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A B S T R A C T   

The use of polymer nanocomposites is ubiquitous in every industry. The high corrosion resistance and chemical 
durability of CNT/Epoxy nanocomposites make them suitable for chemical plants, oil industries, and hydrogen 
storage. However, unexpected failures have been reported for chemicals that unavoidably penetrate, provoking 
deterioration and degradation of the composite constituents. Conventional methods are impractical for evalu-
ating structural health conditions because they often require disassembly of the structure and complex post- 
processing analysis. Contactless material characterization methods, on the other hand, are rather promising 
tools. Nevertheless, the influence of nanofillers and acid attack diffusion on wireless signals has yet to be 
explored. In this study, the effects of acid attack periods (i.e. one, week, two weeks, and month) on the scattering 
parameters of microstrip antennas were investigated using a vector network analys. Additionally, an idealised 
multi-scale modelling approach was developed to study the influence of electrical conductivity and porosity 
volume changes on return loss (S11). The data showed that the diffusion of ions altered the specimen properties 
as time progressed. The increment in the electrical conductivity and porosity volume is reflected especially 
during the month-long period. Finally, in this study, it was found that wireless methods can be implemented to 
characterise materials which are beneficial for real-time in-situ structural health monitoring.   

1. Introduction 

In past decades, the industry of composite materials has faced steady 
growth with limitless applications. This continuous advancement in 
technology has resulted in a constant demand for multifunctional smart 
materials. Neat materials often lack this combination of features, thus 
failing to meet demands. Conversely, polymer composites possess 
remarkable characteristics. They exhibit, for instance, a high strength- 
to-weight ratio, fatigue resistance, high stiffness, and they are easy to 
manufacture. These qualities are beneficial for many industrial appli-
cations such as construction, aerospace, electronics, medicine, and 
sports. The improvements range from lightweight structures to 
enhanced mechanical, electrical, and thermal performance [1–10]. 

The polymer-based composites are also used in chemical plants, oil 
facilities, and hydrogen storage [11]. High corrosion resistance and 
chemical durability are imperative characteristics to withstand saline, 
corrosive and aggressive acids. Although polymer composite provides a 
high corrosion barrier and durability, unexpected structural failure 

before the designed service lifetime has been reported [12–14]. Direct 
contact with chemicals provokes unavoidable diffusion phenomena. 
Swelling, hydrolysis, hygroscopic dimensional changes, degradation 
and bleaching are responsible for causing structural deterioration and in 
many cases catastrophic failure. For instance, the matrix starts to swell 
and subsequently the reinforcements degrade [15,16]. To identify and 
mitigate failure, structural health monitoring (SHM) techniques are 
deployed to evaluate the structural condition. Usually, SHM employs the 
implementation of sensors and actuators, however, chemical storage 
facilities often evaluate the structural health with weight and volume 
measurements, and colour-based methods [14,17–19]. Although these 
methods can reasonably predict the structural state, they are mostly 
used post-use and impractical, as they require disassembly of the 
structure and complex machinery, resulting in time-consuming and 
expensive approaches. 

In past years, as more powerful computers have been made available, 
contactless methods have been widely investigated. For instance, 
imaging-based methods such as laser measurements and wireless 
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communications, among others, benefit from powerful algorithms i.e. 
artificial intelligence, neural networks, and machine learning [19]. 
Although observation-based methods are powerful techniques, they are 
restricted to chemical storage applications. Wireless sensor technolo-
gies, on the other hand, are rather promising tools. The rapid 
advancement of technologies such as Bluetooth, RFID, ZigBee and NFC is 
allowing the implementation of wireless embedded sensors for SHM 
[20–23]. Nevertheless, not all of the aforenamed technologies are suit-
able for chemical diffusion sensing. For instance, placing Bluetooth 
chips, active RFID tags or ZigBee systems will need extra design and 
create additional stress areas [16,24–26]. On the other hand, chipless 
technologies such as passive RFID and NFC could be potentially 
deployed in chemical facilities [27–31]. The implementation of RFID 
technologies as a means of sensing has seen increasing use in food safety 
[32–39], environmental pollution [40–44], healthcare [45–49] and 
SHM applications [50–54]. The tags are modified or entirely constructed 
with composite materials. The materials are tuned for selectivity and 
sense the wanted phenomena. 

