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A B S T R A C T   

Thermosetting epoxy polymers exhibit excellent stiffness and strength and are commonly utilized as matrices to make fiber reinforced composites. However, epoxy 
thermosets are brittle and typically possess a low fracture toughness that restricts their applications. One promising mechanism for improving mechanical properties 
of epoxy is the integration of micro- and nano-scale fillers. MXenes, a large family of 2D transition-metal carbides, carbonitrides, and nitrides, can be used to produce 
multifunctional polymer nanocomposites due to their excellent electrical, thermal, and mechanical properties. We employed density functional theory and coarse- 
grained molecular dynamics simulations to evaluate binding energy and microscopic mechanisms of fracture under uniaxial tension for MXene-epoxy composites. 
The simulation results were verified by manufacturing Ti3C2Tx MXene-epoxy composites and studying their structure and fracture surfaces. MXene-epoxy binding 
energies are largely unaffected by MXene type (Ti2CTx or Ti3C2Tx). Binding between Ti3C2Tx and epoxy becomes stronger with less hydrogen coverage of Ti3C2Tx 
surface due to increase in favorable electrostatic interactions. The Young’s modulus of MXene-epoxy composites is greater compared to the neat epoxy which 
originates from stress transfer between the matrix and the nanofiller, the modulus linearly increases with the filler loading up to 1 vol %. At higher filler contents, the 
increase of the modulus is reduced due to filler aggregation. Void formation was detected near edges of the particles in MXene-epoxy composites under deformation 
from both experimental and simulation studies of the fracture surfaces. From these observations, we expect the MXene fillers to improve epoxy toughness and 
enhance its mechanical performance.   

1. Introduction 

Carbon fiber and glass fiber reinforced polymer composite materials 
are used in numerous applications that require high stiffness and high 
strength-to-weight ratios. Polymer matrix materials chosen for these 
composites are often thermosetting polymers, which have many valu-
able properties required for structural applications, such as excellent 
stiffness and strength, reduced shrinkage, high adhesive strength, 
chemical and heat resistance, environmental stability, and relatively low 
cost, but they are brittle and typically possess low fracture toughness 
which restricts their applications [1]. Recent works have demonstrated 
that the mechanical properties of thermoset resins can be improved by 
an integration of micro- and nanofillers and their results have been 
summarized in numerous papers [2–7] and reviews [1,8–11]. Nano-
composites have enhanced mechanical properties compared to tradi-
tional composites due to the stress transfer between the matrix system 
and the nanofiller which serves as the second phase [1,11], 
matrix-nanofiller interfacial debonding leading to the local plastic 

deformation [1,3] and increased volume of interphase due to small size 
and large specific surface area of nanoparticles [1]. 

MXenes, a family of 2D transition-metal carbides, carbonitrides, and 
nitrides discovered at Drexel University in 2011, can be used to produce 
multifunctional polymer nanocomposites due to their excellent elec-
trical, thermal, and mechanical properties as well as 2D morphology 
[12]. Recent research in MXene-polymer composites has shown 
self-healing capabilities [13], high thermal conductivity [14], and 
metallic electrical conductivity [15,16] as well as structural improve-
ment of the epoxy matrix [17]. MXene structure and properties have 
been summarized in several recent reviews [18–20] and articles [21,22]. 
MXenes are produced through selective etching of bulk ternary carbide 
MAX phase precursors [23] and can be delaminated into single and 
few-layer nanosheets through additional processing. MXenes have a 
chemical formula of Mnþ1XnTx, where M is an early transition metal (e. 
g., Ti, Mo, V), X is carbon and/or nitrogen, Tx are surface functional 
groups, and n ¼ 1–3 [18,21,24]. The aqueous medium during synthesis 
produces surface moieties (Tx) such as ¼ O, –OH, and –F creating 
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hydrophilic 2D flakes that can be easily dispersed in water and other 
organic solvents [25,26]. While there are many experimentally synthe-
sized and theoretically predicted MXenes, titanium carbide based 
MXenes (Tinþ1CnTx) are most widely studied [18]. Functionalized sur-
face permits MXenes to create covalent bonds with polymer matrix to 
ensure strong interfacial adhesion and good stress transfer across the 
interface [14,17]. Few studies have investigated mechanical improve-
ment of epoxy composites using MXenes and show significant 
improvement of the mechanical properties [17,27,28]. 

