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Boron-Nitride Nanosheet-Based
Thermal Barrier Coating for
Micro-Combustor Performance
Improvement

One of the major challenges in the development of micro-combustors is heat losses that
result in flame quenching, and reduced combustion efficiency and performance. In this
work, a novel thermal barrier coating (TBC) using hexagonal boron nitride (h-BN)
nanosheets as building blocks was developed and applied to a Swiss roll micro-combustor
for determining its heat losses with increased temperatures inside the combustor that con-
tributes to improved performance. It was found that by using the h-BN TBC, the combustion
temperature of the micro-combustor increased from 850 K to 970 K under the same thermal
loading and operational conditions. This remarkable temperature increase using the BN
TBC originated from its low cross-plane thermal conductivity of 0.4 W m™" K™'to mitigate
the heat loss from the micro-combustor plates. Such a low thermal conductivity in the h-BN
TBC is attributed to its interfacial resistance between the nanosheets. The development of h-
BN TBC provides an effective approach to improve thermal management for performance
improvements of gas turbine engines, rocket engines, and all various kinds of micro-com-
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Introduction

Micro-combustors are critical components in micro-power
systems for small and portable electronics, small robots, small
aerial vehicles, and small satellites [1-5]. One big challenge in
micro-combustors is to reduce their heat loss for stable combustor
operation over a large range of fuel/air ratios and thermal loadings.
It is well known that combustion systems are adversely sensitive to
scaling since the heat loss to heat generation ratio (surface area to
volume) induces flame quenching and shifts flame stability to fuel-
rich zone when the combustor is made sufficiently small [3,6]. In
the micro- and meso-scale combustors, with physical size around
or less than 10 mm, the time scale of thermal diffusion in the
chamber walls is comparable to the combustion time scale, which
results in strong thermal coupling between the flame and chamber
walls. Advanced thermal management must be developed in order
to minimize the heat losses from the micro-combustors, to
enhance the combustion sustainability, thermal efficiency, and
reliability.

One approach to reduce the heat loss is to apply thermal barrier
coating (TBC) to the walls of the micro-combustors. Research on
TBCs has been driven by the desire to reduce thermal conductivity
and heat loss, as well as improving durability at high temperatures
[7-9]. Current TBC technology is largely based on the ceramic
material, yttria-stabilized zirconia (YSZ). 7YSZ, zirconia ZrO2 par-
tially stabilized with 7 wt% Y203, is the most popular composition
of YSZ due to its combined thermal and mechanical properties.
TYSZ has a relatively low thermal conductivity, 1-2 W/mK, and
its phase can be stable at temperatures up to 1200 °C [9]. This
type of TBCs contains precious rare earth elements.
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In this work, a TBC that is composed of layer-by-layer laminated
hexagonal boron nitride (h-BN) nanosheets has been developed to
mitigate heat loss issues from the micro-combustor. The h-BN
TBC possesses a low thermal conductivity, about 0.4 W/mK in
the cross-plane direction, and can significantly increase the combus-
tion temperature of the Swiss-roll micro-combustor, from 850 K to
970 K to result in increased performance of the micro-engine
device.

Preparation of Thermal Barrier Coating and
Micro-Combustor

h-BN nanosheets, consisting of equal numbers of boron and
nitrogen atoms and possessing a similar crystalline structure to
grapheme, can be fabricated by exfoliating the bulk hexagonal
boron nitride [10]. Within each atomic layer, boron and nitrogen
atoms are bound by strong covalent bonds, whereas the layers are
held together by weak van der Waals forces. This disparity causes
superior chemical, thermal, and mechanical properties in h-BN
nanosheets [11,12], which are desired for TBC applications.

