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ARTICLE INFO ABSTRACT

Keywords: A novel ternary composite system has been developed by combining MXene nanoplatelets with pre-polyurethane
MXene (PU) and an epoxy (EP) resin through in-situ polymerization and solution blending. Our approach aims to
PU . enhance the strength and toughness of the EP matrix while maintaining its thermal stability. The strong
Is\lt:g;;mpome compatibility between isocyanate-terminated PU and hydroxyl-terminated MXene with the resin was demon-

strated through chemical grafting and hydrogen bonding processes. In this ternary composite, significant im-
provements were observed, including a 32 % increase in tensile strength, a 46.4 % increase in flexural strength,
and a 13.4 % increase in fracture toughness, even at very low filler contents of 0.05 wt% for MXene and 1 wt%
for PU. A thorough examination of the fractured surfaces revealed the underlying mechanisms responsible for the
improved strength and toughness. These mechanisms involve a transition from a brittle to a ductile fracture
mode, which can be attributed to the combined effects of thermoplastic toughness, strong chemical bonding
between PU and EP, and crack-anchoring and bridging effects facilitated by MXene nanoplatelets. The results
presented herein are relevant to a wide range of applications in aerospace, automotive, electronics and various
other industries where durability and thermomechanical performance of materials are critical.

Fracture toughness

1. Introduction

Epoxy (EP) composites are widely used in various industries due to
their excellent mechanical properties, chemical resistance, and stability.
Nevertheless, a number of observed difficulties have been known to
restrict their applications. One significant issue is their inability to
withstand impacts and cyclic loads, making brittleness a concern that
needs to be addressed urgently [1-4]. Brittleness hinders energy dissi-
pation, leading to the initiation and propagation of cracks over time,
which can ultimately result in catastrophic failures, posing risks to
human lives and properties. Carbon fiber reinforced polymer (CFRP)
composites, where epoxy resins are predominantly used as the matrix,
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have emerged as prime contenders for aerospace and automotive com-
ponents. However, the brittleness inherent to epoxy resins also con-
strains the broad-scale integration of CFRP composites.

In light of these significant challenges, several strategies have been
employed to enhance the toughness and thus strength and ductility of
epoxy composites. One common approach is the incorporation of
toughening agents, including rubber, thermoplastic polymers, nano-
particles, core-shell particles, and fibers [5-8]. However, introducing
these agents into the epoxy matrix comes with its own set of limitations.
Achieving compatibility between rubber particles and epoxy resin can
be a complex task, potentially leading to suboptimal dispersion or the
clustering of rubber particles within the resin, which can reduce their
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toughening effectiveness. Additionally, simultaneously incorporating
both rubber particles and thermoplastic polymers may require trade-offs
in mechanical strength or stiffness of the composites [9]. In practice,
significant improvements in toughness have been noted when higher
quantities of elastomeric or thermoplastic materials are used. For
example, achieving a 50 % increase in fracture toughness may require as
much as 20 wt% of liquid rubber (LR) [10]. This objective comes with
significant challenges, such as the low glass transition temperature (Tg)
of LR, which will eventually reduce the highest operating temperature of
the structural component manufactured with the rubber-toughened
epoxy. Additionally, the use of high LR content presents handling and
processing challenges, as it will increase the viscosity of the hybrid
system, making more challenging to achieve a homogeneous mixture
[11]. Enhancing the toughness of epoxies through the incorporation of
rubber or thermoplastic materials often results in a trade-off, leading to
reduced thermal stability [12-14] and diminished strength or elastic
modulus [15,16]. These compromises significantly constrain the use of
epoxy resins in demanding applications that require high thermal and
mechanical properties, such as in aerospace components or electronic
elements [17]. When it comes to the simultaneous introduction of
nanoparticles, issues such as agglomeration or inadequate dispersion
pose significant obstacles that can reduce the effectiveness of tough-
ening agents [1,6,18]. In the case of core-shell particles, the synthesis is
complex, and the uneven particle size distribution can result in incon-
sistent toughening effects [19-21]. As for fibers, improper alignment
may lead to anisotropic properties, which may not be desirable in
certain applications [22-24]. Itis important to note that improving both
strength and toughness of an epoxy resin without compromising its
thermal stability is very difficult using current design approaches.

