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Abstract: In this study various samples were fabricated by increasing the amount of CNT from 0% to 5%. The
bulk mechanical properties of the samples were measured using DMA. Alternatively, the local mechanical
properties were assessed using nanoindentation technique. There is a clear trend that the behavior of the
material is dependent of carbon fillers before, during and after percolation threshold. The bulk mechanical
properties were reduced after the percolation threshold due to CNT agglomeration. Then the samples were
exposed to acid solution for one week and one month. Regardless the amount of CNT in the matrix, there is
always a gradient of properties from the skin to the core of the sample. There is a net reduction of in physical
properties. However, the level of degradation was a dependent of the amount of CNT in the host polymer. At
higher concentration the CNTs behave as a barrier. However due to the formation of porosity around the CNT
agglomerates, the acid diffusion encounters preferential path ways. Both techniques lead to the same
observation.

Keywords: polymer composites; nanoindentation; vector network analyzer; acid diffusion;
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1. Introduction

Structural health monitoring is a critical step in composite design. Some composites are
subjected to aggressive chemicals such as fuel, acid, alkaline solution, saline, and sewage [1-4]. It is
crucial to monitor the health of these composites in real-time and develop a contactless sensor capable
of detecting small changes that could potentially be detrimental to the composite [5-7]. Swelling and
hydrolysis of the matrix are two common results of exposure to aggressive conditions [2,8-10].
Swelling leads to deformation of materials that can cause an early catastrophic failure. Since swelling,
corrosion, and hydrolysis are diffusion limiting, it would be clever to develop a smart sensor that can
detect swelling and hydrolysis at an early stage of degradation [2,11,12]. On the other hand, a
characterization technique must be provided that quantifies the degradation over time during the
diffusion process. Nano-indentation is a good candidate as it is a non-destructive method to
determine the mechanical properties, such as stiffness and strength [7,10]. This is complementary to
the sensor data in determining the big picture of the material behavior at the nano scale.

During degradation, micro damage can occur and transform into macroscopic cracks that lead
to catastrophic failure [9,13-15]. This micro-damage is generally caused by stress concentration and
materials’ degradation. There are many crack and deformation detection methods, such as those
involving a material’s electrical, acoustic and optical properties [16-19]. Currently, studies on the
effect of aggressive chemicals on composites are based on changes in volume and weight. The
diffusion follows Fick’s law [3,20,21]. The penetration of aggressive chemicals always changes the
dielectric property of the polymer matrix. In this case, measuring the conductivity and dielectric
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behavior of the polymer has been proven to be a good tool in monitoring the chemical penetration
process [20,22].

The penetration of acid occurs initially during the diffusion process. After the penetration of acid
and water, hydrolysis of polymer matrix occurs, which alters the mechanical properties of the
material. It is thus important to monitor the penetration of acid species in the composite. The
geometry and orientation of nano-additives would affect the diffusion process [9,23-25]. Usually, the
use of nanomaterials would increase the diffusion speed of attacking chemicals. However, many
studies have shown that two-dimensional materials, such as nano-clay, graphene, and boron nitride
are excellent barrier materials [2,26-28].

A previous study has shown that the dispersion of conductive nano-additives affects the
physical properties of nanocomposites [20,27,29,30]. For that reason, a sensor using low concentration
nano-additives could be. The conductive network is not established until the formation of ions occurs
during degradation. During the chemical penetration process, the attacking ions become the bridging
units for this network. As a result, the conductivity of nanocomposite increases upon penetration and
which could be used as an indicator for monitoring of the penetration. On the other hand, CNT could
form the conductive network in a very efficient way [2,7,11,29].

In this study, two methods have been utilized in order to assess the use of CNT in Polymer
matrix nanocomposites. Free Space Measurements were used to monitor the changes in the material
during chemical attack in real-time, while nanoindentation was used as a post-process to quantify
this change as a function of time.

2. Materials and Methods

Epoxy samples containing various percentages of carbon nanotubes (CNTs) were prepared. The
CNT percentages included 0 wt%, 0.5 wt%, 1 wt%, 2 wt%, 4 wt%, and 5 wt%. The samples were
prepared by mixing the epoxy resin with the appropriate amount of CNTs using a mechanical stirrer
until a homogeneous mixture was achieved. The mixture was then poured into sheet molds with
dimensions of 10cm x 10cm x 5mm and cured at room temperature for 24 hours.