The h-BN nanosheets were produced by sonication-assisted
liquid-phase exfoliation of bulk h-BN flakes in powder [10,13].
Excess h-BN powder flakes at an initial concentration of 3 mg
mL~" were put in isopropyl alcohol (IPA) and sonicated for 10 h.
They were then followed by a centrifugation procedure (3000 rpm,
15 min) that yielded in a white, dilute, and saturated suspension
(h-BN ink) dispersed with h-BN nanosheets. The glass particles
were added to the h-BN ink as a binder. The h-BN coating was pro-
duced by the spray-coating technique using ink of dispersed h-BN
nanosheets with glass particles (Fig. 1(a)). The thickness of the
h-BN coating can be controlled by adjusting the spray-coating
time and/or the concentration of the h-BN ink. A rapid high-
temperature (HT) heating process was also developed to quickly
sinter the coating layer on the combustor plate with strong adhesion
and good mechanical properties (Figs. 1(b) and 1(c)). The BN
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Fig.1 The fabrication process of coating using rapid high-temperature (HT) technique: (a) the
h-BN coating produced from the fabricated HT technique using a temperature of 2000 °C,
(b) setup of the HT machine, (c) fitting curve of the HT plate, (d) cross section of the h-BN
coating sintered by HT providing a thickness of about 50 um, and (e) the digital photo of the
tape testing process. The coating cannot be peel off by the tape, suggesting strong adhesion

of the h-BN coating on the combustor plate.

coatings fabricated with this HT method showed good adhesion and
mechanical properties (Figs. 1(b) and 1(c)). With the glass particle
addition, the thickness of the h-BN coating layer can be more than
50 um (Fig. 1(d)). The initial tape test showed that coating could
not be peeled off from the micro-combustor (Fig. 1(e)).

The TBCs need to have a low thermal conductivity in the direc-
tion perpendicular to the surface to minimize the conductive heat
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loss. Due to the multilayer structure of the h-BN TBC, its cross-
plane thermal conductivity can be significantly reduced by interfa-
cial resistance between the nanosheets. The interface disorder and
gap scatter phonons impede the transfer of vibrational energy
across interfaces between the nanosheets [14]. The cross-plane
thermal conductivity of the h-BN TBC was measured to be
0.4W/m K using a time-domain thermo-reflectance (TDTR)
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Fig. 2 (a) Image of the Swiss-roll micro-combustor and (b) cross section
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Fig. 3 Temporal evolution of inlet and exhaust temperature from the micro-combustors with

and without the h-BN TBC

method [15]. This thermal conductivity is lower than that of mono-
lith alumina silicate (1.98 W/mK), which was used for the top plate
of the micro-combustor for the work presented here. In comparison,
the thermal conductivity of the state-of-the-art TBC, YSZ has a
thermal conductivity of 1-2 W/m K [9]. The BN micro-combustor
showed significant improvements as compared to normal combus-
tors [16-21].

Two identical Swill roll micro-combustors were fabricated in this
work, one without the h-BN TBC, and the other with h-BN coating.
Figure 2 shows the geometry of the combustor as well as the loca-
tions of fuel and air inlets, thermocouples, and ignition electrodes.
The channel width (w) was 1.59 mm that produced a combustion
volume of 35 mm>. The non-premixed mode was adopted to
avoid any adverse effects associated with flame flashback into the
supplying tubes located at the back of the combustor. Sealing was
introduced around the tubes to ensure that no fuel or air lacked
from the combustor. The combustor was fabricated from a
38-mm square monolith alumina silicate block. The top cover
plate made of the same material as the combustor was used to
cover and seal the combustor. Such material primarily minimized
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Fig. 4 (a) Variation in exhaust NO concertation with time and
combustors with and without the h-BN TBC
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heat loss from the combustor to the ambient due to its lower
thermal conductivity (of 1.98 W/mK). The material has low porosity
relative to other ceramic compounds having lower thermal conduc-
tivity and high porosity. The porosity plays an important role as
some of the reactants may otherwise diffuse into the porous walls
of the reactor, thus altering the fuel-air mixture equivalence ratio.
Heat treatment (for 45 min at 1050 °C) allowed for the combustor
to operate at higher temperatures with less possibility of cracking
due to the elimination of thermal stresses.

