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Investigation of Thermal and Solar Properties of Aerogel Powder Coated Textiles
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Aerogels, the lowest-density solids in the world, have very effective thermal insulation properties with their extremely
high surface area and porous structure. Recently, there has been an increasing interest in using aerogels in the textile
industry, especially to obtain functional and technical textiles. In this study, thermal and solar properties of polyester
fabrics coated at different concentrations (1 %, 2 %, and 4 %) of aerogels with different particle sizes (~ 8 um, 0—80 um,
0—-0.5 mm) were investigated. It was observed that the aerogel particle size and concentration had a significant effect on
the thermal and solar properties, and the lowest thermal conductivity coefficient and thermal resistance values
(0.036 W/mK and 14.33 m? K/W, respectively) appeared at the largest particle size and maximum concentration. In
contrast, the solar reflectance values of the coated samples decrease up to 62 % with increasing aerogel particle size. In a
conclusion, the coating method with aerogel powders could be applied to improve the thermal insulation and solar
protection properties of mainly curtains, tents, tarpaulins, and sportswear fabrics.
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1. INTRODUCTION
Recently, textile materials have been in a state of
significant  transformation  through research and

technological developments. They are being produced as
technical materials and attract people’s attention with their
important functional properties like high tenacity, flame
retardancy, waterproofing, heat insulation, antibacterial,
antifungal, etc. Advances in material technologies are an
important driving force for producing functional textiles.
These functional properties are achieved with different
processes (coating, spraying, sol-gel, plasma treatment,
ultraviolet (UV) curing, and microencapsulation, etc.) [1, 2]
and different new materials (graphene, carbon nanotubes,
nanomaterials, and biomaterials, etc.) [3, 4]. One of the new
material groups is aerogels which are an impressive and
ultralight material group. Kistler discovered aerogels in
1931 [5] and in the literature, there have been many studies
on the development of aerogels since then. Most studies
belong to the period after 1990 when the research
accelerated. Aerogels have the lowest thermal conductivity
and density in the world [6, 7].

Aecrogels are synthesized by the sol-gel technique that
consists of three steps: a) gel formation, b) aging, and c)
solvent removal (drying) [8]. Aerogel surface area and pore
size can be changed with the parameters at these gel stages.
Aerogels produced by the selection of different parameters
such as the type of materials and catalysts used as initiating
materials in the synthesis of aerogels, pH values and drying
temperature show very different properties [9, 10]. They are
advanced materials with a melting temperature above
1200 °C. The heat conduction mechanisms of acrogels are
based on three ways: a) heat transfer over the solid skeleton,
b) heat transfer over the gas phase, and c) radiation heat
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transfer over particles. The gas or air movement is limited
in the aerogels and due to their high porosity and nano-sized
pores, aerogels have low thermal conductivity coefficients
up to half the air's average [l11,12]. The thermal
conductivity coefficients of some selected thermal
insulation materials and silica aerogels are given in Table 1
[7, 12, 13].

Table 1. Thermal conductivity coefficients of materials [7, 12, 13]

. Thermal conductivit
Material coefficient, W/rnKy
Air 0.026
Silica aerogel 0.018
Rock wool 0.040
Glass wool 0.038
Extruded polystyrene (XPS) 0.030
Polyurethane foam 0.024
Cellular glass 0.024
Perlite (expanded) 0.045

Silica aerogels are the most widely produced and used
groups in aerogels because of raw materials which can
easily be found in nature. As well as silica aerogels have a
low solid silica content, resulting in a low thermal
conductivity coefficient and therefore less heat conduction.
Due to these properties, aerogels are used in many different
sectors and applications such as insulation, construction,
chemistry, electronics, energy, biomedical, agriculture,
filtration, and textiles etc. (Fig. 1) [14, 15].

