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Abstract: In this study, we examined the impact of carbon nanotube (CNT) concentration on the
mechanical properties of epoxy/CNT composites under acid exposure. Samples with varying CNT
concentrations (0% to 5%) were fabricated and characterized using dynamic mechanical analysis
(DMA) and nanoindentation. Beyond the percolation threshold, the composites experienced de-
creased bulk mechanical properties due to CNT agglomeration. Acid exposure for one week and one
month revealed a gradient of properties from the sample’s skin to its core. Overall, the composites
exhibited modified physical properties, with degradation influenced by the CNT concentration.
Higher concentrations acted as barriers but also created pathways for acid diffusion through pores
surrounding CNT agglomerates. The agreement between nanoindentation and vector network
analyzer (VNA) measurements further supported our findings. This convergence of mechanical
and electromagnetic characterization techniques holds promise for wireless structural health moni-
toring (SHM) applications. Our study enhances the understanding of epoxy/CNT composites for
SHM applications. The relationship between CNT concentration, acid exposure, and mechanical
properties guides material selection and the development of real-time damage-detection techniques.
Integrating multiple measurement techniques, as demonstrated by the agreement between nanoin-
dentation and VNA data, provides a comprehensive understanding of structural behavior, improving
SHM practices.

Keywords: polymer composites; nanoindentation; vector network analyzer; acid diffusion; structural
health monitoring

1. Introduction

Polymer nanocomposite materials are widely used across various industries [1–4].
Many of these structures and parts function in harsh environments and working conditions.
Furthermore, several composites are exposed to aggressive chemicals such as fuel, acid,
alkaline and saline solutions, and sewage, which greatly diminishes the structural life
expectancy [5–10]. Essentially, acid penetration takes place primarily at the beginning
of the diffusion process [11]. After the penetration of acid and water, hydrolysis of the
polymer matrix occurs, followed by swelling. These are two common results of exposure
to aggressive chemicals. Swelling leads to deformation of materials and causes early
degradation [7,9,12–14]. During degradation, microdamage occurs and rapidly transforms
into macroscopic cracks leading to sudden catastrophic failure. This microdamage is
generally caused by stress concentration and the material’s degradation [15–17].

Non-destructive techniques (NDT) are effective methods for addressing and mitigat-
ing structural health issues. Currently, there are many crack- and deformation-detection
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structural health monitoring (SHM) methods, such as those involving a material’s elec-
trical, acoustic, and optical properties [18–22]. Moreover, SHM approaches that detect
chemical diffusion in composites are primarily based on changes in volume and weight
measurements. However, these methods are impractical as they require disassembly of
the structures [9,23]. Therefore, exploring different effects of the diffusion process might
be beneficial.

In previous studies acid penetration was found to change the dielectric properties
of the polymer nanocomposites. Measuring the conductivity and dielectric behavior
of the polymer has been proven to be a good tool in monitoring chemical penetration
processes [9,10,13,24,25]. Nevertheless, a certain percentage of nanofillers can increase
the diffusion speed of the attacking chemicals due to agglomeration and pore formation.
Furthermore, previous studies have shown that efficient dispersion of nano-additives affects
the final physical properties of the nanocomposites [15,26–31]. For instance, Minelli et al.
have suggested that the geometry and orientation of nano-additives affect the diffusion
process [32]. Also, some studies have shown that two-dimensional materials, such as
nano-clay, graphene, and boron nitride, are excellent barrier materials [32,33]. What is
more, CNTs are known for their low electrical percolation thresholds, triggering conductive
networks in a very efficient way and improving overall electrical properties. Moreover, the
addition of CNTs also improves mechanical and thermal properties. The correct dispersion
of CNTs, acting as reinforcements, benefits overall strength, stiffness, and durability. In
addition, their high aspect ratio and the combination of outstanding mechanical, electrical
and thermal properties positions them as ideal candidates for fabricating multifunctional
composites [2,34–39].

