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example, thermal barrier coatings, mainly

The realization of low thermal conductivity at high temperatures (0.11 W m~’ consisting of low-thermal conductivity
K=" 800 °C) in ambient air in a porous solid thermal insulation material, using metal oxides, are used as excellent thermal
stable packed nanopatrticles of high-entropy spinel oxide with 8 cations insulation layers to enable the operation
(HESO-8 NPs) with a relatively high packing density of ~50%, is reported. of gas turbine engines for aerospace and

electricity generation applications at high
temperatures (i.e., >1300 °C).[?! Solid oxide
fuel cells (SOFCs) operating at high oper-

The high-density HESO-8 NP pellets possess around 1000-fold lower thermal
diffusivity than that of air, resulting in much slower heat propagation when

subjected to a transient heat flux. The low thermal conductivity and diffusivity ating temperatures of 800-1000 °C require
are realized by suppressing all three modes of heat transfer, namely solid thermal insulation layers with high thermal
conduction, gas conduction, and thermal radiation, via stable and chemical stability.”! Thermal runaway

in lithium-ion batteries, which could lead
to temperatures as high as 1000 °C,[*l could
be mitigated by delaying heat propagation

nanoconstriction and infrared-absorbing nature of the HESO-8 NPs, which
are enabled by remarkable microstructural stability against coarsening at high

temperatures due to the high entropy. This work can elucidate the design of with a thin thermal barrier.5! Other impor-
the next-generation high-temperature thermal insulation materials using tant high-temperature applications include
high-entropy ceramic nanostructures. firefighting protective clothing, hyper-

sonic vehicles,”] space re-entry vehicles,!®]

and spacecraft (e.g., Parker Solar Probel®!).

A desirable thermal insulation material

should exhibit low thermal conductivity (k), which measures how
much heat can conduct through the material when subjected to a
Thermal insulation at high temperatures is essential for per- steady heat source. However, an 1rn}zortant but often overlooked

1. Introduction

formance, durability, and safety in various applications.['] For ~ property is thermal diffusivity (¢ = —, where pis the density and
C, is the specific heat capacity), Wthh characterizes how fast the
K. M. Chung, L. Chen, S. Shivakumar, W. Huang, Z. Liu, S. Cai, J. Luo, heat can propagate through the material under a transient heat
R. Chen flux. Additionally, the mechanical strength of the material is also
Program in Materials Science and Engineering important when there is a structural loading applied to the ma-
University of California terial. Unfortunately, there is usually a tradeoff between the ther-
San Diego, La Jolla, CA 92093, USA . . . . .
E-mail: rkchen@ucsd.edu mal insulation properties and mechanical strength (Figure 1a).
S.R.Adapa, Y. Pei, R. H. Yeerella, S. Cai, R. Chen On one hand, dense thermal insulation materials, such as metal
Department of Mechanical and Aerospace Engineering oxides (e.g., yttria-stabilized zirconia or YSZ), have good strength
University of California but relatively high thermal conductivity, around 2.0 W m~! K~!
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at 1000 °C.[% While various phonon scattering strategies have
been engineered to reduce the thermal conductivity,['!) there ex-
ists a lower limit to the phonon scattering approach which occurs

LaJolla, CA92093, USA when the phonon mean free path is comparable to interatomic
S. Shivakumar, W. Huang, ). Luo distances in solids, known as the amorphous limit!'?! or diffuson
Aiiso Yu Feng Li Family Department of Chemical and Nano Engineering thermal conductivity."*! For dense solids, this limit is about 1 W
University of California San Diego m-1 K-1.11213]

Lajolla, CA52093, USA On the other hand, porous nanostructures, such as

The ORCID identification number (s) for the author(s) of this article aerogels,"*"7] graphene scaffolds,"*] fibers,*l porous re-
can be found under https://doi.org/10.1002/adma.202406732 fractory bricks,?!) and foams,!???}], usually possess lower

DOI: 10.1002/adma. 202406732 thermal conductivity, but at the expense of poor mechanical

Adv. Mater. 2024, 2406732 2406732 (1 of 10) © 2024 Wiley-VCH GmbH


http://www.advmat.de
mailto:rkchen@ucsd.edu
https://doi.org/10.1002/adma.202406732
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202406732&domain=pdf&date_stamp=2024-12-27

