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Abstract

Transparent sheet heaters with flexibility (TSHF) exhibiting improved mechanical and thermal stability were made by adding
sodium tungstate (NaW) into poly (vinyl alcohol) (PVA) films by solution coating and solvent evaporation method. The prepared
TSHFs were characterized by scanning electron microscopy (SEM) to understand the surface morphology better. Further UV-
Visible measurement was carried out. The electric conductive properties were assessed by using the four-probe experiment. An
infrared thermometer was used to measure the temperature of the TSHFs. The fabricated NaW/PVA hybrid TSHFs demonstrated
elevated heating temperatures, 96 ◦C at a minimum input voltage of 6 V with a minimum response time (T < 40 sec), lower power
consumption (162 ◦C cm2 W−1) and process stability after repeated use when compared to ITO/FTO heaters. The bending resistance
of the NaW/PVA hybrid TSHFs was excellent. The change in sheet resistance after 1000 cycles of outer bending was less than 18%.
The effective embedding of the NaW network in the transparent nascent PVA film’s surface reduced surface roughness (Rrms < 1 nm)
and improved oxidation and moisture resistance. The produced TSHFs exhibited excellent heating qualities, with their transparency
demonstrating remarkable flexibility. The potential uses of NaW/PVA include defogging windows and thermochromic.
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1 Introduction

Transparent film heaters (TFHs) have received much attention for a variety of applications, including outdoor displays, window
defogging, and thermal-based sensors [1–5]. A typical commercial film-like heater is made of a metallic wire based on a Fe-
Cr-Al alloy [6], which, however, is rigid and has a low heating efficiency. Another commercial metallic film heater with similar
shortcomings is a patterned copper foil thin film [7]. Tin-doped indium oxide (ITO) transparent conductive film has also been
widely used as a heating element because of its high optical transmittance in the visible region, high electrical conductivity, and
environmental stability [8–10]. However, due to indium scarcity, crack formation during mechanical bending, and delayed thermal
response, ITO is considered prohibitively expensive, particularly in large areas and flexible applications [11–15]. Several electrically
conductive materials, such as carbon nanotubes, graphene [16–19] and metal grids [20–23], have been investigated as potential
replacements for ITO.
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When used as flexible TFHs, such materials promise to provide uniform thermal distribution over the heating area and reach
higher temperatures at low power [24]. Silver nanowires (AgNWs) have emerged as interesting candidates for the fabrication of
TFHs because of their good conductivity, high transparency, and appropriate mechanical qualities [25–27], and there have been
reports of TFHs based on AgNWs [28–30]. The reported TFHs were created by depositing AgNWs on the surface of a transparent
polymer substrate, such as polyethylene naphthalate (PEN) or polyethylene terephthalate (PET), and as they have low thermal
resistance, the fabricated AgNW-based film heaters could only attain a certain temperature. Furthermore, the adhesion between the
AgNWs and the substrate was weak, and the AgNW network on these substrates was scratch-resistant and easily detached, resulting
in low conductivity and inefficient heat production. Thus, filling the gap in the existing literature, the present study describes the
in-situ fabrication of transparent sheet heaters with flexibility (TSHF) comprised of a NaW network embedded in a transparent
poly(vinyl alcohol) (PVA) film. The NaW/PVA TSHFs are designed to have a desirable combination of properties such as high glass
transition temperature (Tg), mechanical flexibility, visual transparency and a strong bonding force with NaW. The TSHFs made
from this composite exhibited a high saturation temperature attainment of up to 96 °C, could be heated quickly at lower operation
voltages and had only a slight temperature variation over a long period of heating at a constant voltage.

2 Materials and Method

All reagents used in this study were obtained from E. Merck and included poly(vinyl alcohol) (PVA), sodium tungstate (NaW),
acetone, and ethanol. Tetraethoxysilane (TEOS ¿98%) was purchased from Sigma-Aldrich. All reagents and chemicals used were
of analytical grade. Under vigorous stirring, 5 g of PVA was dissolved in 80 ml distilled water. For 6 hrs, the temperature was
maintained constant at 70 °C. After preparing a homogeneous transparent solution, 0.5 gm of tetra ethyl orthosilicate (TEOS) was
added, followed by 3-4 drops of HCl as a catalyst. The solution was stirred and maintained at 70°C for another 6 hrs, and then, after
the completion of the reaction, the solution was allowed to cool. A gravimetric ratio of sodium tungstate was added to the mixture
and stirred for 1 hr. After pouring the slurry mentioned above onto the thick transparent sheet, as shown in Figure 1, a 5 mm Finolex
make pure copper wire was inserted into the cast at a distance of 10 cm from both edges of the film. The dimensions of the film were
10 X 5 cm. Two wires from each copper stripe were connected when the copper wires were stretched beyond the sample length, as
illustrated in Figure 1.

