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Abstract: Heating films were prepared by using poly(methyl methacrylate) and polybutadiene
composites containing graphite. The heating film was prepared by casting the as-made polymer
composite on PET film. Copper electrodes were attached to both ends of the as-prepared film, and
the heating characteristics of the film was analyzed while applying DC voltage. The electrical
conductivity and the heating temperature of the heating films depended on the size, the structure, the
content and the dispersion characteristics of the graphite in the composite. The electrical resistance
of the heating film was controlled to adjust the heating temperature of the film. The relationship
between the physical/chemical structure and the heating characteristics of the composite film was

studied by measuring the heating temperature as functions of film thickness and resistance by using
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an infrared thermal imaging camera. The lower the film resistance, the higher the heating temperature

of the film. The surface temperature was uniform throughout the film.
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1. Introduction

Heating film is a heating element that generates thermal energy from the film surface, based on
the principle of Joule heating (also known as Ohmic heating) [1]. When copper electrodes are attached
to both ends of a heating film and a rated voltage is applied on the film, thermal energy is generated
over the entire surface of the film. Generally, a heating film radiates thermal energy converted from
electric energy. The temperature of a heating film can be easily controlled and the use of the heating
film does not pollute the air, so it has advantages in terms of hygiene and noise [2,3]. For this reason,
the heating films are widely used for home heating system in Europe, and the application areas have
been expanded to the industrial fields of dryers, healthcare aids, and building materials as well as
housing [4,5].

In the heating film containing carbon materials for the use as a conductive filler, the electrical
resistances caused by the interconnection of a myriad of carbon particles generate the thermal energy
when current is applied. The heating films prepared with carbon composites exhibit excellent
electrical/thermal conductivity and the weatherability, and the research on the carbon-based heating
technology has been actively conducted in the academic and industrial fields [6,7].

The properties of a heating film are dependent on the kind of polymeric binders and conductive
fillers used. As electric current is applied in the heating film, thermal energy is generated on the film
surface, in which lots of contact resistances are formed between the conductive particles dispersed in

the polymer matrix of the heating film. The thermal energy generated from the heating film is
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considerably influenced by the polymer binder, the type and the structure of thermal conductive
materials used in the film, and the morphology of the as-prepared film [8-12].

Poly(methyl methacrylate) (PMMA) has good weatherability and durability and is suitable for
outdoor use, and all kinds of processes such as heating, machining, printing are easily applied to this
polymer. Crystalline PMMA is good for heat transfer and is stable at high temperature when used as
a binder of a heating film. Therefore, it is suitable for external use [13,14]. Polybutadiene (PB) is a
rubber material widely used for industrial purposes because it is low in density and good in weather
resistance [15-17]. PB has low glass transition temperature (7g, -20 ~ -80 °C), and it does not crack
and is flexible at low temperatures [18]. When PB is used as a polymer binder, the heating films can
be used for the pipe applications that require flexibility.

Carbon materials such as graphite, carbon nanotube, carbon fiber and graphene have high
conductivity and excellent mechanical properties, and are applied in the fields where lightweight and
high-performance composite materials are required. In general, thermally conductive ceramic
materials are electrically insulated, but graphite is excellent in electrical conductivity because it has
m-electrons due to its planar sp’ carbon-carbon bond structure [19-22]. And graphite has high
chemical stability and good workability, so it is easy for precision processing. Graphite is a suitable
candidate as a conductive filler for the heating film because it is good in thermal resistance, thermal
shock resistance and thermal/electrical conductivity [23,24].

In this study, PMMA and PB composite films containing graphite were prepared and their heating
characteristics was analyzed. The temperature elevation of the film surface due to heat generation
was analyzed by using an infrared thermal imaging camera while adjusting the graphite amount of

composite films, film thickness and applied voltage.

2. Materials and Methods

2.1 Preparation of composites and heating films
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To use as binders for the preparation of polymer composites, poly(methyl methacrylate) (PMMA,
M,, = ~103,000) and polybutadiene (PB, M,, = ~3,000) were purchased from LG MMA and Aldrich,
respectively. These polymer binders were used without further purification. Toluene (99.9+ %, SK
chemicals) was used for the solvent. Natural graphite was purchased from Graphite Tyn (Micronised

natural graphite, < 20 ym). PET film (thickness, 125 ym) was used as a substrate to which heating
films were deposited, and a copper tape (width 20 mm X thickness 50 ym) as the electrode of the

heating film.

