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Abstract: A lightweight, environmentally-friendly thermal insulation coating was experimentally applied to the car-
bon fiber to reinforce epoxy resin composites. The coating is mainly composed of bonding layer, barrier layer and re-
flective layer, and prepared by using titanium dioxide, silica, aluminum oxide and hollow glass microspheres as func-
tion fillers. The addition of waterborne polyurethane with a thermal expansion coefficient of 120x10° K as a
film-forming material, is to solve the problem of cracking caused by the mismatch of the thermal expansion coeffi-
cients of the coating and the substrate material. The results show that after being applied, the coating can solidify
within 24 h at room temperature. When the thicknesses of the bonding layer, the heat barrier layer and the reflective
layer were 80, 120, and 90 um, the thermal insulation coating has the best performance with reflectance of the coating
higher than 0.95, the thermal conductivity at 0.048 W-m "-K ' and the temperature difference as high as 20.1 °C. After
being subjected to thermal shock at 190 ‘C for 6 times, and the maximum weight loss rate of the coating was 3.7%,
indicating the coating highly stable. When kept at 160 °C for 4 h, its surface turned yellow without falling off, and its
nano filler particles still remained stable.
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Due to high reliability, low maintenance cost and ad-
aptation to a variety of complex and harsh environments,
unmanned aerial vehicle (UAV) has become an important
tool for environment preservation, geographical mapping,
natural disaster monitoring, fire investigation and relief'').
Carbon fiber reinforced epoxy resin (CFRP) composite is
an attractive material for the UAV fuselage, and its
working temperature generally was below 160 C .
When the service temperature exceeds 160 °C, the epoxy
resin would be softening, resulting in a decrease in the
tensile strength and structural stability’®!. However, it is a
fact that the working environment of fire UAV was often
above 160 C. In order to prevent the actual temperature
of CFRP in fire UAV, it is necessary to fabricate a thermal
insulation coating on the fuselage surface to ensure the
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safe operation of the UAV.

According to the different insulation mechanisms,
thermal insulation coatings could be divided into radia-
tion thermal insulation coating, barrier-type thermal in-
sulation coating and reflective thermal insulation coat-
] The radiation thermal insulation coating reduced
the temperature by emitting absorbed energy into the air

ing

at a fixed wavelength. However, the complex sintering
process and the unstable effect seriously limited its fur-
ther application™. By introducing the substance with low
thermal conductivity, a loose porous structure such as a
large amount of convection-free air would be presented
in the barrier-type thermal insulation coating, which
could significantly reduce the heat transfer efficiency!®.
Yang, et all”! used hollow glass microsphere (HGM) and
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phenolic resin to prepare a composite material with a
thermal conductivity of 0.1024 W-m "“K™'. Hu, et al®
developed a HGM double-layer coating using oxide
(ATO) and TiO,, with a low thermal conductivity of
0.05 W-m "“K'. The reflective thermal insulation coating
exhibited a high reflectance in a large range of light
wavelength by the addition of the highly reflective fillers
such as titanium dioxide, zinc oxide, and rare earth ox-
ides”. Li, et al''” synthesized a series of environmentally
nontoxic near-infrared reflective pigments of BiVO,
coated mica-titanium oxide, whose NIR reflectance is up
to 0.92. Zhu, et al'' prepared a coating on aluminum plate
with carbon black, fluorinated acrylic resin emulsion and
a small number of SiO, nanoparticles silicon resin emul-
sion, whose temperature difference and reflectivity could
be up to 30 C and 68%, respectively.

By combining highly reflective materials with low
thermal conductivity materials, a portion of the thermal
insulation coating has both high reflectivity and low
thermal conductivity. Wang, et al''? prepared silicone
acrylic emulsion coating containing different dosages of
ATO microspheres on glass, with a low thermal conduc-
tivity of 0.128 W-m "K' and a high infrared emissivity
of 0.974. Long, et al""* used TiO,/HGM composite pig-
ments to fabricate a thermal insulation coating on alu-
minum board and found that the reflectance was 0.96,
and the temperature difference was 22.4 ‘C. However, to
the authors’ knowledge, there are few reports on both of
thermal insulation coatings and barrier-type thermal in-
sulation coatings applied to carbon fiber reinforced ep-
oxy composites. The questions whether and what extent
the combinational coating can effectively improve the
heat resistance, remained. The aim of this work was,
therefore, to develop a new type of lightweight thermal
insulation coating on carbon fiber reinforced epoxy resin
composites to solve the heat cracking caused by the ex-
pansion of base material and achieve both low thermal
conductivity and high reflectivity, evaluate their micro-
structure and thermal properties, and identify the failure
behavior.

