J Mater Sci

Chemical routes to materials

®

Check for
updates

Mullite photonic glasses with exceptional thermal
stability for novel reflective thermal barrier coatings

Alberto Gomez-Gomez'*®, Diego Ribas Gomes', Benedikt F. Winhard', Laura G. Maragno',
Tobias Krekeler?, Martin Ritter?, and Kaline P. Furlan®*

"Hamburg University of Technology, Institute of Advanced Ceramics, Integrated Materials Systems Group, 21073 Hamburg, Germany
2Hamburg University of Technology, Electron Microscopy Unit, 21073 Hamburg, Germany

Received: 21 April 2023
Accepted: 5 August 2023

© The Author(s), 2023

Handling Editor: Maude Jimenez.

ABSTRACT

Thermal barrier coatings are essential materials systems for insulating and pro-
tecting substrates exposed to high temperatures. In such systems, the heat transfer
has three possible paths: conduction, convection and irradiation. The higher the
operating temperature, the more important it is to control or protect against the
radiative component, since the radiative heat flux becomes non-negligible. The
radiation can be controlled by the use of ceramic-based photonic nanostructures,
namely photonic crystals and photonic glasses, creating so-called reflective ther-
mal barrier coatings. In this work, mullite inverse photonic glasses (PhG) have
been produced by thermally induced reaction on sol-gel-based silica structures
coated with nanometric films of Al,O; by atomic layer deposition. The conver-
sion to mullite was carried out following a two-stage heat-treatment. The pre-
annealing associated with the further mullite formation results in an excellent
structural stability of these PhGs up to 1500 °C, being able to retain their high
reflectivity in the near infrared range. Therefore, this structure can be considered
for next-generation reflective thermal barrier coatings.
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Introduction

In certain high-temperature applications, such as com-
bustion chambers or gas turbines, thermal barrier coat-
ings (TBC) have become essential for insulating and
protecting metallic substrates. These coatings ensure
that the maximum temperatures of the superalloy
components remain significantly lower than those
of the gas stream, resulting in increased component
lifetime [1]. To illustrate this, reducing the peak tem-
perature by just 15 °C can potentially double the lifes-
pan of turbine blade superalloys [2]. Typically, these
structures are made of yttria-stabilized zirconia (YSZ)
since this material offers an excellent combination of
thermal and mechanical properties, including high
thermal expansion coefficient, low thermal conductiv-
ity and high thermal shock resistance [3, 4].

The main goal for next-generation advanced
engines is to increase fuel efficiency, which can be
accomplished by increasing the turbine inlet gas
temperature. This presents challenges in terms of
both materials and structure of the TBCs, which are
expected to operate at temperatures approaching
1600 °C [5]. At such elevated temperatures the radia-
tive heat flux becomes non-negligible. For example, in
a conventional TBC at 1200 °C, the radiative heat trans-
fer is estimated to be about 20% of the conduction heat
transfer [6, 7], and this proportion further increases at
higher temperatures. Taking the blackbody emission
spectrum as an example (Fig. 1), the emissive power
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grows exponentially with the fourth power of the tem-
perature according to the Stefan-Boltzmann law. This
radiative power is concentrated within the wavelength
range of 0.5-5 pm, especially in the near infrared (NIR)
range (0.78-3 um).

In recent years, several works on TBCs have focused
on optimising the reflectivity of these structures
in the NIR region to limit the radiative heat flow to
the superalloy components. In conventional TBCs,
mainly produced by air plasma spraying (APS) or
electron beam physical vapor deposition (EB-PVD),
this optimization comprises increasing the density of
scattering defects (pores and microcracks) or modify-
ing their arrangement within the coating to increase
the photon scattering efficiency and overall reflectiv-
ity of the TBCs [8-13]. Significant progress has also
been achieved in the development of reflective ther-
mal barrier coatings (rTBC) based on photonic crystal
structures (PhC). These PhCs are composite media
consisting of materials with different dielectric con-
stants arranged periodically. Their long-range order
structure enables interaction with electromagnetic
radiation, leading to the reflection of incident radiation
within a specific wavelength range. The position and
width of these strong reflection bands is determined
mainly by the periodicity constant and the refractive
index contrast. Ceramic-based opals, face centered
cubic (FCC) arrangements of monodisperse ceramic
micro-spheres, serve as a complex three-dimensional
PhC example proposed as rTBCs [7]. Similarly, inverse
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Figure 1 Spectral radiance emitted by a blackbody at 1000 °C,
1200 °C, 1400 °C and 1500 °C

opals, formed by enclosing spherical pores with large
range order arrangement in a ceramic matrix, have
also proven their potential for such applications [7,
14-16].