Results and Discussion

The experiments were carried out using two identical Swiss roll
combustors so that one combustor had a cover plate coated with the
h-BN TBC while the other combustor was without the TBC. The
single turn Swiss roll combustor involves a step entrance to the
combustion unit which created a local recirculation zone within
the combustion volume to enhance the flame stability.

Measurement of the inlet and exhaust temperature from the
micro-combustor was performed using two K-type thermocouples
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(b) variation in exhaust CO concertation with time in the micro-
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attached to the combustor. Experiments were performed under the
non-premixed propane-air flame condition at an equivalence ratio
of 1.2 (i.e., fuel rich). Flames at lower equivalence ratios suffered
from difficulties of ignition and stability within the combustor.
Temperature measurements were made for the top cover plate
with and without the h-BN TBC. Figure 3 shows the temporal evo-
lutionary behavior of inlet and exhaust temperature of the micro-
combustor both without and with the top cover plate coated with
the h-BN TBC. The difference in exhaust temperature with the
coated and uncoated plates remained small before the stable flame
was established. The steady exhaust temperature with the h-BN
TBC was observed to be around 970 K while it was only 850 K
without h-BN TBC of the top plate. These remarkable temperature
increases in the combustion temperature are directly attributed to
low cross-plane thermal conductivity associated with the h-BN
TBC (0.4 W m~' K1), which helped to reduce the heat loss from
the micro-combustor to the surrounding environment. Slight fluctu-
ations in temperature could be observed during steady operation.
We attribute this to the small intermittent fluctuation of air and
fuel flows to the micro-combustor. Despite the difference in magni-
tude, the temperature profiles were similar for both cases. The rise
of inlet flow temperature was not significant throughout the micro-
combustor operation. However, a small peak was observed when
the flame was stabilized within the combustor. The experiments
were performed for approximately 20 min, and after this time, a
decrease in temperature was observed as the flame got extinguished.

The pollutants (nitrogen oxide and carbon monoxide) concentra-
tion at the exit of the micro-combustor was also measured simulta-
neously in conjunction with the gas temperature using a lab-based
Horiba gas analyzer. Figures 3 and 4 show the variation in NO and
CO concentration with time from the micro-combustor, both with
and without the h-BN TBC. The micro-combustor with the h-BN
TBC showed a slightly increased NO emission (~27 ppm) than that
without the h-BN TBC (having NO concentration of ~ 22 ppm).
Such an increase in NO concentration was attributed to the higher
exhaust temperature from the combustor with the h-BN TBC. The
spike in NO observed near 200s was due to the ignition and establish-
ment of a stable flame within the combustor. The NO emission
remained fairly constant with the stable flame for both cases.

The analysis of exhaust gas revealed high CO emission
(>10,000 ppm) from the combustor for both the cases. Such obser-
vation can be attributed to low residence time within the combustor
that is hampered to allow complete combustion. The difference in
CO concentration for the coated and uncoated top plate cases was
not remarkable (~200 ppm). The CO emission was also consistent,
similar to NO concentration, during the stable flame operation. A
rapid drop in CO concentration observed after 1400 s indicated a
globally extinguished flame in the combustor.

Conclusions

This study demonstrated that h-BN TBC can effectively reduce the
heat losses from the combustor that resulted in increased combustion
temperature, from 850K to 970K, in the Swiss roll micro-
combustor. This increase in temperature offers significant improve-
ment in combustor performance. The improved performance of the
micro-combustor was due to the low cross-plane thermal conductiv-
ity (0.4 W m~' K", of the h-BN TBC. Such a low thermal conduc-
tivity associated with the h-BN TBC was from its multilayer
structure, wherein the interface disorder and gap scatter phonons
impede the heat transfer across interfaces between the nanosheets.
The h-BN thermal barrier coating was composed of earth-abundant
elements of boron and nitrogen, and is unlike the conventional
YSZ coating. It did not contain any rare earth elements. This work
not only provides an effective approach to resolving heat loss
issues in micro-combustors, but also offers significant benefits for
other thermal management applications, including gas turbine and
rocket engines, and thrust vector control units. It also offers low
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plume signatures making them suitable for many applications
where mitigation of thermal signatures is important.
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