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ABSTRACT

This study presents the development and characterization of nonintrusive reduced graphene
oxide/MXene (GM) sensors embedded within Fiber Reinforced Polymer (FRP) laminates. The GM
sensors, fabricated using non-polymer GM ink with optimized formulation, demonstrate exceptional
sensing capabilities and performance. The ink's sensitivity is carefully tuned to ensure its successful
integration into FRP laminates without compromising their interlaminar shear stress (ILSS) properties.
The integrated GM sensors exhibit an extraordinarily high gauge factor, along with remarkable
reversibility and repeatability in responding to dynamic strains. The hybrid functionality achieved by
combining GM sensors with GFRP composites offers a unique combination of superior mechanical
properties and strain-sensing capabilities. This breakthrough opens up exciting possibilities for a wide
range of applications, as FRPs can now provide enhanced structural integrity while simultaneously
monitoring and measuring strains with precision.

1 INTRODUCTION

Fiber-reinforced polymer composites (FRPs) have been widely employed in critical engineering
applications due to their design flexibility and impressive mechanical properties. To enable continuous
and spontaneous monitoring of load-bearing FRPs, various sensors such as optical fiber sensors [1],
piezoresistive sensors [2, 3], and lead zirconate titanate (PZT) sensors [4] have been developed. The
integration techniques used to combine these sensors with the host structure play a significant role in
achieving a robust smart composite. While surface mounting is commonly used for its ease of
installation, disassembly, replacement, and maintenance, it exposes the sensors to harsh environmental
conditions, potentially leading to failure from chemical corrosion and external impacts over extended
operational periods. However, surface mounting is still preferred when convenience, ease of
maintenance, and low replacement cost are the primary considerations, even though it may result in
inferior signal acquisition accuracy due to direct exposure to the environment and susceptibility to
ambient noise

Alternatively, embedding sensors within FRPs can enhance their stability and lifespan addressing the
aforementioned issues, especially in harsh environments. Nevertheless, this approach may compromise
the original integrity of the host composite structures. PZT sensors, which can be internally embedded
into composite structures, have been used for monitoring composites [5, 6], but stress concentration
often occurs at the embedded position due to inconsistent material stiffness, impacting the performance
and service life of the structure [7]. High sensitivity and mechanical stability of strain gauges are
commonly embedded in FRPs to monitor the curing process. Nonetheless, the poor compatibility of
strain gauges and wires with epoxy resin can result in delamination after fatigue loading at the embedded
position, thus affecting the life of the composite material [8]. These types of sensors are unsuitable for
embedding into FRP composites.
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Recently, piezoresistive nanocomposite sensors [9-11] have gained popularity for monitoring FRP
composite structures due to their higher sensitivities and flexibility compared to conventional strain
gauges. Carbonaceous-based sensors have been embedded in FRPs for in-situ curing monitoring and
lifelong structural health monitoring [12, 13]. Among various nanofillers, graphene nanoplatelets (GNPs)
and MXene have shown promise for nanocomposite sensors due to their ability to form dense and
conductive pathways at low nanofiller content resulting in a greater probability of generating the
tunnelling effect between adjacent nanoplatelets due to their two-dimensional structure [14, 15].
Implantable graphene/epoxy sensor films have been fabricated with high gauge factors, capable of
capturing structural responses up to 600 kHz [16]. Monastyreckis et al. [17] reported a gauge factor of
10.88 at a strain of 4% using an MXene/epoxy-coated sensor on large GFRP composite structures,
whereas it exhibited poor stability under tensile cycling loading. However, challenges such as debonding
in the interlaminar regions and inhomogeneous dispersion of nanomaterials can compromise the
mechanical performance and structural integrity. The restacking and agglomeration of graphene and
MXene nanosheets, driven by strong interplanar van der Waals forces and hydrogen bonds, can be
overcome by using graphene oxide (GO) instead of graphene and by constructing 3D porous hydrogels.
Due to the abundant oxygenate groups with hydrophilicity in GO, it can be chemically reduced to form
a conductive reduced graphene oxide (rGO) porous structure for piezoresistive sensors, while retaining
the properties of graphene [18]. Although many rGO and MXene-based sensors [19, 20] exhibit
excellent flexibility and sensitivity, their low detection range, unstable network structure under cyclic
loading, and poor sensing of mechanical signals at high frequencies, such as acoustic-ultrasonic wave-
induced strains, significantly restrict their practical applications in the sensing field. Nanocomposite
sensors, fabricated using nanofillers and a polymer matrix, often sacrifice the overall mechanical
properties of the host FRP laminates due to the incompatible matrix and sensor thickness. Thus, the key
challenges in developing nonpolymer-based rGO/MXene (GM) sensors lie in the formulation of inks
that can be effectively embedded into FRP composites under noninvasive conditions, with the assistance
of the host prepreg epoxy.

