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Abstract: In this paper, polyamide (PA) woven fabric was
used as the base fabric, and polyurethane ( PU) solution
containing silica nanoparticles (PU@ SiO,NPs) was used as
the coating solution to prepare composite tent fabric ( PA/
PU@SiO, ). The morphology, structure, and durability of
the tent fabric under ultraviolet ( UV ) radiation, water-
stained, or thermal conditions were investigated. The
results show that compared with PA/PU fabric without
SiO,NPs, when the mass fraction of SiO,NPs in PU coating
is 5%, the air permeability of PA/PU@ SiO, fabric decreases
from about 7.5 to 6.0 nm/s, while the reflectivity to UV-
visible light is significantly improved. The surface
wettability decreases, as indicated by the average water
contact angle (WCA) on PA/PU@ SiO, remaining stable at
47° after 9 min. After thermal treatment, the PA/PU@ SiO,
fabric shows superior mechanical stability. The degradation
rate of the tensile strength is only 6. 3%, approximately half
that of the PA/PU fabric. Meanwhile, the elongation at
break increases to 98.9%, compared to 61.8% for the
PA/PU fabric.
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0 Introduction

With the increased life rhythm and pressure, going
outside into nature becomes more and more popular for
people. Thus, the demand for tourism tents increases
greatly. At present, most research work for tourism tents
is focused on the functional design'''. For example, Bian
et al.” designed a multifunctional tent, featuring a stable,
convenient, energy-saving solar power source and an air
purification device. Tang et al."*'obtained a cotton tent
fabric with waterproof and flame-retardant functions by
optimizing the dosage of waterproofing agents and flame
retardants. Zuo et al.'*’ found that the aerogel in tent
composite structures had an obvious thermal insulation
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effect, which effectively improved the internal thermal
environment and weakened the phenomenon of tent
“ sunshine overheating ” caused by sun exposure.
Li et al.””’ selected the black glue fabric with UPF50 +
and 210 D Oxford cloth with an ultraviolet (UV) light
filtering rate of 99.8% to prepare a tent fabric with
outstanding light shading.

Polyurethane (PU), as a commonly used coating
material for tent fabrics, can be mixed with various resins
or organic solvents. PU coatings exhibit resistance to a
wide range of chemicals, including acids and industrial
waste gases, owing to their customizable composition,
which allows for the adjustment of material proportions to
meet specific requirements. Thus, polyamide ( PA)
fabrics coated with PU (PA/PU) are widely used as tent
fabrics because of their excellent mechanical properties,
wear resistance, and waterproof performance. However,
the PU coatings on PA fabrics are prone to being
damaged under external forces, water, heat, UV
radiation, and other factors'®”’. Research on the
durability of PA/PU tent fabric, particularly under
thermal environments, remains limited **’.

Adding inorganic particles, such as TiO,, SiO,, and
ZnO, is an effective way to improve polymer
durability' "', Among these inorganic particles, SiO,
has high thermal stability. Composites formed by
incorporating SiO, into polymers demonstrate excellent
mechanical properties, moisture permeability, and
radiative cooling performance' >’ . In addition, SiO, and
polymers can produce synergistic effects, endowing
composite materials with new properties'"*'. Zhang et al.'™
synthesized SiO, nanoparticles ( SiO,NPs) on the surface
of aromatic PA fibers to improve the UV resistance,
thermal stability, and interfacial shear strength. In our
previous studies, SiO,NPs were grafted onto PU
nanofibrous membranes, which endowed the membranes
with sunlight shielding performance' """, The reflectivity
of the PU nanofibrous membrane in the solar spectrum
effectively came to 88.29% .

In this research, SiO,NPs were synthesized and
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added into the PU solution to prepare a composite coating
(PU@ SiO,NPs) , and then the PA/PU@ SiO, tent fabric
was prepared by coating PU@ SiO,NPs on the PA fabric.
The morphology, structure, and durability of the tent
fabric under UV radiation, water-stained, or thermal
conditions were studied, providing experimental
references for the preparation and functional modification
of durable tent fabrics in the future.