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a b

7
>

Porous refractory brick

o
2
=
o
=3
(]
< Aerogel
[
S
[<}
=
Scaffold HESO NPs
pellet
y
Density

Mechanical strength

e— )

www.advmat.de

Heat flux I

HESO NPs

s Solid conduction
=) Gas conduction

mssms) Thermal radiation

Solid contact area air ion and ing

of radiation

Figure 1. Strategy of achieving ultralow thermal conductivity and diffusivity using stable HESO-8 NP pellets at high temperature. a) Schematic showing
the typical positive correlation between thermal conductivity (k) and mechanical strength, represented by the density of high-temperature porous thermal
insulation materials. Our HESO-8 NP pellets possess a desirable and unique combination of better thermal insulation (low thermal conductivity and
diffusivity) and higher mechanical strength. b) Schematic of HESO-8 NP pellet and the heat transfer mechanisms. All heat transfer pathways, including
solid conduction, gas conduction, and thermal radiation, are suppressed, as illustrated by the reduced pathways.

strength. Additionally, there are often competing effects of the
porosity on different heat transfer pathways in a porous material.
The effective thermal conductivity of porous structures can be
expressed in the general form('!]

K = Kgig + Kgas + K (1)
where Kk, kg, and k,,, are the heat conduction through the
solid phase, interstitial gas, and thermal radiation, respectively. A
higher porosity can reduce «,;; by limiting the solid matrix con-
tact areas and enhancing phonon boundary scattering. However,
heat conduction through gas becomes dominant and the porous
material thus attains a gas-like thermal conductivity, for instance,
air thermal conductivity (e.g., k;, = 0.026-0.080 W m~! K~! from
25 t0 1000 °C). K, can be further reduced when the pore size is
comparable to the mean free path of the stagnant gas, namely the
Knudsen effect.?*] However, high porosity and nanoscale pore
size lead to high transmittance of infrared (IR) photons in the
material and consequently high «,,; at high temperature, which
scales with temperature (T) as T°. For example, k of silica aero-
gelis 0.02 W m~! K~! in ambient air at room temperature but in-
creases to 0.20 W m~! K=! at 600 °C mainly due to the increase in
K md'[ZS]

In 2006, Prasher!?®! predicted low thermal conductivity us-
ing packed NPs. The theoretical results show that by choos-
ing NPs with suitable physical properties, including parti-
cle sizes, bulk thermal conductivity, surface energy, etc., the
packed NPs can achieve a thermal conductivity lower than that
of air. This concept was partially experimentally realized at
room temperature,!?’) with packed alumina NPs having a ther-
mal conductivity of 0.035 W m™' K~!, or about 40% higher
than that of air. However, the IR transparency of aluminal?®!
would have led to high radiation thermal conductivity at high
temperatures.

Herein, we report low thermal conductivity at high temper-
atures in ambient air using packed NP pellets of high-entropy
spinel oxide with 8 cations (HESO-8 NPs) with a composition of
(Co, Mg, Mn, Ni, Zn)(Al, Co, Cr, Fe, Mn),0,. Different from con-

Adv. Mater. 2024, 2406732

2406732 (2 of 10)

ventional thermal insulation materials with porous structures,
the HESO-8 NP pellets reported in our work exhibit both a high
relative density of ~50% with high mechanical strength and
low thermal conductivity and diffusivity (Figure 1a). Figure 1b
shows the mechanisms of suppressing all three heat transfer
pathways, including solid conduction due to small contact areas
between NPs, gas conduction originated from confined intersti-
tial spaces between NPs, and thermal radiation contributed by
IR-absorbing metallic spinel oxides. The thermal conductivity of
HESO-8 NP pellets from room temperature to 800 °C was mea-
sured and showed a nearly constant trend up to 800 °C (0.11 W
m~' K! at 800 °C), where it was much lower than aerogels
(0.2 W m™! K! at 600 °C).[»} More importantly, due to its rel-
atively high packing density, the thermal diffusivity of HESO-8
NP pellets is over 1000-fold lower than that of air (0.046 mm?
s7! vs 55 mm? s7! at 800 °C). HESO-8 NPs in our work show
excellent sintering (coarsening) resistance. The thermal con-
ductivity and particle size remain nearly unchanged after high-
temperature thermal treatment up to 800 °C. The work sheds
new light on the design of the next-generation thermal insulation
materials.