Studies on the application of aerogels to textile
materials generally started to increase after 2000 [16, 17].
Aerogels are applied to textile materials to achieve more
functionality, especially thermal insulation. There are
different application methods to provide functional textile
materials with aerogels. These methods vary according to
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the structures of textile materials, additives, auxiliary
chemicals and application areas.
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Fig. 1. Application areas of aerogels

One of the most common application methods is
incorporating aerogels into nonwoven surfaces. As a result
of this method, commercial insulation products are
produced in felt forms which are widely used especially in
building thermal insulation, production machines operating
under high temperatures and heat transmission lines, and
firefighter suits [18—22]. Apart from these, as a striking
example, the study of aerogels to obtain special space suits
for low temperatures is mentioned by the NASA Spinoff
Company [23]. As a different field, it has been used in boots
that keep the feet warm even at low temperatures at high
altitudes in mountaineering sports [24]. Research on
providing thermal insulation by a coating of aerogels on
textile fabrics is quite limited [22, 25—27], and there is no
specific study in the literature on the simultaneous
evaluation of aerogel particle sizes and concentrations in the
aerogel-coated fabrics. This research aim is to investigate
the effect of particle size and concentration of silica aerogel
powders on the thermal and solar properties of coated
textiles. The coated textiles obtained by this study would be
able to use in different application areas such as tents,
curtains, cold weather jackets, and insulation materials for
high-heat pieces of machinery.

2. EXPERIMENTAL DETAILS
2.1. Materials

A plain woven polyester fabric (100 %, 160 g/m?) was
used as the main substrate in the experimental trials. The
warp and weft densities of the plain woven fabric were
40 ends/cm and 20 picks/cm, respectively. The fabric was
supplied by DKC Technical Coating Company (Bursa,

Table 2. Properties of chemicals

Turkey). Aerogel powder supplied by Cabot Aerogels
(Germany) was used as the main material. The acrylic
binders were provided by Kemiteks (istanbul, Turkey).
Anti-foaming agent and thickener were supplied by Rudolf
Duraner (Bursa, Turkey). The properties of the chemicals
used in the study are shown in Table 2. All chemicals were
used in as-received form without further purification.

2.2. Preparation of coating paste

For experimental studies, aerogel coating pastes were
prepared by using 3 different types of aerogel powders (Al,
A2, A3) with different particle sizes in 3 different
concentrations (1 %, 2 %, 4 %). In addition, blind coating
paste containing chemicals other than aerogel was also
prepared as a reference. Thus, a total of 10 different paste
formulations were obtained. The pH values of the coating
pastes were adjusted to 9.5—10 using ammonia. The
viscosity of the coating pastes was measured by
SOIF NDJ 6 Digital Viscometer and was varied in the range
of 8000 £ 500 cP. Coating paste formulations are indicated
in Table 3.

Table 3. Blind (reference) and aerogel coating paste formulations

Chemical B* 1% | 2% | 4%

ermeats gkg | gikg | glkg | gkg
Binder (B) 300 300 300 300
Acrogel powder (A1, A2, A3) 0 10 20 40
Antifoam 20 20 20 20
Glycerine 20 20 20 20
Water 620 610 600 580
Thickener 20 20 20 20
Ammonia (25%) 20 20 20 20
Total 1000 | 1000 | 1000 | 1000
*B: Blind (reference)

2.3. Coating, drying and curing processes

Polyester fabrics were coated knife-on-roll method with
blind and aerogel coating pastes. Coating processes were
realized at laboratory type ATAC GK 40 RKL (istanbul,
Turkey) compact coating machine. The distance between
the knife and roll was arranged as 0.3 mm and the value was
checked to be constant before each coating process. The
coated samples were dried at 100 °C for 5 min and then
cured at 150 °C for 4 min on the same machine. The coating
procedure of the fabrics is shown in Fig. 2. Each coated
fabric sample was encoded as indicated below (Table 4).