1 Materials and Methods

1.1 Materials

PAG6 fabric ( plain weave, with a yarn diameter of
about 300 wm, a yarn density of 32. 55 yarns/cm’ and an
area density of 60 g/m’) was obtained from Huzhou
Universal Gravity Outdoor Technology Co., Ltd., China;
PU (with a commercial name of 1180A) was purchased
from Shanghai Jingjian Plastic Co., Ltd., China; N, N-
dimethylformamide ( DMF ), NH, - H,O ( with an
ammonia mass fraction of 25% —28% ) and anhydrous
ethanol (EtOH) were purchased from Hangzhou Gaojing
Fine Chemical Co., Ltd., China; tetracthyl silicate
(TEOS ) was purchased from Tianjin Kemi Chemical
Reagent Co., Ltd., China.
1.2 Synthesis of SiO,NPs

The stiber method was used to synthesize SiO,NPs.
Firstly, 4.40 mL TEOS was dissolved in 41.10 mL
ETOH and stirred for 5 min to obtain solution A. Then,
0.95 mL NH, -H,O was mixed with 3. 55 mL deionized

Hydrothermal reaction

Drying

TEOS/EtOH/H,0/NH, H,0 Sio, NP

water and stirred for 10 min to obtain solution B.
Solution A and solution B were mixed and poured into a
reactor containing a polytetrafluoroethylene ( PTFE )
liner, and reacted at 45 C for 30 min. The reaction
mixture was poured into a beaker and dried in an oven
( DHG-9030A, Shanghai Zhiyi Instrument Co., Ltd.,
China) until the solvent evaporated completely. Finally,
SiO,NPs were prepared by grinding the above reaction
products in an agate mortar at a relative humidity of 65%
and 25 C for 10 min.
1.3 Preparation of PA/PU@ SiO, tent fabric

Firstly, 2 g PU particles were dissolved in 8 g DMF
solvent, and the PU solution was stirred for 12 h under
the action of a magnetic stirrer. Then, the PU@ SiO,NP
solution was prepared by dissolving SiO,NPs in the PU
solution. The effect of the SiO,NP mass fraction w was
investigated, and the mass fractions required in the
coating were 1%, 3%, 5% and 7%, respectively.
Finally, the PU @ SiO,NP solution was coated onto the
surface of the PA fabric by using a coating machine and
dried at 50 C for 5 min in the oven to obtain the PA/PU@
SiO, fabric. The thickness that the machine could coat
every time was 30 wm. The coating was repeated 2 -3
times until the coating was evenly distributed on the
surface of the fabric. The fabric samples coated with
different mass fractions of SiO,NPs were noted as PA/PU@
SiO,- w. The preparation process of the PA/PU @ SiO,
tent fabric is shown in Fig. 1.

PU coating
1
PU/SiO, NP / »PA/PU@S{OQ
PA fabric tent fabric

Fig.1 Preparation process of PA/PU@ SiO, tent fabric

1.4 Characterization

The morphology and surface elements of the samples
were investigated by using a field emission scanning
electron microscope ( Vltra55, Carl Zeiss Company,
Germany) and an energy dispersive X-ray spectroscope
( A8 Advance, Brook AXS Ltd., Germany ). The
functional groups on macromolecular chains were
analyzed by a Fourier transform infrared ( FTIR )
spectrometer ( Nicolet 5700, Thermo Fisher Ltd., USA) ,
with a testing wavenumber range of 4 000—-500 cm™".

The air permeability of the samples was tested by
using a fully automatic air permeability meter ( YG461E,
Wenzhou Fangyuan Instrument Co., Ltd., China), with
a test pressure difference of 200 Pa and a test area of
20 cm®. To evaluate the durability under the water-
stained condition, the water contact angles ( WCAs) of
the samples were measured by using a contact angle
measuring instrument ( JCY, Shanghai Fangrui
Instrument Co., Ltd., China). The volume of water

droplets dropped on the surface of the sample was 3 pL.
The evolution of the WCA was analyzed based on images
obtained at 0, 1, 3, 7, and 9 min.