2. Results and Discussion

2.1. Materials Characterization

HESO-8 NPs with a composition of (Co, Mg, Mn, Ni, Zn)(Al,
Co, Cr, Fe, Mn),0, were synthesized,!? along with control sam-
ples of high-entropy spinel oxide with 6 and 5 cations (HESO-
6 and HESO-5), namely (Co, ;Cr, sCu, Fe; ;sMn, sNi; 5);0, and
(Co,5Cry s Fey sMn, 5N 5);0, %1 and a simple spinel oxide,
CuCr, 0,131l The microstructural stability against coarsening at
high temperatures of the HESO-8 NPs is shown upon heat treat-
ment compared to the other spinel oxide NPs. As shown in
Figure 2a,d, as-synthesized HESO-5, HESO-6 and HESO-8 NPs
originally exhibited nano-scale particle sizes. After heat treat-
ment at 1000 °C for 100 h, HESO-5, and HESO-6 NPs grew
into a few micrometers in average size. The HESO-8 NPs, on

© 2024 Wiley-VCH GmbH

85U80|7 SUOWWIOD @A eaI 8|qeo! dde ayy Aq pausenob are ssjolie YO ‘8sN JO Se|n. 10} AreiqiT8ulUQ A8]IM UO (SUORIPUCO-PUB-SWLRY/LI0D" A3 | 1M Afe1q1jBU1 [UO//SANY) SUORIPLOD PUe SWe 18U} 88S *[5202/T0/90] Uo Akeiqiauliuo A1Im BiuodieD JO AiseAn Aq ZE290r20Z Bwipe/z00T 0T/10p/u00 A8 | Im Aeiq Buluo// Sy WOy pepeoumoq ‘0 ‘G607 T2ST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

As-synthesized

Yy 4
3 7

Cc
1000 °C 50 MPa SPS
1000 °C 100hr
— ——1000°C 2hr
oD —— 800°C 2hr
H —— Green
%,
.‘7’ |
= o e
= |
'E i} " " Am_l
- A JL bt e
e -Am_*w oo

10 20 30 40 50 60 70 80 90
20(°)

o

www.advmat.de

-
o

-_—
T

Particle size (um)

—m

Particle size T=1000 °C
—s=— HESO-8
—s— HESO-6
—s=— HESO-5

0 20 40 60
Time (hr)

-
-—
T

80 100

Figure 2. Characterization of spinel oxide NPs. a) SEM images of spinel oxide NPs, including HESO-5, HESO-6, and HESO-8 NPs respectively, before
and after a heat treatment at 1000 °C for 100 hrs; b) EDS mapping of HESO-8 NPs showing its compositional homogeneity upon thermal treatment
at high temperatures (1000 °C). c) XRD patterns of HESO-8 NPs upon different heat treatments. d) Particle size evolution of spinel oxide NPs upon
different time intervals of the heat treatments. The particle sizes were estimated based on the SEM images of the NPs after the heat treatments.

the other hand, show excellent particle size stabilization. The
particle growth was limited to <500 nm even after a heat treat-
ment at 1000 °C for 100 h. The chemical homogeneity of HESO-8
NPs was confirmed using EDS mapping which shows that the 8
cations are uniformly distributed across the sample (Figure 2b).
HESO-8 NPs also have high phase stability, as revealed in the
XRD patterns. It exhibits a single spinel structure upon synthe-
sis and high-temperature heat treatment at 800 and 1000 °C, and
spark plasma sintering (SPS) (Figure 2c).

Figure 3a shows the thermogravimetric analysis (TGA) results
of HESO-8 NP pellets before and after 1000 °C thermal anneal-
ing. As prepared HESO-8 sample has an overall weight change
of around 2% which might include moisture and other impurity
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removal. For thermally annealed HESO-8, the weight change is
negligible. It further confirms the high-temperature stability of
the HESO-8 NP pellets. The optical absorptance of the HESO-8
NP pellets before and after 1000 °C thermal annealing for 2 hr
is shown in Figure 3b. The results show that HESO-8 NPs are
highly absorptive for the entire spectrum, due to the metallic na-
ture of the spinel oxides and the nanoscale porosity that gives
rise to the light trapping effect. The absorptance did not change
after the thermal treatment, also revealing the stability of the
nanoscale porosity of the HESO-8 NP pellets. This high IR ab-
sorptance will lead to negligible radiation thermal conductivity
[k,q in Equation (1)]. The average elastic modulus (E) and hard-
ness (h) of each pellet are shown in Figure 3c. The mechanical
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Figure 3. Characterization of HESO NP pellets. a) TGA results of HESO-8 NPs up to 1000 °C showing their high thermal stability. b) Optical absorbance
of HESO-8 NP pellets in the wavelength from 350 to 2200 nm at room temperature. c) Mechanical property measurement results of HESO-8 NP pellets,

other packed spinel oxides, including HESO-5, CuCr,O,, and literature data on a silica aerogel with around 5% relative density.

data has relatively large errors due to the rough surfaces of the
pellets. Nevertheless, the data show that all the HESO NP pellets
have two orders of magnitude higher E and h than those of silica
aerogels with around 5% relative density,*”) meaning that they
can withstand much higher mechanical loads. The raw data of
the mechanical test is included in Figure S9 (Supporting Infor-
mation).