Herein, the use of multifunctional nanofillers and a flexible polymer
has been proposed to tackle the above issues. The combined contribu-
tions of a stiff nanoparticle with a flexible modifier should allow for the
simultaneous improvement of both the strength and toughness of epoxy.
Previous research has shown that hybrid systems that involve the
incorporation of rigid and soft additives, such as polyether amine/gra-
phene oxide (PEA/GO) [25], polyetherimide/carbon nanotube
(PEL/CNTs) [1], and polyetherimide/amino groups grafted multiwalled
carbon nanotubes (PEI/NH,-MWCNTSs) [26], have demonstrated these
benefits. In this study, a novel ternary system has been constructed,
comprising of a rigid MXene filler and a toughening agent in the form of
pre-polyurethane (PU). MXene nanoplatelets offer unique advantages,
as aresult of their attractive mechanical, optical, electrical, thermal, and
magnetic properties [27]. As a class of transition metal carbides, ni-
trides, or carbonitrides, MXenes can be synthesized with different
transition metals, resulting in a wide range of compositions. Their
chemical diversity allows for tailoring the properties of MXenes to meet
specific requirements in EP composites, such as enhanced mechanical
properties and the preparation of electrically/thermally conductive EP
composites. Compared with carbon nanotubes and graphene, MXenes
offer flexibility in surface functionalization thanks to their rich surface
chemistry that can be modified with various functional groups [28].
Both the tunability in surface functionalization and their hydrophilicity
can be utilized to improve dispersion within the epoxy matrix, towards
improving interfacial adhesion and enhancing the mechanical proper-
ties of the composite. All these parameters render MXenes as very
promising candidates for composites reinforcement towards diverse
high-end applications. In our case, the Ti3CyTx nanoplatelets, serve as a
rigid reinforcement towards improving the strength of the ternary
composites.

It is widely recognized that the effectiveness of toughening, whether
using flexible or rigid fillers, is significantly influenced by factors such as
loading, matrix compatibility and dispersibility [10]. In our research, an
approach involving extremely low filler mass-loadings was explored,
comprising only 0.05 wt% MXene and 1 wt% PU. It’s worth noting that
PU, serving as the flexible toughening agent, is the precursor to poly-
urethane, readily available, and exhibits excellent compatibility with
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epoxy. Its active isocyanate functional group (-NCO) can chemically
bond with the hydroxyl groups (-OH) present in EP, forming strong
chemical bonds. Additionally, Ti3CyTx nanoplatelets are terminated
with functional groups like -O, —F, and ~OH, which enable the formation
of hydrogen bonds with —OH groups in the EP matrix, promoting
favorable matrix compatibility.

In this study, we established a compatible ternary composite system
comprising MXene, PU, and EP. Our goal was to investigate how both
flexible and rigid modifiers influence the mechanical properties of the
epoxy matrix. We synthesized hydroxyl-terminated MXene nano-
platelets and isocyanate-terminated PU as the primary components that
would allow subsequent modifications of the epoxy resin. We then
conducted a series of characterizations to establish the quality of the
synthesized products before using them. Next, PU and MXene nano-
platelets were incorporated into the epoxy matrix through chemical
grafting and blending. Mechanical tests were employed to evaluate their
effects on the matrix properties, optimizing the processing parameters to
achieve the most favorable modification results. Subsequently, we in-
tegrated MXene and PU at optimal loadings to achieve simultaneous
improvements in both strength and toughness. Finally, we thoroughly
discussed and summarized the underlying reinforcing mechanisms from
the hybrid nanocomposites.

2. Materials and methods
2.1. Materials

The IN2 epoxy resin (EP) and AT30 slow epoxy hardener were pro-
cured from Easy Composites Ltd. The MAX powder (Ti3AlCy) was pur-
chased from Jilin 11 Technology Co., Ltd. Lithium fluoride (LiF),
hydrochloric acid (HCl), methylene diphenyl diisocyanate (MDI), and
polypropylene glycol (PPG, average M.W. was 425) were bought from
Themo Fisher Scientific Co., Ltd. In this paper, PU refers to the pre-
polymer of polyurethane.