To address the aforementioned limitations regarding structural incompatibility between embedded
sensors and the host structure, this study focuses on fabricating high-performance sensors using a novel
nonpolymer GM ink and subsequently embedding them into FRP composites. The characteristic of GM
ink and sensors were thoroughly characterized. The embedded sensors in FRP composites have
demonstrated exceptional sensing performance without compromising the original integrity of the
composites.

2 MATERIALS AND METHODS

A novel type of piezoresistive nanocomposite sensor has been developed using a cost-effective
manufacturing approach involving nonpolymer GM ink. The graphene oxide (GO, >98 wt%, lateral
size: > 50 um), was obtained from TIMESNANO Chengdu. To achieve a uniform dispersion solution,
separate dispersions of GO and MXene were prepared in deionized water at concentrations of 1 mg-mL ™
and 6 mg'mL"!, respectively, utilizing an ultrasonic bath for a duration of 30 minutes. The MXene
solution and L-cysteine were introduced into the GO solution while utilizing a magnetic stirrer at a speed
of 1000 rpm for 30 minutes. The resulting suspension was subjected to heating at 95 °C for 6 hours to
facilitate the formation of hydrogels. These hydrogels underwent repeated washing with deionized water
until reaching a neutral state, after which they were redispersed in DI water through magnetic stirring
for 24 hours to produce the GM ink.

The plain weave glass fiber prepregs containing 38 wt% epoxy resin for GFRP composite were
sourced from Easycomposites UK. The glass epoxy prepregs were stacked together to create 4-layer
FRP composites. Precisely positioned metal wires were used as connecting wires on the first glass fiber
prepreg ply, with an electrode distance of 5 mm between the two wires of each sensor. The GM ink was
carefully deposited at a specific position where the wires were securely fixed, and a mold was employed
to control the initial thickness and shape of the sensor. Once the sensor filled the mold, it was peeled off,
and the remaining three prepreg plies were stacked on top. The prepregs, now embedded with sensors,
were then subjected to curing at 120 °C for 90 minutes.
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3 RESULTS AND DISCUSSION

3.1 Characterizations of GM films

The rheological properties of GM ink were investigated to understand the relationship between ink
concentration and viscosity. The viscosity of the non-polymer GM ink was measured using a rheometer
(HAAKE MARS 40), and it was observed that the viscosity decreased significantly with increasing
shear rate. At a low shear rate of 1 s™!, the viscosity was 0.95 Pa‘s for a concentration of 30 mg/ml and
0.28 Pa-s for 15 mg/ml, as shown in Fig. 1a. Furthermore, the storage (G’) and loss moduli (G"') of the
ink were analyzed to determine the linear elastic deformation regions and fluidization of the ink network.
Fig. 1b shows that the 15 mg/ml concentration exhibited lower storage and loss moduli (9 Pa and 2 Pa,
respectively) compared to the 30 mg/ml concentration. The G’ and G" of the 15 mg/ml ink concentration
were approximately one order of magnitude lower than those of the 30 mg/ml ink concentration. It is
worth noting that the viscosity, storage moduli, and loss moduli of the 30 mg/ml ink were higher than
that of the 15 mg/ml ink concentration, primarily due to colloidal and viscous forces. The higher moduli
observed at 30 mg/ml, particularly the significantly higher storage modulus, indicate a stiffer and more
elastic film structure.

