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LIST OF ABBREVIATIONS AND TERMS 

Abbreviations 

AFM – atomic force microscopy; 
AR – aspect ratio; 
CF – carbon fibre; 
CNT – carbon nanotubes; 
d-Ti3C2Tz – delaminated MXenes; 
EMI – electromagnetic interference; 
FE – finite element; 
FRPC – fibre-reinforced polymer composite; 
GFRP – glass fibre-reinforced polymer; 
GP – graphenes; 
HCl – hydrochloric acid; 
LiCl – lithium chloride; 
LiF – lithium fluoride; 
m-Ti3C2Tz – 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; 
Ti3AlC2 – titanium aluminium carbide called MAX phase; 
Ti3C2Tz – titanium carbide nanoparticles called MXenes; 
Tz – 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, e.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 
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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 Ti3C2Tz 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. 
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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 [3]. However, the full potential of 
MXenes 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. 
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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. 

O2. Analyse mechanical properties of MXene-polymer NCs, pure MXene flakes and 
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. 

O3. 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 
MXene-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.  



10 
 

 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 [1, 4, 5]. 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% [6–11]. The electrical conductivity 
percolation threshold is roughly between 0.2–0.6 wt% with conductivity values of 
10 3–10 5 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% [12–16]. 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 10 2–10 3 
S/cm at ~1 wt%. High filler concentrations usually increase conductivity but tend to 
reduce the mechanical properties due to NP agglomeration [17]. 

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 [18–20]. 
However, large quantities of GP are still challenging to produce and require surface 
modification [21]. Meanwhile, MXenes naturally possess excellent hydrophilic 
properties and even higher electrical conductivity [22, 23].  

1.2. MXene synthesis and general properties 

MXenes are prepared from a ceramic precursor called MAX phase, constructed 
of 2D layered transition metal carbide/nitride atomic blocks Mn+1Xn bonded together 
by "A" layer, usually an aluminium [24, 25]. MAX phase particle shape varies from a 
complex polygon to an unsymmetrical rectangular with sizes of 1–10 m [26]. 
Selective etching of the Al layer from one of MAX phase materials Ti3AlC2 using HF 
results in Ti3C2Tz called MXene [27]. Such particles are mostly multilayered, 
interconnected structures, which often require further delamination procedures [28]. 
Another etching method is based on HCl and LiF, and during the synthesis, HF and 
LiCl are produced in-situ [29]. Throughout the synthesis, Li+ ions act as intercalants, 
increasing the atomic spacing between the MXene sheets and reducing van der Waals 



12 
 

forces [30]. 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 [31].  

The density of delaminated MXenes was estimated similarly to that of titanium, 
i.e., 3.7 g/cm3 [32]. After the delamination, MXenes contain surface functional groups 
(Tz), such as -O, -OH and -F [33]. These groups define the surface properties and make 
them hydrophilic. Therefore, MXenes can be dispersed in a polar solvent and various 
polymer matrices [34]. The size and thickness of MXene particles can differentiate 
depending on the precursor and the etching procedures [35, 36]. The NP's size is 
determined manually through scanning electron microscopy (SEM) and ranges 
between 1–5 m. 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 [37]. For some applications, such as yarn dyeing for smart-
textile development, the reduced sizes of MXene (150 nm) are required [38]. Thus, NP 
size reduction can be achieved with time and intensity-controlled ultrasonication 
methods [39]. 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-Ti3C2Tz) flake is equal to 0.98 nm, while non-delaminated multilayered (m-
Ti3C2Tz) flake ranges between 5–30 nm [40]. 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-Ti3C2Tz flakes range between 200–1,000 [41], with some new reports of 
ultra-large flakes with AR of 10,000 [42], while m-Ti3C2Tz sheets are between 17–100 
[43–45]. 

MXenes are relatively stable at high temperatures. The thermogravimetric 
analysis revealed that Ti3C2Tz decreased by 4–7% in weight at 700 °C [46]. Due to the 
layered nanostructure and good heat dissipation, MXenes showed promising results 
in fire-retardant coatings and aerogels [47, 48]. Despite thermal stability, MXenes 
possess natural oxidation to TiO2, which is mainly caused by hydrolysis [49, 50]. 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 [51]. 
Moreover, MXene oxidation depends on the solution type, humidity and stored 
temperatures [52]. High oxidation rates can be unacceptable for most applications. 
Therefore, the researchers try to improve MXene stability over the time with various 
methods [53]. 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 [52]. 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 [54]. The last and most common technique is to cover 
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MXenes with a thin polymer layer or add a small amount of compatible polymer to 
the mixture, preventing water and air molecules from penetrating [55]. 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 [55]. In contrast, the MAX phase 
shows much better oxidation stability and can be stored at room temperature, non-
sealed [56].  

MXenes, similar to GP, possess high absorbance in the UV spectrum [57, 58]. 
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 [59]. 
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-Ti3C2Tz 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 [60].  

