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This work aims to deposit silica (SiO2) on polyamide 6,6 fabrics by hybrid corona-dielectric 
barrier discharge plasma at atmospheric pressure. The reactor used, developed at the Laboratory of 
Plasma and Processes of the Aeronautics Institute of Technology (LPP/ITA), allows the treatment of 
fabric surfaces by activation and plasma deposition processes, aiming, in this order, the alteration of 
wettability and the deposition of silica on its surface, using a silicic acid solution (Si(OH)4) as a silica 
precursor. The morphology of the deposited films was evaluated by scanning electron microscopy 
(SEM). To identify the chemical modifications generated by the plasma treatment, the untreated and 
treated samples were analyzed by Fourier transform infrared spectroscopy with attenuated reflectance 
(FTIR-ATR) and Energy Dispersive Spectroscopy (EDS). The thermal behavior of the treated and 
untreated samples was evaluated by Differential scanning calorimetry (DSC) and thermogravimetric 
analysis (TGA). Additionally, X-ray diffraction (XRD) was also used to identify crystalline phases in 
the film. The results showed that plasma processing proved to be an effective technique for modifying 
the surface characteristics of polyamide 6,6.
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1. Introduction
SiOx films are very attractive for different applications, 

such as optical coatings, corrosion protection and food and 
pharmaceutical packing1. SiO2 thin films exhibit exceptional 
optical properties, such as high transparency and low refractive 
index, which can reduce reflection and avoid light scattering. 
Additionally, these films demonstrate low absorption in the 
visible and near-infrared wavelength spectrum2. Moreover, 
SiO2 films can enhance heat resistance, augmenting their 
utility in various applications3.

The literature has reported that SiO2 thin films have been 
synthesized using different methods4. One of the most used 
methods is using hexamethyldisiloxane (HMDSO) monomer 
in SiOx and SiO2 films deposition in atmospheric and low 
pressure5. Other techniques, named wet processes, are based 
on chemicals and generate chemical waste6.

Although low-pressure plasma treatments allow greater 
stability, control, and reproducibility of the process7, the 
need to create and sustain low-pressure conditions limits 
energy efficiency and productivity, making it unattractive 
for industrial applications. The use of non-thermal cold 
plasmas operating at atmospheric pressure, on the other hand, 
makes it possible to obtain a similar surface treatment in a 
continuous process and with a reduction in processing cost8,9.

Different research groups are reporting significant 
advances in this scope10. Some techniques used for thin film 
deposition on atmospheric pressure include the dielectric 
barrier discharge (DBD), the corona discharge, the atmospheric 
pressure plasma jet (APPJ), and the atmospheric pressure 
glow discharge (APGD)11.

Using non-thermal cold plasmas operating in atmospheric 
pressure makes it possible to modify textiles’ surface 
properties, without altering their bulk properties11. These 
plasmas are suitable for this application, because most 
textiles are heat-sensitive polymers12. One advantage of 
the plasma treatment of textiles is that it is an eco-friendly 
alternative to other techniques. Furthermore, the treatment 
time of just a few seconds, in most cases, reduces energy 
consumption, reducing costs6.

In general, non-thermal cold plasma treatment of 
polymers produces significant changes in the surface of the 
material, due to alterations in the chemical composition, 
molecular weight and morphology of the surface layer 
by the interaction of reactive species with the surface13-15. 
Using this technique, it is possible to obtain, for example, an 
increase in wettability, coating adhesion, printability, induced 
hydrophilic and hydrophobic properties, modification of 
electrical and/or physical properties and surface disinfection 
of the fibers. Furthermore, this technique allows surface 
modifications in extensive areas and with good uniformity12. *e-mail: gasifernando@gmail.com
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In addition, through the plasma deposition process, thin films 
and functionalizing nanostructures can be deposited on the 
surface of textiles16,17.

The mechanisms of silica deposition by plasma are not yet 
fully understood. Therefore, many researchers are working 
to identify the main silica precursor reactions, both in the 
gas phase (plasma-precursor interaction) and in the solid or 
condensed phase (plasma-surface interaction)18.

According to Fanelli  et  al.19, the general mechanism 
consists of an initial reaction step, where the activation 
of the precursor occurs by collision of electrons and/or 
reaction with the excited species to produce the primary 
reactive fragments. Primary and secondary fragments 
can undergo heterogeneous reactions in the solid phase 
(gas-surface interaction), contributing to film growth, and 
homogeneous reactions, such as oligomerization, leading 
to powder formation. Primary fragments can also undergo 
homogeneous oxidation in the gas phase to form partially 
and fully oxidized secondary fragments. Partially oxidized 
oligomers and fragments can also contribute to film growth, 
while powders can deposit both in the discharge and in the 
post-discharge region.