The morphology of the GM film was examined using scanning electron microscopy (SEM,
MERLIN), as depicted in Fig. 1¢. X-ray diffraction (XRD, Empyrean) analysis confirmed the successful
reduction of graphene oxide (GO) to reduced graphene oxide (rGO) and its integration with MXene, as
shown in Fig. 1d. The XRD pattern of GO exhibited a sharp peak at approximately 10.7°, corresponding
to a d-spacing of 0.83 nm for the 002 planes. An additional peak appeared at 9.1° in the XRD spectra,
corresponding to the 002 planes of the MXene (Ti3C,) film. In the GM pattern, the 002 peak of GO
disappeared, and a broad peak around 22.4° was observed. The broader diffraction peak shifted to higher
angles due to the increased interlayer correlation resulting from the intercalation of oxygen functional
groups in the interlayer of the rGO lamellae reduced by L-cysteine. The GM pattern exhibited a slight
shift towards a lower angle compared to that of rGO, confirming the expansion of the interlayer spacing
of the reduced GO flakes through Ti;C; integration.
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Figure 1: Characterization of GM ink and GM film: (a) Viscosity plotted as a function of the shear rate

of GM ink, (b) Storage and loss moduli plotted of GM ink, (¢) SEM image of GM film and (d) XRD
patterns of GO, GM, and MXene films.
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3.2 Mechanical Properties

To assess the compatibility of the GM sensor with composite structures, interlaminar shear stress
(ILSS) tests were conducted on composites with and without sensor embedment. Fig. 2 illustrates the
ILSS—strain curves of the FRP composites with and without sensor embedment, with FRP laminates

without sensor integration serving as a reference. The results indicate that the embedded sensor had a
negligible effect on the ILSS of the host laminate structures.
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Figure 2: ILSS—strain curves of FRP composites with and without sensor embedment.

3.3 Sensing Performances

Sensitivity is a crucial requirement for sensors used in smart composite structures, particularly for
detecting subtle motions or weak signals. The sensitivity of the sensor was investigated through a quasi-
static tensile test of GFRP composite integrated with the GM sensor (250 mm x 25 mm). Changes in
electrical resistance were measured using a digital multimeter (Keithley® DMM7510) employing the

two-point method. The gauge factor (GF), defined as the relative change in electrical resistance due to
mechanical strain, was calculated using Equation (1).
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Figure 3. Electromechanical performances of embedded sensors in composites in the quasi-static
tensile test: (a) Comparison of the relative change in electrical resistance of the GM sensor with rGO
and MXene sensors, and (b) Comparison of the GF of the embedded sensor with other previously
published papers [17, 21-24].

Fig. 3a presents the relationship between the relative change in resistance and strain for the embedded
GM sensor in the GFRP composite. The changes in resistance can be attributed to modifications in
contact resistance caused by the disruption of conductivity paths and variations in the contact area
between rGO/MXene nanosheets, leading to an increased tunneling effect between adjacent rGO and
MXene. The nanocomposite sensors, leveraging the quantum tunneling effect, exhibited sufficient
sensitivity to dynamic strains across a broad range, encompassing static tensile loads with a gauge factor
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of 45. A comparison of strain-sensing performances (Fig. 3b) reveals that the GM sensor's sensing
performance is highly competitive with those reported in previous studies indicated that the GM sensor
performed competitively [17, 21-24].

GF = (AR/Rp)/¢ (1)

where AR is the change in electrical resistance, R is the initial resistance, and ¢ is the tensile strain.

