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Abstract: The aim of this study was to develop a process-efficient smart three-dimensional (3D)
woven composite T-profile by depositing MXene nanoparticles at the junction for sensing damage
and deformation at the junction. Such smart composites could find application in the online health
monitoring of complex-shaped parts. The composites were manufactured by infusing epoxy resin
in a single-layer fabric T-profile preform, woven in folded form on a dobby shuttle loom using 300
tex glass roving. The chemically etched TizC,T, MXene nanoparticles were dispersed in deionised
water and 10 layers were sprayed at the junction of the composite to form a conductive coating.
The MXene-coated composite T-profile specimens were subjected to tensile and fatigue loading to
study the electromechanical response of the MXene coating to applied displacement. The results
showed that the MXene coating was able to sense the sample deformation till ultimate failure of the
composite. The MXene coating was also able to effectively sense the tensile-tensile fatigue loading,
carried out at 2000 cycles and 4000 cycles for a 50 N-0.5 Hz and a 100 N-1 Hz load—frequency
combination, respectively, while being sensitive to the overall deformation of the composite. The
smart complex-shaped composites developed in this work were capable of monitoring their health
under tensile and fatigue loading in real time.

Keywords: 3D woven composite; MXene; mechanical testing; T-profile

1. Introduction

Structural health monitoring (SHM) of fiber-reinforced composites is an important
component of quality evaluation in aerospace, civil, and mechanical engineering structures.
Researchers combine various scientific techniques to develop systems for sensing damage
in the composite structures. These damage detection techniques can be broadly classified
into two major categories, namely destructive and non-destructive testing (NDT). For
small, bulk manufactured, and cheap components, the quality evaluation is carried out by
destroying a sample out of the bulk quantity. However, parts that have complex designs
and are expensive to manufacture are evaluated by NDT. Some of the NDT methods
are ultrasonic [1], radiography [2], thermographic [3], acoustic [4], and shearography
testing [5], etc. Although suitable for evaluation in a testing lab, these methods cannot
provide real-time data of the damage during actual usage of the component.

To overcome the above-mentioned limitations, an approach of integrating sensor
elements during various stages of composite manufacturing has been developed. Some
of these techniques are integrating metallic wires, optical fibers [6,7], yarn coated with
conductive dyes [8,9] etc., in the composite layup or in the fabric preform. However, sensor
integration during the weaving process imparts damage to the sensor element and often
results in improper functioning of the sensor. Placing sensor elements between fabric lamina
during the composite layup induces defects in the final composite. To resolve this problem
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and enhance the sensing efficiency, conductive nanoparticles, such as MXene [10], carbon
nanotube (CNT) [11,12], graphene [13], etc., are either dispersed in matrix [14], applied as
coating on the composite [15], or deposited on the substrate surface by processes such as
chemical vapor deposition [16,17] or nanoimprinting [18]. The mechanical deformation of
the composite structure affects the electrical properties of these nanoparticles, which forms
the basis of monitoring the structural health of the material.

The recently discovered MXene nanoparticles [19] are two-dimensional (2D) [20]
structures of titanium carbide Ti3C, T, with excellent mechanical and electrical properties.
The T, in the formula represents a functional group at the surface end, such as -O, -OH,
and/or -F [19]. The reported tensile strength of MXene nanoparticles is 590 MPa (980
nm thick film) [21] and Young’s modulus ranges between 500 and 800 GPa from nanoin-
dentation measurements [22]. MXene 2D nanoparticles are manufactured by selectively
etching elements from its three-dimensional (3D) MAX phase [23]. The weak van der Waals
force between the MXene nanoflakes makes it a more adaptable and sensitive material
for strain-sensing applications [24]. Recent studies demonstrate high adhesion between
MXene and epoxy resin [25]. The MXene nanoparticles can be homogeneously dispersed
in matrix by techniques, such as melt blending [26], ex situ blending [27], and in situ
polymerization [28].

