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LIST OF ABBREVIATIONS AND TERMS

Abbreviations

AFM - atomic force microscopy;

AR — aspect ratio;

CF — carbon fibre;

CNT — carbon nanotubes;

d-Ti;C,T. — delaminated MXenes;

EMI — electromagnetic interference;

FE — finite element;

FRPC — fibre-reinforced polymer composite;

GFRP — glass fibre-reinforced polymer;

GP — graphenes;

HCI — hydrochloric acid;

LiClI — lithium chloride;

LiF — lithium fluoride;

m-Ti3C,T. — multilayered MXenes (non-delaminated);
NC — nanocomposite;

NP — nanoparticle;

PEDOT - poly(3,4-ethylenedioxythiophene);

PLA - polylactic acid,

PUC — periodic unit cell;

PVA — polyvinyl alcohol;

RVE — representative volume element;

SEM - scanning electron microscopy;

TEM — transmission electron microscopy;

Ti3AIC; — titanium aluminium carbide called MAX phase;
Ti3C,T: — titanium carbide nanoparticles called MXenes;
T. — surface functional groups;

XPS — X-ray photoelectron spectroscopy.

Terms

Aspect ratio — the proportion between 2D nanoparticle size (diameter) and
thickness.

Delamination — a process of nanoparticle separation into single-layered 2D
flakes.

EMI shielding — a feature of electrically conductive material which prevents the
passing of electromagnetic waves.

Hierarchical — a composite structure with several magnitudes of reinforcement
components, €.g., epoxy matrix with carbon nanotubes and glass fibres.

Homogenisation — multiscale modelling approach which averages mechanical
properties of a composite or structure. The technique is usually achieved with



representative volume element or periodic unit cell finite element models. The values
obtained from the microscale can be used as the macroscale.

Monolayers — single-layer of fully delaminated 2D nanoparticle.

Multilayers — delaminated nanoparticles which are stacked together due to van
der Waals forces.

Multifunctional — a property of a structure or material which serves multiple
functions, e.g., sensing, shielding, healing, etc.

Nanoflake — a delaminated particle of one structural atomic layer, e.g.,
delaminated Ti;C,T. MXene.

Nanoindentation — puncture test performed for nanofilms and nanocomposites.
Nanoindentation can as well be performed for nanoparticles alone, using the tip of an
atomic force microscope, which provides force-displacement curves.

Nanosheet — a multilayered particle consisting of several interconnected
nanoflakes.

Percolation threshold — a critical concentration of nanofillers where the
composite turns abruptly from insulator to conductor through interconnected
pathways.



INTRODUCTION

Composite materials have been used in the industry for nearly half a century. It
became a considerable cost-effective replacement for traditional metals in some
applications. The main advantages of composites are lightweight, anti-corrosion and
durability. Furthermore, complex shapes can be easily manufactured using wet-
forming, while mechanical properties can be tailored precisely considering fibre's
anisotropic behaviour. Nowadays, one of the best structural composite example is a
wind turbine blade, which is aerodynamically efficient and has a high strength-to-
weight ratio.

The primary technological trend of the composite industry is to lower carbon
dioxide footprint during all stages of the life cycle: manufacturing, exploitation and
utilisation. However, the core problem is that the industry continues to use traditional
manufacturing processes based on hardly recyclable fibre-reinforced epoxy
composites, which leads to higher pollution and overloaded landfills. Therefore, the
researchers focus on developing next-generation composite materials, which are
sustainable, durable and have multifunctional properties, such as self-diagnostics or
self-healing 1. The durability of the composite structures comes with improved
resistance to fatigue, thus resulting in a prolonged operational lifetime. The newest
technology, which promises improvement in composite mechanical properties, is
hierarchical nanoparticle (NP) reinforcement.

Recent achievements in material engineering unlocked fast and scalable NP
production, which led to cheap and commercial access. The last two decades were
mainly dedicated to the investigation of carbon-based NP like graphenes (GP) and
carbon nanotubes (CNT). Due to their high strength and nano size, the particles
increased the fatigue life of the composites, based on the early-stage micro-crack
prevention. Moreover, the composites became electrically conductive, which was
further applied for sensing purposes. In 2011, a new group of entirely novel 2D NPs
called MXenes was discovered 2. These particles possess technologically beneficial
properties for nanocomposite (NC) applications, such as metallic conductivity,
hydrophilicity and excellent mechanical properties ). However, the full potential of
MZXenes for nano-engineered structural polymer composite has not been explored yet.

The surface energy between MXenes and polymers is still not estimated, and it
is an essential parameter for adhesion and overall NC mechanical properties.
Moreover, several mechanical properties, including interface strength, homogenised
properties of multilayered particles, and interlaminar shear strength, are yet to be
discovered. Moreover, MXenes have not been investigated as strain-sensing or de-
icing nanocoatings for fibre-reinforced polymer composites (FRPC). Therefore, the
primary motivation for this work is the research and development of innovative
multifunctional FRPC.

The research aims to develop fibre-reinforced polymer composites with high
mechanical and multifunctional properties based on matrix modification and
nanocoating with electrically conductive MXene nanoparticles.



The objectives (O) and tasks (T)

O1. Characterise initial properties of MXenes.

T1.1. Evaluate atomic composition, size, thickness and morphology.
T1.2. Investigate wettability properties, surface energy and adhesion strength.

02. Analyse mechanical properties of MXene-polymer NCs, pure MXene flakes and

03.

freestanding films using finite element (FE) modelling.

T2.1. Develop multiscale homogenisation methodology using 2D periodic unit
cell (PUC) and 3D representative volume element (RVE) models.

T2.2. Predict NC's mechanical properties under different geometrical and
mechanical variables.

T2.3. Analyse mechanical properties of MXene flakes and freestanding films
using nanoindentation and tensile numerical simulations.

Investigate multifunctional properties of FRPC with electrically conductive
nanocoatings.

T3.1. Develop coating application methodology and characterise morphology
and electrical properties.

T3.2. Analyse electrical resistance sensitivity under different ambient conditions.
T3.3. Investigate piezo-resistive effect of the coating under static tensile and
tensile-tensile cyclic loadings.

T3.4. Evaluate de-icing efficiency of the coating under Joules heating.

The novelty of the work

The influence of geometrical parameters, distribution, interface strength and

volume fraction on MXene-polymer NC mechanical properties was investigated
numerically, while the influence of surface roughness, temperature, UV radiance and
mechanical deformations on MXene nanocoating’s electrical properties was
investigated experimentally. Multifunctional properties of MXene nanocoatings, such
as strain-sensing and heating were analysed in this work as well. For the first time,
these scientific results were published:

Wettability and surface energy between MXenes and epoxy matrix suggest high
interfacial adhesion.

The mechanical properties of multilayered MXene flakes are several times lower
than single-layered flakes.

The mechanical properties of interface layers between MXene-epoxy and
MZXene-polyvinyl alcohol (PVA) are not lower than polymer properties. It is in
good agreement with wettability experiments and indicates full-bonding criteria
for the modelling analysis.

Numerical analysis suggests that the mechanical properties of MXene-polymer
NC mostly depend on NP alignment, AR, and volume fraction.

The adhesion strength between MXenes and epoxy is stronger than the adhesion
between stacked MXene-MXene particles, which was determined both
experimentally and numerically.



— In-situ testing of MXene-coated FRPC under static tensile and tensile-tensile

cyclic loadings revealed a piezo-resistive effect and high gauge factor of several
nanometer thickness coating.

MXene nanocoatings are as well responsive to temperature, moisture, UV and
direct sunlight exposure, which can influence piezo-resistive experiments.
Although such sensitivity allows coating to be used as a multifunctional sensor.
MXene nanocoatings show faster and more efficient de-icing when compared to
traditional carbon-fibre heaters.

Practical significance

The scientific research and obtained results could be applied for:
New scientific proposals on multifunctional polymer-based NCs and
nanocoatings, as a starting scientific data.
The development of sprayable and printable strain sensors on large composite
structures.
The development of de-icing nanocoatings for ultra-light aircraft, drones,
helicopter blades, and wind turbine blades.
The development of ultrathin nanocoatings for the temperature control of
electronic devices and batteries in extreme environments.

Personal input of the author

The author contributed to the synthesis of MXenes with the help of expert

personnel. The author partly participated in XPS, AFM and SEM characterisation of
MXenes and was consulted regarding the interpretation of the data. The author
performed most of the numerical analysis with co-author’s consultations on the
software and methodology. The author was solely responsible for sample preparation,
and with consultations on the equipment and the standards, the author performed all
mechanical experiments, including planning, preparation, testing and data curation.
The author was as well responsible for post-processing, analysis and interpretation of
results and their visualisation. The PhD candidate is the first author in three out of five
publications and is the second author in the other two publications.
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1. LITERATURE REVIEW

1.1. Nanoparticles in polymer composites

The addition of NPs to polymer composites increases their mechanical
properties based on the reinforcement effect, which is related to the superior
mechanical properties of NPs and high surface area. Moreover, carbon-based NPs
provide electrical conductivity to the polymer, which opens a wide range of new
multifunctional capabilities, such as strain-sensing, self-healing and electromagnetic
interference (EMI) shielding 31, As a result, multifunctional polymer composites
can be used as smart composites in the automotive and aerospace industries, but with
specifically tailored electrical and mechanical properties, they can be used in
electronic gadgets, solar cells and batteries.

Graphite and GP, at the filler amount of 2—4 wt%, improve polymer's strength
by 10-40% and Young's modulus by 10-95% ', The electrical conductivity
percolation threshold is roughly between 0.2-0.6 wt% with conductivity values of
103-107° S/cm. In comparison, several investigations show that 0.5-1.5 wt% CNT
improved the polymer's strength by 5-20% and modulus by 10-35% !>, The
percolation threshold was much lower compared to GP and ranged between 0.05—
0.1 wt%, while conductivity values were as well higher and ranged between 102103
S/cm at ~1 wt%. High filler concentrations usually increase conductivity but tend to
reduce the mechanical properties due to NP agglomeration [!7),

In order to achieve polymer NC with proper mechanical and electrical properties
requires a compatible polymer matrix, homogeneous distribution of NPs, good
interfacial adhesion properties and high AR. A larger overlapping area of the flakes
results in a stronger mechanical connection and higher electrical conductivity.
Moreover, superior mechanical and electrical properties can be obtained with the
alignment of the NPs, which is hardly achievable using CNT. Therefore, 2D NPs, such
as GP and MXenes, have received significant attention for their processability 1829,
However, large quantities of GP are still challenging to produce and require surface
modification !, Meanwhile, MXenes naturally possess excellent hydrophilic
properties and even higher electrical conductivity 2% 23,

1.2. MXene synthesis and general properties

MZXenes are prepared from a ceramic precursor called MAX phase, constructed
of 2D layered transition metal carbide/nitride atomic blocks M,+1 X, bonded together
by "A" layer, usually an aluminium ?* 23], MAX phase particle shape varies from a
complex polygon to an unsymmetrical rectangular with sizes of 1-10 um [,
Selective etching of the Al layer from one of MAX phase materials Ti3AlC; using HF
results in Ti;CoT. called MXene ?7. Such particles are mostly multilayered,
interconnected structures, which often require further delamination procedures 2%,
Another etching method is based on HCI and LiF, and during the synthesis, HF and
LiCl are produced in-situ [*!. Throughout the synthesis, Li* ions act as intercalants,

increasing the atomic spacing between the MXene sheets and reducing van der Waals
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forces %, Therefore, following a simple shear mixing and centrifugation procedure,

MXenes fully delaminate into single-layered flakes. The method was supported by
the theoretical investigation of interlayer distance and binding energy and its
correspondence to the increase of interlaminar sliding B!,

The density of delaminated MXenes was estimated similarly to that of titanium,
i.e., 3.7 g/lem® 2, After the delamination, MXenes contain surface functional groups
(T-), such as -O, -OH and -F ), These groups define the surface properties and make
them hydrophilic. Therefore, MXenes can be dispersed in a polar solvent and various
polymer matrices *¥. The size and thickness of MXene particles can differentiate
depending on the precursor and the etching procedures B ¢ The NP's size is
determined manually through scanning electron microscopy (SEM) and ranges
between 1-5 um. Dynamic light scattering can be used for the average statistical size
evaluation as well, but the method is more suitable for volumetric particles, such as
non-delaminated MXenes B”). For some applications, such as yarn dyeing for smart-
textile development, the reduced sizes of MXene (150 nm) are required *®), Thus, NP
size reduction can be achieved with time and intensity-controlled ultrasonication
methods ). The thickness of the NP is determined with atomic force microscopy
(AFM). However, more precise measurements can be obtained by using high-
resolution transmission electron microscopy (TEM), which can evaluate the thickness
of surface functional groups as well. The estimated thickness of delaminated MXene
(d-Ti3C,T) flake is equal to 0.98 nm, while non-delaminated multilayered (m-
Ti3CT:) flake ranges between 5-30 nm %), The size and thickness proportion, called
the aspect ratio (AR), determines how well the NPs are delaminated. This ratio as well
determines the flake's mechanical and electrical properties, stability and dispersibility.
The AR of d-Ti;C,T. flakes range between 200—-1,000 !, with some new reports of

ultra-large flakes with AR of 10,000 %, while m-TisC,T. sheets are between 17-100
[43-45]

MXenes are relatively stable at high temperatures. The thermogravimetric
analysis revealed that Ti;C,T. decreased by 4-7% in weight at 700 °C ¢), Due to the
layered nanostructure and good heat dissipation, MXenes showed promising results
in fire-retardant coatings and aerogels 7> . Despite thermal stability, MXenes
possess natural oxidation to TiO,, which is mainly caused by hydrolysis [ 3%. This
effect was clarified throughout the ageing experiment in different media, such as
polymer, water, ice and open air, and significant differences have been observed B!,
Moreover, MXene oxidation depends on the solution type, humidity and stored
temperatures 2, High oxidation rates can be unacceptable for most applications.
Therefore, the researchers try to improve MXene stability over the time with various
methods 331, One of the following modifications, which have shown remarkable
results, is hydrogen annealing. The oxidation rate was reduced up to 10 times, and
MXene's electrical conductivity recovered almost to its initial value 2. Another
approach was based on the chemical stabilisation using low amounts (1 mg/mL) of L-
ascorbic acid. In water-based MXene solution, it acted as an antioxidant, which
slowed down the hydrolysis processes near the flake edges and resulted in up to 5
times decreased oxidation rate *¥. The last and most common technique is to cover
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MZXenes with a thin polymer layer or add a small amount of compatible polymer to
the mixture, preventing water and air molecules from penetrating %, In order to
preserve the newly synthesised water-based MXenes, it is advised to store them at low
temperatures with sealed and argon-filled flasks 3. In contrast, the MAX phase
shows much better oxidation stability and can be stored at room temperature, non-
sealed B¢,

MZXenes, similar to GP, possess high absorbance in the UV spectrum |
Under short-term of UV exposure, the conductivity of MXenes slightly increases due
to the spontaneous oxidation at the nanoscale and the photoelectric effect, but in long-
term exposure, the oxidation rate is accelerated, and MXenes degrade much faster %,
For example, a study revealed that MXenes lost over 85% of their conductivity under
24 h UV exposure, while it took 27 days to reach the same result in the dark 51, Lastly,
d-Ti3C,T: show extraordinary EMI shielding properties due to their unique layered
atomic structures and metallic behaviour. MXenes possess interlayer reflectiveness of
electromagnetic waves and are the most effective material until now, compared to the
relative thickness of the coating [¢%.

57, 58]

1.3. Surface properties

The presence of abundant hydrophilic functional groups on the MXene surface
can ensure strong adhesion at the MXene-polymer interface. Surface energy is one of
the key parameters determining NC's mechanical characteristics, such as tensile
strength, Young's modulus and fracture toughness. The interfacial adhesion and
surface energy can be evaluated through contact angle measurements with various
liquids . Until now, only a few studies have focused on this research, from which
one measured the water contact angle of the rolled MXene film — 21.5° %], while
others reported much higher values for a vacuum-filtered film — 62° [%3], These results
suggest that surface energies can differ according to MXene synthesis, oxidation state,
quality of MXenes and sample preparation.

Another approach can be based on the computational multiscale modelling
analysis. By knowing the properties of NPs and polymers, the interface layer can be
estimated by using the inverse modelling technique **. Previous inverse modelling
studies have successfully obtained GP's interfacial properties, thus supporting this
technique ). However, in order to accurately predict the layer's strength, the
modelling must be validated with experimental data. According to the numerical
analysis, the best mechanical properties of the MXene-polymer NCs can be achieved
when the load is effectively transferred from the matrix to the NP. This is only possible
when a strong interfacial adhesion exists between the polymer matrix and MXene ¢,
Few studies suggested a strong interaction between MXenes and polymeric matrices
[67. 681 Later, it was supported by MXene-coated aramid fibre, which interfacial shear
strength increased by 3 times [, The reinforcing effect occurred due to the increased
fibre surface area and fibre-epoxy mechanical interlocking behaviour.

The adhesion strength of a coating composed of pure overlapping NPs mainly
depends on van der Waals force and mechanical interlocking caused by roughness and
waviness [35]. The film's adhesion is usually obtained by using the nanoindentation
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technique, which measures the bending rigidity and estimates the interfacial strength
between the flakes 72, One of the recent studies investigated the adhesion between
Ti3C,T: and SiO, using a spherical tip of AFM 3],

1.4. Mechanical properties

The first theoretical mechanical properties of MXenes were estimated by using
molecular dynamics (MD) simulation. Based on the force fields between radius and
atomic bond angles, the study predicted Ti;C,T: Young's modulus of 502 GPa and
tensile strength of 22 GPa [, Later, a nanoindentation study showed slightly lower
mechanical properties with modulus and strength of 330 GPa and 17 GPa,
respectively 1. One research suggested that lower properties were caused by atomic
defects and irregular structures ® and was approved by MD nanoindentation
simulation, which introduced artificial defects of 1% titanium and 10% carbon atoms
inside the TisC,T. flake, leading to the same results "7, It is as well important to
emphasize that larger defects, such as wrinkles, pre-cracked flakes and multilayered
MXenes, will significantly affect NC's mechanical properties. Therefore, in every
investigation, it is essential to characterise MXene quality and shape parameters, such
as AR. It was reported that polymer NC with high AR GP increased tensile strength
and fatigue life [%% 78,

The strengthening effect can be explained by micromechanical behaviour, when
several magnitudes stronger NPs act as reinforcing fillers and prevent micro-cracking
of the polymer, based on the fracture energy dissipation and absorption ", However,
the drawback of GP, in comparison to the MXenes, is the lack of surface functional
groups, which correspond to the adhesion strength. MXenes as well exhibit higher
bending stiffness and fracture strain when compared to GP, which are essential
properties for developing robust and flexible nanofilms %% 81,

For example, vacuum-filtered freestanding MXene films possess tensile
strength of only 18—25 MPa and fracture strain of 0.6—1.2%, which are much smaller
when compared to a single MXene flake due to the low binding strength of van der
Waals forces [¥> 33, However, recent FE simulations have shown that the alignment of
MXenes can significantly increase the ultimate tensile strength [®®. The hypothesis
was experimentally proven by using the blade-coating method, and the tensile strength
of freestanding MXene films was up to 25 times higher (570 MPa), compared to a
filtered film ®4. Furthermore, a similar strengthening effect was achieved with
polymer-based NCs when 40 wt% of aligned MXenes improved PVA strength by 3
times [¢7), while 40 wt% of randomly distributed MXenes increased Young's modulus
and hardness of epoxy-based NCs by 2 times 3],

1.5. Electrical properties

The electrical conductivity of pure TizC,T. MXene flakes was estimated
between 4600+1000 S/cm %), Another study obtained remarkable values of up to
11,000 S/cm and confirmed that conductivity greatly depends on MAX phase
precursor, synthesis type and flake quality ¢!, The conductivity of MXene films and
coatings ranges between 1,000-10,000 S/cm and depends on the surface groups, AR

14



of flakes, coating preparation type, purity and film thickness ®7-*1. For example, using

ultra-large MXene flakes, aligned with the blade-coating method, resulted in a
conductivity of 15,100 S/cm at the thickness of 214 nm ¥, Other types of MXene
application, such as pure MXene nanofibres, produced by the wet-spinning assembly,
reported 7,800 S/cm #!-°%) while dip-coated textile yarns with 77 wt% MXene loading
reached 440 S/cm P! and lastly, pure MXene aerogels exhibit only 0.87 S/cm at
98.6% porosity 2,

MXene polymer films and coatings possess much lower electrical conductivity,
which mainly depends on filler volume in the matrix, the polymer's dielectric
permittivity and the flake's alignment. Several studies reported the following
conductivities of such NC: MXene/Latex film with 6.71 vol% filler loading had
1,400 S/cm 31; Ti;C,T./cellulose nanofibre composite paper with 90 wt% had
0.739 S/cm P¥; MXene/PVA composites with 90 wt% had 220 S/cm, while at
60 wt%, the values dropped to 0.013 S/cm 67,

The conductivities of polymer NC filled with randomly distributed multilayered
MZXenes tend to be several magnitudes lower. For example, few studies reported the
percolation threshold of MXene/PAM at 6 wt% with the conductivity of 3-107* S/cm
while at 75 wt% filler loading, the value increases to 3-1072 S/cm 3. MXene/epoxy
NCs show a percolation threshold at ~0.85 wt% with 1.81:107® S/cm conductivity,
while at 1.2 wt%, the values increase to 4.52:107° S/cm P81 Although the electrical
conductivity of NC is ten orders higher than that of pure epoxy resin
(1.03-107'8 S/cm), the use of such NCs for multifunctional purposes is barely possible.
Therefore, in order to achieve multifunctional FRPC, one of these application methods
should be considered: thin films with aligned and highly concentrated MXenes,
sprayed-coated composites, dip-coated fibres.

1.6. Application

The wind turbine industry is among the largest in composite material usage with
a global market valued at around 100 billion EUR (2019). Due to higher wind speeds
and air density, which result in a higher energy production rate, wind turbine farm
construction is targeted at cold regions and offshore 71, As a result, the composite
structures suffer increased loads, excessive vibrations and harsh environmental
conditions ® #!. The composites tend to degrade faster, experience early matrix
cracking and interlaminar debonding, and eventually, the turbine's operation is
disturbed 1% 191 n order to track composite conditions, various on-site and remote
structural health monitoring techniques are used. Traditional sensors, such as
piezoelectric transducers, optical fibres and strain gauges, tend to debond after some
time, requiring frequent maintenance and calibration. Recently, the successful
synthesis and scalable manufacturing methods of various NPs have led researchers to
develop electrically conductive polymers and investigate their self-sensing capability
(102, 103] Besides, CNT and GP, MXenes are considered as more promising materials
for polymer NCs due to their hydrophilic properties. The compatibility with various
polymers and solvents allows MXenes to be easily processed and applied for various
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manufacturing processes, such as 3D printing 1% casting 84, spray coating [19% 10¢]

and vacuum filtration [107- 108],

MXene strain-sensing coatings, based on the piezo-resistive effect, were
introduced only recently. The piezo-resistive mechanism, which allows tracking
composite deformations, structural damage and overall degradation, is based on the
local conductivity losses of nanocoating due to its integrity interruption (cracking)
and morphology change. Moreover, when MXene flakes start to debond from each
other, electrical resistance tends to increase due to the electron tunnelling effects,
mostly occurring when the distance between the NPs is less than 3 nm [1%% 111, Several
numerical studies have shown how the electric resistance changes under nanoscale
deformations using quantum tunnelling formulations ! 12, Furthermore, the piezo-
resistance of NP-based strain sensors is well explained by micromechanical FE
modelling and theoretical predictions '*"115], Moreover, several studies suggested that
the piezo-resistivity of nanocoating depends on the surface morphology 6118, A
study compared GP and MXene nanocoatings under the same tensile loading, and the
results showed 4 times higher gauge factor for MXenes [ 1201, Compared with GP
nanocoating, a CNT-polymer NC resulted in up to 10 times lower sensitivity to
deformations ?!1. Until now, the most piezo-resistive MXene coating was developed
on textile yarns, which resulted in an ultra-sensitive response and gauge factor of
12,900 1122,

Water-based d-TisC,T. are as well suitable for layer-by-layer coating
technology, opening new possibilities for tailored coatings that are based on
hierarchical NP combinations 23], For instance, sandwich-type nanolaminates that
were developed from 2D nanoflakes, nanowires and nanospheres have shown an
ultra-wide sensing range and good cyclic loading response due to flake-to-flake
sliding !12* 1231 Tn comparison, m-Ti3C,T- can be used in slightly different applications
due to their unique multilayered and porous nanostructures. Successful results were
obtained in pressure sensors [ 127 supercapacitors % 1% 1291 EMI shielding films
[130-1321 and solar cells [1**!, Another positive feature of multilayers is the intercalation
of ions and small molecules, which resulted in the energy density improvement of the
batteries [ 133] ultra-sensitive gas sensors 36138 and humidity sensors [1*%),

Another important feature of conductive nanocoatings can be considered for de-
icing applications. Ice formation on wind turbine blades cause disturbed aerodynamic
flow and reduces its efficiency by 20% 140 1l Traditional metal and CF-based
integrated heaters experience face-sheet debonding and are vulnerable to lightning
strikes [14% %3] Moreover, these systems consume actual turbine's power of 5-10%
(1441 Therefore, the development of efficient and scalable de-icing nanocoatings based
on Joule heating is of high interest 21, Joule heating is a process when a current
flowing through a resistor, in this case, a resistive nanocoating, is converted into heat,
following Joule's first law. For example, the de-icing using GP-coated glass fibre
rowing resulted in 80 °C after 180 s and 10 V voltage ['*). In comparison, aligned
CNT coating (6 um) resulted in 48 °C/min at a power density of 0.128 W/cm? [146],
The GP-epoxy (12 wt%) de-icing coating resulted in 13.6 °C/min at 0.125 W/cm? [147),
Even though Joule heating of MXenes was investigated only recently, Jia et al.
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deposited TisC, MXenes on wood-pulp fabric, which showed 63 °C/min at
0.174 W/cm? U141 Despite the vast application field of MXenes, the use in
multifunctional epoxy-based FRPC lacks investigation.
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2. METHODOLOGY

2.1. Synthesis of MXenes

Ti3C,T: MXenes were prepared from Ti;AlC; with a <40 pm particle size and
>98 wt% purity (MRC, Kyiv, Ukraine). The etching solvents were 37 wt% HCI and
99 wt% LiF (Merck, Darmstadt, Germany). MAX phase was stirred for 24 h at room
temperature. The multi-layered MXene sediment was further delaminated using
99 wt% LiCl (Merck, Darmstadt, Germany). The resulting solution was centrifuged
10—15 times at 3500 rpm and washed until the supernatant reached above pH 6.