2.2. Thermal Conductivity and Thermal Diffusivity
Thermal conductivity of the pellets was measured using laser

flash analysis (LFA) which directly measures thermal diffusiv-
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132]

ity («) (Figure 4a). The thermal conductivity is obtained using
the following relation: k = pCya where C, is specific heat, p
is the measured density of the pellets. Figure 4b shows the «
versus T plot of the HESO-8 pellets, made from HESO-8 NPs
annealed at 1000 °C in air. The reported values of the state-
of-the-art thermal insulation materials were plotted alongside
for comparison.!'>17:19211 A more comprehensive measured ther-
mal conductivity comparison of the HESO NP pellets to various
thermal insulation materials reported in refs. [15-17,19,21,22,33]
is included in Table S1 (Supporting Information). When T in-
creases from room temperature to 800 °C, k of HESO-8 NP
pellets show a small increase from 0.06 to 0.11 W m™ KL
The HESO-8 pellets possess a lower thermal conductivity at
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Figure 4. Thermal conductivity and diffusivity of the HESO NP pellets. a) Schematic of the LFA thermal diffusivity measurement setup. b) Measured k
versus T of HESO-8 NP pellets up to 800 °C. The reported literature results of the other thermal insulation materials from refs. [15,17,19,21] are plotted
alongside for comparison. c) a versus T of packed HESO-8 NP pellet, HESO-5 NP pellet, and CuCr,O, NP pellet up to 800 °C. « of air and a 5% silica
aerogel are plotted alongside for comparison. The thermal transport property data of 5% silica aerogel is from ref. [17]. d) Summary of k versus relative
density of HESO-8 NP and reported samples at their highest measured temperature, including SiC nanowire aerogel,[™*! graphene scaffolds,!"] 5%

silica aerogel,['”] YSZ-aerogel,l'®] and porous alumina refractory brick.[2]

high temperatures among all the materials reported to date,
such as aerogels. The HESO-8 NP pellet with thermal anneal-
ing at 1000 °C shows the same and repeatable thermal con-
ductivity trend for the entire temperature range, revealing the
excellent thermal stability of the HESO-8 NP pellet. It is con-
sistent with the materials characterization results as shown in
Figures 2 and 3.

Figure 4c summarizes the measured a of pellets made of
HESO-8 NPs with the reported values of air and the 5% silica
aerogel for comparison. The HESO-8 NP pellets show a near-
constant « in the entire temperature range from room temper-
ature to 800 °C. It is about 1000 times lower than that of air
(0.04 vs 135 mm? s7! at 600 °C) and about two orders of mag-
nitude lower than that of the 5% silica aerogel at 600 °C. This
is because the HESO-8 NP pellets have low thermal conductivity
and much higher packing density than typical thermal insulation
materials.

Adv. Mater. 2024, 2406732
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2.3. Transient Thermal Insulation Test

The transient thermal insulation capability of the HESO-8 NP
pellets was tested using a home-built setup (Figure 5a) and com-
pared to traditional thermal insulation materials, namely, air,
fiberglass, and porous refractory fire brick. Upon heating by a
propane blowtorch, a stainless-steel shim inserted on the front
side of the samples experienced a temperature rise to ~850 °C
in 30 s. After the shim sheet reached thermal equilibrium, the
heat was then transferred to the samples. Figure 5b shows the
backside temperature rise of the samples as a function of time. It
shows that air, fiberglass, and refractory fire brick quickly reached
their maximum temperature and plateaued in less than 120 s.
It is consistent with higher thermal diffusivity of air, fiberglass,
and fire brick. On the other hand, the HESO-8 NP pellet dis-
played a much slower temperature rise. It took about 20 min
(or 10x longer time) for the HESO-8 NP pellet to reach the back

© 2024 Wiley-VCH GmbH
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Figure 5. Transientthermalinsulation test. a) Digital photo of the thermal insulation demonstration setup with the key components labeled. The enlarged
photo shows the photo of the HESO-8 NP pellet (3 cm X 3 cm X 1cm). b) Measured backside temperature as a function of time for different thermal
insulation materials: air, fiberglass, porous refractory fire brick, and HESO-8 NP pellet. c) IR images of the backside of air (covered by a steel shim
sheet) and HESO-8 NP pellets in the thermal insulation demonstration at 1 min upon blowtorch heating. Additional IR images of the fiberglass and the

refractory fire brick can be found in Figure S10 (Supporting Information).