The MXene layer conducts electricity by the virtue of quantum tunnelling and contact
resistance [29]. Quantum tunnelling is the phenomenon in which the electrons can transfer
between nano flake structures that have a gap in the order of 1 nm magnitude. Contact
resistance is due to the overlapping of MXene over each other, thus providing a continuous
path for electrical conductivity. The majority of research in the domain of SHM pertaining
to MXene nanoparticles has been carried out on planar surfaces. However, in practical
applications, the composite panels have complex shapes and geometries, according to the
end use. One of the most extensively used shapes is the T-profile, which transfers loads
between mutually perpendicular directions. The most common procedure to manufacture
a T-profile shape in a composite is by laying up fabric plies in two opposing ‘L’ shapes on
a rigid mould [30]. Although simple to manufacture, the laminated composite T-profiles
are prone to premature failure and delamination when subjected to higher loads [31,32].
For applications in which higher structural stability is required, the laminated composite
T-profiles are either z pinned /tufted [33], or the T-profile preform is 3D woven directly on
a weaving machine [34,35]. Compared to all methods, the 3D woven composite T-profile
exhibits higher load-bearing capacity, as continuous fibers are incorporated in the whole
structure, forming a seamless preform that is resistant to delamination [36].

In laminated as well as 3D woven T-joint composites, the junction region connecting
the base/web and the flange section acts as a critical failure zone, which has a higher
probability for failure, in case the load exceeds the strength of the composite, thus attracting
focus for reinforcement as well as health monitoring. Although common NDT techniques
have been developed for the SHM of a T-joint, such as ultrasonic vibration [37], integrating
piezoresistive layers [38], the integration of optical fibers based on fiber Bragg grating
sensors [7], and electromechanical response of CNT [39], a research gap was found in the
development of complex-shaped smart composites. The use of new 2D nanoparticles for
this purpose could contribute to this progress. The aim of this research was to develop a
smart, single-layer 3D woven composite T-profile, which would be easy to manufacture
and could monitor its deformation and damage in real time using MXene nanoparticles.
The composites were prepared by weaving a fabric T-profile and infusing it with epoxy
resin. The MXene nanoparticles were sprayed on the junction of the composite T-profile.
The feasibility of in situ deformation and damage sensing was investigated by subjecting
the samples to tensile and fatigue loading, while monitoring the piezoresistive response of
the MXene coating.
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2. Materials and Methods
2.1. Preparation of MXenes

Ti3C,T, MXenes were prepared from Tis AlIC; MAX phase (MRC, Kiev, Ukraine) by
etching with hydrochloric acid (HCL, 37 wt.%, Merck, Darmstadt, Germany) and lithium
fluoride (LiF, >99 wt.%, Sigma Aldrich, Munich, Germany). The MAX phase was added to
the mixture of LiF/HCI and stirred for 24 h. A multilayer MXene sediment was formed at
the bottom, which was further delaminated using 99 wt.% LiCl (Sigma Aldrich, Munich,
Germany). The resulting solution was centrifuged at 3500 rpm 10-15 times and rinsed with
deionized water until the pH of the supernatant reached 6.5. The measured concentration of
MXenes in the supernatant was 0.335 mg/mL, which was further increased to 3.3 mg/mL
by centrifuge to obtain conductivity in the order of 10° Q. Six layers of MXene were spread
on a glass slide, gold coated, and subjected to a 15 keV electron beam under SEM. The
partially delaminated MXene flakes with sizes ranging from 1 to 10 um can be observed
in Figure 1a. A close-up view of a single stack of MXene flakes with a size of 2.5 x 5 pm?
can be observed in Figure 1b. These images correspond well with the previous SEM
analyses [10]. The average thickness of these MXene coatings, measured using an atomic
force microscope, was 30 nm for 3 layers [25].

5.00kV x10.0k SE 5.00um

50.0um

a b

Figure 1. Scanning electron microscope analysis of MXene: (a) partially delaminated scattered MXene
flakes; (b) single MXene flake.