According to Cacot et al.20, the precursor droplets quickly 
become charged when exposed to a DBD, and electrostatic 
forces control the movement of the droplets, leading to the 
deposition of a thin film on the substrate. In this process, 
it is assumed that droplets inserted into the DBD acquire 
a uniformly distributed charge over the surface. However, 
spatially inhomogeneous charging of the precursor droplets 
may occur, modifying the balance between the liquid’s 
internal surface tension and external electrostatic and pressure 
forces. Thus, the droplet can become unstable, forming 
smaller droplets, which can subsequently be deposited on 
the substrate.

Therefore, this work reported the deposition of SiO2 films 
on polyamide 6,6 (PA6,6) fabrics using a hybrid corona-
dielectric barrier discharge treatment reactor. The reactor works 
at atmospheric pressure and uses silicic acid as a precursor 
of SiO2. The silicic acid is used as a cheaper replacement 
for HMDSO. This precursor is nebulized directly to the 
plasma region through a flat cavity along the length of the 
high-voltage electrode. PA6,6 fabric was chosen for plasma 
treatment due to its physical and chemical properties and 
diversity of applications, such as in the aeronautical industry, 
medical textiles and high-performance fabrics.

2. Materials and Methods

2.1. Plasma treatment of PA6,6
The PA6,6 fabrics were treated by a hybrid corona-

dielectric barrier discharge plasma operating in atmospheric 
pressure. Figure 1 presents a schematic drawing of the reactor.

The fabric was sewn into a cylindrical shell measuring 
15 cm in height and 20 cm in diameter, matching the dimensions 
of the substrate-sample holder. The dielectric material was 
a silicone-based composite that endures temperatures up 
to approximately 300°C. The distance between the high-
voltage electrode and the sample was adjusted to 1.5 mm. 
This specific distance was determined experimentally, 

primarily assessing a range where the discharge maintains 
good spatial uniformity.

The experimental setup also includes a nebulizer system, 
used in the plasma deposition process. For the silica film 
deposition, the silicic acid solution was nebulized directly 
into the plasma region through an open flat cavity (0.2 mm 
wide and 150 mm long) in the high-voltage electrode, 
as shown in Figure  1. In this process, the catalysis of 
plasma chemical reactions occurs in the gas or vapor 
and condensed phases. In the gaseous or vapor phase, 
the gaseous or nebulized precursor is inserted inside the 
hollow high-voltage electrode, which heats up with the 
application of the discharge power, raising the temperature 
in the region of reaction processes, which is also assisted 
by the ionization of the precursor through hollow cathode 
micro-discharges that expand both inside the electrode 
(plasma-precursor interaction) and outside, forming 
microjets of hollow electrode plasma towards the surface 
of the textile. In the condensed phase, the precursor plasma 
interacts directly with the textile surface (plasma-surface 
interaction). The associated regimes of DBD, corona and 
micro discharges improve the speed of chemical reactions 
and, consequently, the rates and selectivity of these reactions, 
reducing treatment time, process temperature, and reaction 
energies, increasing the energy efficiency of the process22.

The samples were rotated, passing through the plasma 
region twice during the activation process in air plasma 
and four times during the deposition process. After plasma 
treatment, the treated samples were stored in vacuum-sealed 
plastic bags for subsequent characterization and comparison 
with the untreated sample.

2.2. Electrical characterization of the discharge
The electrical measurements were made using a Keysight 

digital oscilloscope model DSOX1202A, a Tektronix 
1000:1 high voltage probe model P6015A, and an Agilent 
10:1 probe model N2863B. The described apparatus allows 
a high definition of the pulses generated in the discharge in 
the electric current curve.

Figure 1. Schematic drawing of the process region of the plasma 
reactor. Adapted from21.
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The average discharge power (P) was calculated as 
shown in Equation 1.

( ) ( )
0

1 .= ∫
T

P i t v t dt
T 	 (1)

where ( )i t  and ( )v t  are the current and the voltage as functions 
of time, respectively, and T is the period of the sinusoidal 
signal23.