One of the main drawbacks for the application of
PhCs as rTBCs is their narrow reflection band. To
overcome this limitation, Lee et al. proposed multi-
stack PhC structures with different lattice constants, so
that their reflection band would be located in different
photon wavelengths, and thereby achieve a broadband
reflection [7]. Although these structures would theo-
retically be able to reflect over 80% of the radiation
in the 1-5 pm range, their fabrication is a challenge
and often results in a significant density of undesired
defects and cracks, which reduce their reflection effi-
ciency [17, 18].

Alternatively, photonic glasses (PhGs), consisting
of the same building blocks as PhCs but possessing
short-range rather than long-range order, exhibit an
omnidirectional broadband reflection due to the multi-
ple scattering of radiation at wavelengths comparable
to the particle/pore diameter [19]. Compared to other
solutions for rTBCs, PhGs have the clear advantage of
a simpler fabrication route while reaching even higher
reflectivity values than multi-layered PhCs [19-23].
Moreover, while defects in the long-range order of the
PhCs impair their photonic behaviour, the absence of
long-range order in PhGs makes them less sensitive
to structural defects. In addition, PhG-based rTBCs
exhibit a remarkably low thermal conductivity, even
lower than conventional TBCs of the same material
produced through APS or EB-PVD methods [19, 20].

The fabrication of photonic crystals and glasses
by self-assembly techniques is widely documented.
Particularly, the fabrication of inverse PhGs typi-
cally involves infiltrating a sacrificial self-assembled
template through sol-gel infiltration, chemical vapor
deposition or atomic layer deposition (ALD). The final
photonic inverse structure is then obtained after tem-
plate removal, e.g. through a burn-out treatment or
chemical etching [14-18, 21, 23-27].

In addition, an increase in the operating tempera-
ture of TBCs is a challenge for the materials used in
these coatings. For instance, the maximum tempera-
ture at which YSZ can operate continuously is limited
to about 1200 °C. Beyond this temperature, sintering
and phase transformations compromise the integrity
of the coating [1, 4, 28, 29]. Besides YSZ, the applica-
tion of other ceramics as TBC has also been subject
to study. In recent years, there has been a growing
interest in TBCs based on rare-earth hafnates and rare-
earth oxide stabilised cubic hafnia, which are capable
of maintaining the structural stability of these systems
above 1500 °C [30, 31]. However, the use of these mate-
rials in highly porous photonic structures for rTBCs is
still under development. On the other hand, another
proposed material for TBCs is mullite, characterized
by a molar composition ranges from 3Al,05-25i0, (3:2
mullite) to 2A1,05-SiO, (2:1 mullite) [14, 16, 32, 33].
In contrast to YSZ, mullite has high thermal-stability
and does not exhibit phase transformation from room
temperature to temperatures above 1500 °C. In addi-
tion, mullite exhibits low thermal conductivity as well
as chemical-, thermal shock- and creep-resistance [34,
35].

In this work, mullite inverse PhGs with a strong
reflectivity in the NIR range and high structural sta-
bility at high-temperature were produced. For the
deposition of the ceramic phases, a combination of
sol-gel infiltration and ALD was investigated as a
potential manufacturing method for PhG fabrica-
tion. This combined approach achieved a high filling
fraction of the sacrificial template, which positively
influenced the thermal stability and NIR reflectivity of
these PhGs. In addition, the effect of a pre-annealing
at temperatures below the mullite formation on the
structural stability of these PhGs when subsequently
exposed to higher temperatures has been investigated.
In comparison to traditional TBCs or other photonic
structures proposed for this application, the mullite
inverse PhGs developed in this work show a superior
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thermal-stability, retaining the photonic structure and
reflectivity up to 1500 °C.

Materials and methods
Materials and samples preparation

Initially, direct PhG coatings made from polystyrene
(PS) particles (3.03 £ 0.09 pm, microParticles GmbH)
were deposited onto sapphire substrates (A-oriented
surface, 25 x 30 x 0.53 mm?, Crystec GmbH). For the
deposition, 300 pl of aqueous suspensions with a con-
centration of 20 mg-ml™ of PS particles were drop-
casted within a Teflon ring fixed to the sapphire
substrate. Prior to the PS template deposition, the
substrate surfaces were oxygen-plasma cleaned and
activated for 20 min (Polaron PT7160, Quorum Tech-
nologies). The samples were then air-dried at room
temperature for at least 24 h, partially covered with a
plastic vessel to allow air circulation.