2.2. Weaving of T-Profile Preform and Composite Manufacturing

The single-layer fabric T-profile preform was woven on an 8-head shaft dobby loom
with shuttle insertion [40]. Glass rovings of 300 tex were threaded with a draft and denting
plan, as shown in Figure 2a,b, respectively, such that the T-profile is woven in folded form.
A plain weave was selected as a base, and the design, as shown in Figure 2a, was woven
while keeping threads per cm (warp and weft) at a constant value of 8. As shown in
Figure 2b,c, 2 additional rovings were threaded at the base section, near the junction of the
T-profile, as reinforcement.

The bisphenol epoxy CR-122 and amine hardener supplied by Sika (Baar, Switzerland)
were used as matrix and applied manually to the woven T-profile preform. In next step, the
wet preform was placed in a metal mould and subjected to 101.3 kPa vacuum for 3 h. The
preform was cured at room temperature for 24 h and post-cured in an oven at 80 °C for 5 h.
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Figure 2. Weaving of T-profile: (a) weave design, draft and peg plan; (b) denting plan; (c) warp cross
sectional view of T-profile.

The composite T-profile with a thickness of 1 mm was treated with argon-oxygen
plasma, cut into dimensions as shown in Figure 3a,b, and sprayed with 10 layers of MXene
using a Sparmax HB-040 airbrush with a 0.4 mm diameter nozzle and a Sparmax DC-25X
2.07 bar compressor with 0.1 mL/s paint yield (Anest Iwata Sparmax Co., Taipei, Taiwan).
Each layer was sprayed for 10 s at 15 cm distance from the preform in 250 mm? area and
dried at 60 °C using an air dryer.

Copper wire
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Resistance measurement

MXene layer
MXene layer
~ a=35mm Bottom clamp
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b

Figure 3. Three-dimensional woven composite T-profile: (a) specimen dimensions; (b) experimental
setup for tensile and fatigue loading.

2.3. Tensile Testing

Five specimens were cut to dimensions, as shown in Figure 3a,b, and tensile tested
on an Instron ElectroPuls E10000T (Instron, Norwood, MA, USA) machine with a testing
speed of 2 mm/min and a load cell capacity of 10 kN. The specimens were mounted as
shown in Figure 3b. The base section of the composite was bolted to the bottom clamp
with electric-insulating tape and the flange section of the composite was gripped in the top
clamp with electric-insulating sandpaper to reduce slippage. Copper wires were soldered
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on the MXene coating and a silver paste was applied to reduce the contact resistance. The
change in electrical resistance during tensile testing was measured using the two-probe
method, shown in Figure 3a, via a Fluke 287 RMS multimeter (Fluke Corporation, Everett,
WA, USA) with a Bluetooth data-logging system, whereas the contact resistance of 0.8 (
was measured by taking the difference between the two-probe and four-probe methods of
the multimeter contacts.

2.4. Fatigue Testing

Five composite specimens of dimensions, as shown in Figure 3a,b, were tested for
tensile—tensile fatigue on a 10 kN load cell capacity Instron ElectroPuls E10000T (Instron,
Norwood, MA, USA) machine with the parameters listed in Table 1. Each composite
sample was tested for 6000 cycles, split into sets of 2000 and 4000 cycles, consecutively.
The mounting of specimens on the machine and the measurement of change in electrical
resistance, as shown in Figure 3a,b, were the same as those described in Section 2.3: Tensile
Testing. The loading amplitude of the Instron machine was set in the elastic region of
the sample. The measurement of cyclic displacement was functional only by internal
loadcell of Instron machine; however, the probability of error in measuring displacement
increases, due to slippage of samples at grip. To ensure the accuracy of displacement
measurement, the loadcell was calibrated against an external optical strain sensor by tensile
testing pristine bisphenol F epoxy dog-bone specimens according to ISO 527-2-5A. The
difference in displacement measurement was 0.28%.

Table 1. Fatigue testing parameters.