Chemicals Property

Binder (B) (Kemiteks)

Self-crosslinking pure acrylate-based polymer binder

Aerogel 1 (Al) (Cabot)

~ 8 um particle size, hydrophobic, translucent/opaque silica based

Aerogel 2 (A2) (Cabot)

0—~80 um particle size, hydrophobic, translucent/opaque silica based

Aerogel 3 (A3) (Cabot)

0—0.5 mm particle size, hydrophobic, translucent/opaque silica based

Thickener (Rudolf Duraner)

Neutralized polyacrylate, anionic

Anti-foaming Agent (Rudolf Duraner)

Hydrocarbons, ethoxylated fatty acids and silicic acid combination, non-ionic

Ammonia (Tekkim)

25 % purity in liquid form

Glycerine (Tekkim)

99.5 % purity in liquid form
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Fig. 2. Coating procedure of aerogel powders

Table 4. Sample codes of coated fabrics

Sample code Content

U Uncoated fabric

B The chemicals except aerogel
Al-1 1 % A1l aerogel powder content
Al-2 2 % A1l aerogel powder content
Al-4 4 % Al aerogel powder content
A2-1 1 % A2 aerogel powder content
A2-2 2 % A2 aerogel powder content
A2-4 4 % A2 aerogel powder content
A3-1 1 % A3 aerogel powder content
A3-2 2 % A3 aerogel powder content
A3-4 4 % A3 aerogel powder content

2.4. Scanning electron microscopy (SEM) image
analysis

Scanning electron microscopic (SEM) images of the
blind-coated and aerogel-coated fabrics with the same
concentration (4 %) of the A1, A2 and A3 were obtained by
Carl Zeiss/Gemini 300 (Jena, Germany). The blind-coated
and aerogel-coated fabrics' surface images magnification
rates were set to 100x, and cross-sectional images
magnification rates were set to 150x.

2.5. Mass per unit area, dry add-on and thickness

Thickness and mass per unit area measurements were
carried out according to TS 7128 EN ISO 5084 and TS 251
standards. Thickness (#) measurements were performed by
James Heal R&B Cloth Thickness Tester (Halifax,
England). Coating paste dry add-on rates (W(%)) was
calculated according to Eq. 1
W (%) = (Wv;&) « 100, (1)
where wy is the weight of the uncoated fabric; w. is the
weight of the coated fabric.

2.6. Yellowness index

The yellowness index values of the fabrics were
measured by Konica Minolta CM-3600D (Tokyo, Japan)

=y il = B pey

model spectrophotometer, based on the ASTM E313
standard. The blind-coated fabric was taken as a reference
in the evaluation of the yellowness index of the aerogel-
coated fabrics.

2.7. Solar measurements

The solar behavior of all coated samples was measured
with a Shimadzu UV-3600 Plus (Kyoto, Japan)
UV/Vis/NIR spectrophotometer at a wavelength of 280-
2500 nm according to EN 14500:2008. Barium Sulphate
was used as a white reference surface following the
standard. Solar transmittance (7s), solar reflection (Rs),
solar absorbance (A4s), and near-infrared reflectance (Rwir)
values were calculated according to EN 410 standards.

2.8. Thermal conductivity tests

Thermal conductivity and thermal resistance
measurements of the blind-coated and aerogel-coated
samples were carried out by Alambeta Testing Device
which was supplied by Sensora (Liberec, Czech Republic).
Thermal conductivity (1) is the amount of heat transferred
from a unit thickness of fabric to a unit surface area under
the specified temperature gradient [28]. The thermal
conductivity coefficient is calculated by the following Eq. 2.

A (W/mK) =&, )

AR

where, 4 is the thermal conductivity coefficient(W/mK); A¢
is the temperature difference; Q is the heat transfer; 4 is the
surface area; 4 is the fabric thickness.

Thermal resistance (R) expresses the temperature
difference corresponding to the unit area of the material in
the unit heat energy flow passing through a unit thickness
fabric per unit time. This parameter is directly proportional
to the material thickness and is calculated by Eq. 3 [28]. The
high thermal resistance provides low heat loss.

R (m?K/W) ==, 3)

where R is the thermal resistance(m?K/W); & is the material
thickness; A is the thermal conductivity coefficient [28].

3. RESULTS AND DISCUSSION

3.1. Optical microscopy images

Optical images of the fabric surfaces are given in Fig. 3.
Polyester threads are clearly visible in the images of
uncoated (U) and blind-coated (B) fabrics.