For that reason, sensors using low concentrations of nano additives has been ex-
plored [9,40]. The conductive network is not properly established until the penetration
of ions, which occurs during the early stages of the diffusion process. During the diffu-
sion process, the attacking ions become the bridging units for this network. As a result,
the conductivity of the nanocomposite increases upon penetration and can be used as an
indicator for monitoring penetration. Thus, developing a monitoring system capable of de-
tecting swelling and hydrolysis at an early stage of degradation would be a good approach,
considering that swelling, corrosion, and hydrolysis are diffusion-limiting processes.

Nonetheless, it is essential to conduct extensive studies to understand and anticipate
potential failures. It is necessary to employ characterization methods that can quantify
the degradation that occurs over time during the diffusion process. These techniques can
serve as benchmarks for potential NDT approaches, thereby facilitating effective structural
health monitoring. The combination of DMA and nanoindentation is an effective technique
as it provides valuable information, at nanoscale, that can be extrapolated to meso- and
macroscales [4]. Moreover, the employment of contactless dielectric measurements with
VNA could be complementary to the monitoring data in determining the big picture of the
material’s behavior at the different scales.

By combining two methods (mechanical and electrical characterization) this study
employed a novel approach to studying the effects of acid diffusion on the physical prop-
erties of polymers containing different percentages of CNTs. The latter was performed
through contactless monitoring of material changes after chemical attack using free-space
measurements employing antennae in the microwave frequency range, while postprocess
analysis involved DMA and nanoindentation to quantify these changes over time. By
considering the relationship between CNT concentration, acid exposure, and mechanical
properties, this study informs material selection and the development of damage-detection
techniques in real-time. The integration of multiple measurement techniques, exemplified
by the agreement between nanoindentation and VNA data, enables a comprehensive un-
derstanding of structural behavior, thereby enhancing the practices of wireless structural
health monitoring.
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2. Materials and Methods
2.1. Materials

Epoxy samples were prepared by incorporating various percentages of multi-wall
CNTs into Epon 862 epoxy resin purchased from Hexion. The CNTs used in this study
were purchased from Nanocyl and had dimensions ranging from 100 nm to 200 nm in
diameter and 30 µm to 100 µm in length. The epoxy resin, specifically Epon 862, was
thoroughly mixed with the appropriate amount of CNTs using a mechanical stirrer until
a homogeneous mixture with low viscosity was obtained. Thereafter, a hardener, W32,
was added. The resulting mixture was then poured into sheet molds with dimensions of
10 cm × 10 cm × 5 mm and cured at room temperature for 24 h.

2.2. Sample Preparation

To evaluate the effect of acid exposure on the epoxy/CNT composites, two sets of
samples were subjected to acid exposure for different durations. One set of samples served
as the control, while the other two sets were exposed to a testing acid solution with a
concentration of 1 mol/L H2SO4. The acid exposure experiments were conducted for
one week or one month. During the acid exposure period, the samples were immersed
in the H2SO4 solution, allowing for interaction between the acidic environment and the
epoxy/CNT composites. This acid exposure aimed to simulate the degradation effects that
the composites may experience in real-world applications. Following the acid exposure, the
samples underwent thorough rinsing with distilled water and drying at room temperature.
Figure 1 shows the procedure to obtain the samples for mechanical testing. In Figure 1A, the
samples exposed to acid were cut into rectangles, as depicted in B. The samples were then
cut into smaller pieces in the x, y, and z dimensions using a diamond saw, resulting in each
sample being divided into three equal zones for each CNT percentage. The samples were
arranged so that Zone 1 was directly exposed to the acid with Zones 2 and 3 progressing
from the skin to the core, as depicted in Figure 1C,D.
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Figure 1. Illustration of sample preparation for mechanical testing. (A) Sample Surface exposed
to acid. (B) Sample cut for mechanical testing. (C) Sample hold for nanoindentation. (D) Samples
divided in Zones 1, 2 and 3.

