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Abstract. Two-dimensional (2D) materials are unique nanomaterials that have a sheet-like
structure with a high surface area and nanoscale thickness. These prominent materials are
characterized by their outstanding electrical, chemical, optical, and mechanical properties.
Accordingly, they represent typical solutions to revolutionize various technologies. Transition
metal carbides, nitrides, and carbonitride (MXenes) are a novel family of 2D materials that hold
significant potential for future applications. Processing MXenes into freestanding thin films or
3D structures is desirable to convey their intrinsic properties on a macroscopic scale. Such
structures feature densely packed, hierarchically organized assemblies of pristine nanosheets.
This study focuses on exploring the different properties of TisC>Tx MXene thin films, including
their mechanical properties and fracture toughness. The fracture behavior of TisC.Tx MXene
strips without cracks and in the presence of sided cracks, at varying strain rates, was investigated.
Additionally, their electrical conductivity and electromagnetic interference (EMI) shielding
capabilities were evaluated. The results reveal that sided cracks deteriorate the mechanical
integrity of the TisC.Tx MXene films. Furthermore, these films exhibit dependency on the applied
strain rate. Thus, the fracture toughness (Kic) dropped from 1.77+0.008 MPa.m®3 to 1.37+0.15
MPa.m?” for films loaded at strain rates of 0.1 and 0.001 min™', respectively. The higher the strain
rate, the higher the tensile strength and fracture toughness. Additionally, the TisC.Tx MXene
films achieved an electrical conductivity of 2300 S.cm™! and a total electromagnetic interference
effectiveness of 44+2.7 dB with a considerable level of absorption.

1. Introduction

Recently, 2D materials such as graphene, MXenes, and hexagonal boron nitride (hBN) have been
recognized for their large lateral size, flexibility, and mechanical rigidity [1]. For example, a monolayer
of graphene and TisC.Tx MXene exhibits Young’s modulus (£) of 1 TPa and 0.484 TPa, respectively
[2,3]. Along with these exceptional features, they demonstrate superior tunability for tailorable
mechanical properties [4]. Accordingly, they have found tremendous usage for several electronic
applications [5]. This warrants studying their deformation and fracture properties either in a freestanding
form or as a reinforcement for a composite material.
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Incorporation of 2D materials as nanofillers, thin coatings, or freestanding films in various applications
is imperative for exploring their mechanical and fracture properties under various loading conditions.
Thus, investigating their properties is of interest to estimate their performance, lifetime, and failure
mechanisms. It was demonstrated in various studies that the mechanical properties and fracture
toughness of 2D materials-based nanocomposites are much higher than those without 2D materials, even
at lower concentration values [6]. These improvements are accompanied by enhanced performance in
various applications, such as hydrogen barrier [7], and strain and temperature sensors [8].

Thin films made of pristine 2D materials such as graphene [9], graphene oxide (GO) [10], and MXene
[11] show outstanding mechanical properties. For instance, a few micrometers thick TizC,Tx MXene
films, fabricated via vacuum-assisted filtration (VAF) technique, showed remarkable mechanical
properties that accomplish a tensile strength of 85 MPa [12]. However, Kamal et al. [13] revealed that
the mechanical properties of thin films constructed of 2D materials have a high dependency on several
parameters, such as fabrication techniques, flake size, post-processing, and the test conditions. This
sensitivity is mainly related to the variation in the interlayer characteristics, such as water content and
functional groups [14]. Fabrication of Ti;CoTx MXene films via the blade coating approach provides
precise controllability of the flakes’ alignment. The high scalability of such technique is coupled with
achieving superior tensile strength that peaked up to =570 MPa [15]. Moreover, controlling the Ti;C,Tx
MXene flake’s lateral size can produce ultra strong films with high packing densities that yield a tensile
strength of 739 MPa [16]. Moreover, Vinod et al. [17] demonstrated that the deformation behavior of
GO films is sensitive to the applied strain. It was proven that decreasing the strain rate prompts the
transition of the deformation from brittle to ductile. Fracture toughness of freestanding thin films (20pm
thick) made of GO and hybrid GO/MWCNT has been studied under both opening mode (I) and tearing
mode (III) loading [18]. The results demonstrated that the size of nanosheets has a considerable impact
on the strain energy release rate at different crack lengths, since the films made of large GO nanosheets
had enhanced strain energy release rates compared to those made of small nanosheets. Additionally,
intercalating a low amount of MWCNT (5 wt.%) has improved the fracture properties of the hybrid film.

