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ABSTRACT: Herein we present the transformative effects of multiwall carbon
nanotube (MWCNT)-MXene hybrid nanofillers on the mechanical, electrical, and
piezoresistive properties of the resulting epoxy nanocomposites. The utilization of the
MWCNT-MXene hybrids significantly improves the dispersion of fillers within the
epoxy matrix, effectively eliminating the agglomeration of individual fillers and
improving the stress transfer efficiency. With just 1 wt % MWCNT-MXene hybrid, we
observed improvements in the Young’s modulus and the flexural modulus, which .
increased by 31 and 28%, respectively, when compared to neat epoxy. Furthermore, the | 1. g LT e
fracture toughness of these composites was 84.5% higher than that of neat epoxy,
primarily attributed to crack deflection and filler debonding mechanisms. The hybrid
composites exhibited increased piezoresistive sensitivity during tensile, flexural, and .|/
fracture tests due to the creation of a percolating network of MWCNT and MXene
nanoplatelets. Our findings have implications for the development of advanced hybrid
materials, holding promise for applications in strain sensors and self-sensing structures.
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1. INTRODUCTION form of agglomeration.'’ A low electrical percolation threshold
in CNT-epoxy composites has been achieved thanks to their
unique structure and high conductivity.'' Compared to CNTs,
graphene nanoplatelets (GNPs), a layered two-dimensional
(2D) carbon allotrope, offer distinct advantages in enhancing
the mechanical properties of polymer composites. This
advantage arises from their planar structure and high specific
surface area, which enable superior stress transfer efficiency
from the matrix to the filler during loading.'”'* Both of these
characteristics play an important role in reinforcing epoxy
composites.

MXenes, known as transition metal carbide and nitrides,
have attracted significant research attention since the synthesis
of Ti;C,T, in 2011."* From a morphological perspective,
MXenes share similarities with graphene, appearing as stacked
sheets. Notably, Ti;C,T, MXene displays an elastic modulus of
approximately 330 GPa'® and exceptional electrical con-
ductivity reaching up to 11,000 S cm™.'® These properties
make MXenes an appealing choice for improving mechanical,'”
optical,'® and electromagnetic interference shielding'”*’

Over the last few decades, thermosets have gained widespread
utilization as essential structural and engineering materials,
thanks to their exceptional mechanical and physical attributes.
Among thermoset materials, epoxy resins stand out as a
significant representative, renowned for their important
features that include minimal shrinkage during the curing
process, high tensile strength, and remarkable resistance to
chemicals and heat." Consequently, epoxy resins have found
extensive applications in a variety of industries, including but
not limited to coatings, adhesives, electronics, and aerospace.2
Nevertheless, epoxy resins do come with inherent drawbacks,
notably their limited fracture toughness and low electrical
conductivity, which have constrained their utilization across
multiple domains.

The incorporation of nanofillers into epoxy resins stands as
an effective strategy for improving not only their mechanical
performance but also endow them with multifunctional
prope:rties.?’_5 Among different nanofillers, carbon-based nano-
materials such as carbon nanotubes (CNTs) and graphene-
related materials have attracted significant interest for their role
in enhancing the strength, electrical conductivity, and multi-
functionality of epoxy resins.”” CNTs, possessing a one-
dimensional (1D) structure, showcase remarkable attributes,
including a high elastic modulus, superb conductivity, and high
aspect ratio.”” Effective reinforcement can be attained when
CNTs are evenly dispersed within the matrix, preventing any
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Scheme 1. Dispersion of Ti;C,T, MXene and MWCNT in the Epoxy Matrix by a Three-Roll Milling Process
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properties of polymer nanocomposites. Recently, studies on
the properties of MXene-incor;)orated €poxy nanocomposites
started to receive attention.”””” It has been shown that the
incorporation of MXene nanoplatelets can improve mechanical
properties,””** thermal conductivity,”>*° and electrical con-
ductivity”™*” of epoxy nanocomposites. For example, the
thermal conductivity of epoxy resin was improved by 141.3%
to 0.587 W/mk with 1.0 wt % Ti;C, MXene filler.*® In another
study, the electrical conductivity of epoxy resin was improved
to 4.52 X 107" S/m with 1.2 wt % Ti,C,T, MXene.”” These
findings underscore the potential of MXenes in enhancing the
performance of epoxy nanocomposites.