2.2. Characterisation

The SEM characterisation of MAX phase, MXene particles and MXene coatings
was performed using EVO 40HV (Carl Zeiss AG, Jena, Germany), JSM 6610 (JEOL
Ltd., Tokyo, Japan) and S-3400N (Hitachi Ltd., Tokyo, Japan) equipment. Non-
conductive MXene-epoxy NC were scanned with additional gold coating, while
MXene coatings were scanned on silicon wafers. The homogeneity of the coating was
characterised by using a digital optical microscope Leica DVMG6, whereas the
roughness was evaluated by using an image rendering software LAS X (Leica
Microsystems, Wetzlar, Germany). The surface topography of MXene coatings was
monitored by using AFM NanoWizard®3 NanoScience and Dimension Icon (Bruker,
Billerica, MA, the USA) in PeakForce quantitative nanoscale mechanical mode with
ScanAsyst-Air tips (k=0.4N-m') and 0.5Hz scanning frequency. X-ray
photoelectron spectroscopy (XPS) was performed using the K-Alpha system (Thermo
Fisher Scientific, Warrington, the UK) equipped with a micro-focused,
monochromatic 1486.68 eV Al Ka source and a 400 um beam diameter.

2.3. Sample preparation

The thermosetting epoxy resin Biresin® CR122 and a 3:10 amine curing agent
CH122-5 (Sika AG, Baar, Switzerland) were used for NC and GFRP specimen
preparation. Polymer-based NC specimens (ISO-527-2-5A) were cast in silicone
moulds, whereas GFRP were prepared from twill-weave 163 g/m? glass fibre (Porcher
Industries, Erbach, Germany) using the hand-layup technique. All specimens were
degassed and cured under vacuum at room temperature for 24 h and post-cured in a
convection oven for 5 h at 80—100 °C. The samples were plasma-treated using low-
pressure plasma cleaner ZEPTO (Diener Electronic GmbH & Co. KG, Ebhausen,
Germany) and argon-enriched K1050X RF plasma cleaner (QuorumTechnologies,
Laughton, the UK) to increase the wettability properties that are necessary for water-
based spraying. Spray-coating was performed using a 0.4 mm diameter airbrush
Sparmax HB-040 (Anest Iwata Sparmax Co., Taipei, Taiwan). The concentration of
the delaminated MXenes in the water-based supernatant was reconcentrated from the
original 0.34 mg/mL to 3 mg/mL, while PEDOT/CNT aqueous 1:1 paste (SYNPO,
Pardubice, the Czech Republic) was reconcentrated to 0.33 mg/mL for more uniform
spraying. Copper wires were soldered with conductive polylactic acid (PLA)
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Protopasta (Protoplant, Inc., Vancouver, Canada) and covered with silver paste (Ferro
GmBH, Frankfurt, Germany) to reduce the contact resistance.

2.4. Experimental testing

Contact angle measurements were performed using See-System E equipment
(Advex Instruments, Brno, the Czech Republic) with dilodomethane, deionised water
and glycerol for the surface energy investigation. For each test, three 2 ml liquid
droplets were placed on the MXene-coated glass samples at different places, and the
average contact angle was measured using “See-System” software.

Electrical resistance values were monitored over time using a two-probe 287
True-RMS logging multimeter (Fluke Corporation, Everett, WA, the USA). For long-
time fatigue experiments, Arduino Mega 2560 microcontroller (Arduino, Turin, Italy)
and a 24-bit analogue-to-digital converter ARD-LTC2499 (Iowa Scaled Engineering,
Elbert, CO, the USA) were used together with 10 kQ reference resistor.

Three-point bending tests were performed using H25 KT universal testing
machine (Tinius Olsen, Redhill, the UK) and ISO-178 standards, while tensile and
fatigue tests (at 1 Hz amplitude speed) were performed using ElectroPuls E10000T
(Instron, Norwood, MA, the USA) and ISO-527. The deformations in the longitudinal
direction between four strain markings and transversal deformations between six were
measured using Manta G-146B visual extensometer (Allied Vision Technologies,
Stadtroda, Germany).

Pull-out tests of MXene-coated GFRP specimens were performed (6 samples
per each test) using Adheometr PM 420/63 and ISO-4624 standard. The exposure to
UV light experiment was performed using a 301-365 nm DRT230 UV lamp and rated
power density of 3—7 mW/cm? for the sample surface, considering the distance to the
sample. Thermal imaging was performed using FLIR SC7500 (Teledyne FLIR LLC,
Wilsonville, Oregon, the USA).

2.5. Numerical analysis

The surface energy of MXenes is influenced by multiple interfacial processes,
such as adsorption, wetting and adhesion. In order to evaluate these properties, the
harmonic mean and geometric mean approaches were used. In this regard, the surface
energy was calculated with equations proposed by Fowkes, Owens and Wendt, which
consider contact angle values of different polar and non-polar liquids. The interaction
at the interface between MXenes and polymer was evaluated using the work of
adhesion parameter.

MXene-polymer NC numerical analysis was simulated using ABAQUS CAE,
while nanoindentation and tensile of TizC,T. MXene monolayers were performed
using LS Dyna software. RVE models with different MXene particle alignments and
volume fractions were generated using DIGIMAT FE code. All models were analysed
using dynamic explicit methods. The initial stress-strain curves of pure TisC, T flake
and epoxy resin were inserted into the software for plasticity and damage
characterisation. These were the primary properties of MXenes and epoxy matrix,
respectively: Young’s modulus of 330 and 0.97 GPa, tensile strength of 22000 and
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41.9 MPa and Poisson’s ratio of 0.23 and 0.4. The symmetrical constraints and
displacement were applied to the opposite sides of the model's surface nodes. The
smallest mesh size of 2D models was 0.2 nm with a total value of 2-3-10°
quadrilateral elements (S4R), while 3D RVE models had a mesh of 5 nm and a total
of 1-2-10° tetrahedral elements (C3D4). The damage criterion of Ti;C,T. was
assumed ductile due to the metallic titanium layers and was based on the inserted
stress-strain curve of pure MXene flakes (obtained from MD simulations). The
damage criterion of polymer matrix was based on the maximum principal stress,
according to the inserted polymer’s stress-strain curve with plasticity region and
deformation at failure. The crack growth rate was controlled and calibrated with a
damage evolution parameter, i.c., displacement at failure. Failed elements were
automatically removed from the model, thus giving a visual crack growth and a drop
in the mechanical properties. Stress and strain curves of the models were obtained
from summed reaction forces of constrained surface nodes in nN at a given
displacement steps in nm.

The multiscale modelling approach was considered in two steps. Firstly, a
homogenisation of multi-layered MXenes flakes was evaluated using the PUC model
with respect to the experimental data. Due to the multi-layered structure of MXene,
the adhesion of polymer matrix only existed with the outer MXene layers and the
edges of the inner layers. Due to this, the inner layers had a minimum effect on the
mechanical properties due to the early debonding and weak van der Waals forces
between the flakes. Therefore, homogenised multi-layered MXene particle properties
had a proportionally lower Young's modulus and strength as the ratio between the
thickness of two surface flakes (top and bottom single-layered MXene) and total
thickness of a multi-layered MXene particle. Secondly, the obtained homogenised
mechanical properties of MXenes were used for 3D RVE model filament properties.
The model calibration with experimental data was performed by changing the bonding
strength between the particle and matrix. The adhesion was determined as an
additional interface layer of 5 nm thickness around the particles, which strength and
Young's modulus were changed by a factor of 0.25-1 of the surrounding polymer's
mechanical values.
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3.  REVIEW OF THE PUBLICATIONS

3.1. Wettability of MXene and its interfacial adhesion with epoxy resin

The article is published in Materials Chemistry and Physics, Elsevier, 2020 [IF:
4,778; AIF: 6,504; IF/AIF: 0,734; Q2; 12 citations]. The graphical abstract of the
research, presented in the first publication, is shown in Figure 1. This is the result of
collaboration of research groups from 3 institutions by the following authors: K.
Zukiené, G. Monastyreckis, S. Kilikevicius, M. Prochazka, M. Micusik, M.
Omastova, A. Aniskevich and D. Zeleniakiene. The author's contribution to this
publication is validation, formal analysis, investigation, writing of the original draft,
review and editing, visualisation. The co-authors as well partially contributed to the
conceptualisation, methodology, validation, formal analysis, investigation, writing of
the original draft, review and editing and visualisation.

AFM analysis

Fig. 1. Graphical abstract of the research presented in the first publication “SEM,
AFM and optical imaging of MXene-epoxy NCs and MXene nanocoatings”

This work covers Tasks T1.1 and T1.2 and presents the synthesis of Ti;C,T.
MXenes, comprehensive characterisation using XPS, AFM, SEM and surface
wettability analysis. The aim of this study was to investigate the surface energy of
Ti3C,T. particles and measure interfacial adhesion between MXenes and
thermosetting epoxy resin Bisphenol F-epichlorohydrin.

MXenes were prepared from TizAIC, MAX phase using HCI/LiF etching
method and LiCl delamination procedure. Pure MXene coatings were prepared by
dip-coating methods, and 1 wt% MXene-epoxy NCs were prepared using a
mechanical stirrer and degassing. The characterisation of MXene particle surface
composition was carried out using XPS, which confirmed good Al etching results and
the appearance of surface functional groups (T:), such as hydroxyl, oxide and fluorine
groups, which determine MXene's hydrophilic characteristics. The thickness and
roughness of the coatings were measured using AFM. The average surface roughness
increased with coating layers, which directly influenced the wettability properties.
The wettability properties of MXenes, surface energies and work of adhesion were

21



estimated through the measurements of contact angles using polar and non-polar
liquids (water, diiodomethane, glycerol). The wettability improved with more coating
layers for all the considered liquids due to the hydrophilic nature of MXenes and
nanostructure morphology.

The surface energy of the 10-layer MXene coating was up to 64.48 mJ/m2. The
surface energy of epoxy with 1 wt% of randomly distributed MXenes increased
relative to that of the pure MXene coating. According to the work of adhesion values
(123.6 mJ/m?), the interfacial adhesion between the MXene particles and the epoxy is
high. Moreover, it was supported by the post-fracture SEM analysis, where rough and
scattered surfaces of MXene-epoxy NCs were observed. The results presented in this
article suggest that MXenes can improve polymer's mechanical properties, such as
strength, stiffness and resistance to fatigue. Therefore, the following publication
focuses on the further investigation of MXene interface layer strength and predicts the
mechanical properties of NCs with different particle properties, geometry, weight
percentages and alignment using micromechanical FE modelling techniques.

3.2. Micromechanical modelling of MXene-polymer composites

The article is published in Carbon, Elsevier, 2020 [IF: 9,594; AIF: 6,592;
IF/AIF: 1,455; Q1; 26 citations]. The graphical abstract of the second publication is
shown in Figure 2. This is the result of collaboration of research groups from 4
institutions by the following authors: G. Monastyreckis, L. Mishnaevsky Jr., C.B.
Hatter, A. Aniskevich, Y. Gogotsi and D. Zeleniakiene. The author's contribution to
this publication is methodology, software, validation, formal analysis, investigation,
resources, data curation, writing of the original draft, review and editing, visualisation.
The co-authors as well partially contributed to the conceptualisation, software, data
curation, methodology, validation, formal analysis, review and editing.

8 layer TisCJT,
Epoxy

L

Fig. 2. Graphical abstract of the research presented in the second publication “FE
simulation of MXene-polymer RVE model. Distribution, boundary conditions and
simulation results”

This work covers Tasks T2.1 and T2.2 and presents a numerical investigation
of mechanical properties of novel polymer NC reinforced with MXene nanosheets.
The aim of this study is to develop a suitable methodology based on the FE
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homogenisation approach for the prediction of elastic properties and micro-structural
damage behaviour of MXene-polymer composites.

The geometry and particle distribution of MXene in the RVE models were
generated using DIGIMAT software, while FE tensile simulations were performed
using ABAQUS CAE. Homogenised Young's modulus of multilayered MXene (m-
Ti3C,T:) was evaluated with the PUC model. The interface layer was used to
determine the adhesion strength between the MXenes and polymer matrix. The
calibration of 2D and 3D RVE models with respect to static tensile experiments was
performed via inverse modelling techniques by changing the interface layer strength,
particle's AR and elastic properties.

In both MXene-PVA and MXene-epoxy FE models, the interface properties
were obtained the same as the matrices, which supports the obtained results of the first
publication. The average m-Ti3C;T: AR values were measured for 25-31.25 and
homogenised Young's modulus, for 22-66 GPa. After the calibration, a
comprehensive computational analysis of NC's mechanical properties was performed
based on the particle alignment, volume fraction and AR.

The simulation results showed that Young's modulus and tensile strength
increased with higher AR, volume fraction and alignment. Thus, with 30 vol% of
aligned MXenes, Young's modulus of epoxy-based NC increased 8.4 times and tensile
strength 1.91 times. Moreover, aligned MXenes have a much greater influence on the
polymer's mechanical properties than random distribution. This insight gives a strong
reason to continue the work on high-strength electrical conductivity MXene-polymer
films and coatings for the applications, such as structural health monitoring, de-icing
and EMI shielding. Therefore, the next publication uses a theoretical approach and FE
simulations to focus on the mechanical properties of d-Ti;C>T. MXene particles and
freestanding MXene film.

3.3. Deformation and failure of MXene nanosheets

The article is published in Materials, MDPI, 2020 [IF: 3,623; AIF: 5,678;
IF/AIF: 0,638; Q1; 11 citations]. The graphical abstract of the research, presented in
the third publication, is shown in Figure 3. This is the result of collaboration of
research groups from 2 institutions by the following authors: D. Zeleniakiene, G.
Monastyreckis, A. Aniskevich and P. Griskevicius. The author's contribution to this
publication is methodology, data curation, review and editing, visualisation. The co-
authors as well contributed to the conceptualisation, methodology, software,
validation, formal analysis, investigation, writing of the original draft, review and
editing and visualisation.
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Fig. 3. Graphical abstract of the research presented in the third publication
“Nanoindentation and tensile FE simulations of MXenes and pure MXene films”

The work covers Task T2.3 and presents a numerical investigation of the
mechanical properties of MXene particles and films. The aim of this study is to
develop FE model, which can estimate shear strength, in-plane stiffness and shear
energy release rate of MXene nanosheets.

The computational analysis was performed using LS-Dyna explicit software for
both FE nanoindentation and nanosheet tensile simulations. An inverse modelling
technique with a curve-fitting approach was used for the model calibration. Stress and
strain curves were obtained from reaction forces and displacements of shell-type
element nodes. First, a parametric sensitivity analysis of d-Ti3C,T. was performed,
and in order to fit the experimental data, the thickness of the flake had to be increased
from 0.98 to 1.1 nm, or Young's modulus had to be raised from 333 to 380 GPa.

In the model, the flake-to-flake adhesion strength was defined through the
cohesive traction—separation law. The best curve-fitting with regards to the
experimental data was obtained by using the following parameters: interlaminar shear
strength — 2.2 MPa, in-plane stiffness — 0.26 GPa/um, and shear energy release rate —
3.8:1072 J/m?. After the calibration, a predictive FE analysis was performed with a
maximum theoretical overlapping length of 50% flake size and compared with 20%.
Under tensile loading, the strength and failure strain of the film increased roughly two
times and stiffness by 40%. The results demonstrate that the mechanical properties of
the freestanding films mostly depend on the interlaminar shear strength between the
individual flakes, which is determined by van der Waals forces and surface groups of
MXenes. These results as well suggest that MXene film's mechanical properties can
be greatly increased using high AR flakes, thus having a larger overlapping area. The
mechanical parameters that have been obtained in this work can be used as necessary
inputs for further computational analysis, which can contribute towards the
development of novel, highly conductive and robust multifunctional nanofilms and
coatings. Therefore, the next publication focuses on piezo-resistive MXene coating
development for the composite's strain monitoring.
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3.4. Strain sensing coatings for large composite structures based on 2D MXene
nanoparticles

The article is published in Sensors, MDPI, 2021 [IF: 3,847; AIF: 4,274; 1IF/AIF:
0,900; Q2; 10 citations]. The graphical abstract of the research, presented in the fourth
publication, is shown in Figure 4. This is the result of collaboration of research groups
from 4 institutions by the following authors: G. Monastyreckis, A. Stepura, Y. Soyka,
H. Maltanava, S.K. Poznyak, M. Omastova, A. Aniskevich and D. Zeleniakiene. The
author's contribution to this publication is conceptualisation, methodology, software,
validation, formal analysis, investigation, data curation, writing of the original draft,
visualisation. The co-authors as well partially contributed to the conceptualisation,
methodology, validation, formal analysis, data curation, investigation, review and
editing.
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Fig. 4. Graphical abstract of the research presented in the fourth publication “Optical
and SEM images of MXene coating, a tensile testing scheme using MXene coated
FRPC and relative resistance results under cyclic loading”

This work covers Tasks T3.1, T3.2 and T3.3 and presents the experimental
investigation of MXene coating mechanical and electrical properties as well as the
piezo-resistive sensing behaviour under static tensile and tensile-tensile cyclic
loadings. The aim of this study is to develop an easily processable and scalable MXene
nanocoating that can monitor low strain values, typical for fibre-reinforced
composites.

Plasma-treated epoxy specimens and GFRP composites were spray-coated with
a water-based d-Ti;C,T- solution. First, the coating's morphology and roughness were
characterised using digital optical microscopy and SEM. Second, the electrical
sensitivity was analysed against temperature change, UV exposure and natural
atmospheric oxidation. The influence of temperature on the electrical properties was
marginal, while UV irradiation (301-365 nm) had a much more noticeable effect, and
at a surface power density of 7 mW/cm?, the coating's resistance decreased by 22.7%.
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The MXene coating as well experienced natural oxidation, resulting in a gradual
increase of resistance values over time. Therefore, all samples for tensile and fatigue
tests were covered with a thin epoxy layer. In order to ensure that the layer would last
throughout the fatigue experiments, the pull-out (adhesion) tests were performed. The
adhesion strength was measured for 2.14 MPa, which was twice lower than that of
epoxy-epoxy adhesion; thus, it represented a pull-out strength between MXene
particles. Similar results were obtained in a third publication, where the interlaminar
shear strength of MXenes was 2.2 MPa. The strain sensitivity of MXenes was
analysed on glossy, perpendicular and parallel roughened epoxy surfaces. The results
showed that sensitivity depends on the roughening size and direction and is the highest
for a sample with a perpendicular to the loading roughening.

Tensile-tensile fatigue tests were performed for MXene-coated epoxy and
GFRP samples. The epoxy sample, at 0.5 Hz cycles and 8.33-25 MPa loading
amplitude (0.31-0.97% strain), resulted in a 16.25% permanent electrical resistance
increase after 21,650 loading cycles. GFRP samples with 0° fibre angle were tested
for 10* cycles under varying amplitudes with strains reaching up to 1.86%. The
coating's resistance increased permanently by 1.8 times, but the response to loading
was stable, and it was easy to differentiate between the loads according to the
resistance values. The results demonstrate that MXenes can be considered for scalable
and ultra-thin strain-sensing coatings. The following publication is the extension of
nanocoating investigation on multifunctional properties. It follows a similar spray-
coating technique, characterisation, and focuses on Joule heating, which is intended
for de-icing of the composites.

3.5. Scalable MXene and PEDOT-CNT nanocoatings for fibre-reinforced
composite de-icing

This article is published in Materials, MDPI, 2022 [IF: 3,748; AIF: 6,225;
IF/AIF: 0,602; Q1]. The graphical abstract of the research, presented in the fifth
publication, is shown in Figure 5. This is the result of collaboration of research groups
from 4 institutions by the following authors: G. Monastyreckis, J.T. Siles, P. Knotek,
M. Omastova, A. Aniskevich and D. Zeleniakiene. The author's contribution to this
publication is conceptualisation, methodology, validation, formal analysis,
investigation, data curation, writing of the original draft, visualisation. The co-authors
as well partially contributed to the conceptualisation, methodology, validation, formal
analysis, investigation, review and editing.
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Fig. 5. Graphical abstract of the research presented in the fifth publication “SEM
images of MXene and PEDOT-CNT coatings with four graphs representing
electrical, mechanical and Joule heating properties”

The work covers Task T3.1, T3.2 and T3.4 and presents an experimental
investigation of the nanocoating application for composite de-icing. The aim of this
study is to develop an efficient and ultra-thin nanocoating on GFRP composites using
a scalable application technique and investigate its adhesion strength, heating
behaviour and de-icing performance.

In this study, the de-icing performance is investigated between traditional CF-
based coatings (unidirectional and chopped) and novel MXene and poly(3,4-
ethylenedioxythiophene)-coated single-walled CNT (PEDOT-CNT) coatings. AFM
and SEM characterisation was performed for d-Ti;C,T. flake thickness and size
measurements as well as coating's thickness and morphology. MXene coating showed
conductivity of 1,000 S/cm at the thickness of ~40 nm, while PEDOT-CNT was up to
25 times less conductive and 5 times thicker. The difference in adhesion strength of
both coatings was marginal and equal to 1.5+0.25 MPa. Both coatings showed up to
7 times higher conductivity on a glossy surface when compared to rough. The
flexibility and electrical sensitivity of the coatings were investigated under three-point
bending. MXene coating showed higher piezo-resistivity and resulted in a permanent
resistance increase. In contrast, PEDOT-CNT coating showed a lower gauge factor
but responded better to the cycling due to its flexible web-like nanotube structure.

The thermal temperatures were monitored using an infrared camera. Both
MXene and PEDOT-CNT coatings resulted in uniform heat distribution throughout
the sample and showed no wire overheating, which was observed in traditional CF
coatings. Additionally, the average coating temperature increases under the same
power density and time was 84% higher for MXenes and 117% for PEDOT-CNT.
Therefore, both nanocoatings resulted in up to three times faster de-icing when
compared to CF-based coatings. These ecasily processable coatings offer fast and
efficient de-icing for large composite structures, such as wind turbine blades, without
adding any significant weight.
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CONCLUSIONS

28

1.

The characterisations of MXene flakes were performed using XPS, AFM and
SEM. Atomic composition showed no trace of Al and appearance of surface
functional groups. The morphology was observed, and the flake thickness
was measured for 1.1 nm.

The wettability properties of MXenes were obtained by measuring the
contact angle of polar and non-polar liquids. Depending on the coating
layers, the surface energy was estimated at 47.98-64.48 mJ/m?2. The work of
adhesion value was obtained for 123.6 mJ/m?, suggesting high adhesion
strength between MXene and epoxy.

Multiscale homogenisation methodology was developed using 2D PUC and
3D RVE models based on inverse modelling techniques. Homogenised
multilayered MXenes AR was measured for 25-31.25 AR and Young's
modulus for 22—-66 GPa. Moreover, the interface layer strengths between
MXene-epoxy and MXene-PVA were measured to have the same properties
as the surrounding matrices.

A predictive analysis of NC's mechanical properties was performed, and the
simulation results showed that Y oung's modulus and tensile strength increase
with higher AR, volume fraction and the alignment of flakes. For example,
with 30 vol% of aligned MXenes, Young's modulus of epoxy-based NC
increased by 8.4 times and tensile strength by 1.91 times.

A parametric sensitivity analysis of nanoindentation showed that the
thickness of the d-TisC,T: flake had to be increased from 0.98 to 1.1 nm or
Young's modulus from 333 to 380 GPa. From the numerical simulation of
freestanding MXene sheets, these parameters were obtained: interlaminar
shear strength — 2.2 MPa, in-plane stiffness — 0.26 GPa/um and shear energy
release rate — 3.8-1072 J/m?.

. The spray-coating methodology and substrate surface modification were

developed. The characterisation of MXene coating was performed using
digital optical microscope, AFM and SEM. The coating thickness was
estimated at 37 nm, while flake sizes ranged between 2—6 um. The electrical
properties were higher with increased coating thickness and lower with a
rougher substrate surface.

