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a b s t r a c t

Thermal insulating materials are in high demand for heat flux regulation as they enhance

energy conversion efficiency and reduce the consumption of fossil fuels. In this study,

phase-reassembled high-entropy oxides (HEOs) were successfully produced via conven-

tional solid-state reaction, and their thermophysical properties were investigated. Prom-

ising thermal barrier coating (TBC) candidates, A2B2O7 and A3B0O7 oxides, were

reassembled to a single defective fluorite structure to further reduce the thermal con-

ductivity via an entropy-stabilization strategy. The phase-reassembled HEO ceramics

exhibited low thermal conductivity (1.06 W/m$K) and glass-like thermal conduction

behavior owing to their highly distorted crystal structure. In addition, their compatible

thermal expansion (~9.95 � 10�6/K) suggests that the phase-reassembled HEOs are prom-

ising candidates for new thermal barrier materials. This study proposes a new strategy for

reducing the thermal conductivity via phase reassemble beyond simply increasing the

number of components.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Thermal insulatingmaterials are in high demand for heat flux

regulation as they enhance the energy conversion efficiency
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and reduce the consumption of fossil fuels. For example, there

is a high demand for ceramicswith low thermal conductivities

in thermal barrier coatings (TBCs), which are employed in the

hot components of gas turbines and aircraft engines to

accommodate the higher operating temperatures that these
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componentsaresubjected to; insuchcases,metallic substrates

suffer inevitable intrinsic limitations such as poormechanical

properties and accelerated corrosion reactions [1,2]. Yttria-

stabilized zirconia (YSZ) is the most commonly applied TBC

material owing to its excellent thermomechanical properties,

such as low thermal conductivity and high coefficient of ther-

mal expansion (CTE) [3]. However, the application of YSZ at

temperatures above 1200 �C is limited owing to its phase

degradation and sintering densification, resulting in poor

thermal durability and deterioration of thermal barrier per-

formance [4,5]. Another major limitation is the relatively high

thermal conductivity, which does not allow YSZ to satisfy the

requirements of higher operating temperatures and enhanced

thermal conversion efficiency. This has motivated the devel-

opment of other materials with lower thermal conductivities.

Various materials have been proposed as alternatives to

conventional YSZ, including co-doped zirconia [6e8], zirco-

nates [9,10], andniobates [11,12]. Among them, theA2B2O7 type

rare earth zirconates (RE2Zr2O7, RE ¼ Y, LaeLu) exhibit a high

thermal insulation performance with a thermal conductivity

lower than ~2W/m$K, which is derived from the large amount

of oxygen vacancies within the fluorite-type crystal structure

[13].Moreover, they exhibit promising potential for application

as thermal insulating materials at higher temperatures owing

to their advantages such as high melting point and phase sta-

bility. A3BO7 type rare earth niobates (RE3NbO7, RE ¼ LaeYb)

have been reported to exhibit ultralow thermal conductivity

below ~1.5 W/m$K at room temperature owing to their highly

disordered fluorite structure [11].

Recently, entropy stabilization, a new strategy for engi-

neering ceramic materials, which populates the cation sub-

lattice with equimolar amounts of five (or more) different

cations [14], has gained considerable research attention. This

incorporation of cations leads to an increase in the configu-

rational entropy and domination of the Gibbs free energy with

increasing temperature, resulting in the establishment of a

single phase of entropy-stabilized oxides or high-entropy ox-

ides (HEOs). In typical ceramic materials, phonons dominate

the heat conduction mechanism via phonon scattering

derived from defects or distortion of the crystal structure

[15,16]. In this regard, entropy stabilization can be a novel

strategy for engineering materials with superior thermal

insulation [17,18]. Specifically, the cation sublattice in HEOs is

randomly occupied by various distinct cations that can exhibit

large differences in ionic radius, bonding strength, and atomic

mass, resulting in the distortion of the anion sublattice and its

consequent extensive lattice scattering [18,19]. A single

defective fluorite A2B2O7 oxide, namely (Sm0.2Eu0.2Tb0.2Dy0.2-
Lu0.2)2Zr2O7 ceramic aerogel, exhibits an ultralow thermal

conductivity of ~0.0031 W/m$K at room temperature with a

large thermal expansion coefficient and excellent mechanical

properties [20]. Disordered defective fluorite-type A3BO7 nio-

bates, namely (Dy0.2Ho0.2Er0$2Y0.2Yb0.2)3NbO7, have also

shown ultralow thermal conductivity, suggesting their po-

tential as a new thermal insulating material [21]. Recently,

Zhang et al. reported the extremely low thermal conductivity

of (La0.2Nd0.2Sm0.2Gd0.2Yb0.2)2Zr2O7 ceramic foams with a

pyrochlore and fluorite dual-phase structure [22].