2.2. Pre-polymerization of polyurethane (PU)

The distillation of PPG was performed prior to synthesis to eliminate
any potential residual moisture. Additionally, the reactive glassware,
comprising a four-neck flask and a separating funnel, were subjected to
desiccation within a vacuum oven at 100 °C to mitigate the harmful
impact of moisture. Within the synthesis procedure, an oil bath was used
to maintain the temperature at 75 °C and provide the necessary thermal
energy, while a measured quantity of PPG was incrementally introduced
into the flask in conjunction with MDI, at a weight ratio of MDI to PPG of
1:2. The synthesis of PU proceeded for a duration of 120 min, under a
nitrogen atmosphere.

2.3. Synthesis of MXene nanoparticles

The procedure for synthesizing MXene nanoparticles was based on
our previous research and is outlined as follows [29,30]. To prepare the
etching solution, 20 mL of 9 M hydrochloric acid (HCl) was homoge-
neously combined with 1.6 g of lithium fluoride (LiF) using magnetic
agitation. Subsequently, 1 g of MAX powder was introduced incremen-
tally into the etchant, and stirring was sustained for a period of 24 h at a
temperature of 40 °C. Following this step, the resultant reaction product
underwent repetitive centrifugation cycles at 3500 revolutions per
minute (r/min) for 10 min, followed by thorough washing with deion-
ized water to attenuate any residual acidity until the solution’s pH
reached 5. Ultrasonication was utilized to achieve the breakdown of
multilayered MXene into monolayer or few-layer nanosheets. Subse-
quently, an additional centrifugation step lasting 60 min at 3500 r/min
was carried out to segregate the single/few-layered MXene nano-
platelets from their multi-layered counterparts. Lastly, the MXene slurry
underwent freeze-drying to eliminate any moisture.
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2.4. Preparation of PU/MXene modified epoxy composites

During the preparation of PU-EP composites, a specified quantity of
PU (0.5 wt%, 1 wt%, 2 wt%) was introduced into the epoxy, and sub-
sequently subjected to magnetic stirring at 75 °C for a duration of 60 min
to facilitate the reaction between PU and EP. Conversely, for the
formulation of MXene-EP composites, the initial step involved the
dispersion of the synthesized MXene in ethanol, achieved through
ultrasonication over a period of 2 h under ice-bath and in a nitrogen
atmosphere. The DGEBA epoxy resin, having been pre-dissolved in
acetone, was then combined with the MXene/ethanol suspension. The
MXene nanoplatelet loadings were selected as 0.03 wt%, 0.05 wt%, and
0.1 wt%. To create the PU-MXene-EP composites, the preparation pro-
cesses used for PU-EP and MXene-EP composites were carried out in a
sequential manner and then combined to produce the final ternary
MXene-PU-EP composites. A schematic illustration of the preparation
process is presented in Fig. S2 of the supporting information. The solvent
removal was conducted via magnetic stirring at 70 °C for 180 min before
mixing the PU-MXene-EP with the curing agent, at a mass ratio of 10:3.
After that, the degassing of epoxy blends was executed under vacuum
followed by casting into the mould as well as curing at 60 °C for 60 min.
The mechanism for the preparation of MXene-PU-EP composite is
illustrated in Fig. 1. During the polymerization process of PU, the
excessive MDI reacted with PPG and the obtained PU product was
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terminated by —-NCO groups. After that, chemical grafting took place
between PU and EP and the —~OH groups of EP reacted with -NCO groups
of PU to get the PU-EP composite, with PU chains grafted onto EP.
Thereafter, the MXene nanoplatelets were mixed with PU-EP in the
solvent and the hydrogen linkages were constructed between oxygen
containing groups such as urethane bonds and —~OH in EP as well as -F,
-0, —-OH groups in MXene nanoplatelets.

2.5. Characterization

The morphological characteristics of the MXenes were examined
utilizing both a scanning electron microscope (SEM, InspectTM FEI,
Netherlands) and a transmission electron microscope (TEM, Tecnai FEI,
USA). The changes in peak patterns of MXene nanoplatelets during the
synthesis were studied using X-ray diffraction (XRD, PANalytical,
Netherlands). The surface chemical composition and structure of the
MXene were analyzed through X-ray photoelectron spectroscopy (XPS,
ThermoFisher Nexsa). Furthermore, the structure of the synthesized
MXene was verified by employing a Raman spectroscope (Renishaw
inViaTM). The Raman signal was collected by using a 785 nm edge laser
with a grating of 1200 grooves/min at a laser power of 1 %. Differential
Scanning Calorimetry (DSC) tests were performed by using a TA In-
struments DSC25, and the instrument cell was purged with constant flow
(50 mL/min) of Ny, with ramping rates of 10 °C/min.