Al-4 - A2-4 ey A3-4

Fig. 3. Optical microscopy images: U—uncoated fabric; B—blind coated fabric; A1-4 —coated with Al at 4 %; A2-4 —coated with A2 at

4 %; A3-4—coated with A3 at 4 %
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However, in the samples covered with aerogel powders,
the yarns cannot be seen clearly because the fabric surface
is covered with aerogel particles.

3.2. Scanning electron microscopy (SEM) image
analysis

The surface morphology images and the cross-sectional
images of the blind-coated and aerogel-coated fabric
samples were examined by SEM. The images were given in
Fig. 4 and Fig. 5.

Fig. 4. SEM surface images of blind and 4 % aerogel-coated
fabrics: a—blind coated; b—coated with Al; ¢c—coated with
A2; d—coated with A3

Fig. 5. SEM cross-sectional images of blind and 4% aerogel-
coated fabrics: a—blind coated; b—coated with Al;
¢—coated with A2; d— coated with A3

The coating layers on blind-coated and aerogel-coated
fabrics are clearly visible in these figures. Fig. 4 shows that
the fabric surface coated with the smallest particle size A/
aerogel (Fig. 4 b) is smoother and the aerogel particles show
a more homogeneous distribution. However, as the particle
size increases (i.e, A2 and A3 aerogels), the number of
aerogel particles per unit area on the fabric surface decreases
and the empty spaces without aerogels increase. On the
other hand, the cross-sectional images in Fig. 5 showed that
with increasing particle size, the thickness of coating layers,
unevenness, and surface roughness gradually increased.
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3.3. Mass per unit area, dry add-on and thickness
results

The mass per unit area and dry add-on results of fabrics
coated with blind paste and different concentrations of
aerogels of different particle sizes are given in Fig. 6. The
results show that the blind-coated fabric with a mass per unit
area of 200 g/m* is slightly higher than the results for
aerogel-coated fabrics, which are generally in the range of
190197 g/m?. These differences are due to the higher
density value of binder polymer compared to aerogels.
Because, while the blind coating film contains only binder
polymer, while the films on aerogel-coated fabrics contain
binder and aerogel powders. On the other hand, no
significant change is observed in the mass per unit area and
dry add-on values of the aerogel-coated samples with the
change in both particle size and concentration.
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Fig. 6. Mass per unit area and dry add-on results of blind-coated

and aerogel-coated fabrics

The thickness values of the coated fabrics (Fig. 7)
reveal that the coating thickness regularly increases as the
particle size and concentration of the aerogels increase.
Accordingly, the highest thickness value was obtained with
4 % concentration of the A3 aerogel, which has the largest
particle size. This result is in good agreement with the
results in Fig. 5, where a variation in coating thickness is
related to the aerogel particle size.
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Fig. 7. Thickness results of blind-coated and aerogel-coated
fabrics

3.4. Yellowness index results

A yellowing effect was observed after the high-
temperature fixation of the coated fabrics. This effect was
evaluated by measuring the yellowness index values of
blind and aerogel-coated fabrics according to
ASTM E313-73 standard. The yellowness index values seen



in Fig. 8 reveal that the yellowing effect of blind-coated
fabrics is significantly higher than that of aerogel-coated
fabrics. This difference can be explained by the fact that
yellowing actually occurs in the coating polymers since the
aerogel powders are stable to high temperatures [29]. On the
other hand, a previous study has revealed that the binder
polymer used in the coating turns yellow significantly
depending on the heat treatment temperature, and it supports
that the yellowing occurring here is due to the binder
polymer [30]. At the lowest concentration (i.e. 1 %),
approximately similar yellowness index values are obtained
for all three particle sizes, and in general, as the aerogel
concentration increases, the yellowness index values
decrease at different rates. Depending on the increase in the
concentration, the yellowness values of the fabrics coated
with Al aerogel decrease significantly, while the decrease
in the yellowness values of the fabrics coated with A2 and
A3 aerogels is quite limited. This difference is because the
fabric surfaces covered with Al aerogel, which has the
smallest particle size, are more homogeneously and
properly covered with aerogel powders. Therefore, it can be
concluded that as the aerogel concentration increases, the
yellowing of the coating polymer is more effectively
masked by the whiter acrogel powders.
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Fig. 8. Yellowness index results of blind-coated and aerogel-
coated fabrics

