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Nano-textured transparent heaters made of copper nanofibers (CuNFs) are used to facilitate
accelerated self-healing of bromobutyl rubber (BIIR). The heater and BIIR layer are separately
deposited on each side of a transparent flexible polyethylene terephthalate (PET) substrate. A prenotched crack on the BIIR layer was bridged due to heating facilitated by CuNFs. In the corrosion
test, a cracked BIIR layer covered a steel substrate. An accelerated self-healing of the crack due to
the transparent copper nanofiber heater facilitated an anti-corrosion protective effect of the BIIR
layer. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4990962]

Transparent conducting electrodes are widely used in
LED (light emitting diodes),1 touch screens,2 displays,3 etc.
The electrode films made of metal, carbon nanotubes
(CNTs), and graphene are manufactured by CVD (chemical
vapor deposition),2 vacuum filtration,4 calcination,5 electroplating,6,7 supersonic blowing,8,9 etc. Similar transparent
electrode coatings can be developed for heaters, which convert the electrical energy into thermal energy via Joule heating. Hong et al.10 demonstrated stretchable (up to 60%),
transparent heaters made of silver nanowires (AgNWs). Lee
et al.11 sprayed AgNW solution in supersonic gas flow and
formed a self-fused AgNW network which could be used as
a transparent heater with the temperature rise up to 160  C at
the applied voltage of 8 V, with the 15 X/sq sheet resistance
and 95% transparency. The latter transparent heater was thermally and mechanically stable after the repeated bending test
for 600 000 cycles.
External stimuli such as heat,12–15 UV/visible light,16–19
and pH20,21 can assist self-healing of engineered materials
when energy supply is available. This is a disadvantage compared to the autonomous self-healing strategy. However, thermally self-healing materials, with an unlimited recyclability
and full recovery, are still attractive and thus in focus.22
Bromobutyl rubber (BIIR) is the material mostly used
for automobile tires. Das et al. showed that two fully cut
pieces of ionic-modified BIIR can be reassembled to restore
the original mechanical properties (the elastic modulus, tensile strength, and ductility), which is understood as full
self-healing.23 The segments of the rubber network are rearranged due to the dynamic ionic association, thus inducing
physical cross-linking of isobutylene and isoprene with the
aid of allylic bromide groups (see Fig. 1). This reversible
self-healing feature of bromobutyl rubber can be enhanced at
elevated temperature. The use of a flexible, transparent thinfilm heater facilitating thermally driven self-healing of a soft

material holds great promise for the chemical protection
coatings, especially under conditions where sustainable healing is required but inaccessible, e.g., in deep sea, arctic
regions, and space.
The manufacturing process and features of CuNF heaters are described in Ref. 6. The size of the heater is
50  30 mm2. In brief, n-hexane was purchased from SigmaAldrich and bromobutyl rubber (BIIR) was kindly donated
by Lanxess. The BIIR solution was prepared by mixing 22 g
of BIIR in 250 ml of n-hexane. Upon the opposite side of
heater, a 1.5 ml drop of BIIR solution was dropped and dried
in open air for a day on the side of a polyethylene terephthalate (PET) substrate opposite to the CuNF heater side. The
thicknesses of the PET substrate and the BIIR layer were
0.09 mm and 0.15 mm, respectively. For the corrosion test,
the same CuNF heater was transferred to a steel substrate of
20  20 mm2 in size. The steel substrate was coated with
1 ml of the BIIR solution on the other side (opposite to the
side with the CuNF heater) and dried in air for 24 h until the
solution was completely solidified.
A pre-notched crack was formed on the BIIR layer on the
PET substrate with the CuNF heater underneath using a razor
blade (see Fig. 2). Then, the crack was observed with and without (w/ and w/o) the working heater. The heater temperature
was controlled by a voltage supplier (Tekpower HY1803D).
The optical images were obtained by using an optical microscope (Olympus BX-51), and the surface temperature was
measured by using an IR camera (FLIR T1030sc).
The corrosion test was conducted as explained in our
previous works.24,25 The heater fibers were placed on a corrosive steel substrate, and on its other side, a BIIR layer was
deposited as an anti-corrosive protecting layer. The BIIR
layer was scratched by a razor blade, and the samples were
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FIG. 1. BIIR chemical structure.
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FIG. 2. Schematic of the BIIR-coated CuNF heater and the experimental setup.