Nevertheless, the tendency of MXenes to restack and
agglomerate even at low filler concentrations has constrained
their reinforcing effectiveness in epoxy nanocomposites.”' In
contrast, several hybrid nanofillers have demonstrated greater
efficacy in enhancing the mechanical and functional properties
of polymer nanocomposites compared to individual fillers,
primarily owing to synergistic effects,” ™" which are closely
related to the hybrid filler structure, the interfacial interactions
between hybrids, and the improvements in dispersion of both
components.”” Among the list of hybrids, CNTs have been
widely combined with GNP or graphene oxide (GO) to
improve mechanical, thermal, and electrical properties of epoxy
nanocomposites synergistically. >~ It has been illustrated that
the stacking of 2D GNP or GO and the aggregation of 1D
CNT have been effectively constrained by fabricating a
complex three-dimensional (3D) structure within the hybrid
nanocomposites. On that basis, CNTs have been combined
with MXenes to fabricate polymer nanocomposites that display
synergistic effects.”’ ™’

To the best of our knowledge, no studies have explored the
combination of MXene nanoplatelets and CNTs for
reinforcing epoxy nanocomposites. This work addresses this
literature gap by effectively dispersing multiwall carbon
nanotube (MWCNT) and MXene into epoxy resin using a
three-roll mill. The morphology of the fillers was characterized
by X-ray diffraction (XRD), Raman spectroscopy, and
scanning electron microscopy (SEM). Finally, the mechanical,
electrical, and piezoresistive properties of the fabricated epoxy
nanocomposites were investigated in detail.

2. EXPERIMENTAL SECTION

2.1. Materials. The Ti;AlC, MAX powder with a particle size of
38 um was purchased from Jilin 11 Technology Co., Ltd. Lithium

3315

fluoride (LiF, 98.5% grade) powder and hydrochloric acid (HCI, ACS
reagent) were provided by Sigma-Aldrich. IB2 Epoxy Bio Resin and
IB2 Epoxy Hardener were obtained from Easy Composites.
Multiwalled carbon nanotubes (MWCNTs) with an inner diameter
of 3—5 nm, an outer diameter of 8—15 nm, and a length of 3—12 um
were purchased from Shenzhen Liguangrun E-commerce Co., Ltd. All
of the materials were used as received without purification.

2.2. Synthesis of Ti;C,T, MXene. Ti;C,T, MXene was prepared
by the in situ HF etching method.** First, 1.6 g of LiF was added into
20 mL of 9 M HCI under magnetic stirring at room temperature.
Then, 1 g of Ti;AlC, powder was gradually added to the solution with
over the course of S min to avoid overheating of the reaction. After
that, the reaction was brought to a water bath of 40 °C and allowed to
run under stirring for 40 h. The resulting mixture was washed with DI
water and centrifuged at 3500 rpm for 5 min for each cycle until the
pH reached neutral. The products were collected and bath sonicated
in DI water for 1 h under argon bubbling to minimize oxidation.
Then, a colloidal solution of MXene was collected by centrifugation at
3500 rpm for 1 h. Finally, Ti;C,T, MXene powder was obtained after
freeze-drying for 48 h.

2.3. Preparation of Epoxy/MXene/MWCNT Nanocompo-
sites. In this study, epoxy nanocomposites with Ti;C,T, MXene and
MWCNT were fabricated using a three-roll mill*"** as shown in
Scheme 1. A certain amount of MXene, MWCNT, or the hybrid
powders were dispersed in the epoxy resin at 70 °C for 10 min under
magnetic stirring. The weight ratio of MWCNT to MXene was 1:1 in
the hybrid (0.1, 0.3, 0.5, 0.7, and 1 wt 9%).* Then, the mixtures were
fed into a three-roll miller (80E EXAKT GmbH, Germany). The gap
between the feed roll and the apron roll reduced gradually (90:30,
60:20, 45:15, 30:10, and 15:5 um) as previously reported.** The
speed of the roller was fixed at 200 rpm, and the mixtures passed
through each gap distance for two cycles.

To prepare epoxy nanocomposites, the hardener was added in a
22:100 weight ratio to the epoxy. The mixture was manually mixed for
S min, which was then degassed under vacuum for 40 min. The pure
epoxy and epoxy nanocomposites were prepared by curing the
mixture at room temperature for 16 h and then at 40 °C for 24 h as
suggested by the supplier, which should lead to optimal mechanical
properties of the epoxy resin.

2.4. Characterization. X-ray diffraction (XRD) of the samples
were recorded on an ANalytical X'Pert-Pro diffractometer using
standard short set (reflection mode, Cu K radiation, divergence slit,
and Nifilter). The scanning scope of 20 was 5—70° at room
temperature. Raman spectroscopy was performed by using a
Renishaw inVia Raman microprobe system. A laser excitation of
785 nm with a grating of 1200 grooves/mm was used. The laser
power was kept below 1 mW to avoid the laser heating effects.
Morphological studies were carried out using scanning electron
microscopy (SEM, FEI Inspect-F, Netherlands) with an acceleration
voltage of 5 kV. Ti;C,T, MXene and MWCNT samples were
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Figure 1. (a) XRD patterns of Ti;AlC, MAX, Ti;C,T, MXene, and MWCNT. (b) Raman spectra of Ti;AlC, MAX, Ti;C,T, MXene, and
MWCNT. (c) SEM image of MWCNTs. Scale bar, 500 nm. (d) SEM image of Ti;C,T, MXene with an accordion structure. Scale bar, 2.5 ym. (e)
TEM image of MWCNTs. Scale bar, S0 nm. (f) TEM image of Ti;C,T, MXene. Scale bar, 1 ym.