3.5. Solar measurements results

The effect of acrogel particle size and concentration on
the solar properties of coated fabrics was measured
according to the EN 410 standard test method and is listed
in Table 5. The table shows the effect of acrogel coatings on
solar transmittance (75s), solar reflectance (Rs) and solar
absorption (4s), as well as UV transmission (7yy) and near-
infrared (Rnr) reflectance properties (800—2500 nm).
When the results in Table 5 and Fig. 9 are examined, the 4s,

Ts and Tyy values of the aerogel-coated fabrics increased
with the increase in particle size at constant concentration,
while the Rs and Rwi values decreased compared to the
blind-coated fabric. That is, the changes in both the increase
and decrease direction are very pronounced in the Al coated
fabrics, while it decreases in A2 and there is almost no
change in A3. These results are supported by the literature
as there is an inverse variation between increasing particle
size and reflectance [31]. It is stated that as the particle size
decreases, the reflection increases [32]. In addition, the
fabric coated with the smallest particle size Al aerogel has
the most homogeneous and smooth surface, as seen in the
SEM images of the coated fabrics (Fig. 4 and Fig. 5), and as
the concentration increases, the surface is better covered so
that there are no gaps between the aerogel powders. The
result is a whiter, smoother and more reflective fabric
surface. Thus, the reflection of solar radiation from the
coated surface increases; transmission (including UV rays)
and absorption are reduced. The Kubelka-Munk theory also
explains these results that when there is a certain surface
roughness in powders and inhomogeneous systems, the
reflectivity of the sample depends on the ratio of the
absorption coefficient to the scattering coefficient
(K/S = (1-R)*2R, where K and S represent the absorption
and scattering coefficients, respectively, and R represents
the reflection). According to the theory as the particle size
increases, the penetration depth of the light will increase, so
the absorption will increase and the reflectance value will
decrease accordingly [33].

It is known that the NIR region of solar radiation is
responsible for the heating of sun-exposed surfaces [33].
Fig. 9 shows that fabric surfaces suitably coated with
aerogel can effectively reflect NIR rays, similar to total solar
radiation. Here again, the fabric coated with the highest
concentration (4 %) of small particle size aerogel (A1) has
the highest Rs and Ry ratios and therefore a better
sunscreen effect is expected. Yang et al. (2013) stated in
their study that the scattering coefficient largely depends on
the microstructure of the coatings, namely the pore size,
porosity and pore distribution, which significantly affect the
thermal radiation heat transfer within the coating [34].

3.6. Thermal conductivity and thermal resistance
results

The thermal insulation properties of the aerogel-coated
fabrics were evaluated with the thermal conductivity (4)
given in Fig. 10 and the thermal resistance (R) results given
in Fig. 11.

Table 5. Results of solar properties of blind-coated and aerogel-coated fabrics

Acrogel code Aerogel concentration, % RNIR, Y0 Rs, % As, % Ts, % Tuv, %
B 0 60.28 61.14 5.39 33.46 7.12
1 64.97 66.12 4.78 29.10 5.79
Al 2 70.78 72.24 2.86 24.90 4.57
4 76.33 7791 1.37 20.72 3.63
1 61.9 62.88 5.49 31.63 6.74
A2 2 63.05 64.00 5.12 30.88 6.33
4 64.65 65.60 4.47 29.93 5.90
1 60.66 61.52 5.68 32.80 7.03
A3 2 60.39 61.28 5.68 33.04 6.96
4 60.93 61.86 5.60 32.54 6.85
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Fig. 9. Reflectance values of blind and aerogel-coated fabrics
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Fig. 10. Thermal conductivity results of blind-coated and aerogel-coated fabrics