To enhance the mechanical stability of the poly-
meric PhG templates, they were heated in an air
Muffle furnace for 3 h at 110 °C before undergoing
vertical convective infiltration (VCI). For the VCI pro-
cess, a hydrolysed solution of tetraethylorthosilicate
(TEOS, 299.0%, Sigma-Aldrich), ethanol and 0.10 M
HCl was prepared with a weight ratio of 1:6:1. Each
sample was vertically immersed in a Teflon beaker
containing 0.450 ml of this TEOS solution diluted in
ultrapure water to a total volume of 50 ml. The beak-
ers were placed in a humidity chamber (VIR 5022,
Heraeus Instruments) maintained at 60 °C and a high
relative humidity (90-100%) for 7 days. This technique
is based on the flow-controlled vertical deposition
(FCVD) method developed by Zhou et al. [26], who
controlled the velocity of the dropping liquid surface
by slowly withdrawing the solution with a peristaltic
pump. In the VCI method, the dropping velocity of the
liquid surface is directly related to the evaporation rate
of the solvent, which in turn depends on the tempera-
ture and relative humidity in the chamber.

Once the PS template was infiltrated with silica, the
PS particles were burnt-out in an air Muffle furnace
for 30 min at 500 °C (heating rate of 0.4 °C-min™") to
generate silica inverse PhG structures. The deposition
of alumina was carried out using ALD in a custom-
made reactor (Hamburg University of Technology,
TUHH) at 95 °C. Trimethylaluminium (TMA, Sigma
Aldrich) and deionized water were used as precursors,
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and nitrogen as carrier gas (2 NI'h™). The pulse, expo-
sure, and pump times for TMA and water precursors
in each of the 1830 ALD cycles used for alumina depo-
sition were set at 0.06/15/90 and 0.12/15/90 s, respec-
tively. To measure the thickness of the alumina films,
reference silicon wafers were first placed within the
reactor close to the silica PhGs during the deposition,
and then analysed by spectroscopic ellipsometry with
an incident angle of 70° (SE-2000, Semilab). The result-
ing growth per cycle (GPC) and refractive index (n)
were 1.64 A and 1.65 (at 632.8 nm), respectively, which
are well align with previously-reported results [14, 27].

Thermal treatments and characterization

Silica-alumina PhGs underwent a two-stage heat-treat-
ment using a resistive Muffle furnace:

¢ An initial stage at 850 °C for 24 h to promote dif-
fusion and thus contribute to the compositional
homogenisation of the PhG before mullite conver-
sion, henceforth referred to as “pre-annealing”.
Mullite formation temperatures in the range of
900-1000 °C have been reported for highly homo-
geneous silica-alumina structures [14, 15, 36-38]. To
promote homogenisation through diffusion while
preventing early formation of mullite, the tempera-
ture for this stage was set at 850 °C. The total dwell
time of 24 h was determined based on the calcu-
lations for estimating the diffusion of aluminium
from the ALD-deposited alumina layer towards the
silica core of these PhGs, assuming diffusion in all
directions (Figure S1).

e High-temperature heat-treatments at 1000 °C,
1200 °C and 1400 °C, with cumulative times up to
100 h. These temperatures were chosen to align
with the working range of TBCs, as well as to ena-
ble the comparison with previous works [4, 5, 8, 17,
19-23].

Furthermore, the impact of the first stage on the
thermal-stability of these PhGs was evaluated. A com-
parison was made between sequentially heat-treated
samples for a total of 4, 24, 48 and 100 h at 1400 °C,
both with and without pre-annealing. Additional heat-
treatments conducted in this work are summarized in
Table 1. The heating rate of all individual heat-treat-

ments was set at 5 °C-min".



Table 1 Summary of the

Sample Pre-annealing Consecutive high-temperature heat-treatment

heat-treatments that were

sequentially performed on the I 2 3t 40

samples analysed in this work 24 h-850 °C 4h-1000°C  20h-1000°C 4 h-1500 °C 20 h-1500 °C
I 24 h-850 °C 4 h-1200 °C 20 h-1200 °C - -
I 24 h-850 °C 4 h-1400 °C 20 h-1400 °C 24 h-1400 °C 52 h-1400 °C
v - 4 h-1400 °C 20 h-1400 °C 24 h-1400 °C 52 h-1400 °C