MXene coating's adhesion test was performed, resulting in 1.5-2.1 MPa.
Moreover, the oxidation rate was estimated for 1 month, and 3.7 times more
stable results were obtained with epoxy-covered MXenes. The coating
showed a slight electrical signal response to the temperature increase, UV
exposure and bending as well.

MXene coating's piezo-resistive sensitivity was obtained under static tensile
and cyclic loadings. The coating's resistance increased permanently by 1.8
times after 10,000 cycles, but the response to loading was stable, and it was
easy to differentiate between the loads according to the piezo-resistive effect.



9. MXene coating's Joules heating was analysed using a thermal imaging
camera and tested for de-icing of FRPC. The average temperature increase
under the same power density and time was 84% higher for MXenes, when
compared to the carbon fibre-based coatings. Therefore, nanocoating
resulted in up to three times faster de-icing, showing higher efficiency.
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SUMMARY

Kompozitinés medziagos pramongje naudojamos jau beveik puse amziaus. Kai
kuriose srityse Sios medziagos tapo ekonomisku metaly pakaitalu tradicinése
konstrukcijose. Pagrindiniai kompozity privalumai yra lengvumas, antikorozinés
savybés ir ilgaamziskumas. Be to, naudojant kompozity formavimo technologijas,
galima gauti sudétingy formy detales, o jy mechanines savybes galima tiksliai
pritaikyti dél pluosto anizotropiniy savybiy. Vienas geriausiy kompozitiniy
konstrukcijy pavyzdziy yra véjo jégainiy mentés, kurios pasizymi dideliu stiprumo ir
svorio santykiu ir yra aerodinamiskos.

Pagrindiné kompozity pramonés tendencija yra sumazinti anglies dioksido
pédsaka visais konstrukcijos gyvavimo etapais — gamyboje, eksploatacijoje ir
utilizavime. Taciau pagrindiné problema yra ta, kad pramone¢ ir toliau naudoja
tradicinius gamybos procesus, pagrjstus neperdirbamais pluoStu armuotais
epoksidiniais kompozitais, o tai lemia didesne tarSa ir perpildytus savartynus. Todél
mokslininkai daugiausia démesio skiria naujos kartos kompozitiniy medziagy, kurios
biity tvarios, ilgalaikés ir pasizymeéty daugiafunkcinémis savybémis, tokiomis kaip
savidiagnostika, kiirimui. Norint suteikti daugiafunkciskumo, gali pagelbéti naujos
technologijos, gristos nanodaleliy (angl. nanoparticles, NP) panaudojimu, leidzianciu
pagerinti kompozitiniy konstrukcijy ilgaamziskuma.

Naujausi medziagy inzinerijos pasiekimai atvéré greita ir didelés apimties NP
gamyba, kuri 1émé pigy komercin] pricinamumg. Pastarieji du deSimtmeciai
daugiausia buvo skirti anglies tipo NP, tokiy kaip grafenas ir anglies nanovamzdeliai
(angl. carbon nanotubes CNT), tyringjimui. Buvo pastebéta, kad dél didelio daleliy
stiprumo ir nanoeilés matmeny kompozity atsparumas nuovargiui padidéjo dél
mikrojtrikimy sustabdymo. Taip pat, pritaikant Sias NP, kompozitai jgijo elektrinj
laiduma, kuris buvo tyrin¢jamas savidiagnostikos tikslais. 2011 m. buvo atrasta
visiskai nauja 2D NP grupé, pavadinta maksenu (angl. MXenes). Sios dalelés pasizymi
technologiskai naudingomis savybémis nanokompozitams (angl. nanocomposites,
NC), tokiomis kaip metalinis laidumas, hidrofiliSkumas ir puikios mechaninés
savybés. Taciau makseno pritaikomumas struktiiriniams polimeriniams kompozitams
dar nebuvo istirtas.

Viena i§ pagrindiniy nenustatyty savybiy yra pavirSiaus energija tarp makseno
ir polimery, kuri lemia gera sukibimg. Taip pat nejvertintos adhezinés savybés,
daugiasluoksniy daleliy homogenizuotos savybés ir tarpsluoksninis $lyties stiprumas.
Be to, maksenas dar nebuvo pritaikytas deformacijy jutikliams ar nuledinimo
dangoms pluostu sustiprintuose polimeriniuose kompozituose (angl. firbre reinforced
polimeric composites, FRPC). Todél $io darbo poreikis remiasi inovatyvaus ir
daugiafunkcio FRPC sukairimu.

Tyrimo tikslas — sukurti geromis mechaninémis ir daugiafunkcinémis savybémis
pasizymintj pluoStu sustiprintg polimerinj kompozitg, panaudojant elektrai laidzig
nanomedziagg makseng kompozito matricai modifikuoti ir jo nanodangoms.
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Tyrimo siekiai (S) ir uZdaviniai (U):

S1. Apibidinti makseno savybes.
Ul.1. Nustatyti atoming sudétj, dydj, storj ir morfologija.
U1.2. Istirti vilgumo savybes, pavirSiaus energija ir adhezijos stiprumg.

S2. I8analizuoti makseno-polimero NC, gryno makseno daleliy ir jy dangy
mechanines savybes, naudojant baigtiniy elementy (angl. finite element, FE)
modeliavima.

U2.1. Sukurti  daugiaskale  homogenizavimo  metodikg,  pritaikant
reprezentatyvaus tirinio elemento (angl. reprezentative volume element, RVE) ir
periodinio vienetinio elemento (angl. periodical unit cell, PUC) modelius.

U2.2. Nustatyti NC mechanines savybes pagal skirtingus mechaninius ir
geometrinius kintamuosius.

U2.3. Atlikti skai¢iuojamajj makseno daleliy ir dangy nanoindentacijos bei
tempimo modeliavima.

S3. Istirti daugiafunkcines FRPC su elektrai laidziomis nanodangomis savybes.
U3.1. Sukurti dangos formavimo metodika ir atlikti elektriniy savybiy bei
morfologijos tyrimus.

U3.2. Atlikti elektrinio jautrumo analiz¢ veikiant jvairiomis aplinkos saglygomis.
U3.3. Istirti dangos pjezovarzines savybes esant statinéms tempimo ir ciklinéms
apkrovoms.

U3.4. [vertinti dangos nuledinimo efektyvuma.

Darbo naujumas

Skaitiniais metodais iStirta makseno geometriniy parametry, pasiskirstymo,
tarpsluoksnio stiprumo ir tirio dalies jtaka makseno-polimero NC mechaninéms
savybéms, o eksperimentiniais — pavirSiaus Siurk§tumo, temperatiros, UV
spinduliavimo ir mechaniniy deformacijy jtaka makseno nanodangos elektrinéms
savybéms. Siame darbe taip pat buvo analizuojamos daugiafunkcinés makseno
nanodangy savybés, tokios kaip deformacijy jutimas ir $ilimas. Pirmg kartag buvo
paskelbti Sie moksliniai rezultatai:

— Nustatytos vilgumo ir pavirSiaus energijos tarp makseno ir epoksidinés matricos
vertés demonstruoja geras adhezines savybes.

— Daugiasluoksniy makseno daleliy mechaninés savybés yra kelis kartus mazesnés
nei vienasluoksniy.

— Tarpfaziniy sluoksniy tarp makseno ir epoksidinés dervos bei makseno ir
polivinilo alkoholio (PVA) mechaninés savybés yra ne mazesnés nei polimero
savybés. Tai patvirtina tiek vilgumo eksperimentai, tick modeliavimo analizé.

— Skaitiné analizé rodo, kad makseno-polimero NC mechaninés savybés labiausiai
priklauso nuo NP islygiavimo, krastiniy santykio (angl. aspect ratio, AR) ir turio
dalies.
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— Adhezijos stiprumas tarp makseno ir epoksidinés dervos yra didesnis nei tarp
gryno makseno daleliy plévelése, tai patvirtinta tiek eksperimentiskai, tiek
skaitiniais metodais.

— Maksenu dengto FRPC bandymas in-situ, esant statinéms tempimo ir tempimo-
tempimo ciklinéms apkrovoms, atskleidé pjezovarzinj efekta ir auksta keliy
nanometry storio dangy pjezovarzinio stiprinimo koeficients.

— Makseno nanodangos reaguoja j temperatiirg, drégme, UV ir tiesioginius saulés
spindulius, kurie gali turéti jtakos pjezovarzinéms savybéms. Taciau toks
jautrumas leidzia dangg naudoti kaip daugiafunkecj jutikl;.

— Naudojant makseno nanodangas nustatytas greitesnis ir efektyvesnis FRPC
nuledinimas, palyginti su tradiciniais anglies pluosto Sildytuvais.

Praktinis pritaikomumas

Moksliniai tyrimai ir gauti rezultatai gali buti taikomi:

— Kaip pradiniai duomenys naujoms mokslinéms paraiskoms, tyring¢jancioms
daugiafunkcinius polimerinius nanokompozitus ir nanodangas.

— PurSkiamy ir spausdinamy deformacijy jutikliams ant dideléms kompozitinéms
konstrukcijoms kurti.

— Itin lengvy orlaiviy, bepiloCiy orlaiviy, sraigtasparniy ir véjo turbiny menciy
nuledinimo nanodangoms kurti.

— Ypac¢ plonoms nanodangoms, skirtoms elektroniniy prietaisy ir baterijy
temperatiirai kontroliuoti ekstremaliose aplinkose.

Autoriaus indélis

Autorius kartu su eksperty pagalba prisidéjo prie makseno nanodaleliy
sintetinimo. Taip pat i§ dalies dalyvavo charakterizavimo tyrimuose pritaikant
rentgeno fotoelektronine spektroskopija (angl. X-ray photoelectron spectroscopy,
XPS), atominés jégos mikroskopija (angl. atomic force microscopy, AFM) ir
skenuojamaja elektroning mikroskopija (angl. scanning electron microscopy, SEM),
po kuriy buvo konsultuojamas dél duomeny interpretavimo bei apraSymo tikslumo.
Su bendraautoriy patarimais apie programinés jrangos ypatumus ir skai¢iavimo
metodikas didzigja dali skaitinés analizés autorius atliko savarankiskai.
Konsultuodamasis dél jrangos valdymo ypatumy ir standarty pritaikymo, autorius
savarankiSkai paruos¢ visus bandinius ir atliko mechaninius eksperimentus, jskaitant
planavima, pasiruo$ima, testavima ir duomeny apdorojimg. Autorius taip pat buvo
atsakingas uz rezultaty analize ir interpretavima bei jy vizualizavimg. Doktorantas yra
pirmasis trijy i§ penkiy publikacijy autorius ir antrasis dviejy publikacijy autorius.
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Straipsniy apZvalga

Straipsnio, pavadinimu ,,Wettability of MXene and its interfacial adhesion
with epoxy resin”, tyrimy tikslas buvo istirti Ti3C,T. makseno nanodaleliy pavirSiaus
energijg ir jvertinti adhezija su epoksidine derva (uzduotys Ul.1 ir U1.2). Maksenas
buvo susintetintas i§ TisAlC, ,,MAX* fazés, naudojant HCI/LiF ésdinimo metodg ir
LiCl delaminacijos procediira. Makseno dangos buvo suformuotos jmerkiant
substratg } makseno vandeninj tirpalg ir iSdZiovinant, o 1 wt% (masés dalies) makseno
ir epoksidinés dervos NC buvo paruosti naudojant mechaninj mai§ymg ir
vakuumavima. Makseno daleliy sudétis nustatyta naudojant XPS. Sie rezultatai
parod¢ gerg aliuminio pasalinima bei patvirtino pavir$iaus funkciniy grupiy (T:), tokiy
kaip hidroksido, oksido ir fluoro, lemian¢iy geras hidrofilines savybes, atsiradima.
Dangy storis ir Siurk§tumas buvo iSmatuotas naudojant AFM. Makseno vilgumo
savybes, pavirSiaus energija ir adhezijos darbas buvo jvertintas matuojant polinius ir
nepolinius skys¢iy vilgumo kampus. Vilgumas pageré¢jo naudojant storesnes dangas
dél makseno hidrofiliSkumo ir nanostruktiiros morfologijos. DeSimties sluoksniy
dangos pavirSiaus energija sieké 64,48 mJ/m?, o epoksidinés dervos su 1 wt%
atsitiktinai paskirs¢iusiy daleliy adhezijos darbas buvo lygus 123,6 mJ/m?. Tokie
rezultatai lemia gerg pavirSiaus adhezijg tarp makseno ir epoksidinés dervos. Taip pat
Sig prielaidg patvirtina ir kompozito lGzio pavirSiaus vaizdai, gauti i§ SEM analizés.
Siame straipsnyje pateikti rezultatai rodo, kad maksenas gali pagerinti polimero
mechanines savybes, tokias kaip stiprumas, standumas ir atsparumas nuovargiui.
Todél kitoje publikacijoje toliau nagrinéjami makseno tarpsluoksnis stiprumas ir NC
mechaniniy savybiy priklausomybé nuo skirtingo daleliy kiekio, geometrijos bei
kryptisSkumo, naudojant FE modeliavima.

Straipsnio, pavadinimu ,,Micromechanical modeling of MXene-polymer
composites”, tyrimy tikslas buvo sukurti tinkamg metodika, pagrista FE
homogenizacijos principais, skirta makseno-polimero NC tamprumo ir stiprumo
savybéms bei struktiiriniams pazeidimams prognozuoti (uzduotys U2.1 ir U2.2).
Makseno daleliy geometrija ir pasiskirstymas RVE modeliuose buvo sugeneruotas
naudojant DIGIMAT, o FE tempimo modeliavimas buvo atliktas naudojant ABAQUS
CAE programing jranga. Homogenizuoto daugiasluoksnio makseno tamprumo
modulis buvo jvertintas naudojant PUC modelj. Kintamos tarpsluoksnio savybés buvo
naudojamos sukibimo stiprumui tarp makseno ir polimerinés matricos jvertinti,
pritaikant atvirkstinio modeliavimo metodg. 2D ir 3D RVE modeliy skai¢iavimo
kalibravimas buvo atliktas atsizvelgiant ] statinio tempimo eksperimentinius
rezultatus, esant PVA NC su iSlygiuotomis dalelémis, bei epoksidinés dervos NC su
atsitiktinai pasiskirs¢iusiomis dalelémis. Abiejy NC tarpsluoksnio stiprumo savybés
buvo prilygstancios jy matricoms. Delaminuoty makseny AR vertés buvo gautos tarp
25-31,25, o homogenizuotas tamprumo modulis tarp 22—66 GPa. Po kalibravimo
buvo atlikta iSsami skai¢iuojamoji analizé, leidusi nustatyti NC mechanines savybes,
esant jvairiems kintamiesiems. Modeliavimo rezultatai parodé, kad tamprumo
modulis ir stiprumas tempiant padidéjo dél didesnio AR, uzpildo kiekio ir daleliy
iSlygiavimo. Esant makseno NC su 30 vol% uzpildu (turinés dalies), tamprumo
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modulis padidéjo 8,4 kartus, o stiprumas — 1,91 karto. Rezultatai rodo, kad i§lygiuotos
dalelés turi daug didesnj poveikj polimero mechaninéms savybéms nei atsitiktinai
pasiskirsc¢iusios. Daleliy iSlygiavimas taip pat suteikia NC pléveléms ir dangoms
didelj elektrinj laiduma, kuris svarbus kuriant daugiafunkcinius kompozitus. Todél
kitoje publikacijoje nagrinéjamos pavieniy makseno daleliy bei jy dangy mechaninés
savybés, pritaikant FE modeliavima.

Straipsnio, pavadinimu ,,Deformation and Failure of MXene Nanosheets”,
tyrimy tikslas buvo sukurti FE modelj, kuris leisty jvertinti delaminuoto makseno
Slyties stipruma, standuma ir §lyties energijos iSsiskyrimo koeficienta (uzduotis U2.3).
Skaic¢iavimo analizé buvo atlikta naudojant LS-Dyna programing jranga. Modeliui
kalibruoti pagal eksperimentinius rezultatus buvo naudojamas atvirkstinio
modeliavimo metodas. [tempiy ir deformacijy kreivés buvo gautos is reakcijos jégy ir
modelio mazgy poslinkiy. Pirmiausia buvo atlikta parametrin¢ jautrumo analiz¢ pagal
eksperimentinius duomenis. Rezultaty atitikmuo buvo pasiektas su padidintu dalelés
storiu (nuo 0,98 iki 1,1 nm) arba padidintu tamprumo moduliu (nuo 333 iki 380 GPa).
Modelyje makseno tarpusavio adhezija buvo apibrézta sukibimo ir atskyrimo jégos
désniu (angl. traction-separation law). Geriausiai eksperimentinius rezultatus
atitinkanti modeliavimo kreivé buvo gauta naudojant S$iuos parametrus:
tarpsluoksninis $lyties stiprumas — 2,2 MPa, santykinis standumas — 0,26 GPa/um ir
Slyties energijos i$siskyrimo koeficientas — 3,8-1072 J/m?. Po kalibravimo buvo atlikta
tempimo simuliacija su didziausiu teoriniu daleliy persidengimo ilgiu (50%) ir buvo
gautas du kartus padidéjes plévelés stiprumas ir trikimo deformacija, standumas
padidéjes 40%. Rezultatai rodo, kad dangy mechaninés savybés labiausiai priklauso
nuo tarpsluoksninio Slyties stiprumo ir daleliy AR, kurie lemia didesnj persidengimo
plota. Siame darbe gauti mechaniniai parametrai gali bati naudojami tolesnei
skai¢iavimo analizei, tirian¢iai daugiafunkcines nanopléveles ir dangas. Todél kitoje
publikacijoje pagrindinis démesys skiriamas pjezovarziniy makseno savybiy
tyrimams, kurie leisty stebéti kompozito deformacijas ir pazeidimus.

Straipsnio, pavadinimu ,,Strain Sensing Coatings for Large Composite
Structures Based on 2D MXene Nanoparticles”, tyrimy tikslas buvo sukurti lengvai
formuojama makseno daleliy dangg, kuri galéty aptikti mazas deformacijas, budingas
pluostu armuotiems kompozitams (uzduotys U3.1, U3.2 ir U3.3). Plazma apdoroti
padidinto vilgumo epoksidiniai bandiniai ir stiklo pluostu armuoti polimeriniai (angl.
glass fibre reinforced polymer, GFRP) kompozitai buvo padengti vandeniniu
delaminuoty makseno daleliy tirpalu purskiant. Dangos morfologija ir SiurkStumas
buvo charakterizuoti naudojant skaitmeninj optinj mikroskopg ir SEM. Elektrinis
jautrumas buvo analizuojamas atsizvelgiant | temperattros pokycius, UV poveikj ir
nattiralig oksidacijg. Temperatiiros poveikis elektrinéms savybéms buvo nedidelis, o
UV spinduliuotés (301-365 nm) — daug didesnis, ir, esant pavirSiaus galios tankiui
7 mW/cm?, dangos varza sumazéjo 22,7%. Buvo atlikti makseno dangos adhezijos
testai, kurie parodé 2,14 MPa stiprumg. PanaSiis rezultatai buvo gauti antroje
publikacijoje, kurioje makseny tarpsluoksninis Slyties stiprumas buvo lygus 2,2 MPa.
Dangos elektrinis jautrumas deformacijai buvo istirtas ant lygiy ir Siurksciy pavirsiy.
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Rezultatai parodé, kad pjezovarzinis jautrumas priklauso nuo Siurk§tumo dydzio ir
krypties, ir yra didziausias esant statmenam apkrovai SiurkStumui. Tempimo ir
nuovargio tyrimai buvo atlikti su epoksidiniais bei GFRP bandiniais. Maksenu
dengtas epoksidinis bandinys, esant 0,5 Hz ciklams ir 8,33-25 MPa apkrovos
amplitudei (0,31-0,97% deformacijai), pasizyméjo 16,25% negriztamu elektrinés
varzos padidéjimu po 21650 apkrovimo cikly. GFRP bandiniai su 0° armavimo
kryptimi buvo apkrauti 10000 cikly su skirtingomis amplitudémis. Dangos negrjztama
elektriné varza padidéjo 1,8 karto, taciau jutimas apkrovai buvo stabilus ir priklausé
nuo jos dydzio. Rezultatai parodé, kad makseno dalelés gali biiti pritaikytos itin
plonoms sensorinéms dangoms, jaucianc¢iomis deformacijas ir pazeidimus. Kita
publikacija tiria tolimesn] tokios dangos pritaikomumg daugiafunkcinéms savybéms,
tokioms kaip kompozito Silimas bei ledo atitirpinimas.

Straipsnio, pavadinimu ,,Scalable MXene and PEDOT-CNT Nanocoatings
for Fibre-Reinforced Composite De-Icing”, tyrimy tikslas buvo sukurti efektyvig ir
itin plona nanodanga, skirta ledo atitirpinimui nuo kompozitiniy konstrukcijy
(uzduotys U3.1, U3.2 ir U3.4). Siame tyrime buvo analizuojamos tradicinés anglies
pluosto dangos (vienkryptés ir smulkintos) ir makseno daleliy bei poly(3,4-
ethylenedioxythiophene) su CNT uzpildu (PEDOT-CNT) nanodangos. AFM ir SEM
analizé buvo naudota dangos storiui ir morfologijai jvertinti. Penkis kartus uzpurksty
makseno dangy elektrinis laidumas buvo lygus 1000 S/cm, esant ~40 nm storiui, o
PEDOT-CNT danga buvo apie 25 kartus maziau laidi ir 5 kartus storesné. Nustatytas
iki 7 karty didesnis abiejy dangy laidumas ant lygaus pavirS$iaus negu ant Siurkstaus.
Taip pat buvo atlikti dangy jautrumo ir lankstumo tyrimai esant tritaskiui lenkimui.
Makseno danga pasizyméjo didesniu pjezovarziniu jautrumu ir negrjztamu elektrinés
varzos pokyciu, o PEDOT-CNT danga buvo maziau jautri, bet lankstesné esant
ciklinei apkrovai. Siluminis i§siskyrimas, remiantis Dzaulio pirmu désniu, dangose
buvo stebimas naudojant infraraudonyjy spinduliy kamera. Abi nanodangos
pasireiské tolygiu Silumos pasiskirstymu, o tradicinés anglies pluosto dangos Silo
netolygiai. Palyginti su tradicinémis dangomis, vidutiné makseno nanodangos
temperatiira esant tokiam paciam galios tankiui ir laikui buvo 84% didesné, o PEDOT-
CNT dangos — 117% didesné, todél abi nanodangos lémeé iki trijy karty greitesnj ledo
atitirpinimg. Tyrimo rezultatai rodo, kad Sios lengvai formuojamos nanodangos
uztikrina greitesn] ir efektyvesnj ledo atitirpinimg ir gali biti pritaikomos naudojant
dideles kompozitines konstrukcijas, tokias kaip véjo jégainiy mentés, nepridedant
papildomo svorio konstrukcijai.

ISvados:

1 Makseno nanodaleliy charakterizavimas atliktas naudojant XPS, AFM ir SEM.
Atominé sudétis parodé gerg aliuminio i§ésdinimg bei pavirSiaus funkciniy grupiy
atsiradimg. Nustatyta nanodaleliy morfologija, o iSmatuotas dalelés storis prilygo
1,1 nm.

2 Makseno vilgumo savybés jvertintos matuojant poliniy ir nepoliniy skyscCiy
vilgumo kampus. Priklausomai nuo dangos sluoksniy, pavirSiaus energija buvo
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gauta tarp 47,98-64,48 mJ/m?. Adhezijos darbas buvo 123,6 mJ/m?, o tai rodo gerg
adhezijos stipruma tarp nanodaleliy ir epoksidinés dervos.

Naudojant 2D PUC ir 3D RVE modelius, buvo sukurta daugiaskalés
homogenizacijos metodika, paremta atvirkStinio modeliavimo technikomis. Buvo
gautos $ios homogenizuotos daugiasluoksniy makseno daleliy mechaniniy savybiy
ribos: AR —nuo25 iki 31,25; tamprumo modulis — nuo 22 iki 66 GPa. Buvo tirtas
tarpsluoksnio stiprumas tarp makseno ir epoksidinés dervos ir PVA, rezultatai
parodé, kad tarpsluoksnis pasizymi tomis pac¢iomis mechaninémis savybémis, kaip
ir matricos.

NC prognozuojamoji mechaniniy savybiy analizé parodé, kad tamprumo modulis
ir stiprumas didéja esant didesniam AR, uzpildo kiekiui ir nanodaleliy
iSlygiavimui. Pavyzdziui, naudojant 30 wvol% iSlygiuoty nanodaleliy, NC
tamprumo modulis padidéja 8,4 kartus, o stiprumas — 1,91 karto.
Nanoindentacijos parametriné jautrumo analizé parodé¢, kad delaminuotos
makseno dalelés storis turi biiti padidintas nuo 0,98 iki 1,1 nm arba tamprumo
modulis nuo 333 iki 380 GPa. Atliekant skaitin] tempimo modeliavima, gauti Sie
parametrai: tarpsluoksninis Slyties stiprumas — 2,2 MPa, santykinis stiprumas —
0,26 GPa/um ir $lyties energijos i$siskyrimo koeficientas — 3,8-1072J/m?.

Sukurta purskimo dengimo ir pavirSiaus modifikavimo metodika. Makseno dangos
charakterizavimas atliktas naudojant skaitmeninj optinj mikroskopa, AFM ir SEM.
Apskaic¢iuotas dangos storis lygus 37 nm, o dalelés dydis svyruoja tarp 2—6 um.
Elektrinés savybés buvo gautos didesnés padidéjus dangos storiui ir mazesnés, kai
pagrindo pavirsius buvo Siurkstesnis.

