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Abstract: MXenes have attracted much attention as fillerpatymer composites due to their
superior electrical and mechanical properties ngkimeem ideal for creating multifunctional
composites. In this work, JTN-epoxy composites were prepared via solvent ggicg and
cured with amine-based hardener. The effects gCNicontent in the epoxy system on the
thermal degradation behavior and micromechaniogpgnties were investigated. The extent of
intercalation of epoxy into MXene flakes was analydy transmission electron microscopy.
Nanoindentation analysis of MXene-epoxy composieshibited improved mechanical
properties with increasing MXene content with higfhecrease of 12.8 GPa Young’s modulus
for 90 wt% TECN. An increase in creep resistance of composi@s @bserved at maximum

loading of T§CN by 46% compared to neat epoxy.

Keywords: MXene; polymer composites; multifunctional matkyjia MXene-epoxy;
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1. Introduction

Epoxy resins are the most commonly used thermaogefiolymers in composites for
aerospace, coatings, hardware components, andiae§k]. Due to good adhesion properties
and thermal stability coupled with sufficient chealiresistance, epoxies are ideal for composite
matrix materials [2, 3]. However, success in eapplieation is dependent on mechanical
stability including high tensile strength, stiffisesand modulus. Addition of nanoscale fillers has
been shown to be an effective technique for imprgwnechanical properties of epoxy as well as
electrical conductivity and other properties pradgcmultifunctional composites. The most
common nanofillers used are carbon nanotubes [daBlpclay [7, 8], and graphene. Early works
such as Schadlest al. have shown CNTs at low loadings of 5 wt% and ded&persion can
improve both tensile and compression moduli from & 3.71 GPa and 3.63 to 4.65 GPa,
respectively [9, 10]. However, with the discovefygoaphene, properties of epoxy composites
could be improved further. A study by Yarey al. proved that introducing graphene in
combination with CNTs at 1wt% loadings can improwedulus, tensile strength and thermal

conductivity 27%, 35%, 146%, respectively, compdrcedeat epoxy [11].

As a single sheet of covalently bonded carbon atgnmaphene has been shown to be the
strongest material to date with Young’s modulug dPa and tensile strength up to 130 GPa for
perfect monolayers justifying its use for reinfoxgipolymers and its two-dimensional (2D)
nature provides a high surface area [1, 12, 13jeRat al. showed previously graphene platelet
content at 0.1 wt% outperformed both single andtimalled carbon nanotubes of the same
content in both Young’s modulus and tensile stler8j74 GPa and 78 MPa, respectively [14].
Further studies on fracture toughness of graphparjecomposites with 0.125 wt% increased

toughness by 65% followed by a decrease with isongaconcentration up to 0.5 wt% [15]. The



observed decrease can be directly related to gnaptiispersion throughout the polymer matrix.
For example, Tangt al. compared extent of graphene dispersion and revgalerly dispersed
filler resulted in a minor shift of Tg of the congtes as well as limited or decreased mechanical
properties compared to neat epoxy and highly dégukeisamples [16]. Additionally, lack of
surface terminations limits processability of prist graphene in polymer composite systems,
leading to aggregation and easy pull-out of graphflakes. As a result, graphene oxide
derivatives have been incorporated into epoxy systewhere oxygen terminated graphene
sheets, provide a solution processible alternativeinert graphene. However, mechanical
properties of graphene oxide are significantly dased due to the presence of surface

functionalities with Young’'s modulus for graphenade near ~ 200 GPa [3, 14, 17-21].

