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Abstract: MXene (Ti2C) modified by 3-aminopropyl triethoxysilane was grafted onto 

carbon fiber (CF) surface in an attempt to improve interfacial properties in continuous 

CF reinforced epoxy composites. X-ray photoelectron spectroscopy, scanning electron 

microscopy, and dynamic contact angle test were employed to characterize the effect of 

the grafted Ti2C on the interfacial properties. A single fiber fragmentation test together 

with acoustic emission testing was performed to identify the interface failure mode and 

also determine the interfacial shear strength (IFSS). The interlaminar shear strength 

(ILSS) of the laminates was also evaluated with three-point beam testing. It was 

experimentally observed that Ti2C sheets were uniformly grafted on the fiber surface 

with covalent bonding. It could provide not only the increase of the CF surface 
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roughness but also an excellent opportunity to create plenty of the polar functional 

groups thereby leading to a greater surface energy of the CF. The IFSS and ILSS of Ti2C 

modified CF composites were enhanced by ~78% and ~28% increase, respectively, 

compared to ones of unsized CF composites.  

Keywords: Ti2C, Carbon fiber, Interfacial property, Acoustic emission test 

1. Introduction 

Very recently, there has been a surging interest in advanced carbon fiber (CF) 

composite materials along with their manufacturing. In addition to unmanned air 

vehicle (UAV) and drone, automotive industries seem to turn their attention to urban air 

mobility (UAM) and/or personal air vehicle (PAV), which requires lightweight, 

excellent design flexibility, good corrosion resistance, and outstanding mechanical 

properties [1-3]. In order to fully exploit the excellent mechanical properties of CF as 

reinforcement in the composites, there still remains a big challenge which is the 

enhancement of the interfacial strength between CF and polymer matrix. Typically the 

interfacial strength is known to be fairly weak due to the poor wettability and 

interaction caused by hydrophobic and chemically inert CF surface [4]. It is essential to 

control the interfacial properties in composite design and manufacturing for efficient 

and effective load transfer from the mechanically weak matrix to the strong CFs under 

external mechanical stimulus [5]. Consequently, tremendous efforts have been made in 

the surface grafting of CF to improve the interfacial performance [6-7]. 

In particular, for decades, nanomaterials including carbon nanotubes [8, 9], 

nanofibers [10], and graphene oxide (GO) [11, 12] have been widely used as sizing 
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agents for CF. Various techniques have been explored including electrophoretic 

deposition, chemical vapor deposition, and chemical grafting [13-15] in order to 

enhance the interfacial properties hoping to introduce their high mechanical strength, 

large interface area and high stress transfer capability between the polymer matrix and 

CF.  

Interestingly, Mxene with graphene-like morphology seems to be quite attractive, 

which is a newly developed 2D nanosheet material synthesized by MAX phases. That is, 

a ternary carbide or nitride with the general formula Mn + 1AXn; where M, A and X 

represent early transition metals, group A elements (mainly group III A or group IV A), 

and carbon or nitrogen. The integer n can be 1, 2 or 3 [16]. The most attractive feature 

of the MXene will be a number of possible combinations of ensembles of M and X 

elements by simply etching the A layer from MAX phases, which could provide an 

ample opportunity to control or engineering the material properties. For instance, it is 

reported that recent modeling results based on molecular dynamics calculations and 

density functional theory [17] showed that M2X MXenes can exhibit much stiffer and 

stronger mechanical properties than their counterparts of M3X2 and M4X3. In addition, 

similar to other carbon based 2D nanosheet material, MXenes can also offer high 

specific surface area (Ti2C is 609 m2/g), hydrophilic surface, and superior mechanical 

strength (Ti2C is 0.33±0.07 TPa) over GO (~0.2 TPa) [18-20]. Also, the effective 

bending rigidity for Ti2C (D=5.21 eV) greatly exceeds that of graphene (D=2.3 eV) 

because the monolayer thickness of MXene is about 3 times thicker compare with 

graphene [21]. Although the cost of MXene is also high as of today, the potential of 
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MXene with outstanding mechanical properties as well as large surface area could allow 

for the use of the new material in a wide variety of engineering applications in the near 

future. Here, this study focuses on the investigation of MXene as an interphase material 

between CF and the epoxy matrix in order to improve the interfacial strength in the 

composites. The interest of MXene in this study is selected as Ti2C. To the best of our 

knowledge, few articles have reported the use of Ti2C by chemical grafting for CF 

composites. 