Although the advancement is encouraging, in chemical and aggres-
sive environments there have been reported few applications where 

RFID tags have been implemented. Mainly because the behaviours of 
composite materials under acid attack and the influence on the wireless 
signal have yet to be explored. Dielectric material characterization is 
often measured using Vector Network Analyzer using probes, wave-
guides, and antennas [18,29,53,55]. Wireless characterization could be 
obtained through the employment of horn antennas, helical antennas, 
and patch antennas. Horn antennas have been widely employed as they 
possess a wide bandwidth, allowing them to characterize through a large 
range of frequencies, however, this type of antenna regularly struggles 
to identify alterations. Patch antennas, on the other hand, are easy to 
construct and can be tailored to any frequency. Moreover, they naturally 
have narrow bandwidth that could be beneficial to measure the small 
changes that acid ions produce in signals. The most studied and simple 
parameters are scattering parameters, from which the dielectric prop-
erties can be derived [56–61]. 

In this study, the effects of acid diffusion at different time-scales was 
investigated using a contactless approach. Consequently, the nano-
composite samples were characterized using a Vector Network Analyzer 
and two microstrip antennas inside an anechoic chamber in the fre-
quency range 3–6 GHz. First, two microstrip antennas with a resonance 
frequency of 5 GHz were designed. Separate samples were immersed in 
acid solution for four different periods of time (zero days, one week, two 
weeks, and one month). The samples were placed 25 mm from the 
transmission and receiving antennas. The antenna scattering parameters 
were obtained (return loss and insertion loss) and compared. Addi-
tionally, a multi-scale numerical approach was employed to investigate 
the potential effects of porosity and electrical conductivity variation in 
the scattering parameters. The results showed that as the percentage of 
carbon nanotubes in the sample increased, the ion diffusion rate 
decreased. Moreover, the diffusion caused an increase in the electrical 
conductivity and porosity. This was observed after one month of acid 
exposure. The numerical approach allowed the investigation of complex 
phenomena by altering the porosity and electrical conductivity. These 
changes are reflected wirelessly, which is beneficial for ubiquitous 
sensing. 

2. Materials and methods 

2.1. Materials and samples preparation 

In this study, thirty-six specimens were utilized. The sample con-
stituents were Multiwall Carbon Nanotubes (MWCNT) and Epoxy EPON 
862. The specimens contain carbon nanotube (CNTs) fractions of 0 %, 
0.5 %, 1 %, 2 %, 4 %, and 5 %. MWCNT diameter and length ranged from 
30 µm to 100 µm and 20 nm to 100 nm, respectively. The specimens 
were fabricated through a process of shear mixing the CNTs in an ul-
trasonic bath in acetone for a period of one hour. Afterwards, while 
constantly mixing, epoxy resin was added until the solvent had evapo-
rated. Finally, the mixture was poured into a silicone mould and hot- 
pressed in vacuum. The sample’s dimensions were 80 mm in width, 
52 mm in length, and 6 mm thick. 

Subsequently, eighteen samples were immersed in a solution of 
sulfuric acid (H2SO4). The acid attack time was divided into three 
groups: one week, two weeks, and a month. Six samples were used for 
each timeline. The remaining eighteen were kept in normal conditions 
as control samples for the measurements. 

2.2. Experimental procedure 

The microwave materials characterization was performed using a 
Network Analyzer Agilent N230A at room temperature (25 ◦C). Two 
85131F Flexible cables were connected to port 1 and port 2. The cali-
bration was performed using the E-Calibration Kit N4693-60003. The 
free space measurements were performed using two patch antennas with 
a central resonance frequency of 5 GHz. Because the beamwidth of the 
antenna at the main lobe is three times less than the minimum transverse 

Fig. 1. Experimental Setup.  

Fig. 2. Numerical Simulations Set-up.  

S. Tamayo-Vegas et al.                                                                                                                                                                                                                        



Composite Structures 305 (2023) 116508

3

dimension of the sample, the diffraction effect at the edges of the sam-
ples were negligible [56]. 

The measurements were performed in the far-field range at fre-
quency 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 (see 
Fig. 1). 