2.3. SiO2 films
For the deposition of silicon dioxide (SiO2) on the 

polyamide fabric, a solution of silicic acid (Si(OH)4) was 
used as a precursor24. The solution was obtained using 10% 
by weight of aqueous sodium metasilicate (Na2SiO3·5H2O) 
through an ion exchange resin (IR-120; Rohm and Haas), the 
Si concentration of the solution was 0.5 mol/L24-26.

2.4. Morphological and chemical 
characterizations of the samples

Scanning Electron Microscopy (SEM) was employed 
to observe changes in the sample structures. At the same 
time, energy-dispersive spectroscopy (EDS) helped identify 
chemical changes following silica deposition using the 
Tescan/Mira 3 microscope.

Fourier Transform Infrared Spectroscopy with Attenuated 
Reflectance (FTIR-ATR) was also utilized to detect chemical 
alterations before and after the deposition, using Perkin 
Elmer’s Spectrum Spotlight 400 in ATR mode. The spectra 
were collected in transmission mode, with 64 scans per 
spectrum at a 4 cm-1 resolution, analyzing a frequency range 
from 4000 cm-1 to 400 cm-1.

2.5. Wettability
Contact angle measurements were carried out at room 

temperature with deionized water. A Ramé-Hart 590 goniometer 
was used. Drops of (6.0 ± 0.1) µL were deposited with a 
syringe on the PA6,6 samples. The contact angle value was 
measured as the average of twenty consecutive measurements. 
DROPimage Advanced software was used for data acquisition.

2.6. Thermal analysis
Differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA) techniques were used to 
evaluate the thermal behavior of the samples. DSC analysis 
was carried out on samples of approximately 10 mg in a 
Netsch DSC 404 C equipment from 30 to 300°C at a heating 
rate of 10°C/min, in a helium gas atmosphere. TGA analyses 
were made in a Netsch equipment model STA 449 F3 for 
samples of 9 mg from 30 to 600°C at a heating rate of 10°C/
min in synthetic air atmosphere.

2.7. Microstructural characterization
X-ray diffraction (XRD) technique was used to identify 

crystalline phases in the film. The analyses were performed 
on a Rigaku model Ultima IV diffractometer. Monochromatic 
CuKα radiation (λ = 1.5406 Å, 40 kV and 30 mA) was used 

with θ/2θ geometry, in the range 10º < 2θ < 80º, angular step 
of 0.01° and angular speed of 5°/min.

3. Results and Discussion

3.1. Electrical characterization of the discharge
For the electrical characterization of the laboratory scale 

reactor discharge, a duty cycle voltage with a sinusoidal 
waveform with 11.5 kV amplitude and frequency of 23 kHz 
was applied as shown in Figure 2. Current analysis shows 
a typical profile of a DBD. The presence of silicic acid 
solution in air plasma intensifies the increase in the number 
of current peaks. The power of the air plasma was estimated 
at 10 W and after the introduction of silicic acid the power 
is increased to approximately 12 W. This increase in power 
occurs due to the increase in the electrical conductivity of 
the gap as a result of the presence of nebulized silicic acid, 
changing, therefore, the discharge impedance.

3.2. Morphological and chemical 
characterizations

3.2.1. Activation process
SEM images of the untread and plasma-activated 

samples are shown in Figure 3. It is observed that there 
was a significant change in surface morphology after 
plasma treatment. According to the literature, this change 
in morphology is driven by the impact of highly energetic 
and reactive plasma species. In addition to the increase in 

Figure 2. Applied voltage and discharge current of the laboratory-
scale reactor operating at 23 kHz.
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roughness, a break in the polymer chains may also occur, 
producing new functional groups or reorganizing existing 
polymer groups27.

3.2.2. Silica deposition process
Figure 4 shows the SEM images of the treated samples 

for 2, 4, 6 and 8 passages in the silica deposition process.
The SEM images shown in Figure 4 indicate the formation 

of silica clusters well distributed on the surface of the fibers. 
Furthermore, cracks were observed in the coatings after 
6 passes in the deposition process (Figure  4e-h). These 
cracks may result from greater sample heating due to the 
longer exposure time to the plasma. The difference between 
the thermal expansion coefficients of the coating and the 
substrate can cause tension to accumulate in the film, which 
relieves this tension when cracking28,29. Another possibility 
for the appearance of cracks in the coatings is the formation 
of a thicker film for a greater number of passes. According 
to Hegemann30, thick coatings cause an accumulation 
of tension at the film/substrate interface, leading to the 
formation of cracks.