This study demonstrates an efficient approach to modify the composite interphase by 

grafting Ti2C with chemical covalent bonding, resulting in the significantly improved 

adhesion between CF and epoxy matrix. The interfacial shear strength (IFSS) and the 

interlaminar shear strength (ILSS) of the Ti2C modified CF composites are measured to 

be 72.17 MPa, and 44.24 MPa showing the improvement of 77.9 % and 27.8 % 

respectively over unsized composite counterparts. This study could show the great 

potential of the use of Ti2C to effectively engineer the interfacial characteristics of CF 

composites, and eventually design and manufacture lightweight super strong composite 

structures with high reliability for various load carrying structures in aircraft, watercraft 

or ground vehicle. 

2. Experimental section 

2.1 Materials  

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

strength 696–725 KSI) was purchased from Fibre Glast Developments Corporation, 

USA (Table S1). Ti2AlC (≤400 mesh, 99.5 %) was commercially available from 
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Famouschem Technology (Shanghai) Co., Ltd. The epoxy resin (YD-128) was supplied 

by KUKOO chemical Co., Ltd. The other chemicals including diethylenetriamine, nitric 

acid, (3-Aminopropyl) triethoxysilane (APTES), sulfuric acid, hydrofluoric acid, 

2-(7-Azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate 

(HATU), acetone, dimethyl sulfoxide, and N,N-dimethylformamide (DMF)were 

purchased from Sigma-Aldrich. 

2.2 CF surface grafting process  

Firstly, the Ti2C sheets were functionalized by utilizing APTES after synthesis from 

Ti2AlC (Fig. S1,2), which was referred as NH2-Ti2C. The schematic of the chemical 

reaction is illustrated in Fig. 1a. Then the commercially available CF called ‘sized CF’ 

was refluxed with acetone solution at 70 ℃ for 48 h to remove the sizing agent. It is 

referred as ‘unsized CF’. The unsized CF was oxidized in HNO3 and H2SO4 (1:3) 

mixture at 80 °C for 4 h. The resultant carbon fibers were referred as ‘ACF’. The ACF 

was placed into the well-mixed solution of 6 mg NH2-Ti2C, 5 mg HATU, and 30 ml 

DMF. The chemical reaction for a grafting process was carried out at 90 ℃ for 4 h to 

eventually obtain NH2-Ti2C-CF. During the grafting process, the reaction between the 

carboxyl groups of ACF and amino groups of NH2-Ti2C was completed with the aid of 

HATU as a condensing agent. The schematic of the overall chemical process and 

reaction is shown in Fig. 1b. 

2.3 Preparation of specimens for IFSS and ILSS test  

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

the ASTM D638 standard (Fig. S3). Short beam strength test was employed to analysis 
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ILSS. The composite laminate specimens were fabricated using the hand layup method 

shown in supporting information. The repeat number of each tests was 10. 

