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ABSTRACT: Epoxy resins have been extensively used in a wide range of industrial applications owing to
their superior properties like good electrical insulation, adhesiveness and high mechanical strength. They
have moderate viscosity and curing temperatures lower than 200 °C, thus have been ideal candidates for
protective coatings in electronic, aerospace and marine industries. In order to combine superior properties
of epoxy with enhanced mechanical strength for bulk, structural applications, various nanomaterials
including clays and graphite have been incorporated into epoxy resins. However, sufficient level of
enhancement in mechanical strength and thermal resistance could not be provided due to excessive
agglomeration of nanosized particles. Agglomeration limited the wettability of particles by the monomer,
leading to decreased polymerization efficiency at the polymer-reinforcer interface. In this study, the
aluminum layer in TisAlC. (MAX (312); ternary carbides), was chemically etched leaving a layered
structure possessing graphene-like electrical conductivity (TisCz) with good mechanical strength. Both,
MAX and MXene were incorporated into epoxy monomer at identical ratios. The incorporation of TisC2
layers resulted in disappearance of (002) peak in XRD analysis. This indicated the delamination of MXene
layers inside epoxy matrix. The glass transition temperature (Ts) of epoxy shifted from 175 to 180 °C and
183 °C by 4 wt. % incorporation of MAX and MXene respectively. The microhardness increased from 18.9
+ 1.8 to 27.5 £ 5 when 4 wt. % MXene, and to 20.6 £ 2.9 when 4 wt. % MAX incorporated. This study
indicates that it is possible to produce highly reinforced MXene/epoxy composites and use them in
structural applications while the agglomeration is prevented.
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TisA1C2/TisC2 Katkilanmis Epoksi Kompozitlerinin Uretimi

OZ: Epoksi recineler, iyi elektrik yalitimi, yiiksek yapiskanlik ve mekanik mukavemet gibi {istiin
Ozellikleri sayesinde endiistride genis bir uygulama yelpazesinde yaygin olarak kullanilmaktadir. Orta
derecede viskoziteye ve 200 °C' nin altinda kiir sicakligina sahiptirler. Boylece elektronik, havacilik ve
denizcilik endiistrilerinde koruyucu kaplamalar i¢in ideal adaylardir. Epoksinin iistiin 6zelliklerini yiiksek
mekanik mukavemet ile birlestirerek yapisal uygulamalarda kullanabilmek icin killer ve grafit gibi gesitli
nanomalzemeler ile desteklenmistir. Bununla birlikte, nano-boyutlu yapilarin agir1 topaklanmasi
nedeniyle mekanik 6zellikler ve 1s1l dayaniminda yeterli artis saglanamamistir. Topaklanma pargaciklarin
monomer tarafindan 1slatilabilirligini sinirlandirarak polimer matris ile destek parcaciklari ara yiiziinde
polimerlesme verimini diistirmiistiir. Bu ¢alismada, TisAlC2 (MAX 312) yapisinda bulunan altiminyum
(Al) tabakasi daglanarak grafen benzeri iletkenlige sahip 2-boyutlu TisC: tabakalar1 (MXene) elde
edilmistir. Her iki yapi, MAX ve MXene, esit oranlarda epoksi monomerine katkilanarak
polimerlestirilmistir. mL- (¢ok tabakali) MXene katkilanan numunelerin XRD analizlerinde (002) pikinin
kayboldugu goriilmiistiir. Bu durum, MXene tabakalarinin delamine oldugunun gostergesidir. Ag. %4
oraninda MAX ve MXene katkilandiginda epoksinin cam gegis sicakligr (Tg) 173 °C'den sirasiyla 180 ve
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183 °C’ye yiikselmistir. Ag. %4 oraninda MXene katkilandiginda epoksi mikrosertligi 18,9 £ 1,8 HV’den
27,5 + 5 HV’e, Ag. %4 oraninda MAX katkilandiginda ise 20,6 £ 2,9 HV’e yiikselmistir. Bu ¢alisma
topaklanmanin onlenerek, yiiksek katkili MXene/epoksi kompozitlerinin iiretilebilecegini ve yapisal
uygulamalarda kullanilabilecegini gostermektedir.

