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ABSTRACT

Combining multiple functional capabilities within a structure offers system-level benefits, especially
in weight-critical applications like air and space vehicles. Extensive research has been conducted on
multifunctional composite structures that go beyond their primary structural functions. These structures
have demonstrated various additional capabilities, including energy storage, self-health monitoring, ice
protection systems, and self-manufacturing attributes. However, the integration of these multiple
functionalities into a single engineering solution remains unexplored. Nanoengineering provides an
opportunity for integrating functions at the nanoscale without compromising the shape, design, or load-
bearing capacity of the structure. This study focuses on demonstrating multiple functionalities in an
integrated multifunctional composite (IMC) laminate using Hexcel E-glass/913 unidirectional glass
fiber prepreg integrated with multifunctional carbon nanotubes at the interlaminar regions and external
surfaces. The IMC, having been tested structurally in a previous study, was tested for multifunctional
capabilities here, focusing on electrode-heating multifunctionality through resistive heating as well as
structural health monitoring multifunctionality through piezoresistive strain sensing.

1 INTRODUCTION

Innovative aerospace components have been made possible through the utilization of lightweight
heterogencous materials, such as composites. Although these composites offer weight reduction
benefits, they can be vulnerable to undesirable failure modes, particularly in weaker regions like the
interlaminar region. To address this, nanomaterials, such as carbon nanotubes, have been employed to
reinforce the interlaminar region of composites, offering a nano-scale solution to strengthen the weaker
areas without increasing interlaminar thickness [1]. Successful reinforcement of the interlaminar region
has been achieved using vertically aligned carbon nanotubes (VACNTS) in carbon fiber laminates. These
reinforced laminates have exhibited increased shear strength compared to unreinforced counterparts,
with insignificant changes in interlaminar thickness [1-8]. Various morphologies of vertically aligned
carbon nanotubes, including aligned and buckled VACNTSs, have been explored, demonstrating
enhanced strength through nanoscale reinforcement architectures [1-8].

Moreover, the nano-engineering of these lightweight materials offers the opportunity to incorporate
multifunctionalities, providing additional advantageous functionalities alongside the primary structural
role, without significant weight increase. While the individual exploration of nano-engineered
multifunctional capabilities in structural materials has been conducted, such as life-cycle enhancement
[1-15], energy saving during manufacturing [9-14], sensing and control [9], in-situ cure monitoring [11-
13], and de-icing [15], the integration of these multifunctionalities into a single-engineered composite
remains unexplored. This paper presents the demonstration of multiple functionalities in an integrated
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multifunctional composite (IMC) by nano-engineering Hexcel E-glass/913 unidirectional glass fiber
prepreg. The IMC, having been tested structurally in a previous study, was tested for multifunctional
capabilities, and in this study, demonstrated the electrode-heating multifunctionality through resistive
heating as well as the structural health monitoring multifunctionality through piezoresistive strain
sensing.

2 MATERIALS

The IMC was manufactured by using glass fiber reinforced polymer prepreg with the multifunctional
carbon nanotubes. Hexcel E-glass/913 unidirectional glass fiber prepreg was used, which requires an
autoclave to be cured. A 16-ply quasi-isotropic layup was used for the tests. Randomly oriented
commercial CNT film (Tortech, CNTM4) was placed and integrated into the top and bottom of the
laminate. The addition of these CNT architectures to the composite system are the key to the integration
of multifunctionalities in composites. The film utilized in this study consisted of non-aligned CNTs with
a manufacturer-specified areal density of 4 g/m? and a nominal thickness of 16 um. In its original form
and when incorporated into a polymer nanocomposite, the film exhibits electrical conductivity, which
plays a crucial role in enabling multifunctional capabilities within the laminates. The integration of the
carbon nanotubes in this particular composite to manufacture the IMC has been studied for the quality
of the composite laminate especially void formation and mechanical properties such as interlaminar
shear strength and double-edge notched tensile strength in previous studies [16-18]. The results have
shown that the integration of the CNTs occur while maintaining the quality and mechanical properties
of the composite laminate [16-18].

3 METHODS, RESULTS, AND DISCUSSION
3.1 IMC Quality Characterization

In order to ensure that the laminate integrated with CNTs maintained a comparable quality to the
baseline plate, a void characterization study was conducted. Micro-computed tomography (u-CT), a
non-destructive X-ray imaging technique, was employed to assess the presence of voids in the composite
after the curing process. In the micro-CT images, the density of the material is indicated by the grayscale
value, where lighter regions correspond to denser materials that the X-rays passed through. Therefore,
the glass fibers and resin appear lighter, while voids are depicted as darker or nearly black regions.