The structural stability of these ceramic PhGs were
assessed before and after each heat-treatment. For this
purpose, cross sections and top surfaces of the PhGs
were examined using scanning electron microscopy
(SEM, Zeiss Supra 55 VP). After each heat-treatment,
hemispherical reflectance spectra of the PhGs were col-
lected in the wavelength range of 0.6-2.2 um using a
UV-Vis-NIR spectrometer with an integrating sphere
module (Perkin-Elmer, Lambda 1050). The thick-
ness of these regions was determined by examining
their cross-section with SEM. To identify the micro-
structural phases of the heat-treated PhGs, grazing
incidence X-ray diffraction analysis was employed,
utilizing Cu Ka radiation (Bruker AXS D8 Advance,
Bruker). The incident angle was set at 0.5°, with a step
size of 0.01° and step time of 5 s. XRD patterns from
the Crystallography Open Database (COD) were used
for the phase identification. Rietveld refinement was
performed using MAUD (Materials Analysis Using
Diffraction) software to compute the phase fractions.
Scanning transmission electron microscopy (STEM)
images and energy dispersive X-ray (EDS) spectral
maps were collected using a FEI/Thermo Fisher Sci-
entific Talos F200X equipped with a FEI Super-X G2
EDS detector operating at 200 keV. In order to prepare
STEM samples, the heat treated PhGs were crushed
into fine particles, dispersed in ethanol by ultrasonica-
tion and subsequently deposited onto carbon-coated
grids.

Results and discussion

For the fabrication of PhCs and PhGs of spherical par-
ticles, self-assembly techniques are popular and low-
cost methods [14, 15, 17, 20, 21, 39-41]. In this work,
the PhG structure of PS particles was produced by
drop-casting technique. Although drop-casting of sta-
ble colloids consisting of monodispersed particles usu-
ally results in the formation of PhCs, polydispersity

or colloidal instability can introduce disorder in the
particle arrangement [39, 42]. Particularly, when using
large particles like the ones used in this work, the effect
of gravity leads to quick sedimentation of the particles
in a random arrangement [20], forming a photonic
glass structure. Small regions with an ordered parti-
cle arrangement were eventually observed in the bot-
tommost layers of the films. However, no discernible
feature associated to PhCs were found in the reflec-
tance spectra. A similar observation was described by
Do Rosério et al., who reported that a few layers with
ordered arrangement had no relevant influence in the
photonic properties of YSZ-PhGs [21].

Once the PhGs templates were deposited on the
substrate and dried, the subsequent step involved
their infiltration to produce the ceramic inverse PhG
structure. ALD is a technique capable of depositing
uniform coatings on structures with a high aspect ratio
and an extraordinary control over thickness. Besides,
the deposition of mullite by ALD supercycles has been
reported by our group with promising results regard-
ing the thermal-stability of inverse photonic crystals
[14]. However, the template infiltration by this tech-
nique is limited, since it relies on the accessibility of
the gaseous precursors to the to-be-coated surfaces. In
self-assembled PhCs and PhGs templates, the intersti-
tial voids of the structure are eventually closed, pre-
venting further infiltration and thus restricting the
shell thickness and overall ceramic structure/air pore
ratio [15]. It should be noted that the infiltration of
these structures plays an important role in the struc-
tural stability of the PhGs at high-temperatures. In one
of our previous works with ALD-based Al,O; inverse
PhCs, it was observed that samples with a thicker shell
(higher filling fraction) presented a better retention of
their photonic structure when exposed to high-tem-
peratures [27].

In contrast to ALD, the VCI technique selected
in this work is able to achieve a high filling fraction
despite being based on a sol-gel process, as shown in
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Fig. 2a. This approach is inspired by the FCVD method
developed by Zhou et al., who explained how the slow
speed of the dropping liquid surface sustains capil-
lary forces in the emerged areas near the liquid sur-
face [26]. According to their findings, the slower the

Figure 2 Cross-section SEM images of a silica-infiltrated pho-
tonic glass (PhG), b inverse silica PhG after the PS template
removal, ¢, d alumina-silica PhG after the ALD process and e
after pre-annealing at 850 °C for 24 h. Scale bars correspond to
10 um
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speed of the liquid surface, the higher filling fraction is
achieved due to the extended contact time between the
PS template and the TEOS solution. Consequently, the
authors reported that a dropping velocity of 0.5 pm-s™
resulted in a filling fraction exceeding 80% of the
hypothetical fully dense silica matrix. In this work, the
speed of the meniscus formed close to the PS template
was ~0.1 pm-s’l, lower than that used by Zhou et al,,
to aim for the highest-possible filling fraction.