2.3. Methods

All the tests and measurements were performed after the curing process of the
epoxy/CNT composites was completed. It is important to note that the samples were
not tested immediately after fabrication, but rather after the curing process, allowing the
composites to fully develop their mechanical and chemical properties. First, the samples
were characterized using the indentation testing technique, using a CSM Harness tester
with a diamond indenter having an elastic modulus of 1141 GPa, Poisons’ ratio of 0.07, and
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nominal angle of 136. The indentation parameters considered for the tests were: a maxi-
mum load of 1000 mN, a loading rate of 2000 mN/min, an unloading rate 2000 mN/min,
and a pause of 15 s. In order to ensure reproducibility, each test was repeated many times.
Twenty-one indents were made per sample, with 7 indents on each zone and a total of
63 indents per CNT percentage for a total of 378 indentations. The indentation measure-
ments provided data on the local elastic modulus of the epoxy/CNT composites both
before and after acid exposure. The influence of CNT percentage on the acid resistance of
the composites was also evaluated in four steps:

1. Indenter pecks the surface;
2. Load phase up until the maximum load (1000 mN);
3. Hold the load;
4. Unload phase.

Additionally, the bulk mechanical properties of the samples were evaluated using
8000 PerkinElmer DMA equipment. The DMA experiments were conducted on the control
samples, as well as on the samples before and after acid exposure. The samples were
subjected to a sinusoidal stress at a frequency of 1 Hz using a three-point bending technique.
A maximum stress of 50 MPa was applied at a constant room temperature of 25 ◦C. The
DMA experiments generated stress–strain curves, allowing for an assessment of the impact
of CNT percentage and acid exposure on the mechanical properties of the epoxy/CNT
composites. The sample containing 5 wt% was investigated through a Keyence VHX 3D
digital microscope.

At room temperature (25 ◦C), two 85131F flexible cables were connected to port 1 and
port 2 for the measurements utilizing a VNA Agilent N230A 6000 (Figure 2). Calibration
was performed using the E-Calibration Kit N4693-60003. Free-space measurements were
conducted using two patch antennae with a central resonance frequency of 5 GHz. The
diffraction effect at the edges of the samples was negligible due to the beamwidth of the
antenna at the main lobe being three times smaller than the minimum transverse dimension
of the samples [24]. The measurements were carried out in the far-field range within a
frequency range of 3 GHz to 6 GHz. Initially, the return loss (S11) and insertion loss (S21)
of the antenna were obtained in free space inside the anechoic chamber. Subsequently, the
samples were positioned between the antennae at a distance of 25 mm, and a frequency
sweep was triggered and the scattering parameters were measured through the Keysight
Software and exported to Python.
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3. Results and Discussions

The control nanoindentations testing were performed on the 0, 2, and 5 wt% samples.
This data were processed following the principal that in the three zones, the samples were
homogeneous, thus showing that the sample remained constant across different zones
before any acid exposure (Figure 3). The pristine sample’s Young’s modulus value of 7 GPa
was greatly improved with the small addition of 2 wt%. At this percentage the mechanical
properties had improved by almost 50%, reaching 12.5 GPA. Peculiarly, at 5 wt% the samples
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showed a minimal improvement of 1 GPa; moreover, in some cases even a detrimental
effect could be spotted. This was because the agglomerates and agglomeration, along with
the pores, reversed any benefit that the CNTs possessed. This would not be beneficial for
applications where superior mechanical and electrical properties are expected [31,41–43].
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Figure 3. Elastic modulus of pristine epoxy and 2% wt. and 5% wt. CNT before acid attack.