temperature equilibrium, which is attributed to the much lower
thermal diffusivity (Figure 3d). The slower heat propagation in
the HESO-8 NP pellet means lower temperature during the be-
ginning phase of the heating. The IR images of the backside of
air (covered by a steel shim sheet) and HESO-8 NP pellets after 1
min blowtorch heating are shown in Figure 5c. At 1 min after the
torch heating, the HESO-8 NP pellet sample was about 122 °C on
the backside, whereas that of air was 393 °C. Additional IR im-
ages of the fiberglass and the refractory fire brick are included in
Figure S10 (Supporting Information). Similar to the case of air,
the backside temperature of the fiberglass and the refractory fire
brick was up to 344 and 276 °C, respectively, after 1 min blow-
torch heating.

2.4. Discussion
HESO-8 NP pellets have outstanding thermal insulation ability

compared to state-of-the-art thermal insulation materials, for ex-
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ample, SiC nanowire aerogel,[>! graphene scaffolds,**! porous
alumina refractory brick,[?! and a 5% silica aerogel.l'’] It has a
much lower k at high temperatures compared to these materials.
Among the materials shown in the figure, HESO-8 NP pellets are
the only materials that show air-like thermal conductivity at high
temperatures in ambient air. The realization of ultra-low ther-
mal conductivity of HESO-8 NPs at high temperatures is due to
three reasons: 1) limited heat conduction through nanoscale con-
strictions at small solid contacts between NPs.[2634] 2) Nanoscale
interstitial voids between NPs with dimensions comparable to
that of the mean free path of air. These two mechanisms have
also been studied previously.2*?7341 However, the remarkable
high-temperature stability of the HESO-8 NPs is the key to
maintaining the low solid and gaseous thermal conductivity en-
abled by nanoconstriction. (3) Suppression of thermal radiation
in IR-absorbing metallic spinel oxide NPs,[*] as revealed from
the optical measurement (Figure 3b). Importantly, these three
mechanisms break the correlation between thermal conductiv-
ity and relative density in traditional thermal insulation material
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illustrated in Figure 1a. As shown in Figure 4c, HESO-8 NP pel-
lets have the highest density (22200 kg m~3, relative density of
~50%) while possessing the low thermal conductivity at the high-
estreported temperatures. Therefore, the HESO-8 NP pellets rep-
resent a counterintuitive and novel class of thermal insulation
materials that has a unique combination of low thermal conduc-
tivity and high mechanical strength (Figure 1a).

Thermal conductivity of as-prepared (i.e., unannealed) HESO-
5, HESO-6, and HESO-8 NP pellets and annealed HESO-8 NP
pellet was measured. The results are included in Figure S1 (Sup-
porting Information). While as-prepared HESO-5, HESO-6, and
HESO-8 NP pellets showing higher thermal conductivity (0.3—
0.4 W m~! K1) at room temperature and substantial increases
as a function of temperature, annealed HESO-8 NP pellet shows
low and nearly constant thermal conductivity room temperature
up to 800 °C (0.11 W m~! K1), as displayed in Figure 4b. The
superior thermal insulation ability of the annealed HESO-8 NP
pellet at high temperatures can be explained by its thermal and
particle size stability once the as-prepared particles quickly grew
into slighly larger (7300 nm) but stablized particles upon anneal-
ing at 1000 °C (Figure 2d).

In terms of particle size stability, HESO-6, HESO-5, and
CuCr, 0, show significant particle growth after thermal anneal-
ing at high temperatures (Figure 2a and Figures S2 and S3, Sup-
porting Information). The origin of the particle size instability of
HESO-6 (containing Co, Cr, Cu, Fe, Mn, and Ni) and CuCr,0,
NP is due to the instability of copper oxideoxide. Copper oxide
is known for its reduction reaction of CuO to Cu,O, and even-
tually to Cu metal.[*®) We confirmed this with STA (DSC+TGA)
measurements on CuO under synthetic Air. The STA results are
included in Figures S4 and S5 (Supporting Information). This
is consistent with the phase diagram of Cu0.53¢) Cu,O melts at
1160 °C and eventually reduces to liquid Cu metal at 1500 °C.
Molten Cu eats through the crucible indicated by the large mass
loss and shown in Figure S4b (Supporting Information). It was
observed that at high temperatures, CuCr,0,, the Cu(lI) cation
readily reduced to Cu(I), forming Cu,Cr,O,. Figure S5 shows the
STA measurement of as-prepared CuCr,0O, nanoparticles under
synthetic air and in a Pt crucible. While the oxide stability in-
creases from CuO to CuCr,0, and to HESO-6, there is strong ev-
idence that Cu is a highly volatile cation and is the most probable
cause behind the high grain growth in HESO-6. While HESO-6 is
peculiar due to Cu, the comparison between HESO-5 and HESO-
8 (neither contains Cu) shows that the higher entropy in HESO-8
does contribute to better grain growth and sintering resistance.