dipped in the acetic acid solution for 2 h with and without
(w/ and w/o) the heater being on.
To manufacture the CuNF heater, electrospun polyacrylonitrile (PAN) nanofibers (NFs) were used as a template.
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Then, they were coated with the Cu layer by electroplating.
Before electroplating, the average diameter of PAN NFs was
365 nm, and the size-distribution is shown in Fig. 3(a). Due
to deposition of Cu on the surface of PAN NF, the averaged
fiber diameter of the fibers was 1.56 lm [Fig. 3(b)], i.e., a
fivefold increase was observed.
Figure 3(c) shows the transmittance of the CuNF heater
with and without BIIR coating measured by using a UV-VIS
spectrophotometer (OPTIZENPOP, Mecasys Co. Ltd., Korea,
190 nm  k  1100 nm). Referred to the bare PET substrate
(transmittance of 100%), the transmittance of the CuNF heater
was 94% at the wavelength of light of k ¼ 550 nm. Although
the transmittance decreased by about 6% due to the BIIR coating on another side, still a 88% transmittance was measured.
In addition, copper oxidation can accompany heating.
Figure 3(d) shows the element map obtained by EDX
(energy-dispersive X-ray spectroscopy) (field-emission scan-

FIG. 3. Diameter distribution of (a)
pristine NF and (b) copper-coated
fibers. (c) Transparency of the CuNF
heater on the PET substrate w/ and w/o
BIIR coating. (d) Oxidation of CuNF
after 7 days.

FIG. 4. Temperature and the electric current of the CuNF heater at different applied voltages and the corresponding thermograms, in which the highest temperature value is given in the upper left corner. The scale bar is 1 cm.
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FIG. 5. Optical image of a pre-notched (first) crack on (a) the pristine plane substrate and (b) on the substrate heated with the CuNF heater. Scale bars are 100 lm.

ning electron microscopy, FESEM/EDX, Hitachi S-4800). It
reveals that the oxidation of CuNFs was negligible in 7 days,
i.e., the concentration of Cu decreased by about 2% and that
of O increased by about 1%. This difference was within the
error margin, and thus, it was concluded that CuNFs were
suitable to be used as a heater.
The heater temperature increased and saturated in 1–2 s
after the voltage increase. The temperature values in Fig. 4 corin the thermograms.
respond to the hottest spot marked by
As the voltage increased from 0 to 3.6 V, the surface temperature increased from the room temperature to 151  C.
A pre-notched crack on the surface of the BIIR layer was
observed for the samples w/ and w/o the heater. In particular,
the surface temperature of the heater was set at 100  C at
the following current and voltage values on the heater, 1.18 A

and 1.3 V, respectively. Figure 5(a) shows no evolution of the
crack without heater. On the other hand, Fig. 5(b) reveals
crack healing in 1–3 h at T  100  C sustained by the heater.
A second pre-notched crack on the BIIR layer surface was
created practically on top of the first (healed) one to explore the
repeatability of the healing process. Figure 6 shows the cutting
marks at t ¼ 0 h for both samples w/ and w/o heater in panels
Figs. 6(a) and 6(b), respectively. The crack in the sample with
the operating heater was healed [Fig. 6(b)]. For the sample
without the heater, the un-healed crack was visible in 15 days.
The IR thermogram images were recorded before and
after a partial cut of a sample (including the heater). Figure 7
shows that heat was not emitted around the cut area of the
heater and, accordingly, the damaged BIIR layer could not
be healed.

FIG. 6. Optical images of the second crack on (a) the pristine plane substrate and (b) on the substrate heated with the CuNF heater. Scale bars are 100 lm.
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FIG. 7. Thermograms of the partially
cut heater and sample. The optical
image is on the right. The scale bar is
1 cm.

1

FIG. 8. Corrosion test in acetic acid: (a) w/ CuNF and (b) w/o CuNF. Time
increases from the left-hand-side panels to the right-hand-side panels.

Protective self-healing BIIR coatings can be used on the
surface of metal products exposed to a corrosive environment. When a protective layer is damaged, its healing is
facilitated by the self-healing coating in a corrosion test, as
described below. Two types of steel samples were prepared:
one was only covered with a BIIR layer, while the other was
covered with a BIIR layer and a heater underneath. The
BIIR-covered surfaces of both samples were scratched as
“X” as shown in Fig. 8 and left in an open atmosphere for
2 h. Then, 5 ml drops of acetic acid were dripped onto both
samples. The sample with a heater powered by the voltage of
2.4 V acquired the surface temperature of about 100  C. The
damaged surfaces of both samples were observed by using a
camera for 12 h, as demonstrated in Fig. 8. Although the
“X”-shaped scratch is still partially seen on the sample with
the heater, the sample was absolutely not corroded since a
thin protective layer of BIIR has already been formed [Fig.
8(a)]. On the other hand, the unheated sample gradually oxidized the steel substrate, which was exposed to acetic acid
via the un-healed scratch [Fig. 8(b)].
It is demonstrated that Bromobutyl rubber (BIIR) facilitated with transparent electrically conducting Joule heaters
comprised of electrospun copper-plated polyacrylonitrile
fibers can be used as effective self-healing coatings. They are
attractive as a self-healing anti-corrosion protective layer, as
well as key elements of transparent stretchable and bendable
composite materials and items made of them.
This work was supported by the International
Collaboration Program funded by the Agency for Defense
Development of the Republic of Korea.
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