Figure 1: Copper wires attached to the transparent sheet

The concentration and nomenclature of the prepared NaW and PVA films are shown in Table 1. The surface morphologies of
NaW/PVA TSHFs were analyzed using scanning electron microscopy (SEM), wherein the SEM images were taken after sputter
coating the specimen with gold. The optical transmittance of the transparent PVA film and NaW/PVA TSHFs was measured at room
temperature using an ultraviolet-visible spectrophotometer with an integrating sphere, and the sheet resistance of NaW/PVA TSHFs
was measured using a four-point probe system. A power source supplied DC voltage to the TSHFs through the copper contact
attached at the edge of the film. The temperature of the TSHFs was measured with an infrared thermometer. To accurately reflect
the thermal distribution, nine temperature points were measured for each TSHF, and the average value was recorded. Mechanical
stability tests were performed using a laboratory-installed bending test machine. The moisture test was carried out using a highly
accelerated temperature and humidity stress test (HAST) at a temperature of 120 °C, a relative humidity (RH) of 97% and a gauge
pressure of 0.1 MPa. The adhesion test was performed using 3M stock tape.
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Figure 2: SEM image of the prepared NaW/PVA transparent sheet heater with flexibility.

Table 1: Concentration and nomenclature of the prepared heater films

Sl. No PVA (g) Sodium Molybdate (g) Sodium Molybdate (%) Film Name

1 5 0.000 0.0 Plain PVA
2 5 0.125 2.5 2.5-NaW/PVA
3 5 0.250 5.0 5-NaW/PVA
4 5 0.375 7.5 7.5-NaW/PVA
5 5 0.500 10.0 10-NaW/PVA

3 Results and Discussion

3.1 Surface morphologies of the prepared NaW/PVA TSHFs

Figure 2 depicts the SEM image of the prepared NaW/PVA TSHF, which exhibits a smooth surface and a well-connected point-to-
point junction. The NaW molecules are inlaid on the surface of the films. There were no voids on the surface. Thus, it indicates that
all NaW has been transferred to the surface of the PVA film. The surface morphology indicates that the transparent PVA solution
thoroughly permeated the NaW network and filled network holes and voids at the interface of the NaW and the rigid substrate.

3.2 Optical and electrical properties of the prepared NaW/PVA TSHFs

Fig 3 depicts the optical transmittance spectra of the TSHFs with increasing refractive index (N). Each TSHF’s sheet resistance
values are also provided. At 550 nm, the pure PVA film demonstrated a high optical transmittance of 92%. The transmittance
of TSHFs decreased as the number of N increased after the NaWs were inserted. The light reflection and scattering from the
NaWs caused this change. Furthermore, as N increased, the sheet resistance of the TSHFs decreased. The sheet resistance of the
3NaW/PVA (N=3) sample was 10 × 10−3 Ohm/sq with a transmittance of 83% at 550 nm, whereas the sheet resistance of the
12AgNW/PI (N = 12) sample was 5.6 Ohm/sq with a transmittance of 58% at 550 nm. The findings suggested that the NaW density
could be tweaked to improve the optical and electrical properties of NaW/PVA TSHFs.
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Figure 3: Optical transmittance spectra of the plain PVA film, TSHFs, and the sheet resistance of TSHFs.

3.3 Thermal response behavior of the prepared NaW/PVA TSHFs

The temperature properties of NaW/PVA TSHFs were investigated to better understand the nature of Joule heating in TSHFs. Figure
4 depicts the recorded temperature measurements graphically. The NaW/PVA TSHFs used in this section were 2.5 cm × 2.5 cm in
size. Figure 4 depicts the temperature profiles of the TSHFs as a function of input voltage (modulated from 1 to 6 V). The TSHFs
used had an optoelectronic performance of 5.6 Ohm/sq and a transmittance of 58% at 550 nm. When the input voltage was set to 1
V, all the plots showed that the temperature of the TSHFs reached 30 °C. The temperature of the TSHFs reached above 96 °C when
the input voltage was increased to 6 V, confirming its good operation at a low input voltage. Higher power at a low input voltage
implies efficient electrical energy conversion to Joule heating. One of the key factors for evaluating the performance of TSHFs is
the response time, which is defined as the time required to reach the steady-state temperature (Tsteady-state) from room temperature
(Troom). Regardless of the applied voltage, the temperature increased quickly, and steady-state temperatures were reached in less
than 40 sec, demonstrating the device’s quick response. Power consumption, defined as temperature increase per unit of electrical
power input, is another important parameter for assessing heat performance, which was investigated in the present work by applying
Joule’s law to the heat generated by a film heater using Eq. [1].

P =
U2

R
(1)

where P is the applied voltage, U is the input power, and R is the resistance of the film heater to which the voltage is applied.
Figure 4 indicates the input power of the NaW/PVA TSHFs as a function of steady-state temperature and the input power as a
function of steady-state temperature. Based on the data analyzed and the size of the TSHFs, the electrical power consumption of the
TSHFs was calculated and found to be around 162 °C cm2W-1.