To evaluate the durability of different tent fabrics
under UV radiation, the effect of UV on the PA/PU
fabric and the PA/PU @ SiO, fabric was investigated by
testing their UV absorption and UV-visible ( Vis) light
reflection spectra with a UV-Vis near-infrared ( UV-Vis-
NIR ) spectrophotometer ( UH4150, Hitachi Ltd.,
Japan). To evaluate the thermal durability, the PA/PU
fabric and the PA/PU @ SiO, fabric were treated in the
oven at 60 C for 12 h. Then the tensile strength and the
elongation at break of the samples were tested by an
electronic universal testing machine ( YG026D, Wenzhou
Fangyuan Instrument Co., China). Samples used for
tensile strength testing were rectangular with a length of
30 cm and a width of 5 cm. A constant stretching speed
of 100 mm/min was applied. The averaged result of five
parallel tests was recorded for each sample.
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2 Results and Discussion

2.1 Morphology

Figure 2(a) shows the scanning electron microscopy
(SEM ) image of SiO,NPs. It can be seen that the
particles present a spherical shape with an average particle
size of 100 nm. Figure 2(b) shows the SEM image of the
PA fiber, revealing that the surface of the uncoated PA

(©
Fig.2 SEM images and EDS spectrum: (a) SEM image of SiO,NPs; (b) SEM image of PA fiber; (c¢) SEM image of
PA/PU@ SiO,, fabric; (d) Si element mapping and EDS survey spectrum of PA/PU@ SiO, fabric

2.2 Functional group

Figure 3 shows the FTIR spectra of different fabric
samples. It can be seen from the FTIR spectrum of the
PA fabric that characteristic peaks of PA are observed,
namely the N—H stretching vibration peak at 3300 cm™,
the C—H stretching vibration peak at 2 900 cm™, the
amide band I (C =0 stretching vibration) at 1640 cm™
and the amide band II ( N—H bending vibration) at
1 540 and 690 cm """, The FTIR spectra of PA fabrics
coated with PU@SiO,NPs show a characteristic
absorption peak at 1730 cm™'. This peak is attributed to
the C =0 stretching vibration of the carbamate group,
confirming the presence of the PU coating'"”’. The FTIR
spectra of the PA/PU@SiO, fabric samples exhibit
characteristic peaks at 1 080 cm™ and 800 cm™, which
are assigned to the Si—O-—Si symmetric stretching and
bending vibration, respectively. This confirms the
successful incorporation of SiO,NPs onto the fabric
surface. Meanwhile, with the increase of the mass
fraction of SiO,NPs in PU coating, the FTIR spectra
show no significant change. Compared with the PA
fabric, the characteristic peaks of PA in PA/PU @ SiO,

fiber is smooth. While for the PA/PU @ SiO, fabric, the
surface is completely covered with the coating, and the
gaps between the fibers disappear. The PA fibers become
indistinct, with no obvious particles observed, as shown in
Fig. 2 (¢). The Si element mapping from the energy
dispersive X-ray spectroscopy (EDS) analysis (Fig.2(d))
shows that the Si element is evenly distributed on the fabric
surface without obvious agglomeration, confirming the
successful incorporation of SiO,NPs on the fabric surface.
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fabric spectra remain unchanged in position. Although the
intensity of these peaks is not identical, the slight
variation is attributed to hydrogen bonding.
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Fig.3 FTIR spectra of PA and PA/PU@ SiO, fabrics
2.3 Air permeability

Generally speaking, the air permeability of the fabric
depends on the porosity. Although the air permeability of



