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Abstract: The far-infrared ray (FIR) is one kind of electromagnetic wave employed for numerous
bio-interactive applications such as body thermoregulation, infrared therapy, etc. Tuning the FIR-
emitting property of the functional textile surface can initiate a new horizon to utilize this property
in sportswear or even smart textiles. Ceramic particles were studied for their unique ability to con-
stantly emit FIR rays. The purpose of this research is to characterize the FIR emission properties and
the thermogravimetric analysis of ceramic-embedded polyurethane films. For this purpose, ceramic
particles such as aluminum oxide, silicon dioxide, and titanium dioxide were incorporated (indi-
vidually) with water-based polyurethane (WPU) binder by a sonication technique to make a thin
layer of film. Significant improvement in FIR emissive property of the films was found when using
different ceramic particles into the polyurethane films. Reflection and transmission at the FIR range
were measured with a gold integrating sphere by Fourier-transform infrared (FTIR) spectrometer.
The samples were also characterized by thermogravimetric analysis (TGA). Different physical tests,
such as tensile strength and contact angle measurements, were performed to illustrate the mechan-
ical properties of the films. The study suggested that the mechanical properties of the polyurethane
films were significantly influenced by the addition of ceramic particles.

Keywords: far-infrared ray; ceramic particles; polyurethane; emissivity; functional textiles

1. Introduction

Polyurethane (PU) has been effectively used as a coating material due to its unique
properties of corrosion resistance, microbial resistance, and durability against wear and
weathering [1,2]. Nowadays, PU binder gains a great deal of attention due to the potenti-
ality in selection of monomeric materials, which allows for a wide range of applications
[3,4]. Water-based polyurethane (WPU) binders are the composed of low or non-volatile
organic compounds, and they are widely used as coating materials since they are envi-
ronmentally friendly and non-toxic [5,6]. Unfortunately, PU coatings are often hygro-
scopic, which causes permeation of aggressive ions such as oxygen and chloride; long
exposure in ultraviolet (UV) radiation causes photochemical degradation of PU, which
makes the coating yellowish. Both of this process gradually causes PU disintegration
which affects its mechanical and optical properties [7,8]. Several studies suggest that the
addition of inorganic particles (such as cerium oxide, titania, and zinc oxide) may improve
the chemical and mechanical resistance of the PU (hybrid) coatings [9-13].

Ceramic particles would be a great choice in order to improve the functionality as
well as the chemical and mechanical resistance of the PU coatings. Ceramic particles, such
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as aluminum oxide, silicon dioxide, titanium dioxide, were studied for their unique prop-
erty to constantly emit FIR rays [14]. The application of aluminum oxide could signifi-
cantly increase the surface emissivity of coated composite material [15,16]. Silicon dioxide-
based finishing shown excellent thermal insulation properties on cotton fabrics even
though the emission properties of silicon dioxide were not so far deeply analyzed [17].
Ceramic coatings containing titanium dioxide showed a greater infrared emissivity value
(about 90%) in the range of resonance wavelength [18,19]. Ceramic particles have also
shown good antimicrobial properties when incorporated into textiles as a coating material
[20]. Polymer-based ceramic composites were proposed for applications like nano-mem-
branes and optical applications due to their FIR-emissive properties [21,22].

The utilization of FIR ray-associated textile products has shown interest from the
sportswear industry [23] because of its potential bio-interactive application [24-26] and
body thermoregulation [27-30]. In order to amplify the desired emissive properties of the
engineered textile surface, researchers have successfully exhibited several methods, in-
cluding the use of dyes and pigments, electro-spinning of different materials, insertion of
inorganic materials, or even modification of the cross-sectional shape of the fiber [31].

FIR is one kind of invisible electromagnetic wave with the wavelength range from
0.75 pm to 1,000 pm. FIR has been claimed for the generation of resonance to the human
body and is also known as “thermal ray” [32]. The electromagnetic spectrum is divided
into several wavelength regions (from 10-* nm to 10° m) by methods of detecting and pro-
ducing radiation. All electromagnetic radiation is primarily the same and subordinate by
the same laws, and the only difference is the wavelength. The absorption wavelength
range of most organic compounds is from 6 um to 14 um, which is also known as the
resonance wavelength (life rays) [33,34]. The human body absorption wavelength is
around 10 pm and according to Wien’s law, the peak wavelength radiation (Apeak) of hu-
man skin is estimated to be 9.34 um [35]. Resonance occurs when the elements closer to
the human body emit or reflect a similar wavelength as the human body. It is reported
that resonance enhances blood circulation, which eventually generates metabolic heat
[32].