MXenes are a family of 2D transition metal carbjd@gides, and carbonitrides with the
formula of M\+1X,Tx, where M is an early transition metal (e.g., Tip,W), X is carbon and/or
nitrogen, T are surface functional groups, and= 1-3. The aqueous medium during MXene
synthesis produces surface moietieg Guch as —O, —OH, and —F resulting in hydropt2ix
sheets that can be easily dispersed in water amolugaorganic solvents [22, 23]. Among all the
solution processed 2D materials,;@4iTx MXenes have the highest metallic conductivity of
about 10,000 S/cm for solution processed films #edhighest Young's modulus of 330 + 30
GPa for a single flake IC,Tx [24-26]. This combination of properties makes MXg a good
candidate as fillers in epoxy composites. Previsuglies have shown that MXenes can be
incorporated into various polymers such as polyaigohol, polypyrrole, and sodium alginate
with improved electrochemical performances andtedetagnetic interference shielding [27-30].
So far, about 30 different MXenes have already breported [22, 31, 32]. However, very few

studies have investigated mechanical propertidsutd epoxy composites with MXene fillers.



Zhanget al. reported MXene-epoxy composites using imidazolescfosslinking the epoxy
network and MXene powder. It was shown that inccapog a MX MXene (TkC) improved
creep resistance, glass transition temperatureeisags/viscoelastic properties of the composites
at low MXene content, but overall thermal stabityas reduced [33]. However, mechanical

properties of MX MXenes are considerably weaker thagXylstructures [34, 35].

Here we report synthesis of 3TN, we omit the T from the formula for simplicity,
MXene-epoxy composites using solvent processing amiine-based hardener system.
Nanoindentation analysis was used to determineomiechanical properties and microhardness
of the resultant composites. To our knowledge, thighe first study reporting mechanical

properties via hanoindentation orsX4 MXene-epoxy composites.

2. Experimental

2.1 Materials

Epoxy resin used was commercially available diglytether of bisphenol A (DGEBA)
(Epon 828, Hexion). The amine curing agent was-Kldthylenebis(cyclohexylamine) (PACM,
Sigma Aldrich). T3AICN MAX phase was used as the precursor for MXeyathesis as
explained elsewhere [36]. All materials used f@& MiXene etching process such as hydrofluoric
acid (HF, 49.5 wt%) and tetrabutylammonium hydrex({dBAOH, 40wt% solution in water,

Sigma Aldrich) were purchased from Acros Organics.

2.2 Synthesisof TisCN M Xene
TisCN MXene was prepared using previously documentBcetéhing method [36, 37].

One gram of THAICN MAX phase powder (particle size < 44 pm) wasled to 20 mL of 15%



HF aqueous solution and stirred for 18 h at 35°@suRant solution was combined with

deionized (DI) water in 50 mL centrifuge tubes aedtrifuged at 3500 rpm for 3-5 minutes. The
supernatant was decanted and remaining sedimentedapersed in DI water and centrifuged
again followed by decanting. This washing proceas vepeated 4-5 times until a pH > 5 was
obtained. After the final centrifugation, the sedimhwas collected as multilayersTiN (ML-

TisCN) powder through vacuum assisted filtration (VAF)

2.3 Delamination of TisCN M Xene

To delaminate the multilayer powder, one gram of-MCN powder was combined
with 10 mL of TBAOH solution and stirred at roormtgeerature for 1-2 h [36]. ML-ECN-
TBAOH solution was then washed using DI water aawtigfuged at 3500 rpm for 2-5 minutes
to remove excess TBAOH. DI water was added agathéaemaining sediment and transferred
to a 50 mL glass bottle. A probe sonicated wasqulan the glass bottle while the glass bottle
was kept in a cooling system with a set temperattiré0 °C and probe sonicated for 1 h at 50%
amplitude. After sonication, solution was centrggdgat 3500 rpm for 1 h and dark supernatant
was collected containing delaminateddN (d-TisCN). VAF was used to collect a film of d-

TisCN, which then stored under vacuum at room tempegdor future experiments.