Anahtar Kelimeler: Tabakali karbiir, epoksi, MAX, MXene, kompozit

INTRODUCTION

Epoxy resins are thermosetting polymers which contain two or more epoxide groups in their structure
(Jin, Li, and Park 2015; May 1987). They can be produced via heat or light curing reactions using a broad
range of curing agents (Jin, Li, and Park 2015). Until recently, owing to their low cost, ease of
processability, adhesiveness, electrical insulation and thermal resistance, they have been used in various
industrial applications including production of hardware components like integrated circuits, transistors
or capacitors and as general-purpose protective coatings or structural glues in automotive, aerospace and
marine applications (Liu et al. 2018; Wang et al. 2016).

Incorporation of inorganic particles such as nanoparticles, fibers, nano-clays and graphene
toughened epoxy resins by particle bridging, crack path deflection and pinning mechanisms (Kumar and
Roy 2018; Wang, Jin, and Song 2013; Li et al. 2017; Poonpipat et al. 2017; Yousri, Abdellatif, and Bassioni
2018). However, as the content of reinforcing fillers increased to enhance mechanical properties further,
dispersion problems arose. Researchers showed that small amount of nano fillers could provide similar
mechanical strength to that of conventional micro/macro fillers (usually required >10 wt. %) provided at
higher ratios (Yousri, Abdellatif, and Bassioni 2018). Then by incorporating nanofillers, larger amount of
particle surfaces could be wet by the epoxy monomer, leading to decrease in cured polymer chain mobility
under stress. Accordingly, the thermomechanical properties were notably enhanced.

Among various nanofillers, influence of incorporating clays (Laouchedi, Bezzazi, and Aribi 2017) and
carbonaceous materials (Choi 2013) (carbon fibers, graphite, graphene layers, etc.) into epoxy matrix were
one step ahead. As clay layers were incorporated, they were dispersed in the matrix and monomer could
wet the surfaces between the layers. The incorporation of clay (i.2 montmorillonite) layer stacks
(intercalative) limited the mobility of polymer chains and led to increase in thermomechanical
performance, dimensional stability, toughness and stiffness (Souza et al. 2014). Carbon fibers with high
strength were incorporated into epoxy and composites were usually used more extensively in structural
applications due to their superior specific stiffness and strength properties (Choi 2013). However, the
entanglement of fibers, thereby aggregation in the matrix was a notable problem that needed to be
addressed. Carbon nanotubes, having a nanoscale morphology combined with good conductivity, were
also used for the reinforcement of epoxy. Similarly, they showed low dispersibility and weak mechanical
interlock at the tube-epoxy matrix interface (Sowichai et al. 2012; Prolongo et al. 2013). Graphene,
atomically thin layers of carbon, has superior surface area (2630 m?/g) and thermal conductivity (5000
W/m*s) (Rao et al. 2009; Kausar, Anwar, and Muhammad 2016). Owing to its good thermomechanical
performance, epoxy/graphene composites were also produced. However, graphene layers started to
aggregate in epoxy after 2 wt. % incorporation. It has been stated by many researchers that it is not possible
to disperse graphene platelets in polymers including epoxy, without applying chemical functionalizations
(Xu et al. 2012; Atif, Shyha, and Inam 2016; Radovic et al. 2011). In this regard, the need for epoxy
nanofillers which allow for high loading percentages without agglomeration and provide clay
morphology with carbon-like properties was undeniable.

MAX phases (Mn+1AXn, n=1,2 or 3) are a large family of layered, hexagonal early-transition-metal
carbides/nitrides, in which M denotes for an early transition metal, A for an A-group (13 and 14) element
and X for carbon (C) or nitrogen (N). MAX phases are ideal fillers for developing mechanically strong
structural polymer matrix composites. They are elastically stiff and electrically and thermally conductive.
They combine ease of machinability with excellent mechanical properties, especially at high temperatures
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(>1000 °C) MXenes, on the other hand, are a large family 2 dimensional (2D) carbides/nitrides which are
derived from MAX phases through wet chemical etching of A layer (Anasori, Lukatskaya, and Gogotsi
2017). They possess excellent electrical conductivity, a clay-like texture when intercalated with water and
small ions, opening the door for a wide range of applications including molecular delivery and structural
composites (Barsoum, 2013).

MXenes exhibit graphene-like electrical performance and layered morphology like clays, allowing to
combine advantageous properties of graphene and clays. Compared to graphene, they offer wider range
of properties on account of their surface terminations formed during or after etching. When incorporated
in epoxy and well-dispersed, -OH, -O, -F terminations (Tx) can provide different properties and/or a strong
mechanical interlock at the matrix-filler interface simultaneously. As the most commonly investigated
MXene, TisC2-(Tx), has proven its electrical performance comparable to graphene, which is strongly related
to its surface terminations (Anasori, Lukatskaya, and Gogotsi 2017).