Therefore, the addition of FIR-emitting ceramic particles as a filler into the PU coating
is a promising way to improve the functionality and the performance of the composites.
In the work presented here, ceramic particles have been incorporated into the water-based
polyurethane binder to utilize the FIR radiation properties of ceramics. The emissive prop-
erties (in FIR range) of thin-layer polyurethane films incorporated with different ceramic
particles have been investigated. Enhancement of FIR emissive properties, especially at
the peak wavelength region, was found due to the addition of ceramic particles into the
PU composites. Thermogravimetric analysis (TG) and different physical tests were per-
formed to characterize and illustrate the mechanical properties of the films. The study
suggested that the addition of ceramic particles have a significant influence on the me-
chanical properties of the PU composite.

2. Materials and Methods

In this study, three different ceramic particles were individually incorporated with a
water-based polyurethane binder to independently investigate their FIR emissive proper-
ties. The WPU binder Lurapret N5657 liq (with 40% solid content) was supplied by
Archroma (Reinach, Switzerland)and ceramic nanoparticles (aluminum oxide, silicon di-
oxide, titanium dioxide) were purchased from Evonik (Essen, Germany). The detailed
specification of the samples are shown in Table 1.
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Table 1. Compositions and characteristics of the samples.
Name of Ce- Ceramic Particle Size of Ce- Ceramic Content Thickness of
Sample ID . . o .
ramic Type ramic (nm) (wt. %) Film (mm)
PU - - - 0 0.6 +0.02
PU/ALOs Aluminum oxide Hydrophobic 7~20 5 0.6 £0.04
PU/SiO2  Silicon dioxide Hydrophobic 5~50 5 0.6 +0.03
PU/TiO: Titanium dioxide Hydrophilic 7~100 5 0.6 £0.03

Based on the solid content of the end product, 5 wt.% of ceramic particles (weight-
percentage) were incorporated with a water-based polyurethane (PU) binder. The concen-
tration of ceramic particles in water was kept at 10 g/l. Ceramic particles were initially
dispersed to water using the probe-sonication technique for one hour and then the water-
based polyurethane binder was slowly added to the mixture. For a uniform mixture of the
solution, further probe-sonication and magnetic stirring were applied. Then, the mixture
was put into a Teflon mold to make a thin layer of polyurethane film. The films were kept
to the Teflon mold at room temperature (~20 °C) for 24 h and then dried in an incubator
at 95 °C for 30 min. The films were then cured at 130 °C for 6 min to finish the crosslinking
of the polyurethane. Crosslinking was preliminarily observed by the extent of swelling
(solvent up-take). The thickness of each sample was measured around 0.6 mm. An illus-
tration of the sample preparation technique can be seen in Figure 1.

Sonication

Ceramic

Drying/Curing

Cross-linking PU/Ceramic Film

Water/PU/Ceramic

Figure 1. Sample preparation scheme for polyurethane composites with different ceramics.

A Fourier-transform infrared (FTIR) spectrometer from Pike Technologies (WI, USA)
with an integrated reflective gold sphere was used [1] to measure the spectral transmit-
tance (1) and reflectance (o) at the wavelength range from 6 pm to 14 pm in standard
atmospheric conditions. The emissivity (¢) of the films were then calculated by Kirchhoff’s
Law of thermal radiation: ¢ =1 — © — ¢ [36]. The surface morphology of the samples was
investigated using the LEO 435 VP scanning electron microscope (SEM) from Leica (IL
USA). At first, the sample was electroplated and then kept onto the SEM specimen holder
and photographed from above. A field emission scanning electron microscope (FESEM)
was used to achieve well-defined images down to the micrometer range. Thermogravi-
metric analysis of the samples was carried out using a TGA 3+ (Mettler Toledo, Columbus,
OH, USA). Thermogravimetric analysis was performed at the temperature range from 20
°C to 700 °C, at a heating rate of 10 °C per minute, at an inert atmosphere (inert nitrogen
gas condition at a constant flow of 50 mL/min during the experiment). The contact angle
of the samples for different liquids was measured by the DIGIDROP contact angle meter.
Tensile properties were measured according to the ISO 527-1 standard method with a cell
force of 1 kN and a drawing speed of 1 mm/min. The tests were performed at standard
atmospheric conditions (a temperature of 20 + 2 °C and relative humidity of 65 + 5%).
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3. Results and Discussion
3.1. SEM Analysis of Composite Films