2.3. Numerical procedure 

A numerical model of the scattering parameter was created using 
CST Studio Suite following the experimental conditions. The dimensions 
of the samples, along with the distance from antennas to the samples 
were set up as described in the experimental section. The boundary 
conditions were set to open added space to simulate the anechoic 
chamber as shown in Fig. 2. The sample construction, however, was 

done through a multiscale-modelling as shown in Fig. 3. The modelling 
approach follows the micromechanics theory where a representative 
volume element (RVE) is created to calculate the final properties of the 
nanocomposite. However, as RVEs are not supported in CST Studio 
Suite, we proposed a breakdown approach to model the constituents of 
the samples. The sample shown in Fig. 3a), at the nano scale, is formed 
by its elemental constituents: matrix, carbon nanotubes, porosity, and 
penetration of acid ions. Fig. 3b) and Fig. 3c) represent two RVE con-
taining carbon nanotubes as blue cylindrical aggregates, porosity as a 
green sphere shape, penetration of ions as yellow spheres, and potential 
formation of carbon nanotubes agglomeration in red. These two RVE are 
the volume constituents for the three models. The models were divided 
according to previous studies in Table 1 [5,62] where it was demon-
strated that the electrical percolation threshold (EPT) is achieved at 2 wt 
%. Moreover, above this percentage, the formation of agglomeration, 
although beneficial for electrical conductivity, produces porosity sur-
rounding these bundles. Thus, for this purpose, Fig. 3d) was the model 
chosen before EPT (plain epoxy, 0.5 wt% and 1 wt%). The percolation 
model (2 wt%) is represented by Fig. 3e) where the extra formation of 
CNT is taken into account as the networks are formed. Finally, Fig. 3f) 
represents the model chosen for 4 wt% and 5 wt% where the porosity 
generated by the agglomerates was also modelled. The modelling fol-
lowed the study of the influence of the acid penetration on the electrical 
conductivity of the sample, the dielectric property, and the volume of 
porosity generated. 

Fig. 3. Multi-scale Modelling CST. a) Sample a 1:1 scale. b) RVE with Carbon Nanotubes (Blue), Acid Ions (Yellow), Porous (Green). c) RVE with Carbon Nanotubes 
(Blue), Carbon Nanotubes Agglomeration (Red), Acid Ions (Yellow), Porous (Green). d) Sample at 1:1 scale with Porous Area for samples Epoxy, 0.05 wt% and 1%. e) 
Sample at 1:1 scale with Carbon nanotubes Networks for Sample 2 wt%. f) Sample at scale 1:1 with Carbon nanotube networks, and Carbon Nanotubes Agglom-
eration for Samples 4 wt% and 5 wt%. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Samples Electrical conductivity (S/m) values.  

Samples CNT % Electrical conductivity (S/m) 

0 wt% 2.123 x10− 5 

0.5 wt% 2.123 x10− 3 

1 wt% 5.195 × 10− 2 

2 wt% 25 
4 wt% 350 
5 wt% 550  
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3. Results and discussion 

In this section, the experimental and numerical results are presented. 
This section opens with the experimental results separated into two 
parts, before and after electrical percolation threshold (EPT). The sam-
ple scattering parameters are presented throughout the curve profiles of 
control and acid exposure: one week, two weeks, and month. Subse-
quently, the modelling results are discussed following the same 

approach. 
Fig. 4 shows the scattering parameters, return loss (S11) and inser-

tion loss (S21) before EPT. The control samples’ curve profiles are 
compared with the acid attack samples. In Fig. 4a) and 4b) the pristine 
epoxy experimental results are shown. At the resonance frequency, the 
S11 value reaches − 16.637 dB, which gradually decreases with 
increasing acid exposure. The lack of reinforcements allows acid ions to 
penetrate the surface as early as one week. This phenomenon is 

Fig. 4. Scattering parameters experimental results before electrical percolation threshold a) Epoxy S11. b) Epoxy S21. c) 0.5 wt% S11 d) 0.5 wt% S21 e) 1 wt% S11 f) 
1 wt% S21. 
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validated with S11 values. The corresponding values appear to go along 
a decreasing pattern, jumping from − 16.63762 dB (control sample) to 
− 19.96 dB (one week), − 20.27816 (two weeks), and − 20.81702 dB 
(month). Although there is a marginal difference between samples that 
were exposed to the acid, there is a distinctive variation between the 
control samples and the samples exposed to acid. 