2.4 Characterization 

The chemical components grafted on the CF surface were analyzed by XPS (K-Alpha, 

Thermo Fisher Scientific Inc., USA). The surface morphology of CF and the interfacial 

failure were examined with SEM (JSM-7500F, JEOL, USA). The contact angle between 

the CF and the test liquids was measured using a dynamic contact angle meter 

(DCAT21, Data Physics Instruments, Germany). The detailed description was shown in 

supporting material (Fig. S4). Deionized water (��= 21.8 mJ/m2, �= 72.8 mJ/m2) and 

diiodomethane (��= 50.8 mJ/m2, �= 50.8 mJ/m2, 99 % purity, Alfa Aesar, USA) were 

used as test liquids [22]. The dispersive and polar components can be calculated by the 

following equations: 

���1 + ��	
� = 2���
��

 + 2�������                    (1) 

where,�� , �� , and ��� are the surface tension, polar component, and dispersive 

components, respectively. 

The single fiber tensile test was carried out with the Instron 3343 universal testing 

machine. The dimension of the specimen is shown in Fig. S3b. A total of 50 samples 

were tested. The fiber fragmentation was monitored and observed through a 

metallographic microscope (OLYMPUS BX51, Guangzhou). 

For the single fiber fragmentation test, the specimen was subjected to a uniaxial 

tensile load at a crosshead speed of 2 mm/min using the Instron E3000 Universal testing 

machine. The IFSS was determined with the Kelly–Tyson equation [23]. 
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τIFSS = 
��
�

�
��                               (2) 

where, d is the fiber diameter,  σf is the fiber strength at the critical fragmentation 

length (��), which can be obtained from the average fiber fragment length (�) at 

saturation. 

�� = 
4

� �                                (3) 

  Since the direct measurement of the fiber strength at the critical fragment length 

presents very challenging, �� can be often determined using the following empirical 

formula using a single fiber tensile strength test. 

�� = �����
����/�                           (4) 

where, �� is the initial length of the single carbon fiber, �� is the fiber tensile stress, 

and � is the Weibull shape parameter obtained through the linear fitting.  

During the single fiber fragmentation test, the acoustic emission (AE) test was 

concurrently performed to evaluate the fracture process between CF and epoxy resin. 

The AE signals were acquired by a wideband AE sensor (Physical Acoustic Corp., 

(PAC)).  

The beam shear testing was conducted to characterize the ILSS of the unidirectional 

CF composite laminates according to ASTM D2344 (Table S2). The measured samples 

with the dimensions of 12.48 mm × 4.16 mm × 2.08 mm. The characterization was 

performed in a universal testing machine (DTU-M series, Dae Kyung Tech, KR) at a 

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

ILSS = 
�.� !

"#                                (5) 

where, P is the maximum load observed during the test, and b and h are the width and 
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thickness of the specimen, respectively.  

3. Results and discussion 

3.1 Chemical composition and morphology of    CF surface 

The surface chemical compositions of Ti2C before and after APTES modification 

were investigated with XPS. As shown in Fig. 2b, the O 1s peaks of Ti2C are resolved 

into two component peaks identified as Ti-O (530.4 eV) and C−O (532.3 eV), 

respectively. After the addition of APTES, the new peak of Si-O-Ti (533.3 eV) is 

detected in the O 1s spectra of NH2-Ti2C (Fig. 2c). The presence of the Si-O-Ti bond 

can be a good indication of successfully grafting APTES onto Ti2C via covalent bonds.  

The unsized CF surface is found to consist of mainly carbon and oxygen (C = 

87.93 %, O = 12.07 %) (Fig. 2a) with C-C (284.7 eV), C-O (285.4 eV), and C = O 

(289.9 eV) bonds. After acid treatment, the concentration of carbon moderately 

decreases while one of the oxygen considerably increases up to 19.81 %, probably 

thanks to the generation of –COOH group onto CF. Newly generated elements, 

including F, Ti, and Si are found to appear while the content of N increases after 

grafting NH2-Ti2C onto CF, which can clearly confirm the existence of NH2-Ti2C. 

