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Electrical energy can be converted into heat energy through ohmic joule heating. Metallic
materials are typically used in electrical heating elements because of their great electrical
conductivity. However, metallic materials have several weaknesses, such as corrosion susceptibility, heavy weight, high manufacturing costs, and electromagnetic wave emissions
[1,2]. To resolve these problems, carbon materials with good electrical conductivity, such as
carbon fibers, graphite fibers, carbon nanotubes, and carbon black, have been examined as
heating materials [3,4]. Among these carbon materials, graphite fibers possess many advantages compared to carbon fibers such as good mechanical and electrical properties, excellent
chemical stability, high thermal conductivity, and so on [5-7]. However, the electrical conductivity of graphite fibers is much lower than that of copper, which is too low to improve
the heating properties. Therefore, metal-incorporated graphite fibers have been considered
as attractive materials to achieve improved heating properties [8,9]. Metal can be incorporated into carbon structures using several different methods, such as electrodeposition,
electroless deposition, doping, and impregnation. Among these methods, impregnation by
stirring in a metal solution is a simple, easy, and cost-effective method, but this method
incorporates less metal into the structure than that of other methods [10,11]. To overcome
this limitation, ultrasonication has been used to impregnate metal atoms in a solution, which
can attach more metal atoms on the surface of supporters than that of previous impregnation
methods because it provides more opportunities for reactions between supporters and metal
atoms. Moreover, when a solution is exposed to ultrasonication, high temperature and pressure fields accelerating the chemical reaction may be produced at the centers of the generated
bubbles in a solution. Therefore, ultrasonication treatment has become probably the most
widely used and effective mechanical technique [12].
We developed a new method to introduce copper onto graphite fibers using both bath and
tip ultrasonication. Additionally, we determined the effect of copper impregnation using different ultrasonication techniques on the copper-incorporated morphology and improved the
electrical and heating properties of the graphite fibers. The graphite fibers used in this study
were obtained from the Nippon Graphite Fiber Corp. (Japan), and the average diameter of
the fibers was approximately 10 μm. First, 0.1 g of the fibers were immersed in 50 g of 0.1
M CuSO4 solution and then treated by bath and tip ultrasonication for 20 min at room temperature. Next, the treated fibers were washed with distilled water and dried at 80°C for 12
h. The prepared samples were labeled according to the copper impregnation conditions as
B20-GF and T20-GF, where the letters and numbers refer to the method of ultrasonication
and the treatment time, respectively. R-GF refers to the raw graphite fibers. The bath and tip
ultrasonication instruments used in this study were a Powersonic 405 ultrasonic cleaner from
Hwashin Technology (Korea) and a VC-505 ultrasonic processor from Sonics & Materials
(USA), which had generators with 400 and 500 W outputs, respectively. For tip ultrasonication, a titanium-tipped horn with an 11 mm-diameter tip was directly placed in the solution.
The surface morphology of the treated fibers was observed by scanning electron microscopy (SEM) with a Hitachi S-5500 microscope (Japan). Energy dispersive spectroscopy
(EDS) was performed to confirm the copper using the same equipment. The amount of cop-
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Fig. 1.

Scanning electron microscopy images of the treated graphite
fibers (GF): (a) R-GF, (b) B20-GF, and (c) T20-GF.

per on the treated fibers was determined by thermogravimetric
analysis (TGA). TGA scans were recorded at 10°C/min from
25 to 870°C in an air atmosphere. In addition, the electrical resistance of the fibers exposed to air was measured on an electrometer (Keithley 6514) using only a strand of the treated fiber,
of which the two ends of the sample were attached by silver
paste and clamped on both sides. The sample size was 35 mm
in length, and we calculated the average specific resistance. The
heating properties were estimated with a thermographic camera
at 25°C to observe the surface temperature of the treated fiber
with the applied voltage.
Fig. 1 shows the SEM image of the raw and treated graphite fibers. As shown in Fig. 1a, the raw graphite fiber has a
smooth surface. The graphite fibers treated by bath ultrasonication (Fig. 1b) revealed that the copper attached onto
the graphite fibers due to the self-catalytic effect of copper
growth [13,14]. When using tip ultrasonication, as shown in
Fig. 1c, a large amount of copper particles was introduced
onto the graphite fibers compared with the amount resulting
from the bath ultrasonication. This is because not only the
power of the tip ultrasonication is higher than that of the bath
ultrasonication, but also, the tip was directly submerged in
solution. Therefore, more energy was applied to introduce
more copper in the tip ultrasonication [15-17]. As shown in
Fig. 2, the EDS element mapping of the copper-incorporated
graphite fibers shows the presence of the C, O and Cu. It can
be confirmed that a larger amount of copper was introduced
into the T20-GF than into the B20-GF. Moreover, because
oxygen was observed to be near the copper particles, it is
believed that the copper of B20-GF and T20-GF exist as cop-
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Fig. 2.