The effects of acid attack are also found in insertion loss (Fig. 4b)). 
The distinctive behaviour can be observed in the frequency range of 4 
GHz to 4.7 GHz. For instance, at 4.1 GHz, the control sample presents its 
lowest value of – 50 dB, similar to one week reaching approximately 
− 50 dB. Nevertheless, the two week and one month samples increment 
to − 45 dB and − 43 dB respectively. Additionally, from 4.2 GHz to 4.6 

Fig. 5. Scattering parameters experimental results after electrical percolation threshold a) 2 wt% S11. b) 2 wt% S21. c) 4 wt% S11 d) 4 wt% S21 e) 5 wt% S11 f) 5 wt 
% S21. 
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Table 2 
Return Loss values at resonance frequencies, experimental and simulations.   

Epoxy 0.05 % 1 %  

Experimental Simulations Experimental Simulations Experimental Simulations 

Control − 16.63762 − 15.74 − 17.60299 − 16.5283 − 16.2089 − 16.9989 
One Week − 19.96565 − 19.6895 − 17.53416 − 18.471 − 17.66639 − 17.5798 
Two Weeks − 20.27816 − 20.57 − 17.5591 − 18.470 − 17.44843 − 17.7009 
Month − 20.81702 20.152 − 21.97871 − 21.3325 − 19.94184 − 19.8978  

2 % 4 % 5 %  
Experimental Simulations Experimental Simulations Experimental Simulations 

Control − 17.33821 − 16.3516 − 21.89763 − 20.7306 − 26.27015 − 26.063 
One Week − 16.77927 − 16.7388 − 21.82417 − 21.6882 − 27.47799 − 26.6777 
Two Weeks − 16.17657 − 17.0696 − 20.9213 –22.0837 − 28.12367 − 26.9079 
Month –22.70312 –22.7943 − 27.09709 − 26.9079 − 28.65134 –32.0255  

Fig. 6. S11 Absolute values at the resonance frequency.  
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GHz the three acid samples fluctuate above the control sample. The 
latter does not reach − 40 dB, whereas the acid samples oscillate up to 
− 35 dB. 

Fig. 4c) and 4d) depict the scattering parameters of the first nano-
composite sample containing 0.05 wt% of CNT. At the resonance fre-
quency, the control sample presents its lowest S11 value of − 17.609 dB. 
Although one and two weeks generate comparable results of − 17.534 dB 
and − 17.555 dB respectively, the central resonance frequencies increase 
from 4.8 GHz to 4.9 GHz. In addition, the month acid attack sample 
gives the largest decrease in terms of resonance frequency, reaching 
− 21.978 dB. This observation reveals that a small percentage of carbon 
nanotubes delay the diffusion of acid within the first weeks. The acid’s 
effect on the nanocomposite is also consistent with the S21 parameter 
(Fig. 4d)), particularly in the frequency range 4 GHz to 4.2 GHz. Two 
weeks and one month present higher values than the control sample and 
one week. However, at greater frequencies, the four samples have shown 
equivalent results. 

Fig. 4e) and Fig. 4f) depict the scattering parameters of the sample 
containing 1 wt%. At this percentage, the control sample shows the 
highest value of − 16.208 dB, thereafter the acid attack provokes a 
steady decrease. The declining trend starts with one week at − 17.666 dB 
moving to − 17.448 dB at two weeks. The same influence, yet the largest, 
was found at one month of acid exposure: − 19.941 dB. It is worth 
mentioning that the one and two week samples have similar results; a 
small, yet distinct variation from the control sample. Similar to previous 
samples, in the frequency region 4 GHz to 4.5 GHz (Fig. 4f)), the effects 
of the acid attack are noticed through the increase of the values in 
comparison to the control sample. 