Furthermore, a new C 1s peak at 287.9 eV is also found in Fig. 2f, which may be 

attributed to the newly created bond (-N-C=O). The bond is formed by the carboxyl 

group of ACF and the amino group of NH2-Ti2C. This chemical bond can also be 

confirmed in the N 1s spectrum (Fig. 2g), where an amide (-N-C=O) peak appears at 

400.1 eV [24]. These results (Fig. S5, 6) indicate that NH2-Ti2C seems to very likely 

interact with ACF through covalent bonds, ensuring a chemical grafting. 
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The remarkable change in the surface morphology of CF after the NH2-Ti2C surface 

modification was observed through SEM characterization (Fig. 3). After the removal of 

as-received sizing, a smooth CF surface is observed with a slightly reduced diameter 

(Fig. 3b). However, some narrow shallow and parallel grooves are seen on the fiber 

surface after acid treatment (Fig. 3c), which is likely attributed to acid oxidation and 

etching. Once grafting with NH2-Ti2C, the newly sized CF surface is found to have 

numerous NH2-Ti2C sheets as shown in Figs. 3d,e compared to the smooth surface of 

the unsized CF. The SEM characterization can indicate that the NH2-Ti2C sheets are 

covalently grafted and abundantly distributed onto the fiber surface along the length. It 

can indicate that they could offer an ample opportunity for efficient and effective 

control of interfacial characteristics between the CF and matrix with much larger 

interfacial area and also provide a chance to strengthen the interface with mechanical 

interlocking between them.  

3.2 The surface energy of CF  

The surface energy of each CF during the grafting process was investigated by 

measuring the contact angle using two different liquids: deionized water and 

diiodomethane (Fig. 3f). As shown in Fig. 3g, the surface energy increases from 33.9 

mJ/m2 for sized CF to 38.8 mJ/m2 for unsized CF. After acid oxidation, the surface 

energy of ACF goes up to 56.0 mJ/m2. Meanwhile, the increase of both polar and 

dispersive components were observed. Moreover, with the grafting of NH2-Ti2C sheets, 

NH2-Ti2C-CF shows a higher polar component of 20.1 mJ/m2 and a dispersive 

component of 46.6 mJ/m2. Consequently, the total surface energy increased up to 66.7 
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mJ/m2. It is reported that more polar groups arising from the grafted NH2-Ti2C can 

contribute to the increase in the polar component, while the greater roughness can give 

rise to the higher dispersive component resulting from NH2-Ti2C participation [25]. It 

can be expected that the enhanced hydrophilicity and wettability of the NH2-Ti2C-CF 

would improve the interfacial strength between the fiber and polymer matrix in 

composites (Table S3).  

3.3 Evaluation of Interfacial properties 

The effect of NH2-Ti2C sheets on the interfacial strength was examined by 

characterizing IFSS and ILSS. As shown in Table 1, the removal of commercially 

as-received fiber sizing decreases IFSS from 42.38 to 40.57 MPa. After oxidation, the 

IFSS is slightly increased up to 46.73 MPa, owing to the generation of -COOH groups 

on the CF surface, which can react with hydroxyl and oxirane groups of epoxy resin to 

form a chemical bond. Noticeably, the IFSS increases from 40.57 to 72.17 MPa after 

grafting NH2-Ti2C sheets, improved by 77.9 % while the tensile strength is slightly 

decreased by only 3.8% in comparison with that of unsized CF. Very similar to IFSS 

evaluation of the composites, NH2-Ti2C-CF laminate has the highest ILSS value (44.24 

MPa), enhanced by 27.8 % compared with that of unsized CF laminate (34.63 MPa). 

Obviously, the observed improvement of the interfacial properties is believed to be 

attributed to the existence of NH2-Ti2C. It seems that the grafting of NH2-Ti2C onto CF 

not only creates a strong chemical covalent bond between them (Figs. 2f, g) but also 

introduces both mechanical and chemical interlocking between CF and epoxy resin 

since epoxy monomers inter-diffuse through NH2-Ti2C sheets and chemically interact 
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with the amine groups of the NH2-Ti2C. Thus, it could imply that the correspondingly 

greater strength may be required to pull the NH2-Ti2C out of the resin. (Fig. S7). The 

IFSS results are also compared to the relevant literature values associated with similar 

grafting methods. The literature survey indicates that Ti2C can outperform the interfacial 

characteristics in the composites compared to other nanomaterials reported so far (Table 

S4).  