1 Experimental

1.1 Materials and experiments

In the present work, to fabricate a thermal insulation
coating, the waterborne polyurethane was used as film-
forming material, and hollow glass microspheres, tita-
nium dioxide, silicon dioxide and aluminum oxide were
used as fillers. Carbon fiber reinforced epoxy resin com-
posites with a thermal expansion coefficient of 30x
10° K" and a glass transition temperature of 160 C
were used as base material. To prepare layer-slurry

bonding, TiO, and waterborne polyurethane were thor-
oughly mixed for 2 h using ethanol and dispersant as
milling medium. To prepare barrier layer slurry, hollow
glass microspheres, TiO,, and polyurethane were thor-
oughly mixed, using water and dispersant as milling me-
dium. To prepare reflective layer slurry, the silica acrogel,
the sodium silicate solution, titanium dioxide, silicon
dioxide and aluminum oxide were sequentially added to
the reaction kettle with stirring. Additionally, the base
material was cleaned with distilled water and ethanol.
Then, the bonding slurry, barrier slurry and reflective
slurry were sequentially sprayed on the base materials.
Finally, the cured coating was achieved after drying at
room temperature for 24 h.
1.2 Characterization

The thickness of thermal insulation coating was tested
by film thickness tester (Filmetrics). The reflectivity and
thermal conductivity of thermal insulation coatings were
measured using a spectrophotometer (V-1300) and a heat
conduction analysis meter (ZDJR-3). The temperature
difference of thermal insulation coating was observed via
insulation film temperature tester (SXLD-9). The micro-
structures of the thermal insulation coating were exam-
ined using scanning electron microscopy (QTA-200).
The thermal insulation coating was heat-treated using a
blast drying oven (DHG-9050A). The weight loss of the
coating was measured by an incubator and an analytical
balance, and a thermal cycle is 30 min. The micro char-
acterization was performed using transmission electron

microscopy (G20)!".

2 Results and discussion

2.1 Designed microstructure of the thermal

insulation coating

Fig. 1(a) shows the designed microstructure of the
thermal insulation coating. It is clear that, in order to
improve the adhesion and thermal insulation property of
coating, the thermal insulation coating is designed with
three functional layers including bonding layer, barrier
layer and reflective layer. Due to the difference in thermal
expansion coefficient between base material and coating,
the expansion of the base material should be much larger
than coating. After heating, there are likely to be large
compressive stresses in the coating which cause the
coating to buckle and flake off, a process known as
spalling!"®!. Therefore, the bonding layer was introduced
on carbon fiber reinforced epoxy resin composites in
present work. Since the thermal expansion coefficients of
epoxy resin and TiO, are 120x10°° and 9x10°° K, re-
spectively. Hence, the polyurethane with the thermal
expansion coefficient of 30x10° K™' was used to inhibit
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the heat cracking''®. In order to reduce the thermal con-
ductivity of thermal insulation coating, the barrier layer
with a specific cavity structure were prepared on bonding
layer, using hollow glass microspheres as main filler.
Additionally, after being cured, there are a large number
of gaps between the hollow microspheres in the thermal
insulation coating, leading to a certain decrease in the
impermeability and adhesion of the coating. Therefore,
polyurethane was added in the barrier layer to fill the gap
of hollow microspheres and improve the density, water
resistance and adhesion!'”). The barrier layer made of
hollow glass microspheres has a disadvantage of low
reflectance and many surface defects; therefore, the re-
flective layer made of TiO,, SiO, aerogel, Al,O; was
introduced to give the thermal insulation coating a high
reflectivity and a good surface quality without micropore
and micro-cracks.

A dense and flat surface were presented in the bonding
layer (Fig. 1(b)), without obvious defects such as loose-
ness and micro-cracks. However, due to a large differ-
ence in particle size between hollow glass microspheres
and TiO,, the surface of barrier layer with a small num-
ber of broken particles and micro holes were observed as
shown in Fig. 1(c). Furthermore, due to a lot of
nano-particles addition such as TiO,, SiO, and Al,O3, a
dense surface without obvious defect could be found in
reflective layer as shown in Fig. 1(d).

