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A thermal barrier coating (TBC) provides protection from thermal damage. While suﬃciently thick coatings
facilitate thermal protection, space limitations often require the use of high-performing barrier materials, such as
clays, silica, and aerogels. Herein, we demonstrate the fabrication of thin TBCs of clay, silica, and silica aerogel
microparticles deposited by supersonic cold spraying. The coated ﬁlms were characterized by scanning electron
microscopy and transmission electron microscopy. The eﬀects of varied coating thicknesses from 1 to 5 mm on
the TBC performance of each material were studied for both heating and cooling scenarios. We found that the
hybrid clay–aerogel coating provided the best thermal insulation. Deposition by supersonic cold spraying is
rapid and scalable, with potential applicability for the commercial production of TBCs.

1. Introduction
Thermal barrier coatings (TBCs) are widely used to protect diesel
engines and high-pressure turbines to prolong the lifespans of their
components [1,2]. TBCs were initially enamel coatings applied to
military engine components in the early 1950s; since then, Al2O3 [3],
ZrO2 [4], and yttria-stabilized ZrO2 (YSZ) [4] have become popular
materials for thermal protection and insulation. The materials used for
TBCs must satisfy several requirements: (1) low thermal diﬀusivity, (2)
minimal phase change under high temperatures, (3) strong adhesion to
the target substrate, and (4) resistance to oxidation and corrosion [5].
Electron-beam physical vapor deposition (EB-PVD) [1,4] and atmospheric plasma spraying (APS) [3,6,7] are used to deposit TBCs. EBPVD is primarily used for dynamic components like turbine blades,
which are subject to both thermal and mechanical loadings. Porous
structures are often intentionally designed for TBC layers to enhance
their thermal insulating performance. APS, an alternative lower-cost
method, has been the subject of signiﬁcant research intended to improve the thermal insulation performance of deposited materials. APS is
typically used for static components like combustor cans and vane
platforms, as opposed to EB-PVD, which is more appropriate for dynamic components subject to mechanical fatigue [8]. In general, APS
coatings comprise two layers: a ceramic layer for thermal protection
and a metal layer used to bond the ceramic and substrate.
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Supersonic cold spraying can be used to apply insulating materials
without using plasma or an electron beam. The operational costs of
supersonic cold spraying are much lower than those of either EB-PVD or
APS, because supersonic cold spraying only requires the heating of
pressurized air without any additional expensive components.
Supersonic microparticles are deposited onto either rigid or ﬂexible
substrates and adhered using only their kinetic energy. The simplicity
and low cost of supersonic cold spraying are highly attractive compared
to the complexity and expense of EB-PVD and APS.
We have previously demonstrated the use of various clays for
thermal insulation [9]. However, the use of other insulating materials,
such as silica and aerogels, has not yet been studied with supersonic
cold spraying. Silica-aerogel, a superior insulating material, consists of
more than 90% of air and less than 10% of solid silica by volume
[10,11]. While solid silica powder has been supersonically sprayed into
insulating layers, silica aerogel (henceforth “aerogel”) has not been
tested in coating via supersonic spraying [12]. Aerogel is a highly
porous material with low density, low thermal conductivity, and low
thermal diﬀusivity [13]. These advantages suggest promising thermal
insulating performance for supersonically sprayed mixtures of clay, silica, and aerogel. The rapidity and low cost of supersonic cold spraying
indicate its applicability for commercial implementation.
Herein, we demonstrate the fabrication of a large-scale ﬂexible insulating tape coated with aerogel and clay particles via supersonic cold
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Table 1
Operating conditions for supersonic cold spraying.
Conditions
Pressure [bar]
Gas preheating temperature [°C]
Traverse speed [mm/s]
Nozzle-to-substrate distance [mm]

2
250
40
50

Fig. 2. (a) Schematic of the experimental setup comprising heater, insulation
layer, stainless steel substrate, and thermocouple. (Insets) Coatings of various
thicknesses made up of montmorillonite, silica, and aerogel microparticles. (b)
Schematic of the cooling system. Cold water is supplied to the heat-exchange
system and the heated water returns to the chiller.
Fig. 1. (a) Supersonic spray schematic. (b) Large-scale ﬂexible insulating tape
coated with clay (montmorillonite) and aerogel microparticles.