After curing, the samples were cut into smaller pieces in the X, y, and z dimensions using a
diamond saw. The resulting samples were then divided into three equal zones for each CNT
percentage. One set of samples was used as a control, while the other two sets were subjected to acid
exposure for one week and one month, respectively. The acid exposure was carried out by immersing
the samples in acid solution.

After the acid exposure period, the samples were rinsed thoroughly with distilled water and
dried at room temperature. Then, the samples were characterized using to nanoindentation testing
technique (a Berkovich diamond indenter with a maximum load of 1000 mN and a loading and
unloading rate of 2000 mN/min). Seven indents were made on each zone of the samples, resulting in
a total of twenty indents per sample and 60 indents per CNT percentage. The nanoindentation
measurements were used to determine the local hardness and elastic modulus of the epoxy/CNT
composites before and after acid exposure, and to evaluate the effect of CNT percentage on the acid
resistance of the composites.

In addition to the nanoindentation testing, the bulk mechanical properties of the samples were
evaluated using a DMA machine. The DMA experiments were performed on the control samples and
the samples before and after acid exposure. The samples were subjected to a sinusoidal stress at a
frequency of 1 Hz employing three-bending point technique, with a stress/strain force of 10 N at a
rate of 0.5 N/min at a constant room temperature 25°C. The stress-strain curves were obtained from
the DMA experiments to evaluate the effect of CNT percentage and acid exposure on the mechanical
properties of the epoxy/CNT composites.

The materials characterization was performed using a Network Analyzer Agilent N230A at
room temperature (25 °C). Two Flexible cables were connected to port 1 and port 2. The calibration
was performed using the E-Calibration Kit N4693-60003. The free space measurements were
performed using two microstrip antennas with a central resonance frequency of 5GHz. Because the
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beamwidth of the antenna at the main lobe is three time less than the minimum transverse dimension
of the sample, the diffraction effect at the edges of the samples were negligible [56].

The measurements were performed in the far-field range at frequency range 3 GHz to 6 GHz.
First, the return loss (S11) and insertion loss (S21) of the antenna were obtained in free space inside
the anechoic chamber. Then, after placing the samples in between the antennas at a distance of 25
mm, the scattering parameters were measured.
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Figure 1. [llustration of sample preparation.

3. Results and Discussions

As shown in the Figure 2 that before acid exposure, the stiffness value is the same regardless the
zone location. However, upon acid exposure the mechanical property value of the sample has
changed with time. There is a noticeable gradient in properties (Figure 3). And this is true as the time
progresses from one week to one month. As the percentage of CNT is added to the pristine polymer,

the same trend was displayed (Figures 4 and 5).
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Figure 2. Elastic Modulus of Pristine Epoxy, 2 % wt, and 5 wt % (CNT) before acid attack.
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Figure 3. Elastic Modulus of Pristine Epoxy before and After Acid exposure.
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Figure 4. Elastic Modulus of 0.5 wt % and 1 wt % After One week and Month of Acid Diffusion.

However, when we increase the amount of CNT in the host matrix and when the material was
exposed to acid for one week and one month. We have observed a net reduction in the mechanical
properties especially when the exposure time was very long.
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Figure 5. Elastic Modulus of 2 wt % CNT Sample before and After Acid Attack.

At two percent of CNT the material tends to behave like the sample with 4%CNT (Figure 6).
Before the percolation threshold the reduction in properties, was mainly due to the presence of
porosity and CNT agglomerates . As we increased the percentage of CNT the gap was reduced,
CNT played anew role as reinforcement and act as a barrier which lowers and eventually stops the
acid diffusion. However, before the percolation threshold, the impact of porosities was eminent and
so the effect of acid attack was pertinent. After the percolation threshold the stiffness was improved
drastically and the CNT plays a better role as a barrier material [20,22].
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Figure 6. Elastic Modulus of 4 wt % CNT Sample before and After Acid exposure.

At 5 wt% of CNTs the nanofillers tend to agglomerate (Figure 7). The formation of porosities is
triggered in the vicinities of the agglomerates. There is formation of residues as a result of chemical
reaction between the acid and polymer (single arrows in Figure 7a). Which have different shape and
dimensions (Figure 7b).