”l +O\7_\° |

EP (DGEBA)

ﬂ Chemical grafiing

MXene-PU-EP

Fig. 1. Synthesis process and reaction mechanism for the formation of MXene-PU-EP ternary composites.
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Thermogravimetric analysis (TGA) was carried out using a Ther-
mogravimetric Analyzer TGA 5500 from TA Instruments. Tensile and
three-point bending tests were executed using a universal testing ma-
chine (Instron, 68TM-10), in accordance with the standards set forth by
ASTM D638 and ASTM D790. Five specimens were tested for each set of
samples, at a loading rate of 2 mm/min. Fracture toughness evaluation
was conducted in accordance with the ASTM D5045 standard,
employing a three-point bending pre-cracked configuration. The spec-
imen size was 40 mm x 8 mm x 4 mm and the span was set as 32 mm.
The fracture toughness Kjc was calculated according to the following
formula [31]:

1.99 — x(1 — x)(2.15 — 3.93x + 2.723)
(1=2x)(1 —x)*?

flo)=

a
y X=—
w
where K¢ is the fracture toughness, f(x) is the shape factor, P is the

peak load, B and W are the specimen thickness and width respectively,
and a is the crack length.

3. Results and discussion
3.1. Structure and morphology of MAX phase and MXene nanoplatelets

Figs. 2(a) and 1(b) show the SEM and TEM images of the synthesized
MXene nanoplatelets. In Fig. 2(a), the SEM image reveals the distinctive
accordion-like morphology of MXene, while Fig. 2 (b) displays a thin
MXene nanosheet. Comparative analyses were carried out between MAX
and MXene using XRD and Raman spectroscopy. As depicted in Fig. 2(c),
the (002) peak exhibited a noticeable shift from the initial 9.58° in MAX

(b)
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to 6.81° in MXene, indicating an expanded layer spacing from 0.92 nm
to 1.3 nm. Additionally, the absence of the (104) peak at 39° in the
MXene XRD spectrum indicated the complete removal of the aluminum
(Al) element [32]. Regarding the Raman spectra presented in Fig. 2(d),
the presence of two separate peaks at 200 cm™! and 725 cm™}, as
opposed to MAX element, provides further confirmation of the suc-
cessful synthesis of MXene nanoplatelets [33]. Collectively, these find-
ings validate the successful fabrication of MXene nanoplatelets.

3.2. Primary characterization of PU-EP composites

The progress of the PU polymerization and PU-EP grafting reactions
was monitored using Fourier-transform infrared spectroscopy (FTIR)
(Fig. 3(a)) and proton nuclear magnetic resonance spectroscopy (H
NMR) (Fig. 3(b) and Fig. S1). Initially, the primary components, MDI
and PPG, displayed prominent peaks at 2273 cm™' and 3450 cm?,
corresponding to the N-C=0 and O-H stretching vibrations, respec-
tively. After the reaction was complete, the intensity of N-C—=O groups
in the PU was reduced due to the polymerization between N-C=0 in
MDI and O-H in PPG. As for EP resin, the peak at 914 cm ™! corresponds
to the epoxy ring structure and the band at 3450 cm ™! revealed the O-H
vibration mode. The weak O-H signal in EP was due to the uncured
epoxy monomer, a result of the absence of a curing reaction between the
epoxy and the amine groups within the curing agent [34]. In addition,
the obtained PU and PU-EP exhibited distinct peaks at around 1727
cm~! and 3300 cm’l, which were attributed to the C=0 and N-H
bonds, indicating the formation of urethane bonds. Following the
chemical grafting between PU and EP, the resulting PU-EP composite
showed the absence of the N-C=O0 vibration peak, indicating a thorough
reaction between the N-C—0 groups of PU and the O-H groups of EP.
This conclusion was further supported by the 'H NMR analysis of PU in
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Fig. 2. (a-b) The SEM and TEM images of the synthesized MXene; (c-d) XRD and Raman curves comparison of MAX phase and MXene nanoplatelets.



Y. Hu et al.

2540t4cm’ . nrv T W N |—— MDI
[\(‘“y N M (V \’w\‘ i (O_H) ——PU
\(VY #
AU ——PU-EP
20 “|Epoxy ring EP

N N-HD

3300cm’™”

(N=C=0)
2271cm’!

