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Abstract: MXene (TkC) modified by 3-aminopropyl triethoxysilane wasfged onto

carbon fiber (CF) surface in an attempt to improuerfacial properties in continuous
CF reinforced epoxy composites. X-ray photoelecgpactroscopy, scanning electron
microscopy, and dynamic contact angle test werel@rag to characterize the effect of
the grafted TC on the interfacial properties. A single fibergn@entation test together
with acoustic emission testing was performed tatifie the interface failure mode and
also determine the interfacial shear strength (JFS8e interlaminar shear strength
(ILSS) of the laminates was also evaluated witred¢khpoint beam testing. It was
experimentally observed that,T sheets were uniformly grafted on the fiber swefac

with covalent bonding. It could provide not onlyethncrease of the CF surface
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roughness but also an excellent opportunity totergdenty of the polar functional
groups thereby leading to a greater surface erdrthe CF. The IFSS and ILSS of%Ti
modified CF composites were enhanced by ~78% ar@%o~mcrease, respectively,
compared to ones of unsized CF composites.
Keywords: Ti,C, Carbon fiber, Interfacial property, Acoustic emission test
1. Introduction

Very recently, there has been a surging interesadaanced carbon fiber (CF)
composite materials along with their manufacturimg. addition to unmanned air
vehicle (UAV) and drone, automotive industries sderturn their attention to urban air
mobility (UAM) and/or personal air vehicle (PAV), hich requires lightweight,
excellent design flexibility, good corrosion reaiste, and outstanding mechanical
properties [1-3]. In order to fully exploit the etlent mechanical properties of CF as
reinforcement in the composites, there still rermain big challenge which is the
enhancement of the interfacial strength betweera@Fpolymer matrix. Typically the
interfacial strength is known to be fairly weak dtee the poor wettability and
interaction caused by hydrophobic and chemicakiyti€F surface [4]. It is essential to
control the interfacial properties in compositeigesand manufacturing for efficient
and effective load transfer from the mechanicalgak matrix to the strong CFs under
external mechanical stimulus [5]. Consequentlyngrdous efforts have been made in
the surface grafting of CF to improve the interdh@erformance [6-7].

In particular, for decades, nanomaterials includiogrbon nanotubes [8, 9],

nanofibers [10], and graphene oxide (GO) [11, 1&}ehbeen widely used as sizing
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agents for CF. Various techniques have been explaneluding electrophoretic
deposition, chemical vapor deposition, and chemmalfting [13-15] in order to
enhance the interfacial properties hoping to inicedtheir high mechanical strength,
large interface area and high stress transfer dagdietween the polymer matrix and
CF.

Interestingly, Mxene with graphene-like morphologgems to be quite attractive,
which is a newly developed 2D nanosheet materiathggized by MAX phaseghat is,
a ternary carbide or nitride with the general folanM, « :AXn; where M, A and X
represent early transition metals, group A elemé@ntsnly group Il A or group IV A),
and carbon or nitrogen. The integer n can be I, 2[&6]. The most attractive feature
of the MXene will be a number of possible combioasi of ensembles of M and X
elements by simply etching the A layer from MAX pbka, which could provide an
ample opportunity to control or engineering the enat properties. For instance, it is
reported that recent modeling results based on culale dynamics calculations and
density functional theory [17] showed thatXIMXenes can exhibit much stiffer and
stronger mechanical properties than their countesmd MsX, and MX3. In addition,
similar to other carbon based 2D nanosheet matdviXlenes can also offer high
specific surface area g0 is 609 mM/g), hydrophilic surface, and superior mechanical
strength (TiC is 0.33+£0.07 TPa) over GO (~0.2 TPa) [18-20]. cAlthe effective
bending rigidity for T3C (D=5.21 eV) greatly exceeds that of graphene (B=/)
because the monolayer thickness of MXene is abotim8s thicker compare with

graphene [21]. Although the cost of MXene is alsghhas of today, the potential of
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MXene with outstanding mechanical properties as aglarge surface area could allow
for the use of the new material in a wide varietggineering applications in the near
future. Here, this study focuses on the investigatf MXene as an interphase material
between CF and the epoxy matrix in order to imprthe interfacial strength in the
composites. The interest of MXene in this studgakected as I€. To the best of our
knowledge, few articles have reported the use ¢€ By chemical grafting for CF
composites.