Additionally, for the unsized CF, the average length of fragmentation is found to be 

about 592.6 μm, while after grafting NH2-Ti2C-CF on its surface, the corresponding 

length is measured to be only about 386.5 μm (Table 1). The observed shorter 

fragmentation length of NH2-Ti2C-CF results from the combination of higher IFSS and 

the lower fiber strength. The formation of smaller fragments in NH2-Ti2C-CF composite 

can also be found in birefringence pattern shown in Fig. 4. The NH2-Ti2C-CF composite 

exhibits the more concentrated and smaller birefringent pattern as seen in Fig. 4b, 

which must be associated with strong adhesion. For the unsized CF composite, there are 

large break gaps and obvious debonded interfaces (Fig. 4a). This could result from 

relatively weak interface bonding strength and stress transfer efficiency [26]. Therefore, 

a full debonding phenomenon often occurs at the interface as shown in Fig. 4c. In 

contrast, it was found that the interaction between NH2-Ti2C-CF and the epoxy matrix 

was stronger, and there was no obvious debonding or pulling out (Fig. 4d). Similar 

phenomena can also be found in NH2-Ti2C-CF laminate shown in Fig. S8. 

3.4 Failure mechanisms in CF composites  

To investigate the mechanisms responsible for the failures observed in the CF 
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reinforced polymer composites, the AE testing was also conducted along with the SFFT 

(Fig. S9) [27-30]. The AE signals for every event monitored during the tensile testing 

were analyzed to identify the peak frequency. It is reported that the peak frequency can 

be characterized to identify failure modes in continuously reinforced fiber composites 

[31,32]. As seen in Figs. 5a and b, three distinct peak frequency ranges of both unsized 

CF and NH2-Ti2C-CF composites are clearly found, displaying three failure modes: 

matrix cracking (50–120 kHz), interface failure (120–300 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 the composites, respectively. These results 

can provide us with three important observations. When compared to the unsized 

composites, first far more fiber breaks are generated in NH2-Ti2C-CF composites, and 

secondly, more matrix cracks are found in NH2-Ti2C-CF composites. Lastly, the fraction 

of the interface failures from the total number of failures however seems to be much 

lower in NH2-Ti2C-CF composites and also, importantly, the ‘Interface onset’ occurs 

almost simultaneously with the ‘Fiber onset’ (Fig. 5d), while the ‘Interface onset’ comes 

first and the ‘Fiber onset’ appears later in unsized CF composite (Fig. 5c). Note that 

both ‘Fiber onset’s in two composites appear at the almost same strain. 

It is reported that the fiber/matrix interface debonding is caused by fiber breaks in the 

composite [34]. However, at the interface of NH2-Ti2C-CF composites, NH2-Ti2C sheets 

are found to play a bridge role to strongly link between fiber and matrix through a 

chemical bond (Fig. 6c). This can allow for the NH2-Ti2C sheets to transfer much more 

stress into the matrix and prevent the crack propagation along the interface when the 
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single fiber is broken into a number of short fibers. As a consequence, although the 

numerous fiber breaks are generated, less interface failures are found and a lot of 

microcracks within the matrix are developed, as illustrated in Fig. 6b. In fact, the SEM 

characterization of the fracture surface morphology (Figs. 4c, d and Fig. S10) can 

confirm the aforementioned observations. It was examined that the partial interface 

debonding between fiber and matrix in the NH2-Ti2C-CF composites is often observed, 

while the fiber pull-out and full debonding are found in the unsized composites.  