Upon the removal of the polymeric template
(Fig. 2b), the pore inter-connectivity allowed the
deposition of the aluminium oxide by ALD. In this
scenario, the ALD’s advantages position it as an ideal
choice for preserving the porous inverse PhG struc-
ture unaltered while increasing the shell thickness, i.e.
the ceramic filling fraction. The thickness of the alu-
mina layer can be estimated by considering the ratio
between the required alumina volume for achieving
the mullite composition and the specific surface area
of the inverse PhG. In addition, the volume of alumina
can be calculated based on the specific volume of silica
in the structure, the expected molar ratio of alumina
to silica in mullite, as well as the compound’s molar
masses and densities. As an initial approximation for
the specific surface area, we employed an estimation
derived from an inverse opal with FCC lattice formed
by pores of the same size (~3 um). Assuming a lattice
parameter a = 232 x v, where r is the pore radius, and
4 macropores per unit cell, this inverse opal structure
has a specific surface area of 2.7 m*cm™. Taking into
account the packing fraction in an ideal opal (0.74), an
alumina layer of around 200 nm thickness would be
required.

Compared to opals, the inverse PhGs produced in
this work have a lower estimated packing fraction
(0.56 [43]), resulting in a lower number of pores per
volume. Consequently, these photonic glasses exhibit
not only a lower specific surface area, but also a higher
volume fraction of silica. Therefore, a larger volume of
alumina may be required to potentially achieve a full
conversion to a mullite phase. However, the ALD infil-
tration of these structures is limited due to the need
for pore interconnection. To ensure successful ALD
deposition on the structure without closing the pores,
the alumina layer thickness was restricted to 300 nm.
The cross-section analysis of the structures after the
ALD process confirms that the thickening of the struts
does not completely close the pores of the structure
(Fig. 2d). In a previous work conducted by our group
[27], we have shown that the structural stability of



alumina PhCs at high temperature was closely linked
to the sintering of the structure. Regions with more
pronounced curvature were associated with enhanced
sintering and consequent degradation of the photonic
structure. Such regions with high curvature are less
pronounced in this study’s mullite PhGs (see Fig. 2d),
which we hypothesize to be a contributing factor for
their higher thermal-stability, discussed in the next
section.

Photonic properties and thermal-stability

The characteristic broadband omnidirectional reflec-
tion of inverse PhGs is based on Mie resonances [44,
45]. These interactions with electromagnetic radia-
tion are highly dependent on the pore size and the
refractive index contrast between the dielectric mate-
rial of the structure and the medium inside the pores.
Thereby, retaining the integrity of the photonic struc-
ture is essential to preserve their “radiation reflec-
tion capability”. At elevated temperatures, however,
keeping the structural stability of such highly-porous
ceramic structures remains a challenge. Phenomena
such as phase transformations, grain growth or den-
sification can distort the photonic structures.

Furthermore, the total thickness of the PhGs is
another key parameter in determining the photonic
properties of these structures. To ensure compara-
bility of the reflection spectra for a specific inverse
PhGs after each consecutive heat treatment, they
were always recorded at the same area of each sam-
ple. Upon completion of the characterization of the
samples, the thickness of these particular regions was
determined by SEM analysis. The results are presented
in Table S1. Except for the sample treated directly at
1400 °C, which will be discussed later, all PhGs exhib-
ited an average thickness of about 20 pm. To provide
a clear overview, Fig. 3 summarises in a flowchart
the different stages analysed in the discussion of the
results.

The reflection spectra of these mullite inverse
PhGs were compared initially after a 4 h heat-treat-
ment at temperatures ranging from 1000 to 1400 °C
(Fig. 4a). Specifically, the sample treated at 1000 °C
showed no changes in morphology (Figs. 2, S2 and
S3), nor mullite crystallisation, as will be discussed
later. For this reason, this sample was subsequently
treated at 1500 °C, and these results were included
in the comparison. All the inverse PhGs showed
high reflectivity values (50-60%) across the entire

Al,0,-SiO, inverse PhGs

Pre-
annealing?

4h@1000°C 4h@1200°C 4h@1400°C

20h@1000°C 20h@1200°C 20h@1400°C

24h@1400°C

4h@1500°C

.
20h@1500°C

Figure 3 Flowchart of the high-temperature heat-treatments.
Scanning electron microscopy (SEM), X-ray diffraction (XRD),
and reflectance spectra were analysed after each high-temperature
heat-treatment

52h@1400°C |

analysed wavelength range, corresponding to the
region of highest blackbody radiation emission at the
temperatures of interest. It is noteworthy that these
reflectivity values are achieved despite the relatively
thin thickness of about 20 um of the mullite inverse
PhGs.

