are provided in Fig. S3. The average equiv-
alent diameter of fragments decreases markedly from approximately
10 ym at 1 turn to ~ 1.9 um after 5 turns, indicating rapid fragmentation
of initial agglomerates. With further deformation to 20 turns, the frag-
ments are further refined to an average diameter of ~ 1.4 um. This
quantitative trend confirms the progressive fragmentation of FMXene
under HPT and is consistent with the observed improvement in disper-
sion and reinforcement efficiency. However, it is important to note that
increasing the content of FMXene in the aluminium matrix to some
extent could lead to significant agglomeration due to the strong van der
Waals forces and the inherent tendency of FMXene to cluster at higher
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Fig. 7. (a-c) SEM images of the 5SMMXene-Al composites after 1, 5 and 20 turns in the edge region; (d-f) SEM images of the 0.5FMXene-Al composites after 1, 5 and
20 turns in the edge region; (g-i) TEM, SAED, and HRTEM images of the 0.5 FMXene-Al composite after 20 turns.

concentrations. As shown in Fig. S4, the SEM images of 5FMXene-Al
composites processed by HPT for 0, 1 and 5 turns reveal noticeable
FMXene agglomeration, indicating that the imposed shear strain is
insufficient to achieve uniform dispersion at high FMXene content. This
observation is consistent with the brittle fracture behaviour of the
5FMXene-Al composites discussed earlier. The high content of FMXene
not only hinders the uniform dispersion of FMXene but also reduces the
overall reinforcing efficiency by introducing stress concentration points
within the matrix. Thus, maintaining a balance between the reinforce-
ment content and its dispersion is crucial to maximizing the overall
performance of the materials.

Fig. 7g-i depicts the TEM characterization of 0.5FMXene-Al com-
posite processed by HPT for 20 turns. The darker regions (highlighted by
the red dash circle) in Fig. 7g are attributed to the dispersed FMXene
sheets, whereas the brighter regions correspond to the aluminium ma-
trix. Based on these observations, TEM analysis further reveals that the
FMXene nanosheets are homogeneously distributed within the
aluminium matrix, indicating an effective dispersion achieved through
HPT processing. To confirm the identity of the dark regions, selected
area electron diffraction (SAED) was conducted on these areas, as shown
in Fig. 7h. The diffraction rings can be indexed to both FCC-Al and
Ti3CyTx MXene phase. The rings marked in red correspond to the (006),
(103), (105) and (110) planes of MXene [51-53], while those

highlighted in yellow correspond to the (111), (200), (220) and (311)
planes of aluminium. This confirms that the darker regions in Fig. 7g
originate from FMXene. High-resolution TEM (HRTEM) analysis was
conducted further performed to elucidate the interfacial structure be-
tween FMXene and aluminium, as shown in Fig. 7i. The HRTEM image
reveals well-defined lattice fringes with an interplanar spacing of
approximately 0.34 nm, corresponding to the (006) planes of MXene
[54], as indicated by the red arrows. Additionally, lattice fringes with a
spacing of ~ 0.23 nm, corresponding to the (111) planes of FCC-Al [55],
are also observed (marked by yellow arrows). The aluminium lattice
fringes appear slightly distorted and less distinct, which can be attrib-
uted to the high shear strain and lattice distortion introduced during
HPT processing. The coexistence of both lattice fringes within the same
region provides direct evidence of the intimate interfacial contact be-
tween FMXene and the aluminium matrix, further confirming the uni-
form dispersion and strong interfacial bonding achieved in the
composite.

3.4. Microstructure evolution of 0.5 FMXene-Al composites during HPT
processing

To provide insights into the strengthening mechanism, X-ray
diffraction (XRD) was conducted to identify the microstructural phases
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responsible for the observed enhancement.

Fig. 8 shows XRD patterns of the HPT-processed 0.5FMXene-
Aluminum samples at 1, 5 and 20 N, all diffraction peaks agree well
with the aluminium standard diffraction pattern, corresponding to
(111), (200), (220), (311) and (222) planes at 20 values of 38.61°,
44.83°, 65.19°, 78.3° and 82.35°, respectively. No Al4C3 or other reac-
tion products were detected, confirming that no interfacial reaction
occurred during the HPT process. The absence of TigCy peaks is attrib-
uted to the fact that XRD can only detect high concentrations of FMXene
(>10 wt%) in FMXene-Al composites, as the limited number of stacked
TigCyTx layers leads to very weak diffraction signals [17]. All peaks
reveal a conspicuous decrease in intensity and a broadening of peaks
with the increase of number of rotations, indicating the microstructure
refinement in aluminium matrix. Additionally, according to the Scherrer
formula [56,57]:

K4

D= feosd 1)
Where D is the crystallite size, K is a constant number, taken as 0.89, 1 is
the X-ray wavelength, taken as 0.154, g is the full width at half
maximum (FWHM) of the diffraction peak and 6 is the diffraction angle
of X-rays. By combining the Scherrer equation with X-ray diffraction
(XRD) data, the crystallite size, dislocation density and microstrain can
be calculated, which is summarized in Table 2. With increasing numbers
of HPT turns, a gradual refinement of the crystallite size is observed,
accompanied by an increase in dislocation density and microstrain.
Notably, no systematic shift in the Al diffraction peak positions is
detected among the FMXene-Al composites processed for different
number of turns, indicating that FMXene fragmentation does not lead to
detectable elemental dissolution into the Al matrix. Therefore, the
observed peak broadening is mainly attributed to lattice distortion
associated with dislocation accumulation and microstrain. This trend is
consistent with the enhanced microhardness and strength of the
FMXene-Al composites, which arise from the combined effects of grain
refinement, increased dislocation density and lattice strain induced by
HPT and FMXene.