4. Conclusion 

In this study, MXene (Ti2C), which is a newly developed 2D material, was 

investigated to enhance the interfacial strength between CF and epoxy resin. The 

chemically modified Ti2C (NH2-Ti2C) was successfully grafted onto CF through 

covalent bonds (-C=O-NH-). The SEM characterization and contact angle 

measurements indicated that the grafting of NH2-Ti2C not only increased the roughness 

of CF surface but also introduced plenty of polar functional groups thereby leading to 

much greater surface energy of CF. It was experimentally observed that the IFSS and 

ILSS of NH2-Ti2C-CF composite were significantly enhanced by 77.9 % and 27.8 % 

increase, respectively, when compared with those of the unsized CF composites. These 

enhancements were also confirmed with the analysis and examination of birefringence 

pattern and fracture morphology of the composites. Furthermore, the failure modes of 

the composites were identified by interpreting the AE signals which were concurrently 

being monitored during the SFFT. It showed that less interface failures and more matrix 

microcracks were developed in NH2-Ti2C-CF composites, indicating the strong 
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interface adhesion and better load transfer capability between the fiber and matrix. This 

study can show that, if optimized, the interfacial strength of CF reinforced composites 

could be dramatically enhanced, and effectively and efficiently controlled so that the 

excellent mechanical properties of CF can be fully exploited for a wide variety of 

composite structures.  
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Fig. 1. (a) Schematic illustration of Ti2C modification and (b) grafting of NH2-Ti2C on the CF 

surface.  
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Fig. 2. (a) Wide scan XPS spectra. O 1s high resolution XPS spectra of (b) Ti2C, and (c) 

NH2-Ti2C. C 1s high resolution XPS spectra of (d) unsized CF, (e) ACF, (f) NH2-Ti2C-CF, (g) N 

1s high resolution XPS spectra of NH2-Ti2C-CF. 
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Fig. 3. Morphologies of CF: (a) sized CF, (b) unsized CF, (c) ACF, (d) NH2-Ti2C-CF, and (e) its 

high resolution. (f) Contact angle and, (g) surface energy of various carbon fibers. 

 

Fig. 4. Birefringence pattern of single fiber fragmentation tests (a) unsized CF composite, (b) 

NH2-Ti2C-CF composite. Cross-section fracture morphology of single fiber fragmentation tests 

(c) unsized CF composite, (d) NH2-Ti2C-CF composite. 
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Fig. 5. Event peak frequency versus strain for (a) unsized CF composite and (b) NH2-Ti2C-CF 

composites during single fiber fragmentation test. The number of signals accumulated by 

different events versus strain for (c) unsized CF composite and (d) NH2-Ti2C-CF composite. 

 
Fig. 6. Schematic illustration of three failures (fiber breakage, interface failure and matrix 

cracking) of single fiber composite reinforced with (a) unsized CF, (b) NH2-Ti2C-CF. (c) The 

chemical reaction of NH2-Ti2C between ACF and epoxy. 

Table 1. SFFT and ILSS results for each type of carbon fiber. 

CF Types 

Critical 

Length 

lc (μm) 

Gauge 

Length 

l0 (mm) 

Fiber 

Strength 

σf,l0 (GPa) 

W. 

shape 

β 

Diameter 

d (μm) 

Fiber 

Critical 

Strength  

σf,lc (GPa) 

IFSS 

τ (MPa) 

ILSS 

(MPa) 

Sized CF 587.7 5.134±0.11 4.86±0.45 4.01 5.93±0.03 8.3441 42.38±2.5 36.01±1.8 

Unsized CF 592.6 5.128±0.20 4.77±0.51 3.66 5.59±0.09 8.6016 40.57±1.8 34.63±2.0 

ACF 539.5 5.198±0.15 4.53±0.34 3.28 5.58±0.08 9.0375 46.73±3.0 38.92±2.1 

NH2-Ti2C-CF 386.5 5.213±0.13 4.59±0.55 3.30 5.97±0.71 9.3445 72.17±1.0 44.24±1.1 
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