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 [61]. 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° [62], while 
others reported much higher values for a vacuum-filtered film – 62° [63]. 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 [64]. Previous inverse modelling 
studies have successfully obtained GP's interfacial properties, thus supporting this 
technique [65]. 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 [66]. 
Few studies suggested a strong interaction between MXenes and polymeric matrices 
[67, 68]. Later, it was supported by MXene-coated aramid fibre, which interfacial shear 
strength increased by 3 times [69]. 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 [70–72]. One of the recent studies investigated the adhesion between 
Ti3C2Tz and SiO2 using a spherical tip of AFM [73].  

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 Ti3C2Tz Young's modulus of 502 GPa and 
tensile strength of 22 GPa [74]. Later, a nanoindentation study showed slightly lower 
mechanical properties with modulus and strength of 330 GPa and 17 GPa, 
respectively [75]. One research suggested that lower properties were caused by atomic 
defects and irregular structures [76] and was approved by MD nanoindentation 
simulation, which introduced artificial defects of 1% titanium and 10% carbon atoms 
inside the Ti3C2Tz flake, leading to the same results [77]. 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 [64, 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 [79]. 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 [80, 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 [82, 83]. However, recent FE simulations have shown that the alignment of 
MXenes can significantly increase the ultimate tensile strength [68]. 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 [84]. Furthermore, a similar strengthening effect was achieved with 
polymer-based NCs when 40 wt% of aligned MXenes improved PVA strength by 3 
times [67], while 40 wt% of randomly distributed MXenes increased Young's modulus 
and hardness of epoxy-based NCs by 2 times [85]. 

1.5. Electrical properties 

The electrical conductivity of pure Ti3C2Tz MXene flakes was estimated 
between 4600±1000 S/cm [39]. 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 [86]. The conductivity of MXene films and 
coatings ranges between 1,000–10,000 S/cm and depends on the surface groups, AR 
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of flakes, coating preparation type, purity and film thickness [87–89]. 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 [84]. Other types of MXene 
application, such as pure MXene nanofibres, produced by the wet-spinning assembly, 
reported 7,800 S/cm [41, 90], while dip-coated textile yarns with 77 wt% MXene loading 
reached 440 S/cm [91], and lastly, pure MXene aerogels exhibit only 0.87 S/cm at 
98.6% porosity [92].  

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 [93]; Ti3C2Tz/cellulose nanofibre composite paper with 90 wt% had 
0.739 S/cm [94]; 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 
MXenes tend to be several magnitudes lower. For example, few studies reported the 
percolation threshold of MXene/PAM at 6 wt% with the conductivity of 3·10 4 S/cm 
while at 75 wt% filler loading, the value increases to 3·10 2 S/cm [95]. MXene/epoxy 
NCs show a percolation threshold at ~0.85 wt% with 1.81·10 8 S/cm conductivity, 
while at 1.2 wt%, the values increase to 4.52·10 6 S/cm [96]. Although the electrical 
conductivity of NC is ten orders higher than that of pure epoxy resin 
(1.03·10 18 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 [97]. As a result, the composite 
structures suffer increased loads, excessive vibrations and harsh environmental 
conditions [98, 99]. The composites tend to degrade faster, experience early matrix 
cracking and interlaminar debonding, and eventually, the turbine's operation is 
disturbed [100, 101]. In 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 [104], casting [84], spray coating [105, 106] 
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 [109, 110]. Several 
numerical studies have shown how the electric resistance changes under nanoscale 
deformations using quantum tunnelling formulations [111, 112]. Furthermore, the piezo-
resistance of NP-based strain sensors is well explained by micromechanical FE 
modelling and theoretical predictions [113–115]. Moreover, several studies suggested that 
the piezo-resistivity of nanocoating depends on the surface morphology [116–118]. A 
study compared GP and MXene nanocoatings under the same tensile loading, and the 
results showed 4 times higher gauge factor for MXenes [119, 120]. Compared with GP 
nanocoating, a CNT-polymer NC resulted in up to 10 times lower sensitivity to 
deformations [121]. 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 [122].  

Water-based d-Ti3C2Tz are as well suitable for layer-by-layer coating 
technology, opening new possibilities for tailored coatings that are based on 
hierarchical NP combinations [123]. 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 [124, 125]. In comparison, m-Ti3C2Tz can be used in slightly different applications 
due to their unique multilayered and porous nanostructures. Successful results were 
obtained in pressure sensors [126, 127], supercapacitors [32, 128, 129], EMI shielding films 
[130–132] and solar cells [133]. Another positive feature of multilayers is the intercalation 
of ions and small molecules, which resulted in the energy density improvement of the 
batteries [134, 135], ultra-sensitive gas sensors [136–138] and humidity sensors [139]. 