A composite using PMMA as a binder was prepared as follows; 18 g of PMMA was added to 40
g of toluene, and the mixture was stirred and sufficiently dissolved at 60 °C. Then, a certain amount
of graphite was added thereto at room temperature, and mixed at 500 rpm for 2.5 min, 800 rpm for
5.5 min, and 1000 rpm for 2 min using a Paste mixer (PM-500D, SUFLUX) to prepare the final
PMMA composite. To prepare a composite using PB as a binder, a given amount of graphite was
added to 20 g of PB solution in 20 g of toluene, and mixed at 500 rpm for 2.5 min and 1000 rpm for
2 min using a Paste mixer as above. The amount of graphite was adjusted to 30, 40, and 50 wt.% in
the composite.

The schematics of a heating film was shown in Figure 1. A composite for preparing the heating
film was deposited to a PET film to which a copper tape was attached, and coating was conducted to

prepare the film of a certain thickness from 10 to 100 um using a bar coater. As-made heating film

was dried at room temperature for more than 5 h, and further dried at 60 °C for overnight.

2.2 Measurements

The thermal stability of the polymer binder used in this study was analyzed by using TGA (TGA
N-1000, SCINCO) under air flow of 40 cc/min, where a heating rate was set to 5 °C/min. The sheet
resistance of the as-made heating film was measured by using a Loresta GP resistivity meter (MCP-
T610, Mitsubishi Chemical Co.) connected to a 4-pin probe. The heating temperature of the film was
measured using the setup shown in Figure 1b. Both Cu electrodes of the heating film were connected

to a power supply (GP-4303TP, EZ Digital) to generate thermal energy. A digital multimeter (MAS-
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830, MASTECH) was connected in series to the circuit on the film surface to measure the current
during the heating temperature analysis. The heating temperature of the film was analyzed by using
an infrared thermal imaging camera (FLIR-C3TM, FLIR Systems), based on the principle of emitting

the light of the corresponding wavelength according to the temperature of the subject.

3. Results and Discussion

TGA was performed to study the thermal stability of poly(methyl methacrylate) (PMMA) and
polybutadiene (PB) used as binders of the heating films prepared in this work as shown in Figure 2.
The TGA measurement was conducted from room temperature to 800 °C at a heating rate of 5 °C/min
and in air flow of 40 cc/min. Oxygen in the air atmosphere promotes the oxidative reaction of PMMA,
resulting in pyrolysis of the side functional group (-COOCHS3) at ~200 °C, followed by decomposition
of the main chain at ~350 °C. PMMA was completely decomposed at 420 °C or more, and PB at 600
°C or more, leaving no residue. PB had higher thermal stability than PMMA in the air. This result
shows that both PMMA and PB can be used as base resins, considering that the general service
condition of the heating film is 100 °C or less.

Electrical resistance is induced by a large number of the interfacial contacts formed between the
graphite particles evenly dispersed in the polymer matrix. When voltage is applied to a heating film
containing graphite, current flow generates the Joule heat, resulting in the temperature elevation of
the film [1]. If the film resistance is too low, the film shows the same characteristics as the conductor.
On the contrary, if the resistance is too high, it becomes non-conductive. It is difficult to convert
electric energy into thermal energy in either case. A suitable level of resistance (10' ~ 10? /o) is
required for use as a heating film. Figure 3 shows the effect of the film thickness and the amount of
graphite on the sheet resistance of heating films. The 4-pin probe measurement was used to obtain
the sheet resistance of the heating film prepared by using the bar coater [25-27]. Regardless of the
type of base resin (PMMA or PB), the sheet resistance of the heating films including graphite

decreased as the content of graphite increased. That is, the conductivity of the film was
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correspondingly improved. This indicates that PMMA composite with graphite (PMMAGr) film is
relatively advantageous in the conduction characteristics than PB composite with graphite (PBGr)
film, considering the stereoregularity and the polarity effect of the PMMA resin itself [28,29]. Eq. (1)
demonstrates that the sheet resistance (Rs) of the film is inversely proportional to the film thickness
(7). Therefore, it can be easily understood that the sheet resistance decreases as the film becomes

thicker.

Ry =1/(ost) (D

Here, o is the in-plane conductivity. When 30 wt.% of graphite was added to both PMMAGr and
PBGr, the sheet resistance of the film was 10> Q/o or more. As described above, it was difficult to
obtain an adequate level of Joule heating characteristics in the film with high resistance.