To compare the effect of bulk thermal conductivity, bulk HESO
materials (HESO-5 and HESO-8) were prepared using SPS and
measured using LFA to obtain their intrinsic bulk thermal con-
ductivity. The densities obtained were 4680 kg m= (93% dense)
and 3590 kg m~3 (71% dense) for HESO-5 and HESO-8, respec-
tively. From both the densities and particle-boundaries seen from
SEM images shown in Figure S3 (Supporting Information), it
suggests that HESO-8 is more sintering-resistant, as expected.
HESO-8 has 40% lower measured thermal conductivity than that
of the HESO-5 sample (~1.5 vs 2.5 W m~! K™, as shown in
Figure S6 (Supporting Information). After the correction with
relative densities (y = 71% and 93% for HESO-8 and HESO-5,
respectively) using the Maxwell-Eucken model,*”] the bulk ther-
mal conductivity (k) of these two samples is similar: 2.55 ver-
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sus 2.35 W m~! K~! for HESO-5 and HESO-8, respectively, at
1000 °C. This is understandable because both samples have a
very high degree of disorder, leading to strong phonon defect
scattering and amorphous-like thermal conductivity at high tem-
peratures in these crystalline materials. Given the similar k,,;, of
HESO-5 and HESO-8, we may conclude that the superior ther-
mal insulation exhibited by annealed HESO-8 compared to other
HESO and spinel oxide NPs in our study are contributed by the
nanoconstriction, enabled by its stable particle sizes and sinter-
ing resistance at high temperatures.

Given that the pellets in our study have packing densities
ranging from 46% to 60% and very different particle size distri-
butions, it is of interest to differentiate the packing density ef-
fect. We have performed a theoretical study using ZBS (Zehner,
Bauer, and Schliinder) model for modeling particle bed thermal
conductivity.?®] The modeling result is included in Figure S8
(Supporting Information). It shows that the packing densities
(w) do not have a strong effect as long as the fractional contact
area between the particles is the same (assumed to be 6% here).
The modeling study further confirms the conclusion that the low
thermal conductivity of the annealed HESO-8 NP pellets is en-
abled by the nanoconstriction formed by the sintering-resistant
nanoparticles, providing a finite, small contact areas for thermal
transport.

The origin of the excellent sintering and coarsening resistance
of HESO-8 NPs needs further investigation. Such sintering and
coarsening resistance have also been observed in other high-
entropy material systems.3%40 There is still a lack of a unified the-
ory to account for this phenomenon. On the one hand, one may
suggest that it is associated with the so-called “sluggish diffusion”
of high-entropy materials.*!l However, it was reported that the
number of components in the high-entropy materials does not
affect the kinetic diffusion.[*?] The proposed sluggish diffusion
may not be a convincing explanation. On the other hand, high-
entropy grain boundaries (HEGBs) were proposed as the grain
boundary counterpart to high-entropy materials.[*}! It was shown
that HEGBs can stabilize nanocrystalline alloys at high temper-
atures against grain growth from the reducing thermodynamic
driving forces and increasing kinetic impediment.[***344 Simi.
lar thermodynamic and kinetic stabilizations may contribute to
the suppression of particle growth and sintering of HESO-8 NPs,
thereby enabling their high-temperature microstructural stabil-
ity (against sintering and coarsening) to retain the nanoporous
structure and good thermal insulations.

3. Conclusion

In summary, we report low thermal conductivity (0.11 W m~™!
K1 at 800 °C) and diffusivity (0.046 mm? s~! at 800 °C) real-
ized by using packed high-entropy spinel oxide NPs (HESO-8
NPs) under an ambient environment. Utilizing the unique fea-
tures of the nano-constriction formed by the HESO-8 NPs, all
three heat transfer mechanisms in porous structures, namely
solidconduction, gas conduction, and thermal radiation, are sup-
pressed. An air-like thermal conductivity of HESO-8 NP pellets
can therefore be achieved without evacuation. Moreover, owing
to the high packing density of the HESO-8 NP pellet compared
to traditional thermal insulation material with high porosities,
it exhibits 1000 times lower thermal diffusivity compared to air.