Parameter Values
No. of cycles 2000 4000
Frequency (Hz) 0.5 1
Load (N) 50 100

3. Results and Discussion
3.1. Tensile Testing Results and Dicussion

The graphs of force-displacement were plotted for four composite T-profile samples,
as shown in Figure 4a. One sample was rejected out of five due to premature failure at the
clip restrains. It was observed that the graph can be divided in two distinct zones, i.e., initial
failure and final failure. Initial failure is usually detected as a drop in the tensile load values
for the first time [40]. The curves of force and resistance show a statistically monotonic
relationship, so its product-moment correlation coefficient was calculated by taking the ratio
of covariance to standard deviation of force and absolute resistance datapoint values, for
each of the four samples, presented in Table 2 along with the ultimate force of each sample.
The range of the correlation coefficient is from —1 to 1, where —1 indicates a purely inverse
relation and 1 indicates a purely direct relation between the datasets. As the behaviour of
all the graphs is similar, the piezoresistive response of the MXene coating of one sample
is shown in Figure 4b by plotting AR/R against force-displacement. The piezoresistive
response of the MXene coating, corresponding to the deformation of the sample, matches
well with the previous studies related to MXene-based SHM of composites [10,29].

As the sample elongated, the stress started to accumulate at the junction region of
the T-profile. The resistance of the MXene coating started increasing, corresponding to
the stress accumulation, as shown in Figure 4b. At 2.44 mm, as shown in Figure 4c, the
initial failure occurred, which was detected as a disturbance in the resistance value of the
MXene coating.
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Figure 4. Real-time deformation monitoring of composite T-profile: (a) tensile testing of composite
T-profile; (b) piezoresistive response of the MXene coating; (c) enlarged section of initial failure.

Table 2. Correlation coefficient and ultimate tensile force.

Parameter Sample 1 Sample 2 Sample 3 Sample 4
Correlation 0.70 0.68 0.71 0.68
coefficient
Ultimate tensile 1150 2138.5 2140.2 1918.4
force (N)

Between 2.44 mm and 6.54 mm displacement, the crack propagation started at the
resin-rich area of the junction and propagated in the base section, leading to the catastrophic
failure of the composite, thereby separating the flange and the base parts of the composite.
It was observed that the crack did not spread near the restraints (clips at the base and
clamp at the flange) and was restricted only at the base. The deformation due to stress
accumulation till failure was detected as a steady increase in the resistance of the MXene
coating, as shown in Figure 4b.

During tensile loading of the T-profile, the junction region acts as a point of change
in the direction of load from the top clamp to the clip restraints and thus accumulates
stress [30,41]. Initial failure of the composite occurs in the junction region, when the external
applied force exceeds the tensile strength of the matrix. On further progression of the force,
the yarn/matrix interface, and eventually the composite, fails. For the laminated composite,
the main failure mode is delamination; however, for the 3D woven T-profile composite, the
main failure mode observed is yarn/matrix damage at the junction [32].

On planar surfaces, the piezoresistive response of the MXene coating linearly corre-
sponds to the applied strain [10]. Thus, the steady increase in the MXene coating resistance,
as shown in Figure 4b, can be attributed to the combined elongation of the base and flange
sections. It has been theoretically and experimentally reported that the crack formation
initiates at the junction of the T-joint composite [31,32,35,40]. The MXene coating, being
adhered to the composite [25], absorbs this fracture energy and starts to crack as well,
showing spikes in the resistance values. At a macro level, the change in dimensions of the
composite substrate causes the MXene coating to change its geometry and, in turn, the
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AR/R,

resistance, similar to a traditional strain gauge. At a micro level, the MXene coating consists
of a network of individual MXene flakes, which absorb the fracture energy of the substrate
and break, thus abruptly increasing the tunnelling and contact resistance.

3.2. Fatigue Testing Results and Discussion

The graphs of AR/R( versus number of cycles for one sample are plotted in Figure 5
and show the electromechanical response of the MXene, corresponding to fatigue loading
in the elastic limit of the sample.
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Figure 5. Real-time fatigue sensing of composite T-profile by MXene coating: (a) resistance measure-
ment at 50 N-0.5 Hz; (b) sensing of displacement component during fatigue loading of 2000 cycles;
(c) resistance measurement at 100 N-1 Hz; (d) sensing of displacement component during fatigue
loading of 4000 cycles.