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, 141]. Traditional metal and CF-based 
integrated heaters experience face-sheet debonding and are vulnerable to lightning 
strikes [142, 143]. Moreover, these systems consume actual turbine's power of 5–10% 
[144]. Therefore, the development of efficient and scalable de-icing nanocoatings based 
on Joule heating is of high interest [123]. 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  after 180 s and 10 V voltage [145]. In comparison, aligned 
CNT coating (6 m) resulted in 48 /min at a power density of 0.128 W/cm2 [146]. 
The GP-epoxy (12 wt%) de-icing coating resulted in 13.6 /min at 0.125 W/cm2 [147]. 
Even though Joule heating of MXenes was investigated only recently, Jia et al. 
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deposited Ti3C2 MXenes on wood-pulp fabric, which showed 63 /min at 
0.174 W/cm2 [148]. 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 

Ti3C2Tz MXenes were prepared from Ti3AlC2 with a <40 m particle size and 
>98 wt% purity (MRC, Kyiv, Ukraine). The etching solvents were 37 wt% HCl 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 DVM6, 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 = 0.4 N·m 1) and 0.5 Hz 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 K  source and a 400 m 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/m2 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 diiodomethane, 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 k  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/cm2 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 Ti3C2Tz 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 Ti3C2Tz 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 2–3·105 
quadrilateral elements (S4R), while 3D RVE models had a mesh of 5 nm and a total 
of 1–2·106 tetrahedral elements (C3D4). The damage criterion of Ti3C2Tz 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.e., 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. 
Zukien , G. Monastyreckis, S. Kilikevicius, M. Procházka, M. Micusik, M. 
Omastová, 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.  

 

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 Ti3C2Tz 
MXenes, comprehensive characterisation using XPS, AFM, SEM and surface 
wettability analysis. The aim of this study was to investigate the surface energy of 
Ti3C2Tz particles and measure interfacial adhesion between MXenes and 
thermosetting epoxy resin Bisphenol F-epichlorohydrin. 

MXenes were prepared from Ti3AlC2 MAX phase using HCl/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 (Tz), 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 
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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/m2), 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. 

 
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-
Ti3C2Tz) 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-Ti3C2Tz 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-Ti3C2Tz 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-Ti3C2Tz 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/ m, and shear energy release rate – 
3.8·10  

2 J/m2. 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; IF/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. 

 

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-Ti3C2Tz 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/cm2, 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 0º fibre angle were tested 
for 104 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-Ti3C2Tz 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 easily 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 

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. 

2. 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/m2. The work of 
adhesion value was obtained for 123.6 mJ/m2, suggesting high adhesion 
strength between MXene and epoxy. 

3. 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.  

4. A predictive analysis of NC's mechanical properties was performed, and the 
simulation results showed that Young'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.  

5. A parametric sensitivity analysis of nanoindentation showed that the 
thickness of the d-Ti3C2Tz 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/ m and shear energy 
release rate – 3.8·10 2 J/m2. 

6. 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 m. The electrical 
properties were higher with increased coating thickness and lower with a 
rougher substrate surface. 

7. 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. 

8. 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. 
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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 

Kompozitinės medžiagos pramonėje naudojamos jau beveik pusę amžiaus. Kai 
kuriose srityse šios medžiagos tapo ekonomišku metalų pakaitalu tradicinėse 
konstrukcijose. Pagrindiniai kompozitų privalumai yra lengvumas, antikorozinės 
savybės ir ilgaamžiškumas. Be to, naudojant kompozitų formavimo technologijas, 
galima gauti sudėtingų formų detales, o jų mechanines savybes galima tiksliai 
pritaikyti dėl pluošto anizotropinių savybių. Vienas geriausių kompozitinių 
konstrukcijų pavyzdžių yra vėjo jėgainių mentės, kurios pasižymi dideliu stiprumo ir 
svorio santykiu ir yra aerodinamiškos. 

Pagrindinė kompozitų pramonės tendencija yra sumažinti anglies dioksido 
pėdsaką visais konstrukcijos gyvavimo etapais – gamyboje, eksploatacijoje ir 
utilizavime. Tačiau pagrindinė problema yra ta, kad pramonė ir toliau naudoja 
tradicinius gamybos procesus, pagrįstus neperdirbamais pluoštu armuotais 
epoksidiniais kompozitais, o tai lemia didesnę taršą ir perpildytus sąvartynus. Todėl 
mokslininkai daugiausia dėmesio skiria naujos kartos kompozitinių medžiagų, kurios 
būtų tvarios, ilgalaikės ir pasižymėtų daugiafunkcinėmis savybėmis, tokiomis kaip 
savidiagnostika, kūrimui. Norint suteikti daugiafunkciškumo, gali pagelbėti naujos 
technologijos, grįstos nanodalelių (angl. nanoparticles, NP) panaudojimu, leidžiančiu 
pagerinti kompozitinių konstrukcijų ilgaamžiškumą. 