Fig. 3. (a) A photograph of ﬂexible, supersonically sprayed montmorillonite–aerogel insulating ﬁlms. (b) SEM images of montmorillonite, silica, and aerogel microparticles.
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Fig. 4. (a) XRD spectra of aerogel, montmorillonite, and montmorillonite–aerogel hybrid. (b) Adhesion tests of hybrid montmorillonite ﬁlms. (c) SAED pattern and
HR-TEM image of the montmorillonite ﬁlm. (d) Electrical resistivity test.

spraying. The coated layers are materially characterized and the
thermal insulation performances of the hybrid coatings are compared
and quantiﬁed.

2. Experimental methods
2.1. Fabrication of thermal insulation layer
All thermal insulation layers were produced using a supersonic cold
spraying apparatus, comprising a supersonic nozzle, atomizer, gas
heater, syringe pump, and x–y motor stage. The detailed operating
conditions for the supersonic cold spraying process are summarized in
Table 1. Fig. 1a shows the supersonic spray nozzle, which produces a
supersonic stream of the working ﬂuid containing the microparticles.
The microparticle-laden ﬂuid issues from an atomizer (VCS 40 kHz,
Sonics & Materials) at a ﬂow rate of 3.0 mL/min using a syringe pump
(Legato 210, KDS). Upon the evaporation of the ﬂuid, the microparticles form a coating layer. The substrates used in this study were
stainless steel (SKD61) and ﬂexible polyethylene terephthalate (PET).
The insulation layer thickness was controlled by changing the number
of sweeps by the x–y stage. Details of the supersonic spraying process
are available in our previous work [14–17]. Fig. 1b depicts a large,
ﬂexible coating of clay (montmorillonite) and aerogel microparticles,
demonstrating the scalability and rapid production capability of the
supersonic cold spraying process.

2.2. Solution preparation
Insulating materials include montmorillonite (Mont., Surface area
250 m2/g, Sigma Aldrich), silica (SiO2, 10–20 nm, Sigma Aldrich), and
silica aerogel (~10–100 µm, 0.016 < k < 0.019 W/m·K at 25 °C, REM
Tech, Korea) microparticles. Montmorillonite microparticles (7.5 g)
were dispersed in 50 mL of isopropyl alcohol (IPA, Duksan, Korea) with
0.25 g of nylon to prepare a colloidal precursor. The volume ratio of
montmorillonite to silica or aerogel microparticles was 2:1. More
montmorillonite was used to promote adhesion between the microparticles and substrate; montmorillonite showed good substrate adhesion, while the silica and aerogel tended to detach from the substrate
because of their sharp and irregular particle shapes. The mixed solution
was then sonicated for 90 s to disperse the microparticles.
2.3. Hot plate system
Fig. 2a depicts the experimental setup used to evaluate the thermal
insulation performances of the fabricated coatings. The insulation layer
is ﬁrst deposited on a stainless steel substrate and then placed on a
heated plate at 800 °C, as illustrated in Fig. 2a. A K-type thermocouple
is placed on the surface of the substrate. The inset in Fig. 2a shows the
deposited insulation layers of various thicknesses. Fig. 2b shows the
experimental setup for the cooling test. The cold plate was chilled with
cooling water (10 ± 0.5 °C) from a chiller (Lab Companion, RW0525 G) and then recycled. The temperature (within ± 0.1 °C error) of
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Fig. 5. Thermal responses of the insulating coatings of various thicknesses. (a) Temperature distributions from the IR camera. (b) The steady-state temperature for
each coating during heating processes. (c) Cooling processes as a function of material and thickness.