MXenes are recognized for their extraordinary electrical conductivity, which can achieve 11000 S.cm™
[19]. Their flexibility, mechanical stiffness, electrical conductivity, and adaptable processing in the form
of thin films and coatings offer high potential to be utilized in EMI shielding applications. Pristine
TizC,Tx MXene, its hybrids, and composites are appropriate materials to protect electronic devices
against electromagnetic waves (EMWs) [20]. For instance, Shahzad et al. [21] showed that Ti;CoTx
MXene films with a thickness of 45um have an EMI shielding effectiveness of 92 dB, which is
comparable with metals. Ti;C,Tx MXene/Wood Pulp Fabric attained a superb EMI shielding capabilities
of about 90.2 dB [22]. Li et al. [23] showed that heterogeneous films composed of TizC,Tx MXene and
carbon nanosheets have a remarkable EMI shielding performance of 52.8 dB. This work aims to
investigate the various properties of TisC.Tx MXene thin films, including their mechanical properties
and fracture toughness, at varying strain rates from 0.1 to 0.001 min™'. Additionally, the electrical
conductivity and EMI shielding capabilities of such films were evaluated.

2. Experimental

2.1. Material
TizAlC, powder with a particle size <40 um was procured from Carbon-Ukraine, Ltd (Ukraine). Lithium
fluoride (LiF) powder and hydrochloric acid (HCI, 37%) were obtained from Sigma-Aldrich, Germany.

2.2. Fabrication of MXene films
Ti3C,Tx MXene was synthesized following the minimal intensive layer delamination (MILD) approach.
In this technique, the Al layers within the parent Ti3AlC; MAX phase powder are etched via in situ HF
etchant that is formed by the interaction of LiF (1.6 gm) with (15mL of 9 M) HCI acid [24]. The etching
process lasts for 24 h under stirring at 40°C. Finally, the obtained solution is washed with deionized (DI)
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water via centrifugation at 3500 rpm until reaching pH = 6 to collect the Ti3C,;Tx MXene, as shown in
Figure 1a. After that, the obtained Ti;C>Tx MXene suspension with a concentration of (5 mg/mL) was
used to fabricate a thin film with controlled thickness via a vacuum-assisted filtration (VAF) process
[25], as shown in Figure 1b. The film’s thickness was adjusted to 18um by controlling the solution’s
amount and concentration. It is obvious that the fabricated film is flexible, as presented in Figure 1c.
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Figure 1. (a) Synthesis approach of TizC;Tx MXene solution. (b) Fabrication of TisC.Tx MXene
film via vacuum-assisted filtration (VAF) process. (c) As-fabricated TizC,Tx MXene film. (d) XRD
patterns of MAX phase (TizAlC,) powder and the fabricated Ti;C,Tx MXene film. SEM images of (¢)
MAX phase (TizAlC,) powder, (f) the TizC,Tx MXene monolayer, and (g) the cross-section of the
Ti3C,Tx MXene film.

2.3. Characterization

X-ray diffraction (XRD) was performed on a Brucker D2 phaser XRD diffractometer, using voltage and
current of 30 KV and 10 mA, respectively. A field-emission scanning electron microscope (FE-SEM)
(Joel 7610, Japan) was utilized to examine the surface morphology and the acquired fracture surface of
TizCoTx MXene films. The successful exfoliation of TizCoTx MXene flakes with a uniform nanostructure
and a flat morphology was confirmed by using a Tecnai transmission electron microscopy (TEM) 200
kV machine. The uniaxial tensile and fracture toughness tests were conducted via an Instron 5948
universal testing machine (UTM) at room temperature (RT). Longitudinal rectangular TizC,Tx MXene
strips with 8 mm width, 25 mm length, and 17+1.5 um thickness were fixed on the UTM using soft
tensile grippers and then loaded at a constant strain rate. The tensile strength, failure strain, and fracture
toughness were determined by the average of five test results. A vector network analyzer (Agilent,
E5071CENA) with a rectangular waveguide (WR-90) was used for measuring EMI shielding. The
electrical conductivity of the obtained films was measured via an Ossila Four-Point Probe System (MCP-
T610 model, Mitsubishi Chemical, Japan).