Effect of SiO, Nanoparticles on Durability of Polyurethane-Coated Polyamide Tent Fabric 623

the PA fiber is inferior to that of natural fibers, it is still
among the better-performing synthetic fibers'™’. The air
permeability of the PA fabric used in this research is
approximately 450.0 nm/s. After PU coating, the air
permeability of the sample significantly decreases, as
shown in Fig. 4. It is probably due to the blockage of the
pores between yarns and the gaps between fibers in the
PA fabric ( Fig. 2 (¢)). When the mass fraction of
SiO,NPs in PU coating is 1%, the air permeability of the
PA/PU@ SiO, fabric also decreases because of the further
filling of the pores by these SiO,NPs. It can also be
found that a continuous increase in the mass fraction of
SiO,NPs does not obviously affect the air permeability of
the samples.
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Fig. 4  Air permeability of PA/PU@ SiO, fabrics

2.4 UV absorption and UV-Vis reflection
Figure 5 shows the UV absorption spectra and the
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UV-Vis reflection spectra of different samples. From
Fig.5(a), it can be seen that when the UV wavelength is
shorter than 280 nm, the absorption of UV radiation by
the pure PA fabric is higher than that by PA/PU or
PA/PU@ SiO, fabrics. The reason is that the functional
groups on PA macromolecular chains are sensitive to UV
radiation, while these groups are encapsulated by outside
coating for PA/PU and PA/PU@ SiO, fabrics'*'"". In the
280-400 nm range, PA/PU and PA/PU @ SiO, fabrics
exhibit higher UV absorption than PA fabric. This is due
to the sensitivity of functional groups on PU
macromolecular chains to radiation within this wavelength
band*’. However, the UV absorption of PA/PU@ SiO,
fabrics shows no significant variation with changes in the
mass fraction of SiO,NPs. In summary, PU is the
main contributor to UV radiation absorption across the
280-400 nm range in PA/PU@ SiO, fabrics.

From Fig. 5(b), it can be seen that compared with
the PA/PU fabric, the addition of SiO,NPs to PU
significantly improves the reflection effect of the sample
in the UV-Vis range due to the amorphous micro-structure
of SiO,NPs and the presence of a high amount of silanol
groups on the particle surface'™™ . Especially, when the
mass fraction of SiO,NPs is 5%, the reflectance of UV
radiation by the fabric is greatly enhanced in the UV-Vis
band. Therefore, we conclude that SiO,NPs have a
minimal effect on the UV absorption of PA/PU @ SiO,
fabrics but significantly enhance the reflection of visible
light. This combined effect mitigates the damage from
UV-Vis radiation and thereby improves the fabrics’
durability.
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Fig.5 UV absorption and UV-Vis reflection spectra of PA and PA/PU@ SiO, fabrics: (a) UV absorption; (b) UV-Vis reflection

2.5 Surface wettability

Material durability under water-stained condition is
mainly relative to its surface wettability. Figure 6 shows
the WCA of each sample. When a water droplet is
deposited on the surface of the PA fabric, the initial
average WCA is 113°, indicating a hydrophobic behavior.
However, unlike the other samples, the droplet rapidly
wicks into the PA fabric due to its porous structure,

causing a sharp decline in the WCA. After 5 min, the
WCA drops to 83°. After 9 min, the water fully penetrates
the PA fabric, at which point the WCA reaches 0°.

When PU is coated on the surface of the PA fabric,
the hydrophobicity of the sample surface is weakened due
to the presence of hydrophilic groups on the PU polymer
chains. When a water droplet is deposited on the surface
of the PA/PU fabric, the initial average WCA is 104°,
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which is smaller than that of the PA fabric. However, the
decrease of the WCA with the time on the PA/PU fabric
is slower because the pores on the PA fabric surface are
filled by PU coating (Fig. 2(c)). After 5 min, the
WCA is almost the same as that of the PA fabric. After
9 min, the WCA remains at 62°, indicating weakened
surface wettability.