Even though graphene has the highest Young’s modulus of 1 TPa 
among known materials, lack of surface terminations limits use of 
pristine graphene in epoxy composites. Instead, several types of gra-
phene oxide derivatives have been integrated into epoxy, which show 
better solubility in the epoxy networks and result in enhanced proper-
ties. Although the effective Young’s modulus of a single layer of Ti3C2Tx 
is 0.33 � 0.03 TPa and it is lower than the Young’s modulus of graphene, 
it surpasses the graphene oxide (the Young’s modulus is ~0.2 TPa). 
Additionally, the effective bending rigidity for Ti3C2Tx significantly 
exceeds the bending rigidity of graphene due to the fact that MXene 
monolayers are ~3 times thicker compared to graphene [35,48]. From 
these considerations, we expect MXenes to be promising reinforcement 
candidates as the fillers in epoxy composites. 

In addition to experimental research, many computational studies 
from first principals based on density functional theory (DFT) [22, 
29–34] and molecular dynamics (MD) [35,36] have provided valuable 
insight into the structural, thermodynamic, elastic and electronic 
properties of MXenes. In this work, we focus on prediction of 1) the 
structural properties of Ti2CTx and Ti3C2Tx MXenes and diglycidyl ether 
of bisphenol A (DGEBA) resin interface and 2) clarification of mecha-
nisms of fracture on the molecular level of the nanocomposite under 
uniaxial tension. Here we employed a multiscale modeling approach by 
combining two methods: DFT and coarse-grained model of MD simula-
tions to probe interfacial bonding of MXene and mechanism of failure, 
respectively (Fig. 1). Although, the accuracy of our results is subject to 
the length and time scales limitations of simulations, the results of this 
study show microscale mechanisms of MXene-epoxy mechanical 
improvement in isolation of macroscale factors. Computational results 
are compared with experimental findings on Ti3C2Tx-epoxy 
nanocomposites. 

2. Model and methods 

2.1. DFT simulations of MXene-epoxy surface 

For this study, quantum mechanical simulations employing DFT was 
used to predict the structural and electronic properties of the MXene- 
epoxy interface from the first principles. DFT was performed using the 
Perdew� Burke� Ernzerhof (PBE) exchange correlation functional 
approximation. All calculations were performed with the DMol3 

program as implemented in the Materials Studio suite of modeling 
programs [37–40]. For quantitative descriptions of charge distributions 
Ti3C2Tx-DGEBA systems, the bound compound was divided into atomic 
fragments and Hirshfeld charges were calculated [41]. The detail 
description of preparation of molecular models of MXene-epoxy surfaces 
is presented in Supporting Information 1.1. 

2.2. Coarse-grained MD simulations of polymer network 

Coarse-grained MD simulations of polymer networks and composites 
were performed using the standard bead-spring “Kremer-Grest” model 
[42], which has proven to be a great technique to study microscopic 
structural and mechanical properties of a broad range of polymer ma-
terials, including polymer nanocomposites [43,44] and highly 
cross-linked polymer networks [45,46]. 

The model system of the nanocomposite for coarse-grained MD are 
made from two types of constituents, 1) three-dimensional highly cross- 
linked polymer network and 2) two-dimensional filler sheets. The 
polymer network and filler are discretized using coarse-grained parti-
cles, where polymer particles are bonded to each other with massless 
springs. 

All quantities are expressed in terms of the mass m, the inter- 
monomer binding energy U0, the monomer diameter a, and character-
istic time tLJ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ma2=U0

p
. Here, DGEBA epoxy network cured with 

tetrafunctional diamine is approximated as repeat units connected with 
the virtual bonds of 9.5 Å length and bond angle of 110� [47]. Since the 
bond length in our model is approximately 0.9655a, the model length 
scale a � 1 nm and if U0 is taken to be approximately 300 kB, then units 
of pressure, P of U0=a3 corresponds to approximately 4.5 MPa. 

This modeling system includes several filler nanoflakes made from a 
single layer of particles in hexagonal lattice, mimicking a hexagonal 
basal plane of single-layer 2D MXene nanosheet with a thickness of 
~0.98 nm [48]. Since bending rigidity of Ti3C2 MXenes much higher 
than other 2D materials [35], each flake is treated as an independent 
rigid body [49], so the set of particles composing the flake moves and 
rotates as a single entity. All simulations were executed using LAMMPS 
[50]. The detail simulation description of preparation of polymer com-
posite is presented in Supporting Information 1.2. 