Transmittance(%)
o
1

(O-H)

o
054 3450cm
(N=C=0)
0.0 4
T T T T T T
1000 1500 2000 2500 3000 3500 4000

Wavenumbers (cm™)

Polymer 302 (2024) 127065

o 1 o h
(@) - ——PPG (b§:C:N/H '(O/P}"vgxu:c -

c

m a
CDCl3 b
K ‘
j i
Jd\\ A JUUL

rd
-3
&

1.59-,
1.14-

-3
s &
N

88
NS
75 70 65 60 55 50 45 40 35 30 25 20 15

1 (ppm)

1.0 05

Fig. 3. (a) FTIR spectra of the MDI, PPG chemicals and the synthesized PU, EP as well as PU-EP composite; (b) H NMR spectra of PU polymer.

CDCl3, as shown in Fig. 3(b). The strongest peak m at 7.29 ppm repre-
sented the CDCls. And the resonances at 7.08 ppm (peak k) and 7.37
ppm (peak n) were assigned to the protons of benzene rings adjacent to
-NH-(C=0)-0, while the peaks at 1.14 ppm, 3.61 ppm and 3.49 ppm
were attributed to the hydrogen in —-CHs, ~-CH(CH3s)-, and ~CHj- from the
PPG segment [35,36]. Moreover, the appearance of chemical shifts at
7.02 ppm that corresponded to the amine protons of the urethane
linkage further supported the successful synthesis of PU [36]. The 'H

NMR analysis of MDI, PPG, and PU-EP is provided in the Supplementary
Information, see Figs. S1, 2, 3.

3.3. Elemental composition of MXene/PU-EP composites surface

X-ray photoelectron spectroscopy (XPS) analysis was conducted to
provide insights into the structural composition and elemental changes
before and after the introduction of MXene and PU into EP. As shown in
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Fig. 4. (a) XPS wide-scan spectra; (b-d) Cl1s, Ols, N1s spectra of 0.05 % MXene-1%PU-EP.
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Fig. 4(a), oxygen and carbon are the predominant elements in the EP-
related composites. Notably, the C/O ratio exhibits a significant
decrease from the initial value of 5.82 for unmodified EP to 3.52 for
0.05 % MXene-EP, 3.46 for 1 % PU-EP, and 3.3 for 0.05 % MXene-1%
PU-EP. This change is attributed to the presence of functional groups
(-0, —OH) from MXene and (-NCO, -O—C-0) from PU, confirming the
successful modification of EP by MXene and PU fillers.

Regarding the Cls spectrum in Fig. 4(b), the peaks centered at
approximately 284.6 eV and 286.3 eV correspond to the C-C and C-O
bonds, respectively. In the Ols spectrum presented in Fig. 4(c), the
binding energies at 531.6 eV and 532.4 eV are associated with C=0 and
C-O species. In the N1s spectrum, a single peak appeared at 399 eV,
indicating the presence of N-H bonding, consistent with the incorpo-
ration of PU into EP. Consequently, the decreased C/O ratios and the
presence of N-H bonds collectively confirm the successful integration of
MXene and PU within EP matrix.

3.4. Thermal properties of hybrid MXene/PU-EP composites

DSC and TGA tests were performed to assess the effect of MXene and
PU on the thermal characteristics of epoxy resin. As illustrated in Fig. 5
(), the glass transition temperature (Tg) of the EP was determined to be
64 °C, and a slight increase to 65.5 °C was observed when incorporating
0.05 % MXene-EP. This increase in Ty can be ascribed to the increased
crosslinking density and/or chain nanoconfinement effects that arise
from the integration of MXene nanoparticles into the epoxy resin matrix
[26]. In the case of the 0.05 % MXene-1%PU-EP composite, it displayed
a slightly-increased glass transition temperature (Tg) of 64.7 °C when
compared to the unmodified EP of 64 °C, which might originate from the
fact that the concentration of the modifier was too small to severely alter
the Tg, and the weak thermal stability of PU might have negated the
improved glass transition temperature that was expected as a result of
the hydrogen bonds formed between MXene, PU, and EP [37-39].
Overall, the incorporation of MXene and PU at low concentrations in the
EP formulation did not lead to a reduction in the Ty instead, they
exhibited slightly higher or comparable T, values in comparison to the
unaltered EP.