2.2 Thickness optimization of the designed

functional layers
The thermal expansion coefficients of carbon fiber re-

inforced epoxy resin composites, TiO, and polyurethane
are 30x10°°, 9x10°°, and 120x10°° K, respectively. In

Bonding
layer

Barrier
layer

— Reflective
layer

Base material

200 pm

Fig. 1 Designed microstructure of the thermal insulation
coating
(a) Cross section; (b) Bonding layer surface; (c) Barrier layer surface;

(d) Reflective layer surface

order to match the thermal expansion between base ma-
terial and the coating, TiO, was mixed with polyurethane
in the bonding layer. Thickness of the bonding layer was
an important factor in ensuring the service time at the
actual temperature. Fig. 2(a) shows the effect of bonding
layer thickness on service time at 160 and 190 ‘C. With
the coating thickness increasing, the service time marked
increased. Furthermore, when thickness of bonding
coating remained constant, the service time remarkably
decreased with the increase of the service temperature.
At a coating thickness of 80 pm, the time required for
shedding reach 360 and 200 min. Continuous growth in
coating thickness has little effect on coating shedding.
Therefore, the thickness of the bonding layer is designed
to be 80 um or more.
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Fig. 2 Thickness optimization of the designed functional
layers

(a) Time required for coating to fall off at 160 and 190 C; (b) Reflec-
tivity of coatings with different thicknesses of reflective layers; (c)
Temperature difference change curves for coatings with different
thicknesses of the barrier layer
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Fig. 2(b) shows the reflectivity as a function of the re-
flective layer thickness. When the coating thickness
reached up to 90 pm, the coating reflectivity increased
obviously with the increase of the coating thickness. A
further increase of coating thickness from 90 pm to
150 pm only gave rise to a slight increase. The reflection
performance of the coating is related to the thickness of
the surface layer, and simply increasing the thickness of
the coating does not continuously increase the reflec-
tance. Consequently, the optimum thickness of the re-
flective layer is about 90 pm.

The thickness of the barrier layer is determined on the
basis of the thicknesses of the bonding layer and reflec-
tive layer. Fig. 2(c) shows the temperature difference of
thermal insulation coatings as a function of the barrier
layer thickness, where the thickness of bonding layer and
reflective layer were 80 um and 90 pum, respectively. The
temperature difference of the coatings increased with the
increase of the holding time. Additionally, it is clear that,
the thicker the coating thickness, the longer the tempera-
ture stabilize time turns. When the thickness of coating
increased from 170 um to 320 pum, the stabilized time
would be prolonged from 15 min to 20 min. The
fast-rising zone ranged from 0 um to 120 pum, and the
thermal insulation temperature difference is rapidly in-
creased from 12 C to 20.1 “C. This huge increase
comes from the increase in coating thickness and the
decrease in the thermal conductivity of the coating. The
stable rising zone range is above 120 pm, and the in-
crease in the thermal insulation temperature difference is
mainly due to the increase in coating thickness. Consid-
ering the overall performance of the coating, 120 um is
the best choice for the barrier layer.

2.3 Property of the thermal insulation coating

To examine the thermal cycling performance of fabri-
cated thermal insulation coating, the weight-loss rate per
cycle between 100 ‘C and 190 ‘C of the specimens was
measured. A similar characteristic could be seen in all of
the coating weight-loss curve exhibits under different
temperatures. In the first two cycles, the weight-loss rate
of the coating is rapidly increased. This can be mainly
related to the volatilization of small molecules. However,
when the thermal cycle further increasing, only a slight
increase was observed. With room-temperature curing, the
coating can reach as thick as 300 pm and some of the
small-molecule solvents or auxiliaries are not entirely
volatilized"®!. In the subsequent multiple cycles, the
coating did not substantially lose weight, indicating good
thermal stability and effectively adapted to the thermal
cycle environment. Also, the carbon fiber reinforced ep-
oxy resin composites are used as the base material, and
their heat-resistance temperature is only 130 C. At

Mass loss rate / %
N

0 1 2 3 4 5 6
Thermal cycles

Fig.3 Weight loss curves of the thermal insulation coatings at
different temperatures

190 C, the growth of weight loss rate was relatively
faster, eventually reached 3.7%. This weight loss can be
attributed to the matrix material; however, the coating’s
weight subsequently remained stable. The aforemen-
tioned results show that the coating exhibits high thermal
stability and can be effectively used in a wide range of
temperature conditions.