deposited onto a silicon wafer. Fracture surfaces of the cured epoxy
composites were obtained by fracture in liquid nitrogen. High-
resolution transmission electron microscopy (TEM) imaging was
conducted by using a JEOL F200 instrument. Fourier transform
infrared spectroscopy (FTIR) tests were performed by using a Smart
iTX Optical Base and an AR Diamond Crystal Plate for the Nicolet iS
10.

The tensile, flexural, and fracture properties of pure epoxy and
epoxy nanocomposites were characterized by using Instron 5967—1.
For the tensile tests, the samples were fabricated according to ASTM
D638 TYPE V. A loading cell of 1 kN and a loading rate of 1 mm/min
were used. The applied strain was measured by a noncontact video
extensometer. For bending tests, the rectangular samples with 56 mm
length, 13 mm width, and 1.5 mm thickness were fabricated. The
support span was 34 mm, and the crosshead speed was 10 mm/min.
For fracture toughness, the single-edge-notched bend (SENB) test
was conducted, and rectangular specimens with 40 mm (length) X 4
mm (width) and 8 mm (thickness) were fabricated. The distance
between the supporting rollers of the three-point bending test was 32
mm, and the crosshead speed was 10 mm/min. For each specimen, a
notch 4 mm deep was machined, and a natural crack was made by
tapping a razor blade into the notch. The fracture toughness, Kjc, was
calculated using the following equation®

FL
KIC = mf(x) (1)

[1.99 — x(1 — x)(2.15 — 3.93x + 2.7x%)]
2(1 + 2x)(1 — x)*?

flx) = SxI/Z{

2)

where x = a/w, a is the crack length, w, L, and B are the width, length,
and thickness of the specimen, and F is the maximum force.

The electrical conductivity of the samples was measured by using a
two-probe method using a picoammeter (Keithley 6485, Textronix)
and a DC voltage source (Agilet 6614C). The dimensions of the
specimens were 56 X 13 X 1.5 mm®. Silver paste was applied to both
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ends of the specimens to reduce the contact resistance. A voltage of
10 V was used.

The strain sensing behavior of the nanocomposites was
characterized by using the two-probe method where the variation in
electrical resistance was monitored with the applied strain or
displacement. After the outer epoxy layer was removed, the electrodes
were attached to the surfaces of the nanocomposites. For the tensile
samples, the distance between the two electrodes was 10 mm. For
flexural and fracture tests, two electrodes were directly applied to the
two ends of the specimen. Constant voltage of 10 V was applied
throughout the experiment.

3. RESULTS AND DISCUSSION

3.1. Morphology of MXene and MWCNT. The Ti,C,T,
MXene was produced using the in situ HF etching method,
involving the removal of the Al layer from the Ti;AlIC, MAX
phase by employing a mixture of LiF and HCI. Figure la
presents the XRD analysis illustrating the structural trans-
formation from the Ti;AlC, MAX phase to Ti;C,T, MXene. In
the case of Ti;AIC, MAX, the distinctive peak at 20 = 38.8°
(104) is indicative of the presence of Al. This specific peak was
absent in the XRD spectra of the synthesized Ti;C,T, MXene,
confirming the successful etching of the Al layers through the
in situ HF process.46 Furthermore, the characteristic (002)
peak at 20 = 9.5° experienced a shift toward a lower value at 20
= 8.9° and displayed broadening, indicating an increase in d-
spacing. Additionally, three new peaks corresponding to the
(004), (006), and (008) crystal planes emerged in the XRD
pattern of Ti;C,T,."” The XRD pattern of the MWCNT is also
presented in Figure 1a. The sharpness of the (002) peak in the
MWCNT indicates the presence of a well-defined graphite
structure.