Upon exposure to acid, notable changes in the mechanical behavior of the sample
started to occur over time. As depicted in Figure 4, there was a distinct gradient in the
mechanical properties of the sample, becoming more pronounced as the duration of acid
exposure increased from one week to one month. The values in Zone 1, which was directly
exposed to the acid solution, showed a noticeable deterioration compared to the control
benchmark value. A 3 GPa reduction was present for both one week and one month of
acid exposure. Notably, the impact in Zones 2 and 3 was almost negligible. This suggests
that pristine samples have a lower percentage of porosity and thus fewer canals for acid
diffusion. However, the gradient signifies that the sample’s mechanical response was not
uniform across its entirety but rather exhibited variations due to acid attack.
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Remarkably, the trend regarding acid exposure persisted even with small percentages
of CNTs, such as 0.5 wt% and 1 wt%, as shown in the data presented in Figure 5. However,
the samples behaved slightly differently. Although, the Young’s modulus values after one
month were around 2.5 GPa higher after one week, the 0.5 wt% samples depicted, through-
out the three zones, the core-to-skin resistance effect. A possible reason could have been the
morphology and the distribution in these areas [44,45]. On the other hand, at 1 wt%, more
reasonable values after acid exposure were found. The Young’s modulus was reduced by
2.5 GPa, principally in Zone 1, compared to one week of exposure, and therefore exhibited
a visible change with increasing duration of acid exposure. This observation suggests that
the presence of CNTs, even in relatively small numbers, influences the material’s resistance
to acid attack [16]. The reinforcing nature of the CNTs likely contributed to the improved
acid resistance of the composite. The CNTs may act as barriers, hindering the penetration
of acid and protecting the underlying polymer matrix.
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In Figure 6, for the sample containing 2 wt%, in Zones 1 and 2, after month of exposure,
the Young’s modulus went from 12.5 GPA to 7.4 GPA, a 40% decrease. A possible explana-
tion is that the nanofillers started to debond, forming canals and allowing the penetration
of the acid [46]. At Zone 3, the variation was just 1 GPa after month of exposure, indicating
that the acid had not fully penetrated.

At a concentration of 4 wt% of CNTs, the material exhibited similar behavior to the
sample containing 0.5 wt% and 2 wt% CNTs, as shown in Figure 7. The values for one month
of exposure were greater than those for one week of exposure, especially in Zone 3. This
could have been due, at the higher percentage, to the distribution, agglomerations and pores
being problematic for the mechanical properties. However, the core-to-skin resistance effect
was also present. This suggests that there is a critical threshold, known as the percolation
threshold, at which the material’s properties undergo a significant change [34,35,37,47].
Prior to reaching the percolation threshold, the reduction in mechanical properties can be
primarily attributed to the presence of pores within the composite. These factors create weak
points and discontinuities in the material, compromising its overall strength and stiffness.
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Additionally, the pores and CNT agglomerates allow for increased acid penetration, further
exacerbating the material’s vulnerability to acid attack.
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Figure 8 shows that the detrimental effect for 5 wt% samples was more abrupt for
Zones 1 and 2. Close to a 50% reduction in the Young’s Modulus was found after as little
as after one week and was maintained for month. This shows that at a concentration of
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5 wt% of CNTs, agglomeration of the nanofillers becomes evident. This agglomeration
leads to the formation of pores in the vicinity of the agglomerates, as depicted in Figure 9.
Additionally, chemical reactions between the acid and polymer result in the formation
of residues, indicated by the single arrows in Figure 10a. These residues exhibit varying
shapes and dimensions, as shown in Figure 10b. Moreover, the formation of agglomerates
and how the surroundings are affected is depicted with the green arrows [31,48].

Appl. Mech. 2023, 4, FOR PEER REVIEW 8 
 

 

shapes and dimensions, as shown in Figure 10b. Moreover, the formation of agglomerates 

and how the surroundings are affected is depicted with the green arrows [31,48]. 

 

Figure 7. Elastic modulus of 4 wt% CNT sample before and after acid exposure. 

 

Figure 8. Elastic modulus of 5 wt% CNT sample before and after acid attack. 