Naujausi medžiagų inžinerijos pasiekimai atvėrė greitą ir didelės apimties NP 
gamybą, kuri lėmė pigų komercinį prieinamumą. Pastarieji du dešimtmečiai 
daugiausia buvo skirti anglies tipo NP, tokių kaip grafenas ir anglies nanovamzdeliai 
(angl. carbon nanotubes CNT), tyrinėjimui. Buvo pastebėta, kad dėl didelio dalelių 
stiprumo ir nanoeilės matmenų kompozitų atsparumas nuovargiui padidėjo dėl 
mikroįtrūkimų sustabdymo. Taip pat, pritaikant šias NP, kompozitai įgijo elektrinį 
laidumą, kuris buvo tyrinėjamas savidiagnostikos tikslais. 2011 m. buvo atrasta 
visiškai nauja 2D NP grupė, pavadinta maksenu (angl. MXenes). Šios dalelės pasižymi 
technologiškai naudingomis savybėmis nanokompozitams (angl. nanocomposites, 
NC), tokiomis kaip metalinis laidumas, hidrofiliškumas ir puikios mechaninės 
savybės. Tačiau makseno pritaikomumas struktūriniams polimeriniams kompozitams 
dar nebuvo ištirtas. 

Viena iš pagrindinių nenustatytų savybių yra paviršiaus energija tarp makseno 
ir polimerų, kuri lemia gerą sukibimą. Taip pat neįvertintos adhezinės savybės, 
daugiasluoksnių dalelių homogenizuotos savybės ir tarpsluoksninis šlyties stiprumas. 
Be to, maksenas dar nebuvo pritaikytas deformacijų jutikliams ar nuledinimo 
dangoms pluoštu sustiprintuose polimeriniuose kompozituose (angl. firbre reinforced 
polimeric composites, FRPC). Todėl šio darbo poreikis remiasi inovatyvaus ir 
daugiafunkcio FRPC sukūrimu.  

Tyrimo tikslas – sukurti geromis mechaninėmis ir daugiafunkcinėmis savybėmis 
pasižymintį pluoštu sustiprintą polimerinį kompozitą, panaudojant elektrai laidžią 
nanomedžiagą makseną kompozito matricai modifikuoti ir jo nanodangoms. 
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Tyrimo siekiai (S) ir uždaviniai (U): 

S1.   Apib dinti makseno savybes. 
U1.1. Nustatyti atomin  sud t , dyd , stor  ir morfologij . 
U1.2. Ištirti vilgumo savybes, paviršiaus energij  ir adhezijos stiprum . 

S2. Išanalizuoti makseno-polimero NC, gryno makseno daleli  ir j  dang  
mechanines savybes, naudojant baigtini  element  (angl. finite element, FE) 
modeliavim . 
U2.1. Sukurti daugiaskal  homogenizavimo metodik , pritaikant 
reprezentatyvaus t rinio 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 iuojam j  makseno daleli  ir dang  nanoindentacijos bei 
tempimo modeliavim . 

S3.  Ištirti daugiafunkcines FRPC su elektrai laidžiomis nanodangomis savybes. 
U3.1. Sukurti dangos formavimo metodik  ir atlikti elektrini  savybi  bei 
morfologijos tyrimus. 
U3.2. Atlikti elektrinio jautrumo analiz  veikiant vairiomis aplinkos s lygomis. 
U3.3.   Ištirti dangos pjezovaržines savybes esant statin ms tempimo ir ciklin ms 
apkrovoms. 
U3.4. vertinti dangos nuledinimo efektyvum . 

Darbo naujumas 

Skaitiniais metodais ištirta makseno geometrini  parametr , pasiskirstymo, 
tarpsluoksnio stiprumo ir t rio dalies taka makseno-polimero NC mechanin ms 
savyb ms, o eksperimentiniais – paviršiaus šiurkštumo, temperat ros, UV 
spinduliavimo ir mechanini  deformacij  taka makseno nanodangos elektrin ms 
savyb ms. Šiame darbe taip pat buvo analizuojamos daugiafunkcin s makseno 
nanodang  savyb s, tokios kaip deformacij  jutimas ir šilimas. Pirm  kart  buvo 
paskelbti šie moksliniai rezultatai: 

 Nustatytos vilgumo ir paviršiaus energijos tarp makseno ir epoksidin s matricos 
vert s demonstruoja geras adhezines savybes. 

 Daugiasluoksni  makseno daleli  mechanin s savyb s yra kelis kartus mažesn s 
nei vienasluoksni . 

 Tarpfazini  sluoksni  tarp makseno ir epoksidin s dervos bei makseno ir 
polivinilo alkoholio (PVA) mechanin s savyb s yra ne mažesn s nei polimero 
savyb s. Tai patvirtina tiek vilgumo eksperimentai, tiek modeliavimo analiz . 

 Skaitin  analiz  rodo, kad makseno-polimero NC mechanin s savyb s labiausiai 
priklauso nuo NP išlygiavimo, kraštini  santykio (angl. aspect ratio, AR) ir t rio 
dalies. 
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 Adhezijos stiprumas tarp makseno ir epoksidin s dervos yra didesnis nei tarp 
gryno makseno daleli  pl vel se, tai patvirtinta tiek eksperimentiškai, tiek 
skaitiniais metodais. 