3. Results and Discussion
MXenes represent typical substances that combine a wide range of properties. Accordingly, they offer a
vital performance for various applications. Assembling such materials in the form of free-standing thin
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films introduces a great chance to investigate their performance on a macroscopic scale. In this work,
the effective preparation of Ti;C,Tx MXene was confirmed by monitoring the change taking place in the
XRD patterns. As shown in Figure 1d, pure TizC,Tx MXene was synthesized. Additionally, the SEM
image (Figure le) of the TizAlC; MAX phase shows its layered structure. After etching, transparent
Ti3C,Tx MXene sheets with considerable lateral size were acquired, as shown in Figure 1f. SEM image
of the obtained Ti3C.Tx MXene films shows a homogenous and compacted structure, as presented in
Figure 1g. Investigating the robustness, mechanical performance, and fracture properties of such
materials and the various properties of such films is essential for real-time applications.

3.1. Mechanical Properties

The mechanical properties of Ti;C,Tx MXene films under uniaxial tensile loading were investigated.
The unique structure of such films that are composed of overlapped nanoflakes can offer relative sliding
between the adjacent flakes. To highlight this behavior, the Ti;C,Tx MXene films were tested under
various strain rate levels, which are 0.1, 0.01, and 0.001 min™'. As shown in Figure 2b, the obtained
mechanical properties show sensitivity toward the applied strain rate. The higher the strain rate, the
higher the tensile strength and the lower the failure strain. Loading the specimen under a strain rate of
0.1 min achieved a tensile strength of 17.2+0.6 MPa compared to 11.6+0.6 MPa for those tested under
0.001 min'. This behavior shows that the interactions and the relative sliding between the
neighboring flakes play a crucial role in stress transfer due to the surface-rich functional groups.
Accordingly, they control the overall mechanical properties. In this first stage of the loading, the
straightening of individual wrinkled flakes is the dominant deformation mechanism, followed by relative
sliding and straining of the individual flakes. Finally, the existing voids motivate the initiation of cracks
that propagate rapidly until failure. Examination of the fracture surface revealed that pulling out of the
Ti3C,Tx MXene flakes is obvious, as shown in Figure 1g. Consistent observation was noted for GO films
in previous investigations [17].

3.2. Fracture Toughness

For a profound understanding of the fracture deformation of Ti;C.Tx MXene films, investigating their
fracture toughness in the presence of sided cracks is of interest. Thus, Ti3C,Tx MXene specimens with
double-edge notched tension (DENT) geometry (Figure 2a) were used to evaluate the fracture toughness
under various strain rates. A sharp razor blade was used to introduce identical two-sided cracks for each
specimen, and then it was gripped and loaded in a uniaxial direction. According to ASTM E399 [26],
the fracture toughness (Kic) in the opening mode (I) of the DENT specimen can be calculated using
equations (1) and (2).

Kic = oNma F(%/,) (1)
F(9/,) = 112 +0203(%/, ) - 1.197(a/b)2 ~1.93 (‘l/b)3 @)

Where, Kic is fracture toughness (MPa.m’?), a is the crack length, 2b is the width, and F (a/ b) is a

geometric correction factor. Introducing sided cracks with a length of 1mm into the tested specimen
deteriorated the mechanical integrity of such films, as shown in Figure 2b. Moreover, the acquired
fracture toughness and failure strain show dependency on the applied strain rate. The fracture toughness
(Kic) increases with the increased applied strain rate. As illustrated in Figure 2c, it accomplished
1.37+0.15, 1.65+0.078, and 1.77+0.008 MPa.m®® for stain rates of 0.001, 0.01, and 0.1 min,
respectively. This represents a drop of about 6.7% and 22.6% for the samples tested under 0.01 and
0.001 min’!, respectively, compared with those tested under 0.1 min™'. However, minor changes were
observed in the acquired failure strain.
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Figure 2. (a) Geometry of double edge notched tension (DENT) specimen. (b) Stress-strain
curves of Ti;C,Tx MXene films with and without cracks. (c¢) Bar chart of the obtained fracture
toughness and failure strain of Ti;CoTx MXene films.