The formation of spherical clusters may be associated 
with interaction forces between the nanoparticles. In the 
droplets formed in the nebulization process, the nanoparticles 
are subject to Brownian motion and can interact with each 
other. When the liquid evaporates, the nanoparticles bond 
and move closer together, forming clusters. Parameters such 
as temperature gradients in the droplets and particle-particle 
interactions influence the final size and shape of the clusters31.

Using the backscattered electron detector (BSE) of the 
scanning electron microscope, it is possible to detect the 
difference in the atomic number of the chemical elements 
present in the sample as a function of contrast. Figure 5 shows 
an image obtained using this detector for the sample which 
was treated with 8 passages in the silica deposition process. 
The contrast between the fiber and the coating indicates that 
they are composed of different elements, proving that there 
was silica deposition with coatings of 1 µm, estimated by 
the dimension scale shown in the image.

The EDS spectra of PA6,6 samples without treatment, 
with silica are presented in 6. These spectra indicate the 
presence of silicon (Si) in the treated samples. Peaks 
attributed to carbon (C), oxygen (O) and nitrogen (N), 
which are constituent elements of PA6,6, and gold (Au), 
due to the metallization of the samples carried out before 
analysis, are also observed. The weight percentages (wt%) 
of each element present in the samples and the respective 
standard deviation (σ) values ​​for each of the spectra obtained 
are also shown in Figure 6.

Figure 7 shows the FTIR spectrum of the treated and 
untreated samples. The FTIR-ATR spectrum of untreated 
polyamide, corresponding to the red line in Figure 7, shows 
the inherent band of PA6,6 at 3300 cm−1 attributed to N−H 
stretching vibrations. The peaks at 2932 and 2860 cm−1 are 
related to the CH2 asymmetric and symmetric stretching 
vibrations, respectively, while the absorption band at 
1632 cm−1 is attributed to the C=O carbonyl stretching vibration 
of the secondary amide band. The band at 1533 cm−1 can 
be attributed to the N−H flexion movement and the band at 
683 cm−1 to the O=C−N group32.

According to the literature, the bombardment of ions 
(N2

+, N+, O2
+, H2O

+, O2
− and O−) induced by a plasma 

discharge can cause the breaking of bonds with energy less 
than 10 eV in the outer layers of the polymer, especially in 
the C−N bonds, which is the weakest bond in the polymeric 
chain32. The spectrum of the polyamide fabric has two 
characteristic crystalline peaks at 934 cm−1 due to axial 
deformation of the C–C=O amide and at 1198 cm−1 due 
to out-of-plane symmetrical angular deformation. Plasma 
treatment altered peak intensities in these regions, indicating 
significant changes in the crystallinity and structure of 
C−C bonds.

The black line in Figure 7 shows peaks resulting from 
Si–O stretching vibrations in the region of 940-1140 cm-14,33. 
A greater intensity of Si–O elongation peaks is observed at 
1058 cm-1 after the plasma deposition process, indicating 
an increase in the concentration of nanosilica on the fabric 
surface.

Figure 3. SEM images: (a) untreated sample; (b) plasma activated sample.



5Silica Deposition on Polyamide 6,6 Fabrics by Hybrid Corona-Dielectric Barrier Discharge Plasma

3.3. Wettability

3.3.1. Activation process
After performing surface activation of the PA6.6 fabrics, 

the sample remained in a conditioned environment without 
vacuum preservation to measure the variation in the contact 
angle over time. Zero time corresponds to the time from 
which it is possible to evaluate the contact angle, since, 
immediately after air plasma treatment, the surface is super 
hydrophilic with zero contact angle. This analysis aimed to 
evaluate the effect of plasma treatment on the wettability of 
the sample, using aging time as a parameter. Figure 8 shows 
the variation of contact angle with time over 4 hours.

The results show that the non-activated sample has a 
hydrophobic surface with a contact angle of 120°. In contrast, 
the plasma-activated sample became hydrophilic, with a 
contact angle of 34° being measured at time zero. The effect 
of decreasing the contact angle can be attributed to the 
incorporation of polar groups on the surface of the fabric 
and the increase in roughness generated on the surface of the 
material due to the interaction of the plasma with PA6.621,27. 
After 1 hour, the samples maintained a contact angle of 
34°. Between 2 and 4 hours after time zero, the samples 
partially recovered their contact angle, reaching values ​​of 
up to 60°. The increase in the contact angle hours after the 
activation process is related to the mobility of the polymer 
chains, which allows the surface to be restructured hours 
after plasma treatment34-36.