2.4 Preparation of epoxy/TisCN composites

For preparing composites with different MXene-epoweight ratios, appropriate
amounts of d-BCN were dispersed in 5-10 mL of acetone in 20-masglvials. Mixture was
then bath sonicated (Ultrasonic bath 2.Bisher Scientific) for 5-6 h to fully redisperselCN

into acetone. Epoxy resin and PACM were weighedcamdbined in a separate 20-mL glass vial



and then THCN-acetone dispersion was added. The compositeurextwvere placed in a speed
mixer (ARE-250, Thinky) at 2000 rpm for 10 minufeowed by bath sonication for 5 minutes.
Composite samples of variouss@N concentrations were synthesized (5, 10, 2058080, 90
wt% of TisCN) using this process. Samples were left in fumedhat room temperature for 2-3
days to allow acetone to evaporate. After solventaval, all composite samples were degassed
under vacuum for 1 h followed by a 2-step curinggess, first at 80 °C for 4 h followed by
160°C overnight (~15 h) in air. A schematic of figCN-epoxy composite synthesis process is

presented in Figure 1.

2.5 Characterization

Morphology and structure of pure 3GN and microtomed samples of3CN-epoxy
composites were investigated using transmissiactrele microscopy (TEM, JEOL-2100, Japan)
at 200 kV acceleration voltage. X-ray diffractioXRD) was carried out using a Rigaku
Smartlab (Tokyo, Japan) diffractometer with Cu-t&diation (40 kV and 44 mA) with step scan
0.04°, 3°-70° 2 theta range, step time of 0.5 sx M mnf window slit. Surface analysis of
TisCN-epoxy composites were investigated by scanniegfren microscopy (SEM, Zeiss Supra
50VP, Germany). Composite samples were mountedimuercial resin and cured followed by
ultramicrotomy for cross-section analysis in TEMiditionally, aqueous solution of puresTN
flakes was also prepared and dropcast onto laageped EM copper grids. Thermal degradation
properties were measured in Ar using thermal gratrimanalysis (TGA, SDT Q650, Discovery

Series)using a ramp heating rate of 10 °C/min from roomgerature to 1000 °C.
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Figure 1. Schematic of synthesis process for solution pra&mkesE;CN-epoxy composites.
Acetone dispersions of delaminateddN MXene were prepared using probe sonication then
added to epoxy-hardener mix followed by high-speggding and additional bath sonication.
Solvent (acetone) was evaporated from mixture atnreemperature followed by degassing and
two-step curing process.

Micromechanical properties were measured via naleoitation measurements using
Nano Indenter XP (MTS, USA). Prior to nanoindemtati TkCN-epoxy composites were
mounted in commercial epoxy-hardener system amavall to cure overnight. Sample surfaces
were then polished by sandpapers starting withseogrit to fine grit of 400, 600, 800, and 1200
followed by polishing with diamond suspensions pi.and 0.5 um using appropriate polishing
cloth and diamond suspension. Spherical diamondnited tip with 5 um radius was used and
calibrated on fused silica at room temperature. damh sample, 15 to 20 indents were made at
various locations on the polished sample surfacensure a statistically reliable account of

material response. As a comparison, pure as-prddd€E;CN film and neat epoxy samples

were also mounted in commercial epoxy and prepai@d nanoindentation. Vickers



microhardness measurements, at various loads fi@rto 500 gF, were also performed for

macroscale analysis of s0N-epoxy composites.

3. Results and Discussion
3.1 Characterization of TizCN

Morphology of single-layer ECN flakes was studied using TEM as shown in Fidlae
Average flake size varied in lateral dimensionsmr600 nm up to 1 um while thickness was
about 1 nm after etching. The smaller lateral sizéhe flakes is due to the sonication process
which causes MXene flakes to break from initial fieucrometer size reducing their dimensions,
however this is strongly dependent on sonicatiore tand power as shown with;ThTx MXene
[38]. Furthermore, BCNT, demonstrates similar surface functional group$ stsc-O, -OH, and
-F as other MXenes due to the HF etching proceksctrianic properties, however, are also
etching dependent and can vary from 270 mS/cm @0 1%/cm [24, 37, 39]. XRD also
confirmed lattice spacing of resultant MXene. ligute 2b, the typical XRD pattern of VAF d-
TisCN is shown (bottom pattern) where its (002) peasiton is at ~ 4.8°, which correspond to
an interlayer spacing of 18.4 A. This large intgelaspacing in the pristine d<ON corresponds
to the size of the TBA cation intercalated MXene layers [24]. Additioyallonly the 00
reflection are present in the dsTiN which confirms the complete delamination of FeCN