Here, we firstly report phase-reassembled HEOs and

describe their excellent thermomechanical properties for
application as new thermal barrier materials. Promising TBC

candidates, A2B2O7 and A3B0O7 oxides, were reassembled in a

singledefectivefluoritestructure,namelyA5B2B0O14, toachieve

further reduction of thermal conductivity via an entropy-

stabilization strategy. These HEO materials are phase-

reassembled in a single phase without forming secondary

phases and changing crystal structures due to lattice distor-

tion, even though they are composites ofmultiple cations. The

A3þ, B4þ, andB05þcationsublatticeswerepopulatedbymultiple

distinct cations, imposingavariety in their intrinsicproperties,

such as the bonding length, ionic binding strength, and mass

difference.Additionally, thestructural reassemblemay further

distort the crystal structure, enhancing the phonon lattice

scattering due to the increased crystal complexity. In this

study, the single-phase HEOs were synthesized via a solid-

state reaction, and their highly disordered crystal structure

was revealed by structural characterization. Finally, thermo-

mechanical properties were comprehensively investigated,

suggesting the promising applicability of HEOs as new TBC

materials.
2. Experimental section

2.1. Material selection

The substituents for each cation site were selected based on

their intrinsic properties, including the cation charge, oxide

crystal structure, coordination number, and ionic radius. The

cations employed at each A, B, and B0 cation site have equi-

molar ratios among themselves. In typical A2B2O7 oxides, the

crystal structure is determined by the cation radius ratio (rA/rB)

[23]. For 11-HEO, theA3þ cation sublatticewaspopulatedby the

relatively smaller RE3þ cations, namely, Dy3þ, Y3þ, Ho3þ, Er3þ,
and Yb3þ. In the case of 16-HEO, relatively larger RE3þ cations,

namely La3þ, Nd3þ, Sm3þ, Eu3þ, and Gd3þ, were additionally

incorporated into the A3þ cation sites to enhance the lattice

distortion, which can result in larger phonon scattering and,

consequently, superior thermal insulating performance. The

B4þ and B05þ cation sublattices were populated by Ti4þ, Zr4þ,
Ce4þ, and Hf4þ and Nb5þ and Ta5þ, respectively, which have

been reported to establish a defective fluorite structure in the

space group of Fm-3m. Even though the difference in cationic

radii of the largest and smallest ions, namely Y3þ andTi4þ, was

50.9%, a single-phase oxide in 11- and 16-HEOwas successfully

achieved without the formation of any other secondary phase

or impurities. The intrinsic parameters of the substitutes,

namely La3þ, Nd3þ, Sm3þ, Eu3þ, Gd3þ, Dy3þ, Y3þ, Ho3þ, Er3þ,
Yb3þ, Ti4þ, Zr4þ, Ce4þ, Hf4þ, Nb5þ, andTa5þ, are listed inTable 1.

2.2. Specimen preparation

Dense 11- and 16-HEO ceramic bulks were synthesized via a

conventional solid-state reaction using their stable oxides.

La2O3, Nd2O3, Sm2O3, Eu2O3, Gd2O3, Dy2O3, Y2O3, Ho2O3, Er2O3,

Yb2O3, Nb2O5, TiO2, ZrO2, CeO2 (�99% purity; Dae Jung

Chemicals, Korea), HfO2 (99%; Sigma-Aldrich, USA), and Ta2O5

(98%; Sigma-Aldrich, USA) were the primary oxides.

All the raw oxide powders were dried at 150 �C for 20 h to

remove moisture and then precisely weighed according to
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Table 1 e Oxide crystal structure, space group, coordination number (CN), ionic radius, and atomic weight of the
substitutional cations.