Figure 1b shows the Raman spectra of Ti;AlC, MAX,
Ti;C,T, MXene, and MWCNT in the range of 150—2000
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Figure 2. SEM images of fractured surface of (a) neat epoxy and epoxy nanocomposites with (b) 0.5 wt % MWCNT, (c) 1 wt % MWCNT, (d) 0.5
wt % TiyC,T, MXene, (e) 1 wt % Ti;C,T, MXene, and (f) 1 wt % MWCNT/Ti;C,T, MXene hybrid. Scale bars, 1 um.

cm™!. For MWCNT, two characteristic peaks, one of the D
band at 1310 cm™ and one of the G band at 1598 cm™!, were
observed. The D band represents the structural defects and the
G band represents the in-plane vibration of the sp* bonds."”
The intensity ratio of the D band to the G band was calculated
to be about 1.7, which means that there is a certain degree of
defects on the carbon nanotubes. These defects can be
ascribed to bonding irregularities in sp* configuration, as well
as kinks and twists in the structure of MWCNT.** For Ti;AlC,
MAX and Ti;C,T, MXene, all of the Raman bands were
located between 150 and 800 cm™". The out-of-plane w, peak
of Ti;AIC, MAX moved to lower wavenumber for Ti;C,T,
MXene (A, (Ti, O, C)), as Al was etched away and C and
surface groups were involved in vibration. In addition, the out-
of-plane peak of Ti;AIC, (w4) moved to higher wavenumber in
the case of Ti;C,T, (A, (C)).* These observations indicate
the successful etching of the Al layers.

The SEM micrographs of MWCNT and Ti;C,T, MXene are
shown in Figure 1c,1d. It can be seen that MWCNTSs show
long and tortuous morphologies entangling with each other.
The length of MWCNTSs ranges from hundreds of nanometers
to several micrometers. The SEM image of Ti;AlC, MAX
revealing a compact and layered morphology is shown in
Figure S1 in the Supporting Information. In contrast, the
exfoliated Ti;C,T, MXene exhibits a loose accordion-like
structure, which further proves the successful etching and
intercalation processes. The TEM images of MWCNT and
Ti;C,T, MXene are also shown in Figure le,1f. The
multiwalled structure of MWCNT with a hollow internal
channel and the accordion-like structure of Ti;C,T, MXene
were clearly observed.

3.2. Microstructure of Epoxy Nanocomposites. The
morphologies of fractured epoxy and epoxy/MXene/MWCNT
nanocomposite surfaces were investigated by SEM as shown in
Figure 2. The fractured surface of neat epoxy was relatively
smooth and continuous (Figure 2a). Therefore, the energy
required for fracture in neat epoxy is relatively low. Straight
ravines and gullies appeared on the fractured cross section,
which are common for brittle fractures of pure materials. In
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contrast, fracture surfaces of epoxy nanocomposites show
different morphologies; the roughness of the surfaces increases
significantly (Figure 2b—f). For the case of epoxy/ MWCNT
nanocomposites at low filler contents (Figure 2b), tortuous
MWCNTs were randomly and individually distributed in the
epoxy matrix. Long entangled MWCNTs lay on the cross
section of the epoxy matrix while no aggregates can be seen.
The small bright dots on the fractured surface indicate the
broken ends of MWCNTSs. The pulled out and broken
MWCNTs indicate that there is a strong interfacial interaction
between MWCNTSs and the epoxy, resulting in an effective
load transfer from the matrix to the fillers. Therefore, it is
expected that the mechanical properties of epoxy nano-
composites with MWCNTs at low loadings could be improved.
In contrast, significant agglomeration was observed on the
fracture surface of epoxy nanocomposites with 1 wt %
MWCNT (Figure 2c). This led to the formation of defects
or flaws in the matrix, which acted as stress concentrators and,
in turn, restricted the effective stress transfer from the matrix to
the filler; as a result, the mechanical properties of the specific
nanocomposite samples are expected to be degraded compared
to their low-content counterparts.

The flaky shape of MXene nanoplatelets can be seen at the
fractured surface of the 0.5 wt % Ti;C,T, MXene nano-
composite sample (Figure 2d). The cracks alter their path and
propagate in different planes when encountering the flakes.
The fracture area increases and should consume more fracture
energy. As a result, the mechanical properties of epoxy
nanocomposites are expected to be improved with the
incorporation of low MXene loadings. However, further
increasing the MXene loading induced agglomeration, as
observed in Figure 2e. This induced the formation of cracks,
which initiated and propagated easily and, in turn, would
reduce the strength of epoxy nanocomposites.

Both MWCNT and MXene can be observed on the fracture
surface of epoxy nanocomposites with a 1 wt % MWCNT/
Ti;C,T, MXene hybrid (Figure 2f). It can be noticed that
better dispersion of MWCNT and MXene was achieved in the
MWCNT/MXene hybrid-reinforced nanocomposites. The
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Figure 3. (a) Tensile stress—strain curves of epoxy and epoxy nanocomposites with 0.5 wt % MWCNT, 0.5 wt % MXene, and 1 wt % MWCNT/
MXene hybrid. (b) Variation of the Young’s modulus of epoxy nanocomposites with MWCNT, MXene, and MWCNT/MXene hybrid. (c)
Variation of the tensile strength of epoxy nanocomposites with MWCNT, MXene, and MWCNT/MXene hybrid. (d) Variation of Young’s
modulus with filler volume content for epoxy nanocomposites with MWCNT, MXene, and MWCNT/MXene hybrid. The results were fitted with

the rule of mixtures.

agglomeration that was observed in individual MWCNT and
MXene nanocomposites was prevented in this case. This could
lead to larger filler/matrix contact area and enhanced
interactions between the fillers and the matrix. As a result,
the mechanical properties of epoxy nanocomposites with
MWCNT/MZXene hybrid are expected to be improved.