This study demonstrates an efficient approach tdifpoéhe composite interphase by
grafting TpC with chemical covalent bonding, resulting in gignificantly improved
adhesion between CF and epoxy matrix. The intafahear strength (IFSS) and the
interlaminar shear strength (ILSS) of the'modified CF composites are measured to
be 72.17 MPa, and 44.24 MPa showing the improvenoént7.9 % and 27.8 %
respectively over unsized composite counterpartss Btudy could show the great
potential of the use of IT to effectively engineer the interfacial charastess of CF
composites, and eventually design and manufaciginealeight super strong composite
structures with high reliability for various loadreying structures in aircraft, watercraft
or ground vehicle.

2. Experimental section
2.1 Materials

Unidirectional carbon fiber (12K Carbon Multifilamie Continuous Tow, tensile

strength 696—725 KSI) was purchased from Fibre tGlws/elopments Corporation,

USA (Table S1). Ti,AIC (<400 mesh, 99.5 %) was commercially available from
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Famouschem Technology (Shanghai) Co., Ltd. Theepesin (YD-128) was supplied
by KUKOO chemical Co., Ltd. The other chemicalduding diethylenetriamine, nitric
acid, (3-Aminopropyl) triethoxysilane (APTES), awit acid, hydrofluoric acid,
2-(7-Azabenzotriazol-1-yl)-N,N,N',N'-tetramethylumiam hexafluorophosphate
(HATU), acetone, dimethyl sulfoxide, and N,N-dimgtbrmamide (DMF)were
purchased from Sigma-Aldrich.
2.2 CF surface grafting process

Firstly, the T}C sheets were functionalized by utilizing APTESeafiynthesis from
Ti,AIC (Fig. S1,2), which was referred as NHi,C. The schematic of the chemical
reaction is illustrated ifrig. 1a. Then the commercially available CF called ‘sit&fd
was refluxed with acetone solution at 70for 48 h to remove the sizing agent. It is
referred as ‘unsized CF'. The unsized CF was ogilim HNQ and BHSO, (1:3)
mixture at 80 °C for 4 h. The resultant carbon fsbeere referred as ‘ACF’. The ACF
was placed into the well-mixed solution of 6 mg NH,C, 5 mg HATU, and 30 ml
DMF. The chemical reaction for a grafting processswarried out at 90 for 4 h to
eventually obtain NKTi,C-CF. During the grafting process, the reactiorwken the
carboxyl groups of ACF and amino groups of NHL,C was completed with the aid of
HATU as a condensing agent. The schematic of therativchemical process and
reaction is shown ifig. 1b.
2.3 Preparation of specimensfor IFSSand IL SStest

For the IFSS test, single fiber fragmentation specis were prepared according to

the ASTM D638 standard-(g. S3). Short beam strength test was employed to arsalysi
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ILSS. The composite laminate specimens were faedcasing the hand layup method
shown in supporting information. The repeat nuntdferach tests was 10.
2.4 Characterization

The chemical components grafted on the CF surfare analyzed by XPS (K-Alpha,
Thermo Fisher Scientific Inc., USA). The surfacerpimlogy of CF and the interfacial
failure were examined with SEM (JSM-7500F, JEOLA)SThe contact angle between
the CF and the test liquids was measured using reandig contact angle meter
(DCAT21, Data Physics Instruments, Germany). Thailkel description was shown in
supporting materialRig. S4). Deionized watery®= 21.8 mJ/my, y= 72.8 mJ/rf) and
diiodomethaney@= 50.8 mJ/m, y= 50.8 mJ/m, 99 % purity, Alfa Aesar, USA) were
used as test liquids [22]. The dispersive and padanponents can be calculated by the

following equations:

vi(1 + cos®) = 2\/]/1”)/;’ + 2\/)/{1)/]9 1)
wherey,,y}/, andyfare the surface tension, polar component, and wisge
components, respectively.