Site Cation Crystal structure Space group CN Ionic radius [nm] Atomic weight

A La3þ Hexagonal P-62m 8 1.16 138.9

Nd3þ Hexagonal P-62m 8 1.109 144.2

Sm3þ Cubic Ia-3 8 1.079 150.4

Eu3þ Cubic Ia-3 8 1.066 151.9

Gd3þ Cubic Ia-3 8 1.053 157.25

Dy3þ Cubic Ia-3 8 1.027 162.5

Y3þ Cubic Ia-3 8 1.019 88.9

Ho3þ Cubic Ia-3 8 1.015 164.93

Er3þ Cubic Ia-3 8 1.004 167.25

Yb3þ Cubic Ia-3 8 0.985 173.04

B Ti4þ Monoclinic P21/c 6 0.72 91.22

Zr4þ Monoclinic P21/c 6 0.72 91.22

Ce4þ Cubic Fm-3m 6 0.87 140.11

Hf4þ Monoclinic P21/c 6 0.71 178.49

B’ Nb5þ Monoclinic P2 6 0.64 92.6

Ta5þ Orthorhombic Pmmm 6 0.64 180.9
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the desired stoichiometric ratio. The compositions of the

targeted stoichiometries for 11- and 16-HEO are listed in

Table 2. The oxide powders were mixed via ball milling using

anhydrous alcohol and zirconia milling balls (various di-

ameters) for 12 h at 240 rpm. The slurry mixture was dried at

120 �C for 12 h in a drying oven; the dried mixture was sub-

sequently sieved through a 325-mesh screen to obtain a ho-

mogeneous product. Cylindrical green bodies with varying

diameters for different characterization were fabricated

using three steel molds via dry pressing; the samples were

then densified via cold isostatic-pressing at 200 MPa for

10 min. Densified specimens were obtained after sintering at

1600 �C for 30 h.

2.3. Characterization

The crystal structures of 11- and 16-HEO ceramics were

identified using X-ray diffraction (XRD; Mini Flex II, Rigaku,

Tokyo, Japan) with Cu Ka radiation (l ¼ 1.5418 �A) and a step

size of 0.02� at a scan rate of 3�/min. The densified micro-

structure and chemical homogeneity were investigated via

scanning electron microscopy (SEM; JSM-5610, JEOL, Tokyo,

Japan) paired with an energy-dispersive spectrometer (EDS;

Oxford Instruments, Oxford, UK). The crystal structure and

uniform elemental distribution were further characterized

via transmission electron microscopy (TEM; JEM 2100F, JEOL,

Tokyo, Japan). The bulk HEO ceramics were polished to

reduce the thickness to below 150 mm using diamond paper.

After the dimple grinding and ion-milling processes, carbon-

coated specimens were prepared for TEM observation.

A laser flash analyzer (Laser Flash Analysis, LFA 457 Micro

Flash, NETZSCH, Germany) was employed in the temperature

range 25e1000 �C to evaluate the thermal diffusivity (a) and

specific heat capacity (Cp). The thermal conductivity values (k’)

were calculated from the relationship between thermal con-

ductivity, thermal diffusivity, heat capacity, and density (r), as

follows:

k0 ¼ r � Cp � a (1)
where the density was measured via Archimedes' method,

and the specific heat capacity was calculated according to the

NeumanneKopp rule [24]. The effect of porosity (F) was

considered by normalizing the thermal conductivity (k) of the

full-density solid as [25].

k0

k
¼1� 4

3
F (2)

Optical transmittance spectra were obtained using a

diffuse reflectance UV/VIS/NIR spectrophotometer (DUV

spectrophotometer; SolidSpec-3700, Shimadzu, Japan) and

Fourier transform infrared spectrophotometer (FT-IR; FT/IR-

4200, JASCO, Japan) for the range 1500e2500 nm and

2.5e10 mm, respectively. The bulk specimens were polished to

reduce the thickness to 1 mm before measurement.

The CTEs were characterized using a high-temperature

dilatometer (Dilatometer, DIL 402C, NETZSCH, Germany) in

the temperature range 25e1000 �C.
The bulk modulus (B) and shear modulus (S) were

measured using an oscilloscope (Tektronix, USA). Elastic

modulus can be calculated using bulk modulus and shear

modulus through Hooke's law. The following relationships

exist between the elastic constants such as elastic modulus,

shear modulus, bulk modulus, and Poisson's ratio.