 Maksenu dengto FRPC bandymas in-situ, esant statin ms tempimo ir tempimo-
tempimo ciklin ms apkrovoms, atskleid  pjezovaržin  efekt  ir aukšt  keli  
nanometr  storio dang  pjezovaržinio stiprinimo koeficient . 

 Makseno nanodangos reaguoja  temperat r , dr gm , UV ir tiesioginius saul s 
spindulius, kurie gali tur ti takos pjezovaržin ms savyb ms. Ta iau toks 
jautrumas leidžia dang  naudoti kaip daugiafunkc  jutikl . 

 Naudojant makseno nanodangas nustatytas greitesnis ir efektyvesnis FRPC 
nuledinimas, palyginti su tradiciniais anglies pluošto šildytuvais. 

Praktinis pritaikomumas 

Moksliniai tyrimai ir gauti rezultatai gali b ti taikomi: 
 Kaip pradiniai duomenys naujoms mokslin ms paraiškoms, tyrin jan ioms 

daugiafunkcinius polimerinius nanokompozitus ir nanodangas. 
 Purškiam  ir spausdinam  deformacij  jutikliams ant didel ms kompozitin ms 

konstrukcijoms kurti. 
 Itin lengv  orlaivi , bepilo i  orlaivi , sraigtasparni  ir v jo turbin  men i  

nuledinimo nanodangoms kurti. 
 Ypa  plonoms nanodangoms, skirtoms elektronini  prietais  ir baterij  

temperat rai kontroliuoti ekstremaliose aplinkose. 

Autoriaus ind lis 

Autorius kartu su ekspert  pagalba prisid jo prie makseno nanodaleli  
sintetinimo. Taip pat iš dalies dalyvavo charakterizavimo tyrimuose pritaikant 
rentgeno fotoelektronin  spektroskopij  (angl. X-ray photoelectron spectroscopy, 
XPS), atomin s j gos mikroskopij  (angl. atomic force microscopy, AFM) ir 
skenuojam j  elektronin  mikroskopij  (angl. scanning electron microscopy, SEM), 
po kuri  buvo konsultuojamas d l duomen  interpretavimo bei aprašymo tikslumo. 
Su bendraautori  patarimais apie programin s rangos ypatumus ir skai iavimo 
metodikas didži j  dal  skaitin s analiz s autorius atliko savarankiškai. 
Konsultuodamasis d l rangos valdymo ypatum  ir standart  pritaikymo, autorius 
savarankiškai paruoš  visus bandinius ir atliko mechaninius eksperimentus, skaitant 
planavim , pasiruošim , testavim  ir duomen  apdorojim . Autorius taip pat buvo 
atsakingas už rezultat  analiz  ir interpretavim  bei j  vizualizavim . Doktorantas yra 
pirmasis trij  iš penki  publikacij  autorius ir antrasis dviej  publikacij  autorius. 
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Straipsni  apžvalga 

Straipsnio, pavadinimu „Wettability of MXene and its interfacial adhesion 
with epoxy resin”, tyrim  tikslas buvo ištirti Ti3C2Tz makseno nanodaleli  paviršiaus 
energij  ir vertinti adhezij  su epoksidine derva (užduotys U1.1 ir U1.2). Maksenas 
buvo susintetintas iš Ti3AlC2 „MAX“ faz s, naudojant HCl/LiF sdinimo metod  ir 
LiCl delaminacijos proced r . Makseno dangos buvo suformuotos merkiant 
substrat   makseno vandenin  tirpal  ir išdžiovinant, o 1 wt% (mas s dalies) makseno 
ir epoksidin s dervos NC buvo paruošti naudojant mechanin  maišym  ir 
vakuumavim . Makseno daleli  sud tis nustatyta naudojant XPS. Šie rezultatai 
parod  ger  aliuminio pašalinim  bei patvirtino paviršiaus funkcini  grupi  (Tz), toki  
kaip hidroksido, oksido ir fluoro, lemian i  geras hidrofilines savybes, atsiradim . 
Dang  storis ir šiurkštumas buvo išmatuotas naudojant AFM. Makseno vilgumo 
savyb s, paviršiaus energija ir adhezijos darbas buvo vertintas matuojant polinius ir 
nepolinius skys i  vilgumo kampus. Vilgumas pager jo naudojant storesnes dangas 
d l makseno hidrofiliškumo ir nanostrukt ros morfologijos. Dešimties sluoksni  
dangos paviršiaus energija siek  64,48 mJ/m2, o epoksidin s dervos su 1 wt% 
atsitiktinai paskirs iusi  daleli  adhezijos darbas buvo lygus 123,6 mJ/m2. Tokie 
rezultatai  lemia ger  paviršiaus adhezij  tarp makseno ir epoksidin s dervos. Taip pat 
ši  prielaid  patvirtina ir kompozito l žio paviršiaus vaizdai, gauti iš SEM analiz s. 
Šiame straipsnyje pateikti rezultatai rodo, kad maksenas gali pagerinti polimero 
mechanines savybes, tokias kaip stiprumas, standumas ir atsparumas nuovargiui. 
Tod l kitoje publikacijoje toliau nagrin jami makseno tarpsluoksnis stiprumas ir NC 
mechanini  savybi  priklausomyb  nuo skirtingo daleli  kiekio, geometrijos bei 
kryptiškumo, naudojant FE modeliavim . 