In this study, two cases were considered to determine the relation-
ship between mechanical properties and interfacial properties; 1) all 
filler particles are allowed to react with polymer and 2) only 10% of the 
filler particles are reactive. The outcome of this study identified “high 
coverage” and “low coverage” of reactive terminal groups on the filler 
surface. Additionally, samples were generated where there were no 
covalent bonds created between a filler and polymer (referred as “no 
covalent bond” systems) and the filler sheets have larger lateral size 
(“large flake” systems). A model of the filler surface with 90–100% 
nonreactive particles represent weak bonding between MXene and 
epoxy if there only negligible amount of terminal groups reacts with 

Fig. 1. Schematic overview of the multiscale modeling approach of MXene-epoxy composites by combining DFT and coarse-grained MD simulations. (a) Repre-
sentative snapshot of DFT simulation of Ti3C2Tx-DGEBA interface, (b) representative snapshot from coarse-grained MD simulation, (c) TEM images of Ti3C2Tx-epoxy 
nanocomposite. 
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epoxy. 
In this work, we considered polymer composite systems with the 

filler volume fractions, ϕf , ranging from 0 to 0.013 (which corresponds 
to 0–5 wt%). Pure polymer highly cross-linked network without the 
filler was also studied as reference system. Refer to Table S1 in Sup-
porting Information for details of the considered composites in MD 
simulations. 

3. Experimental 

3.1. Materials 

Epoxy resin used in this study was commercially available diglysidyl 
ether of bisphenol A (DGEBA) (Epon 828, Hexion). The amine-based 
curing agent was 4,40Methylenebis(cyclohexylamine) (PACM, Sigma 
Aldrich). Ti3AlC2 (Carbon-Ukraine) with mesh size � 45 μm was used as 
the MAX phase precursor for MXene synthesis. 

3.2. Synthesis of Ti3C2Tx MXene 

Ti3C2Tx MXene was prepared using previously documented HCl–LiF 
etching methods [51]. Two grams of LiF were added to 20 mL of 9M HCl 
and mixed using a magnetic stir bar for 5 m until completely dissolved. 
Then two grams of Ti3AlC2 MAX phase was slowly added to the mixture 
and allowed to stir at 35 �C for 24 h. Resultant mixture was split into two 
centrifuge tubes and combined with deionized (DI) and then centrifuged 
for 3 m at 3500 rpm. Afterwards, the supernatant was decanted and 
remaining sediment was redispersed in DI water and centrifugation was 
repeated. This washing process was repeated up to 6 times until a pH of 7 
was obtained. After the final washing cycle, the multilayer sediment was 
collected and dried overnight in vacuum oven at 100 �C to remove 
excess water and powders were collected. Multilayered MXene was then 
annealed at 500 �C for 1 h in tube furnace under argon flow to prepare 
MXene powder with oxygen-rich surface functional groups. The previ-
ous research showed that Ti3C2Tx does not degrade and remains stable 
upwards of 850 �C. Since our annealing treatment is at a lower tem-
perature (500 �C), the Ti3C2Tx structure remain the same and only 
changes in surface functional groups [51]. Our prior studies on 
annealing of Ti3C2Tx have confirmed that only oxygen functional groups 
remain on MXene surface at temperatures at 500 �C [52,53]. 

3.3. Preparation of MXene-epoxy composites 

Appropriate amounts of annealed multilayered Ti3C2Tx MXene 
powder were added to epoxy resin that was heated in an oil bath at 80 �C 
and stirred for 1 h. Mixture was then bath sonicated for 1 h followed by 
addition of PACM hardener. The composite mixtures were then placed in 
a speed mixer (ARE-250, Thinky) at 2000 rpm for 10 m. Mixture was 
then poured into a mold and cured at 70 �C for 4 h followed by post- 
curing at 160 �C for 2 h. As a control, non-annealed multilayer MXene 
powders were also used to assess the influence of oxygen-rich functional 
groups on interactions between epoxy and MXene flakes. 

3.4. Characterization of MXene-epoxy composites 

Structure and morphology of MXene-epoxy samples were investi-
gated using transmission electron microscopy (TEM, JEOL-2100, Japan) 
at 200 kV acceleration voltage. Composite samples were mounted in 
commercial resin and cured followed by ultramicrotomy for cross- 
section analysis in TEM. Composites fracture surface was investigated 
using scanning electron microscopy (SEM, Zeiss Supra 50VP, Germany). 