The interfacial interactions between MWCNT and MXene
nanoplatelets were characterized by FTIR as shown in Figure
S2a in the Supporting Information. For MWCNT, the
spectrum shows bands at 3436 cm™' (assigned to —OH
stretching), 2923 and 2854 cm™' (attributed to asymmetric
and symmetric CH, stretching), 1629 cm™" (assigned to C=C
stretching), and 1052 cm™" (attributed to C—O stretching).”
These functional groups were introduced during the
production and purification processes.”” For MXene, the
spectrum shows bands at 3400 cm™' (assigned to —OH
stretching), 1623 cm™" (assigned to C—OH bending), and
1056 cm™" (assigned to C—F stretching).” For the MWCNT/
MXene hybrid, the —OH stretching band moved to 3425
cm™'. This indicates the existence of interfacial interactions
between MWCNT and MXene (oxygen-containing groups and
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hydroxyl groups), which facilitate the dispersion of each filler
and promote uniform dispersion of the hybrid filler in the
epoxy resin. The underlying mechanism is illustrated in Figure
S3 in the Supporting Information. Individual MWCNTs tend
to entangle, and MXenes tend to restack at high filler contents.
In contrast, the presence of the hybrid filler can prevent
entanglement or restacking and promote codispersion of each
filler due to the interfacial interactions between the hybrid
fillers.

The FTIR spectra of pure epoxy and epoxy composites are
shown in Figure S2b in the Supporting Information. The bands
assigned to hydroxyl groups of the epoxy resin moved to
slightly lower wavenumbers for the composites, which can be
attributed to the dipole—dipole interactions or hydrogen
bonding between residual polar groups of epoxy and fillers.*®
In addition, the intensity of the C—N bond vibration increased
for the composites, indicating the positive effect of the fillers
on the epoxy curing regime.”” The XRD patterns of epoxy and
epoxy composites are shown in Figure S4 in the Supporting
Information. The distinction between epoxy and epoxy
composites is quite difficult due to the very low filler loadings.
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Figure 4. (a) Flexural stress—strain curves of epoxy and epoxy nanocomposites with 0.5 wt % MWCNT, 0.5 wt % MXene, and 1 wt % MWCNT/
MXene hybrid. (b) Variation of the flexural modulus of epoxy nanocomposites with MWCNT, MXene, and MWCNT/MXene hybrid. (c)
Variation of the flexural strength of epoxy nanocomposites with MWCNT, MXene, and MWCNT/MXene hybrid.

3.3. Mechanical Properties of Epoxy Nanocompo-
sites. 3.3.1. Tensile Properties. Figure 3a illustrates
representative stress—strain curves for neat epoxy and its
nanocomposites with 0.5 wt % MWCNT, 0.5 wt % MXene,
and 1 wt % MWCNT/MXene hybrid under tensile loading.
The nanocomposites exhibit varying degrees of improvement
in mechanical properties compared to neat epoxy. In general,
both the Young’s modulus and tensile strength of epoxy
nanocomposites showed enhancements. Notably, individual
MWCNTSs or MXenes and their hybrids demonstrated similar
levels of enhancement at low filler contents, while the hybrids
exhibited the highest level of improvement in both Young’s
modulus and tensile strength at high filler contents (Figure
3b,c). The experimental results for Young’s modulus and
tensile strength for all nanocomposites are summarized in
Figure 3b,3c, respectively. The values are summarized in Table
S1 in the Supporting Information. For MWCNT/epoxy and
MXene/epoxy nanocomposites, there is an upward trend in
the Young’s modulus at low filler loading (up to 0.5 wt % for
MWCNT and 0.7 wt % for MXene), followed by a declining
trend at higher filler loadings. Specifically, the Young’s
modulus of neat epoxy (3.00 GPa) was improved to 3.44
GPa with 0.5 wt % MWCNT and 3.52 GPa with 0.7 wt %

3319

MXene. Conversely, the trend in tensile strength differs from
that of Young’s modulus. The tensile strength of neat epoxy
(69.51 MPa) increased to 73.77, 73.71, and 74.30 MPa,
respectively, with the addition of 0.5 wt % MWCNT, MXene,
and MWCNT/MXene hybrid. Beyond the 0.5 wt % filler
loading, the tensile strength decreased for epoxy/MWCNT
and epoxy/MXene nanocomposites, while it remained
relatively stable for epoxy/MWCNT/MXene nanocomposites.
The improvements in the mechanical properties could be
attributed to the uniform dispersion of the fillers at low
contents, as shown in Figure 2b,e. Strain can be transferred
effectively from the matrix to the fillers at low contents, and
higher stress can be sustained due to the intrinsic mechanical
properties of MWCNT and MXene nanoplatelets, according to
the shear-lag theory.>® It should be noted that the presence of
defects on MWCNTs (as revealed by Raman spectroscopy)
would degrade their intrinsic mechanical properties. This is
probably one reason why MWCNTSs are less effective than
MXene nanoplatelets toward reinforcing the Young’s modulus
of the composites.