Fig. 9 and Table 3 provide a clear illustration of the microstructural
evolution of the 0.5FMXene-Al composite processed by HPT at different
numbers of rotations (1 N, 5 N and 20 N), including EBSD maps taken
from both the centre and edge regions, with the sampling positions
indicated schematically in Fig. S5. The EBSD map are presented as
pseudo-3D inverse pole figure (IPF) orientation maps, in which the top,
left, and front faces of each cube correspond to the X, Y, and Z directions
of the sample, respectively. The colour legend indicates the crystallo-
graphic orientation according to the standard IPF triangle. To more
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Fig. 8. X-ray diffraction patterns of 0.5FMXene-Al composites processed by
HPT with 1, 5 and 20 N.
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Table 2
Crystallite size, dislocation density and microstrain after HPT process.
Sample Crystallite size Dislocation density Microstrain
(nm) (m?) 1079
1IN 54.98 3.31 x 1014 1.29
5N 31.22 1.03 x 105 2.30
20N 27.21 1.35 x 10! 2.62

precisely capture the intermediate stage of the microstructural evolu-
tion, an additional sample processed for 10 turns was also examined,
and the corresponding EBSD are presented in Fig. S6. The average gain
sizes of HPT-processed samples were summarized in Table 3, which
shows that both centre and edge regions exhibit pronounced grain
refinement with increasing torsional strain. In the centre region, the
average size decreases from 1.1 pm at 1 N to 0.4 pm at 20 N, while the
fraction of high-angle grain boundaries (HAGBs) increases from 62.4 %
to 88.5 %. In contrast, the edge region undergoes faster refinement,
reaching a saturated grain size of 0.4 um and HAGB fraction of 89.9 % at
5 N. This difference arises from the gradient in shear strain across the
disc and is consistent with the hardness distribution (Fig. 5d), where the
edge exhibits higher hardness than the centre.

Based on the EBSD observations and grain-size evolution, the
deformation process can be divided into four distinct stages. The
microstructural evolution of the 0.5FMXene-Al composite during HPT is
governed by the interplay between dislocation activity, recovery, and
FMXene-induced interface interactions, corresponding respectively to:
(i) initial plastic deformation (1 N); (ii) dynamic recrystallization; (iii)
recovery-dominant stage (10 N), (iv) steady state (20 N).

At 1 turn, the disc mainly experiences initial plastic deformation,
during which dislocation multiplication begins and elongated sub-
structures form. As the number of torsional cycles increase from 1 N to
5 N, severe plastic deformation introduces an extremely high density of
dislocations, leading to the subdivision of original grains into dislocation
cells and sub grains. The gradual increase in misorientation among these
sub grains promotes their transformation into high-angle grain bound-
aries (HAGBs), which explains the significant increase in HAGB fraction
from 62 % at 1 turn to nearly 89 % at 5 turns [58]. This stage corre-
sponds to the activation of continuous dynamic recrystallization
(CDRX), where dislocation accumulation dominates over recovery. With
further torsional straining (5-10 turns), the accumulation of plastic
work generates considerable internal frictional heating, facilitating
dislocation climb and annihilation. As a result, dynamic recovery be-
comes increasingly active and counteracts grain refinement, leading to a
slight decrease in HAGB fraction, particularly at the edge where strain
and temperature are highest. This behaviour is consistent with the
dislocation-based steady-state model, in which the minimum attainable
grain size (dmin) is determined by the balance between dislocation
multiplication and thermally activated recovery [31,59]. According to
this framework, the refinement rate decreases exponentially with
increasing strain once this balance is approached. The present results
reveal that the edge region reaches such a quasi-steady-state condition
around 5 turns, while the centre continues to refine until 20 turns due to
its lower effective strain. The incorporation of FMXene play a critical
role in modifying this balance. The two-dimensional FMXene re-
inforcements act as strong barriers to dislocation motion and sub grain
boundary migration, enhancing dislocation storage capability and
delaying recovery. In addition, the FMXene/Aluminium interfaces pro-
vide preferential nucleation sites for sub grains and facilitate load
transfer across the matrix-reinforcement interface, which accelerates
dynamic recrystallization in the early stages but stabilizes the refined
grains at later stages. Consequently, the composite achieves a finer
steady-state grain size (~ 0.4 pm) compared to monolithic aluminium
processed under similar conditions. Furthermore, the strain gradient
across the disc induces spatial variations in texture evolution. The edge
region, subjected to intense shear deformation, develops a sharper
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Fig. 9. Pseudo three-dimensional inverse pole figure orientation maps and corresponding grain size distribution of the 0.5FMXene-Al composite processed by HPT
with different numbers of rotations: (a-c) centre region and (d-f) edge region after 1, 5 and 20 turns.