4. Results and discussion 

4.1. MXene-epoxy binding energy and electrostatic interactions with DFT 
calculations 

DFT calculations were used to evaluate the binding energy and 
electronic properties of the MXene-epoxy nanocomposites. Initially, we 
examined the difference in binding energy and C–O bond distance for 
the different types of MXene-epoxy compounds, namely Ti2C(OH)2 and 
Ti3C2(OH)2. The assumption for this model was to have the adsorption of 
one molecule of the lowest energy conformer of DGEBA on a well 
separated slab of a single layer of MXene. 

Our results show that the binding energies of Ti2C(OH)2-DGEBA and 
Ti3C2(OH)2-DGEBA are � 23.4 kcal/mol and � 21.4 kcal/mol, respec-
tively. The distance of C–O MXene-epoxy covalent bond is 1.43 Å and 
1.44 Å for Ti2C(OH)2-DGEBA and Ti3C2(OH)2-DGEBA, respectively, 
which is in a range for paraffinic C–O bonds. The structure of bound 
epoxy largely unaffected by the surface and is close to gas phase, where 
the similarity with the gas phase is 0.98. We also found that some 
hydrogen bonds are present in epoxy-MXene and within epoxy. Thus, 
results suggest that the binding energy of epoxy does not significantly 
depend on the type of MXene and bonding is well localized to the 
surface. 

The surface environment around the MXene-DGEBA covalent bond 
was studied as a function of various terminal groups. The binding en-
ergies for three following cases were calculated: 1) all terminal groups 
are –OH (15 –OH groups), 2) there are 7 –OH and 8 ¼O terminal groups, 
and 3) all terminal groups there are ¼ O groups (15 ¼ O groups). The 
binding energy values were computed using two models. The first model 
includes DGEBA molecule bound to a surface of a single layer of Ti3C2Tx 
with various terminal group coverage and the other surface has only 
–OH terminal groups, see Fig. 1 (a). The second model considers two 
DGEBA molecules bound to two surfaces with variable coverage by the 
functional groups and separated by a T3C2 layer. For example, Fig. S1 in 
Supporting Information shows two bound DGEBA at Ti3C2Tx surfaces. 
Next, we evaluate atomic Hirshfeld charges for Ti3C2Tx-DGEBA com-
plexes. To facilitate discussion of charge distribution, the sum of the 
Hirshfeld charges for terminal groups (-OH or ¼O), named surface1 and 
surface2, Ti3C2 layer and bound DGEBA are presented in Supporting 
Information Table S2. 

Ti3C2(OH)2, which surface1 (or surface2) is terminated with only 
–OH groups, is negatively charged. Our results show that Ti3C2(OH)2 
surface has the Hirshfeld charge equal to � 1.89 in average. When one or 
two molecules DGEBA bind to the surface of Ti3C2(OH)2, we did not 
observe any significant change of the surface charge, where the charge 
becomes � 1.84 or � 1.85 with respect of a number of DGEBA molecules 
adsorbed (see Table S2). Since the bound DGEBAs have a small negative 
charge (� 0.21 or � 0.17), it leads to the electrostatic repulsion between 
DGEBA and the surface1 or surface2. Although DGEBA forms hydrogen 
bonds with –OH groups of Ti3C2(OH)2 surface, the binding energy is 
relatively small as it is equal to � 21.4 and � 23.0 kcal/mol with respect 
of the number of bound DGEBAs. Charge of the surface without bonded 
epoxy does not show any strong dependency of the reactive surface 
termination. 

The simulation demonstrates that converting –OH groups to ¼ O 
groups around the binding site leads to an increase of the negative 
charge at the surface and positive charge at DGEBA. Subsequently, it 
leads to increase in favorable electrostatic interactions between Ti3C2Tx 
surface and DGEBA and results in an increase of the binding energy. The 
most electrostatically favorable interactions are observed for Ti3C2(O)2, 
where the charges on the surface/DGEBA becomes � 4.25/0.45 and 
� 4.04/0.43 for one and two bound DGEBA molecules, respectively. 

This increase in electrostatic interactions between MXene surface 
and DGEBA results in significant rise of the binding energy with decrease 
of –OH terminal groups and increase of ¼ O groups coverage. Interest-
ingly, it happens even with lack of hydrogen bonding between DGEBA 
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and MXene modified surface. Compared with � 21.4 kcal/mol and 
� 23.0 kcal/mol for the Ti3C2(OH)2 binding surface, the binding energy 
becomes � 76.9 kcal/mol and � 62.4 kcal/mol for Ti3C2(O)2 with one 
and two bound DGEBA molecules, respectively. Consequently, our re-
sults predict that the strongest binding occur between epoxy and MXene 
if the coverage of –OH terminal groups are low. The binding energies are 
calculated with respect to the one DGEBA molecule; therefore the total 
binding energy is � 124.8 kcal/mol indicating propensity of DGEBA 
molecules for binding to two surfaces of MXene 2D particle. 