Fig. 5 depicts the samples’ scattering parameters after EPT (2 wt%, 4 
wt% and 5 wt%). At these percentages of nanofiller, it was found that in 
the first two weeks of acid exposure, there is marginal variation. 
Moreover, at 5 wt% the four samples presented minimal decremental 
variation. However, 2 wt% and 4 wt% present the largest difference 
between the control and one month samples. For instance, the largest 
difference between a control sample and an acid attack sample is found 
at 2 wt% with the one month exposure time. The control sample reached 
a value of − 17.338 dB, whereas the one month acid sample decreases to 
as low as –22.703 dB. On the contrary, the one and two week samples 
showed comparable values of − 16.779 dB and − 16.176 dB respectively. 
One possible explanation is that as the volume of carbon nanotubes 
increases, the acid diffusion is delayed, thus minimizing the impacts of 
acid attack. This phenomenon is clearly depicted in Fig. 5a), where the 
red profile curve is distinctive from that of the other samples (control, 
one week, and two weeks). On the insertion loss, depicted in Fig. 5b), is 
also found that the region of acid attack influence is from 4 GHz to 4.5 
GHz. 

In the same manner, as the CNT percentage increases up to 4 wt%, 
the diffusion of acid ions faces a greater resistance. The value compar-
ison between the control and one and two week samples is almost 
negligible. Nevertheless, as expected, as time passes, the alteration is 

quite evident in the one month sample. At this percentage, the difference 
is approximately 5 dB and the value reaches as low as − 27.09 dB 
(Fig. 5c)). This trend was observed in Fig. 5d). In this case, however, all 
the acid time frames present a distinctive behaviour. In contrast with the 
previous samples, the range of frequencies seems to shrink, and the in-
fluence is just evident in a small frequency window from 4.4 GHz to 4.6 
GHz. 

Finally, the sample containing 5 wt% is presented in Fig. 5e) and 5f) 
for the return loss and insertion loss respectively. At this high concen-
tration of CNT, the acid attack at all time frames is less evident. As can be 
seen in Fig. 5e) and Fig. 5f) the four profile curves follow almost an 
identical path. The effects of the acid ions just change a few units at the 
resonance frequency. Although the difference is minimal, the trend 
seems to be negative from − 26.270 dB, − 27.477 dB, − 28.123 dB to 
− 28.651 dB. Nonetheless, this small difference could be related to the 
difference between the samples and the common artifact of the mea-
surement technique and not the acid attack. 

Table 2 resumes the values of the experimental and simulations at 
the resonance frequencies from all the samples at the control and acid 
attack. These values can clearly indicate the influence of the acid attack 
as we have been discussing. In addition, the simulation results are 
compared in this table, showing a good correlation of the multiscale 
modelling. An extended discussion is found in the next paragraphs. 

A graphical representation is depicted in Fig. 6. A clear distinction is 
always found during the month attack. However, the different per-
centage of nanofillers indicates distinctive behaviour under acid attack. 
For instance, pristine epoxy shows the impact as early as one week and 
these phenomena are kept distinct in the following time frames. 
Distinctively, the nanocomposite containing 0.5 wt%, 1 wt% 2 wt% and 
4 wt% only showed clear effects at month attack. Additionally, after the 
percolation threshold (i.e. 2 wt% and 4 wt%), the largest difference is 
found between control and month of acid attack. The composite con-
taining 5 wt% showed marginal variations as can be been in Fig. 6 f). 

Table 3 shows the parameters data for the models before the elec-
trical percolation threshold. In the control samples, the conductivity is 
set according to Table 1. The dielectric values come from the Epoxy data 
sheet. As the dielectric also follows a percolation threshold, we assumed 
that at a low percentage of carbon nanotubes, the dielectric bulk value 
will be the same as plain Epoxy. Following the models for the epoxy, the 
electrical conductivity was set to not vary as the acid attack penetrates 
the material, thus only the porosity was assumed to vary. 

These models are compared in Fig. 7. In each figure, the experi-
mental and simulation results are compared. For illustration purposes, 
the control samples along with the one week and two week samples are 
compared in Fig. 7a) and one month in Fig. 7b). Fig. 7 a) and b) 
represent the Epoxy sample experimental and simulation results. 
Following the experimental results, the acid epoxy samples showed 
variation as early as one week. In the plain epoxy simulations, small 
percentage of porosity was considered at 0.72 %, this value was set to 
increase as time passed. As soon as porosity value increased, the soft-
ware showed a large decrease of S11. As was expected, the acid ions 
degraded and formed porousities within the material. The model 
continued to follow the decreasing trend, increasing the percentage of 
porosity generated as time passed. These values are not absolute but 
rather a comparison and exemplification of how porosity influences S11. 