Atlikti makseno nanodangos adhezijos bandymai ir gauti 1,5-2,1 MPa jtempiai.
Oksidacija buvo jvertinta 1 ménesio laikotarpiu. Naudojant epoksidine derva
dengta makseno dangg, buvo gauta 3,7 karto mazesné oksidacija. Taip pat buvo
jvertintas dangos elektrinis jautrumas temperatirai, UV spinduliy poveikiui ir
lenkimui.

Makseno dangos pjezovarzinis jautrumas buvo gautas esant statinéms tempimo ir
ciklinéms apkrovoms. Po 10 000 cikly dangos elektriné varza negriztamai
padidéjo 1,8 karto, taciau reakcija i apkrova buvo stabili, ir pagal pasikeitusias
elektrines vertes apkrovos metu buvo galima nustatyti bandinio deformacijas.
Dzaulio principu kaitinama makseno danga buvo istirta naudojant terminio vaizdo
kamerg ir iSbandytas pritatkomumas kompozity ledui atitirpinti. Palyginti su
tradicinémis anglies pluosto dangomis, vidutiné makseno nanodangos temperatiira
esant tokiam paciam galios tankiui ir laikui buvo 84% didesné¢, ir tai léme iki trijy
karty greitesnj ledo atitirpinima.
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HIGHLIGHTS

o Two-dimensional Ti3C,T, MXene nano-
materials were synthesized and
characterized.

o The surface energy and topography of
TigC,T, MXene coatings supported on
the glass substrate were estimated.

® The thermod; ic work of adhesion of Wottat
MXene—cpoxy — nanocomposites  was
determined.
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GRAPHICAL ABSTRACT

The surfuce energies of MXene nanofillers critically affect the mechanical properties and durability of any

MXene

XPS

Polymer nanocomposites
Interfacial adhesion

polymer-based devices and composites to which these fillers are applied. In this context, this study compre-
hensively investigates TizC,T, MXenes prepared via the hydrochlorie acid/lithium fluoride etehing of TiAIC,.
‘The surface energy values of 10-layer MXene coatings were evaluated 1o be between 47.98 and 64.48 mJ/m” as

per contact-angle measurements. The wellability properties were found (o depend on the number of coating
layers and the liquids used. Additionally, the coating roughness was evaluated by using atomic force microscopy.
The effectiveness of MXencs as a reinforeing nanofiller for polymer matrix was investigated by utilising an epoxy
resin. The work of adhesion between the MXene and epoxy was caleulated 1o be up to 123.6 mJ/m?. The pre-
diction of a high adhesion was also confirmed with the use of scanning electron microscopy images to examine
the fractured surface of the MXene-epoxy specimens.

1. Introduction

The outstanding reinforcement effects of nanofillers in polymer-
based composites is related to their high specific surface area, superior
mechanical properties, and strong filler-matrix interfacial adhesion. In
this regard, two-di 1 (2D) ials have recently received
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significant attention from academia and industries [1-3]. One such 2D
nanoparticle is MXene [4,5], which consists of transition metal carbides,
nitrides, and carbonitrides. Merits such as high conductivity, hydro-
philicity, catalytic activity, and excellent thermal and mechanical
properties [6-11] render MXene particles a potential material for

several important applications. MXene and poly matrix
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Table 1

Force components of surface energy (mJ/m?) of test liquids [38].
Liquid 7t 7! ¥l
Diiodomethane 50.8 49.5 1.3
Water 72.8 21.8 51.0
Glycerol 63.4 37.0 26.0

are considered promising industrial products for their varying utilities
[12-14] including wearable electronics, energy storage devices, elec-
tromagnetic shielding, electrochemical actuators, and various sensors
[15-22]. Poly (diallyldimethylammonium chloride) (PDDA), polyvinyl
alcohol (PVA), poly (methyl methacrylate) (PMMA), and epoxy resin are
some examples of polymer matrices used in the preparation of such
composites. In this regard, Ling et al. [23] investigated TizC,T,~PDDA
and Ti3CyT,~PVA composites and found that similar to pure TizCyT,
films and Ti3CyT,~PDDA composites exhibit impressive flexibility and
conductivity, whereas Ti3C,T,~PVA composites demonstrate improved
tensile strength. In another research [24], the authors introduced only
0.3 wt fraction (wt%) of exfoliated Ti3Siy75Alp.25C2 nanosheets in
PMMA, which resulted in significant improvements in the mechanical
and thermal properties of PMMA. Moreover, Young’s modulus and ul-
timate tensile strength of the Ti3Sig75Aly,25C2/PMMA composites were
approximately fivefold and twofold higher than their pure PMMA film
counterparts, respectively.

Meanwhile, MXene—epoxy nanocomposites with improved electrical
and thermal conductivities have also been investigated [25-27].
Furthermore, finite element simulations of the mechanical properties of
MXene-epoxy nanocomposites have shown that the alignment of MXene

h significantly ir the matrix elastic properties and the
ultimate tensile strength [28,29]. A model with 30 vol% MXenes
exhibited an increase in Young’s modulus and tensile strength by factors
of 8.4 and 1.91 times, respectively, when compared with the corre-
sponding values for pure epoxy. According to simulations, the me-
chanical performance of the MXene-polymer composite can be
maximised when the load is effectively transferred from the matrix to
the nanoparticle. This can be achieved when a strong interfacial adhe-
sion exists between the polymer matrix and MXene. The presence of
abundant hydrophilic functional groups such as hydroxyl and carbonyl
groups on the MXene surface can ensure strong adhesion at the MXe-
ne-matrix interface. The interfacial adhesion also depends on the MXene
surface energy, which can be evaluated by using contact angle mea-
surements. In this regard, the water contact angle on a rolled MXene film
was measured to be 21.5° by Ghidiu et al. [30], which confirms the
hydrophilic nature of the MXene films. Moreover, Kang reported a
significantly higher value of water wetting angle (62°) for MXene film
produced by pressure-driven filtration [31].

Although the surface energies of various polymers are well charac-
terised, that of MXene has not been investigated with regard to epoxy
matrices. In this context, this study aims to determine the surface energy

Materials Chemistry and Physics 257 (2021) 123820
and interfacial adhesion between MXene and epoxy resin.
2. Material and methods
2.1. Synthesis of MXenes

MXenes were prepared using TizAlC; MAX phase 347 (MRC,
Ukraine) with a particle size of <40 pm and purity of 98 wt%, applying
the protocol published by Alhabeb et al. [32]. The etching solvents of 37
wt% hydrochloric acid (Merck, Germany) and lithium fluoride (LiF,
=99 wt%) were provided by Sigma Aldrich (Germany). LiF was mixed
with HCl to generate HF in the system. Next, the MAX phase was added
slowly, and the suspension was stirred for the next 24 h. After the re-
action, the resulting solution was centrifuged several times at 3500 rpm
and then washed with deionised water until the pH of the supernatant
reached a value of 6. Characterisation of prepared MXene (Raman
spectra, AFM, etc.) was published elsewhere [33].

2.2. MXene coating preparation

The TisCoT, MXene aqueous solution was centrifuged and washed
several times with ultrapure deionised water until MXene batch con-
centration reached 30 wt%. MXene coatings were prepared by using
motorised glass specimens (3 x 2 cm), which were dipped into a
dispersed solution of 3 wt% MXenes. Each dipping procedure was per-
formed with a 10 s steady vertical pull-out and 10 min of drying, which
led to the formation of one MXene coating layer. This procedure was
repeated up to 10 times.

2.3. MXene—-epoxy composite preparation

The thermosetting epoxy resin Bisphenol F-(epichlorhydrin) with
average molecular weight <700 (Biresin® CR122, Sika, Germany), in
conjunction with the hardener 3-Aminomethyl-3,5,5-

Table 2
Surface chemical compositions of MAX phase and MXene.

Material Surface chemical composition [at%)]
Cls Ols Ti2p Fls Al2p/
TigCy/1/11 ox TisCo/I/l E/TF cl2p
sp*/CO/ 1/11/11 TiO, TiOF/ Nis/S2p
0co c-r
MAX 22.5 11.2 16.7 0.7 12.8/0.3
phase 6.5/0.3/1.7 24.0 4.9/2.5/ 0.6/- 2.3/0.5
9.2/2.6/2.2  6.9/12.4/ 1.9 /0.1
0.9 7.4
MXene 30.0 23.7 25.9 16.4 /2.8
9.4/2.1/7.4 1.5 7.7/1.8/ 0.6/10.3 1.3/-
6.7/2.9/1.5 11.0/4.1/ 6.3 1.7/0.8
11 7.1

Fig. 1. SEM images of (a) MAX phase Ti;AlC, powder, (b) TizC,T, MXene nanoparticles.
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Fig. 3. Contact angles of (a) water and (b) glycerol on different numbers of MXene coating layers.

Table 3
Average contact angles (degrees) for different numbers of MXene coating layers
on glass surface.

Number of layers Water Diiodomethane Glycerol
1 68.40 = 1.2 38.43 £ 1.1
5 66.20 — 0.7 30.05 + 0.9
10 48.50 = 0.8 29.95 £ 0.5

trimethyleyclohexylamin; 4,4'Methylenbis (cyclohexylamin); Cyclohex-
1,2-ylendiamin (Biresin® CH122-5, Sika, Germany) with the mixing
ratio of 10:3, was used in the study. For surface-energy estimation, the
MXene-epoxy composites with a filler loading of 1 wt%were prepared
by means of the following method: 30 wt% aqueous batch of MXenes
was mixed with the curing agent with the use of a mechanical stirrer at
800 rpm for 1.5 h and degassed at 60 “C for 24 h under vacuum. Next,
the epoxy resin was stirred with MXene-hardener mixture. The mixture
was cast in silicone moulds, cured for 24 h at room temperature, and
post-cured at 80 °C for 5 h in a convection oven.

2.4. Characterisation methods

2.4.1. Scanning electron microscopy

The morphologies of the MAX phase and MXene were studied by
means of scanning electron microscopy (SEM), ZEISS EVO 40HV (Ger-
many). MXene-epoxy composites and pure epoxy matrix structures were
characterised on a gold-coated fractured specimen surface.

2.4.2. X-ray photoelectron spectroscopy

The MAX phase and prepared MXene were characterised by using X-
ray photoelectron spectroscopy (XPS). The spectra were recorded by
using a Thermo Scientific K-Alpha XPS system (Thermo Fisher Scientific,
U.K.) equipped with a micro-focused, monochromatic Al Ka X-ray
source (1486.68 eV). An X-ray beam with a size of 400 pm was used at

the settings of 6 mA/12 kV. The spectra were acquired in the constant
analyser energy mode with pass energy of 200 eV for the survey. Narrow
regions were collected by using the pass energy of 50 eV. Charge
compensation was achieved with the use of the system dual-beam flood
gun. The Thermo Scientific Avantage software package (version 5.9921,
Thermo Fisher Scientific) was used for digital spectrum acquisition and
data processing. Spectral calibration was performed by using the auto-
mated calibration routine and the internal Au, Ag, and Cu standards
supplied with the K-Alpha system. The surface compositions in atomic
percentage (at%) were determined by considering the integrated peak
areas of the detected atoms and the respective sensitivity factors. The
fractional concentration of a particular element A was computed using
the following equation:

Iy /sa

2 (n/sn)

where I, and s, denote the integrated peak areas and the Scofield
sensitivity factors corrected for the analyser transmission, respectively.

%A = 100%, 1)

2.4.3. Atomic force microscopy imaging

The surface topographies of the MXene-coated glass samples were
observed by means of an atomic force microscope (AFM) Nano-
Wizard®3 NanoScience, JPK Instruments AG (Germany). The AFM data
were processed by means of the original JPK instruments AG JPKSPM
Data Processing software (Microtestmachines Co., Belorussia). An UL-
TRASHARP Si cantilever with a curvature radius of <10 nm was used
(Spring Constant 37 N/m) for the AFM measurements. The measure-
ments were performed in the contact mode with a maximum scan field of
10 x 10 pm.

2.4.4. Surface energy calculation

The surface energy of solids is influenced by multiple interfacial
processes such as adhesion, adsorption, and wetting. The harmonic
mean approach (HMA) is frequently used to calculate the various surface
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energy components of solids to predict the adhesion properties. In this
regard, Fowkes proposed that surface energy y, can be considered as the
sum of the contributions of the dispersion (r?) and polar (4) components

[34]:

L=r @

Here, the superscript d refers to the dispersion force (London-type)
and p the hydrogen bonding. Parameters yf and )2 were determined from
the contact angles of each of the liquid pairs considered by means of
Wu's HMA approximation for each liquid [35]:

iy rr
i+l A

(I+cos0;)y; =4 +4 3)

where subscripts i and s denote the probe liquid and solid, respectively.

Meanwhile, Owens and Wendt [1969] proposed the following geo-
metric mean approach (GMA) [36] to relate the surface energy and
contact angle values:

(1 +cos 8:)y,; =2(V"yj'7f + \/}/,v'/;')‘
The interfacial energy ysis2 between two components s; and sy is
calculated according to Ref. [35].

7 rarh
Y=V +ra =4 T S )
: J 4 v+ 1

Ya+7e
where y;; and y,, denote the surface energies, 7§‘1 and y,‘fz the dispersive
components, and $£; and 7%, the polar surface-energy components of s
and sy, respectively.
The interaction occurring at the phase boundary of the MXene par-
ticles and epoxy was also evaluated by using the work of adhesion
parameter Wy, as per Dupré [37]:

(4)

(5)

Wae =Yg +7¥2 — aas ®

where component s, refers to epoxy and s, to MXene.

2.4.5. Contact-angle measurements

For contact-angle measurements, 2-ml liquid droplets were placed on
the MXene-coated glass samples, and the average contact angle (¢) was
measured by using a surface energy evaluation system (Advex In-
struments) and See-System software. A sequence of images was recorded
over 60 s starting from the moment of droplet deposition, which facili-
tated the monitoring of the contact-angle dynamics over time. Diiodo-
methane, deionised water, and glycerol were chosen for the
investigation of the surface energy; the principal surface-energy pa-
rameters of these liquids are listed in Table 1. For each test, the average
contact-angle values of three drops were considered.

(@

137 nm
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Table 4
Contact angles (degrees) of polar and non-polar liquids on epoxy and 1 wi%
MXene-epoxy films.

Material Water Diiodomethane Glycerol
Epoxy 62.00 + 1.2 28.85 + 1.1 82.59 + 1.0
1 wt% MXene-epoxy 62.11 + 0.9 25.50 £ 0.7 76.54 £ 1.9

3. Results and discussion

3.1. Characterisation of MXene

MXenes are usually prepared from MAX phases with the selective
etching of the ‘A’ layers by the application of various procedures [8,
39-41]. In this study, the etching of the TizAlC; MAX phase was per-
formed by using a combination of HCI and LiF. The morphology of the
MAX phase used for MXene preparation is shown in Fig. la, and the
partially delaminated MXene nanoparticles after the etching are shown
in Fig. 1b.

Here, it is noted that each specific preparation condition can influ-
ence the quality of the prepared MXene. Therefore, the XPS method is
used to characterise the initial MAX phase and MXene surface chemical
composition (Table 2). The surface of the MAX phase is strongly oxi-
dised, and the spectrum demonstrates the presence of a Ti2p signal at
~458.8 eV corresponding to TiO; and an Al2p signal at ~74.3 eV cor-
responding to AlOy (10.5 at% of AlOy versus 2.3 at% of Al metal centred
at ~72.0 eV, not listed in Table 2), which is most probably due to Al,03.
There is also some contamination by nitrogen and sulphur (SO3 centred
at ~167.0 eV). After etching and MXene preparation, the contamination
by nitrogen decreases to 1.3 at%, and sulphur completely disappears.
The XPS results confirm the successful etching of Al from the MAX phase
structure, and the results are also consistent with a previously obtained
XPS analysis by Halim et al. [42].

Table 2 summarises the apparent surface chemical compositions of
the initial MAX phase and final MXene samples, calculated from the
deconvolution of individual high-resolution spectra. For MXene, a
typical carbide signal is detected at ~281.6 eV (Fig. 2a). The signal at
~283 eV (labelled as ‘carbide II') may be due to some satellite of the Ti
carbide, possibly caused by conductive electrons available for shake-up-
like events following core electron photoemission. Additionally, this
position may also correspond to substoichiometric TiCy or C-Ti-O due to
the adsorption of the OH group on the MXene surface. The presence of
the C-Ti-O group is also indicated by the O1s signal centred at ~531.5
eV (not shown in Fig. 2); however, this signal overlaps with the C=0
organic contamination signal (labelled in Table 2 as ‘Ols I'). Signals
from adventitious carbon due to sample manipulation are centred at
~285.0 eV (sp3 carbon), ~286.2 eV (C-O groups), and ~288.9 eV
(O-C=0 groups). The signal at ~288.9 eV can overlap with the C-F
bonding signal. The signal at ~284 eV (labelled as ‘spz‘) can be attrib-
uted to Ti-oxycarbides (Ti-OC) or some graphitic carbon.

Fig. 2b presents the XPS of the Ti2p region whereas Fig. 2c shows

(b)

391 nm

Fig. 4. AFM images of (a) monolayer MXene coating and (b) 10-layer MXene coating on a glass surface.
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Table 5
Components of surface energy (mJ/m?) determined by HMA and GMA for different numbers of MXene coating layers.
Liquid pairs MXene coating layers HMA GMA
7 7 7 Kl 7s 4 # s
water-diiodomethane 1 52.00 37.88 14.13 0.27 44.81 35.25 9.56 0.21
5 55.70 41.25 14.53 0.26 48.33 3891 9.43 0.19
10 64.48 41.16 23.32 0.36 56.71 36.01 20.69 0.36
glycerol-diiodomethane 1 11.20 38.27 5.93 0.13 411.33 37.41 3.89 0.09
5 47.80 41.66 6.15 0.13 45.07 41.13 3.94 0.09
10 51.13 41.45 9.69 0.19 47.98 39.15 8.83 0.18
Table 6
Components of surface energy (mJ/m?”) determined by HMA and GMA for epoxy and 1 wi% MXene-epoxy films.
Material Liquids pairs HMA GMA
1 # A A n I ’ A/rs
Epoxy water—diiodomethane 59.5 36.6 228 0.38 55.5 345 20.6 0.37
glycerol-diiodomethane 46.9 36.9 9.9 0.21 44.4 36.3 8.0 0.18
MXene-epoxy waler-diiodomethane 70.1 33.2 36.9 0.53 68.8 29.0 39.7 0.58
glycerol-diiodomethane 51.6 33.3 18.3 0.35 50.5 30.9 19.6 0.39
Table 7 confirm that MXenes exhibit hydrophilic characteristics owing to their
Interfacial tension and work of adhesion between MX poxy interface. layered structure and surface functional groups such as hydroxyl, oxide,

Method  Liquids pairs Interfacial tension,  Work of adhesion,
Y12, mI/m” Wsys2, m/m’
HMA water-diiodomethane 0.37 123.6
glycerol-diiodomethane  0.36 97.66
GMA water-diiodomethanc 0.44 111.78
glycerol-diiodomethane  0.24 92.14

that of the F1s region of the MXenes. In addition to TiO3 and TisCy, Ti2p
also shows an increase in the signal at ~456.1 eV (labelled as ‘Ti I') and
at ~457.2 eV (labelled as ‘Ti II'). These signals along with some
oxidation signals (C-Ti-Oyx and some suboxides TiOy) may be also
correlated to the binding with fluorine, which is readily embedded in the
final MXene structure. The F1s spectrum (Fig. 2¢) exhibits a strong signal
at ~685 eV, which can correspond to fluorine binding to the Ti carbide,
thereby creating a C-Ti-Fy bond. The F1s signal at the slightly higher
binding energy of ~686.5 eV can be attributed to C-Ti-OF, or even a
fluorine bridging atom (C-Ti-F-Ti-C) [43]. The signal at ~684 eV is
probably due to traces of used HF or some other fluoride.

The MXene stoichiometry can be calculated from the obtained XPS
results after subtracting the signals related to carbon contamination
(signals of Cls beyond 284 eV) and TiO, signals (Ti2p at ~458.8 eV
related to the Ols signal at ~529.6 eV). The final stoichiometry of
MXene was determined to be Ti3Cj 8402.12 F2.30.

3.2. Characterisation of surface energy of MXene and its interfacial
adhesion energy with epoxy

The water and glycerol contact-angle measurements on mono-, five-,
and ten-layer MXene coatings on glass substrates are shown in Fig. 3.
The contact angles for both liquids are not constant owing to factors such
as hydrophilicity, microporosity, and roughness, which increase with
higher number of coating layers. The results indicate that the contact
angle tends to decrease by 1-2° for water and 7-9° for glycerol over the
first 10 s. The glycerol droplets reach an equilibrium after 15 s, which
indicates steady-state contact angle values, that were used for further
surface energy estimation.

Steady-state contact angle values of water, diiodomethane, and
glycerol are listed in Table 3. The MXene monolayer coating exhibits a
water contact angle of 68.4°, while the 10-layer sample exhibits a value
of 48.5°. Furthermore, the 10-layer MXene shows a high wettability of
just 29.95° for the non-polar diiodomethane solvent. These results

or fluorine groups (as indicated by the XPS analysis). The results further
suggest the promising adhesion properties of MXene with a polymer
matrix.

The surface topography of the MXene coating on the glass substrates
was estimated by means of AFM imaging (Fig. 4). As can be observed
from the AFM image in Fig. 4a, the monolayer MXene coating surface
exhibits the sharp peaks and valleys of roughness profile (Kurtosis Ry, =
3.18) with an average roughness of 11.98 nm and maximum profile peak
height R;, = 137 nm (Fig. 4a). On the other hand, the five and 10-layer
coating surfaces show rounded peaks and grooves on the surface profile
(Rky < 3) [44]. The average surface roughness for the 5-layer coating
increases to 37.88 nm and R, up to 257.9 nm, and the average surface
roughness and R, for the 10-layer coating are 84.93 nm and 391 nm,
respectively (Fig. 4b).

Topography and contact angle measurements show that the MXene
multilayers exhibit improved wettability properties owing to the
increased roughness and surface area of the exposed hydrophilic nano-
particles [44].

The surface energies of the epoxy and MXene-epoxy composite were
calculated with polar (water and glycerol) and non-polar (diiodo-
methane) liquids (Table 4). The contact angles of water show similar
results for both materials, while those of diiodomethane and glycerol
exhibit a slight decrease of 3-4° between the two materials.

Surface energies y; and their dispersion () and polar components
(¥?) for MXene, epoxy resin, and MXene-epoxy composites were calcu-
lated from the contact angles following Egs. (2-4). The averaged results
in Table 5 indicate that regardless of the liquid pairs selected, the
calculated surface energy values correlate well between HMA and GMA.
In addition, the magnitude distribution of the energy values of the
specimens calculated by using these equations remains the same (as
described above); the minimum y, values are obtained for the monolayer
coating and the maximum values for the 10-layer coating. Both the HMA
and GMA afford similar trends.

MXene is expected to demonstrate improved adhesive properties at
the filler-matrix interface when compared with that of graphene. Ac-
cording to the results, MXene exhibits high surface energy up to 64.48
mJ/m? and forms strong adhesive bonds with polymers. For compari-
son, it is noted that the surface energy of graphene is 46.7 mJ/m? and
that of graphene oxide is 62.1 mJ/m? [45,46].

The surface energy range of the epoxy resin was estimated to be
44.4-59.5 mJ/m? (Table 6), which is typical for commercially available
epoxy resins. A prer for good adhesion between a filler and
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Fig. 5. SEM images of fractured cross-sectional surfaces of (a) pure epoxy specimen, (b) 1 wi% MXene-epoxy specimen.

polymer is that the filler surface energy must be greater or equal to that
of the polymer.

The polar component of the surface energy, %, is smaller than that of
the dispersive component 7 particularly when the glycerol-diiodo-
methane liquid pair is used. The y{/y, ratio is 2-2.5 times lower for
MXene and 1.8-2 times lower for the epoxy, depending on liquid pair
used. The more significant difference could be due to the higher glycerol
viscosity. However, as can be observed from Table 5 and Table 6, the 4/
7s ratio between the dispersive and polar components of the surface
energy for MXene (0.19 and 0.21) and epoxy (0.36 and 0.38) is very
close. It is known that the closer is the }£/y; ratio between the MXene and
the epoxy (using the same liquid pair), the stronger are the interactions
between the phases, and the higher is the expected adhesion. The surface
energy of MXene—epoxy composites is very similar to that of MXene and
is about 10-20% higher than that of epoxy. The MXene particles in-
crease the surface energy of the epoxy resin, mainly due to the polar
component of the surface tension. This contribution also indicates the
ability of the surface to participate in H-bonding interactions.

For the evaluation of interfacial energy and work of adhesion, it was
assumed that the surface tension of the 10-layer MXene coating is equal
to the surface tension of the MXene particles. As can be inferred from
Table 7, the interfacial energy y,;52 between MXene and epoxy resin is
low (0.24-0.44 mJ/m? as per Eq.(5)). The interaction occurring at the
phase boundary of the MXene particles and epoxy was also evaluated by
employing the work of adhesion Wsjsz (92.14-123.6 mJ/m?), which
was calculated using Eq. (6). The obtained work of adhesion values for
MXenes and epoxy were relatively high (Table 7). These values are
similar or higher than those obtained for glass fibre and epoxy (89-95
mJ/m?) [47].