0

5

10

15

20

1 2 3

Yo
u

n
g'

s 
M

o
d

u
lu

s 
(G

P
a)

Zones

4 wt%

Week Month

0

2

4

6

8

10

12

14

1 2 3

Yo
u

n
g'

s 
M

o
d

u
lu

s 
(G

P
a)

Zones

5 wt%

Control Week Month

Figure 8. Elastic modulus of 5 wt% CNT sample before and after acid attack.

Appl. Mech. 2023, 4, FOR PEER REVIEW 9 
 

 

 

Figure 9. SEM characterization: (a) sample containing pores and agglomeration and (b) SEM ×250 

image of agglomeration. 

It can be observed that both Zone 1 and Zone 2 exhibited similar reductions in the 

elastic modulus values. However, in Zone 3, the values of the elastic modulus appeared 

to be less affected. This can be attributed to the presence of CNT barriers, which impeded 

the acid diffusion and provided a protective effect. The barriers formed by the CNTs in 

this zone helped maintain the mechanical properties of the material, despite the acid ex-

posure. This reduction indicates a decrease in the material’s stiffness, which can be at-

tributed to the accelerated diffusion of acid facilitated by the agglomerates and surround-

ing pores [11]. 

While CNTs generally act as a barrier against acid diffusion, the presence of agglom-

erates and the associated porous regions can have the unintended consequence of accel-

erating the diffusion of acid. The agglomerates, along with the porous surroundings, pro-

vide preferential paths for the acid to permeate into the composite material. 

Figure 11 demonstrates the presence of a core-to-skin effect, indicating a gradient in 

mechanical properties from the core to the skin of the composite samples. This effect was 

observed independently of the percentage of CNTs present in the host polymer matrix. 

Regardless of the CNT concentration, the material’s mechanical properties decreased as 

we moved closer to the surface that had been exposed to acid for a longer duration. The 

drop in mechanical properties was found to be proportional to the percentage of CNTs 

incorporated into the host polymer. This suggests that the presence of CNTs influences 

the material’s resistance to acid attack, with higher concentrations providing better pro-

tection against mechanical degradation caused by acid exposure. It is worth mentioning 

that below 2 wt% the CNT produced a slight improvement in the mechanical properties. 

Moreover, at 0.5 wt% and 1 wt% the reduction of the Young’s modulus started to be more 

noticeable evenly through the zones. This was due to that acid profiting from the smaller 

Figure 9. SEM characterization: (a) sample containing pores and agglomeration and
(b) SEM ×250 image of agglomeration.



Appl. Mech. 2023, 4 982

Appl. Mech. 2023, 4, FOR PEER REVIEW 10 
 

 

barrier, and instead exploiting the weak bonds as canals for diffusion. Above the percola-

tion threshold (i.e., 2, 4, and 5 wt%) the behavior was similar. 

 

Figure 10. (a) 3D optical of 5 wt% CNT sample after one month of acid exposure and (b) pore di-

mension characterization through different perspectives. 
Figure 10. (a) 3D optical of 5 wt% CNT sample after one month of acid exposure and (b) pore
dimension characterization through different perspectives.

It can be observed that both Zone 1 and Zone 2 exhibited similar reductions in the
elastic modulus values. However, in Zone 3, the values of the elastic modulus appeared to
be less affected. This can be attributed to the presence of CNT barriers, which impeded the
acid diffusion and provided a protective effect. The barriers formed by the CNTs in this
zone helped maintain the mechanical properties of the material, despite the acid exposure.
This reduction indicates a decrease in the material’s stiffness, which can be attributed to the
accelerated diffusion of acid facilitated by the agglomerates and surrounding pores [11].
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While CNTs generally act as a barrier against acid diffusion, the presence of agglomer-
ates and the associated porous regions can have the unintended consequence of accelerating
the diffusion of acid. The agglomerates, along with the porous surroundings, provide
preferential paths for the acid to permeate into the composite material.