4.2. Structure of MXene-epoxy composites from coarse-grained MD 
simulations 

The detailed microstructures of the equilibrated simulation systems 
were examined before curing to verify filler aggregation. For this, any 
flakes located at the distance from each other less than cutoff radius 2.5a 
are considered to be part of one cluster. Results indicated that rigid filler 
particles tend to restack in the parallel fashion and aggregate for the 
higher concentrations as shown in Fig. 2. 

The restacking and aggregation already take place for the smaller 
flakes (23 � 32a2) at ϕf > 0:0025 (1 wt%) loading of the filler. In gen-
eral, the size of aggregates made of the filler flakes increases with the 
loading of the filler, refer to Fig. S2 (a), while at ϕf > 0:0076 (3 wt%), all 
flakes are incorporated in aggregated clusters (Fig. S2(b)). Interesting, 
that nanocomposite systems made of epoxy and filler flakes with larger 
lateral size (42 � 61.5 a2) show less aggregation compared to the system 
with the shorter flakes with the same filler volume fraction. Subse-
quently, epoxy precursor molecules were intercalated between MXene 
layers leading to an increase in the layer spacing. We discuss the poly-
mer composite structures on the molecular level in detail in Supporting 
Information 1.4. 

Although all interactions used in this simulation study are equally 
attractive, van der Waals forces between nanofiller flakes become sig-
nificant due to the large surface area per unit mass and lead to aggre-
gation of the flakes. Parallel orientation of the filler flakes at the distance 
greater than van der Waals radius has entropic nature. The rigid particle 
structural organization leads to a rise of free volume and consequently 
the conformational entropy of the polymer, despite the fact the orien-
tation of the filler decreases their translational entropy. This effect was 
observed in experimental [54] and theoretical studies [55]. 

Since it has been shown that the –OH termination is a relatively 
minor component on MXene surface (around 10%) and mostly ¼ O and 
–F groups are present [25], we consider that the chemical bonds be-
tween filler and polymer have the strength comparable to matrix bonds, 
as it has been shown by DFT calculations for the smaller amount of –OH 
terminal groups. Future experimental investigations are necessary to 
confirm the different effects of –OH and ¼ O groups on mechanical 
properties. 

4.3. Prediction of mechanical properties improvement from coarse- 
grained MD simulations: Young’s modulus 

In Fig. S4 in Supporting Information we show an example of stress- 
strain curves for the high- and low-coverage systems under the tension 
for the x direction. Since the nanocomposites are locally anisotropic, the 
tensile curves differ in different directions. However, all curves show the 
brittle fracture behavior typical for highly cross-linked networks. In 
general, a relative Young’s modulus increase and strain at break 
decrease with nanofiller loading as typically observed for epoxy nano-
composites [8]. Fig. 3 shows the Young’s modulus for the composites 
where the modulus was computed as a slope for the Hookeian response 
of stress-strain behavior at the low strain. 

The improvement of modulus of the nanocomposites is credited to 
the filler higher modulus compared to polymer matrix. At the low con-
tent of the filler, the reinforcement of the Young’s modulus could be 
estimated from the modified rule of mixture [56]. 

Ec¼Ef η0η1ϕf þ Emð1 � ϕmÞ; (1)  

where Ef and Em are the moduli of the filler and matrix, respectively, and 
ϕf and ϕm are the volume fractions of the filler and the matrix, respec-
tively. Krenchel orientation factor, η0 depends on the average orienta-
tion of the filler with respect to the applied stress, and η0 ¼ 8=15 for 
randomly oriented 2D filler [56]. The length distribution factor, η1, 
takes values between 0 and 1 depending on stress transfer on interfaces 
and size of the flakes [56]. After fitting the Young’s modulus we found 
that the effective moduli of the filler flake, Eeff ¼ Ef η0η1 are equal to 
2040 and 570 U0=a3 for the high and low interface coverage, respec-
tively. In this model, MXene particles are approximated as rigid bodies, 
with infinite Young’s modulus (having zero strain regardless of applied 
stress). Therefore, the effective modulus of the flake has a finite value 
because of the short size of the flake (~32 � 23 nm in the physical units 
for the small flakes). Since the Young’s modulus of the neat cross-linked 
polymer is 177 U0=a3, the flake modulus is ~10 times greater than the 
modulus of the matrix. 