Many critical questions related to epoxy-filler interface are required to be answered. Comparing
the interface behavior of a strong carbide material at bulk and layered morphologies can be the first step
to understand the influence of interface morphology on structure and to deliver enhanced
thermomechanical behavior (Zaman et al. 2015). In this respect, this study involves the production of
TisC2 MXenes through well-known lithium fluoride/hydrogen chloride (LiF/HCI) etching procedure
from MAX phases. As-prepared etched powders were composed of Ti-C octahedral layers which were
held into each other from one side, forming an accordion-like shape. This type of structure was referred
to “multi-layered” (mL-) TisCo. mL-TisC2 particles were incorporated into epoxy matrix, structural
properties, thermomechanical behavior and hardness of the composites were tested and compared with
neat and TisAlC2 (MAX) incorporated epoxy.

This study is the first report to investigate and compare the microstructure and
thermomechanical properties of TisAIC2 and TisC2Tx incorporated epoxy composites. It shows that
viscous epoxy resins can be reinforced with mL- TisCoTx and form exfoliated composites without
agglomeration of the TisC2Tx layers in the epoxy matrix. Moreover, a scalable method combining mL-
MXene washing, filtering and drying is reported for the first time in literature. The total time used for 2
g of MAX was 40 min at the longest, whereas it takes 100-120 min when centrifugal washing was
performed.

MATERIALS AND METHODS

Synthesis of TisAlCz (MAX)

The typical route for the production of TisAlC: particles were described previously (Ghidiu et al. 2014)
(Naguib et al. 2011). Typically, commercially provided Ti2AlC and TiC powders were dry-mixed at
stoichiometric ratio (1:1, molar) for 24 h using ball mills. After that, this powder mixture was sintered at
1350°C for 2 h under argon atmosphere. The sintered bulk sample was crushed, powdered and sieved to
200 mesh.

Etching of TisAlC2

In MAX phases, M-A bonds are chemically more reactive than M-X bonds, so that it is possible to
leach Al layers between Ti-C layers (Poonpipat et al. 2017). For selective etching of Al layers, a well-
understood etching method of MAX phases was followed (Ghidiu et al. 2014). TisAlCz particles were
poured into a LiF (Alfa Aesar) dissolved acidic aqueous solution. Typical etching solution contained 20
mL of aqueous HCI (6M). As LiF powders were dissolved completely in the acidic solution, TizAIC:z
particles were added. The LiF: TisAlC2 molar ratio was kept as 1:5. The solution was stirred at ambient
conditions (2543 °C, 1 atm). Then, etching reaction was performed at 40 °C for 24 h under continuous
stirring at 500 rpm. After the reaction was complete, the etched powders were separated from the acidic
solution and washed using a vacuum-operated Buchner funnel system. In a typical washing procedure,
20 mL of etched solution was poured onto the filter paper (0.22 pm) placed in the Buchner funnel. First,
the acidic liquid was separated from particles by vacuuming. The precipitates were collected on the filter
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paper inside the funnel. Then, 250 mL of distilled water was poured inside the funnel in 50 mL volumetric
parts (5x) and each 50 mL solution was refiltered for 5 min. Then, identical procedure was repeated for
100 mL of ethanol (99 %, 2x). After washing was completed, particles were vacuum-filtered until the
supernatant pH reached 7.0 (220 min) and completely dried. Then, the particles were kept under vacuum
until use. Using this simple, funnel washing strategy eliminated the centrifuging step and provided faster
washing and separation of precipitated mL-TisC:Tx directly from the remaining acid solution and
unwanted by-products.

Production of TisAlC2/mL-TisC2 Embedded Epoxy Composites

In a typical composite preparation procedure, certain amounts of TisAlC2 and TisCz particles (Table 1)
were added into 8 g of EPON 828® and mixed in a centrifugal mixer (Thinky® ARE-250) for 10 min at
2000 rpm, followed by 5 min of degassing. After homogeneous mixture was obtained, 2.24 g of PACM®
(Amicure, bis-(p-aminocyclohexyl) methane) was added into the mixture and further mixed for 20 min at
2000 rpm, without degassing. The mixture was then transferred to the rubber mold and cured at 95 °C for
2 h, post cured at 160 °C for 2 h. Heat curing was performed under atmospheric conditions.