The macroscopic morphology of the thermal insula-
tion coatings heated at 160 ‘C for 0, 1, 2, and 4 h are
shown in Fig. 4. Their coating and substrate material
were unchanged when temperature was maintained at
160 ‘C for 1 h. If this temperature was maintained for
2 h, their surface of the coating material turned slightly
yellow. Further, when the temperature was maintained
for 4 h, the surface of the coating exhibited a uniform
light orange color. After heat preservation at 160 ‘C for
1, 2, and 4 h, the coating materials can effectively protect

@ (®)

©)

Fig. 4 Macroscopic morphology changes of the coatings
when heated at 160 ‘C for different time
(2) 0 h; (b) 1L h; (c) 2 h; (d) 4 h
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Fig. 5 SEM morphology changes of coatings heated at 160 C
for4 h

(a) Coating cross-section; (b) Reflective layer surface

the substrate from failure, indicating good high-temperature
insulation performance and that the addition of polyurethane
in bonding layer effectively matches the amount of expan-
sion of the base material and reduces thermal stress.

2.4 Failure behaviors of the thermal insulation
coating

As shown in Fig. 5(a), due to the polyurethane added
to the thermal insulation coating, there was some degree
of embrittlement in the coating. In the cross section,
cracking occurs between the coating and the base mate-
rial. The coating fails and falls off when the transverse
cracks expand and contact each other. This failure phe-
nomenon can be mainly attributed to the difference be-
tween the thermal expansion coefficients of the base and
the coating materials. During the extended heating proc-
ess, different degrees of expansion can be observed, re-
sulting in stress at the base and coating cross section.
There is a little bit of micro holes on the coating surface
after being heated at 160 C for 4 h (Fig. 5(b)).

Fig. 6 shows the morphology of nano-particles be-
fore and after the coatings were heated at 160 C for
4 h. It can be seen that all TiO, particles were
nano-sized (<100 nm), but there also appeared a con-
glomeration because it was rather difficult to disperse
nanometer powders on the copper plate after ultrasonic
vibration for TEM imaging!"”’. Furthermore, it is clear
that, although the coating was heated at 160 C for 4 h,
no obvious change in nano-sized particles including uni-
formly mixed with the SiO, and Al,Oj; particles could be
observed. It is suggested that the structure of TiO, and
Al,O; powders in the present study was thermally stable
enough after being heated at 160 C'*"),

3 Conclusions

In order to prevent the actual temperature of CFRP in
fire UAV, a new type of thermal insulation coating
has been achieved. The coating included bonding layer,
heat insulating layer and reflective layer, with optimal
thickness of about 80, 120, and 90 pm, respectively.

@

Al

Nano TiO,

~ 100om

100 nm
649 Point 1 449 @ Point 2
o 519, © Elem. at% - 359} Elem.  at%
O 389 0o 70.10 5 269 o 67.40
M 359 Ti 2990 < 179 Ti 32.60
129 TL 89 fin o
0 ETR) LI 0 TR I
12345678910 12345678910
Energy / keV Energy / keV
80 (e) |81 Point 3 17.9 (H[AT Point 4
6.41 Elem. at% - 1431 Elem. at%
=480 0 7130 =10.7 10 0 6030
32t Si 2870 M 7.1¢ Al 3670
1.6} | 3.6

1234567809101112

Energy / keV Energy / keV

Fig. 6 TEM iamges of nonmetric TiO, in coatings (a) before
and (b) after being heated and corresponding EDS of (c) point 1,
(d) point 2, (e) point 3, and (f) point 4 in (a) and (b)

The designed thermal insulation coating solves the problem
of bonding between the coating and the base material,
while having a low thermal conductivity of 0.048 W-m 'K
and a high reflectivity of 0.95. On this basis, the com-
prehensive performance of the thermal insulation coating
is characterized as follows: the thermal insulation tem-
perature difference is up to 20.1 °C; the thermal insula-
tion coating was subjected to thermal shock at 190 'C
for 6 times, the highest weight loss rate was just 3.7%.
Therefore, the thermal insulation coating can work con-
tinuously at 160 ‘C for 4 h.
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