Figure 4: Temperature profiles of NaW/PVA TSHFs as a function of input voltage.
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It was observed further that the temperature-time curves remained unchanged while the maximum temperature increased slightly,
as seen in Figure 5. Stability tests at an applied bias for 1 hour revealed no significant degradation in achievable temperature,
demonstrating the stability for repeated and long-term use. The slight increase in maximum temperature shown in Figure 5 suggested
that a slight decrease in heater resistance could be attributed to more tightly connected nanowires. To investigate the thermal response
of the NaW/PVA TSHFs that were created, the relationship between the Tsteady-state and Troom of the NaW/PVA TSHFs is expressed
using Eq.[2].

Figure 5: Cycling performance of AgNW/PVA TSFH with a sheet resistance of 5.6 Ohm/sq.

Tsteady-state =

(
U2

R
−Qd

)
1

Cm
+ Troom (2)

where C is the heat capacity ratio of the film, m is the film mass, and Qd is the heat dissipated from the film. Heat dissipation
is the transfer of heat by radiation and convection. At temperatures below 150 °C, radiation was found to be negligible. The
significant path of heat dissipation was through air convection, and Tsteady-state could be attained when Joule heating and convection
reach a dynamic balance at elevated temperatures. When the sample geometry is fixed, Eq. (2) shows that Tsteady-state increases
with increasing voltage U and decreases with decreasing resistance R, or the sheet resistance of the film heater. The maximum
temperature at steady state increased as the sheet resistance of the NaW/PVA TSFHs decreased under the same input voltage (6 V),
implying that the sheet resistance value of the film should be less than 60 Ohm sq-1 to allow for a maximum temperature above 72
°C.

3.4 Mechanical behavior of the prepared NaW/PVA TSFHs

Aside from having excellent surface morphology and thermal response behavior, the prepared NaW/PVA TSFHs exhibited superior
mechanical flexibility, which is desirable for emerging flexible electronic devices. Outer and inner bending tests were carried out on
a lab-installed bending test system with a fixed bending radius of 5 mm that was controlled as a function of the number of bending
cycles. The nominal bending strain was determined using Eq.[3].

ϵf =
h

2r
(3)

Figure 6 depicts the change in sheet resistance in the prepared TSFHs. R = (R−R0)
R0

represents the change in film resistance,
where R0 is the initial sheet resistance and R is the value measured after the bending test. The resistance changes were recorded
three times for each bending cycle to ensure measurement accuracy. The resistance changes in the outer and inner bending tests were
determined as 0.17% and 0.312%, respectively. Because of the strong bonding between the transparent PVA film and the NaWs
network, the electrical properties of the prepared TSFHs were more resistant to outer and inner bending. Under extreme bending,
such a strong bond prevents sliding at the interface. Furthermore, a change in the sheet resistance of the prepared TSFHs under
extreme folding and crumpling conditions was also observed.
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Figure 6: Sheet resistance change of the NaW/PVA TSFHs.

3.5 Moisture behavior of the prepared NaW/PVA TSFHs

The optical and electrical performances of prepared TSFHs were evaluated in a humidity chamber (122 °C, 97% relative humidity
for 24 hrs) for thermal moisture testing to confirm long-term reliability. The optical and electrical properties of the prepared TSFHs
before and after thermal moisture testing are shown in Figure 7(a). The change in the PVA film in the harsh environment caused
a slight decrease in transmittance (T550, before = 64.0% and T550, after = 61.0%). The resistance increase was primarily caused
by the oxidation of a small amount of NaWs exposed on the surface of the prepared NaW/PVA TSFHs. The thermal response of
the NaW/PVA TSFHs before and after thermal moisture testing is depicted in Figure 7(b). Tsteady-state dropped from 76 °C to 74
°C. Because of the nearly stable heating temperature, the prepared TSFHs can be used in defrosting window panels applications
in outdoor advertisement boards. The TSFHs’ adhesion was tested by repeatedly sticking and peeling them. On the surface of the
TSFHs, 3M Scotch tape was applied. The sheet resistance increased by only 0.057 after 1000 adhesion peeling cycles, indicating a
strong bonding of the conductive nanowires on the TSFHs.

Figure 7: (a) Optical and electrical properties of the prepared TSFHs before and after thermal moisture testing, and (b) Thermal
response of the NaW/PVA TSFHs before and after thermal moisture testing.
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4 Conclusion

A solution process was used to create flexible TSFHs with a NaWs network embedded in the surface of a transparent PVA film.
A typical NaW/PVA TSFH with a low sheet resistance of 5.6 Ohm/sq and a transmittance of 58.0% were obtained by adjusting
the number of rod-coating cycles of the NaW suspension. Thermal response tests on NaW/PVA TSFHs revealed a higher heating
temperature of 97 °C, a fast response time of less than 40 sec, and lower power consumption of 161.2 °C cm2W-1, as well as
repeatability. NaW/PVA TSFH mechanical properties were also investigated. The resistance changes in the outer and inner bending
tests were 0.18% and 0.31%, respectively. Furthermore, after 24 hours of testing in a humidity chamber at 122 °C/97% relative
humidity, the NaW/PVA TSFHs demonstrated nearly stable optical properties, sheet resistance, and heating temperatures. As a
result, the fabricated NaW/PVA TSFHs may find use in window defogging, thermochromic, and transparent electrodes.
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