Given that the experimental value of the Young’s moduli of a single 
layer of Ti3C2Tx MXene and epoxy resin are equal to 0.33 TPa [48] and 
2.5 GPa [3], respectively, we could estimate from eq. 4the maximum Eeff 
of Ti3C2Tx MXene to be ~70 times larger than the epoxy modulus. That 
is possible if the MXene is randomly distributed (η0� 0:53Þ and stress 

Fig. 2. Representative snapshots from composite simulation of 5 wt% filler at 
t ¼ 5⋅105tLJ , where the flakes size is (a) 23 � 32 a2, (b) 42 � 61.5 a2. The 
polymer network and filler flakes are shown with blue and orange color, 
respectively. 

Fig. 3. Calculated Young’s modulus as a function of the filler loading for 
MXene-epoxy composites. Lines connecting the points show the linear predic-
tion from Eq. (1). 
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transfer is perfect from sufficient covalent bonding at the interface and 
the filler flakes are large (η1 � 1Þ. Taking this into account, we could 
expect the increase of the Young modulus around 16% for only 1 wt% 
(ϕf ¼ 0:0025) of Ti3C2Tx. The particle-based molecular dynamics 
method used in this paper does not allow for performing simulations 
with very large filler sheets due to current computational limitations. 
For example, the aspect ratio of simulation filler flakes is 27.5 or size is 
23 � 32 nm2, while the experimental studies use much larger flakes with 
lateral sizes reaching over 2 μm [15]. That is why we observed only a 
modest increase of the Young modulus, for example, 3% modulus in-
crease for ϕf ¼ 0:0025 that corresponds to 1 wt% of MXene. The 
importance of flakes with higher aspect ratio for the successful polymer 
reinforcement has been shown experimentally. For instance, very little 
reinforcement is only obtained for polymer-graphene composites with 
small flakes (aspect ratio of 1000), while both, modulus and strength, 
were found close to the theoretical limit for flakes with the aspect ratio 
of 2000 [57]. In agreement with the theoretical and experimental re-
sults, our simulation suggest that the increase of the lateral size (aspect 
ratio) of the filler sheets improves the reinforcement. For example, if 
filler size was doubled from 23 � 32 nm2 to 42 � 61.5 nm2, then the 
modulus increase for MXene-epoxy composites compared to neat ther-
moset was 4% and 19% for ϕf equal to 0.0025 and 0.0125 (~1 and 5 wt 
%), respectively, while the increase was 3% and 11% for smaller flakes 
(23 � 32 nm2), as shown on Fig. 3. 

Results shown in Fig. 3 suggest that modulus growth slows down at 
ϕf greater than 0.0125 (4 wt%), which is consequence from the aggre-
gation of the filler, that we observed in the simulations. The similar 
results where shown experimentally, where the storage modulus in-
crease is reduced even for MXene loading greater than 1.0 wt% [17]. 

Additionally, this simulation demonstrates the importance of stress 
transfer between matrix and filler material to observe the modulus in-
crease. For example, we observed much less modulus increase for the 
low coverage model, while the modulus even decreases for model 
without the chemical bonds compared to the neat epoxy system, as 
shown in Fig. 3. In this case, the filler acts as a void defect in the ma-
terial, instead of a reinforcement. 

Although, we observed the modulus increase in all the simulated 
nanocomposites compared to the neat epoxy, with exception of com-
posites without covalent bonding at the interface, the ultimate strain 
and subsequently the ultimate stress and toughness are generally 
reduced for the composites for both high and low surface coverage. That 
outcome stems from a local stress concentration at the composite 
interface. The analysis of ultimate stress, ultimate strain and toughness 
is placed in Supporting Information Section 1.5 and Fig. S5. 

Nevertheless, such lack of improvement of the ultimate stress and 

toughness could be consequences of two main limitations of particle- 
based simulations: short length- and time scales. First, we employed 
significantly smaller size of filler flakes than the sizes typically used in 
experimental studies and as a result the effective Young modulus is 
considerably smaller than expected for the particles with larger lateral 
size. Moreover, small flakes limit the possibility to observe larger scale 
phenomena responsible for toughness improvement, such as the crack 
pinning and crack deflection. Second, the simulated deformation strain 
rates are extensively greater than experimental rates and model systems 
could have less time to dissipate energy by filler-polymer surface 
debonding. In our simulation, we observed the debonding and void 
formation for the nanocomposites which could be prerequisite for the 
toughening at the larger scale. We will discuss these events in detail in 
Section 4.4. 