E¼ 2Gð1þ vÞ¼3Bð1�2vÞ (3)

E is the elastic modulus, B is the bulk modulus, G is the

shear modulus, and v is the Poisson ratio. The calculated

elastic modulus for HEO materials is shown in Table 2.
3. Results and discussion

3.1. Structural characteristics

The XRD spectra of the synthesized HEOs are shown in

Fig. 1(a). Both 11- and 16-HEO exhibit a single-phase structure

without any impurities or secondary phases, indicating that a

single defective fluorite structure is successfully prepared as
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entropy-driven solid solutions in a space group of Fm-3m

(ICSD: 60,400). The establishment of cubic defective fluorite

implies that all the cations are randomly distributed regard-

less of the cation sites, which is similar to that in cubic

fluorite YSZ, in which 1/50 of the anion sublattice is vacant

owing to the dissolution of 3e4 mol% of yttria into the zir-

conia matrix. HEOs possess 1/8 of the empty anion sublattice

in the fluorite structure to maintain the chemical balance

[26,27]. The larger amounts of oxygen vacancies facilitate

phonon scattering via a mass difference impurity scattering

mechanism, resulting in superior thermal insulating perfor-

mance. Compared to 11-HEO, the main diffraction pattern of

the (111) plane of 16-HEO is slightly shifted to a lower angle

owing to the relatively larger average cationic radius of the A-

site substituents (Table 2).

The Raman spectra reveals the sensitive information of

cation-oxygen vibrations, whereas the XRD spectra is more

informative for investigating the disorder in the cation sub-

lattice rather than the oxygen sublattice [28]. Fig. 1(b) shows

the Raman spectra of 11- and 16-HEO, which determine the

relative degree of local disorder in the defective fluorite

structure. The cubic fluorite structure in a space group of Fm-

3m possesses only one Raman active vibration mode in the

200e800 cm�1 Raman shift [29]. However, very broad Raman

spectra were obtained from both 11- and 16-HEO. This is

because of their severely distorted crystal structures. The

Raman peak broadening originates from the poor interpre-

tation of the crystal symmetry, indicating a significant

distortion of the oxygen sublattice. In 11- and 16-HEO, the

distortion of the oxygen sublattice originates from the

numerous cationic antisites that are developed by populated

cation sites. Several previous reports have indicated similar

broadened Raman peaks between 200 and 800 cm�1 in cubic

fluorite structures, such as Y2Zr2O7, Y2Hf2O7, Ho2Hf2O7, and

Er2Hf2O7, confirming the severe distortion of the oxygen

sublattice of 11- and 16-HEO, which leads to enhanced ther-

mal insulating performance [30].

The formation of an entropy-stabilized solid solution was

further characterized by TEM observation. Fig. 1(c) and (d)

show the TEM images of 11- and 16-HEO around the triple

boundary, respectively. As shown in the TEM images, there

are no other secondary phases around the triple boundaries

(white arrows), indicating that both HEOs are constructed as

monocrystal structures of solid solutions without any sec-

ondary phases or impurities. Furthermore, selected area

electron diffraction (SAED) patterns were obtained to deter-

mine the crystal structure of the different grains from posi-

tions A, B, C, and D, and are displayed in the insets of Fig. 1(c)

and (d), respectively. The SAED patterns taken from the [011]

and [�112] directions match the fluorite structure, corre-

sponding to the XRD spectra (Fig. 1(a)). Furthermore, the

SAED patterns illustrate the excellent crystallinity and single

phase of both HEOs.