As previously stated the CNTs behave as a barrier, however, these agglomerates along with its
surroundings porous could also accelerate the diffusion of acid. These is confirmed in Figure 8, as it
can be observed the behavior of the samples at one week and one month at zones 1 and zone 2 show
similar reduction of values on the Elastic Modulus. At Zone three the values seems to not be affected
mainly because of the CNTs barriers.
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Figure 7. a) 3D Optical 5 wt % CNT Sample After Month of Acid Attack, b) Porous Characterization.
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Figure 8. Elastic Modulus of 5 wt % CNT Sample before and After Acid Attack.
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There is a gradient in mechanical properties from the core to the skin. A core skin effect was
shown (Figure 9). This is noticeable independently of CNTs percentage. As we approach to the
surface the materials was exposed longer to the acid, mechanical the properties were lowered.
However, the drop in properties was proportional to the percentage of CNT in the host polymer.
Figure 10 shows, clearly acid diffusion as the time progresses from one week to one month.

As shown in the mechanical data that was performed using DMA (Figure 10), the bulk
mechanical properties were higher before percolation threshold. However, after percolation
threshold, the mechanical properties were drastically decreased as the agglomerations were more

significant.
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Figure 9. Nanoindentation Zones Data After One Month of Acid Exposure.
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Figure 10. DMA Data Comparision.
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As we can see in the Figures 11 and 12, the percentage of the CNT alters the Return Loss
parameter. The trend is progressive as the CNT reaches percolation threshold [22,29,31,32]. After the
exposure of acid attack, the material characteristics has changed due to the diffusion of ions. This
diffusion changes the dielectric materials properties i.e. permittivity and permeability. Which the
changes are reflected in the measurement through free space using a patch antenna. With the addition
of CNT fillers the materials became more conductive by forming conductive network of which greatly
change the dielectric properties. The change in attenuation is directly dependent to CNT
concentration. Which can be spotted as the Return Loss decreases.
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Figure 11. VNA Results Before Acid Attack.
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Figure 12. VNA Results After one month of Acid Attack.

The results of the free space technique showing s-parameter (511) are presented in Figure 13. As
the percentage of CNTs increased in the control samples, the absolute values also increased as
expected. However, when the CNT percentage reached the electrical percolation threshold at around
2% , they potentially acted as a barrier to the diffusion, and this was observed in the 2% sample [2].
The pristine epoxy was affected by acid diffusion after just one week, and the same trend was
observed after one month, indicating that the diffusion was not impeded, and the alteration in the
dielectric properties was consistent. In the case of the 5% sample, there was a slight gradual increase
in the difference between control, one week and one month. This could be explained by the fact that
the dielectric properties had already been affected by the percentage of CNTs, reaching its plateau,
following the same principle as the electrical percolation threshold. Additionally, at high percentage,
the CNTs barrier could be larger. However, the formation of aggregates could further facilitate
diffusion by triggering porosity around their surroundings allowing ions to diffuse.
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Figure 13. VNA Results Comparison Before and After Acid Diffusion.

4. Conclusions

In this study, various samples were fabricated by increasing the amount of CNT from 0% to 5%.
The bulk mechanical properties of the samples were measured using DMA. However, the local
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mechanical properties were assessed using nanoindentation technique. It was shown the mechanical
properties are sensitive to agglomerations and the amount of CNT percentage added to the polymer.
There is a clear trend that the behavior of the material is dependent of carbon fillers before, during
and after percolation threshold.

Then the samples were subjected to acid exposure. The mechanical properties were changed as
function of time. We have observed that the material upon acid exposure, starts to degrade as time
progresses from one week to one month. However, the level of degradation was dependent on the
amount of CNT in the host polymer. We have witnessed a degradation at nanoscale and macro scale.
At macroscale, as we increased the percentage of CNT the reduction was more significant because of
large aggregates and porosity as the amount of CNT had increased. At nanoscale all samples
displayed the same behavior there is a gradient in mechanical properties from the core to the skin. In
which the skin is in contact with the acid solution. The gradient is noticeable as the amount of CNT
was increased in the host polymer.

There is an agreement between both techniques the nanoindentation data (mechanical) and
VNA data (electromagnetic) measurements. During acid exposure, the diffusion of ions alters the
physical properties of the samples. These properties were also influenced by the percentage of
addition of CNT.
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