the insulating coating was recorded every 0.25 s with a K-type thermocouple.
2.4. Characterization
The morphologies of montmorillonite, SiO2, and aerogel particles
were characterized using a ﬁeld-emission scanning electron microscope
(FE-SEM, S-5000, Hitachi, Japan) at 10 kV and a transmission electron
microscope (TEM, JEM 2100F, JEOL Inc.). X-ray photoelectron spectroscopy (XPS, Theta Probe Base System, Thermo Fisher Scientiﬁc Co.)
measurements were conducted to evaluate the chemical states of elements of the ﬁlms. An infrared (IR) camera (FLIR system, Inc. FLIRE63900) was used to visualize the temperature ﬁeld. A data logger (GL240, Graphtec, U.S.) and K-type thermocouple (probe size = 1.0 ∅ ×
150 mm) measured the temperature changes. Adhesion testing was
conducted using a centrifugal adhesion test apparatus (LF 204,
Centrifugal Adhesion Testing Technology, Young Jin Corporation,
South Korea). The electrical resistivity was measured using a Smartec
Insulation & Continuity instrument (MI 3121, < 30 GΩ, Metrel d.d.,
Slovenia).
3. Results and discussion
Fig. 3a demonstrates the superior ﬂexibility of the insulating ﬁlm of
montmorillonite–aerogel particles. Fig. 3b–d respectively show SEM
images of the morphologies of the montmorillonite, silica, and aerogel
microparticles, which range in size from a few to tens of micrometers.
The silica particles are generally larger; both silica and aerogel have
more angular particle shapes than montmorillonite. Larger, more
acutely angled particles are more diﬃcult to deposit; thus, montmorillonite was mixed with these particles at a 2:1 volume ratio to promote
adhesion.
The XRD diﬀraction patterns of the fabricated ﬁlms are shown in
Fig. 4a. The sharp peaks in the pattern from the insulating ﬁlm

consisting of montmorillonite and aerogel particles appear at
2θ = 5.97°, 20.70°, 21.57°, 35.04°, 44.27°, 47.19°, and 60.25°, corresponding to the (100), (111), (112), (211), (135), (233), and (060)
planes of montmorillonite (JCPDS 27–0733). The broad peak of the
aerogel powder at 2θ = 23° indicates the amorphous nature of the
original silica aerogel [18].
The diﬀraction peaks of the hybrid fabricated montmorillonite–aerogel ﬁlm show similarity to those of the clay at 2θ = 20.70°,
21.57°, and 60.25°, although the peak intensity is relatively lower.
Fig. 4b compares the adhesive strengths of the coated ﬁlms consisting of montmorillonite and its mixtures with silica and aerogel
particles. The aerogel particles are inherently non-adhesive because of
their low surface polarity [19]. To improve the adhesive strength, the
aerogel was mixed with inherently sticky and adhesive montmorillonite. Fig. 4b shows that the montmorillonite ﬁlm possesses the
highest adhesive strength of. While the hybrid ﬁlms of montmorillonite–silica and montmorillonite–aerogel exhibit relatively poor adhesive strengths, they are suﬃciently adhesive for successful attachment to a substrate.
Fig. 4c shows the selected-area electron diﬀraction (SAED) patterns
of the montmorillonite ﬁlms. The crystalline state of montmorillonite is
detected in comparing the diﬀraction ring pattern of the ﬁlm with the
XRD diﬀraction pattern in Fig. 4a. The inset in Fig. 4c shows the highresolution TEM (HR-TEM) image of the fabricated ﬁlm, showing the
lattice space distances (d-spacing). The d-spacings between two pairs of
parallel yellow lattice fringes are 0.463 and 0.412 nm, corresponding to
the (020) and (112) planes of montmorillonite (JCPDS 27-0733), respectively.
Electrical insulation is often important for thermal insulation ﬁlms
intended to protect objects from both heat and electricity. Therefore,
Fig. 4d compares the electrical resistivities of the fabricated ﬁlms. In
general, montmorillonite, SiO2, and aerogel are highly resistive to
electricity [9]. The number of coating passes N refers to the number of
nozzle sweep passes, which controls the ﬁlm thickness; larger N

12937

Ceramics International 44 (2018) 12934–12939

T.-G. Kim et al.