powder.
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Figure 2. TEM image of as-produced single flakes oW MXene (a), and x-ray diffraction
patterns for pure d-ICN film, 10 wt% TCN-epoxy, and neat epoxy samples.
3.2 Structural characterization of TizCN-epoxy nanocomposites

XRD patterns for pure ICN film, 10 wt% TECN-epoxy composite, and neat epoxy are
presented in Figure 2b. The neat epoxy and 10 wiGN-epoxy composite patterns show the
characteristic broad epoxy peak from 14° to 24° wuthe scattering of cured epoxy molecules
[40, 41]. In addition, the002) MXene peak is shifted to higheé &f ~ 6.3° corresponding to a
decrease in interlayer spacing to ~14 A. This shificates that the TBAcations have been
removed from MXene interlayer spacing and mightdaced by epoxy [24]. However, unlike
the pure d-TJCN XRD pattern (Figure 2b, bottom pattern) thatyathle QO0l) reflections appear,
different TgCN reflections appear in the composite samplesdudmg the peaks from ~30° to
45° and the 110 peak at ~ 61°. It has been shoswiomsly that the appearance or disappearance
of certain MXene reflections in XRD patterns is daehe preferred orientation of the MXene
flakes in the VAF films as well as the orientatiointhe film with respect to the x-ray beam. For

example, when a VAF MXene film is placed flat oe tkRD machine sample holder (horizontal



orientation), only theQQl) peaks present, similar to pure &ON film pattern here. However,
when MXene film was rotated by 90°, th&(@) peaks appear [42]. Presence of all thgC TN
reflections in the composite samples shows MXerake# do not follow any preferred
orientation and are stacked randomly in the epoairir

SEM images of the composite surfaces in Figuren8ate epoxy coated MXene sheets
protruding from the sample surface for 50 wt%CN (indicated by yellow arrows). Since
MXene single flakes are approximately 1 nm thickhwan average lateral size of 0.5 to 1 um
(Figure 2a), it is reasonable to conclude thatuiséble TizCN particles in SEM are multiple
layer stacks of MXene. These patrticles are diffefemm multilayer particles observed after
etching. In the latter, the multilayer particleegeghe morphology of their MAX phase precursor
TisAICN. However, since d-ECN was used for the composites, all large multitgyarticles
from etching were removed before collecting delated MXene via VAF. The ICN particles
seen in SEM show that the restacked MXene singi&efi during VAF were not fully
redispersed or might have restacked in epoxy dutivegfabrication process. To assess the
dispersion of THCN flakes within the epoxy network, cross-sectiohsomposite samples were
prepared and analyzed using TEM. High-resolutioages in Figure 3b show mostly isotropic
dispersion of T4CN fillers throughout composite post-curing. Spgcbetween MXene sheets
varied from 17 — 23 A indicating epoxy was inteatatl between FCN sheets, causing a
random spacing between MXene sheets which mostylikecreases presence of strong
reflections in XRD. However, some aggregates wéseo/ed within the polymer matrix, most
likely due to the original d-ECN film not fully redispersed into the acetone s$olo, those
which gave the reflection in the XRD pattern of twnposite in Figure 2b. For the first time,

bent MXene flakes were observed throughout th€Nltepoxy composites. MXenes typically

10



have a higher bending rigidity compared to graphama only planar flakes were observed in

polyvinyl alcohol, sodium alginate, and other nas [27-29, 43].