To better understand the chemical homogeneity and

absence of impurities or secondary phases, the typical mi-

crostructures and corresponding elemental distributions of

HEOswere evaluated at different resolutions (Fig. 2). The low-

magnification images in Fig. 2(a) and (b) reveal that obvious

micro-voids or secondary phases around the triple junction

and grain boundaries were not observed. The measured

https://doi.org/10.1016/j.jmrt.2023.01.170
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density of HEOs and their average grain sizes are listed in

Table 2, confirming that the grain size of 11-HEO is larger than

that of 16-HEO, even though 11-HEO possesses a relatively

larger ionic mass at the A3þ cation site, which restrains the

atomic displacement for atomic diffusion, resulting in a

decrease in the atomic diffusion coefficient [31,32]. This

characteristic implies a better sintering resistance of 16-HEO,

originating from the well-known sintering resistance mech-

anism, sluggish diffusion, which is one of the core properties

of high-entropy materials [33,34]. The incorporation of mul-

tiple cations induces significant lattice distortion in the single-

phase solid solution, hindering the ionic movement and their

diffusion. These sintering resisting characteristics can pre-

vent microstructural densification, avoiding the deterioration

of thermal insulating performance as well as the catastrophic

failure of TBCs, which can occur in densified brittle ceramic

materials. The high-magnification EDS, which is obtained

from the blue box area in Fig. 2(c) and (d), also confirms the

chemical homogeneity of HEOs, showing the homogeneous

dispersion of all elements. These results confirmed the

compositional uniformity without any elemental clustering or

segregation. Furthermore, no specific micro-voids or
Fig. 1 e Structural characterization of HEO ceramics, namely (a)

images of 11- and 16-HEO, respectively. The insets in (c) and (d)

respectively. The white arrows indicate the triple boundary.
secondary phase were observed around the grain boundaries

and their triple junction, implying that both HEOs were fully

densified, corresponding to their measured density using the

Archimedes’ method.

3.2. Thermal physical properties

The experimental thermal conductivities of the HEO ceramics

were obtained using Eq. (1) and were further normalized using

Eq. (2), as shown in Fig. 3(a). The thermal conductivities of 11-

and 16-HEO ceramics are in the range 1.27e1.56 and

1.06e1.32 W/m$K, respectively. At room temperature, the

thermal conductivities of the 11- and 16-HEO ceramics are

close to Clarke'sminimum conductivity limit [35,36]. The form

of phonon-mediated thermal conductivity (K) according to

Clarke's model is as follows:

K¼ 1
3
cvl (3)

Where c is the heat capacity per unit volume, v is the average

speed of collective lattice vibration, and l is the average

phonon mean free path value. Also, according to the Clarke
XRD patterns, (b) Raman spectrum, and (c) and (d) TEM

show SAED patterns obtained from positions A, B, C, and D,

https://doi.org/10.1016/j.jmrt.2023.01.170
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Fig. 2 e Microstructure and elemental distribution of HEO ceramics obtained using (a), (b) SEM, and (c), (d) TEM.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 3 : 2 7 4 0e2 7 4 9 2745

https://doi.org/10.1016/j.jmrt.2023.01.170
https://doi.org/10.1016/j.jmrt.2023.01.170


Fig. 3 e Thermal physical properties of HEO ceramics. (a) Experimental and minimum thermal conductivity, (b) thermal

conductivity comparison, (c) thermal expansion coefficient, and (d) thermal conductivity as a function of thermal expansion

coefficient.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 3 : 2 7 4 0e2 7 4 92746
models in the case of glass-like, the minimum thermal con-

ductivity can be thought of as the l / a (a is the interatomic

spacing). Since synthesized the HEO materials have a glass-

like disorder degree, we substituted it as a value of an

instead of l, resulting in a calculated minimum thermal con-

ductivity of 0.892 W/m$K for 11-HEO and 0.838 W/m$K for 16-

HEO. When comparing the calculated value and the thermal

conductivity measured at room temperature, it was found

that 11-HEOwas about 43%higher and 16-HEOwas 26%higher

than the calculated thermal conductivity. Both HEOs show a

slightly increasing tendency in thermal conduction behavior

with increasing temperature, similar to glass-like poly-

crystalline materials. As shown in Fig. 3(b), the thermal con-

ductivities of 11- and 16-HEO ceramics are less than half of

that of YSZ (3.06 W/m$K) [37]. Furthermore, the thermal

insulating performance of phase-reassembled HEOs is supe-

rior to that of their primitive oxides, La2Zr2O7 (LZO) and

Y3NbO7 (YNO), which are the representative TBC candidates of

A2B2O7 and A3B’O7 oxides [37]. The amorphous-like ultralow

thermal conductivities of 11- and 16-HEO originate from their

highly disordered ceramic materials [11,38e40]. Single-phase

HEOs were established because of their high configurational
entropy; their cation sites were populated by multiple distinct