As stated in the literature, if £ decreases and R increases,
the thermal insulation properties of the coated surfaces
improve [28]. The thermal conductivity of the blind-coated
fabric (B) is reduced by aerogels as increasing the porosity
which limits conductive and convective gas transport
[35,36]. Fig. 10 shows that the coefficient of thermal
conductivity values at a constant concentration (4 %) in
different acrogel particle sizes decreases as the particle size
increases. Fabrics coated with A3-4 (largest particle size)
have the lowest thermal conductivity. It is known that silica
aerogels provide thermal insulation due to their high
porosity, and the particle size of aecrogels shows the average
distance between particles and has an important role in
thermal conductivity [10, 11, 12]. Although there are no
studies on the particle size of aerogels in textile fabrics,
Chen et al. conducted a study on geopolymer foam aerogel
renders for buildings. Although the results indicated that the
coefficient of thermal conductivity increased with
increasing particle size of the aerogels, the authors noted
that larger particle size could make the aerogel better
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function as a thermal insulator in the geopolymer foam
renders [37].

On the other hand, it was observed that the thermal
conductivity values decreased slightly in Al and A2 and
significantly decreased in A3 at constant particle size. This
result is also closely related to the increase in fabric
thickness and porosity. Because it is clearly seen in Fig. 6
and Fig. 7 that the thickness and porosity of the coated
fabric increase regularly depending on the increase in
particle size and concentration. In addition, as the aerogel
particle size and concentration increase, the R values
(Fig. 11) which is a coefficient depending on the fabric
thickness increase (Eq. 3) [28]. Bhuiyan et al. studied on the
coating of cotton fabric with aerogel at different
concentrations in the presence of polyurethane binder and
stated that as the aerogel concentration increased, the
thermal resistance increased [22]. Therefore, since a low
thermal conductivity coefficient and high thermal resistance
are required for effective thermal insulation, it turns out that
the best thermal insulation sample is A3-4.
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Fig. 11. Thermal resistance results of blind-coated and aerogel-coated fabrics

4. CONCLUSIONS

The main purpose of this study is to investigate the
thermal and solar properties of textiles coated with silica
aerogels of different particle sizes and concentrations. The
100% polyester woven fabric is coated with aerogel
powders with different particle sizes and concentrations.
The results were evaluated in terms of yellowness, thermal
insulation, and solar properties:

1. The yellowing effect on the coated samples was not
caused by the yellowing of the aerogel powders, but by
the acrylic-based coating polymer used. Therefore,
based on this result, it is possible to say that white
aerogel powders are resistant to yellowing at fixed
temperatures of around 150 °C, which are generally
used in textile coatings.

The thermal conductivity coefficient of the aerogel-
coated samples decreased as the particle size and
concentration increased due to the increased porosity
thickness. The lowest thermal conductivity coefficient
was obtained at the highest concentration (4 %) and
particle size (A3: 0—0.5 mm). At the same time, the
thermal resistance values are also compatible with the
thermal conductivity coefficient. The thermal
resistance values are increased as particle size and
concentration increase.

The solar property results showed that particle size and
concentration effects the reflectance, absorption and
transmission values. The solar absorption (4s), solar
transmission (7s) and UV transmission (7uy) values of
the aerogel-coated fabrics increased with the increase
in particle size at constant concentration, while the solar
reflectance (Rs) and NIR reflectance (Rwaiz) values
decreased compared to the blind coated fabric. Here
again, these results showed that the roughness of the
surface is related to the solar properties. The highest
reflectance has occurred at the smallest particle size
(Al: ~ 8 um) at the highest concentration with a well-
covered smooth surface.
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Based on all the results obtained, aerogel coatings have
the potential to be used in improving the thermal insulation
and sun protection properties of fabrics such as curtains,
awnings and tents. These results were obtained with single-
layer coating and it is thought that the density of the aerogel
coated on the fabric is not high enough. Since aerogel is a
very light material, smooth coatings above the maximum
concentration of 4 % could not be obtained in the study.
Another way to increase the density of the aerogel coated on
the fabric surface is to make multi-layered coatings, which
studies are continuing.
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