Figure 4 shows the sheet resistance and the heating temperature measured on PMMAGr and

PBGr films, which were fabricated in the dimension of 100 #mx25 cmx14 cm and analyzed under DC

25 V. As described above, increasing the amount of the graphite added to the film decreased the sheet
resistance of the film (i.e., the conductivity of the film improved), and consequently increased the
heating temperature. Under the same condition, PMMAGr film showed lower resistance and higher
heating temperature than PBGr film. At the same content of graphite, the sheet resistance of the PBGr
film was more than 10 times higher. The heating temperature was also higher in the PMMAGr film
as the content of graphite increased: (PBGr) from 30 °C to 50 °C and (PMMAGr) from 32 °C to 135
°C. When 30 wt.% of the graphite was added to both films of PMMAGr and PBGr, the heating
temperature was as low as 30 °C, but the heating temperature above 80°C were measured on the
PMMAGt film containing 40 wt.% of graphite. The heating temperature was measured above 130°C
on the PMMAGr containing 50 wt.% of graphite. In addition, the heating temperature of the films
was stably maintained even under continuous use for over 7 days. The stable heating characteristics

and the long-term reliability of the heating film are considerably affected by the thermal stability of
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the base resin used. As shown in the TGA analysis, PMMA and PB exhibit thermal stability at the
temperature below 200 °C. Therefore, the heating film might exhibit thermal stability below 200 °C.
The saturated temperature shown in the infrared thermal images was uniform within a deviation of 5
°C in the whole region, indicating that the graphite particles were evenly distributed in the base resin.
Although the film can be fabricated with the graphite content of 50 wt.% or more, it is difficult to
keep the mechanical properties of the film such as flexibility and toughness, so that it is not
recommended as a composite for heating film.

According to the basic electricity theory, the Joule heating energy (Q) is dependent on the voltage

(V), current (/), resistance (R) and time (¢) during which the current flows;

QuxV xXI xt (2)

2

14

The current and the heating temperature measured while applying DC power to each PMMAGr film
were summarized in Figure 5. As shown in eq. (2), the thermal energy (Q) is proportional to V, /, and
t applied to the film at a constant resistance condition. In addition, the thermal energy is proportional
to ¥ and inversely proportional to R at a constant current condition. The results could be identified
from the dotted circles in Figure 5b and 5c. In PMMAGr film including 50 wt.% of graphite, the
temperature of the film was easily adjusted over a wide range from 32 °C to 135 °C as the voltage
and the current were changed. The heating temperature did not exceed 32 °C on the PMMAGt film
including 30 wt.% of graphite even when the voltage increased to 24V. This is because the resistance

of the film itself is too high (over 10> /o) to allow current flow even when a voltage is applied.

4. Conclusions
Poly(methyl methacrylate) and polybutadiene composites with graphite were prepared, of which

films have flexibility, durability and weatherability. As-prepared heating films exhibited stable
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heating performance under continuous use condition of 200 °C or less. The sheet resistance of the
film decreased with the increase of the film thickness and the graphite content added to the film.
When PMMA was used as a binder, its composite (PMMAGr) film exhibited relatively lower
resistance and higher heating characteristics than the film (PBGr) using polybutadiene as a binder.
The film requires the sheet resistance of less than 10? Q/o to ensure proper heating characteristics.
Depending on the type of the base resin and the content of graphite used in the film, the heating
temperature could be adjusted up to about 130 °C. An electronic controller that can control the input

current should be used for more precise temperature control.
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Figure Captions

Figure 1. Schematics of (a) a heating film and (b) a circuit set for the heating measurement.

Figure 2. TGA thermograms of poly(methyl methacrylate) (PMMA) and polybutadiene (PB) used in

this work. The measurement was conducted in air flow of 40cc/min. The heating rate was 5°C/min.

Figure 3. Sheet resistance of heating films, which were prepared with polymer/graphite composites;
(a) PMMA/Graphite composite films : PMMAGt, and (b) PB/Graphite composite films : PBGr. The

numbers enclosed in parentheses represent the amounts of graphite added to the composite films.

Figure 4. Sheet resistance and heating temperature as a function of the amount of graphite added to
the heating film. Open symbols (o and o) and filled symbols (@ and m) represent the sheet resistance
and the temperature measured in the film, respectively. The abbreviations in the figure represent as
follows; (PBGr) polybutadiene/graphite composite film, and (PMMAGr) poly(methyl
methacrylate)/graphite composite film. (R) and (T) after the abbreviations mean the sheet resistance
and the temperature, respectively. Infrared thermal images were taken from the heating films while
applying DC power of 24 V; (a) PMMAGr and (b) PBGr films including 50 wt.% of graphite.

Thickness of both films was about 100 #m.

Figure 5. Heating temperature measured on the heating film under applying DC power; (a)
PMMAGT-30, (b) PMMAGTr-40, and (c) PMMAGT-50. The numbers of -30, -40, and -50 indicate the

graphite amount (wt.%) added to the composite films of 100 4M thickness.
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