cations with large differences in ionic radii of up to 46.4% and

57.8% for 11- and 16-HEO, respectively. To accommodate the

population of multiple cations, the anion sublattice gets

significantly distorted, as confirmed by Raman analysis

(Fig. 1(b)). Compared to YSZ, the superior thermal insulating

performance originates from the larger oxygen vacancies,

where 1/8 of the anion sites are vacant in HEOs, whereas YSZ

possesses only 1/50 empty anion sites [19]. Furthermore, the

multiple cations and oxygen vacancies in HEOs were

randomly distributedwithin the defective fluorite structure as

a single-phase solid solution, whereas La3þ, Zr4þ, and oxygen

vacancies in LZO were located at specific sites as intermetallic

compounds [41,42]. Consequently, these structural charac-

teristics of HEOs generate significant structural distortion and

random distribution of multiple cations and oxygen va-

cancies, resulting in a constant phonon mean free path

similar to that of an amorphous material [43].

For TBCmaterials, the CTEmust be compatible with that of

metallic bond coat materials (13e16 � 10�6/K) to minimize

CTEmismatch and reduce the thermomechanical stress at the

interface [44]. It is known that single A2B2O7 type oxideswith a

https://doi.org/10.1016/j.jmrt.2023.01.170
https://doi.org/10.1016/j.jmrt.2023.01.170
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pyrochlore or fluorite structure show limited ability to replace

conventional YSZ owing to their low CTE. The 11- and 16-HEO

exhibited larger CTEs (9.61 � 10�6/K and 9.95 � 10�6/K for 11-

and 16-HEO at 1273 K, respectively) than the primitive A2B2O7

oxide, LZO (8.42 � 10�6/K at 1273 K). The CTE of 16-HEO is

compatible with YSZ and YNO (10.09 � 10�6/K and

10.11 � 10�6/K at 1273 K), suggesting that this phase reas-

semble of HEO with highly disordered structure can

compensate for the low CTE of primitive oxide, LZO, via

evident cocktail effects, which is one of the common charac-

teristics of high-entropy compounds [20,45,46]. The cocktail

effects refer to the effect of obtaining new physical properties

that do not appear in independent components when many

elements are mixed, and these properties can change ac-

cording to the composition variation. By contrast, it is known

that CTE of ionic solids is inversely proportional to its ionic

bonding strength, which can be determined by the crystal

lattice energy [47]. The elastic modulus of an ionic solid ma-

terial is dominated by the lattice energy, which indicates that

a smaller lattice energy leads to a smaller elastic modulus

[48,49]. The elastic modulus values of HEOs were obtained by;

thus, it can be considered that the competitive CTE values of

HEOs originated from their relatively smaller elastic modulus

(172.3 ± 3.8 and 165.8 ± 4.4 GPa for 11- and 16-HEO, respec-

tively) compared to that of conventional YSZ (223.0 ± 7.4 GPa).

Compared with many other rare earth oxide compounds

for TBC materials, including their primitive oxides, such as

RE2Zr2O7 [5,50,51], RETaO4 [52], REPO4 [53], RE2Sn2O7 [54], and

YNO [37], the phase-reassembled HEOs show a low thermal

conductivity and compatible CTE, implying that HEOs can be

applied as new promising TBC materials.
4. Conclusions

Phase-reassembled HEOs were successfully synthesized via a

solid-state reaction, and their thermophysical properties were

investigated. Promising thermal barrier coating (TBC) candi-

dates, A2B2O7 and A3B0O7 oxides, were reassembled to a single

defective fluorite structure, and showed glass-like ultralow

thermal conductivity (1.06 W/m$K), which is superior to that

of their primitive oxides, LZO and YNO. In addition, the

compatible thermal expansion (~9.95 � 10�6/K) suggests that

the phase-reassembled HEOs exhibit promising applicability

as new TBC materials. This study proposes a new strategy to

further reduce the thermal conductivity via phase reassemble

beyond simply increasing the number of components and

expanding the diversity of TBC materials. Also, HEOmaterials

are possible to make TBCs by APS and EB-PVD methods.

Therefore, we plan to conduct thermal durability analysis

such as thermal shock on HEO materials through follow-up

studies.
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