Characterization and Testing

Powder X-ray diffraction (XRD) analysis was performed on TisAlC2 and TisCz particles and on
MAX/MXene composite formulations given in Table 1. Prior to analysis, composites were ground to 200
mesh powders. XRD analyses were carried out by Rigaku X-ray diffractometer (Rigaku SmartLab®,
Drexel University) in Bragg-Brentano mode using monochromatic Cu K-alpha rays (1.54056°A). The scan
step was 0.04°/s and the powders were scanned at 2 theta of 5-65° at 1 s/° resolution.

TisAlCz, TisC2 particles and cross section surfaces of TisAlC2/TisC2 embedded epoxy composites were
analyzed using scanning electron microscope (SEM, Zeiss Supra 50VP ®with EDS (Oxford), Drexel
University). The operating voltage was 10 kV and samples were coated with 10 nm of platinum before
analysis.

Thermomechanical strength of the TisAlCz/TisC2embedded epoxy composites was tested using single
cantilever measurement DMA system (TA Instruments®, Drexel University) with a heating rate of
5°C/min. Each sample was heated up to 300 °C.

A Vickers microhardness tester (AOB Test Systems®, Gaziantep University) was used to evaluate
hardness of composites. Prior to tests, the surfaces were manually ground using 600 and 1000 grit SiC
papers. In each test, 40 measurements were performed on top and bottom surfaces (20 per each surface)
using 1 kg load with 10 s dwell time.

Table 1. MAX and mL-MXene reinforced composite formulations

. . Reinforcer/
Compaie ZZPACM T”(‘;)ICZ T(‘;(;z EPON 828
(wt. %)
Neat Epoxy - - -
MAX-1 0.04 - 0.4
MAX-2 0.21 - 2
MAX-3 8.0/2.24 0.43 - 4
ML-1 - 0.04 0.4
ML-2 - 0.21 2

ML-3 - 0.43 4
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RESULTS AND DISCUSSION

Structural Analysis of MAX and MXene

In Figure 1a, XRD pattern of TisAlC: (before etching, MAX) is shown with that of mL-TisCz particles
(after etching, mL-MXene). TisAlCz2 and mL-TisC2morphologies are shown in Figure 1b-c. TisAlC2 (MAX)
exhibited typical diffraction peaks at 9.52°, 19.00°, 34.12°, 35.03°, 36.72°, 38.98°, 41.66°, 48.41°, 56.41° and
60.80° corresponding to (002), (004), (101), (102), (103), (104), (105), (107), (109) and (1010) crystallographic
planes, respectively (JCPDS #01-074-8806). After etching of the Al layers from the MAX structure, almost
all of the (h0l) peaks disappeared as also observed by the previous researchers (Ghidiu et al. 2014). The
intensity of (00l) peaks diminished/disappeared and a new, intense peak at 6.53° formed. TisAlC: is
composed of Al layers, which are sandwiched between the octahedral TisC2 layers. The diffraction of
crystalline (00]) planes in the XRD pattern corresponds to the presence of these octahedral layers. As Al
layers in MAX phase were eliminated by etching, the interplanar (d-) spacing between TisC: layers
increased, leaving an accordion-like morphology as shown in Figure lc. This separation of layers is
reflected to the XRD pattern as shifting of the (00l) peaks to smaller degrees in compliance with the Bragg’s
Law, which states that the diffraction angle decreases by the increase in the d-spacing. This shifting is
clearly observed in (002) plane. The newly formed peak at 6.53° is the shifted (002) peak after etching
(referred as (002)*). The calculated “c” lattice parameter was 2.74 nm, which was identical to the one
obtained by previously performed centrifugal washing (Ghidiu et. al. 2014). Considering an equivalent
amount of increase must occur in interplanar spacing between (004) planes based on crystallographic
principles, a shifted, less intense (004) peak was expected to present at angles smaller than 5°. The positions
of the remaining (h0l) peaks (i.e. (104)) on the other hand, were not shifted since they correspond to the
inner crystal structure of octahedral layers.