4.4. Bond breaking and void formation 

Here, three models are compared: neat highly cross-linked polymer 
network, 1 wt% Ti3C2Tx nanocomposite with high MXene surface 
coverage of terminal groups, and 1 wt% Ti3C2Tx nanocomposite with 
attractive interface but lacking covalent bonds (weak bonding). The 
model with the low coverage of reactive terminal groups performs very 
similar, mechanically, to the model without covalent bonds. Since a 
model of a single sheet of MXene was used, it is evident that fewer co-
valent bonds are present on edges of multilayer flakes due to geometrical 
considerations. This could imply the system would fracture closer to 
edges of the filler particles if the interface contains covalent bonds 
(strong interface). We present the bond breaking at the interface in 
Supporting Information 1.6. 

It is predicted that if the stress transfer to the filler central length is 
elastic, debonding would happen in regions near the filler edges and the 
plastic nanovoid growth is expected [58]. Rigid nanoparticles, dispersed 
in the polymer matrix, behave as stress concentration regions during the 
deformation, so the plastic deformation reduces the constraint around 
the nanoparticle and is responsible for most of the energy absorption 
[59]. Here, only single-layer filler flakes are considered and no other 
type of energy dissipation stemmed from the filler layer separation is 
included. 

In this study, nano-size voids were observed during the tensile 
deformation. Fig. 4 illustrates the void growth during the tensile 
deformation, where a volume of the largest void is plotted as a function 
of the strain. 

When the volume of the void starts to increase steeply with the 
tension, the system undergoes fracture. Our results demonstrate the 
nanocomposite model with high surface coverage of terminal groups 
(strong interface) shows the void formation and growth before the 

Fig. 4. Volume of the largest void for the nanocomposites with ϕf ¼ 0:0025 (1 wt% filler loading) as a function of the engineering strain during the tensile 
deformation in x, y and z-directions for MXene-epoxy nanocomposites with a) high surface coverage, (b) for the weak interface model. 
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fracture as shown in Fig. 4 (a). Pure polymer network does not produce 
voids and fractured abruptly as the high crosslink density of pure 
polymer network constrained void growth. The rate of the volume 
growth is significantly higher and the free volume begins to increase at 
the lower strains for the weak interface model of nanocomposites under 
the tension in x and y direction compared to the high surface model. 
Moreover, the weak interface model starts to form void in x and z di-
rection deformation at lower strain compared with both high surface 
coverage and neat polymer network. The behavior of the weak interface 
model under tension in z-direction is near identical to the pure polymer 
network, where the system fractured without void formation, which il-
lustrates significance of orientation for the weak interface model. The 
directionality of the tension is less important for the strong interface 
model because flakes are connected with the matrix and consequently 
stress transfer between matrix and flakes occurs. 

Finally, a location of the voids with respect of the basal plane and 
edges of the filler flakes, was investigated. As expected, results show that 
voids are always initiated near the edges of the flakes (a void border is 
less than 5a from any filler particle) for the nanocomposite model with 
high surface coverage, where the average distance from the filler edge to 
the void boundary is 2.23a (~2 nm). In this case, the voids form as the 
results of bond breaking at the interface and the polymer matrix close to 
the filler edges. In contrast, for weak interface model of nanocomposite 
under tension in x and y directions, the voids are originated at the basal 

plane surface of the filler, before the polymer matrix bonds begin to 
break. An exception is the tension in z-direction, where the nano-
composite with the weak interface fractured without void formation. 

Fig. 5 shows the examples of these voids formed under the tensile 
deformations for our model systems. The strong interface model (Fig. 5 
(a)) has a void formed near the filler edge similar to the experimental 
results. The weak interface model shown in Fig. 5 (b) demonstrates void 
creation around the filler, while the pure epoxy does not have any voids. 

Thus, simulation results show that the nanocomposites with strong 
interface undergo void formation near the edge of the filler in agreement 
with the experimental observations of Ti3C2Tx–epoxy fracture surfaces 
as shown in Section 4.2 (Fig. 7). In contrast, the nanocomposite with the 
weak interface fails by adhesive fracture at the basal plane of the flakes, 
which was not seen in the experimental images. An exception is a case 
when the tension direction is normal to the edges of the filler flake as we 
observed for tension in z-direction for the weak interface model. 