The TGA results presented in Fig. 5(b) reveal that the thermal sta-
bility was increased from EP to 0.05 % MXene-EP and 0.05 % MXene-1%
PU-EP composites. Correspondingly, the onset of significant weight loss
(Temperature at 5 % mass loss, Tqs) commenced at approximately
313 °C, 316 °C, and 324 °C, as depicted in the inset figure. It can be
inferred that the addition of MXene nanoplatelets and PU increased the
onset temperature of decomposition, signifying that the synthesized
MXene/PU-modified epoxy composites did not compromise their ther-
mal stability. This observation can be explained by the following factors:
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(i) the inclusion of PU and MXene resulted in chemical grafting and
hydrogen bonding with the epoxy, increasing the cross-linking density
and consequently delaying the decomposition process [40]; (ii) the high
aspect ratio of MXene nanoparticles served as a barrier, hindering the
release of small gaseous molecules and thereby contributing to
improved thermal stability [41]. The results presented above illustrate
that both the 0.05 % MXene-EP and 0.05 % MXene-1% PU-EP com-
posites exhibit improved thermal stability when compared to the un-
modified epoxy resin.

3.5. Tensile properties of MXene/PU-EP composites

The stress-strain curves, illustrating the tensile properties of MXene/
PU-EP composites, are presented in Fig. 6. In the MXene-EP composites,
which include various very low mass fractions of MXene nanoparticles
ranging from 0, 0.03 %, 0.05 %, 0.075 % and 0.1 wt%, a pattern of initial
improvement followed by subsequent decline is evident, as depicted in
Fig. 6(a) and (b). Consequently, the composite containing 0.05 wt%
MXene nanoplatelets demonstrates the highest tensile strength at 83.4
MPa, along with the highest Young’s modulus at 3725 MPa. This rep-
resents increases of 21 % and 20 % compared to the EP composite, which
displayed respective values of 69.1 MPa and 3125 MPa. The decrease in
tensile performance observed with the further addition of MXene fillers
may be attributed to agglomeration phenomena. The agglomeration and
re-stacking of MXene flakes were prone to take place, particularly in the
high-viscosity epoxy environment [42]. This, in turn, could lead to the
formation of a weak interface between the aggregated MXenes and the
epoxy resin, resulting in significant stress concentration [43,44].

In the case of the PU-modified EP composites, as depicted in Fig. 6(c)
and (d), the highest tensile strength of 87.2 MPa is achieved when the PU
loading is 1 wt%, representing a significant 26 % enhancement
compared to the neat EP composite. The strengthening mechanism
behind these phenomena could be ascribed in combination to the strong
chemical bonding and the enhanced chemical compatibility between PU
and EP, which led to a more defined and optimized network structure
with higher crosslinking density, contributing to better interfacial
adhesion [45]. Also, the possible intermolecular hydrogen bonding be-
tween the hydroxyl group in EP and isocyanate group in PU and the
interpenetrating polymer network played a positive role in enhancing
the tensile properties [46]. Moreover, the anchoring and bridging effects
of MXenes and the ability of the PU phase to dissipate stress concen-
tration and absorb energy during plastic deformation, contributing to
improved overall tensile strength.

Crucially, the introduction of both MXene and PU fillers into the EP
matrix yielded an enhancement in tensile properties. The mechanical
reinforcement achieved by the hybrid system, which combines MXene

T T T T
100 200 300 400 500 600
Temperature ('C)

Fig. 5. (a) DSC and (b) TGA curves comparison between EP, 0.05%MXene-EP, and 0.05%MXene-1%PU-EP.
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and PU, exceeded the maximum improvements attained by the indi-
vidual MXene-EP and PU-EP composites [47,48]. As shown in Fig. 6(e)
and (f), the optimal tensile strength of 91.2 MPa is attained with a
remarkable 32 % improvement over EP when the filler loadings of
MXene and PU are set at only 0.05 wt% and 1 wt%, respectively.
Additionally, both Young’s modulus and elongation at break undergo
significant improvements, with corresponding increases of 24 % (from
3125 MPa to 3883 MPa) and 37 % (from 8 % to 11 %). These substantial
enhancements can be attributed to the combinatory effects of MXene
and PU, where they respectively serve as the rigid filler and flexible
component, simultaneously enhancing both strength and toughness.