For the nanocomposites, a different approach was followed. First, the 
electrical conductivity of the control sample was set according to pre-
vious work (Table 1). Second, the dielectric was set to be approximately 
the same as plain epoxy. For the acid samples, it was assumed that as the 
ions penetrate and start to diffuse, they change the electrical properties 
of the sample. This is because the ions influence the formation of carbon 
nanotube networks. Thus we set to augment in a slightly yet incremental 
pattern. The porosity also was set to increase as the acid exposure time 
increased. 

Fig. 7 c) and Fig. 7 d) represent the nanocomposite with 0.5 wt%. The 
variation among control and acid samples was numerically obtained by 

Table 3 
Modelling data Models before Electrical Percolation Threshold.  

Sample Model Conductivity (S/ 
m) 

Porosity Volume 
% 

|S11| 
Simulations 

Epoxy A 2.00E-05  0.72 %  15.737 
B 2.00E-05  0.80 %  19.68 
C 2.00E-05  1.63 %  20.58 
D 2.00E-05  2.20 %  20.15 

0.05 % A 2.00E-03  0.38 %  16.5 
B 2.80E-03  0.79 %  18.47 
C 3.10E-03  0.79 %  18.47 
D 4.00E-03  0.90 %  21.34 

1 % A 2.00E-02  0.36 %  16.998 
B 3.20E-02  0.65 %  17.58 
C 3.80E-02  0.95 %  17.7 
D 4.00E-02  1.72 %  19.89  

S. Tamayo-Vegas et al.                                                                                                                                                                                                                        



Composite Structures 305 (2023) 116508

8

Fig. 7. Comparison of S11 curve experimental and numerical results before electrical percolation threshold a) Epoxy-one and two weeks. B) Epoxy month. C) 0.5 wt 
% one and two weeks d) 0.5 wt% month e) 1 wt% one and two weeks f) 1 wt% month. 
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varying the electrical conductivity and the porosity. The one week and 
two week samples had the same value of porosity, however, the con-
ductivity was set to slightly increase. The results matched the experi-
mental results and the switch or resonance frequency was seen 
experimentally and numerically with these small changes. The one 
month long exposure was slightly increased in the numerical parameters 
yet the conductivity doubled obtaining a perfect match with the 
experimental results. 

For the 1 wt%, it was observed that experimentally, the two-week 
exposure presented a decreased central resonance frequency. For this, 
the numerical approach was set to slightly increase the porosity. The 
same phenomenon was observed with model C. The minimum values 
were obtained when the porosity was the highest and the electrical 
conductivity was higher, thus the acid provoked both phenomena, 
especially after one month of exposure. 

The modelling of the acid penetration in nanocomposites is a very 
complex phenomenon. Especially after the percolation threshold, where 
another phenomenon—the tunnelling effect—affects the electrical 
behaviour of the nanocomposite. With randomly distributed nanotubes, 
the network properties formed within the sample are complex to predict. 
Another consideration is that at high concentrations the unavoidable 
formation of agglomeration directly influences the properties. These 
agglomerates can potentially increase the electrical conductivity, and 
also deliver a tougher path for acid diffusion. The increase of the elec-
trical conductivity, therefore, is not the only phenomenon occurring 
within the diffusion of acid. The generation of porosity is undoubtedly a 
factor and is fortunately reflected in the experimental and simulation 
approaches. 

In Table 4, the model parameters after the percolation threshold are 
presented. According to previous study (only at 4 and 5 wt%) [62], the 
agglomerations affect the mechanical properties which could mean that 
only at this percentage the formation reaches an influenceable per-
centage where the properties could be altered. 

The wireless measurement is an extremely complex phenomenon to 
model. However, the variation of the conductivity and the variation of 
porosity as time passes can deliver an insightful understanding of the 
phenomena that occur with the diffusion of acid. Fig. 8 depicts the 
models compared with the experimental data. As can be seen, the 
models behave similarly to the measurement with the VNA. The porosity 
values shown in Table 4, are not strictly definite, rather a representative 
number to understand the increment and the influence on the return loss 
of the sample. Additionally, the conductivity values, while perhaps not 
definitive, potentially describe the complex phenomena that occur in the 
values within electrical resistance in disordered media. 