In order to be suitable for high-temperature appli-
cations, these structures must demonstrate high
thermal-stability over extended periods of time.
Figure 4b presents the reflectance spectra of mullite
inverse PhGs heat-treated for a total of 24 h at dif-
ferent temperatures. Interestingly, after 24 h of heat-
treatment, the sample treated at 1500 °C retained its
high reflectivity value even better than the inverse
PhG exposed at 1400 °C. This observation is further
discussed ahead in terms of mullite formation.

Compared to other types of TBCs, the reflective
TBCs based on mullite inverse PhGs exhibit simi-
lar or higher reflectivity than alternative solutions
based on inverse PhGs or more traditional TBCs
deposited by EBPVD (Fig. 5a). While other material
systems such as plasma-sprayed TBCs or refractive
TBCs based on direct PhG structures demonstrate
superior reflectivity in absolute values, these results
are achieved at coating thicknesses between 5 and 10
times higher than the mullite inverse PhGs (Fig. 5b).
In a direct comparison with the YSZ inverse PhGs
proposed by Do Rosario et al. [21, 23], our mullite
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Figure 5 a Reflection spectra of mullite inverse PhG heat-
treated for 24 h at 1500 °C, YSZ direct PhG heat-treated at
1400 °C for 192 h [22], APS YSZ-TBC [13], YSZ inverse PhG
with a por size of 3.2 um heat-treated at 1200 °C for 120 h [23],
YSZ inverse PhG with a por size of 0.7 um heat-treated at 1200
°C for 4 h [21], EB-PVD YSZ-TBC heat treated at 950 °C for
20 h (* denotes a YSZ TBC with a 1D PhC structure formed by

PhGs showed similar reflectivity in the same wave-
length range despite the higher refractive index of
YSZ (n=2.12 [4, 19-21, 23]) compared to mullite
(n=1.65 [46]). In their work, Do Rosario et al. already
observed that the samples with the highest filling
fraction exhibited superior reflectivity and thermal
stability. In this sense, the mullite PhGs analysed
in this work were produced with the aim of achiev-
ing a high filling fraction. In contrast, the meso- and
microporosity of the nodes and struts in the nan-
oparticle-based YSZ PhGs reduced their effective
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Thickness (pm)

multiple layers with different density) [5], ZrO, direct PhG [20],
APS Gd,Zr,0,-TBC [10], and TiO2 multi-stacked PhC with the
pore sizes of 756 nm (bottom) and 608 nm (top) [17]. b Inte-
grated reflectance of the previous coatings in the wavelength
range of 1000-2200 nm as a function of the total coating thick-
ness

refractive index, which is considered to be one of
the reasons for their lower reflectivity compared to
mullite PhGs. This emphasizes the advantage of the
herein reported processing route combining sol-gel
and ALD.

In addition, the high reflectivity of mullite PhGs
is maintained even after exposure to 1500 °C, which
is clearly surpasses the operating limit of YSZ TBCs.
In recent times, significant advancements have been
achieved in the development of novel materials for
TBCs capable of preserving their structural integrity



at elevated temperatures exceeding 1450 °C. Examples
include cubic zirconia/hafnia stabilised with rare-earth
oxides such as Gd,0;, Y,0; or Lu,O5 [29], oxides with
pyrochlore structure such as Gd,Zr,0, [10], or mullite
with SiC whiskers [47]. However, up to now, the appli-
cation of these materials is limited to traditional TBCs
and not highly porous photonic structures for rTBCs.

To further analyse the thermal-stability of mullite
inverse PhGs, as well as the influence of pre-annealing,
consecutive heat treatments were performed at 1400 °C
for a total dwell time of 100 h on a pre-annealed and
a non-pre-annealed sample (Fig. 6). In order to com-
pare the reflectivity of two different samples after con-
secutive heat-treatments at 1400 °C, reflectance spec-
tra were normalized based on the maximum value of
reflectivity after the 4 h heat-treatment. At that point
the samples showed similar absolute reflectivity val-
ues (Figure 54).

In the sample directly treated at 1400 °C, a decrease
in reflectivity was observed with increasing exposure
time (Fig. 6a). This observation was consistent with the
SEM analysis conducted on the top surface and cross-
section of the mullite PhG (Fig. 7). With prolonged
dwell time at high-temperature, the densification of
the structure progressed, resulting in the closure of
pores on the top surface and the formation of dense
regions throughout the coating thickness (Fig. 7a, ¢, e,
g). Although the cracks were not caused by these heat-
treatments (they were present after the infiltration step
of the polymeric sacrificial templates, Figure S2), wid-
ening of the cracks was observed as the densification
process progressed. All these changes led to distortion
of the initial structure and subsequent deterioration
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of the photonic properties. Furthermore, the densi-
fication of these porous structures due to sintering
explains the reduced film thickness measured on this
sample after the heat-treatments, earlier presented.