3.6. Flexural properties of MXene/PU-EP composites

A series of comparative experiments were carried out to evaluate the
influence of MXene and PU modifiers on the flexural properties of EP
composites. As shown in Fig. 7(a and b), when using MXene fillers with a
mass fraction below 0.05 %, there were slight improvements in flexural
strength, increasing from 113.2 MPa for EP to 133.3 MPa for 0.03 wt%

MXene-EP and 143.7 MPa for 0.05 wt% MZXene-EP. However, the
introduction of additional MXene nanoparticles at 0.075 % and 0.1 %
mass fractions resulted in a gradual decrease in strength, with values
decreasing by 15 % and 13 %, respectively, compared to 0.05 wt%
MXene-EP. As the MXene nanoparticles loading increased gradually,
they were more inclined to agglomerate and create stress-concentrated
areas, promoting the initiation and propagation of cracks until even-
tual failure. In the case of the PU-EP composites, as depicted in Fig. 7(c
and d), an optimal loading of 1 wt% PU resulted in significant im-
provements in bending strength, reaching 155.5 MPa, and in flexural
modulus, reaching 4014 MPa. These enhancements represent respective
increases of 37 % and 46 % when compared to the pristine EP composite,
attributed to crack anchoring and plastic deformation effects [49]. The
isocyanate groups of PU can react with the hydroxyl and amine groups
within the epoxy resin to form a network of strong covelent bonds as
shown in Fig. 2, which enhance resistance to cracking, ultimately
contributing to increased flexural modulus and strength. Similarly, as
observed in Fig. 7(e and f), the 0.05 % MXene-1% PU-EP composite
demonstrates the highest flexural strength of 165.7 MPa and flexural
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modulus of 4785 MPa. These values represent improvements of 46 %
and 74 % respectively when compared to the unmodified EP and they
align with consistent tensile performance.

3.7. Fracture toughness of MXene/PU-EP composites

The fracture toughness of the ternary composites was assessed
through single-edge-notch three-point-bending experiments. The adop-
tion of a normalized analytical approach facilitated direct comparability
and representation among different composite materials, irrespective of
their geometric configurations and loading conditions [50,51]. The re-
sults of the normalized fracture toughness (n-Kj¢), in relation to the
MXene/PU modified epoxy resin composites compared to the unmodi-
fied epoxy resin, are presented in Fig. 8(a). The unaltered epoxy resin
demonstrated a normalized Kj¢ value of 1.0. In accordance with prior
findings from tensile and flexural analyses, loadings of 0.05 wt% and 1
wt% were determined as the optimal filler concentrations for MXene and
PU, respectively. The 0.05 % MXene-EP composite demonstrated an
elevated n-Kj¢ value of 1.058, signifying a 5.8 % increase relative to
pure EP, which might be ascribed to crack anchoring and bridging ef-
fects delay or prevent propagation of cracks [52]. Furthermore, the 1 %
PU-EP composite displayed a 19.5 % enhancement, resulting in an n-Kj¢
value of 1.195. This improvement is linked to the increased ductility that
is a characteristic of thermoplastic materials [11]. Notably, the combi-
nation of MXene and PU yielded a remarkable n-Kjc value of 1.258,
representing a notable 25.8 % increment over the pristine EP thanks to
toughening effects from both MXene and PU. Considering the results
discussed herein, our current approach, which involves the simulta-
neous incorporation of both MXene and PU, has proven its effectiveness
in enhancing the strength and toughness of a brittle epoxy resin.
Importantly, our research has demonstrated significant improvements in
the strength and fracture toughness of EP composites, surpassing find-
ings reported in existing literature, as summarized in Table 1, with some
notable examples shown in Fig. 8(b).

Table 1
A comparison of the mechanical properties of epoxy matrix composites as re-
ported in the literature.