The single fiber tensile test was carried out wiith Instron 3343 universal testing
machine. The dimension of the specimen is showkignS3b. A total of 50 samples
were tested. The fiber fragmentation was monitoeed observed through a
metallographic microscope (OLYMPUS BX51, Guangzhou)

For the single fiber fragmentation test, the specimvas subjected to a uniaxial
tensile load at a crosshead speed of 2 mm/min disengnstron E3000 Universal testing

machine. The IFSS was determined with the Kellyemhysquation [23].
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TFss = {Z (2)

where, d is the fiber diameter; is the fiber strength at the critical fragmentatio

length (.), which can be obtained from the average fibegrfrent length ) at
saturation.
o =21 3)
Since the direct measurement of the fiber stremagitthe critical fragment length
presents very challenging;; can be often determined using the following encplri
formula using a single fiber tensile strength test.
or = ao(i—z)l/ B (4)
where, [, is the initial length of the single carbon fiber, is the fiber tensile stress,
and g is the Weibull shape parameter obtained througHitiear fitting.
During the single fiber fragmentation test, the wmtm emission (AE) test was
concurrently performed to evaluate the fracturecess between CF and epoxy resin.

The AE signals were acquired by a wideband AE se(Bbysical Acoustic Corp.,

(PAC)).

The beam shear testing was conducted to charaztdgzILSS of the unidirectional
CF composite laminates according to ASTM D28%fdble S2). The measured samples
with the dimensions of 12.48 mm x 4.16 mm x 2.08.nime characterization was
performed in a universal testing machine (DTU-MieserDae Kyung Tech, KR) at a

crosshead speed of 1 mm/min. The ILSS was detednisieg the following formula:

_ 0.75P
ILSS= == (5)

where, P is the maximum load observed during tee #éand b and h are the width and
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thickness of the specimen, respectively.
3. Resultsand discussion
3.1 Chemical composition and morphology of CF surface

The surface chemical compositions opibefore and after APTES modification
were investigated with XPS. As shownhig. 2b, the O 1s peaks of ;G are resolved
into two component peaks identified as Ti-O (53@¥) and C-O (532.3 eV),
respectively. After the addition of APTES, the newak of Si-O-Ti (533.3 eV) is
detected in the O 1s spectra of NH,C (Fig. 2c). The presence of the Si-O-Ti bond
can be a good indication of successfully graftiiJ/&S onto TiC via covalent bonds.

The unsized CF surface is found to consist of ngagdrbon and oxygen (C =
87.93 %, O = 12.07 %)F(g. 2a) with C-C (284.7 eV), C-O (285.4 eV), and C = O
(289.9 eV) bonds. After acid treatment, the conegioin of carbon moderately
decreases while one of the oxygen considerablye@asas up to 19.81 %, probably
thanks to the generation of —COGQiioup onto CF. Newly generated elements,
including F, Ti, and Si are found to appear whihe ttontent of N increases after
grafting NH-Tio,C onto CF, which can clearly confirm the existeradeNH,-Ti,C.
Furthermore, a new C 1s peak at 287.9 eV is alsadan Fig. 2f, which may be
attributed to the newly created bond (-N-C=0). Tuwad is formed by the carboxyl
group of ACF and the amino group of MHi,C. This chemical bond can also be
confirmed in the N 1s spectrurfi@. 2g), where an amide (-N-C=0) peak appears at
400.1 eV [24]. These result&ig. S5, 6) indicate that NHTi,C seems to very likely

interact with ACF through covalent bonds, ensuarnghemical grafting.
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The remarkable change in the surface morphologgFofifter the NkTi,C surface
modification was observed through SEM charactaorafFig. 3). After the removal of
as-received sizing, a smooth CF surface is obsemtida slightly reduced diameter
(Fig. 3b). However, some narrow shallow and parallel greoaee seen on the fiber
surface after acid treatmerftig. 3c), which is likely attributed to acid oxidation and
etching. Once grafting with NHTi,C, the newly sized CF surface is found to have
numerous NHTi,C sheets as shown Fkigs. 3d,e compared to the smooth surface of
the unsized CF. The SEM characterization can itelitaat the NHTi.C sheets are
covalently grafted and abundantly distributed ahi® fiber surface along the length. It
can indicate that they could offer an ample opputyufor efficient and effective
control of interfacial characteristics between BE and matrix with much larger
interfacial area and also provide a chance to gthem the interface with mechanical
interlocking between them.