The possibility of high MXene-epoxy interfacial adhesion was also
analysed via the examination of the SEM images of the fractured surface
of 1 wt% MXene-epoxy specimens. The SEM images show a smooth
fracture surface for the pure epoxy sample (Fig. 5a) and a significantly
rougher fracture for 1 wt% MXene-epoxy composite (Fig. 5b). MXenes
appear as particles with dimensions ranging from 1 to 5 pm, as can be
observed from the cluster in the centre of the image in Fig. 5b. Such
fractured surface suggests good adhesion properties between MXene and
epoxy matrix.

4. Conclusions

In this study, TizCoT, MXenes were prepared by the hydrochloric
acid/lithium fluoride etching of TizAlC,. The characterisation of
MXenes, MXene coatings, and MXene-epoxy nanocomposites was car-
ried out with XPS, AFM, and SEM analyses. The wettability properties of
MXenes, surface energies, and work of adhesion were estimated by
calculating the contact angles of polar and non-polar liquids. The
wettability improved with an increase in the number of coating layers
for all the considered liquids. This was confirmed by AFM investigations;
the smooth hydrophilic surface of monolayer MXene coating exhibited
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an average roughness of 11.98 nm, whereas that of the 10-layer coating
was 84.93 nm.

The surface energy of the 10-layer MXene coating ranged between
47.98 and 64.48 mJ/m?, depending on the probe liquid used. The sur-
face energy of epoxy with 1 wt% of randomly distributed MXenes
increased relative to that of the pure MXene coating. According to the
work of adhesion values (92.14-123.6 mJ/m?), the interfacial adhesion
between the MXene particles and the epoxy is high. The results pre-
sented in this article suggest that MXene addition can lead to an
improvement in the mechanical properties of MXene-epoxy-fibre com-
posites, MXene—polymer coatings, and polymer-based sensors, which
can be utilised for various multifunctional applications.
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Polymer composites are considered among the most promising materials for functional and structural
applications. Improvement of mechanical properties of polymer composites using nanomaterials has
generated much interest in recent years. This study aimed to predict the tensile strength and determine
the damage mechanism of MXene-polyvinyl alcohol and MXene-epoxy composites. All parameters such
as particle size, mechanical properties and interface layer strength were calibrated by finite element
modeling with respect to experimental results. The influence of aspect ratio, volume fraction and MXene

flake alignment on final mechanical properties of representative volume element models were investi-
gated. Simulation results showed that aligned and higher aspect ratio particles significantly increase
Young's modulus and tensile strength of the composite. Compared with neat epoxy, a model with 30 vol%
aligned MXene flakes resulted in increased Young's modulus of 743% and tensile strength of 91.4%.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Polymers have gained much attention in recent years due to
their easy processability, low weight, flexibility and low cost.
However, the addition of nanomaterial fillers offers a wide range of
new tunable properties resulting in new multi-functional com-
posite materials for various uses in aerospace, energy storage, and
electromagnetic interference shielding [1-3]. MXenes, a large
family of two-dimensional (2D) materials discovered in 2011, have
gained much attention due to their unique properties, such as high
metallic conductivity and excellent mechanical properties coupled
with hydrophilicity due to surface terminations present after
etching [4,5]. These properties make MXenes ideal candidates for
designing new multi-functional polymer composites.

Titanium carbide (Ti3C;T), the most commonly studied MXene
to date, has been investigated in several different polymer systems
[2,6,7]. Ti3AlC; MAX phase precursor [8] is selectively etched to
remove Al, resulting in a multi-layer MXene structure followed by
delamination processes to obtain single flakes [9]. As a result, the
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MXene surface is covered with functional groups (Ty) like -0, -OH,
and -F creating hydrophilic properties and making MXenes easily
dispersible in various polar solvents [10,11]. High aspect ratio (AR)
nanomaterials, such as graphene, have been shown to increase
fatigue resistance within polymer nanocomposites by limiting
micro-crack growth and propagation [12,13]. However, due to lack
of surface functional groups on the graphene surface, incorporation
into polymer systems becomes more difficult. High AR Ti3CoTy
MXene flakes have been synthesized using different delamination
methods [14], making them a promising conductive and reinforcing
additive for polymer nanocomposites, especially if their higher
bending rigidity [ 15] and conductivity [6], compared to graphene, is
taken into account.

The shape, length and flake thickness of 2D nanoparticles are
the main geometrical parameters when predicting mechanical
improvement of a composite material. Fig. 1a illustrates the particle
shape of the MAX phase precursor, which varies from an unsym-
metrical rectangular to a complex polygon, as can be seen in
scanning electron microscope (SEM) images [16]. During the
etching process, the area and depth of etched aluminum atoms can
be irregular, resulting in interconnected MXene sheets (Fig. 1b)
[17-20]. Interconnected layers can fracture during etching and
delamination, producing rough surfaces and multi-layered
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Fig. 1. An illustration of Ti;AIC; MAX phase and corresponding TizC;T, MXene: (a) MAX phase — Ti3AlC;; (b) MXene shape after partial etching with interconnected layers; (c)
Multi-layer and fractured TiyC, T, sheet with a rough surface after delamination; (d) Thickness values of different multi-layered TiyC,T, structure components. (A colour version of

this figure can be viewed online.)

structures of varying thickness containing multiple layers of MXene
flakes (Fig. 1c). Further processing using sonication methods can be
used to obtain single flakes of different sizes, which are determined
by sonication time and intensity [14,21]. Average nanoparticle size
can be determined by dynamic light scattering (DLS) method [22].
It was shown that after 1-h sonication treatment, the mean lateral
flake size of Ti3C,Ty was around 500 nm [21]. The thickness of a
single Ti;C, Ty flake is approximately 0.8 nm (Fig. 1d). However, the
presence of surface functional groups increases that thickness to
approximately 1 nm. The thicknesses of multi-layered MXenes can
be from 5 to 30 nm producing an AR of approximately 17—100
[18,23-25).

Early modeling using Molecular Dynamics (MD) simulation
predicted a single non-terminated Ti;C, flake to have Young's
modulus of 502 GPa and tensile strength of 22 GPa [26]. MD
nanoindentation simulations of Ti3C,;Ty monolayer with 1% tita-
nium and 10% carbon atom defects, predicted Young's modulus of
386 GPa [27]. The influence of wrinkles, damaged flakes, multi-
layered structure, and atomic defects [28] lead to decreased me-
chanical properties. In a recent experimental indentation study,
Ti3C,Ty was shown to have a slightly lower modulus and tensile
strength of 330 GPa and 17 GPa, respectively [29].

Multi-scale modeling analysis, including unit cell modeling and
homogenization approach, is frequently used to assess mechanical
properties of various complex polymer nanocomposites [30—34].
The interaction between nanomaterial fillers and surrounding
matrix is usually taken into account as the interface plays a sig-
nificant role in stress transfer from polymer to nanomaterial,
affecting overall mechanical properties. Previous studies using in-
verse modeling have been used to estimate interfacial properties of
nanoparticles such as graphene and clays in nanocomposites
[35,36]. Thus far, no modeling studies examining stress-transfer at
the Ti3C,Ty-polymer interface have been explored.

The aim of this work is to develop a suitable methodology based
on finite element (FE) homogenization approach for the prediction
of elastic properties and micro-structural damage behavior of novel
MXene-polymer composites. Here, inverse modeling methods were
used to calculate strength at the interface. The modeling calibration
was performed with respect to experimental results of MXene-PVA
films with aligned flakes and MXene-epoxy specimens with
randomly oriented sheets.

2. Models and methods
2.1. Model development and material properties

Simulations of MXene-polymer composites were performed
with ABAQUS CAE software. The geometry of representative vol-
ume element (RVE) models was generated by DIGIMAT FE code. All
models were analyzed under tension conditions with dynamic-
explicit methods. The displacement was applied to one side of
RVE's mesh nodes and symmetrical boundary conditions were set
for the opposite side. Initial stress-strain curve of TizC, [26] was
inserted into ABAQUS, but it did not have much influence on
simulation results, because MXenes were only elastically deformed
(Section 2.3). In order to simulate realistic elastic behavior, Ti3C;Tx
Young's modulus obtained from nanoindentation [29] was used.
Experimental stress-strain curves of PVA [6] and epoxy were also
inserted in the program. The main mechanical properties of ma-
terials are presented in Table 1.

Damage criterion of Ti3C, T, was assumed ductile due to metallic
titanium layers and computational modeling results [26], which
presented tensile elongation at break of 9.5%. For the simulation of
matrix cracking, we used the same maximum principal stress cri-
terion that was previously investigated for polymer matrix with
nanoclays [38]. The smallest mesh size for 2D models was set to
0.2 nm, giving an overall number of 200,000-300,000 quadrilateral
elements (S4R). For 3D RVE models, the minimum mesh size was
set to 5 nm, resulting in a total number of 1—2 million tetrahedral
elements (C3D4). Mesh element growth rate for the matrix be-
tween the particles was set to 1.5. The crack growth rate was
controlled with damage evolution parameter — displacement at
failure. Output results of summed reaction forces were obtained
from constrained surface nodes of the model mesh.

Initial elastic properties were evaluated using periodic unit cell
(PUC) model. In the PUC, we assumed a multi-layer structure with a
single MXene flake having a thickness of 0.8 nm and surface
functional groups — 0.2 nm (Fig. 2a). The elements of surface
functional groups of inner MXene flakes were removed from the
model to simulate weak inter-laminar forces between individual
MXene flakes. The initial model and particle calibrations with
respect to experimental results [6] were performed with PUC.
Output results of reaction forces were controlled by the following

61



404 G. Monastyreckis et al. / Carbon 162 (2020) 402—409

Table 1

Mechanical properties of Ti3C2Tx, PVA and epoxy.
Material properties Nanoparticle Matrices

Ti3CoTy PVA [6] epoxy exp.

Young's modulus (GPa) 330" [29] 091 0.97
Tensile strength (MPa) 22000 [26] 35; 419
Tensile elongation at break (%) 95" [26] 1375 116
Poisson’s ratio 0.23" accepted as in Ref. [37] 0.4 04

? Measured experimentally.
b Calculated theoretically.

(a)

Single Ti;C; flake

2
Interface

Fig. 2. Examples of FE models with loading and constraints: (a) Periodic unit cell model: 40 vol¥% aligned multi-layered structure with MXene flakes; (b) 2D RVE model: 40 vol%
aligned homogenized MXene sheets; () 3D RVE model: 40 vol% aligned hexagonal homogenized MXenes with interface and AR of 25; (d) 3D RVE model: 5 vol% randomly oriented
hexagonal homogenized MXenes, AR of 100. (A colour version of this figure can be viewed online.)

geometrical parameters: length of MXene flakes, thickness of
multi-layered MXenes, thickness of matrix between parallel
MXenes, a gap between longitudinal flakes edges, and length be-
tween overlapping flakes.

The calibration of 2D and 3D RVE models (Fig. 2b, c, d) were
performed in a similar way: interface layer strength, AR (diameter-
to-thickness ratio), and homogenized properties of multi-layered
MXenes structure were changed accordingly. The modeling
methods of the interface layer and homogenization procedure are
explained in Section 2.2 and 2.3, respectively. After the calibration
with experimental results, further prediction analysis was per-
formed with various MXene-epoxy models, in order to understand
which properties influence tensile results the most (Section 3.4).

2.2. Interface layer modeling

MXene-polymer interface layer was used to evaluate the
bonding strength (adhesion) between the filler and the matrix.
Preliminary results were done by inverse modeling techniques.
Previous studies predicting an interfacial strength of graphene-
polymer composites suggested lower values at the filler-matrix
interface than polymer itself [36]. For this MXene-polymer study,
we followed a similar concept and assumed Young's modulus and
interface strength with a factor of 0.25—1, with respect to neat
polymer Young's modulus and tensile strength values. FE modelling
studies, which analyzed interface properties of single-layer gra-
phene and MXene, used 1 nm thickness for the interface layer
[36,39]. MD studies, which analyzed the interfacial region between
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PVA and the silica nanospheres assumed the thickness of the
interface layer as a single polymer chain size [40] and between
poly(2-vinylpyridine) and silica nanofiller the thickness was
4-5 nm [41]. In this article, for multi-layered MXenes we chose an
interface layer of 5 nm. Varying the thickness would result in a
slightly different tensile result, as the layer occupies only a few
percentages of the RVE volume. Eventually, after the calibration,
there were no differences in the thickness, because both MXene-
PVA and MXene-epoxy interfaces were calculated to have the
same properties as the matrix (Section 3.2 and 3.3).

2.3. Homogenization of multi-layered MXenes

The purpose of 2D PUC analysis was to evaluate the stress dis-
tribution in a multi-layered MXene structure see the damage
behavior of polymer matrix and to arrange homogenization tech-
nique for further 3D RVE models. The length of the PUC was set to
672 nm, the length of MXenes — 600 nm and a number of layers —
24. The first cracking appeared at the edges of MXene flakes at the
strain of 0.35% (Fig. 3a). Just before the cracking, the stress values of
surface flakes reached 542 MPa, while the secondary flakes reached
only 48 MPa and the middle one — 29 MPa. After the first cracking,
the stress values of inner MXenes dropped to zero and the crack
started to grow from the edges of MXenes into PVA matrix (Fig. 3b).
At the PUC strain of 1.8%, surface MXenes reached a maximum
stress value of 1.8 GPa, while the theoretical strength of a single
flake is much higher (Table 1). From this point, the stress values of
the PUC started to decrease and eventually PVA matrix fractured.
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Fig. 3. 2D PUC model in FE simulation — stress distribution and PVA cracking: (a) PUC strain of 0.35%, just before the first matrix cracking — Surface of MXene under 542 MPa stress;
(b) PUC strain of 1.8% — zero stress values inside inner MXene flakes and 1.8 GPa stress for surface MXene flakes. (A colour version of this figure can be viewed online.)

In order to extend the calibration and prediction work with
much larger 2D and 3D RVE models, the multi-layered structure
had to be considered as a single homogenized particle with lowered
Young's modulus, respectively to the proportional value of surface
flakes thickness (2 x 0.8 nm) and the multi-layered MXene struc-
ture thickness.

3. Results
3.1. Sensitivity analysis of 2D and 3D RVE models

The first task was to check how tensile simulation results might
change to imprecise randomly generated RVE models with the
same volume fraction of particles. The RVE size was set to 2.4 times
larger than particle length. Using the same mechanical properties,
loading conditions and mesh sizes, RVE model was repeatedly
generated and calculated five times. The scatter of tensile results
were the following: Young's modulus — less than 1%, tensile
strength and fracture strain — less than 5%.

The second task was to check if the longitudinal shape geometry
of the particles could influence tensile results. The cross-sectional
SEM images of TisC;Ty film showed waved and wrinkled struc-
ture of multi-layered MXenes [6]. The films were designed as 2D
RVE models with multi-layered MXenes and PVA as a matrix
(Fig. 4a, b, c). The length, thickness and homogenized Young's
modulus of MXenes were set to 500 nm, 20 nm, and 26.4 MPa,
respectively. Tensile results of the simulation are shown in Fig. 4d.
The model representing straight multi-layered flakes (2D-RVE-
straight) had Young's modulus of 3.15 GPa and tensile strength of
39.8 MPa. The model with 5° inclination of 1.5 sinusoidal waved
flakes (2D-RVE-waved) had a modulus of 4.12 GPa and tensile
strength of 48.7 MPa, and the model with vertically edged surfaces
of 10 nm (2D-RVE-edged) — 4.09 GPa and 47.2 MPa, respectively.
The model representing straight morphology MXenes had a
significantly higher occurrence of clustering, while waved and
edged type models showed more even distribution of multi-layer
flakes throughout the matrix. As a result, elastic and tensile
strength properties of waved and edged models were 30% and 22%
higher, respectively.

The tensile simulation of 3D RVE under different tension di-
rections was performed with randomly oriented hexagonal 10 vol%
Ti3CoTy-epoxy models. Theoretically, with randomly orientated
particles in 3D model, mechanical properties are expected to be

homogeneous in all directions. However, due to imprecise distri-
bution and limited size of RVE, the corresponding stress-strain
modeling curves showed tensile strength difference of 9.6% while
Young’s modulus remained the same (Fig. 4e).

To assess the effect of 3D geometrical shape, the modeling of
circular and hexagonal shaped Ti3C;Ty was performed. Results of
predicted mechanical properties showed no significant differences
when altering MXene shape (Fig. 4f). However, the computational
time for the model with circular-shaped MXenes was twice as fast
when compared to the hexagonal model. Therefore, the circular-
shaped MXene model was used for further investigation.

3.2. Interface analysis of MXene-PVA composite

The calibration of MXene-PVA model was done with 2D models
first. It was only possible to achieve elastic properties as experi-
mental [6], but not the tensile strength. Therefore, 3D RVE models
were developed (Fig. 5a). The calibration of 3D models followed the
same procedure as 2D models: the change of AR, homogenized
Young's modulus of MXene sheet and interface layer properties.

In order to evaluate the influence of the interface layer on RVE's
tensile results, interface layer stress-strain curve was used as an
input for software and was obtained by multiplying PVA stress-
strain curve with coefficients 0.25; 0.5; 0.75; 1, which gave the
strength values of 8.8; 17.5; 26.3; 35 MPa, respectively. The range of
tensile results is presented in Fig. 5b. RVE models showed similar
results compared to experimental (tensile strength of 86.2 MPa
versus 91 MPa) when the interface layer had the same mechanical
properties as the matrix (35 MPa). Final simulation parameters of
the calibrated model are these: length of MXenes — 600 nm,
thickness — 24 nm, homogenized Young's modulus of multi-layered
Ti3CyTx — 22 GPa, Young's modulus of the interface layer — 0.91 GPa,
interface layer strength — 35 MPa, damage evolution parameter of
PVA and interphase — 4 nm displacement at failure.

3.3. Model calibration of MXene-epoxy composite

The purpose of this analysis was to calibrate the FE model with
randomly oriented particles to preliminary tensile experiments. To
properly distribute 10 wt% MXenes inside the epoxy, 1-h probe
sonication was used. Approximate thickness of MXene sheet
(Fig. 6a and b) was evaluated with transmission electron micro-
scope (TEM). Intercalation of the epoxy between individual MXenes
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Fig. 5. 3D RVE aligned Ti3C,T,-PVA model calibration with experiment results: (a) Example of stress distribution inside 3D RVE model with an interface strength of 17.5 MPa; (b)
Stress-strain curves of 3D RVE models with different interface strengths and comparison to experimental results, off* — interface strength. (A colour version of this figure can be

viewed online.)

flakes was also observed in several images (Fig. 6¢), but such
structure was not analyzed in the modeling.

The initial model was made of 3.6 vol% (10 wt%) MXenes, using
the mass density of TisC;Ty — 3.7 g/fcm® [42] and neat epoxy —
125 g/cmzA Initial MXene's length was set for 200 nm, thickness for
10 nm and homogenized Young’s modulus for 53 GPa, following the
methods presented in Section 2.3. The adhesion between MXenes
and epoxy was known to be strong due to its surface groups [43,44].
Therefore, the initial properties of the interface layer were the same
as the matrix. A maximum principal stress criterion of 41.9 MPa was
set for the epoxy matrix as the initiation of damage (Table 1).

Simulation results showed high-stress concentration at the
edges of MXene sheets and low-stress values between the parallel
particles (Fig. 6d). Crack pinning and deflection of the matrix were
observed in fractured models (Fig. 6e). However, MXene sheets
were not damaged during the tensile. Initial matrix cracks began to
form at the strain of 2.7%, and complete fracture occurred at 4.4%.
Tensile strength of the calibrated model was 34.7 MPa with 3.5%
difference to experimental results (Fig. 6f).

From the calibration analysis, the following model parameters
were obtained: MXene length — 250 nm, thickness — 8 nm,
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homogenized Young's modulus of multi-layered MXenes —
66 GPa, damage evolution parameter of the epoxy — 0.5 nm
displacement at failure. Homogenized Young's modulus of multi-
layered MXenes was also in a good agreement with other studies
[45], which analyzed anisotropic elastic properties of multi-
layered Ti3C2Ty. Due to successful model calibration of MXene-
epoxy composites with strong interface layer, further prediction
modeling analysis of MXene-epoxy composites was carried
without an interface layer.

3.4. Prediction analysis of MXene-epoxy composites

In both calibrations of MXene-PVA and MXene-epoxy models,
interface properties were the same as the original matrix. All stress-
strain curves simulated under dynamic explicit procedures were
redefined with 6th-degree polynomial functions. Firstly, the com-
parison between randomly oriented and aligned MXene-epoxy
models was made. The properties for both models were: 5 vol%
and 100 AR of Ti3CyTy sheets. Both Young's modulus and tensile
strength increased with the alignment of MXenes: from 4.1 GPa to
8 GPa, and from 52.7 MPa to 72.2 MPa, respectively (Fig. 7a).
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The influence of volume fraction (3.6, 12.6 and 30 vol%) of
aligned MXenes on tensile results was also explored. For these
models, AR was set for 31.25 and homogenized MXene Young's
modulus for 66 GPa, as obtained in Section 3.3. Modeling results
showed that Young’s modulus and tensile strength of RVE increased
together with higher MXene volume fraction, from 1.5 GPa to
8.2 GPa and from 34.8 MPa to 80.3 MPa, respectively (Fig. 7b).

Another simulation was performed with different values of
homogenized Young's modulus of aligned multi-layer Ti3CyTy: 66,

165 and 330 GPa. The AR of MXenes was set for 31.25 and the
volume fraction for 12.6%. No significant difference in tensile
strength was noticed. However, Young's modulus increased from
3.8 GPa to 5.2 GPa (Fig. 7c).

The last simulation was performed with different AR values:
31.25, 62.5 and 125 (diameter of 250, 500, 1000 nm and thickness of
8 nm). These values were considered constant: Young's modulus of
aligned MXenes — 66 GPa and volume fraction — 12.6%. From the
simulation results, both Young's modulus and tensile strength
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increased together with higher AR: from 3.9 GPa to 6.3 GPa and
from 43.6 MPa to 73.1 MPa, respectively (Fig. 7d).

4. Conclusions

We performed a comprehensive computational analysis of
multilayer MXene-PVA and MXene-epoxy models under tension
for prediction of Young's modulus, tensile strength, and damage
behaviors. Additionally, 3D RVE models with varying volume frac-
tions, aspect ratios, alignment and Young's modulus of MXene
sheets were analyzed. The model calibration was performed with
aligned MXene-PVA films and randomly orientated MXene-epoxy
tensile specimens, and the interaction between the matrices and
particles was evaluated. The strength properties of the interface
layer were calculated to be the same as the matrices for both
MXene-PVA and MXene-epoxy composites, respectively. Homoge-
nized Young’s modulus of multi-layered MXenes was estimated for
2266 GPa. The influence of the nanoparticle shape on mechanical
properties was analyzed, assuming a circular MXene sheet. The
average values of aspect ratio ranging from 25 to 31.25 were ob-
tained from the calibrations of the model. Simulation results
showed that Young's modulus and tensile strength increased with
higher aspect ratio, volume fraction and alignment of the flakes.
Much higher characteristics of MXene-epoxy composite were
achieved with 30 vol% aligned MXenes when compared to neat
epoxy. Young's modulus value increased 8.4 times and tensile
strength — 1.91 times. Predicted mechanical properties received
from the modeling give insights for further high-strength multi-
functional MXene-polymer film development, which can be
considered for structural health monitoring applications or light-
weight coatings for electromagnetic interference shielding.
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Abstract: This work is aimed at the development of finite element models and prediction of the
mechanical behavior of MXene nanosheets. Using LS-Dyna Explicit software, a finite element
model was designed to simulate the nanoindentation process of a two-dimensional MXene Ti3C, T,
monolayer flake and to validate the material model. For the evaluation of the adhesive strength
of the free-standing Ti3C;T,-based film, the model comprised single-layered MXene nanosheets
with a specific number of individual flakes, and the reverse engineering method with a curve fitting
approach was used. The interlaminar shear strength, in-plane stiffness, and shear energy release
rate of MXene film were predicted using this approach. The results of the sensitivity analysis
showed that interlaminar shear strength and in-plane stiffness have the largest influence on the
mechanical behavior of MXene film under tension, while the shear energy release rate mainly affects
the interlaminar damage properties of nanosheets.

Keywords: MXene; mechanical behavior; finite element modeling

1. Introduction

A new class of two-dimensional (2D) nanomaterials, MXenes, was discovered in the last decade [1].
MXenes are transition metal carbides or nitrides produced by the etching of the A element from
the MAX phases. Typically, nanomaterials can be divided into two groups: hydrophilic but not
conductive, such as transition metal oxides or clays; and conductive but not hydrophilic, such as
graphene. However, some MXenes (Ti;CT,, TizC,T,) have the unique characteristics of both groups.
Due to the combination of the electrical conductivity of transition metal carbides and the hydrophilicity
of hydroxyl or oxygen-terminated surfaces, these MXenes behave as “conductive clays” [2].