The Young’s modulus of the composites can be analyzed by
the rule of mixtures (ROM).”**? Using the two-phase rule of
mixtures (ROM) as described in eq sl, we calculated the
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effective Young’s modulus for MWCNT and MXene to be
145.11 and 364.02 GPa, respectively. These relatively high
effective modulus values suggest substantial mechanical
reinforcement in two-phase nanocomposites at low filler
loadings. Subsequently, we applied these calculated modulus
values to the three-phase ROM, as outlined in eq s3, and the
results for the three-phase system are presented in Figure 3d. It
is evident from the figure that the experimental results closely
align with the theoretical predictions, indicating the presence
of an additive effect between the components of the three-
phase system.” The limited improvements in the mechanical
properties of epoxy nanocomposites beyond the optimum
loading can be ascribed to the agglomeration of MWCNT's and
MXenes, as shown in Figure 2¢,2e, and the difficulties of
dispersing the fillers at higher contents. This limitation, in turn,
hinders the efficient transfer of stress from the matrix to the
fillers, restricting their reinforcing effectiveness. In contrast, the
MWCNT/MXene hybrid seems to have facilitated the
dispersion of each filler as can be also realized from subsequent
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SEM images (Figure 2f), allowing for effective stress transfer
within the hybrid system.

3.3.2. Flexural Properties. The flexural properties of neat
epoxy and its nanocomposites with MWCNT, MXene, and
MWCNT/MXene hybrids are shown in Figure 4. Typical
flexural stress—strain curves of epoxy and epoxy nano-
composites are illustrated in Figure 4a. Similarly to the tensile
properties, the incorporation of MWCNT and MXene into
neat epoxy led to improvements in both the flexural modulus
and strength. Individual MWCNT and MXene fillers exhibited
a similar level of reinforcement, while their hybrid config-
uration demonstrated the highest level of enhancement. Figure
4b,4c illustrates the changes in the flexural modulus and
flexural strength with varying filler loading, respectively. The
values are summarized in Table S2 in the Supporting
Information. Specifically, the flexural modulus of neat epoxy
(3.07 GPa) increased to 3.43 GPa with 0.5 wt % MWCNT and
3.58 GPa with 0.7 wt % MXene. The highest flexural modulus
for epoxy nanocomposites, reaching 3.93 GPa, was achieved
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with 1 wt % MWCNT/MZXene hybrid fillers, marking a
remarkable 28% enhancement compared to neat epoxy. The
trend in flexural strength within the nanocomposites paralleled
that of the flexural modulus. Incorporating 0.5 wt % MWCNT
and MXene led to improvements, increasing the flexural
strength of neat epoxy (105.70 MPa) to 112.34 and 114.20
MPa, respectively. The highest flexural strength observed was
124.36 MPa with 1 wt % MWCNT/MXene hybrid fillers. The
reinforcing mechanism is similar with the case of tensile test as
discussed in Section 3.3.1.*

3.3.3. Toughness. Fracture toughness assessment of epoxy
and its nanocomposites at different filler loadings was
conducted through the SENB test, with the typical load—
displacement curves presented in Figure Sa. Notably, all of the
nanocomposite samples exhibited fracture at higher loads
compared to neat epoxy. The enhancement in fracture
toughness exhibited moderate improvement following the
addition of 0.5 wt % MWCNT and MXene, with the most
substantial improvement occurring with the incorporation of 1
wt % MWCNT/MXene hybrid fillers. Figure Sb illustrates the
variation in fracture toughness with different filler loadings.
The values are summarized in Table S3 in the Supporting
Information. The fracture tou/ghness of the neat epoxy
measured 0.97 + 0.04 MPa-m'? With the addition of 0.5
wt % MWCNT and MXene, the fracture toughness improved
to 1.44 + 0.04 and 148 + 0.02 MPa-ml/Z, respectively.
However, the fracture properties experienced a decline beyond
0.5 wt % filler loading, likely due to the potential
agglomeration of nanofillers within the epoxy matrix. In
contrast, for MWCNT /MZXene hybrid-reinforced nanocompo-
sites, the fracture toughness continued to increase up to 1 wt %
filler loading. With the addition of 1 wt % MWCNT/MXene
hybrid, the fracture toughness reached an impressive value of
1.79 £ 0.06 MPa-m"/”.