The plastic nanovoid growth is expected to delay material fracture by 
dissipation of fracture energy and subsequently improvement of fracture 
toughness [1]. Although we observed the formation of voids, no increase 
in toughness was observed for the nanocomposites. This contradiction 
can be explained by the fact that the simulation strain rates are several 
orders of magnitude greater than experimental rates and thus the voids 
in the simulated nanocomposites have not enough time to grow and 
subsequently dissipate energy. For instance, the maximum void size for 

Fig. 5. Representative snapshots taken from tensile deformation in x-direction for models with (a) high surface coverage at ε ¼ 0:22, (b) no covalent bonds on the 
surface at ε ¼ 0:21, (c) neat polymer network at ε ¼ 0:34: Figures represent 10a slice of the actual simulation box. The color scheme represents the specimen 
local density. 

Fig. 6. (a) High resolution cross-sectional TEM images of 1 wt% Ti3C2Tx-epoxy nanocomposite. (b) TEM reveals intercalation of polymer molecules between MXene 
flakes at low MXene loading. 
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the strong interface model is ~0.2 μm, while the experimental void size 
is ~4.0 μm (Fig. 7). 

4.5. Structural characterization of Ti3C2Tx-epoxy nanocomposites 

The synthesized Ti3C2Tx-epoxy composite with 1 wt% of the nano-
filler component is shown in Fig. 6. MXene flakes show mostly isotropic 
dispersion throughout the epoxy matrix after curing. 

As shown in the TEM images, there is an increase in the spacing 
between individual Ti3C2Tx flakes (black lines) compare to the flake 
spacing in Ti3C2Tx powder, indicating some epoxy molecules were 
intercalated between the MXene layers. Also, The XRD evidence for 
epoxy intercalation has been published in our recent research [28]. 

SEM images (Fig. 7) show samples reinforced with MXene have a 
rougher fracture surface than neat epoxy which suggests the increased 
toughness of the nanocomposites, similar to epoxy with graphene 
nanoplatelets composites [3,4]. SEM Backscatter image of Fig. 7 (b) is 
placed in Supporting Information as Fig. S7. It has been shown that 
plastic yielding is one of the major contributions to the fracture tough-
ness improvement of epoxy nanocomposites at a low nanofiller content 
through the energy dissipation, while the neat epoxy has typical brittle 
fracture with smooth surface without nanovoid formation [60]. SEM 
also revealed evidence of the strong bonding along basal plane of MXene 
flakes and epoxy matrix, where the fracture surface has micrometer-size 
voids near edges of MXene particles. The flakes act as stress concen-
trators leading to formation of these voids. 

It has been shown that debonding of the nanofiller particles from the 
matrix and subsequent plastic void growth delays material fracture by 
dissipation of fracture energy [1,61]. Since analysis of the SEM images 
shows the evidence of the voids, which we attributed to the plastic void 
growth, we expect the toughness improvement of these nanocomposites. 

5. Conclusion and outlook 

In this paper, a computational investigation of epoxy nano-
composites with the integration of two-dimensional Ti2C(OH)2 and 
Ti3C2(OH)2 MXene-epoxy composites were successfully studied using 
Density Functional Theory (DFT) and coarse-grained MD simulations. In 
the DFT simulation, MXenes-epoxy binding energy was largely un-
changed by MXene type (Ti2C(OH)2 or Ti3C2(OH)2). Increase of ¼ O and 
reduction of –OH surface terminations of Ti3C2Tx led to the increase in 
favorable electrostatic interactions and consequently strengthen binding 
between MXene and epoxy. In the coarse grained MD simulation, it was 
shown that as the lateral size of the filler sheets increase, then polymer 
reinforcement improved. The improvement of the Young’s modulus of 
MXene-epoxy nanocomposites is a result of the stress transfer between 
the matrix system and the nanofiller. However, the MD simulation also 
confirmed that at higher filler contents, the increase of the modulus is 
reduced due to filler aggregation. TEM and SEM spectral images were 
provided to reveal the intercalation of polymer molecules between the 

MXene flakes at low MXene loading of 1 wt%. It has been shown that the 
possibilities for MXene nanocomposites are promising reinforcement 
candidates for epoxies. Hopefully our findings will stimulate opportu-
nities for designing novel materials with increased toughness and impact 
resistance with the potential of arresting crack propagation for a more 
damage tolerant material system. 
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