MXenes have been widely investigated during the past few years. The main interest has been
directed at the electric properties, their applications for sensors, energy storage (batteries, supercapacitors,
hydrogen evolution reaction catalysts), harvesting, electromagnetic shielding, tribology, etc. [3-6]. Pioneer
studies of the mechanical properties of MXenes showed promising results [1,2,7]. Elastic properties were
obtained experimentally by nanoindentation with the tip of an atomic force microscope (AFM) and the
elastic modulus of the most investigated MXene material, Ti3C,T,, was obtained at 0.33 + 0.03 TPa [8].
According to classical molecular dynamics simulation [7], which does not take into account various
material defects, the modulus was higher and equal to 0.502 TPa.

MXenes exhibit a high bending stiffness [9]. The critical deformations are much higher than
the graphene ones, and this is an important feature of flexible electronics [4,10,11]. MXenes have
good interactions with polymeric matrices for polymer composite applications [4,12,13]. For these
reasons, MXene could be a good candidate to provide electrical conductivity for fiber-reinforced plastic
composites without losing desirable mechanical properties and imparting additional self-sensing
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functions. While some of the mechanical properties of MXene have been determined theoretically or
experimentally, the mechanical behavior of MXene, and particularly its failure mechanisms, has not
been studied well, and there is a huge lack of data that are needed for the development of polymer
composites filled with MXene 2D nanosheets.

The aim of this study was to investigate the micromechanical behavior of MXene nanosheets
by developing finite element (FE) computational models. The objectives were to (1) develop an FE
model composed of single-layered MXenes nanosheets with a specific number of individual flakes

for explicit analysis; and (2) identify the material parameters by FE simulation of interface shearing.

The novelty of this study is that it shows first insights into the deformation and failure mechanisms
of this new nanomaterial, as well as providing a basis for the future design of polymer composites
reinforced with MXene nanosheets, and the development of MXene—polymer coatings with high-density
MXene-MXene interactions.

2. Modeling Methods

2.1. FE Model of Nanoindentation

The main purpose of this presimulation was to build an explicit FE model of a Ti3C>T, MXene
monolayer flake for analysis of the nanoindentation process in LS-Dyna software and, using the force
vs. deflection curve, validate the FE model and material characteristics. The FE model (Figure 1) was
developed according to the experimental data presented by Lipatov et al. [8], where it was considered
that the MXene flake has isotropic properties, and therefore, the membrane can be parametrized using
Young’s modulus, E and Poisson’s ratio, v.

Ti,C,Tx MXene monolayer

Nanoindenter sphere

|

SiO, support ring

Figure 1. Finite element (FE) model for the nanoindentation process analysis.

The thickness of the Ti3C,T: monolayer flake is an important parameter as it influences the results
of the nanoindentation experiments. Using AFM for the determination of the thickness of monolayers
of 2D materials has some limitations. The Ti3C,T: MXene flake thicknesses obtained by AFM can
differ significantly [8,14], and this directly affects the determined value of Young’s modulus. MXene
flakes with a thickness of 0.98 nm were modeled [1,2,11]. The mechanical properties of MXenes and
the SiO, support ring used in the model are based on the analysis of the literature data. The indenter
was a diamond crystal with a modulus of 1 TPa. The mechanical properties of the materials used in
the nanoindentation simulation are presented in Table 1.
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Table 1. Mechanical properties of materials used in the simulation of nanoindentation.

Density, p, Elastic Modulus, E, Poisson’s Ratio,  Tensile Strength, oy,

Naterlal g/em® GPa v GPa
TiyG,T, 319[8] 333 [8] 0227 [15] 173 8]
SiO, [16] 2.65 70.0 017 .
Difimond 350 1000 020 -

nanoindenter

The 2D Ti3C,T, MXene flake was modeled with shell elements using a linear elastic material
model. The size of the shell elements was 10 nm, while the center of the monolayer (contact zone with
nanoindenter) was decreased to as little as 1.25 nm. The nanoindenter was defined as an elastic solid
sphere (diameter 14 nm). The bottom of the MXene flakes was supported on the ring surface of SiO,,
which was fully fixed. Two pinball-type contacts (AUTOMATIC_NODES_TO_SURFACE) were used:
surface of SiO,—bottom flake, and surface of the nanoindenter—top flake. Two simulations were
performed with initial pretension and without. As it was an explicit analysis, the initial pretension
initiated the oscillation of the flake; therefore, the *CONTROL_DYNAMIC_RELAXATION must
be activated.

The indentation was described by the dependence of the displacement on time. By linearly
increasing the displacement, which gives a constant velocity, a small impact phenomenon was obtained
in the model, and this initiated the vibrations of the MXene monolayer flake. Finally, a smooth increase
in the displacement was chosen based on the assumption that the average speed of the nanoindenter
is equal to ~1 m/s, and the speed increases linearly from 0 up to the 2v_avg. The loading curve
displacement vs. time was obtained by the function u(t) = f v(t)dt.

A methodology for deriving the material parameters from experimental results, known as
parameter identification, was applied here using the optimization procedure. The same nanoindentation
FE model without initial pretension has been chosen to evaluate the sensitivity of the material and
the geometric parameters to the mechanical behavior of the sample. The Young’s modulus and
flake thickness were chosen as variables. The Young’s modulus varied between 200 and 400 GPa
and the thickness from 0.4 to 1.5 nm. The mean square error was used as a curve fitting metric.
The experimental force, F vs. deflection & curve can be described by the following equation [8]:

q3 5

F=ag’mo+EP 7, o)
where 30 = ¢ represents the prestress in the membrane, E22 = £ is the 2D elastic modulus (thickness
h = 0.98 nm), and r is the radius of the well [8]. The dimensionless constant, g, is related to v as
q=1/ (1.049 -0.15v - 0.161'2) = 0.9933. The first term in Equation (1) corresponds to the prestretched
membrane regime and is valid for small loads. The second term for the nonlinear membrane behavior
is characterized by a cubic F~5° relationship with a coefficient of E?, which dominates at large loads.
For comparison, only the second part of Equation (1) was used; therefore, the prestretching was not
taken into account during the simulation.

2.2. FE Model of Pure MXene Film

The stability of the stacked two-dimensional transition metal carbides and their interlayered
friction in different configurations are comparatively studied by means of density functional theory.
In recent years, the adhesive interactions of monolayers and few-layer 2D materials have been
intensively investigated. At equilibrium, a larger interlayer distance corresponds to a smaller binding
energy, suggesting an easier sliding between the layers [17]. Nanoindentation has been widely used to
characterize the adhesion of thin films [18-20]. One of the important questions is to understand how
the properties—in particular, adhesive strength—change when transitioning from bulk to 2D forms
of the material. However, to our knowledge, no theoretical or experimental studies of the adhesive
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properties of MXenes have been reported to date. The results of direct AFM measurements of adhesion
of two MXenes, TizC,T; and TipCT-, with a SiO,-coated Si spherical tip is one of the recent studies of
adhesion properties [17].

One of the ways to analyze adhesive strength is to apply the reverse engineering method.
Assuming that adhesion energy between surfaces of free-standing MXene nanosheets exists [21], then
the strength of the interlayer surface has to depend on the overlapping area. For the study of adhesive
interactions, the experimental tensile test data of the assembled free-standing Ti3C,T,-based films [4]
were used. It was assumed that the single-layered nanosheet has a square form of 1 um length [22-25],
consisting of 18 Ti3C, T, individual flakes and an average thickness of 20 nm [25]. In total, 164 layers of
single-layered nanosheets per film of 3.3 um thickness were used in experimental testing [4]. As the
overlapping of nanosheets has an essential influence on the strength of the interlayer surface, a 2D
analysis of randomly placed rectangle nanosheets was performed using materials modeling software,
Digimat. For the overlapping analysis, MXene nanosheets with dimensions of 1000 x 20 nm were
chosen. The overall thickness of MXene film formed from these nanosheets was 3.3 um, as it was in
testing [4] (Figure 2a). The results show that the average overlapping of nanosheets is 20% (Figure 2b).
This overlap value was used to create the FE model.

. 24 ym 3

Overlapping length (nm)

0 2, X e S
0 30 60 20 120
MXene flake number

(b)

Figure 2. Estimation of nanosheets overlapping: (a) segment of the Digimat model of free-standing
Ti3C, T, film, (b) obtained overlapping length distribution by simulation of randomly placed nanosheets.

For FE simulation of the interface shear strength of MXene nanosheets (1000 nm x 1000 nm X 20 nm),
three- (Figure 3a) and nineteen- (Figure 3b) layer models were developed with an overlapping length of
200 nm (20%).

The FE model was designed taking into account the experimental setup data presented in the study [4].
The single-layered Ti3C, T, MXene nanosheet was modeled with shell elements. The Young's modulus
of the MXene nanosheet was set at 333 GPa; Poisson’s ratio—0.227; the size of shell elements—5 nm.
The nodes on the left-side edges had a fixed 4 degrees-of-freedom, allowing free contraction in the
x-direction and rotation about the z-axis. For the right-side nodes, the displacement vs. time u(f) was
applied with a speed of 1 mm/ms. The interface between the single-layered nanosheets was modeled
using tiebreak contact, *CONTACT_AUTOMATIC_ONE_WAY_SURFACE_TO_SURFACE_TIEBREAK.
The discrete crack model with power-law damage, which works with offset shell elements (option =
11), shown in Figure 4, was chosen. The parameters needed to describe tiebreak contact are presented
in Table 2.
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b ‘ L ~,W
@ (b)

Figure 3. FE model for the simulation of MXene nanosheet interface shear strength with 20% overlapping
length: (a) 3-nanosheets-thick model, (b) 19-nanosheets-thick model. Red and blue colors are used for
contrast to better show the single-layered nanosheets.

traction

Traction

Qam

%

L u Displacement
Figure 4. Bilinear traction-separation and the mixed-mode traction-separation law [26].

Table 2. The parameters used for the simulation of shear strength between nanosheet interfaces.

Ratio of
Normal Shear Failure I:ZT:ZLE;;:W ::‘:::E';rg’s’ Tangential Normal
Failure Stress,  Stress, sfls (S), eralae 0 (G )s' erat:s G )' Stiffness to Stiffness, Cn €,
nfls (T), MPa Mpa mJ/m? - m] /m,"c Normal MPa/um
Stiffness, ct2en
2:4 2:4 30 + 60 30 + 60 1 200-350

The internal force acting per nanosheet was calculated from the experimentally determined [4]
tensile strength value as follows,

FiL = ouhw, (2)
where 0,—experimentally determined [4] ultimate stress; h—nanosheet thickness; w—nanosheet
width. Fi; = omaxhw = 22(Mpa) X 20(nm) X 1(nm) = 440.0 nN.

The strength of the assembled free-standing TizC,T,-based film depends on the nanosheet interface
shear strength,

_ FlL _ ouh (3)
OVLXLxw OVLXL

where OVL —overlapping coefficient; L—nanosheet length; 7, = %w =22 MPa.

The minimum interlayer strength value achieved by an average overlapping length of 20% satisfies
the experimental results [4]. For an FE model of three layers of MXene nanosheets Loy = 2200 nm,
the maximum resultant load acting on MXenes nanosheet cross-sections is the following:

Tu

Fmax = Tu(Mpa) Xy X OVL XL X w = 2.2 x 2 X 0.2 X 1000(nm) x 1000(nm) = 880 nN )

where 1n—the number of interfaces between three nanosheets.
This value was used as the criteria to validate the FE model for interface shear strength simulation.
The graphical optimization tool LS-OPT was used for the identification of material constants.
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The material parameters were obtained using the curve fitting approach with the parameterized
simulation of the physical tests and calibration to the test results. The objective was to minimize the
mean squared error between the test results [4] and the FE simulation results.

The loading was described by a curve of linearly increased displacement vs. time. As was
mentioned before, this gives a constant velocity, which initiates vibration of the structure and makes its
behavior uncertain. Therefore, in the second step, a smooth increase of displacement was chosen for
loading, from the assumption that an average speed of tensile loading is equal to ~1 m/s, and speed is
increasing linearly from 0 up to the 20,,¢. The loading curve, displacement versus time, was obtained
by integrating the linearly increasing velocity function: u(t) = f v(t)dt (Figure 5a). The response F(t)
was used for the curve fitting procedure and, for FE model validation, it was transformed into the F(u)
curve (Figure 5b). Using Equation (2), the experimental tensile curve [4] was recalculated into a force
versus displacement curve and used for model validation.

1000 o L 50 1000
——Displacement =
750 i r40 E 750 -
£ L 30 § Z
g 500 g 3 500 ]
S L20 8 5
w - w
250 10 g 250
0 - v - - + 0 0 u T - . .
0 10 20 30 40 50 0 10 20 30 40 50
Time (ns) Displacement (nm)
(a) (b)

Figure 5. Dependencies for FE modeling: (a) displacement vs. time curve used for loading (red) and
force vs. time for the curve fitting procedure (black); (b) force vs. displacement curve recalculated from
the experiments [4].

3. Results

3.1. FE Simulation of Nanoindentation

The simulated deflection field of the indented MXene monolayer flake is presented in Figure 6.
The highest deflection of 34 nm was reached at the center point of the MXene flake. The dependence of
velocity of the nanoindenter and the center point of the MXene monolayer flake on time shows a linear
behavior (Figure 7a). Analyzing the deflection of the nanoindenter and the center point of the MXene
monolayer flake as a function of time, the dependence is observed to be nonlinear (Figure 7b).

Deflection
(nm)

34

31 ]
28 -
24 -

Figure 6. Simulated deflection field of the Ti3C,T, MXene monolayer.
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Figure 7. FE results of the nanoindentation simulation: (a) velocity of the nanoindenter and the center
point of the MXene monolayer flake, (b) deflection of the nanoindenter and the center point of the
MXene monolayer flake.

The influence of MXene monolayer flake thickness (Figure 8a) and Young’s modulus (Figure 8b)
on the force vs. deflection curve was analyzed. The results of thickness influence showed that if the
Young’s modulus of the MXene monolayer flake is set as E = 333 GPa, the best fit to the experimental
result is obtained when the thickness is equal to 1.1 nm, which is higher than results presented in the
literature [1,2,11]. On the other hand, if we use a thickness of 0.98 nm, the best fit appears at a Young's
modulus of 380 MPa. To achieve the same results as the experimental ones, for finite element modeling,
the thickness of the MXene monolayer flake should be increased from 0.98 to 1.1 nm, or the Young’s
modulus should be increased from 333 to 380 GPa.
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Figure 8. Sensitivity analysis results: (a) thickness influence on the force vs. deflection curve when
E =333 GPa; (b) Young'’s modulus influence on the force vs. deflection curve when & = 0.98 nm.

3.2. FE Simulation of Pure MXene Film

To simulate the behavior of pure MXene film under tension conditions, three constants were
selected for calibration and sensitivity analysis: interlaminar shear strength, stiffness, and the energy
release rate used for damage calculation. The results obtained by the curve fitting approach are shown
in Figure 9. The best fitted FE curve was obtained using an interlaminar shear strength 7o) = 2.2 MPa,
in-plane stiffness Einter1 = 0.26 %, and a shear energy release rate Gj. = 3.8 1072 7.%; The results
show that the behavior of tensioned film of free-standing MXene nanosheets is most sensitive to their
interlaminar shear strength and in-plane stiffness, while the shear energy release rate mainly influences
the interlaminar damage properties of nanosheets.
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Figure 9. Sensitivity analysis of free-standing three-layer MXene nanosheets: (a) force vs. time
curve sensitivity upon in-plane stiffness Ejj.; X—experimental results obtained from [4] and curve
fitting of MXenes, (b) influence of the interlaminar shear strength and shear energy release rate as
Eintert = 026 S22,

The material parameters identified by FE modeling were based on 20% of the random average
overlapping of nanosheets. In the validated FE model, we changed the overlapping of nanosheets
by up to 50% and evaluated the behavior of the ideal overlapping case (Figure 10a). By the FE
simulations obtained, the force versus displacement relations were transformed into stress—strain
curves and compared with the experimental tensile curve [4] (Figure 10b). The simulation results,
based on previously identified material parameters and maximum overlapping (50%) compared with
the experimental tensile curve, show the increase of the free-standing TizC, T- film strength, stiffness,
and failure strain when the overlapping is increased.
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Figure 10. FE simulation results: (a) Tiebreak contact gap development episode in cases of 20%/80%
and 50%/50% overlap; (b) tensile stress—strain curves of different thicknesses for free-standing MXene
films; the experimental results are recalculated from the literature [4].

It is clearly seen (Figure 10b, red curve) that the random overlapping of nanosheets decreases
the strength and stiffness of films assembled from free-standing MXene nanosheets. The FE models
with curve fitting approaches can be used for material constants and adhesion energy identification,
and only a proper statistical interpretation of the geometrical parameters of the nanosheets is needed.

4. Conclusions

The explicit FE model was developed in LS-Dyna to simulate the nanoindentation process of
the 2D Ti3C,T. MXene monolayer flake and validate the material model. Sensitivity analysis of
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Young’s modulus and the flake thickness was performed. The obtained force versus deflection curves
showed lower results than the experimental ones. To achieve similar results to the experimental ones,
the thickness of the MXene flake should be increased from 0.98 up to 1.1 nm, or the Young’s modulus
should be increased from 333 up to 380 GPa.

The reverse engineering method with the curve fitting approach was applied to evaluate the
adhesive strength of the assembled free-standing Ti3C, T--based films. The interlaminar shear strength,
stiffness, and energy release rate were selected as the main variables; these variables affect the tensile
strength of the assembled free-standing Ti3C,T:-based film. The experimental tensile test data has
been used for the curve fitting approach. A simulation was performed using three and nineteen
layers of single-layered nanosheets with 20% overlap. The best fitted FE curve was obtained using
an interlaminar shear strength Tingerl = 2.2 MPa, in-plane stiffness Einter) = 0.26 G—uf;‘:, and shear energy

release rate Gyjc = 3.81072 ;an The results of the sensitivity analysis showed that the largest influences
on the behavior of tensioned film of free-standing MXene nanosheets are interlaminar shear strength
and in-plane stiffness, while the shear energy release rate mainly affects the interlaminar damage
properties of nanosheets. The simulation results based on identified material parameters showed
an increase in the free-standing TizC, T, film strength, stiffness, and failure strain when the overlapping
was increased by 50%.

The developed FE models with curve fitting approaches are of general purpose and can be
used to determine material strength and stiffness properties and adhesion energy identification in
different cases; however, a proper statistical interpretation of the single-layered nanosheet geometrical
parameters is needed.

The obtained values of interlaminar shear strength, stiffness, and energy release rate in MXenes are
very important parameters for further investigation of MXene-polymer composites by finite element
modeling. Areas for further research include analysis of the influence of multilayered or agglomerated
nanosheets on the composite properties as well as development of MXene-polymer coatings with
high-density MXene-MXene interactions.
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Abstract: Real-time strain monitoring of large composite structures such as wind turbine blades
requires scalable, easily processable and lightweight sensors. In this study, a new type of strain-
sensing coating based on 2D MXene nanoparticles was developed. A Ti3C,T, MXene was prepared
from Ti3AlC; MAX phase using hydrochloric acid and lithium fluoride etching. Epoxy and glass
fibre-reinforced composites were spray-coated using an MXene water solution. The morphology
of the MXenes and the roughness of the substrate were characterised using optical microscopy
and scanning electron microscopy. MXene coatings were first investigated under various ambient
conditions. The coating experienced no significant change in electrical resistance due to temperature
variation but was responsive to the 301-365 nm UV spectrum. In addition, the coating adhesion
properties, electrical resistance stability over time and sensitivity to roughness were also analysed
in this study. The electromechanical response of the MXene coating was investigated under tensile
loading and cyclic loading conditions. The gauge factor at a strain of 4% was 10.88. After 21,650
loading cycles, the MXene coating experienced a 16.25% increase in permanent resistance, but the
response to loading was more stable. This work provides novel findings on electrical resistance
sensitivity to roughness and electromechanical behaviour under cyclic loading, necessary for further
development of MXene-based nanocoatings. The advantages of MXene coatings for large composite
structures are processability, scalability, lightweight and adhesion properties.

Keywords: MXenes; coatings; strain sensors; electrical properties; cyclic loading

1. Introduction

In the past decade, the demand for nanosensors and electrically conductive polymer
composites has grown considerably [1,2]. The tunability of properties based on nanoparticle
materials and their mixtures can meet the requirements for various electronic devices and
sensors. Currently, one of the largest known 2D nanoparticle families is the MXenes [3,4].
The most studied MXene particle is the titanium carbide TizC, T, which has shown excel-
lent mechanical and electrical properties (both in pristine form and in polymer composites)
from nanoindentation measurements [5], molecular dynamics simulations [6], and finite
element simulations [7,8]. Despite the relatively low van der Waals forces between 2D
nanoflakes [9], pure MXene films have shown very high tensile strengths (590 MPa for
a 980 nm thick film), which was obtained using large-diameter aligned flakes and the
blade-casting method [10]. These properties can be influenced by different delamination
methods [11,12]. During the etching and delamination process, the flake size and thickness
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of MXene particles can differentiate [13]. In addition, surface functional groups (T), such
as -O, -OH, and -F [14] (which are responsible for adhesion and wettability properties),
can be modified during the process. Experimental research and finite element modelling
have shown that MXenes adhere to epoxies and polymers [15-17]. Easily processable and
scalable methods, such as spray coating [18], vacuum filtration [19], 3D printing [20] and
casting [10], have shown that MXenes are also very attractive nanoparticles for coatings
and thin-film applications. MXenes have already been investigated and have revealed
good results for Li-ion batteries [21], organic solar cells [22], electromagnetic interference
shielding [23] and supercapacitors [24].

The unique multilayered and porous structure of MXene films can cause a highly
sensitive response to deformation and morphology changes. Owing to the molecular
intercalation between the nanolayers, MXene films behave as very sensitive multi-gas
sensors [25] and humidity sensors [26]. Furthermore, MXene aerogel foams and other
layered polymer nanocomposites can be used as ultra-sensitive pressure sensors with
detection limits of up to 100 Pa [27]. Sandwich-type nanolaminates and nanosensors
developed from a mixture of 2D nanoflakes, nanowires, and nanospheres [28-30] have
shown a very wide strain-sensing range owing to their enhanced electrical conductivity
and flake-to-flake sliding ability. One of the most sensitive strain sensors was obtained
using MXene-intercalated textile yarns. Knittable and washable MXene-coated yarns have
been shown to have ultra-sensitive strain responses with a gauge factor (GFisp¢, at a strain
of 152%) of up to 12,900 [31]. Another study was performed with MXene-silver nanowire
coatings under tensile loading [28], where the GFs¢, reached approximately 10. The same
experiment was performed with graphene-silver nanowire coatings, where GFsy, reached
only 2.5 [32]. Meanwhile, carbon nanotube (CNT) modified polymers [33] possessed much
lower strain sensing capability, where GFsy, varied between 0.1 and 0.25.

The electromechanical mechanism of nanoparticle-based strain sensors is well ex-
plained by an analytical approach [34]. Surface topography images also provide in-depth
details on how the structure of the nanocoating behaves under a wide range of deforma-
tions (0-60%) [32]. It was also found that the electrical sensitivity was enhanced by electron
tunnelling effects [35], which mostly occur when the distance between the nanoparticles
is less than 3 nm. An analytical approach describing the tunnelling effect explains how
electric resistance can change under nanoscale deformations [36].

Traditional sensors, such as strain gauges, accelerometers, piezoelectric transducers,
and fibre optic cables, have been used for wind turbine monitoring [37]. These sensors
typically experience adhesion problems and application difficulties, requiring precise
sensor calibration and complex signal processing [38]. Despite this, fibre Bragg grating
(FBG) optical sensors are widely used due to their most accurate strain measurements.
FBG sensors are is still being improved by materials such as magnetostrictive Terfenol-D
(Tbo3Dyo.7Fe1.92), with whom the sensitivity of the system is improved by a factor of 4 [39].

Until now, MXenes have not been investigated as strain-sensing coatings for fibre-
reinforced polymer composites. The aim of this study is to develop an easily processable
and scalable MXene coating that can detect the low strain values typical for fibre-reinforced
composites. The main tasks were to characterise the morphology and uniformity of the
coating, investigate the response to environmental conditions (such as temperature and UV
irradiation), analyse the surface roughness influence on sensing performance and study the
sensing behaviour under tensile loading and cyclic loading conditions. The strain sensing
ability of the MXene coating was based on the change in electrical resistance. Simple
spray-coating methods and electrical resistance monitoring systems were a priority during
the experiments.

2. Materials and Methods
2.1. Materials

Ti3C,T, MXenes were prepared from TizAlC, MAX phase with a particle size of
<40 um and purity of 98 wt.% (MRC, Kiev, Ukraine) using a previously documented
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method [12]. The etching solvents used were hydrochloric acid (37 wt.%, Merck, Darm-
stadt, Germany) and lithium fluoride (>99 wt.%, Sigma Aldrich, Munich, Germany). LiF
was mixed with HCI to generate HF in the system. The MAX phase was slowly added
and stirred for 24 h. The multilayer MXene sediment was further delaminated using
99 wt.% LiCl (Sigma Aldrich, Munich, Germany). The resulting solution was centrifuged
10-15 times at 3500 rpm and washed with deionised water until the pH of the super-
natant reached 6.5. The concentration of the delaminated MXenes in the supernatant was
0.335 mg/mL, but it was further centrifuged until the concentration reached 3.3 mg/mL to
be more suitable for the spraying process.