Straipsnio, pavadinimu „Micromechanical modeling of MXene-polymer 
composites”, tyrim  tikslas buvo sukurti tinkam  metodik , pagr st  FE 
homogenizacijos principais, skirt  makseno-polimero NC tamprumo ir stiprumo 
savyb ms bei strukt riniams pažeidimams prognozuoti (užduotys U2.1 ir U2.2). 
Makseno daleli  geometrija ir pasiskirstymas RVE modeliuose buvo sugeneruotas 
naudojant DIGIMAT, o FE tempimo modeliavimas buvo atliktas naudojant ABAQUS 
CAE programin  rang . Homogenizuoto daugiasluoksnio makseno tamprumo 
modulis buvo vertintas naudojant PUC model . Kintamos tarpsluoksnio savyb s buvo 
naudojamos sukibimo stiprumui tarp makseno ir polimerin s matricos vertinti, 
pritaikant atvirkštinio modeliavimo metod . 2D ir 3D RVE modeli  skai iavimo 
kalibravimas buvo atliktas atsižvelgiant  statinio tempimo eksperimentinius 
rezultatus, esant PVA NC su išlygiuotomis dalel mis, bei epoksidin s dervos NC su 
atsitiktinai pasiskirs iusiomis dalel mis. Abiej  NC tarpsluoksnio stiprumo savyb s 
buvo prilygstan ios j  matricoms. Delaminuot  maksen  AR vert s buvo gautos tarp 
25–31,25, o homogenizuotas tamprumo modulis tarp 22–66 GPa. Po kalibravimo 
buvo atlikta išsami skai iuojamoji analiz , leidusi nustatyti NC mechanines savybes, 
esant vairiems kintamiesiems. Modeliavimo rezultatai parod , kad tamprumo 
modulis ir stiprumas tempiant padid jo d l didesnio AR, užpildo kiekio ir daleli  
išlygiavimo. Esant makseno NC su 30 vol% užpildu (t rin s dalies), tamprumo 
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modulis padid jo 8,4 kartus, o stiprumas – 1,91 karto. Rezultatai rodo, kad išlygiuotos 
dalel s turi daug didesn  poveik  polimero mechanin ms savyb ms nei atsitiktinai 
pasiskirs iusios. Daleli  išlygiavimas taip pat suteikia NC pl vel ms ir dangoms 
didel  elektrin  laidum , kuris svarbus kuriant daugiafunkcinius kompozitus. Tod l 
kitoje publikacijoje nagrin jamos pavieni  makseno daleli  bei j  dang  mechanin s 
savyb s, pritaikant FE modeliavim . 

Straipsnio, pavadinimu „Deformation and Failure of MXene Nanosheets”, 
tyrim  tikslas buvo sukurti FE model , kuris leist  vertinti delaminuoto makseno 
šlyties stiprum , standum  ir šlyties energijos išsiskyrimo koeficient  (užduotis U2.3). 
Skai iavimo analiz  buvo atlikta naudojant LS-Dyna programin  rang . Modeliui 
kalibruoti pagal eksperimentinius rezultatus buvo naudojamas atvirkštinio 
modeliavimo metodas. tempi  ir deformacij  kreiv s buvo gautos iš reakcijos j g  ir 
modelio mazg  poslinki . Pirmiausia buvo atlikta parametrin  jautrumo analiz  pagal 
eksperimentinius duomenis. Rezultat  atitikmuo buvo pasiektas su padidintu dalel s 
storiu (nuo 0,98 iki 1,1 nm) arba padidintu tamprumo moduliu (nuo 333 iki 380 GPa). 
Modelyje makseno tarpusavio adhezija buvo apibr žta sukibimo ir atskyrimo j gos 
d sniu (angl. traction-separation law). Geriausiai eksperimentinius rezultatus 
atitinkanti modeliavimo kreiv  buvo gauta naudojant šiuos parametrus: 
tarpsluoksninis šlyties stiprumas – 2,2 MPa, santykinis standumas – 0,26 GPa/ m ir 
šlyties energijos išsiskyrimo koeficientas – 3,8·10 2 J/m2. Po kalibravimo buvo atlikta 
tempimo simuliacija su didžiausiu teoriniu daleli  persidengimo ilgiu (50%) ir buvo 
gautas du kartus padid j s pl vel s stiprumas ir tr kimo deformacija, standumas 
padid j s 40%. Rezultatai rodo, kad dang  mechanin s savyb s labiausiai priklauso 
nuo tarpsluoksninio šlyties stiprumo ir daleli  AR, kurie lemia didesn  persidengimo 
plot . Šiame darbe gauti mechaniniai parametrai gali b ti naudojami tolesnei 
skai iavimo analizei, tirian iai daugiafunkcines nanopl veles ir dangas. Tod l kitoje 
publikacijoje pagrindinis d mesys skiriamas pjezovaržini  makseno savybi  
tyrimams, kurie leist  steb ti kompozito deformacijas ir pažeidimus. 