In this etching and washing procedure that uses the Buchner Funnel, most of the (h0l) peaks were
eliminated indicating that the procedure was an effective washing procedure to remove unreacted (or
unetched) MAX from the solution. This study shows for the first time that funnel filtering is a time-efficient
technique for high capacity-MXene washing and drying per unit time. In a completely etched structure,
the (002) peak at 9.52° completely disappears (Ghidiu et al. 2014). Then, the presence of a small non-shifted
(002) together with (104) peak after etching, indicate that Buchner funnel washing was effective on
elimination of etched Al products from mL-MXene, but more prolonged time of reaction was required for
complete etching of Al layers when MAX-to-LiF molar ratio of 1:5 is used. In the conventional washing
procedure, the total time for washing, filtering and centrifuging to get dry mL-MXene was approximately
100 min. In the current study, using the Buchner funnel, etched MXene solution (containing unreacted LiF
and by-products) could be washed, filtered and dried totally in 40 min. Moreover, the method can provide
control of d-spacing (002) by intercalating more/less water between the layers during washing in the
funnel. Controlling the d-spacing by changing the washing parameters can allow for delivery of various
molecules within MXenes. The method prevented powder losses which occur in the conventional method
upon solution transfer from tube to disposal during centrifugation.
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Figure 1 a) XRD patterns of TisAlCz+(before etching) and TisCz (after etching), and SEM images of b)
TisAlCz2and ¢) TisCz particles. Inset XRD patterns show the zoomed versions of the patterns in 2-theta of
5-12° range (left) indicating the shifting of the (002) from 9.52° to 6.53° ((002)*), and in 2-theta of 33-45°

range (right) indicating the disappearance of (h0l) peaks.

Structural Analysis of the Composites

As shown in Figure 1b-c, the MAX particles are bulk, chunky particles containing Al between TisCz
layers, whereas mL-TisCz particles are accordion-like structures in which the layers are attached to each
other on one side, containing large spaces in between. Incorporating these materials separately into epoxy
monomer using an identical procedure can reveal the efficiency of epoxy chain and the TisC2 layer
interaction at the interface and final composite properties can be analyzed comparably.

There are two important structural concerns about layered composites in literature, which are the
delamination and the agglomeration of the fillers. Delamination on one hand, can provide strong
mechanical interlock leading to enhanced degree of mechanical strength only when the agglomeration is
avoided. Agglomeration is the reason behind the reinforcement threshold that is observed in most
nanocomposite formulations. Due to increased level of agglomeration of nano-fillers in the matrix, the
mechanical properties could be enhanced only up to a specific limit, unless chemically
functionalized(Srivastava and Pandey 2019) (Ma et al. 2010).

XRD is an efficient tool to determine the delamination degree of layered fillers in polymer matrices.
Normally, the disappearance of characteristic diffraction peaks of layers in the composite XRD pattern can
demonstrate whether the layers are fully exfoliated in the matrix or not. In this study, the increased d-
spacing (i.e. donz) after Al layer etching provides as extra spacing for monomer wetting, thereby a strong
mechanical interlock at the cured filler-polymer matrix interface is expected. Epoxy resins are amorphous;
there should be no peaks present in their XRD pattern except for the wide hump that is characteristic for
an amorphous structure. The XRD peaks of filler can then be easily distinguished in the composite XRD
and the position of the (00l) peaks can disclose intercalation behavior of monomer between the spaces
(further shifting to lower degrees) and complete delamination of the octahedral layers (disappearance of
(001)). In Figure 2a-g, the XRD patterns of the composites are shown with respect to that of neat epoxy.
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Figure 2. XRD patterns of MAX (MAX1/3) and MXene composites (ML1/3) compared to neat epoxy; a)
Neat epoxy b) MAX1, c) MAX2, d) MAXS3, e) ML1, f) ML2, g) ML3 and Schematic representation of h)
Epoxy/MAX, i) Epoxy/MXene composite structures.

Neat epoxy resin (Figure 2a) showed a wide diffraction peak with a maximum around 18° due to the
scattering of cured epoxy molecules revealing its completely amorphous nature. TisAlC2 and mL-TisC2
particles were incorporated into epoxy at 0.4, 2 and 4 wt. % (Table 1). When TisAlC2 particles were
incorporated at 0.4 and 2 wt. % (MAX1-2; Figure 2b-c), the peak at 9.52° which is attributed to the (002)
plane of unetched MAX, was slightly present and the amorphous hump of epoxy was lost. As mentioned
before, composites were ground into submicron powders prior to XRD analysis. The presence of a
broadened (002) peak of TisAlC2suggests that the TisAICz particles (as composites were ground into -200
mesh powders) were coated with a thin layer of epoxy, such that the diffraction could occur majorly from
disorted (002) cystallographic planes. As the reinforcement was increased to 4 wt. % (MAX3; Figure 2d),
the (002) peak of TisAlC: particles disappeared, only a small (006) peak (at 27.42°;V) was recognized with
the epoxy hump. The increase in scattering of X-rays from epoxy suggests that surfaces of the octahedral
layers of MAX were chemically attracted to epoxy chains. Epoxy-TisAlCz surface attraction (surface was
made up of octahedral TisC: layers) was an expected as yet uncleared result in literature since TisCz layers
were previously shown to functionalized with -O, -OH, -F surface terminations (Anasori, Lukatskaya, and
Gogotsi 2017). It should and will be analyzed with an appropriate experimental set up in future studies.
As the reinforcement increased, more epoxy reacted with, and covered the distorted TisCzlayer surfaces
leading to thickening of the epoxy layer on the layer surfaces and increased the intensity of the amorphous
hump (Figure 2h). Two conclusions can be drawn from these XRD results. First, MAX particles were
neither broken nor delaminated inside the amorphous matrix at any ratio. Secondly, increasing the
amount of TisAlCz increased the epoxy wetting in the epoxy/MAX composites.