The fracture morphologies of epoxy composites reinforced
with MWCNT and MXenes are shown in Figure 6. Red arrows
in Figure 6a indicate the exposed MWCNTSs and the imprints
left behind following MWCNT pull-out. The primary energy
dissipation mechanisms in play involve the debonding and
pull-out of MWCNTs. When a crack opens, energy is
dissipated by the frictional pull-out of MWCNTSs from the
epoxy matrix, which slows crack propagation (Figure 6d). For
MXene-reinforced epoxy composites, crack deflection emerges
as the key toughening mechanism, as depicted in Figure 6b.
When the crack interacts with MXene, its trajectory shifts,
leading to an increase in the fracture surface area.
Consequently, this contributes to a higher fracture energy
and enhanced fracture properties (Figure 6e). For the hybrid
epoxy composite, both the pull-out of MWCNTSs and crack
deflection of MXenes contribute to higher fracture energy, as
shown in Figure 6¢,6f.

3.4. Electrical Properties. In Figure 7, the electrical
conductivity of epoxy nanocomposites as a function of the filler
weight percentage is shown. It can be realized that a
conductive network was not constructed for MXene/epoxy
nanocomposites. This phenomenon can be attributed to the
rigid 2D structure of MXene, which is less prone to percolative
network formation at low filler loadings (less than 1 wt % or
0.13 vol %), as depicted in Figure SSa. Generally, the
percolation threshold for 2D nanofillers reinforced epoxy
composites is higher than 2 wt %.° It should be noted that low
percolation threshold (less than 1 wt %) has also been
achieved for MXene-reinforced epoxy composites, induced due
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Figure 7. Variation of electrical conductivity of epoxy nano-
composites reinforced with MWCNT, MXene, and MWCNT/
MZXene hybrid.

to the presence of ultrathin MXene nanosheets.”” In contrast,
the epoxy nanocomposites reinforced by MWCNT were much
more conductive than those reinforced by MXene. Compared
to 2D MXene, 1D MWCNTSs have higher aspect ratio, while
their 1D nature contributes considerably more toward
percolation, as shown in Figure SSb. These features facilitated
the formation of multiple conductive paths within the matrix.
The electrical conductivity of epoxy was improved to 2.95 X
107 S/m with 0.5 wt % MWCNT and 5.16 X 107> S/m with 1
wt % MWCNT, respectively. When MWCNT and MZXenes
were combined in the hybrid nanocomposites, the electrical
conductivity was higher than the case of MXene and lower
than the case of MWCNT. The MWCNTs bridged the broad
conductivity gap between individual MXene nanosheets and
MXene separated entangled MWCNT's from each other due to
interfacial interactions, favoring the formation of a conductive
path (Figure SSc). Therefore, the electrical conductivity was
largely improved compared to the case of pure MXene
nanocomposites. The electrical conductivity was improved to
5.71 X 107° S/m with 0.5 wt % MWCNT/MXene and 8.13 X
107 S/m with 1 wt % MWCNT/MXene, respectively. These
values are about 1 order of magnitude lower than the values of
MWCNT/epoxy nanocomposites. This can be attributed to
the fact that a lower amount of MWCNT's was present in the
hybrid composites compared to MWCNT /epoxy composites.
As MWCNTs are more effective in constructing conductive
paths due to their 1D structure and high aspect ratio, less
conductive paths were constructed for the case of hybrid
composites (Figure SSc).

3.5. Piezoresistive Properties. The addition of MWCNT
and MWCNT/MZXene hybrid allowed the epoxy matrix to
display measurable conductivity. These levels of conductivity
enable the utilization of the piezoresistive effect for monitoring
the mechanical deformation of the nanocomposites. Sub-
sequently, we explored the self-sensing capabilities of these
nanocomposites during tensile, flexural, and fracture tests. For
tensile and flexural tests, the change in the normalized
resistance with applied strain was monitored. For fracture
tests, the change in normalized resistance with displacement
was monitored. Epoxy nanocomposites reinforced with 0.5 wt
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% MWCNT and 0.5 wt % MWCNT/MXene hybrid were

studied and compared.

3.5.1. Tensile Test. Figure 8ab depicts the changes in
electrical resistance concerning the applied tensile strain for
epoxy nanocomposites containing 0.5 wt % MWCNT and 0.5
wt % MWOCNT/MXene, respectively. In both cases, an

increase in normalized resistance (AR/R, where AR

represents the change in electrical resistance and R, is the
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initial electrical resistance) was observed as the applied strain
increased. This phenomenon can be attributed to the
disruption of the conductive network within the matrix caused
by the stretching of the composites.”” As the applied strain
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increased, the distance between neighboring fillers also
increased, resulting in a decrease in the electrical pathways
contributing to the piezoresistive behavior of the system.