Straipsnio, pavadinimu „Strain Sensing Coatings for Large Composite 
Structures Based on 2D MXene Nanoparticles”, tyrim  tikslas buvo sukurti lengvai 
formuojam  makseno daleli  dang , kuri gal t  aptikti mažas deformacijas, b dingas 
pluoštu armuotiems kompozitams (užduotys U3.1, U3.2 ir U3.3). Plazma apdoroti 
padidinto vilgumo epoksidiniai bandiniai ir stiklo pluoštu armuoti polimeriniai (angl. 
glass fibre reinforced polymer, GFRP) kompozitai buvo padengti vandeniniu 
delaminuot  makseno daleli  tirpalu purškiant. Dangos morfologija ir šiurkštumas 
buvo charakterizuoti naudojant skaitmenin  optin  mikroskop  ir SEM. Elektrinis 
jautrumas buvo analizuojamas atsižvelgiant  temperat ros poky ius, UV poveik  ir 
nat rali  oksidacij . Temperat ros poveikis elektrin ms savyb ms buvo nedidelis, o 
UV spinduliuot s (301–365 nm) – daug didesnis, ir, esant paviršiaus galios tankiui 
7 mW/cm2, dangos varža sumaž jo 22,7%. Buvo atlikti makseno dangos adhezijos 
testai, kurie parod  2,14 MPa stiprum . Panaš s rezultatai buvo gauti antroje 
publikacijoje, kurioje maksen  tarpsluoksninis šlyties stiprumas buvo lygus 2,2 MPa. 
Dangos elektrinis jautrumas deformacijai buvo ištirtas ant lygi  ir šiurkš i  pavirši . 
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Rezultatai parod , kad pjezovaržinis jautrumas priklauso nuo šiurkštumo dydžio ir 
krypties, ir yra didžiausias esant statmenam apkrovai šiurkštumui. 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), pasižym jo 16,25% negr žtamu elektrin s 
varžos padid jimu po 21650 apkrovimo cikl . GFRP bandiniai su 0º armavimo 
kryptimi buvo apkrauti 10000 cikl  su skirtingomis amplitud mis. Dangos negr žtama 
elektrin  varža padid jo 1,8 karto, ta iau jutimas apkrovai buvo stabilus ir priklaus  
nuo jos dydžio. Rezultatai parod , kad makseno dalel s gali b ti pritaikytos itin 
plonoms sensorin ms dangoms, jau ian iomis deformacijas ir pažeidimus. Kita 
publikacija tiria tolimesn  tokios dangos pritaikomum  daugiafunkcin ms savyb ms, 
tokioms kaip kompozito šilimas bei ledo atitirpinimas.  

Straipsnio, pavadinimu „Scalable MXene and PEDOT-CNT Nanocoatings 
for Fibre-Reinforced Composite De-Icing”, tyrim  tikslas buvo sukurti efektyvi  ir 
itin plon  nanodang , skirt  ledo atitirpinimui nuo kompozitini  konstrukcij  
(užduotys U3.1, U3.2 ir U3.4). Šiame tyrime buvo analizuojamos tradicin s anglies 
pluošto dangos (vienkrypt s ir smulkintos) ir makseno daleli  bei poly(3,4-
ethylenedioxythiophene) su CNT užpildu (PEDOT-CNT) nanodangos. AFM ir SEM 
analiz  buvo naudota dangos storiui ir morfologijai vertinti. Penkis kartus užpurkšt  
makseno dang  elektrinis laidumas buvo lygus 1000 S/cm, esant ~40 nm storiui, o 
PEDOT-CNT danga buvo apie 25 kartus mažiau laidi ir 5 kartus storesn . Nustatytas 
iki 7 kart  didesnis abiej   dang  laidumas ant lygaus paviršiaus negu ant šiurkštaus. 
Taip pat buvo atlikti dang  jautrumo ir lankstumo tyrimai esant tritaškiui lenkimui. 
Makseno danga pasižym jo didesniu pjezovaržiniu jautrumu ir negr žtamu elektrin s 
varžos poky iu, o PEDOT-CNT danga buvo mažiau jautri, bet lankstesn  esant 
ciklinei apkrovai. Šiluminis išsiskyrimas, remiantis Džaulio pirmu d sniu, dangose 
buvo stebimas naudojant infraraudon j  spinduli  kamer . Abi nanodangos 
pasireišk  tolygiu šilumos pasiskirstymu, o tradicin s anglies pluošto dangos šilo 
netolygiai. Palyginti su tradicin mis dangomis, vidutin  makseno nanodangos 
temperat ra esant tokiam pa iam galios tankiui ir laikui buvo 84% didesn , o PEDOT-
CNT dangos – 117% didesn , tod l abi nanodangos l m  iki trij  kart  greitesn  ledo 
atitirpinim . Tyrimo rezultatai rodo, kad šios lengvai formuojamos nanodangos 
užtikrina greitesn  ir efektyvesn  ledo atitirpinim  ir gali b ti pritaikomos naudojant 
dideles kompozitines konstrukcijas, tokias kaip v jo j gaini  ment s, nepridedant 
papildomo svorio konstrukcijai. 