For mL-TisCz2incorporated composites (Figure 2e-g), at all ratios of incorporation, only the amorphous
hump was present; neither the (002)* peak of TisCz (at 6.53°) nor the (002) peak of unetched TisAIC: (at
9.52°) were not seen. Note that (006) peak was not observable in the XRD pattern of the mL- TisCz before
incorporation into epoxy because of its very small relative intensity. But a slight (006) peak at its original
position was present at ML3 composite again indicating a neglectable amount of unreacted MAX in the
matrix. These XRD patterns clearly demonstrate that ML1/3 composites are exfoliated composites rather
than intercalated. As the interlayer spacing of (00l) surfaces are filled with epoxy in intercalated
composites, the broad amorphous peak as well as (00]) peak with lowered intensity can be seen in the XRD
spectra. But, if the layers are separated completely as in this case; namely exfoliation or delamination,
(002)* peak is lost and only epoxy peak present, since all the layers are separated and covered with a thick
layer of epoxy (Figure 2i).

XRD analysis revealed the delamination of mL- TisCz layers during composite processing. The
interlocking efficiency between the epoxy monomer and the TisAlC2 and mL-TisCz layers were analyzed
by DMA analysis. In Figure 3, the storage modulus (G’), loss modulus (G”’) and tan delta (3§, loss factor)
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of composites are compared with neat epoxy, as a function of temperature. The interlocking degree
between the filler surfaces and the polymer is directly related to the crosslinking efficiency, which can be
investigated by comparing G’, G”, tan 8 and the T value. The G’ is the parameter to indicate the ability
of the polymer to store deformation energy in an elastic manner. The higher the crosslinking, the higher
is the G’. G” on the other hand, is a measure of energy dissipated as heat, attributed to the viscous
behavior of the polymer. Tan delta (3), loss factor, is the ratio of G’ to G’. A high tan & value indicates that
the polymer has a high, nonelastic strain component, while a low value indicates a structure which is more
elastic. T is the maxima of the temperature range, where the polymer structure changes from rigid to a
rubbery state (Ehrenstein, Riedel, and Trawiel 2012). Ty is directly influenced by the polymer chain
mobility and the crosslinking density. As the epoxy chain movement is restricted (e.g. by fillers), the
crosslinking density decreases. In a polymeric network where crosslinking density is low, it is easier to
change from a solid to rubbery state (Ehrenstein, Riedel, and Trawiel 2012).

In this study, low-temperature G’ (i.e. 50 °C; G’s0) of composites was compared with neat epoxy. The
G’s0 of epoxy was 1800 MPa. G’s0of MAX1-3 composites were 655, 648 and 2200 MPa, respectively (Figure
3a-d). Only when 4 wt. % TisAlC2 particles were incorporated, the G’; the capacity of the composite to
support mechanical loads with recoverable viscoelastic deformation, increased. This increase in G’ from
1800 to 2200 MPa with 4 wt. % TisAlC2 incorporation was probably due to the interfacial interactions
between octahedral layer surfaces of TisAlCz2and epoxy chains, which inturn restricted the movement of
the local epoxy chains around the layers. The negative effect of TisAlC2 incorporation (MAX1,2) at low
ratios was due to the agglomeration of TisAlC: particles in some regions of the matrix. The difference in
the regional movement in the matrix, the phase separation, was evident from the two peaks occurred in
the G” (Figure 3b, at 86 and 175 °C). The agglomerated volume of particles inhibited complete wetting of
particles by the epoxy monomer. In these regions, presence of MAX particles were dominant; epoxy chains
could not crosslink and were highly mobile, thereby the G’ decreased (G” increased) remarkably. This
result was also supported by the XRD patterns of MAX1 and 2, in which diffraction from the distorted
TisAlC:z surfaces (00) was dominant over amorphous epoxy hump. As TisAlCz content was increased
further (MAX2), this phase separation started to disappear and at 4 wt. % incorporaton (MAX3), the
structure became highly crosslinked.