3.2 Thesurfaceenergy of CF

The surface energy of each CF during the graftinocgss was investigated by
measuring the contact angle using two differentuitlg: deionized water and
diiodomethaneKig. 3f). As shown inFig. 3g, the surface energy increases from 33.9
mJ/nt for sized CF to 38.8 mJffor unsized CF. After acid oxidation, the surface
energy of ACF goes up to 56.0 m3/nMeanwhile, the increase of both polar and
dispersive components were observed. Moreover, thélgrafting of NH-Ti,C sheets,
NH.-Ti.C-CF shows a higher polar component of 20.1 rJand a dispersive

component of 46.6 mJfmConsequently, the total surface energy increagetb 66.7
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mJ/nf. It is reported that more polar groups arisingrfrthe grafted NKTi,C can
contribute to the increase in the polar componehtle the greater roughness can give
rise to the higher dispersive component resultiognf NH-Ti.C participation [25]. It
can be expected that the enhanced hydrophilicity aettability of the NH-Ti,C-CF
would improve the interfacial strength between fiteer and polymer matrix in
compositesTable S3).
3.3 Evaluation of Interfacial properties

The effect of NH-Ti,C sheets on the interfacial strength was examingd b
characterizing IFSS and ILSS. As shownTiable 1, the removal of commercially
as-received fiber sizing decreases IFSS from 4&h38.57 MPa. After oxidation, the
IFSS is slightly increased up to 46.73 MPa, owinghie generation of -COOH groups
on the CF surface, which can react with hydroxyl arirane groups of epoxy resin to
form a chemical bond. Noticeably, the IFSS incredsem 40.57 to 72.17 MPa after
grafting NH-Ti,C sheets, improved by 77.9 % while the tensilengtie is slightly
decreased by only 3.8% in comparison with thatdized CF. Very similar to IFSS
evaluation of the composites, MHi,C-CF laminate has the highest ILSS value (44.24
MPa), enhanced by 27.8 % compared with that ofzalsiCF laminate (34.63 MPa).
Obviously, the observed improvement of the intaediaproperties is believed to be
attributed to the existence of MHi,C. It seems that the grafting of MHi,C onto CF
not only creates a strong chemical covalent bortdidmn them Kigs. 2f, g) but also
introduces both mechanical and chemical interlagkietween CF and epoxy resin

since epoxy monomers inter-diffuse through NKF,C sheets and chemically interact
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with the amine groups of the NHi,C. Thus, it could imply that the correspondingly
greater strength may be required to pull the;NHC out of the resin.Hig. S7). The
IFSS results are also compared to the relevamaiitee values associated with similar
grafting methods. The literature survey indicated TC can outperform the interfacial
characteristics in the composites compared to atheomaterials reported so faable
).

Additionally, for the unsized CF, the average léngt fragmentation is found to be
about 592.6um, while after grafting Nkt Ti,C-CF on its surface, the corresponding
length is measured to be only about 3861b (Table 1). The observed shorter
fragmentation length of NHTi,C-CF results from the combination of higher IFS# an
the lower fiber strength. The formation of smaflagments in NHTi,C-CF composite
can also be found in birefringence pattern showfign4. The NH-Ti,C-CF composite
exhibits the more concentrated and smaller birgémt pattern as seen Kig. 4b,
which must be associated with strong adhesionti®unsized CF composite, there are
large break gaps and obvious debonded interfdées 4a). This could result from
relatively weak interface bonding strength andsstteansfer efficiency [26]. Therefore,
a full debonding phenomenon often occurs at therfixte as shown ifig. 4c. In
contrast, it was found that the interaction betwliéh-Ti,C-CF and the epoxy matrix
was stronger, and there was no obvious debondinguthng out Eig. 4d). Similar
phenomena can also be found in NFLC-CF laminate shown iRig. S8.