In contrast, the previously annealed sample
retained the PhG photonic structure even after 100 h
at 1400 °C (Fig. 7b, d, £, h). Although a reduction in the
reflectivity of PhG was observed after the first 24 h,
there was no further decrease in the reflectance spec-
tra after 100 h at that temperature. The minor signs of
sintering observed in this sample are not comparable
with the clear densification found in the non-annealed
sample. Nonetheless, some extent of pore closure was
observed on the top surface after 48 h (Fig. 7f). This
was not spread-out throughout the sample, but only
affected a limited number of pores. A similar situation
was observed after 100 h (Fig. 7h).

Mullite phase formation

The inverse silica-alumina PhGs were still amorphous
prior to the high-temperature heat-treatments (Figure
S5). The amorphous nature of the alumina coating is a
result of the low temperature of the ALD process [14,
15], while the silica phase was not expected to crys-
tallize into cristobalite at the temperature of the ALD
deposition or the pre-annealing treatment. An X-ray
diffraction study on sol-gel silica reported the forma-
tion of cristobalite from 900 °C onwards, but a fast cris-
tobalite growth was not observed until 1100-1200 °C
[48].

Figure 8 shows the diffractograms of the PhGs after
the pre-annealing stage and the 4 h heat-treatments
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Figure 6 Normalized reflectance spectra of mullite PhGs, a directly heat-treated and b pre-annealed samples, after heat-treatments at

1400 °C for 4 h, 24 h, 48 h and 100 h
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Figure 7 Top surface and
cross section views of mullite (a)
PhGs heat-treated with (right
column) and without (left
column) previous heat treat-
ment at 1400 °C fora, b 4 h,
c,d24 h,e,f48 handg, h
100 h. Scale bars correspond
to 20 um

48 h at 1400 °C 24 h at 1400 °C 4 h at 1400 °C

100 h at 1400 °C

at different temperatures. After pre-annealing at
850 °C, X-ray diffraction revealed only broad and
low intensity peaks, indicating partial crystallization
into n-, y-, 6- and 0-alumina. Similar results were
obtained after heat-treatments at 1000 °C, whereas
at 1200 °C, sharp and intense peaks associated to
a-alumina were clearly identifiable. Mullite forma-
tion took place only at temperatures above 1400 °C, a
temperature 400-500 °C higher than that observed for

@ Springer

No previous annealing

Previously annealed (24 h at 850 °C)

monophasic gels or structures produced by an ALD
supercycle, but close to that reported for diphasic gels
(1200-1300 °C) and clearly lower than the crystalli-
zation temperature of mullite obtained from ceramic
powders (1500-1700 °C) [15-17, 34-36, 46].

Minor diffraction peaks associated with cristo-
balite were only found in the PhGs treated at 1200 °C
(Fig. 8 and S6). The absence of cristobalite at lower
temperatures agrees with the previous X-ray study
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Figure 8 XRD diffractograms of samples pre-annealed at
850 °C for 24 h (indicated as D on the other diffractograms) and
subsequently heat-treated at 1000, 1200, 1400 and 1500 °C for
4 h. The sample treated at 1500 °C had previously been exposed
to a total of 24 h at 1000 °C in addition to the pre-annealing
(indicated as D*). Mullite peaks (COD 9010159) are repre-
sented by +, a-alumina (COD 9007634) by a, n-alumina (COD
1101168) by n, y-alumina (COD 1010461) by vy, &-alumina
(COD 1537011) by 8, 6-alumina (COD 1200005) by 6, and cris-
tobalite (COD 9008110) by

[48]. On the other hand, at higher temperature, the
presence of both mullite and alumina on the sur-
face of amorphous silica particles has been shown
to inhibit the crystallization of cristobalite by intro-
ducing compressive forces [49, 50]. Furthermore, our
previous estimations in regard to sample composi-
tion, i.e. sol-gel silica to ALD alumina ratio, leaned
towards the alumina-rich range of the mullite phase
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diagram so that all silica shall be eventually con-
sumed to form mullite.

In order to analyse the influence of the previous
diffusion stage on these structures when they are
later exposed to high-temperatures, consecutive heat-
treatments were carried out on non-annealed and pre-
annealed inverse PhGs at 1400 °C for a total of 100 h
(Fig. 9). At this temperature, the formation of mullite
was already observed after 4 h.