G’s0 value of MXene composites (ML1-3) were 1000, 1205, 2200 MPa, respectively. Similar to MAX
composites, only when 4 wt. % mL-TisCz was reinforced, the G’ value increased remarkably compared to
neat epoxy. The value of G’ at 4 wt. % of MAX and MXene incorporation was equivalent (2200 MPa),
pointing out that unmodified TisCz surfaces in MAX was equivalently reactive upon epoxy interaction to
the (-O, -OH, -F) terminated TisC2 surfaces, which is formed after etching.

As mentioned before, T is a direct indication of the degree of crosslinking in a polymer. It is reliable
to measure Ty from tan & (Souza et al. 2014). It has been stated that rigid fillers increase the G’ of the
polymer and shift Tg to higher temperatures by restricting the movement of the chains (Kaya, Tanoglu,
and Okur 2008; Kausar, Anwar, and Muhammad 2016; Choi 2013; Rao et al. 2009). As the polymer chain
movement is restricted, the polymer would be more stable against fracture. Thereby, incorporation of rigid
MAX and MXene fillers increased the G’ of the polymer and shifted Ts to higher temperatures by
restricting the movement of the epoxy chains. By incorporating 0.4, 2 and 4 wt. % TisAlC2 to epoxy, Tg
decreased from 175 °C to 90 °C then increased to 160 °C and 180 °C, respectively. By incorporating 0.4, 2
and 4 wt. % mL-TisC2 to epoxy, Tgdecreased from 175 °C to 160 °C then increased to 173 °C and 180 °C,
respectively. Segmental movement of the epoxy chains were restricted in filler accumulated regions,
causing the formation of two distinct peaks in the G”. However, mL-MXenes were distributed more
homogeneously in the structure, which is why a second Tg peak was not observed in ML1 composite
compared to the identical incorporation of TisAlC2(MAX1).
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Figure 3. a-g) Storage modulus (G’) and Loss modulus (G”’) variation of a) neat epoxy, b) MAXI, c)
MAX2, d) MAX3, e) ML1, f) ML2 and g) ML3 composites and h) Tan delta (3) variation in TisAIC2 (MAX-
1/3) and mL-TisC2 (ML-1/3) -epoxy composites as a function of temperature.

In summary, epoxy was reinforced with mL-TisC2 (MXene) at 0.4, 2, and 4 wt. % and the cured
composite structure was compared to epoxy reinforced with TisAlC2 (MAX) at identical ratios. In MAX
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structure, the interplanar spacing between the octahedral TisCz layers were filled with Al, so that the epoxy
could not wet between the layers. But in MXene composites, the layers were exfoliated during processing
leading to good dispersion inside the monomer and could be filled with epoxy providing a homogeneous
microstructure, which was deducted from the absence of segmental differences in epoxy chain movement
during heating of MXene composites. XRD analysis showed that the MXene layers were delaminated
during processing, possibly due to harsh high-shear mixing conditions. T of epoxy shifted from 175 to
180 and 183 °C by 4 wt. % incorporation of MAX and mL-MXene. To get these enhanced structural
properties, neither MAX, nor MXene particles were chemically treated, showing the potential of MXene
composites to serve as alternative materials to currently used structural composites in the industry.

Morphology and Microhardness of the Composite Surfaces

Until recently, the best candidate for reinforcing polymers have been recognized as the clays with
nano layer thicknesses and graphene. However, it has been shown that the surfaces of both clay layers
and graphene must be chemically modified before incorporation, since they stack face to face in the
agglomerated tactoids making them incompatible with hydrophobic polymers (Zabihi et al. 2018). Results
in this study showed that MAX and MXenes can be incorporated into epoxy and be well-dispersed
without chemical treatment, probably owing to the interactions of TisCz surfaces with epoxy chains. In
Figure 4a-c, the representative SEM micrographs of the composites are shown.

35
—8u— Ti AIC, reinforced d
—e— mL-Ti,C, reinforced
. 304
>
<
©
=
2
o —_—
S 20 /
o
RS —
=
15 LG
epoxy
10 T T

Reinforcement % (wt.)