Figure 3. Microscopic analysis of 50 wt% and 90 wt%sJNN-epoxy composites. Secondary
electron SEM images of restacked multilayejCN protruding from the sample surface coated
in epoxy (a). Cross-section TEM images of compesite-d) indicating good dispersion of

TisCN within epoxy matrix and intercalation of epoxylecules between MXene flakes (dark
lines) (d).

3.3 Thermal stability of TisCN-epoxy hanocomposites

Nanomaterials incorporated as fillers are tradélynused to improve overall mechanical
properties of epoxy, however, they can also be dge@&xpanding the operating temperature
window of the resulting composite [44]. TGA measoeats were performed onsON-epoxy
composites to assess their thermal stability. [Eigar shows individual thermogravimetric curves

for composites with varying MXene content. For nepbxy cured using PACM, degradation

11



occurs around 370 °C. A slight improvement was plexkat 5 wt% loading of ICN, slowing
the onset of degradation to approximately 380 gCN-epoxy composites with MXene content
higher than 5 wt% showed a decrease in degrad&timperature as seen in Figure 4b. This
decrease in degradation temperature at higher MXtemeents is influenced by the ;TN
dispersion throughout the matrix. In the preserfddlers, polymer chains experience restricted

movement and require increased temperatures foeaulalr chain motion [45, 46]. Negatively
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charged MXene flakes can also adsorb amine-bagseeérer molecules and effect the resulting
epoxy structure after curing.
Figure 4. Thermogravimetric curves of MXene-epoxy composugth varying TgCN content
(a) and comparison of degradation temperatures isigoavdecrease in onset of degradation with
increasing MXene content (b). Line connecting point(b) is a guide for the eye.
3.4 Mechanical properties of TizCN-epoxy nanocomposites

Nanoindentation measurements at room temperaturee wesed to determine
micromechanical response ofsTN — epoxy composites of varying MXene content.vienes

studies have utilized Berkovich indenters, howawech information for the elastic and elastic-

to-plastic deformation region is lost due to imnageliplastic deformation during indentation [47-

12



50]. Here, a spherical indenter of 5um radius wssduto capture elastic properties of the
composites. Young's modulus was extracted followprgviously studied Oliver and Pharr
method [51]. The spherical indentation model iseblasn the Hertz theory in the elastic region
[51-53]
4 1/2,3
— RY/2p3/2
P = _EC“RCIT hc

3 1)

a=vy Resrhe o)

wherea is the contact radius at the indentation IBadndhe is the elastic penetration depBa
is the effective radius anlle denotes effective Young's modulus of the indented #he

specimen system. This can be further simplifietheofollowing expression

3
where the left side of the equation representsilkdentation stress and the expression in
parentheses on the right side represents the mtlemtstrain [47]. Applying this model allows

for an estimation of Young’'s modulus. In the Olierd Pharr method, Eq. 1 is recast as

.S
“eff — ~
2a @)

whereS (= dP/dh) is the sample stiffness for indentations usingesigal indenters.
Figure 5a displays typical load-displacement cuni#gained from TICN-epoxy samples.
It has been shown that M, MXene (TgC;) has the highest Young’'s modulus for solution-

processed two-dimensional materials [25]. Due ®rthture of MXene, the presence of flakes

13



improves rigidity of the composite. Pure;CN had the highest mechanical properties measured
by indentation while neat epoxy required the loweatl at 53 mN and 14 mN, respectively, to
reach a set displacement of 2 um. Mechanical ptppeproved in all the composite samples
with increasing THCN content. Additionally, samples were indente@ abnstant loading of 20
mN over a 10 s time interval to assess resistameeechanical deformation under load (creep)
(Figure 5b). Measurements revealed a 37% decraaseep when ECN content was increased

to 40 wt% compared to neat epoxy. This was furthmroved to 46% when MXene content

reached 90 wt%, with pure ;TGN showing the smallest displacement at constaadihg.
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Improvement in mechanical stability of thes;@N-epoxy samples is likely due to good
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dispersion of MXene throughout the epoxy matrix a&fiicient stress transfer at the MXene-
epoxy interface.
Figure 5. Load-displacement curves for neat epoxy, pus€Nj and TiCN-epoxy composites
of varying TgCN content from 0 to100 wt% (a) and load-displacethoarves at varying MXene
content for studying creep resistance under cohkiad (b).