3.3.2. Silica deposition process
For samples treated with 2 and 4 passages in the silica 

deposition process, contact angles of 120.2° and 118.3°, 
respectively, were measured (Figure 9), revealing a hydrophobic 

character. It is noteworthy in this case that the hydrophobic 
character is not changed to the sample without activation 
and deposition treatment. The contact angle was impossible 
to measure for samples treated with 6 and 8 passes in the 
silica deposition process as the fabrics absorbed the water 
droplet instantly, indicating that the fabrics had become 
hydrophilic. According to the SEM images of these samples 
(Figure 4e-h), the coatings present cracks, which can facilitate 
the penetration of water through the coating, justifying the 
observed hydrophilic behavior37.

Figure 4. SEM images of the treated samples for (a,b) 2, (c,d) 4, (e,f) 6, and (g,h) 8 passages in the silica deposition process at a discharge 
power of 12 W (plasma dosages of 615 W.min.m-2, 1230 W.min.m-2, 1845 W.min.m-2 and 2460 W.min.m-2, respectively).

Figure 5. SEM image obtained using the backscattered electron 
(BSE) detector for the sample treated with 8 passages in the silica 
deposition process.
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Figure 6. EDS analysis of the (a) untread sample and (b) the sample containing SiO2.

Figure 7. Infrared spectrum of the control sample (without treatment) and the sample coated with SiO2 thin film via plasma.

Figure 8. Contact angle as a function of aging time of the air plasma-activated PA6.6 fabric. The untreated sample has a contact angle 
equal to 120o; it is hydrophobic.
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3.4. Thermal analysis
The DSC and TGA techniques were used to evaluate 

the thermal behavior of the untreated sample and the 
sample containing silica treated with 8 passages in the 
deposition process. The DSC results are shown in Figure 10. 
The presence of coatings on the fabrics had no effect on the 

melting temperature, as indicated by the peaks at 255.0°C 
in Figure 10.

The TGA results are shown in Figure 11. All samples 
demonstrated a similar mass loss trend, showing a stable 
mass up to approximately 350°C and greater decomposition 
between 350°C and 450°C. For the treated sample, a percentage 

Figure 9. Contact angle of samples treated with (a) 2 and (b) 4 passages in the silica deposition process.

Figure 10. DSC analysis during heating of control sample and treated sample containing silica (8 passages in the deposition process).

Figure 11. Thermogravimetric analysis of control sample and treated sample containing silica (8 passages in the deposition process).
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of mass remains at the end of the analysis. This percentage 
possibly corresponds to the silica coating present in the fabric.

3.5. Microstructural characterization
Figure 12 shows the X-ray diffractograms of the untreated 

sample (control) and the sample containing silica treated with 
8 passages in the deposition process. The diffraction patterns 
of the samples indicate a predominantly amorphous material 
with some crystallinity38. Differences in the intensity and 
positioning of the peaks between the diffractograms of the 
treated sample and the control sample were not observed, 
possibly due to the formation of very small crystals or 
amorphous coatings.

The characteristic peaks at 20.4° and 23.3° correspond to 
the (100) and (010)/(110) planes of the α phase, respectively. 
The first is attributed to the spacing between adjacent 
PA6,6 chains, which interact through hydrogen bonds, while 
the second is related to the distance between the polymer 
lamellas38.

4. Conclusions
The findings from this study highlight the efficacy 

of employing hybrid corona-dielectric barrier discharge 
plasma at atmospheric pressure as a viable technique for 
surface modification of polyamide 6,6 fabrics. Through the 
activation process in air plasma, significant reductions in 
water contact angle and notable increases in surface roughness 
were observed. These modifications indicate an enhanced 
wettability, attributed to the enlarged contact area due to 
increased surface roughening. Furthermore, the technique’s 
capability for silica deposition was corroborated through the 
analysis using FTIR-ATR and SEM imaging. In addition to 
its technical efficacy, the hybrid corona-dielectric barrier 
discharge plasma technique presents itself as a sustainable 
alternative to conventional surface treatment methods 
employed by the textile industry. Moreover, the successful 
modification of polyamide 6,6 fabric surfaces broadens the 
spectrum of innovation within the textile industry, enabling 
the development of new products with enhanced functionality 
and performance for a wide range of applications.
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