The thermosetting epoxy resin Bisphenol F-epichlorohydrin (Biresin® CR122, Sika
AG, Baar, Switzerland) and an amine curing agent (Biresin® CH122-5) were mixed at a
ratio of 10:3. Epoxy tensile specimens (ISO-527-2-5A) were cast in silicone moulds. Glass
fibre-reinforced polymer (GFRP) tensile specimens and sandwich-type GFRP specimens
were prepared for adhesion tests by hand-layup and vacuum bagging methods. GFRP ten-
sile specimens (15 cm x 1.5 cm) were made of 5 plies of twill-weave 2/2 (163 g/m?) Interglas
92110 (Porcher Industries, Erbach, Germany), and adhesion specimens (14 cm x 2.5 cm)
were made of a total of 8 plies and 4 mm thick AIREX C70.75 foam (Airex AG, Sins,
Switzerland). All specimens were cured at room temperature for 24 h and post-cured in
a convection oven for 5 h at 100 °C. Additionally, epoxy samples were roughened in the
Y direction (parallel to loading), X direction (perpendicular to loading), and YX direction
(roughened in both directions) using P280 sandpaper (52.2 um average particle diameter).
All samples were plasma-treated and spray-coated with a water-based MXene solution, as
described below.

2.2. Preparation of MXene Coating

To enhance the adhesion between the epoxy substrate and MXenes, a surface plasma
treatment was performed using a Zepto Diener low-pressure plasma cleaner (Diener Elec-
tronic GmbH & Co. KG, Ebhausen, Germany) and a K1050X RF plasma cleaner (Quorum
Technologies, Laughton, UK). The samples were treated under vacuum with no additional
gases for 3 min with 100 W power at 40 kHz frequency. The water contact angle was
reduced from 68.7° (for pristine epoxy) to 25.3° (for the modified epoxy surface). Another
treatment was performed in a vacuum with an oxygen and argon enriched atmosphere for
3 min with 100 W at 13.56 MHz. The contact angle was reduced to 20.1°. After the epoxy
surface plasma treatment, water-based MXenes were sprayed using a Sparmax HB-040
airbrush with a 0.4 mm diameter nozzle and a Sparmax DC-25X 2.07 bar compressor with
0.1 mL/s paint yield (Anest Iwata Sparmax Co., Taipei, Taiwan). The MXene coating was
applied by spraying for 10 s at a distance of 15 cm, which naturally dried over 5-10 s
at room temperature. Copper wires were directly soldered onto the MXene films using
the commercially available electrically conductive polymer Protopasta (Protoplant, Inc.,
Vancouver, WA, USA). This polymer is made from a mixture of polylactic acid (PLA)
(4043D PLA, Natureworks, Minnetonka, MN, USA) and carbon black (CB). The volume
resistivity of the polymer is 30 (dcm, and the melting point is 155 “C. The soldering nee-
dle temperatures were set to 200 °C, similar to the 3D printer nozzle temperatures. The
soldered wires were additionally covered with a thin layer of silver paste. The distance
between the silver paste contacts for both the epoxy and GFRP samples was 30 mm. The
epoxy specimen sprayed with MXenes and a monitoring system (described in Section 2.3)
are presented in Figure 1.
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Figure 1. MXene-coated epoxy specimen and electrical resistance measurement system.

2.3. Characterisation and Testing Equipment

X-ray photoelectron spectroscopy characterisation of the same Ti3AIC; MAX phase
and TizC, T, MXenes was previously reported by Zukiene et al. [16]. The thickness and
topography of the MXene coatings were characterised using scanning electron microscopy
(SEM) (JEOL JSM 6610, JEOL Ltd., Tokyo, Japan). Gold-coated samples were measured
under high-vacuum mode with an accelerating voltage of 15 kV.

The homogeneity of the MXene coating after plasma treatment and the roughness of
the substrate were investigated using a Leica DVM6 optical microscope (Leica Microsys-
tems, Wetzlar, Germany). 3D optical topographical scanning was performed using the
image rendering software LAS X (Leica Microsystems), based on the stacking of 2D images
in the Z direction.

Tensile and fatigue tests were performed using Tinius Olsen H25 KT (Tinius Olsen,
Salfords, UK) and Instron ElectroPuls E10000T (Instron, Norwood, MA, USA) equipment,
respectively. Deformations in the longitudinal direction between four strain markings
(2.5 cm distance) and transversal deformations between six strain markings (4 mm distance),
were measured using Manta G-146B visual extensometer (Allied Vision Technologies,
Stadtroda, Germany). Peeling on epoxy samples (5 cm x 0.5 cm) covered with the MXene
coating was investigated using simple household adhesive tape. Pull-out tests of MXene-
coated sandwich-type GFRP specimens were performed using an Adheometr PM 420/63
under ISO-4624 standards. For the UV light absorbance experiment, a UV DRT230 lamp
with a 301-365 nm emission wavelength and a surface power density of 3-7 mW/cm? was
used. Experiments were performed on an MXene-coated sandwich-type GFRP specimen
(13.5 cm x 2.5 cm). The response of the MXene coating to direct sunlight was measured
under a clear sky with a solar elevation angle of 54° (Riga, Latvia).

The temperature and initial electrical resistance values were monitored using a Fluke
287 True-RMS logging multimeter (Fluke Corporation, Everett, WA, USA). The temper-
ature of MXenes was measured using a temperature probe soldered to aluminium foil
(0.3 mm x 25 x 30 mm), which was pressed to a 0.2 mm thick protective epoxy layer on
top of the MXene coating. An MXene coating area of the same size (25 mm x 30 mm) was
heated with 10-90 V (DC) using AX-12001DBL external power supply (Transfer Multisort
Elektronik, L6dz, Poland). For the tensile-tensile fatigue tests, electrical resistance values
were measured using Arduino Mega 2560 microcontroller (Figure 1) and ATmega2560
microchip (Arduino, Turin, Italy). Additionally, a 24-bit analogue-to-digital converter
(ARD-LTC2499, Iowa Scaled Engineering, Elbert, CO, USA) with a precise 4.096 V output
voltage and 7 Hz measurement frequency was used for high-accuracy electrical resistance
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(a)

measurements. The electrical resistance monitoring during mechanical loading was based
on the voltage difference between a single reference resistor and the MXene coating.

3. Results
3.1. MXene Coating Topography

The morphology of the MXene flakes and the coating was studied using SEM. The
average thickness of the coating was approximately 1 um, as evident in the cross-sectional
view of the fractured epoxy sample presented in Figure 2a. A plasma-treated smooth
epoxy sample coated with MXenes is presented in Figure 2b (top view). A TizC, T, flake
with a size of 20 um x 10 um can be seen, while sizes, ranging from 1 to 5 um are the
most common, as it was reported in previous SEM analysis [16]. The MXene-coated GFRP
sample is shown in Figure 2c¢ (top view), in which glass fibre filament markings and MXene
flake edges can be seen.

Tilted MXene flakes 2 - TiRCaT," Glass/fibre filaments
: ~. MXene flake | o

TizC,T; edge

10 ym

Y-roughened

IV};I

Figure 2. Scanning electron microscopy images of the sprayed MXenes: (a) thickness of the coating; (b) topography of
MXenes on epoxy, and (c) glass fibre-reinforced polymer samples. Optical microscopy images of the MXene coatings:
(d) sprayed for 2 s at 3 cm; (e) sprayed for 10 s at 15 cm; and (f) sprayed for 10 s at 15 cm on a plasma-treated epoxy sample.
Optical topography images of epoxy samples that were (g) smooth, (h) roughened in the Y direction, and (i) roughened in
the X direction.

Owing to the optical transparency of the epoxy and MXenes [40], the overall quality
of the coating was analysed using an optical microscope with an external light source.
First, small water droplets containing higher (darker areas) and lower (lighter areas)
concentrations of MXene flakes were observed in optical microscopy images (Figure 2d).
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The primary reason for this effect was the hydrophobic epoxy surface. In addition, the
size of these droplets and coating uniformity depended on the spraying time and nozzle
distance. For example, when sprayed for 2 s at 3 cm from the surface, water droplets were
250-500 pum in size (Figure 2d), while spraying for 10 s at 15 cm reduced the droplet size
to 50-250 um (Figure 2e). Plasma treatment was performed to enhance the hydrophilic
properties of the epoxy surface, which increased the conductivity and uniformity of the
coating (Figure 2f). The sensitivity of strain sensors based on nanoparticles depends on
the morphology of the substrate surface [41]. To investigate this effect, epoxy tensile
specimens were roughened in the Y, X, and YX directions. 3D optical topography images
(600 um x 450 um) are presented in Figure 2g—i, and detailed average roughness values
are presented in Section 3.4

3.2. MXene Coating Adhesion and Stability

The adhesion to epoxy and the stability of the MXene coatings were investigated using
SEM images and electrical resistance changes during every peel-off attempt with adhesive
tape. An SEM image of the sample before peeling is presented in Figure 3a, where an
MXene coating with small fragments can be seen. After the first peel-off, the surface of the
MXene coating became smooth and no fragments, rupture spots, or debonding from the
epoxy was observed (Figure 3b). However, the relative electrical resistance increased with
every peel-off attempt (Figure 3c). After the first peel-off, the relative resistance increased
3.2 times, and it increased 8.6 times after the fifth. After five peeling attempts, no damage
to the coating was observed, which suggests that adhesion between the MXenes and the
epoxy was strong, as mentioned in several previous studies [15-17]. To extend the adhesion
experiments, an MXene coating pull-out test was performed (Figure 3d). The Ti3C,T, water
solution was sprayed on a more rigid sandwich-type GFRP composite. In total, six pull-
out attempts were performed on two GFRP specimens, and an average pull-out stress of
2.14 MPa was obtained. Despite the pull-out, the inner area retained MXene flakes, whose
electrical resistance increased roughly 19 times compared to the initial values (Figure
3d). Therefore, the actual pull-out stress (2.14 MPa) was obtained between MXene-MXene
flakes in the perpendicular direction. This stress is roughly 10 times lower than the tensile
strength of pure MXene-MXene films [42,43]. These results are very important for the
further development of strain sensing MXene coatings.

Coatings based on Ti3C,T, MXenes tend to degrade by their oxidation to TiO, in vari-
ous exploitation conditions [44]. In this article, the MXene coating stability was investigated
over a four-week period at room temperature (Figure 3e). The relative electrical resistance
over four weeks of a sample peeled one time was 2.49, while that of a non-peeled sample
was 3.80. This suggests that a coating with a smoother surface will oxidise slower owing to
the smaller nanoparticle area exposed to air. The best electrical resistance stability of the
MXene coatings was achieved with a protective epoxy layer. In comparison, the electrical
resistance of the sample without a covering layer increased the fastest, and the resistance
after four weeks was 3.7 times higher than that of the covered sample. Such oxidation rates
of MXenes do not satisfy application requirements for sensors, where on the contrary, MAX
phase-based sensors show long-term stability [45]. Therefore, the focus still remains on the
development of new oxidation preventing methods such as hydrogen annealing [46] and
L-ascorbic acid treatment [47], which have already shown positive effects.
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Figure 3. Scanning electron microscopyimages of the MXene coating (a) before peeling and (b) after the first peel-off attempt;
(c) electrical resistance change during five peel-off attempts; (d) MXene coating pull-out test; and (e) electrical resistance
change over a 4 week period.

3.3. MXene Coating UV and Temperature Response

Experiments were performed to understand deviations in the electrical signal from
the MXene coatings due to ambient conditions, such as direct sunlight and temperature.
Several studies have shown that MXene films can experience high heating temperatures
(114 °C) under an applied voltage of 6 V [48]. In this study, coating temperatures under
10-90 V were investigated. When 10 V was applied, the temperature of the MXenes
only increased from 24 to 27 °C (Figure 4a) owing to the high resistance of the coating
(0.91 kQ). In comparison, at 50 V, the coating temperature increased to 103.8 °C, and at
90 V, the coating temperatures plateaued at 183.7 °C, which is close to the epoxy melting
temperature. Detailed results of the temperature response under different voltages are
presented in Figure 4a. The electrical resistance was measured after 50 V was applied
and then removed, and the coating cooled naturally from 103.8 to 35.6 °C over 300 s
(Figure 4b). During this process, the electrical resistance decreased to 0.8%. The electric
current was also monitored during the heating process with an applied voltage (Figure 4c).
When the temperature of the coating reached 156 °C (70 V), the resistance of the coating
began to increase, and the electric current dropped. This occurred because of the softened
epoxy surface, which resulted in a change in the morphology and a rearrangement of the
MXene flakes. In addition, no degradation of Ti3C,T, could occur, according to previous
thermogravimetric analysis [49], which shows that the MXene is thermally stable and loses
only 4-7% of its weight at 700 °C.
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Figure 4. (a) Increase in the MXene coating temperature under different applied voltages; (b) change in the electrical
resistance during the natural cooling process of the sample; (c) response of the electric current to applied voltage; and
(d) relative electrical resistance response of the MXene coating to direct sunlight and UV irradiation.

As described in several articles [50], MXene and other nanoparticles, such as graphene,
exhibit high absorbance in the 200-400 nm UV spectrum. Therefore, the electrical resistance
response of the MXene coating to direct sunlight was measured. After 5 min under direct
sunlight, the electrical resistance of the coating decreased by 12.5% (Figure 4d). Depending
on the UV lamp irradiance intensity, the response of the coating reached a steady state
after 4 min, and the electrical resistance decreased by 22.7% at 7 mW /cm? (35 °C specimen
temperature). These results are important because they help to avoid electrical signal
disturbance due to ambient conditions. Therefore, tensile and fatigue tests were performed
without daylight, and the temperatures of the samples were monitored during the testing.

3.4. Tensile Tests of MXene-Coated Epoxy Specimens

In this experiment, the electromechanical behaviour of MXene coatings under tensile
loading was monitored on smooth and roughened epoxy samples. The average roughness
values in the X and Y directions, initial resistance values (Rp), resistance values at the
sample breaking point (Ry,), and gauge factors at strains of 1% (GFys,) and 4% (GFys,) of
4 samples with different roughness values (0, Y, X, and YX) are presented in Table 1.

Table 1. Electrical resistance response of the MXene coatings during tensile tests.

Roughening Average Roughness Ro Ry GF GF.
Direction in X/Y Directions (1um) (k€2) (kQ) A% 3.
0 0.56 8.48 493 1.02 417
Y 0.68/2.31 483 1049 1.12 481
X 2.54/1.32 674 14924 129 10.88
YX 1.67/1.63 647 3604 1.08 5.01
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The relative electrical resistance response of the MXene coatings to 5 initial loading cy-
cles, with amplitudes of 10 to 50 MPa, are presented in Figure 5a. A considerable difference
in initial resistance was obtained between the smooth and X-roughened samples (8.48 k()
versus 674 k(), respectively). In addition, the X-roughened sample with a roughness of
2.54 um had the highest GFo, of 1.29, while the smooth sample with an average roughness
of 0.56 um showed only 1.02 (Figure 5b). Notable changes in the relative resistance curves
for all the samples appeared between strains of 0.5% and 1.1% (Figure 5b). Previous re-
search on pure MXene films under tensile conditions yielded similar fracture strain values,
which are marked in the figure as MXene fracture points (FP): FP-1 [48], FP-2 [49], and
FP-3 [42,43]. These results suggest that MXene flakes began to debond from one another as
the resistance began to increase drastically. Another important comparison is presented
in Figure 5c,d, which shows that the resistance behaviour on the smooth epoxy substrate
was stable during cycling, while on the rough substrate, the values were more chaotic.
These results help to understand the electrical signal response under different strain values
as well as to illuminate how even a small difference in roughness can have a substantial
impact on the coating sensitivity. For instance, MXene-silver nanowire coatings reached
GFsg, of 10 [28], while in this research, depending on the roughness, GF;9, was obtained in
the range of 4.17-10.88.
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Figure 5. Results from tensile tests with five initial loading cycles on smooth and roughened MXene-coated epoxy
samples: (a) mechanical response and relative electrical resistance measurements of four samples with different roughening;
(b) magnified region showing the electrical resistance at low strains; and MXene resistance response under five loading
cycles with 10-50 MPa amplitudes on (c) a smooth epoxy sample and (d) an X-roughened sample.

3.5. Fatigue Tests of M Xene-Coated Epoxy Specimens

After the initial tensile tests, tensile-tensile fatigue tests were performed with smooth
MXene-coated epoxy specimens. Loading cycles were performed in the elastic region of
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the specimens at 0.5 Hz and an 8.33-25 MPa loading amplitude (0.31-0.97% strain). The
specimen temperatures were monitored throughout the tests and were maintained at 25 °C.
The change in electrical resistance over 21,650 cycles can be seen in Figure 6a. The electrical
resistance amplitude (AR) at the beginning of the fatigue test can be seen in the magnified
region showing the first 100 cycles (Figure 6b), where AR was approximately 2%. It is
important to note that the electrical resistance permanently increased after every cycle,
and after 21,650 loading cycles, the MXene coating experienced an irreversible resistance
increase of 16.25%. The last 50 cycles are shown in Figure 6¢c, where AR decreased from
2% to 1%, which indicates that the coating became less sensitive. However, the important
result was that the rate of increase of the irreversible resistance became much lower, i.e.,
the MXene coating electrical signal became more stable to mechanical loading. The results
of the variation in the electrical resistance of the MXene coating over twenty-one thousand
cycles under the same loading conditions are important for the development of signal
processing algorithms and further coating improvements.

R/Ro
7y
o

1.05 1

1.00

(b)
1.04 -
1.03 4 25 MPa
[
~ 1.02
o |
1.01 18.33 MPa
AR =0.01
T T 1.00 1 & T
10,000 20,000 [} 50 100 21,600 21,650 21,700
Loading cycles Loading cycles Loading cycles

Figure 6. Fatigue test results of a smooth MXene-coated epoxy sample: (a) relative resistance during fatigue testing with an
8.33-25 MPa amplitude, and magnified regions showing (b) the first 100 cycles and (c) the last 50 cycles.

3.6. Fatigue Tests of MXene-Coated GFRP Specimens

The tensile-tensile fatigue response of the MXene coating was further investigated
using 0° and 45° fibre angle GFRP specimens. The samples were first tested until fracture,
and tensile strengths of 393.3 and 120.3 MPa and fracture strains of 2.86% and 6.98% were
obtained for the 0° and 45° fibre specimens, respectively. The GFyq, of the 0° specimen was
1.72, and that of the 45° specimen was 1.08. The fatigue tests were performed at 0.5 Hz
with a variable loading amplitude. Detailed loading properties are presented in Table 2
and labelled according to the loading steps (force, stress, and strain).

Table 2. Fatigue loading steps: loading amplitude, tensile stress, and tensile strain.

Loading Step Loading Amplitude (kN)  Tensile Stress (MPa) Tensile Strain (%)

0 0 0 0

1 0.25-1.25 33-165 0.21-1.07
2 0.50-1.50 66-198 0.42-1.33
3 0.75-1.75 99-231 0.63-1.59
4 1.00-2.00 132-264 0.85-1.86

The fatigue tests of the MXene-coated 0° and 45° fibre angle GFRP specimens showed
similar strain sensing tendencies; therefore, only the results of the 0° specimen under
different loading steps are presented in Figure 7a. In total, four loading step sequences
(0-1-2-3-4-3-2-1-0) were applied. It can be observed that the MXene coating sensitivity to
strain becomes more stable with repeated loading steps. First, the irreversible resistance
increased at every loading step, but after several thousand cycles, the permanent resistance
only increased during the fourth step, which had a high loading amplitude (Figure 7b).
After four series of loading step sequences, the sample was loaded with low amplitude
steps (1-2-1) (Figure 7c). During this stage, the strain sensing of the MXene coating was
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stable, and it was possible to identify the exact tensile stress (and strain) according to the
relative resistance values. A magnified region showing the electrical resistance is presented
in Figure 7d. The accuracy obtained using only a single reference resistor scheme with
no additional filtering or amplification of the signal demonstrate that the MXenes are
strain-sensitive nanoparticles. Although, the resistance amplitude at small strain regions
(0.21-1.07%) is not very high (AR = 2.7%), when compared to CNT intercalated MXene
sensors (AR = 5.5% at 0.2-1% strain) [29]. Pure MXene coatings can still be competitive
due to their processability, scalability and good adhesion properties when compared to

MXene-CNT nanocoatings.
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Figure 7. Fatigue test results for MXene-coated 0° glass fibre-reinforced polymer specimen: (a) relative electrical resistance
response under 10000 loading cycles with varying amplitude; (b) magnified region showing the loading step series 0-1-2-3-
4-3-2-1-0; (¢) magnified region showing the loading step series 1-2-1; and (d) magnified region showing the loading step
change from 2 to 1.

4. Conclusions

In this study, a comprehensive electromechanical investigation of MXene-coated epoxy
and GFRP specimens was performed. Ti3C,;T, was synthesised using HCI and LiF etching.
A water-based MXene solution was sprayed onto plasma-treated epoxy and GFRP samples.

Before the tensile experiments, the response of MXene coatings to heating and UV
irradiation was analysed. The MXene coating experienced no significant increase in elec-
trical resistance until the epoxy substrate began to degrade at 156 °C. After 5 min under
direct sunlight, the coating resistance decreased by 12.5% and reached a plateau. Under
301-365 nm UV light, the resistance decreased by 22.7%.

To investigate the strain sensitivity behaviour of the MXene coating, epoxy samples
were roughened in directions perpendicular and parallel to the tensile loading. The surface
roughness was measured using 3D optical microscopy scanning, and the morphology of
the MXenes was characterised using SEM. The MXene strain sensitivity was primarily
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dependant on the perpendicular roughness, where the gauge factor at 4% strain was 10.88,
while that of the parallel roughness was 4.81.

The increase in the electrical resistance of the MXene coatings over time, durability to
peeling, and MXene adhesion to the epoxy surface was also studied. The pull-out stress
obtained between MXene-MXene particles in the perpendicular direction was 2.14 MPa.

The main focus of this study was to investigate the electrical resistance response
of MXene-coated epoxy and GFRP samples under tensile-tensile fatigue loading. After
21,650 loading cycles at a constant loading amplitude, the MXene coating on the epoxy
experienced a 16.25% increase in permanent resistance. GFRP samples were tested under
varying amplitudes with high tensile loads. After 10,000 cycles, the electrical resistance of
the MXene coating permanently increased by 1.8 times, but the response to loading was
more stable and equal to 2.7% resistance change at a strain region of 0.21-1.07%.

These results demonstrate that MXenes are a viable material for ultra-thin, scalable,
and easily processed strain-sensing coatings for large fibre-reinforced composite structures.
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Abstract: In this study, the de-icing performance is investigated between traditional carbon fibre-
based coatings and novel MXene and poly(3,4-ethylenedioxythiophene)-coated single-walled carbon
nanotube (PEDOT-CNT) nanocoatings, based on simple and scalable coating application. The
thickness and morphology of the coatings are investigated using atomic force microscopy and
scanning electron microscopy. Adhesion strength, as well as electrical properties, are evaluated on
rough and glossy surfaces of the composite. The flexibility and electrical sensitivity of the coatings are
studied under three-point bending. Additionally, the influence of ambient temperature on coating’s
electrical resistance is investigated. Finally, thermal imaging and Joule heating are analysed with
high-accuracy infrared cameras. Under the same power density, the increase in average temperature
is 84% higher for MXenes and 117% for PEDOT-CNT, when compared with fibre-based coatings.
Furthermore, both nanocoatings result in up to three times faster de-icing. These easily processable
nanocoatings offer fast and efficient de-icing for large composite structures such as wind turbine
blades without adding any significant weight.

Keywords: nanocoatings; thermal imaging; de-icing; fibre-reinforced composites; MXenes; PEDOT-CNT

1. Introduction

Wind turbine farms expand offshore and in cold regions due to higher wind speeds
and air density, resulting in more energy production [1]. On the other hand, harsh climate
conditions usually affect their functionality and lifetime [2,3]. Ice formation on the blades
is one of the most severe problems, causing disturbed aerodynamic flow and reducing the
wind turbine’s efficiency by up to 20% [4,5]. Additionally, it can cause excessive vibrations,
unequal load distribution, and ice debris can damage the composite structures [6,7], leading
to higher maintenance costs [8]. Ice preventing systems, so-called anti-icing, are based on
various hydrophobic coatings, whereas de-icing is based on active heating using embedded
heaters or hot air tubing [9,10]. Traditional de-icing systems are not always efficient and
can result in a turbine’s power consumption of 5-10% [11]. Moreover, metal-based heaters
usually experience face-sheet debonding and are vulnerable to lightning strikes [12,13],
while carbon fibre (CF) based heaters require specific manufacturing integration during the
moulding of the blade [14]. Until now, the demand for highly efficient, green, and scalable
de-icing coating technology remains.