3.4 Failure mechanismsin CF composites

To investigate the mechanisms responsible for @ikirés observed in the CF
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reinforced polymer composites, the AE testing was aonducted along with the SFFT
(Fig. S9) [27-30]. The AE signals for every event monitoaing the tensile testing
were analyzed to identify the peak frequency. heported that the peak frequency can
be characterized to identify failure modes in cambiusly reinforced fiber composites
[31,32]. As seen iffrigs. 5a and b, three distinct peak frequency ranges of bothagusi
CF and NH-Ti,C-CF composites are clearly found, displaying thi@&ire modes:
matrix cracking (50-120 kHz), interface failure (3300 kHz), and fiber breakage
(>300 kHz) [33].Figs. 5c and d compare the accumulative number of the AE events
corresponding for the three failure modes of theposites, respectively. These results
can provide us with three important observationdiew compared to the unsized
composites, first far more fiber breaks are geeerat NH-Ti,C-CF composites, and
secondly, more matrix cracks are found in NF,C-CF composites. Lastly, the fraction
of the interface failures from the total numberfafures however seems to be much
lower in NH-Ti,C-CF composites and also, importantly, the ‘Integfaonset’ occurs
almost simultaneously with the ‘Fiber onsétid. 5d), while the ‘Interface onset’ comes
first and the ‘Fiber onset’ appears later in undigd compositeHig. 5¢). Note that
both ‘Fiber onset’s in two composites appear aalhest same strain.

It is reported that the fiber/matrix interface detimg is caused by fiber breaks in the
composite [34]. However, at the interface of NH,C-CF composites, NHTi,C sheets
are found to play a bridge role to strongly linktivibeen fiber and matrix through a
chemical bondKig. 6¢). This can allow for the NHTi,C sheets to transfer much more

stress into the matrix and prevent the crack prapag along the interface when the
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single fiber is broken into a number of short flkbeAs a consequence, although the
numerous fiber breaks are generated, less inteff@bges are found and a lot of
microcracks within the matrix are developed, asstllated inFig. 6b. In fact, the SEM
characterization of the fracture surface morphol@gngs. 4c, d and Fig. S10) can
confirm the aforementioned observations. It wasmerad that the partial interface
debonding between fiber and matrix in the NFL,C-CF composites is often observed,
while the fiber pull-out and full debonding are falin the unsized composites.
4. Conclusion

In this study, MXene (BC), which is a newly developed 2D material, was
investigated to enhance the interfacial strengttwéen CF and epoxy resin. The
chemically modified TC (NHx-Ti,C) was successfully grafted onto CF through
covalent bonds (-C=0O-NH-). The SEM characterizati@amd contact angle
measurements indicated that the grafting ok, NHC not only increased the roughness
of CF surface but also introduced plenty of polanctional groups thereby leading to
much greater surface energy of CF. It was expetiaignobserved that the IFSS and
ILSS of NH-Ti,C-CF composite were significantly enhanced by #.@nd 27.8 %
increase, respectively, when compared with thoghetnsized CF composites. These
enhancements were also confirmed with the anafrsisexamination of birefringence
pattern and fracture morphology of the compositesthermore, the failure modes of
the composites were identified by interpreting &te signals which were concurrently
being monitored during the SFFT. It showed that ieterface failures and more matrix

microcracks were developed in MHi,C-CF composites, indicating the strong
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interface adhesion and better load transfer capabgtween the fiber and matrix. This
study can show that, if optimized, the interfagtength of CF reinforced composites
could be dramatically enhanced, and effectively afiitiently controlled so that the
excellent mechanical properties of CF can be felyploited for a wide variety of
composite structures.
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cracking) of singlefiber composite reinforced with (a) unsized CF, (b) NH,-Ti,C-CF. (c) The
chemical reaction of NH,-Ti,C between ACF and epoxy.

Table 1. SFFT and IL SSresultsfor each type of carbon fiber.

Fiber
Critical Gauge Fiber W. ) N
Diameter Critical IFSS ILSS
CF Types Length Length Strength  shape ~
I, (um) lo (Mm) (GPa) 5 d (um) Strength z(MPa) = (MPa)
c W 0 0t10 o110 (GPa) ;
Sized CF 587.7 5.134+0.11 4.86+0.45 4.01 5.93+0.038.3441 42.38+2.! 36.01+1.8
Unsized CF 592.6 5.12840.20 4.77+0.51 3.66 5.5%0.0 8.6016 40.57+1. 34.63+2.0
ACF 539.5 5.198+0.15 4.53+0.34 3.28 5.58+0.08 ®B037 46.73+£3.C. 38.92+2.1

NH,-Ti,C-CF  386.5 5.213+0.13 4.59+0.55 3.30 5.97+0.71 4534 72.17+1.C 44.24+1.1
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