Išvados: 

1 Makseno nanodaleli  charakterizavimas atliktas naudojant XPS, AFM ir SEM. 
Atomin  sud tis parod  ger  aliuminio iš sdinim  bei paviršiaus funkcini  grupi  
atsiradim . Nustatyta nanodaleli  morfologija, o išmatuotas dalel s storis prilygo 
1,1 nm. 

2 Makseno vilgumo savyb s vertintos matuojant polini  ir nepolini  skys i  
vilgumo kampus. Priklausomai nuo dangos sluoksni , paviršiaus energija buvo 
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gauta tarp 47,98–64,48 mJ/m2. Adhezijos darbas buvo 123,6 mJ/m2, o tai rodo ger  
adhezijos stiprum  tarp nanodaleli  ir epoksidin s dervos. 

3 Naudojant 2D PUC ir 3D RVE modelius, buvo sukurta daugiaskal s 
homogenizacijos metodika, paremta atvirkštinio modeliavimo technikomis. Buvo 
gautos šios homogenizuotos daugiasluoksni  makseno daleli  mechanini  savybi  
ribos: AR – nuo25 iki 31,25; tamprumo modulis – nuo 22 iki 66 GPa. Buvo tirtas 
tarpsluoksnio stiprumas tarp makseno ir epoksidin s dervos ir PVA, rezultatai 
parod , kad tarpsluoksnis pasižymi tomis pa iomis mechanin mis savyb mis, kaip 
ir matricos. 

4 NC prognozuojamoji mechanini  savybi  analiz  parod , kad tamprumo modulis 
ir stiprumas did ja esant didesniam AR, užpildo kiekiui ir nanodaleli  
išlygiavimui. Pavyzdžiui, naudojant 30 vol% išlygiuot  nanodaleli , NC 
tamprumo modulis padid ja 8,4 kartus, o stiprumas – 1,91 karto. 

5 Nanoindentacijos parametrin  jautrumo analiz  parod , kad delaminuotos 
makseno dalel s storis turi b ti padidintas nuo 0,98 iki 1,1 nm arba tamprumo 
modulis nuo 333 iki 380 GPa. Atliekant skaitin  tempimo modeliavim , gauti šie 
parametrai: tarpsluoksninis šlyties stiprumas – 2,2 MPa, santykinis stiprumas – 
0,26 GPa/ m ir šlyties energijos išsiskyrimo koeficientas – 3,8·10 2J/m2. 

6 Sukurta purškimo dengimo ir paviršiaus modifikavimo metodika. Makseno dangos 
charakterizavimas atliktas naudojant skaitmenin  optin  mikroskop , AFM ir SEM. 
Apskai iuotas dangos storis lygus 37 nm, o dalel s dydis svyruoja tarp 2–6 m. 
Elektrin s savyb s buvo gautos didesn s padid jus dangos storiui ir mažesn s, kai 
pagrindo paviršius buvo šiurkštesnis. 

7 Atlikti makseno nanodangos adhezijos bandymai ir gauti 1,5–2,1 MPa tempiai. 
Oksidacija buvo vertinta 1 m nesio laikotarpiu. Naudojant epoksidine derva 
dengt  makseno dang , buvo gauta 3,7 karto mažesn  oksidacija. Taip pat buvo 
vertintas dangos elektrinis jautrumas temperat rai, UV spinduli  poveikiui ir 

lenkimui. 
8 Makseno dangos pjezovaržinis jautrumas buvo gautas esant statin ms tempimo ir 

ciklin ms apkrovoms. Po 10 000 cikl  dangos elektrin  varža negr žtamai 
padid jo 1,8 karto, ta iau reakcija  apkrov  buvo stabili,  ir pagal pasikeitusias 
elektrines vertes apkrovos metu buvo galima nustatyti bandinio deformacijas.  

9 Džaulio principu kaitinama makseno danga buvo ištirta naudojant terminio vaizdo 
kamer  ir išbandytas pritaikomumas kompozit  ledui atitirpinti. Palyginti su 
tradicin mis anglies pluošto dangomis, vidutin  makseno nanodangos temperat ra 
esant tokiam pa iam galios tankiui ir laikui buvo 84% didesn , ir tai l m  iki trij  
kart  greitesn  ledo atitirpinim . 
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