Due to the lack of hydrophobic treatment to the added
SiO,NPs, there are a large number of —OH functional
groups on the surface of SiO,NPs. Therefore, when

SiO,NPs are added to the PU coating, compared with the
PA/PU fabric, the WCAs of the PA/PU @ SiO, fabrics
decrease further. However, PA/PU @ SiO, fabrics present
a similar wettability persistence with the PA/PU fabric.
After 9 min, the WCAs of PA/PU @ SiO, fabrics with
SiO,NP mass fractions of 5% and 7% are 47°. In our
future work, SiO,NPs would be chemically modified to
enhance the hydrophobicity and to reduce the surface
wettability of PA/PU@ SiO, fabrics, thus improving fabric
durability under moisture or water-stained conditions.
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Fig.6 WCAs of PA, PA/PU and PA/PU@ SiO, fabrics: (a) WACs; (b) images of WCAs

2.6 Mechanical property

The mechanical properties of various samples before
and after thermal treatment are shown in Fig. 7

Figure 7(a) shows that with the increasing SiO,NP
mass fraction, both the tensile strength and elongation at
break of the samples peak at a SiO,NP mass fraction of
5%. When SiO,NPs are added to the PU coating, these
nanoparticles can also endure an external force partly.
The mechanical properties are improved by the addition of
SiO,NPs. The observed phenomenon can be attributed to
three factors: hydrogen bonding between Si—OH
groups, the low free energy of the long-chain organic
silane on the SiO,NP surface, and interactions between
the PU and PA macromolecular chains. However, at
higher mass fractions, the SiO,NPs tend to aggregate.
When the mass fraction reaches 7% , this aggregation
becomes  significant enough to cause  stress
concentration in the PU coating, ultimately resulting in
the observed decrease in both tensile strength and
elongation at break.

Figure 7(b) shows the changes of the mechanical
properties of the samples after thermal treatment at 60 C
for 12 h. Due to the stress relaxation and the shrinkage of
the PU and PA macro-molecular chains under the action
of heat, the tensile strength of each sample decreases
slightly, and the elongation at break increases slightly

compared to that of the samples before thermal treatment.
For the PA/PU fabric, the tensile strength before thermal
treatment is 624 N, and the elongation at break is 37. 3%
(Fig. 7 (a)). After thermal treatment, the strength
decreases to 538 N, and the elongation increases to
52.7%. When the mass fraction of SiO,NPs is 5%, the
tensile strength of the sample before thermal treatment is
714 N, and the elongation at break is 61.8%. After
thermal treatment, the strength decreases to 669 N, and
the elongation at break increases to 98.9%. The
difference of tensile strength of all samples before and
after thermal treatment is shown in Fig. 7(c) with blue
bars (note that the bars represent the absolute value of the
change, corresponding to a net reduction in tensile
strength ). The difference decreases with the increase of
the mass fraction of SiO,NPs, and when the mass fraction
comes to 5%, the tensile strength attenuation is the
smallest. At this time, the difference of the elongation at
break with the red bars is conversely the largest. This is
because SiO,NPs possess high thermal stability and
excellent thermal conductivity’™' . As shown in
Fig. 7(d), this facilitates rapid heat dissipation, which
prevents heat accumulation in the PU coating on the PA
fabric. Consequently, the thermal degradation rate of
both the PU coating and the overall PA/PU fabric is
reduced.
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Fig. 7 Mechanical properties of PA/PU@ SiO, fabrics: (a) before thermal treatment; (b) after thermal treatment;

(¢) difference of tensile strength and elongation at break before and after thermal treatment; (d) illustration of

heat dissipation in PU coating

3 Conclusions

This study fabricated PA/PU@ SiO, fabrics by coating
the PA base fabric with PU solutions containing
SiO,NPs. We investigated the influence of the mass
fraction of SiO,NPs on key properties of the fabrics,

including air permeability, UV absorption, UV-Vis
reflection,  surface  wettability, and mechanical
performance. The results demonstrate that the fabric

containing a mass fraction of 5% SiO,NPs exhibit the
optimal combination of UV absorption and UV-Vis light
reflection. Furthermore, this fabric retains a WCA of 47°
even after 9 min. After thermal treatment at 60 C for 12
h, its tensile strength decreases by only 6. 3% (from 714
to 669 N) , while the elongation at break increases from
61.8% to 98.9%. In conclusion, PA/PU @ SiO, fabrics
exhibit comprehensively improved durability, showing
great promise for application as high-performance tent
fabrics.
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