The results of Rietveld refinement on these diffrac-
tograms reveal that mullite formation is enhanced by
the pre-annealing stage (Fig. 10), despite the diffrac-
tograms’ apparent similarity. Particularly, after 24 h
at 1400 °C the previously annealed sample exhibited
a higher proportion of mullite phase (23 wt.%) com-
pared to the sample directly heat-treated (14 wt.%).
This difference was still observed after 48 h of heat-
treatment, but both samples reached a mullite content
of about 75 wt.% after 100 h. These findings point to
the relation between the earlier mullite formation and
the improved structural stability in the pre-annealed
samples. In comparison, the inverse PhG treated at
1500 °C showed well-advanced mullite formation
(above 80 wt.%) after dwell times as short as 4 h and
this proportion hardly increased with longer heat-
treatments. These observations agree with earlier stud-
ies on the dependence of temperature and dwell time
on mullite formation [38, 51].

Although the conversion to mullite was clear for
these inverse PhGs, diffraction peaks associated with
a-alumina were still present. This indicates that the
thickness of the deposited alumina layer exceeded
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Figure 9 XRD diffractograms of mullite PhGs a directly heat-treated and b pre-annealed samples, after heat-treatments at 1400 °C for
4 h, 24 h, 48 h and 100 h. Mullite peaks (COD 9010159) are represented by +, a-alumina (COD 9007634) by o
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Figure 10 Estimated mullite phase fraction in the inverse PhGs
after high-temperature heat-treatments

Figure 11 High-angle annular dark-field (HAADF) images and
EDS colour maps of a-b PhGs directly heat-treated at 1400 °C
for 100 h; and c—d pre-annealed samples with the same heat-
treatment. The dashed circles mark the position previously occu-
pied by the 3 um PS template spheres. The yellow and green
colours denote regions of mullite and alumina, respectively. The
composition maps of O, not shown, exhibit a uniform distribution
throughout the particles. Scale bars correspond to 3 um.

the minimum required to achieve a full-conversion
to mullite, considering the initial silica content.
Future studies aim to determine the optimal film
thickness for complete conversion without an excess
of alumina phase.

@ Springer

The presence of mullite and excess alumina phases
was further confirmed by STEM-EDS maps (Fig. 11).
Precise element quantification is challenging due
to the large variation in thickness throughout the
analysed particles. Nonetheless, the stoichiometry
extracted from thin regions was in a good agreement
with that of mullite (Figure S10). In one of the directly
heat-treated samples (Fig. 11b), areas with above-aver-
age Si content were observed, supporting the argu-
ment for incomplete homogenization in those samples
compared to pre-annealed ones.

These results altogether confirm that mullite forma-
tion prevents degradation of the photonic structure
at temperatures above 1400 °C. This follows from the
extraordinary thermal-stability of mullite compared to
the different polymorphic phases of alumina or silica
[35]. Thus, our work demonstrates that promoting
mullite conversion in nanostructured PhGs is key to
enable their use in high temperature applications. In
the absence of pre-annealing treatment, the reflectance
spectra decreased progressively as the dwell time
increased from 4 to 100 h at 1400 °C (Fig. 6).

It should be noted that the cracks resulting from
silica-infiltration, visible at the SEM analysis of top
surface of PhGs, did not significantly widen during
heat-treatments at temperatures above 1000 °C (Fig. 7
and S2). The cracks present in these systems may be
seen as an obstacle for their sole application as rTBC,
considering that TBCs are also designed to protect
against oxidising and corrosive environments. None-
theless, such mullite inverse PhGs could be a potential
addition to conventional TBCs rather than a complete
replacement. Their high reflectivity in the NIR range,
low thermal conductivity, and structural stability at
high-temperature make these PhGs potential candi-
dates for advanced multi-layer rTBC material systems.

Conclusions

Mullite inverse PhGs were produced by heat treat-
ment from nanostructured silica-alumina structures
obtained by sol-gel and ALD. These PhGs proved to
have an exceptional structural stability at high-tem-
perature, retaining the infrared reflectivity at tempera-
tures above 1400 °C during long times (up to 100 h).
These excellent results benefit from the high filling
fraction achieved through the fabrication method used
to produce these inverse PhGs.



Mullite formation took place at 1400 °C, and was pro-
moted by a previous annealing at 850 °C that increased
its conversion rate. This proved to be a decisive fac-
tor on the structures’ dimensional stability at high
temperatures.

Considering the notable reflectance performance at
temperatures above 1400 °C, we propose integrating
these mullite PhGs as a reflective layer in advanced mul-
tilayer TBCs. To the best of our knowledge, the maxi-
mum operation temperatures achieved by this work are
the highest to date for rTBC structures.
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