Table 3
The average grain size and HAGB fraction at the centre and edge regions after
HPT process, obtained from EBSD analysis (Fig. 9).

Turns Position Average grain size (um) HAGB (%)
1IN centre 1.1 62.4

1N edge 0.6 87.9

5N centre 0.6 88.5

5N edge 0.4 89.9

10N centre 0.5 88.1

10N edge 0.4 88

20N centre 0.4 88.4

20N edge 0.4 84.2

simple-shear texture as grains rotate to align < 110 > or

< 111 > directions along the shear axis, while the centre region remains
largely random in orientation. This evident texture gradient correlates
well with the hardness distribution: although both the centre and edge
region of the 0.5FMXene-Al composite processed for 20 turns exhibit
comparable average grain size, the edge still maintains a higher hard-
ness. This can be attributed to the combined effects of texture-induced
directional strengthening and the pining effect of FMXene, which
collectively contribute to a moderate degree of mechanical anisotropy in
the HPT-processed composite. Overall, the microstructural evolution

10

from dislocation accumulation to dynamic recovery and eventual sta-
bilization reflects a dynamic balance between deformation and recov-
ery. The presence of FMXene reinforcements shifts this balance by
retarding recovery and stabilizing ultrafine grains, which ultimately
contributes to the enhanced hardness and tensile strength of the com-
posite compared with pure aluminium.

3.5. Strengthening mechanism analysis

The remarkable enhancement in strength and hardness of the
0.5FMXene-Al composites can be attributed to the synergistic action of
multiple strengthening mechanisms activated during HPT. The severe
plastic deformation introduced by HPT induces ultrafine grain forma-
tion, contributing to grain boundary strengthening in accordance with
the Hall-Petch effect. Using the Hall-Petch relationship [60,61]:

oy = 0o +K,d'?

Where oy is lattice friction stress, k, is the Hall-Petch coefficient for
aluminium, and d is the grain size. By adopting typical literature values
for aluminium (K, ~ 0.07-0.09 MPaem'’?) and the experimentally
measured grain size (~ 0.4 um), the Hall-Petch term K,d'/2 yields a
strengthening contribution on the order of 100-150 MPa relative to
coarse-grained aluminium. It should be noted that the experimentally
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measured strength also includes contributions from lattice friction and
HPT-induced dislocation hardening arising from the extremely high
dislocation density introduced during HPT. Therefore, this estimate is
consistent in magnitude with the high yield strength level achieved after
HPT processing.

In addition to grain refinement, HPT promotes the homogeneous
dispersion and intimate interfacial bonding of FMXene nanosheets
within the aluminium matrix. These uniformly distributed FMXene
nanosheets act as effective barriers to dislocation motion and facilitate
load transfer across the FMXene/Al interface, thereby providing an
additional strengthening increment on the order of several tens of MPa
beyond the baseline strengthening induced by HPT. Moreover, FMXene
nanosheets located near grain boundaries can further stabilize the
refined microstructure by generating a Zener pinning effect, which
suppresses grain boundary migration during deformation and recovery.
This pinning effect does not dominate the strength level but contributes
to maintaining the ultrafine-grained structure under high strain
conditions.

The integration of these effects, including grain refinement, dislo-
cation hardening, load transfer, and interfacial pining, leads to the for-
mation of a multi-scale strengthening network. The FMXene/Aluminium
interfaces serve as both mechanical and chemical reinforcements, opti-
mizing strain transfer efficiency and delaying recovery. Consequently,
the composite exhibits a unique balance of strength and ductility
compared to conventional carbon-based reinforcements. This synergis-
tic mechanism highlights the importance of interface engineering in the
design of advanced aluminium matrix composites processed via HPT.

4. Conclusion

In this study, FMXene was successfully incorporated into an
aluminium matrix via a novel electrostatic self-assembly approach,
followed by consolidation through HPT at room temperature. The
presence of surface functional groups on both FMXene and aluminium
particles enabled strong interfacial interactions, while the intense shear
strain from HPT facilitated the uniform dispersion of FMXene flakes and
the formation of ultrafine-grain microstructures (~ 400 nm). Mechani-
cal tests demonstrated that the incorporation of FMXene significantly
enhanced the hardness and tensile strength of the composites, with the
0.5FMXene-Al sample showing the most balanced performance,
achieving a hardness of 110 HV and an ultimate tensile strength of
291 MPa, while maintaining reasonable ductility. These improvements
are attributed to the synergistic effects of enhanced interfacial bonding,
efficient load transfer, grain refinement and dispersed FMXene. Overall,
this work presents a promising, cost-effective pathway for designing
high-performance aluminium matrix composites using 2D FMXene re-
inforcements, with potential applications in lightweight structural and
aerospace components.
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