Specimen Tensile Young’s Fracture Reference
strength modulus toughness
increase (%) increase (%) increase (%)

SWNT/EP 11 3 14 [53]
p-SWCNT/ 16 18 4 [54]

EP
f-SWCNT/ 17 26 18 [54]

EP
DWCNT- -0.5 6.3 18.4 [55]

NH,/EP
f-MWCNT/ 2 1 13 [8]

EP
BNNS/EP 2.8 4 14.7 [8]
CNT/EP 0 4 5 [8]
PA/GO/EP -1.8 -1.1 8.4 [5]
bwGO/EP 4.2 12 10.8 [56]
GO/EP 7 8 8 [57]
MXene/EP 4.5 22 5.8 This work
PU/EP 17.5 31.5 19.1 This work
MXene/ 32 91.5 25.8 This work

PU/EP

SWNT (single wall carbon nanotube); p-SWCNT (pristine SWCNT); f-SWCNT
(PAMAM-0 functionalized SWCNTs); DWCNT-NH, (double-wall carbon nano-
tubes with amino-groups); f-MWCNT (nitric acid treated multi-walled carbon
nanotubes); BNNS (boron nitride nanosheets); bwGO (base-washed graphene
oxide).
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3.8. Evaluation of the interfacial strengthening mechanism of MXene/PU-
EP composites by fractography

A crack propagation model was proposed to illustrate the underlying
mechanisms of MXene and PU in enhancing the mechanical perfor-
mance of EP. The post-mortem fracture surfaces of MXene/PU/EP
composites were analyzed by SEM. As shown in Fig. 9(a) and (g), after
tensile testing, the fracture cross-section of unmodified EP displayed
primarily straight crack propagation paths with sharp crack tips, indi-
cating its inherent brittle fracture characteristics. After chemical graft-
ing with PU, the fracture mode transitioned into a feather-like ductile
pattern, characterized by a disordered surface morphology and inter-
rupted, deflected crack propagation routes, as evidenced in Fig. 9(b—c)
and (h). Upon the introduction of MXene nanosheets into the EP matrix,
the fracture surface exhibited increased coarseness and greater irregu-
larities, as depicted in Fig. 9(d). This phenomenon was attributed to the
crack-pinning and anchoring effect of MXenes, where the progression of
cracks was hindered by the presence of MXene obstacles, resulting in
multiple instances of crack termination and deflection. The 0.05 %
MXene-1% PU-EP composite, with both MXene and PU incorporated,
exhibited a fracture surface that demonstrated enhanced toughening. It
not only displayed feather-like ductile characteristics but also demon-
strated a substantial anchoring effect due to the presence of MXenes,
effectively restraining crack propagation (Fig. 9(e and f)). Furthermore,
MXene nanosheets facilitated the bridging of PU-EP segments through
hydrogen bonding, further impeding crack extension, as demonstrated
in Fig. 9(i).

In summary, the integration of MXene and PU in a carefully balanced
composition ratio played a pivotal role in improving both the strength
and toughness of EP. This improvement was accomplished through
mechanisms involving plastic deformation, chemical bonding between
PU and EP, as well as the anchoring and bridging effects of MXenes.

4. Conclusions

This study introduced an innovative approach involving the simul-
taneous incorporation of a flexible modifier, thermoplastic polyurethane
(PU), and a rigid component, MXene nanoparticles, to enhance both the
strength and toughness of the inherently brittle epoxy (EP) matrix. The
ternary system comprising MXene/PU/EP exhibited cohesion facilitated
by chemical bonding and hydrogen interactions among PU, MXene, and
EP. After a series of systematic refinements, the 0.05 % MXene-1% PU-
EP composite emerged as the optimal formulation, resulting in a sig-
nificant improvement in the mechanical properties of EP. Specifically,
the modified EP composite demonstrated a 32 % increase in tensile
strength, a 46 % increase in flexural strength, and a 25.8 % increase in
fracture toughness when compared to unmodified EP. These enhance-
ments can be attributed to the toughness provided by thermoplastic PU,
strengthened by robust chemical bonding between PU and EP, as well as
the crack-anchoring and bridging effects imparted by MXene nano-
platelets. Importantly, this work achieved the toughening and
strengthening of epoxy with minimal additions of 0.05 wt% MXene and
1 % PU, all while preserving its thermal stability. The small dosage of
fillers undoubtedly paves the way for the widely application of robust
advanced materials that are exceptionally strong and tough, as well as
low-cost. Such materials hold immense potential across a wide spectrum
of industries, including manufacturing and construction, where the need
for durable, strong and resilient components is paramount. Furthermore,
these improvements are particularly valuable in high-performance
composites for the aerospace and automotive sectors, enabling the
development of lighter, stronger, and tougher thus more reliable mate-
rials to enhance the efficiency and safety of critical applications in these
industries.
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