© 2024 Wiley-VCH GmbH
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At the material level, taking advantage of the unusual particle
size stabilization of high-entropy materials, the HESO-8 NPs
show better sintering resistance and thermal stability compared
to other traditional thermal insulation materials. The work can
benefit the design of the next-generation thermal barrier ma-
terials for applications in various technologies such as gas tur-
bine engines, buildings, and energy storage devices, where ther-
mal insulation is critically important for safety and materials
protection.

4. Experimental Section

Materials Synthesis and Preparation: (Co, Mg, Mn, Ni, Zn)(Al, Co,
Cr, Fe, Mn),0, HESO-8 NPs with eight different cations were prepared
using hydrothermal synthesis.[*"] The constitutional water-soluble metal
salts were weighted and dissolved in deionized (DI) water with spe-
cific mole concentrations. The as-prepared solutions were then mixed
and stirred for 1 hr to enable compositional uniformity. To form pre-
cipitates, 10 M NaOH was added to the resultant solutions until a pH
level of 11.5 was reached. The viscous solution was further mixed. It
was then put in Teflon-lined autoclaves for thermal treatment at 200
°C for 24 hrs in an oven. After that, the solid sample obtained was
washed with DI water and further purified using a centrifuge. The as-
obtained solid sample was dried overnight in an oven of around 70 °C.
They were then heated in a box furnace at 550 °C for 5 hrs in air to re-
move any water crystallization. After the thermal treatment, the samples
were ground into NPs powder for thermal and materials characterization.
For comparison, NPs of high-entropy spinel oxide with 6 and 5 cations
(HESO-6 and HESO-5), namely, (Co%(,Cr]/ﬁCu1/6Fe1/,3Mn1/6Ni1/6)3O4
and (Cogscﬁ/s Feys Mn1/5Ni1/5)3O4'[3 I and a simple spinel oxide,
CuCr,0,3 were synthesized using the same method. The as-synthesized
NPs of HESO-8 NPs, HESO-6, HESO-5, and CuCr,O, were heat treated at
1000 °C in a box furnace up to 100 hrs. Their particle size changes at dif-
ferent time intervals were examined using scanning electron microscopy
(SEM). For thermal conductivity measurements, as-prepared HESO-8 NPs
were annealed in air at 1000 °C for 1 hr using a box furnace. These particles
were then ground using a high-energy ball-mill (8000 M Mixer/Mill, SPEX
SamplePrep) with YSZ balls in a PMMA jar. For comparison, cold-pressed
pellets were also made from as-prepared NPs (i.e., after heat treatment
at 550 °C for 5 hrs but without any further annealing) for thermal con-
ductivity measurement. To make dense bulk samples using spark plasma
sintering (SPS), as-synthesized NP powders were consolidated into pel-
lets via sSPS under argon using a Thermal Technologies 3000 series SPS
tool. Powders were first crushed in an agate mortar, sieved to 140 mesh,
and loaded into 10 mm graphite dies lined with graphite foils. Consolida-
tion was subsequently performed utilizing a ramp rate of 100 °C min~',
and a hold time of 15 min under 50 MPa of pressure at isothermal sinter-
ing temperatures (650—-1000 °C, based on sample composition). Samples
were furnace-cooled under argon.

Thermal Conductivity Measurement: A Laser Flash Analyser (LFA
467HT Hyperflash, Netzsch Geritebau GmbH) was used to measure the
thermal diffusivity of all samples. A built-in “Penetration Model” in the Pro-
teus LFA Analysis Software was used to fit the data. This model is based
on ref. [45] and accounts for the penetration of the laser flash into porous
samples. As-prepared powders of CuCr,04, HESO-5, 6, and 8 were uniax-
ially pressed into ¢ 10 mm pellets using a carbon steel die and a hydraulic
press. HESO-8 powder which underwent a 1 hr anneal in Air at 1000 °C
and subsequently ball-milled, was measured as packed powder in a trans-
parent Sapphire crucible (¢10 mm and 2 mm depth). A graphite coating
was not required due to the high absorptivity and emissivity of the sam-
ples. Furthermore, this also allowed measurements under a synthetic air
atmosphere.

A differential scanning calorimeter (DSC 404F1 Pegasus, Netzsch
Geritebau GmbH) was used to measure the specific heat of the dense
HESO-8 sample prepared via SPS. The measurement was conducted with
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platinum crucibles, under a synthetic air atmosphere and a heating rate of
10 K min~". The specific heat was calculated from the ratio of a reference
sapphire disc measured under the same conditions.