In the early 21st century, the fabrication of nanoparticles such as graphenes (GP) and
carbon nanotubes (CNT) has led researchers to explore their new applicability [15-17]. Due
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to high electrical conductivity and low thickness, the formation of ultrathin coatings for
Joule heating has gained attention [18]. Joule heating is a process when a current flowing
through a resistor, in this case, a resistive nanocoating or carbon-based fabric, is transformed
into heat, following Joule’s first law. Pure carbon-based nanocoatings possess hydrophobic
properties and can be vulnerable to scratching. Therefore, conductive polymers such as
poly(3,4-ethylenedioxythiophene) (PEDOT) can be used as shells of the nanoparticles,
improving their electrical properties and stability [19]. The de-icing coating based on
Joule heating using GP doped epoxy was analysed by Redondo et al. [20]. At the filler
amount of 12 wt%, the heating rate of 13.6 °C/min was obtained under a power density of
0.125 W/cm?. Another study was based on GP coated glass fibre (GF) rowing, which
increased by 80 °C after 180 s of 10 V heating [21]. Raji et al. [22] used epoxy-GP nanoribbon
composite (5 wt%) and under 0.375 W/cm? power density, achieved a heating rate of
~30 °C/min. Ten-layered aligned CNT coating of 6 um thickness was also investigated for
de-icing coatings by Yao et al. [23]. The coating showed 48 °C/min at 0.128 W/cm?.

Another novel two-dimensional (2D) nanoparticle similar to GP is MXene. The most
studied MXene particle Ti3C,T, has shown excellent mechanical and electrical proper-
ties [24-26]. These properties can be influenced by different delamination methods [27].
Good compatibility and wettability properties between MXenes and epoxy-based compos-
ites were also reported [28-30]. In addition, MXenes are thermally stable and can heat up to
700 °C with minor degradation [31]. Easily processable methods of MXenes, and scalable
application technology such as spray coating, are attractive for de-icing [32]. Despite this,
Joule heating of MXenes was investigated only recently. Jia et al. [33] deposited TizCa
MXenes on a wood-pulp fabric grid followed by a hydrophobic methyltrimethoxysilane
layer. By applying 0.174 W/cm?, a heating rate of 63 °C/min was achieved. Another exper-
iment was performed by Li et al. [34], who prepared free-standing MXene-montmorillonite
(MMT) thin film with the weight ratios of MXene to MMT of 90:10. The heating rate of the
film was 100 °C/min under a power density of 4.58 W/cm?. The authors also reported the
film to be stable under heating cycles.

Until now, only a few nanocoatings have been investigated for fibre-reinforced compos-
ite de-icing. In this work, for the first time, novel MXene and PEDOT-CNT nanocoatings are
used. This research aimed to develop such nanocoatings using scalable water-based spray-
coating methods and investigate their adhesion strength, flexibility, heating properties, and
de-icing performance.

2. Materials and Methods
2.1. Materials and Specinens

TizCoT, MXenes were prepared from Ti3AlIC; MAX phase with a particle size of
<40 pum and purity of 98 wt% (MRC, Kyiv, Ukraine). The etching solvents were hydrochlo-
ric acid (37 wt%, Merck, Darmstadt, Germany) and lithium fluoride (>99 wt%, Merck,
Darmstadt, Germany). MAX phase was stirred for 24 h at room temperature. The multi-
layer MXene sediment was further delaminated using 99 wt% LiCl (Merck, Darmstadt,
Germany). The resulting solution was centrifuged 12 times at 3500 rpm and washed until
the pH of the supernatant reached above 6. The concentration of the delaminated MX-
enes in the supernatant was reconcentrated from 0.34 mg/mL to 3 mg/mL, more suitable
for spraying. PEDOT/(CNT+SO3H) aqueous paste with a 1:1 ratio (SYNPO, Pardubice,
Czech Republic) was used for CNT coating preparation. The paste was reconcentrated to
0.33 mg/mL, which was more suitable for spraying without nozzle jamming.

Sandwich structured glass fibre-reinforced polymer (GFRP) composites were prepared
by hand-layup and vacuum bagging methods. The samples consisted of 8 plies 163 g/m?
twill-weave Interglas 92110 (Porcher Industries, Erbach, Germany), separated by 4 mm
thick polyvinyl chloride foam (AIREX® C70.75, Sins, Switzerland). The thermosetting
epoxy resin Bisphenol F-epichlorohydrin and an amine curing agent were mixed at a ratio
of 10:3 (Biresin® CR-122-5, Sika, Ziirich, Germany). All specimens were cured at room
temperature for 24 h and post-cured in a convection oven for 4 h at 100 °C. Peel-ply fabric
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polyamide 6.6 (plain weave, 64 g/m?) and polyethylene film were used to make rough and
glossy surfaces of the specimens, respectively.

2.2. Coating Preparation

Unidirectional CF coating was made from 160 g/m? plain weave fabric (R&G GmbH,
Waldenbuch, Germany) by removing horizontal fibres and leaving four separated 3000
filament stripes for the wire connection (Figure Sla). The coating was used as the last
layer of the composite and was curred using the vacuum bagging technique. Copper
wires were glued to the coating by melting electrically conductive polylactic acid (PLA)
(Protopasta, Protoplant, Inc., Vancouver, Canada), which was additionally covered with a
thin layer of silver paint to reduce the contact resistance. The chopped CF coating (Figure
S1b) was made from 3 mm CF strands (R&G GmbH, Germany) mixed with epoxy resin at
a weight fraction of 1%. The coating was additionally covered with a 3000 CF “fork-type”
filament grid and pressed and cured under the vacuum for the sedimentation of chopped
fibres. The composite samples used for nanocoatings were firstly treated with Ar enriched
plasma for 3 min at 80 W and 40 kHz, using a Zepto Diener low-pressure plasma cleaner
(Diener electronic GmbH & Co. KG, Ebhausen, Germany). As a result, the water contact
angle of the glossy composite surface was reduced from 70 to 25°, which determined
more uniform nanocoatings. After the plasma treatment, water-based MXenes with a
3 mg/mL concentration were spray-coated several times, depending on the investigation
(Figure Slc). Here, one-time sprayed means one coating layer made from 1 mL/85 cm?
spray yield, followed by a natural drying of 10 min. The PEDOT-CNT coating was made
using the same technique as for MXene coating (Figure S1d). Both nanocoatings were
prepared using a Sparmax HB-040 airbrush (Anest Iwata Sparmax Co., Ltd., Taiwan,
China). After drying, the nanocoatings were applied with 7 mm silver paint stripes at the
edges and additionally coated with a protective epoxy layer of 0.15 mm thickness. All four
samples had the same heating area of 85 + 1 cm?.

2.3. Characterisation and Testing

For the characterisation, 3-layer MXene and 5-layer PEDOT-CNT coatings were used.
The morphology of the nanocoatings was characterised using scanning electron microscopy
(SEM) (S-3400N, Hitachi, Tokyo, Japan). Silicon wafers (1 x 1cm) were used as nanocoating
substrates. The EDX measurements were performed using high vacuum mode, BRUKER
Quantax EDS detector, and a working distance of 10 mm. The electron accelerating voltages
were 5 keV for both magnifications. The thickness of MXene flakes and MXene coating
was measured using atomic force microscopy (AFM) (Dimension Icon, Bruker, Billerica,
Massachusetts, USA) based on the scratch method [35]. The topography of the surface was
monitored in PeakForce quantitative nanoscale mechanical mode using ScanAsyst-Air tips
(k=04 N-m ). The 10 x 10 um sample images were recorded at a scanning frequency
of 0.5 Hz. The roughness of the GFRP composite surface was analysed using 3D optical
microscopy (Leica DVM6, Leica Microsystems, Wetzlar, Germany).

Adhesion tests (Figure 52) of the coatings were performed on 8-ply GERP specimens
(15 x 3 cm) with glossy and rough surfaces using an Adheometer PM 420/63, under
ISO-4624 standards. The square sheet electrical resistance (€2/sq) dependencies on the
nanocoating layers and substrate roughness were measured using a two-probe Fluke 287
True-RMS multimeter (Fluke Corporation, Everett, Washington, USA). Electrical resistance
stability under ambient temperatures was performed in a temperature-controlled oven and
a freezer.

Three-point bending tests (Figure S3) were performed with sandwich structured
GFRP samples (10 x 2.5 cm) using Tinius Olsen H25 KT universal testing machine (Tinius
Olsen, Redhill, UK) under ISO-178 standards. Electrical resistances changes of tensiled and
compressed nanocoating surfaces during the bending were measured between two silver
paint stripes at the edges of the specimen (8.5 cm distance).
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For thermal imaging analysis (Figure S4) and de-icing (Figure S5), the layers of
nanocoatings were increased to 5 for MXenes and 8 for PEDOT-CNT, in order to achieve
higher conductivity and perform heating in lower voltages. The investigation was per-
formed with sandwich structured GFRP samples (10 x 10 cm) using an external power
supply (Axiomet AX-12001 DBL, Transfer Multisort Elektronik, £.6dz, Poland). The DC
power (W) for all coatings was determined by first tested chopped CF coating, subjected to
5V voltage (0.372 A current) and 10 V (0.744 A). Therefore, other coatings were also applied
with the same power of 1.86 and 7.44 W. The heating time was chosen for 300 and 180 s,
respectively, where the shorter time for 7.44 W was limited to the wire overheating. The
temperatures were monitored using an infrared camera FLIR SC7500 (Teledyne FLIR LLC,
Wilsonville, Oregon, USA), with a pixel pitch of 30 um and +1% temperature accuracy.
For a de-icing experiment, 5 + 1 mm thick ice (tap water) was naturally formed on top
of the coating in a —15 “C freezer. The de-icing of the coatings was performed at room
temperature under DC power of 7.44 W.

3. Results
3.1. Coating Characterisation

The morphology of the nanocoatings, particle sizes, and structural integrity were
studied using SEM. A three-layer MXene coating is presented in Figure 1a,b. Here, wrinkles
were formed due to non-delaminated fragments and an overlapping structure (yellow
arrows). The wrinkle extension of 10 um from the fragment can be seen and is expected
to have an effect on electrical conductivity and adhesion properties. Figure 1b shows
a magnified region of MXene coating, where fully delaminated and overlapping flakes
of 3-6 pum in size can be observed. We can also notice a non-adhered corner of the top
flake, and sharp flake waviness, which suggests weak flexural rigidity of fully delaminated
MXenes [36]. A five-layer PEDOT-CNT coating is presented in Figure 1c,d, where larger
nanotube agglomerations and fibre-like bundles that stretch more than 30 pum are observed.
Under higher magnification (Figure 1d), we can notice a more uniform single-walled CNT
web-like structure. Although, the differences in CNT thickness and lengths are affected
by conductive polymer PEDOT, which forms a shell around the tubes and acts as an
adhesive matrix.

The thickness of Ti3C; MXene flakes and three-layer coating was measured using AFM.
In Figure 2a, we can notice a 0.5 um size and 1.2 £ 0.1 nm thickness MXene flake on top
of another flake. This represents a fully delaminated single-layered Ti3C,T;, flake, where
T, stands for functional surface groups (-O, -OH, and -F). Then, the bottom flake would
roughly stand for a double-layered MXene flake with a thickness of 2.6 + 0.1 nm, which is
in good agreement with other studies [37]. The thickness of the MXene coating near the
scratch could be evaluated in Figure 2b. Here, a gradual thickness increase of 2.3-2.7 nm
can be observed at every 0.5-1 um length, starting from the silicon wafer substrate and
ending at 17 nm. Figure 2c demonstrates the statistical thickness scattering of a three-layer
MXene coating, which was measured in three different sample places, with a mean value
of 21 nm, standard error (SE) of 2 nm, and minimal and maximal values of 10 and 37 nm,
respectively. In Figure 2d, a topographical map of the coating is presented. Here we can
notice a smooth surface with several peaks above 60 nm, representing non-delaminated
MXenes fragments. The AFM topography image shows that the coating is a well-defined
overlapping structure with a lateral flake size of 2-6 um, which corresponds with SEM
analysis. PEDOT-CNT coating thickness was not measured using AFM due to its flexible
and porous web-like structure, but it was roughly estimated for 150-250 nm, assuming a
solution concentration of 0.33 mg/mL, one layer spray yield of 1 mL/85 cm?, the density
of CNT, and the film'’s porosity.
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Figure 1. Scanning electron microscopy images of: (a) 3-layer MXene coating (b) magnified region;
(¢) 5-layer PEDOT-CNT coating (d) magnified region (yellow arrows clarified in the text).
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Figure 2. Atomic force microscopy analysis: (a) thickness measurement of delaminated single-
layered and double-layered Ti3C,o T, MXene flakes; (b) 3-layer MXene coating thickness; (c) statistical
thickness analysis of the coating; (d) topographical map of 3-layer MXene coating (close to scratch).

3.2. Electrical Properties and Adhesion Strength

In order to develop a durable and compatible de-icing coating, one must approach
its suitable electrical properties and adhesion strength. Firstly, the electrical properties of
the coatings were investigated. The square sheet resistance dependence on the coating
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layers is shown in Figure 3a. Both coatings were prepared on plasma-treated GFRP samples
with a glossy surface. MXene nanocoating showed that the resistance decreased roughly
tenfold with every additional layer, starting from 500 k()/sq for the first layer and ending
ataround 200 + 20 )/sq for the fifth layer. PEDOT-CNT coating did not show such a
rapid decrease in resistance, and after the fourth layer, the slope slightly flattened. The first
layer showed resistance of 7 M()/sq, and the fifth layer—10.5 = 0.7 k(2/sq, which is more
than 50 times higher when compared with MXenes. It was not efficient to stack up more
than eight layers of PEDOT-CNT due to insignificant changes in the resistance (Figure 3a),
and the final values were 3 + 0.3 k()/sq. Regarding the thickness of the coatings (see
Section 3.1), the conductivity of the final MXene coating on the glossy surface was equal to
~1000S/cm and PEDOT-CNT—15S/cm.
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Figure 3. Electrical properties and adhesion strength of the nanocoatings: (a) electrical resistance
dependence on the coating layers of MXenes and PEDOT-CNT; (b) 3D optical topography image
of rough GFRP composite surface; (c) adhesion strength comparison between 3-layer MXene and
5-layer PEDOT-CNT on glossy and rough surfaces; (d) electrical resistance dependence on rough and
glossy surfaces,

It is known that the coating’s adhesion and electrical properties depend on the sub-
strate’s wettability and roughness [38]. A 3D optical topography image (1 x 1 mm) of
a rough GFRP surface is presented in Figure 3b, with a roughness of ~50 um, while a
glossy surface was ~1 um. Adhesion strength results of three-layer MXene and five-layer
PEDOT-CNT are presented in Figure 3c. The MXene coating showed roughly 1.5 MPa for
both glossy and rough surfaces, while the PEDOT-CNT coating showed 1.4 and 2.7 MPa,
respectively. The PEDOT-CNT fracture behaviour on glossy and rough surfaces suggests
that the adhesive glue went through the CNT web-like structure and adhered directly
with the GFRP sample, resulting in almost twice higher strength. This observation is also
supported by the high increase in electrical resistance during the metal holder glueing.
In contrast, the adhesion strength of MXene coating on both surfaces was similar, and
we could expect Mxene-MXene interaction to be the main factor, as was previously re-
ported [39]. In comparison, non-coated GFRP composite resulted in up to three times
higher adhesion strength than nanocoatings due to a strong epoxy—-epoxy interaction.

The electrical resistance dependence on substrate roughness is shown in Figure 3d.
Here, electrical resistance differs up to seven times for MXenes, and only three times for
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CNTs when comparing glossy and rough surfaces. These results suggest that CNTs can
easily deform and shape against the substrate without losing conductivity, while 2D MXene
flakes are less flexible.

3.3. Ambient Temperature and Flexibility

It is important to understand how the electrical properties of the coatings behave in
different ambient temperatures and under mechanical deformations during the exploitation.
In Figure 4, the electrical resistance changes in the —15-60 °C temperature conditions are
presented. In Figure 4a, MXene nanocoating shows a stable resistance increase at the ratio
of 1.2% per 10 °C. In contrast, PEDOT-CNT coating shows a decrease of 4.7% per 10 °C
(Figure 4b). Such behaviour of MXenes is similar to metals, while the opposite behaviour
of PEDOT-CNT is similar to carbon-based materials.

(b) 4
g
)
[
2
o
o
o
e
g
2
3
4
b MXenes 55 PEDOT-CNT
-15 15 30 45 60 -15 0 15 30 45 60
Temperature (°C) Temperature (°C)

Figure 4. Electrical resistance changes under the ambient temperature of: (a) MXene and (b) PEDOT-
CNT coatings.

Another important characteristic of de-icing heaters is the electrical resistance stability
during deformation. The resistance was monitored under three-point bending separately
for lower and upper surfaces, deforming under tension and compression, respectively
(Figure 5). In addition, the bending test included four cycles, each reaching ever higher
deflection values of 2, 3, 4, and 8 mm, resulting in flexural strain (¢) of 1, 1.5, 2, and 4%,
respectively. Tensiled MXenes showed a slight increase in resistance, while the values were
opposite under compression (Figure 5a). When the deflection was restored to 0 mm after
each cycle, the coating’s resistance did not return to the initial value, as was previously
reported [39]. In contrast, PEDOT-CNT coating returned almost exactly to the initial
resistance value after each cycle (Figure 5b). At ~3% compression strain, both coatings
showed a steep electrical resistance increase due to the initial cracking of the composite’s
top laminate, which together damaged the coating. However, MXene coating resulted
in a sudden resistance increase of 30% (not shown in Figure 4a), while PEDOT-CNT
coating resulted in only a 1.5% increase. Such results indicate that MXenes are adhered
to the substrate and will likely crack together with the surface fibres. The piezo-resistive
mechanism of MXenes is based on flake-to-flake conductivity loss. In contrast, PEDOT-CNT
coating is more flexible, and a web-like nanotube structure is expected to realign or deform,
and in such a way, the tube-to-tube conductivity is maintained. Despite the resistance
change due to ambient temperature or deformations, to perform the de-icing procedure
under the same power density, one can increase the applied voltage following Joule’s
first law.
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Figure 5. Resistance changes of tensiled and compressed surfaces under three-point bending at
different flexural strains of: (a) MXene and (b) PEDOT-CNT coatings.

3.4. Thermal Imaging and De-Icing

Thermal imaging was performed to check coatings integrity, temperature leaks in
high resistive areas, and de-icing efficiency. The heating performance of the coatings was
compared using the same power density (W/cm?). In Figure 6, thermal images after
continuous heating at room temperature for 300 s with 1.86 W are presented. In the
unidirectional CF sample, temperature concentrated near wire connections (Figure 6a),
which was caused by high resistivity differences between conductive PLA (0.15 Qm), silver
paint (10~7 Qm), and CF (107> Qm). Chopped CF coating showed similar behaviour
(Figure 6b), where non-uniformly heated areas appeared due to unevenly distributed CF
strands, with temperatures of up to 70 °C. In contrast, MXene nanocoating (Figure 6¢) did
not possess wire overheating due to the higher resistance of MXenes (245.9 ). Additionally,
the temperature accumulated in the middle of the sample, although the right side was
slightly colder due to hand-spraying defects. PEDOT-CNT coating shown in Figure 6d
resulted in the best temperature distribution, possibly caused by a web-like structure
and more coating layers. In addition, due to the high coating resistance of PEDOT-CNT
(3094 Q)), no wiring overheating was observed.

unidirectional CF chopped CF

”‘C) (d)
80
I
60
50
40
30
MXenes 20 PEDOT- CNT

Figure 6. Thermal imaging analysis under 1.86 W power and 300 s of: (a) unidirectional CF;
(b) chopped CF; (c) 5-layer MXene and (d) 8-layer PEDOT-CNT coatings.
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Joule’s heating (1.86 W, 300 s) is also studied along three linear sections named “Top,
Middle, Bottom”, and in the area (85 cm?) named “Box 1”7, shown in Figure 6a. Unidirec-
tional CF coating (Figure 7a) shows temperature concentrations at the edges of up to 55 °C,
while temperatures in the middle of the sample are relatively uniform and reach 29 °C. A
sample with chopped CF shown in Figure 7b follows a similar trend. Here, the temperature
at the wiring reached 68 °C and in the middle 31 “C. We can also notice temperature peaks
at the CF filament grid connections due to higher contact resistance. In contrast, MXene and
PEDOT-CNT coatings (Figure 7c,d) result in a more even temperature distribution along the
linear sections, scattering between 34 and 41 °C. However, PEDOT-CNT coating showed
smoother translation between individual data points, indicating better heat distribution in
web-like CNT structure than overlapping 2D MXene flake structure.
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Figure 7. Comparison of temperatures along three linear sections under 1.86 W and 300 s of:
(a) unidirectional CF; (b) chopped CF; (c) MXenes; (d) PEDOT-CNT; (e) average temperature results
of the coatings across the sample length under 1.86 W and 300 s; (f) average temperature increase
overtime under 1.86 and 7.44 W.

The average areal temperatures (Box 1) of all four coatings after 300 s under 1.86 W,
are compared in Figure 7e. The heat in unidirectional CF coating mostly accumulates at the
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sample sides, while the chopped CF sample shows a slightly improved heat distribution
but with more chaotic temperature jumps. In comparison, both MXene and PEDOT-CNT
nanocoatings produce more heat, with CNTs being slightly better. The average coating
temperature (Box 1) increases over time is presented in Figure 7f. Here, samples are addi-
tionally tested at four times higher power load (7.44 W) but shorter time—180 s, to avoid
wire overheating of CF coatings. The temperature results of unidirectional CF, chopped
CE MXenes, and PEDOT-CNT coatings are 40.6, 47.9, 53.7, and 58.9 °C, respectively. In
addition, the initial heating rate of the coatings is equal to 10.1, 16.3, 17.4, and 20.39 °C/min,
respectively. Such results suggest the difference in the coating’s efficiency, and when
comparing maximum temperatures achieved over the same time, MXenes outperform
traditional CF coatings by 84%, and PEDOT-CNT outperforms by 117%. The reason for
such results is the much smaller thickness of the nanocoatings and fewer heat losses in
the wires.

De-icing time of the coatings was evaluated under a 7.44 W power load. The de-icing
time, shown in Table 1, was recorded at the moment when ice detached from the vertically
positioned sample (Figure S5). A unidirectional CF coating was de-iced after 17 min when
most of the ice had melted. Such prolonged time was caused by several low-heated areas,
which kept the ice adhered. A similar issue appeared for chopped CF coating due to uneven
heat distribution, and it took 13 min for the ice to detach. For both MXene and PEDOT-CNT
coatings, the de-icing time was similar. At roughly ~5 min, the whole ice detached as one
piece. These results show that nanocoatings can offer faster de-icing and lower energy
consumption when compared to traditional CF-based heaters. With simple spray-coating
techniques, the nanocoatings could be easily integrated into the manufacturing process or
applied to existing composite structures already under exploitation. Due to their ultrathin
thickness of a few dozen nanometers, MXene or PEDOT-CNT nanocoatings could also be
considered for high-efficiency thermal heaters, e.g., in space applications.

Table 1. De-icing time of different coatings at the same power density of 0.088 W /cm (7.44 W).

Coating Type Resistance [(2] Heating Rate [°C/min] De-Icing Time [min]
unidirectional CF 21 10.1 171
chopped CF 13.4 163 13+1
5-layer MXenes 2459 17.7 5+05
8-layer PEDOT-CNT 3093.9 203 5+05

4. Conclusions

The characterisation of thickness and morphology was performed using AFM and
SEM, respectively. The results showed that using fully delaminated MXenes, a uniform
and highly conductive (1000 S/cm) nanocoating of up to 37 nm thickness can be obtained.

The coating’s adhesion strength and electrical properties were investigated on rough
and glossy surfaces of the composite. For MXenes, the resistance was up to seven times
higher on a rough surface than on a glossy, and only three times higher for PEDOT-CNT.
The adhesion strength between MXene and PEDOT-CNT was marginal.

The influence of ambient temperature on the coating’s electrical properties was anal-
ysed in the —15 and 60 °C range. MXene coating showed a stable electrical resistance
increase at the ratio of 1.2% per 10 °C, while PEDOT-CNT resulted in the opposite and
higher ratio—a decrease of 4.7% per 10 °C.

Under three-point bending, MXene coating’s electrical response was more sensitive to
deformation and resulted in a permanent resistance increase, while PEDOT-CNT coating
was more electrically stable and flexible.

Both MXene and PEDOT-CNT coatings resulted in uniform heat distribution through-
out the sample and showed no wire-overheating, which was observed in traditional carbon
fibre coatings. Additionally, the average coating temperature increase under the same
power density and time was 84% higher for MXenes, and 117% for PEDOT-CNT. There-
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fore, both nanocoatings resulted in up to three times faster de-icing when compared to
fibre-based coatings.

These results demonstrate that MXenes and PEDOT-CNT can be used as viable materi-
als for scalable and easily processable de-icing nanocoatings for fibre-reinforced composites.
Furthermore, the nanocoatings’ electrical properties and heating performance justify further
investigation of onsite testing with full-scale heaters.

Supplementary Materials: The following supporting information can be downloaded at: htitps:
//www.mdpi.com/article/10.3390/ma15103535/s1, Figure S1: Sandwich structured GFRP composite
samples coated with: (a) unidirectional CF; (b) chopped CF; (c) Ti3C,T, MXenes; (d) PEDOT-CNT;
Figure S2: Adhesion test setup; Figure S3: Three-point bending test setup; Figure S4: Thermal
imaging test setup; Figure S5: De-icing test: (a) ice formation in a —15 °C freezer (horizontal). De-
icing (vertically positioned sample) at room temperature under 7.44 W power of: (b) unidirectional
CF coating after 12 min of heating; (c) chopped CF coating after 7 min; (d) MXene coating after 1 min;
(e) a fully de-iced MXene coating after 5 min; (f) detached ice after 5 min of MXene coating.
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