The surface morphology of the samples was investigated via FESEM images and
shown in Figure 2. By magnifying the samples at 9000 times and comparing Figure 2a (PU
without ceramic particles) with Figure 2b-d, the presence of ceramic particles were clearly
observed. Ceramic particles have the tendency to agglomerate while using water as a sol-
vent due to the high polarity of water [37]. In this work, a sonication technique was used
to disperse the ceramic particles uniformly and to reduce the agglomeration of the ceramic
particles. According to the SEM observation, the ceramic particles were seen to be well
dispersed in the polyurethane matrix. The mean observed aggregate size of the ceramics
was roughly 100 nm to 500 nm. The presence of spherical particles of low diameters were
documented by the SEM microphotograph, which formed larger agglomerates and aggre-
gates.

PU [b] PU/ALO, [c] PU/SiO, [d] PU/TIO,

Figure 2. Photos of different samples and scanning electron microscope (SEM) images of the PU, PU/ceramic embedded
films: (a) PU, (b) PU/ALO3, (c¢) PU/SiO2, and (d) Pu/TiO-.

3.2. FIR Emission Properties of Composite Films

To make a qualitative analysis of the FIR emission properties between the PU films
(with and without ceramic particles), FTIR spectra was performed at the wavelength
range of 6 um to 14 um (resonance wavelength). The results of reflectance, transmittance,
and emissivity of different samples can be seen in Figure 3, Figure 4, and Figure 5. It was
observed that the overall emissivity of the ceramics embedded PU films were significantly
higher than the ordinary (films without ceramic) ones. At the peak wavelength (Apeak=9.34
um) of human body radiation, the emissivity of the aluminum oxide (Al20s) incorporated
film was found to be 82.7%, which was higher than the emissivity of the common polyu-
rethane film (81.8%, shown in Figure 3c). At the mid-IR spectral range, from 10.5 um to 14
um, the influence of added ceramic particles on the emissivity was even greater.
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Figure 3. FIR property characterization of aluminum oxide incorporated PU films. Fourier-transform infrared (FTIR)
measured (a) reflectance, (b) transmittance, (c) emissivity.

At the peak wavelength of human body radiation, the emissivity of the silicon diox-
ide (SiO2) incorporated film was found 83.6% (shown in Figure 4c), which is higher than
the ordinary PU film. The addition of silicon dioxide to the PU film provided good emis-
sive properties, especially at the mid-IR spectral range.
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Figure 4. FIR property characterization of silicon dioxide incorporated PU films. FTIR measured (a) reflectance, (b) trans-
mittance, (c) emissivity.

The emissivity at the peak wavelength of the titanium dioxide (TiOz)-added PU film

was found 83.7% (shown in Figure 5c), which is also higher than the emissivity of the
common PU film (81.8%).
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Figure 5. FIR property characterization of titanium dioxide incorporated PU films. FTIR measured (a) reflectance, (b)
transmittance, (c) emissivity.

The addition of ceramic particles into PU composite offers good emissive properties,
especially at the mid-IR spectral range. The emissivity of the titanium dioxide added PU
film was shown better results compared to other ceramic particles added PU films. There-
fore, the addition of ceramic particles improved the FIR emissive properties of the PU
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composite films. These films can be used as an FIR emissive coating which is similar to
currently available FIR-emitting materials [4,38].

3.3. TG Properties of Composite Films

The effect of ceramic particles on the thermal stability of the polyurethane films was
measured using thermogravimetric analysis (carried out in inert conditions). The results
of residual mass and the derivative residual mass are shown in Figure 6. The thermal be-
havior of both PU and PU/ceramics displayed multi-step degradation. The main step of
degradation of microcapsules containing ceramic particles occurred between 368 °C and
408 °C. The decomposition of PU and PU/ceramics is characterized by the onset tempera-
ture at 5% weight loss (Tonsets%), starting at around 316 °C.

0

Residual Mass (%)
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Figure 6. Thermogravimetric (TG) analysis of different PU/ceramic composites; (a): residual mass (%) and (b) derivative

residual mass (%/min).