Figure 4. SEM micrographs of a,b) MAX3, ¢) ML3 composites d) Vickers microhardness of MAX1-3 and
ML1-3 composites

The SEM image of the bulk MAX3 composite in Figure 4a, reveals that the large, agglomerated chunks
of TisAlCz are well-dispersed inside the epoxy matrix. The size of the agglomerates were roughly larger
than 10 pm. XRD analysis revealed that, when ground into particles, the X-rays were majorly diffracted
from the epoxy at 4 wt. % incorporation. This means that the epoxy chains covered and strongly bound to
the TisAlIC2 particles as illustrated in Figure 2b. In Figure 4b, one of the agglomerates inside a crack is
clearly observed. Despite the fact that large aggomerates are stress concentrators thereby critically harmful
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for the mechanical properties upon crack propagation, they can act as crack deflection or bridging particles
upon plastic deformation up to certain degree of reinforcement. In Figure 4d, this positive effect of MAX
incorporation on surface hardness of epoxy is obvious. At low reinforcement (0.4 wt. %), the Vickers
microhardness was not influenced remarkably. Two different Tg values obtained by DMA analysis
indicated a phase separation inside this composite matrix. Since the ratio of MAX particles was low, the
major portion of the hardness was influenced by the epoxy matrix. The microhardness of neat epoxy was
18.9 +1.85 HV. Because of the segmental differences in the composite structure, hardness decreased to 17.9
+1.68 HV at 0.4 wt. % TisAlICz2 content. As the MAX content increased to 2 wt. %, the microhardness value
increased (MAX1) to 20.85 + 4.71 HV (MAX2). As the reinforcement was increased further to 4 wt. %,
hardness did not increase further ; average hardness was identical with a lower standard deviation (20.65
+2.96 HV). A narrower deviation from the average is a sign of enhanced homogeneity in dispersion of the
particles in the matrix, which was clear in Figure 4a.

In Figure 4c, the SEM image of the bulk ML3 composite is shown. The white areas are the cross sections
of the TisCzlayers. As the figure shows it clearly, the mL-TisC2 layers were almost completely exfoliated
(delaminated) upon composite processing, probably during high-shear mixing. Exfoliation was also
indicated by the XRD analysis; from the disappearance of the (002) peak corresponding to the interplanar
spacing between the (002) octahedral multilayers. The peak is expected to shift to lower degrees as the
space between the layers is filled with epoxy. But, if the layers are completely seperated, the peak signal
is completely lost like in ML3 composite in Figure 4c. As the Figure 4c shows, the composite microstructure
was relatively homogeneous, the exfoliated layers were well-dispersed. This homogeneous structure
influenced microhardness remarkably. The microhardness of epoxy first did not change (18.8 + 1.70 HV)
then incresed to 23.25 +4.65 HV and 27.45 + 5.05 HV, by 0.4, 2 and 4 wt. % mL-TisC2 addition, respectively.
The incorporation of TisCz layers enhanced the resistance of the epoxy surface to mechanical loading.

CONCLUSIONS

This study was performed to show the potential use of MXenes as epoxy reinforcer for structural
applications that necessitate good mechanical properties without sacrificing from advantageous
properties of epoxy. Results demonstrated that both MAX and MXene particles could be incorporated up
to 4 wt. % and interlocked with epoxy chains at the interface without necessitating of the MAX/MXene
chemical functionalization as such in clay/ and graphene/epoxy composites. The applied high-shear
mixing caused in-situ delamination of mL-TisC2Tx layers and dispersion in the matrix without
agglomeration. The enhancement in storage modulus and Ts was slightly more pronounced in MAX
composites, however, incorporation of TisCz layers into epoxy at identical ratios influenced hardness
remarkably more than TisAlC2 particles. Storage modulus was the measure of elastic resistance of the
material to mechanical loading. Ts was a measure to compare the crosslinking efficiency. These two
properties were related to each other and both depend on the inhibition of polymer chain movement
during heating/mechanical loading. So, even in agglomerated form, large MAX particles could act as
particulate blocks against polymer chain movement owing to the increased crosslinking between the
monomer and TisAlC: particle surfaces. This increased the storage modulus of epoxy from 1800 to 2200
MPa by 4 wt. % reinforcement. A similar effect was observed in ML composites. The amount of increase
in Ty was evident but lower in MXene incorporated composites compared to that of MAX incorporated.
The microhardness increased 46 % only by 4 wt. % mL-TisCz2 reinforcement. These improvements
confirmed the potential use of two-dimensional layered carbides in overcoming the shortcomings of epoxy
matrix in structural composites. Owing to the attractive features of the TisCz layers, these composites carry
potential to be used in a diverse area of applications including electromagnetic shielding, aerospace and
marine applications.
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