The long-term sensing stability of the embedded sensor in FRPs (250 mm x 25 mm x 0.87 mm) was
examined through cyclic tensile tests at a frequency of 1 Hz for 6,000 cycles using an electrodynamic
testing machine (ZwickRoell® linear testing system 10 kN), as depicted in Fig. 4a. The resistance of the
sensor remained unchanged, indicating excellent durability and reliability of the GM sensors due to the
synergistic effect of rGO and MXene. These cyclic results demonstrate the reliability and stability of
the GM sensor, which can be attributed to the homogeneous dispersion of the GM ink.

For the ultrasonic test, a GFRP (250 mm X 250 mm x 0.87 mm) with the embedded sensor was
prepared, and a PZT wafer (PSN-33, ¥10 mm, 1 mm thick) was surface-mounted on it. A 3-cycle
Hanning-window-modulated sinusoidal tone burst with a central frequency of 150 kHz was generated
by a waveform generator (Tektronix® AFG31051), and then amplified using a power amplifier (Falco
systems® WMA-300) to excite the PZT wafer. Another receiving PZT wafer was mounted on the
surface where the GM sensor was embedded, 100 mm away from the excited PZT, to calibrate and
compare the signals acquired by both sensors. Filtered ultrasonic signals acquired with the GM sensor
and PZT wafer at 150 kHz are shown in Fig. 4b. The arrival time of the first arrival zeroth-order
symmetric Lamb wave (So) exhibited qualitative coincidence between the signals acquired by the PZT
and the embedded GM sensor for the wave modes. The arrival times of the GM sensors were almost
coincident and in good agreement with the PZT wafer. Discrepancies in signal magnitude captured by
the two types of sensors can be attributed to their distinct sensing mechanisms. The PZT wafer measures
changes in piezoelectricity, whereas the nanocomposite sensor detects variations in piezoresistive
properties based on the tunneling effect. The captured signals of the embedded sensor exhibited a
negligible lag in arrival time compared to the PZT wafer, indicating good sensitivity and reliability at

high frequencies.
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Figure 4. Electromechanical performances of embedded sensors in composite: (a) Change in electrical
resistance of the embedded sensor during cyclic strain at 1 Hz for 6,000 cycles, and (b) Ultrasonic
wave signals acquired with the embedded GM sensor and surface-mounted PZT wafer at 150 kHz.

4 CONCLUSIONS

In conclusion, the characterizations and performance evaluations presented in this study provide
valuable insights into the properties and capabilities of the GM sensor for FRP composite structures.
The characterizations of GM films underscore the importance of ink concentration, film microstructure,
and the successful integration of GO and MXene in achieving the desired properties of the GM films.
The mechanical compatibility of the GM sensor with composite structures was assessed through ILSS
tests, demonstrating that the integration of the GM sensor does not compromise the mechanical integrity
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ofthe composites. This finding is crucial for the practical application of the GM sensor in FRP composite
structures. Furthermore, the quasi-static tensile test reveals its sensitivity to mechanical strain, with a
high gauge factor indicating accurate strain measurement even at low magnitudes. The long-term
sensing stability tests demonstrated the excellent durability and reliability of the GM sensor due to the
homogeneous dispersion of the sensing material. The GM sensor's ability to detect ultrasonic waves was
evaluated and compared to a traditional PZT wafer. The GM sensor exhibited qualitative agreement
with the PZT wafer in terms of time-of-flight measurements, highlighting its potential for wave mode
detection. The distinct sensing mechanisms of the GM sensor, based on piezoresistive properties,
contributed to its sensitivity and reliability at high frequencies. Overall, the results emphasize the
promising characteristics and performance of the GM sensor, making it a viable candidate for integration
into composite structures. Its compatibility with composites, high sensitivity to mechanical strain, long-
term stability, and potential for ultrasonic wave detection highlight its potential applications in various
industries. Further research and development of the GM sensor could lead to advancements in the field
of smart composite materials, enabling the development of robust and multifunctional structures with
enhanced sensing capabilities.
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