Thermal conductivity of the samples was then calculated as k = pC,a
(Wm~TK~"), where p (kg m™?) is the measured density of the sample, C,
() kg™' K~1) is the specific heat obtained from DSC, and & (m? s™') is the
thermal diffusivity obtained from LFA.

Transient Thermal Insulation Test: A home-built transient thermal in-
sulation setup was used to examine the flame resistance and the ability
of the HESO-8 NP pellets to delay thermal propagation upon sudden ex-
posure to a high-temperature flame. In the test, the samples were fixed
by stands and clamps. To avoid the direct burning a stainless-steel shim
sheet of 100 mm thick was attached to the front of the side of the test-
ing materials. The front side of as-prepared HESO-8 NP pellets (3 cm X
3 ¢cm X 1.cm) was subjected to propane blowtorch heating (resulting in a
maximum front side temperature of 850 °C) from a fixed distance. The
backside temperature rise of HESO-8 NP pellets as a function of time was
recorded using a high-temperature pyrometer (Lumasense Technologies
IGA 320/23-LO). IR camera (FLIR E76 Advanced Thermal Imaging Cam-
era) was used to capture the thermal images and temperature evolution
of the HESO-8 NP pellets. For comparison, the transient thermal insula-
tion capacity of fiberglass (10 cm X 10 cm X 1 cm), insulating refractory
brick (10 cm x 10 cm x 1.cm), and ambient air were also tested. For the
test of ambient air, two stainless-steel shims (10 cm x 10 cm x 100 pm)
were separated by a 1 cm air gap. The backside of the stainless-steel shim
sheet on the upper side was coated with a black Pyromark coating for IR
thermometry of the backside temperature rise of the air gap.

Materials Characterization: The surface morphology and composi-
tional homogeneity of HESO-8 NPs were examined by SEM (FEI Quanta
250/ Zeiss Sigma 500 SEM) equipped with energy-dispersive X-ray spec-
troscopy (EDS). The crystal structure of HESO-8 NPs was confirmed using
the Rigaku Smartlab X-ray diffractometer (Cu Ka, 2 = 0.15418 nm) as the
radiation source. The diffractogram of HESO-8 was used to calculate a lat-
tice parameter of 8.28 A. Based on the HESO-8 spinel formula (AB,0,),
A=Cog,Mgy,Mng,Nig,Zng, and B=Al,,Coq ,Crq,Feg,Mng 5, the den-
sity was calculated to be roughly 5050 kg m~3 and assumed to be same
for all synthesized HESO samples.

A Simultaneous Thermal Analyser (STA 449F5 Jupiter, Netzsch Gerite-
bau GmbH) was used to conduct combined TGA and differential thermal
analysis (DTA) of the samples. The measurements were conducted in plat-
inum crucibles, under synthetic air and a heating rate of 20 K min~'. Com-
mercial CuO (Ultrapure CuO, Alfa Products, #87817) was used to study
the influence of copper cation.

The optical property of HESO-8 NPs was studied using a home-built
UV-visible (UV)—infrared (IR) reflectance measurement system. An inte-
gration sphere (4” LabSphere, Spectraflect coated) was assembled with
an Andor Shamrock 303i spectrometer which was equipped with Si-based
(Newton 920 CCD detector) and InGaAs-based (iDus InGaAs 2.2 array de-
tector) detectors for visible—IR reflectance measurement. To characterize
the optical property of HESO-8 NPs, an incident light from a supercontin-
uum white laser (SuperK COMPACT) was focused onto the sample surface
which was contained within the integration sphere capable of collecting
all angles of scattered light in the spectral range of 400-2000 nm at room
temperature.

Nanoindentation tests were conducted on spinel oxide NP pellets af-
ter the high-temperature MPR measurements to determine their mechan-
ical properties, including elastic modulus (E) and hardness (h), using an
iMicro instrument (from KLA Inc.) equipped with a Berkovich tip (Type
TB30524) capable of applying a maximum load of 50 mN. The Advanced E
and H option was employed, maintaining a constant strain rate of 0.1s7".
The test proceeded until either the target indentation depth or indentation
load was achieved. The InView software (RunTest and ReviewData mod-
ules) facilitated testing and subsequent data analysis. To minimize ther-
mal drift, it was ensured that it remained below 0.05 nm s~! throughout
the testing process. Due to the inhomogeneity of the materials, multiple
locations (12-15) were probed on each sample through nanoindentation
tests. An oscillatory load was applied during the loading curve, with E and
h determined during the unloading cycle. The load-displacement curves of
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the pellets as a function of different target indentation depths are included
in Figure S9 (Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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