C, O, and Cu element mapping of the copper-incorporated
graphite fibers (GF). (a-d) B20-GF and (e-h) T20-GF.

per oxides.
TGA was conducted to calculate the amount of copper on
the graphite fibers and to examine the thermal behavior of the
treated graphite fibers [18,19]. As shown in Table 1 and Fig. 3,
the thermal behavior of the treated graphite fibers was similar
to that of the raw graphite fibers, exhibiting a 5% weight loss
above approximately 700°C. The weight of the raw graphite fibers was 0% at approximately 865°C, which indicates that the
graphite fibers had thermally decomposed. Additionally, B20GF and T20-GF did not tend to increase in weight under 500°C
in an air atmosphere. As mentioned in Fig. 2, these results are
attributed to the attached particles on the B20-GF and T20-GF
as a form of oxide.
The changes in the residue weight indicate the relative
amount of copper introduced onto the graphite fibers according to the ultrasonication technique. The weight of copper introduced onto the T20-GF was approximately 3.5 times more
than that of the B20-GF because of the higher energy of the
tip ultrasonication compared with the bath ultrasonication.
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with the applied voltage. Additionally, the copper-incorporated
graphite fibers exhibited a higher surface temperature than that
of the raw graphite fibers at the same electric power. The maximum temperature of T20-GF at an applied power of 1.5 W and
applied voltage of 50 V was 45.9°C. This increased temperature
resulted from an increase in the electrical conductivity due to the
amount of copper introduced onto the graphite fiber. Therefore,
the electrical current of the treated graphite fibers increased at
the same applied voltage, and the treated graphite fibers showed
improved heating properties.
In conclusion, copper was effectively introduced onto
graphite fibers with an easy and simple method using tip and
bath ultrasonication techniques. The amount of copper on the
graphite fibers treated with the tip ultrasonication was higher
than that on the graphite fibers treated with bath ultrasonication. Therefore, tip ultrasonication is more effective at introducing copper onto graphite fibers compared to bath ultrasonication because tip ultrasonication can apply more energy
than that of bath ultrasonication. Likewise, the graphite fibers
treated by tip ultrasonication for 20 min showed improved
electrical conductivity and heating properties, with the surface temperature reaching about 46°C with 1.5 W of applied
electric power. Therefore, copper incorporation onto graphite fibers by tip ultrasonication can be successfully used to
fabricate electrical heating materials with improved electrical
conductivity and heating properties.

Fig. 3.

Thermogravimetric analysis graph of the copper-incorporated
graphite fibers (GF) based on the ultrasonication techniques.

The amount of copper introduced onto the treated graphite fibers influences the electrical conductivity, which determines
the heating properties [20]. Table 1 also presents the average
specific resistance and the calculated electrical conductivity
of the treated graphite fibers. The introduction of copper onto
the graphite fibers obviously improved the electrical conductivity [21]. The electrical conductivity of T20-GF was higher
than that of B20-GF because of the amount of copper introduced (Table 1).
Fig. 4 shows the surface temperature of the samples at different levels of applied voltages (a) and electric power (b) in
the range of 30–50 V and 0.2–1.6 W, respectively. The surface
temperature of each sample was examined after 30 s at a voltage.
The surface temperature of all the samples rapidly increased
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Table 1. Thermogravimetric analysis results and electrical properties of the copper-incorporated graphite fibers
Pyrolysis temperature (°C)
Start
(a 5% weight loss)

End

Final weight
(%)

Average specific resistance
(Ω cm)

Average electrical conductivity
(S cm–1)

R-GF

706

865

0

0.000699 (±0.000024)

1430.94

B20-GF

712

855

1.441

0.000682 (±0.000019)

1466.39

T20-GF

717

855

4.868

0.000662 (±0.000021)

1510.54

Fig. 4. Surface temperature of the copper-incorporated graphite fibers (GF) based on the ultrasonication techniques. (a) The relation of temperature and
voltage and (b) the relation of temperature and electric power.
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