As can be seen in Figure 8a,8b, the epoxy nanocomposite
containing 0.5 wt % MWCNT/MXene hybrid exhibited
greater sensitivity to tensile deformation when compared to
its counterpart with 0.5 wt % MWCNT. For instance, at 3%
applied strain, the increase in normalized resistance was 27%
for the 0.5 wt % MWCNT/epoxy nanocomposite and 34% for
the 0.5 wt % MWCNT/MXene/epoxy nanocomposite,
highlighting the enhanced response of the latter. The
sensitivity, known as gauge factor, can be calculated by the
ratio of normalized resistance to strain as”®

_ AR/R,

&

GF 3)
where GF is the gauge factor and & is the applied strain.
Though there was no linear tendency, the gauge factor was
calculated from the strain range from 0 to 1.5% to obtain a
direct comparison. This discrepancy can be attributed to the
fact that the epoxy nanocomposite containing 0.5 wt %
MWCNT /MXene hybrid possesses fewer contact conductive
pathways within the matrix, resulting in lower -electrical
conductivity (as shown in Figure 7). Consequently, when
subjected to tensile deformation, it becomes more sensitive to
the disruption of electrical contacts between particles.>”

3.5.2. Flexural and Fracture Tests. Figure 9a,9b illustrates
the electrical resistance responses of epoxy nanocomposites
containing 0.5 wt % MWCNT and 0.5 wt % MWCNT/
MZXene. In both cases, the electrical resistance decreased as the
applied strain increased. This phenomenon occurs because the
distance between neighboring particles decreases on side of the
sample that is under compression.** Once again, the epoxy
nanocomposite featuring 0.5 wt % MWCNT/MXene hybrid
demonstrated greater sensitivity compared to its 0.5 wt %
MWCNT counterpart. At a 4% applied strain, the changes in
normalized resistance were 2.7 and 4.0% for the 0.5 wt %
MWCNT and 0.5 wt % MWCNT/MXene hybrid, respectively.
It is worth noting that the changes in normalized resistance are
considerably lower than those observed during tensile
deformation. This can be attributed to the concurrent creation
(in the compression side) and breakage (in the tension side) of
electrically conductive pathways.*

The normalized resistance changes observed during fracture
tests are depicted in Figure 9¢,9d. In the SENB specimen, there
was localized strain magnification at the notch, with stress
combining both tension and compression globally throughout
the specimen. As displacement increased, there was a
downward trend in the normalized resistance, indicating that
the dominant factor in the piezoresistive effect was the
compressive strain. Notably, the hybrid nanocomposite
exhibited a more substantial increase in the normalized
resistance. At a 0.35 mm displacement, the change in
normalized resistance was 2.2% for 0.5 wt % MWCNT and
2.8% for 0.5 wt % MWCNT/MXene hybrid, respectively.
Furthermore, it is important to note that the sensitivity of the
SENB specimen was lower than that of the tensile specimen,
primarily due to the lower magnitude of strain and the
localized nature of stress.”’

4. CONCLUSIONS

In this study, two-phase (MWCNT/epoxy and MXene/epoxy)
and three-phase (MWCNT/MXene/epoxy) nanocomposites
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were prepared by three-roll milling. The effects of MWCNT,
MXene, and MWCNT/MZXene hybrid on the mechanical,
electrical, and piezoresistive properties of epoxy composites
were studied in detail. Comparatively higher mechanical
properties were observed in the three-phase composites
when contrasted with their two-phase counterparts. Specifi-
cally, the incorporation of 1 wt % MWCNT/MXene hybrid led
to substantial improvements in various properties of neat
epoxy; the Young’s modulus increased from 3.00 to 3.94 GPa,
the flexural modulus rose from 3.07 to 3.93 GPa, and the
fracture toughness improved from 0.97 to 1.79 MPa-m'/% This
remarkable enhancement was supported by scanning electron
microscopy images, which illustrated the prevention of
individual filler aggregation in MWCNT/MXene hybrid-
reinforced epoxy nanocomposites. Moreover, the three-phase
composites exhibited heightened piezoresistive sensitivity in
response to mechanical deformations, including tension,
bending, and fracture. This enhanced sensitivity was attributed
to the presence of a lower number of conductive contacts
within the composite system.

The produced hybrid nanocomposites offer superior
mechanical properties, electrical conductivity, and piezoresis-
tive sensitivity. Their ability to enhance structural performance
while simultaneously offering the real-time detection of
deformations indicates promising applications in strain sensing
and structural health monitoring. In addition, the hybrid
composites also open up possibilities for a wide range of fields,
such as E-heating and deicing applications.
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