Figure 11 demonstrates the presence of a core-to-skin effect, indicating a gradient in
mechanical properties from the core to the skin of the composite samples. This effect was
observed independently of the percentage of CNTs present in the host polymer matrix.
Regardless of the CNT concentration, the material’s mechanical properties decreased as
we moved closer to the surface that had been exposed to acid for a longer duration. The
drop in mechanical properties was found to be proportional to the percentage of CNTs
incorporated into the host polymer. This suggests that the presence of CNTs influences the
material’s resistance to acid attack, with higher concentrations providing better protection
against mechanical degradation caused by acid exposure. It is worth mentioning that below
2 wt% the CNT produced a slight improvement in the mechanical properties. Moreover, at
0.5 wt% and 1 wt% the reduction of the Young’s modulus started to be more noticeable
evenly through the zones. This was due to that acid profiting from the smaller barrier, and
instead exploiting the weak bonds as canals for diffusion. Above the percolation threshold
(i.e., 2, 4, and 5 wt%) the behavior was similar.
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Figure 11. Nanoindentation zones (core-to-skin) of Young’s modulus data after one month of
acid exposure.
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The mechanical data obtained using DMA, are depicted in Figure 12. The DMA shows
the bulk mechanical properties. The same behavior as at nanoscale is shown for the control
values. The optimal mechanical enhancements reached a peak at 2 wt% and, surprisingly,
at one week of exposure, and specifically at 2 wt%, the Young’s modulus seemed to have
improved. At 2 wt% the Young’s modulus showed an augmentation of 3 GPA compared to
control, that was reduced by 3 GPA after one month of exposure. The reverse was expected.
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Figure 12. DMA of Young’s modulus bulk data for control, week, and month samples.

Figures 13 and 14 clearly demonstrate that the percentage of CNTs incorporated into
the composite material had a significant impact on the return loss parameter. The trend was
progressive, meaning that as the CNT concentration approached the percolation threshold,
there was a noticeable alteration in the return loss [49,50].
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Upon exposure to acid attack, the characteristics of the material undergo changes as
a result of ion diffusion. This diffusion process directly affects the dielectric properties
of the material, including its permittivity and permeability. These changes in dielec-
tric properties are reflected in the measurements obtained through free space using a
patch antenna [51–54].

By introducing CNT fillers into the composite, the material becomes more conductive,
primarily due to the formation of a conductive network facilitated by the presence of CNTs.
This conductive network significantly alters the dielectric properties of the material. Conse-
quently, the change in attenuation observed in the measurements is directly dependent on
the concentration of CNTs present in the composite.

As the concentration of CNTs increases, the return loss decreases. This decrease
is an indication of improved conductivity and altered dielectric properties of the com-
posite material. The change in attenuation, reflected in the return loss measurements,
serves as a reliable indicator of the influence of CNT concentration on the material’s
electromagnetic characteristics.

The results obtained from the free-space technique, specifically the S-parameter (S11)
values, are illustrated in Figure 15. As the percentage of CNTs increased in the control
samples, the absolute values of the S11 parameter also exhibited an increase, as antici-
pated. This correlation indicates that higher CNT concentrations contribute to improved
electromagnetic characteristics.

However, a significant observation was made when the CNT percentage reached the
electrical percolation threshold, which occurred at approximately 2%. At this threshold, the
CNTs started to act as a barrier to the diffusion process. This behavior was clear in the 2%
CNT sample. In contrast, the pristine epoxy material experienced acid diffusion after just
one week, and this trend continued after one month. These findings suggest that the diffu-
sion was not impeded, and the alteration in the dielectric properties remained consistent.
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Figure 15. VNA absolute scattering (S11) results comparison before and after acid exposure.

In the case of the 5% CNT sample, a slight gradual increase in the difference between
the control sample, the one-week exposure, and the one-month exposure was observed.
This can be attributed to the fact that the dielectric properties had already been affected by
the percentage of CNTs, reaching a plateau. This behavior aligns with the principle of the
electrical percolation threshold, where the properties of the composite material experience
significant changes as the CNT concentration surpasses a certain threshold.