3.3. Other Properties

Among the known 2D materials, Ti;C,Tx MXene films are recognized as highly electrically conductive
materials that originate from their metallic conductivity [19]. As-prepared 18um thick Ti;CoTx MXene
film exhibits electrical conductivity of 2300 S.cm™'. This remarkable electrical conductivity is due to the
significant electron density of states near the Fermi level [N(Ey] [27]. Additionally, it arises from the
well-compacted structure that is composed of overlapped and aligned flakes with large lateral sizes, as
shown in Figure 1g. This electrical conductivity endows the films with considerable EMI shielding
properties. The various properties of TizC,Tx MXene films including electrical conductivity and total
EMI SE are presented in Figure 3c.

SET =SEA +SER (3)
SER(dB) = —10 log (1—R) (4
SEr(dB) = —10 log () (5)

The total EMI shielding effectiveness (SErt) is expressed in equation (3) [28]. The reflection shielding
effectiveness (SEr) and absorption shielding effectiveness (SEa) can be calculated using equations (4)
and (5), respectively, where R and T represent the power coefficient of reflectivity, and transmissivity,
respectively, that can be calculated based on the measured scattering (S) parameters (Si1, S21), as shown
in Figure 3a. Figure 3b illustrates the EMI shielding performance of the Ti;C.Tx MXene films in the
range of 8.2—-12.4 GHz. It is obvious that the total EMI shielding effectiveness (SEt) accomplished a
remarkable performance of over 44+2.7 dB. Indeed, EMI shielding results from absorption
(SEA=22.242.65 dB) is greater than that achieved by reflection (SEa=21.7+2.1 dB). This remarkable
absorption performance originates from multiple internal reflections. However, the power coefficient of
reflectivity (R) reached 0.994+0.003 compared to 0.01+£0.002 for the power coefficient of absorptivity
(A). Moreover, the EMI shielding performance exhibits a considerable sensitivity toward the frequency.



AMME-22 IOP Publishing

Journal of Physics: Conference Series 3058 (2025) 012010 doi:10.1088/1742-6596/3058/1/012010
(@) (b) ¢ R=0.99 = 0.003 (e) = [ ~ !
S, sl A=0.01:£0.002 SE, 2 'TE |
— R e £ &
| ' A E % H40 ~
5 = E =]
Port . Y Port =3 & & E
S, ! = = FEER
2 22 1 = 2 3 z
é g 420 =
— 10} é .?:;
S,-j = § 410
Ti;C,T, 0 : L L L =]
MXene Film LA do

Frequency (GHz)

Figure 3. (a) EMI shielding setup and the scattering parameters. (b) EMI SE in the X-band
frequency range (8.2—12.4 GHz). (c) Bar chart of the acquired mechanical, electrical properties, and
the total EMI shielding performance of TizC,Tx MXene film.

4. Conclusion

Thin films constructed from TizC,Tx MXene have a compacted structure of overlapped nanoflakes. This
thin structure can exhibit outstanding properties depending on the interlayer characteristics between the
constituent flakes. Therefore, they represent a typical candidate for numerous applications. In this work,
the fracture properties of such films in the presence of small-sided cracks were investigated.
Additionally, the mechanical properties, electrical conductivity, and electromagnetic interference (EMI)
shielding were studied. The results show that small-sided cracks deteriorate the mechanical integrity of
the Ti;C,Tx MXene films. Furthermore, the deformation of the MXene films exhibits a dependency on
the applied strain rate. The higher the strain rate, the higher the tensile strength and fracture toughness
(Kic). This behavior is due to the interlayer characteristics and the relative sliding between the adjacent
nanoflakes.
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