The main decomposition of PU corresponding to PU/ceramics took place at 420 °C.
Thermogravimetric data of different films are shown in Table 2. There is almost no char
residue remaining in the PU sample at over 480 °C. The weight loss of PU/ceramic
(PU/ALOs: 315°C, PU/SiOz2: 318 °C, and PU/TiO2: 312 °C) composites began around the
same temperature of PU (Tonsets: 316 °C.). This suggests that the thermal stability of poly-
urethane films is not adversely affected by the the incorporation of ceramic particles.
However, the thermal degradation process should be different as the ceramic particles
have an effect on the structure of PU composite [39]. Around 5% of char residue was found
for PU/ceramic films, while for PU film, the residue was 0.2%. This indicates that the ad-
dition of ceramic particles increases the residual mass of the PU composites. It was also
observed that the content of the ceramic particle and the method of sample preparation
had minimal effect on Tmaxand Tonset.

Table 2. Thermogravimetric data of different PU/ceramic composites.

Mass Losses for Each Step

Step 1 Step 11 Step 111 Residue
Sample Tonsets%
o Tempera- Mass Tempera- Mass Tempera- Mass at 600
ID (°C) o (o
ture Losses ture Losses ture Losses °C (%)

Range (°C) (%) Range (°C) (%) Range (°C) (%)

PU 316  261-270 25 368-376 28.6 416425 68.1 0.2
PU/ALOs 316  261-270 2.3 351-360 20.8 416-425 71.2 5.3
PU/SIO2 319  278-286 3.0 351-360 17.8 416-425 73.2 5.6
PU/TiO. 313  278-286 3.3 368-376 33.4 408-416 57.3 5.6
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3.4. Mechanical Properties of Composite Films

The mechanical properties of polymer composites can be influenced by the reinforc-
ing effects of a kind of filler added to the polymer [40]. Properties of fillers, such as the
particle size, aggregate size, degree of dispersion, shape, surface characteristics, and as-
pect ratio can influence the mechanical properties of polymer composites. The effect of
ceramic particles on the tensile properties of the polyurethane films are listed in Table 3.
The addition of ceramic particles can affect the crystallization of the polyurethane matrix.
The ceramic particles can change the structural characteristics of the semi-crystalline ma-
trix which can affect the tensile strength of the films [4]. The addition of ceramic particles
resulted in the increment of tensile strength for the films which indicates the uniform dis-
persion of ceramic particles into the films. The elongation at break of the PU/ceramic com-
posites decreased significantly compared to the ordinary PU film. The addition of ceramic
particles into the PU composite seems to cause the failure of the films at low elongation,
most likely due to the shape, surface, and brittle fracture as seen in Figure 2.

Table 3. Mechanical properties of different PU/ceramic composite films.

Tensile Properties PU PU/AL2Os PU/SiO: PU/TiO:
Tensile strength (MPa) 18 +0.2 21+0.4 19+0.3 20+0.8
Elongation at break (%) 439+ 1.9 233 +0.8 225+ 0.5 228 +0.5

3.5. Contact Angle Analysis of Composite Films

The comparison of contact angles for different measuring liquids of the samples can
reveal the changes in the hydrophilic nature of the films, as the polyurethane was incor-
porated with different ceramic particles. The contact angle of the samples for different
measuring liquids is shown in Table 4. The contact angle of a solid surface may vary due
to several factors, such as the wettability of the surface, nature of the material (hydrophilic
or hydrophobic), and roughness of the surface [41]. From observing the samples, it was
found that the contact angles for different measuring liquids increased with the addition
of ceramic particles into the PU composites; which revealed that the harshness developed
by the ceramic particle increases the hydrophobicity of the PU composites.

Table 4. The contact angle of the samples for different measuring liquids.

A tact Angle (°
Sample ID verage Contact Angle (°)

Diiodomethane Water

PU 40+0.2 44 +0.3
PU/ALLO:s 50+0.3 60+0.4
PU/SiO2 49 +0.3 54 +0.3
PU/TiO2 50+0.3 54 +0.2

4. Conclusions

The aim of this work was to analyze the FIR emissive properties of ceramic-embed-
ded PU films and the effect of ceramic particles on the mechanical properties of PU films.
The results showed that the addition of ceramic particles has a significant influence on the
FIR emissive properties of the polyurethane films. The reinforcing effect of ceramic parti-
cles also influenced the mechanical properties of the polyurethane films. This work will
provide useful guidance towards the implementation of the ceramic particle as an FIR
material to composites.
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