corresponds to a thicker ﬁlm. The ﬁlms become more electrically resistive as N increases for all three cases. The montmorillonite–aerogel
hybrid ﬁlm has the highest electrical resistance, compared to the pure
silica and aerogel ﬁlms.
Fig. 5 compares the temperature changes of the substrates. Fig. 5a-b
depict data from the heating experiments, while Fig. 5c shows the
cooling experiment results, corresponding to Fig. 2a and b, respectively. The fundamental heat-exchange mechanism for heating and
cooling is equivalent. Fig. 5a shows IR images of the stainless steel
substrate for coating thicknesses of 0 (bare), 1, 3, and 5 mm, taken after
20 min of heating. The IR images indicate that the sample temperatures
range from 200 to 350 °C depending on the coating thickness. As expected, the thicker coatings show lower temperatures.
In Fig. 5b, the heat source reaches 800 °C after 30 min. Because of
ubiquitous thermal resistance, the substrate surface temperature shows
a delay that increases with the application of coatings; thicker coatings
correspond to more suppressed temperature increases of the substrate
surface. The 3-mm-thick hybrid material coatings both outperform the
5-mm-thick pure montmorillonite coating, conﬁrming the superior insulating capability of the hybrid materials comprising montmorillonite
mixed with silica or silica aerogel.
Fig. 5c also conﬁrms the superior insulation capability of the
montmorillonite–aerogel hybrid coating. The cooling water temperature is 10.5 °C and the surface temperature of the bare substrate is about
14 °C. Again, coatings of increasing thickness show progressively better
performance. The 3-mm-thick hybrid coating outperforms the pure
montmorillonite coating, even that of 5 mm in thickness, because of the

superior insulation properties of aerogel.
Silica is a group IV metal oxide that shows good abrasion resistance,
electrical insulation, and thermal stability; these useful physical and
electronic properties are applied in semiconductor devices [20]. Aerogels are assembled from microparticles or polymer molecules that form
a porous medium; 98% of the volume of an aerogel monolith is gas or
vacuum. They are the lightest solids in the world, with bulk densities
about three times that of air. Aerogels have high speciﬁc surface areas,
low densities and refractive indices, and microporous structures
(pores < 2 mm). The microporosity yields extremely low thermal conductivity [21]. The material and structure of aerogels can minimize
thermal conduction and convection, yielding thermal conductivities of
only ~13 mW/m K [22]. Aerogels can be classiﬁed by preparation
method, pore size, or appearance (powder versus ﬁlm). However, the
most common property used to distinguish them is composition, such as
oxide aerogels [13], organic aerogels [23], carbon aerogel [24], and
other aerogels [25]. Herein, we used an oxide aerogel.
Fig. 6 demonstrates the thermal insulation performance of the insulating coatings through chocolate-melting tests. The bare substrate
(0 mm), 3-mm-thick pure montmorillonite, and 3-mm-thick montmorillonite–aerogel coatings were tested by observing chocolate melt. The
insulation layers face downward and are located between the lamp
ﬂame and the supporting mesh. Alcohol lamps with the ﬂame temperature of 700 °C are used to heat the stainless steel substrates for up to
12 min, during which the chocolate pieces are melted; see movie S1 in
the Supporting Information. The chocolate sample on an uncoated
substrate melted at t = 4 min; samples on 3-mm pure montmorillonite

Fig. 6. (a) Thermal responses of coatings during chocolate-melt testing after heating for 12 min (b) The uncoated, pure montmorillonite, and montmorillonite–aerogel surfaces under heat and (c) their corresponding IR thermal images.
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and 3-mm montmorillonite–aerogel melted completely at t = 8 and
12 min, respectively. This testing conﬁrms that the hybrid coating
comprising ⅔ montmorillonite and ⅓ aerogel by volume yields the best
insulation performance. The IR image in Fig. 6c also conﬁrms the superior insulation capability of the hybrid coating.
Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.ceramint.2018.04.106.
4. Conclusions
Montmorillonite, silica, and silica aerogel microparticles were deposited onto rigid stainless steel and ﬂexible PET substrates by supersonic cold spraying. Insulating layers of various thicknesses were tested
regarding their performance as thermal barriers. The results showed
that the inclusion of 33 vol% silica or silica aerogel yielded improved
insulation performance relative to pure montmorillonite coatings, even
to those of greater thicknesses. Supersonically sprayed insulating
coatings are ﬂexible and readily applicable to complex shapes in conﬁned spaces. In addition, the application process is rapid and scalable,
thus demonstrating its commercial potential.
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