Fig. 8 represents the models after the percolation threshold was 
achieved compared with experimental results. At the percolation 

threshold, numerically the curves of the acid attack follow a close path. 
This is obtained with the slight increase in electrical conductivity and 
formation of porosity. Fig. 8a) and Figure b) also show how the band-
width of the sample at one month of exposure gets smaller. These phe-
nomena are also seen at 4 and 5 wt% experimentally and numerically 
(Fig. 8 d) and Fig. 8 f)). With these last two nanocomposites, the gen-
eration of porosity is bigger. Even though the CNT could help to stop the 
penetration of acid, the agglomeration has been proved to form porosity 
surrounding these areas. Additionally, the electrical conductivity was 
increased at this porosity, however, especially at high percentages such 
as 5 wt%, the difference between acid and normal conditions is less 
evident. At this high percentage, the difference could be strictly related 
to the formation of networks and the distribution of agglomerates. Also, 
as the percolation threshold has already occurred, the potential increase 
in conductivity caused by acid ions could be neglected, as the maximum 
value is close to reaching a plateau. In the last sample, 4 wt% and 5 wt% 
had similar values at one month of exposure. This could mean that small 
variations in the networks produce similar results. 

Fig. 9 compares all the samples at the different time frames. It can be 
spotted that the influence is found during the month of acid attack. 
Finally, Fig. 10 depicts the influences of the percentage of carbon 
nanotubes and the time frames of acid attacks in the antenna bandwidth 
at different percentages of return loss. It is observed, in Fig. 10 b) and c) 
that as time passes the bandwidth seems to increase up to two weeks 
thereafter, it faces a huge decrement. This variation within weeks along 
with the variation in the return loss can also help to sense the ions 
penetrations before one month. 

4. Conclusions 

This study investigated the effects of acid attack in CNT/Polymer 
nanocomposites at various filler weight percentages using wireless 
measurements. Using a Vector Network Analyzer the scattering pa-
rameters were extracted in the frequency range of 3–6 GHz employing a 
microstrip antenna with a resonance frequency of 5 GHz. The contactless 
measurements were performed in an anechoic chamber with the speci-
mens at zero days, one week, two weeks, and one month of acid expo-
sure. Experimentally, it was found that acid diffusion alters the return 
and insertion loss results. With pristine epoxy, the acid attack alters the 
behaviours as early as one week. While as the percentage of Carbon 
Nanotubes increases the acid diffusion is delayed, the penetration of ions 
modifies the electrical properties of the CNT networks within the matrix. 
Thus, the acid influence is more significant in the one month specimens. 
Moreover, at 2 wt%, the largest variation between the control samples 
and one month of acid exposure samples was observed. This phenome-
non was reduced until 5 wt% where minimal variation was observed. An 
idealized multi-scale modelling approach was implemented to study the 
potential alteration and its effects on the electrical conductivity, 
porosity, agglomeration, and the dielectric constant in the scattering 
parameters. It was found that the variation of electrical properties along 
with porosity volume produces return loss reduction at resonance fre-
quency matching the experimental results. Thus, the two main events in 
an acid attack are the increase in the electrical conductivity and the 
generation of porosity around the surface of the nanocomposite. 
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Table 4 
Modelling data after percolation threshold.  

Sample Model Conductivity 
(S/m) 

Agglomeration 
Volume 

Porosity 
Volume 

|S11| 
Simulation 

2 A 25 – 4.25 %  16.3516 
B 25 4.93 %  16.7388 
C 30 5.44 %  17.0696 
D 30 4.96 %  22.7943 

4 A 450 6 % 3.4 %  20.7306 
B 450 3.96 %  21.6882 
C 450 4.62 %  22.0837 
D 750 6.28 %  26.9079 

5 A 550 7 % 7 %  26.063 
B 750 9.45 %  26.6777 
C 550 10.03 %  26.9079 
D 600 10.03 %  32.0255  
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Fig. 8. Comparison of S11 curve experimental and numerical results after electrical percolation threshold a) 2 wt% one and two weeks. b) 2 wt% month. c) 4 wt% 
one and two weeks d) 4 wt% month e) 5 wt% one and two weeks f) 5 wt% month. 
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Fig. 9. Comparison of S11 Experimental Absolute Values at resonance Frequency.  

Fig. 10. Comparison of Acid influence on the samples of a) Absolute value of S11 b) bandwidth at 25 % c) bandwidth at 10 % d) bandwidth at 1%.  
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