Figure 1 displays representative images of both the baseline specimen and the specimens with
integrated CNTs. The micro-CT scans reveal that the lightest grey areas represent the glass fiber within
the medium grey resin matrix. Due to resin infusion, it is difficult to visually distinguish the CNTs in
the interlaminar regions from the resin. Notably, no visible voids were observed in any of the specimen
configurations, indicating that the quality and void characteristics of the CNT integrated specimens were

comparable to those of the baseline specimen.
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Figure 1: Micro-computed tomographs of the baseline glass fiber laminate and the nanoengineered
IMC show similar quality with no voids.
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Figure 2: Scanning electron micrograph of the fully integrated CNT film in the IMC laminate showing
no voids due to the integration.

3.2 Electrode Heating via Joule Heating

In the IMC, the CNTs act as a resistive heater which can heat the sample when provided current with
a power supply. This can be used for various thermal management applications including in situ de-
icing of airplane and jet wings. To demonstrate this multifunctionality, the IMC was tested for heating
capabilities.

An IMC sample was prepared by exposing the integrated CNTs, which were fully integrated under
the resin of the composite, by lightly grinding the surface to reveal the CNTs. Copper electrodes were
attached to the sample using silver epoxy to maintain an electrical connection as seen in Figure 3. The
experiment involved applying a fixed current to the sample and measuring the changes in voltage and
temperature using a voltmeter and thermocouple. The goal was to observe how the resistance of the
CNTs changes with heat and to measure the temperature increase caused by the current. The heating
profile of the sample was also recorded using an infrared camera to note the heating uniformity of the
sample.

Figure 3: Electrothermal heating IMC demonstration: (a) Electrode heating setup with the sample in
black with silver epoxy attached copper electrodes connected to a power supply. (b) Infrared camera
image taken when current was supplied to the sample showing uniform heating of the sample.
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For the study, different currents ranging from 0.5 A to 1.6 A were provided to the sample for 7
minutes each and the highest temperature the sample reached was noted. The samples were then allowed
to cool down until close to room temperature and the test at each current level was cycled 3 times. Figure
4 shows the highest temperature that the sample’s surface would reach when provided current for 7
minutes. The results show a close to linear relationship between the current provided and the
temperature. For applications such as de-icing of airplane wings, the IMC being capable of reaching
over 100 °C shows that it can be utilized for in situ de-icing of airplane wings.
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Figure 4: Highest temperature of the surface of the sample as recorded by the thermocouple at the
different current values the sample was tested at.

3.3 Structural Health Monitoring via Piezoresistivity Strain Sensing

Structural health monitoring can be performed on the IMC by sensing the change in resistance in the
CNT network. When the IMC undergoes strain, the resistance across the CNTs integrated in the
composite will change due to their piezoresistive properties.

IMC samples were prepared for a 3 point bending test with CNT strain sensors and strain gages on
both the tension and compression side. The CNT strain sensors comprised of two electric wires each
connected to the exposed CNTs at a fixed distance to measure the resistance change in the CNTs between
the electric wires. The CNT strain sensors and strain gages were placed at an equal distance from the
testing rig rollers in order to be able to compare the strain data. The samples were tested to 1000 pstrains,
2000 pstrains, and 3000 pstrains for 10 cycles to test the structural health monitoring capabilities of the
CNTs under fatigue. In Figure 5, the average relative change in resistance in the CNT network for the
different strain values can be seen. A clear trend of increasing relative change in resistance with an
increase in strain has been noted which demonstrates that the CNTs provide a structural health
monitoring multifunctionality to the IMC. The difference in tension and compression can be attributed
to difference in the length of the CNT strain sensor that were sensing the strain in the region of the
sample under tension and compression.
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Figure 5: The average relative change in resistance in tension and compression for 1000, 2000, and
3000 pstrain.

4 CONCLUSION

Multifunctionalities of composite laminates, which have been demonstrated individually to date, are
demonstrated in the same composite laminate for the first time. The IMC multifunctionalities
demonstrated include electrode heating via Joule heating as well as structural health monitoring via
piezoresistivity strain sensing. Integration of these functionalities improves the efficiency of the system
and reduces the mass and volume of the total structure, towards sustainable and smart composite
structures. While the in-service multifunctionality of life-cycle enhancement through increased
mechanical properties has been demonstrated in previous studies on the same IMC, additional
multifunctionalities related to manufacturing such as energy savings during curing and cure sensing will
be demonstrated on the same IMC system in future work.
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