It is worth noting that at higher CNT percentages, the barrier effect provided by the
CNTs becomes more pronounced. However, it is important to consider that the formation of
CNT aggregates can inadvertently facilitate diffusion by triggering the creation of pores in
their surrounding regions. These pores serve as channels for ions to diffuse, counteracting
the barrier effect to some extent.

Our findings indicate that as the amount of CNTs in the host matrix increases and
the material is exposed to acid for extended periods, a net reduction in the mechanical
properties is observed. This phenomenon aligns with our previous studies, where we
also observed the adverse effects of CNT agglomerates and agglomeration on the material
properties. When the exposure time to acid was relatively short, the reinforcing properties
of the CNTs were predominant, leading to improvements in the mechanical performance
of the composite. This is consistent with the initial trend we observed, where the addition
of CNTs, even in small percentages, enhanced the material’s properties.

However, with prolonged exposure to acid, the agglomeration of CNTs becomes more
pronounced, negatively impacting the material’s mechanical properties. The formation
of CNT agglomerates creates regions of weak bonding and reduced load transfer within
the composite. These agglomerates act as stress concentrators and sites for potential crack
initiation, ultimately leading to a reduction in the material’s overall strength and stiffness.

The presence of CNT agglomerates also hinders the effective dispersion of CNTs
within the matrix, limiting their ability to reinforce the composite structure. As a result, the
benefits provided by the CNTs are outweighed by the detrimental effects of agglomeration,
leading to a decline in mechanical properties over prolonged exposure to acid.

During the acid-exposure experiments, the diffusion of ions resulted in alterations
in the physical properties of the epoxy/CNT composites. Furthermore, it was found
that the percentage of CNTs added to the polymer influenced these properties. These
insights emphasize the importance of considering both the mechanical and electromagnetic
properties in SHM applications. By understanding the behavior of materials under different
conditions, such as the presence of CNTs and exposure to acid, this knowledge can be
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utilized in the development of robust SHM strategies. The observed sensitivity of the
mechanical properties to the amount of CNTs, and the identification of degradation patterns,
can guide the selection and optimization of materials for SHM applications.

4. Conclusions

In this study, we fabricated various samples with increasing amounts of CNT, ranging
from 0% to 5%. To assess their mechanical properties, we employed two different tech-
niques: bulk mechanical properties were measured using DMA, while local mechanical
properties were evaluated using nanoindentation. Our findings clearly demonstrate that
the mechanical properties of the samples were highly sensitive to both the presence of
agglomerations and the percentage of CNT added to the polymer. Notably, we observed
a distinct dependence of the material’s behavior on the carbon fillers before, during, and
after the percolation threshold.

Subsequently, we subjected the samples to acid exposure and monitored the changes
in their mechanical properties over time. Our observations revealed that the material began
to degrade progressively as the duration of acid exposure increased, ranging from one
week to one month. However, the extent of degradation was found to be dependent on
the amount of CNT present in the host polymer. We observed degradation occurring at
both nanoscale and macroscale. At macroscale, the increase in CNT percentage led to a
more pronounced reduction in mechanical properties, primarily due to the presence of
larger aggregates and increased porosity. At nanoscale, all samples exhibited a consistent
behavior, demonstrating a visible gradient in mechanical properties from the core to the
skin region, which comes into contact with the acid solution. Notably, this gradient became
more prominent as the amount of CNT in the host polymer increased.

An agreement was observed between the data obtained from the nanoindentation
technique (mechanical) and VNA measurements (electromagnetic). This agreement sig-
nifies the potential for employing multi-modal sensing approaches in structural health
monitoring (SHM) and highlights the relevance of the study to wireless SHM applications.
Additionally, the observed gradient in mechanical properties at nanoscale presents an
opportunity for real-time damage detection and assessment in SHM systems. Integrating
multiple measurement techniques, as demonstrated by the agreement between nanoinden-
tation and VNA data, can provide a comprehensive understanding of structural behavior
and facilitate more effective SHM practices in wireless applications.
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