The change in resistance of the MXene coating corresponds to the cyclic stress imparted
by the machine at 0.5 Hz frequency, as shown in Figure 5a. With the increase in the number
of cycles, the load, displacement, and subsequent deformation also increased, which is
sensed by the MXene coating as a cumulative increase in the resistance values, shown in
Figure 5b, calculated by taking the moving average of resistance data points. Cracks and
damage during the loading are sensed as an abrupt change in the resistance value at the
same load as captured at 1000th cycle in Figure 5a. The 50 N load imparted by the machine
was within the elastic limit of the composite T-profile sample; thus, minimum damage was
imparted to the MXene coating as its resistance remained constant when measured before
and after the 0.5 Hz frequency loading.

With an increase in the loading force to 100 N and the frequency to 1 Hz, stress
accumulation and damage progression is rapid. The composite sample was stressed near
the border of its elastic limit and thus accumulated slight damage. This was indicated
by a 3.2% increase in the resistance values of the MXene coating before and after the test.
However, the overall structural integrity of the MXene coating remained stable as it was still
able to sense the cyclic stress and cumulative increase in the deformation, corresponding to
the external displacement, as shown in Figure 5c,d, respectively. The electromechanical
response of the MXene coating during cyclic loading at 0.5 Hz and 1 Hz obtained in this
work corresponds well with the previous studies [10,29].
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During fatigue loading of the composite sample, the MXene flakes undergo cyclic
stress and relax, which causes a periodic increase and decrease in the resistance values,
owing to tunnelling and contact resistance. However, during each cycle, the strain and the
load on the sample increases, which accumulates stress at the junction of the composite.
This causes a permanent increase in the resistance values of the MXene coating [29], as
the individual MXene flakes drift apart and cannot return to their initial position. Owing
to this mechanism, the resistance of the MXene coating directly corresponds to the cyclic
stress, as well as the overall deformation, of the composite T-profile.

4. Conclusions

In this research work, a smart composite was developed by spraying MXene particles
on a 3D woven composite T-profile. The MXene coating was able to sense the damage and
deformation at the junction in real time under tensile and fatigue loading. The graphs of
change in resistance versus force-displacement were plotted to study the electromechanical
response of the MXene coating. The following conclusions can be derived from the study:

1. The concept of spraying MXene particles on the junction of the composite T-profile is
efficient for real-time damage and deformation sensing of complex-shaped composites
under tensile and fatigue loading. The partially delaminated MXene flakes of 3.3 mg/mL
concentration were successful in sensing the deformation of the T-profile composite.

2. During tensile testing of the samples, the main failure zone observed was the junction
region, indicating its critical nature and the need for health monitoring. The MXene
coating sprayed at the junction was able to sense the initial failure at 2.44 mm displace-
ment as a spike in the resistance values, as well as the total deformation till failure as
a steady increase in the resistance values.

3.  Damage during the fatigue loading was sensed as an abrupt change in the resistance
value for same loading conditions. During fatigue loading at 50 N and 100 N, the MX-
ene coating was stable and captured the cyclic stress at 0.5 Hz and 1 Hz, respectively.
At a 50 N-0.5 Hz load-frequency combination, there was no damage to the MXene
coating and, thus, the resistance values remained stable. However, at a 100 N-1 Hz
load—frequency, there was a permanent increase of 3.2% in the resistance of the MXene
coating, which indicates a threshold level of damage initiation.

4. The smart composites in this study are easy to manufacture and cost-efficient; however,
the sensing function is only limited for deformation monitoring. In the future scope
of work, the piezoresistive response of the MXene nanoparticles can be calibrated
against conventional strain gauges mounted on the base and the flange sections of
the T-profile. The data thus obtained can be processed to determine stress at various
zones in the complex-shaped composites.

5. The concept of this research work can be applied to monitor large complex-shaped
components that are expensive and require monitoring at critical junctions. The
dimensional tolerances of such components are strict and, thus, the incorporation
of traditional strain gauges and external sensor elements is difficult. In such sce-
narios, the conductive coating of MXene nanoparticles in a small area can be an
effective solution.
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