For determining Young’s modulus of composite sample« can be found from the
slope of theS-a curves (Figure 6a). To ensure the coriggtis calculated, zero-point correction

factor developed by Moses@hal. was used [54]. Contact stiffnes§ {nformation is obtained

14



during nanoindentation measurements while contadius 6) values are estimated using the

following expression

a="\/2Rh, — h_ 5)

whereh, is the contact depth arig is the indenter tip radius. Zero-point correctpovides an
accurate and reliable determination of the ‘zermtavhere the indenter tip makes first contact
with the sample surface, where both indentation I and indentation depth would be zero
[54, 55]. Figure 6a showSa plots for composites with varying content ogGN. As MXene
concentration increase, the steepness ofStaecurves increased, resulting in larger calculated
modulus values. Similar to maximum mechanical Ibadavior, pure ECN showed the highest
Young’'s modulus nearly 3 times that of neat epoxth W5 GPa and 4.5 GPa, respectively. The
calculated modulus values and Vickers hardness ureagnts are shown in Figure 6b. When
Ti3CN filler concentration is increased to 40 wt%, tbsulting composite shows a 93% increase
in Young’s modulus and 104% increase in microhasdneompared to neat epoxy. Prior
nanoindentation study by Get al. showed small changes (~6% improvement) in Young’'s
modulus with addition of graphene nanoplateletstop25 wt% compared to neat epoxy
indicating limited transfer of filler properties polymer matrix [56]. Another study observed a
~25% improvement in epoxy modulus when 6 wt% grapheontent was added [57].
Furthermore, this improvement is significantly lowwkan the modulus improvement byCN
MXene in this study (Figure 6b). A maximum compesitodulus of 12.8 GPa was reached at 90
wt% MXene corresponding to a 182% increase. Theaawgment in microhardness follows a
similar trend and is in agreement with nanoindeéomameasurements. Extent of dispersion of
TizCN filler, in addition to good adhesion at the MXeepoxy interface, allow effective stress

transfer from the epoxy matrix for improved micrarhanical response.
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Figure 6. Plot of contact stiffness versus contact radius datsermined from spherical
nanoindentation with zero-point correction for carsipes with varying BCN content (a) and
comparison of calculated Young's modulus and Viskieardness values (b). Line connecting
points is a guide for the eye.
4. Conclusion

We successfully fabricated the first transition ahefarbonitride (TJCN) MXene-epoxy
composites through solvent processing. Micromedadmroperties were assessed via spherical
nanoindentation and Vickers indentation. TEM analysvealed intercalation of epoxy between
TisCN sheets throughout the matrix, resulting in gabspersion and limited aggregation.
TisCN-epoxy composites showed improved mechanical opgdnce as MXene content
increased to 90 wt%, reaching the largest moduhgrovement of 12.8 GPa about triple
compared to neat epoxy. Nanoindentation also redemhproved creep resistance at constant
load for composites with higher ;04N content. Composite sample at 90 wt%CN exhibited
reduction in creep by 46% compared to neat epoxgwever, thermal stability of the

nanocomposites with increasing ;&N content exhibited a decrease. The MXene-epoxy

interface plays an important role in optimizatiof mechanical properties of epoxy

16



nanocomposites. Overall, the presence ofCNi MXene fillers in epoxy displays clear
improvement of mechanical properties over neat gpox
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