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Abstract: Zirconia (ZrO;) aerogels show excellent insulating performance and have been widely
applied as a thermal protector in furnaces, nuclear reactors, and spacecraft. The nondestructive
determination of their interior microstructure is significant for evaluating their mechanical and
insulating performance. In this study, we performed nondestructive structural investigation of an
yttria-stabilized ZrO; fiber insulation tile using synchrotron X-ray in-line phase-contrast microtomog-
raphy at a pixel resolution of 6.5 um. Taking advantage of the edge enhancement of phase-contrast
imaging, single yttria-stabilized ZrO, fibers were clearly distinguished; furthermore, interior ag-
gregates were nondestructively observed at this spatial resolution. This work demonstrates the
advantages and potential of synchrotron X-ray microtomography for the structural analysis of porous
ceramic materials. By combining higher-brilliance synchrotron radiation sources and CCD detectors
with higher spatial and temporal resolutions, we anticipate that we can further understand the
relationship between aerogel microstructure and function, especially under in-service conditions at
high temperatures.

Keywords: synchrotron radiation; X-ray microscopy; X-ray tomography; phase contrast; yttria-stabilized
ZrO, fiber; thermal insulation materials

1. Introduction

Thermal insulation materials are widely used in aerospace, chemical production,
housing construction, the food industry, energy transmission, and other fields [1,2]. In
space exploration, aerogels, porous materials that are excellent thermal insulators, play
irreplaceable roles, mainly being used in the insulation of aircraft and spacesuits [3,4].
Porous aerogels demonstrate obvious advantages compared to traditional thermal insula-
tion materials, realizing an equivalent thermal insulation effect but with a smaller volume
and lighter weight [5]. In house construction, thermal insulation materials are generally
polymer-based materials, such as polystyrene and polyurethane foam, which effectively
inhibit the radiation heat of the sun or infrared rays, inhibit the heat radiation and heat
loss of high-temperature objects, maintain 70% of indoor heat, effectively maintain low-
temperature objects cold, and inhibit the cooling loss caused by radiant heat loss to the
environment [6-8]. To satisfy their use in a complex work environment, various kinds
of aerogels have been developed, such as metal oxide aerogels (Al,O3, ZrO,), nitride
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aerogels (SizN4, BN), carbon aerogels, boride aerogels (ZrB,, HfB,), and carbide aerogels
(SiC, ZxC) [9,10].

Among all aerogels, fibrous zirconia ceramics with ultrahigh porosity (a ZrO, aerogel),
a kind of three-dimensional nanoporous material with randomly assembled ZrO, nanopar-
ticles or fibers, show tremendous application potential owing to their special properties,
such as a high melting point (~2715 °C), low thermal conductivity, and excellent mechanical
strength [11,12]. Theoretically, to achieve the lowest thermal conductivity, ZrO, aerogels
are the best inorganic aerogel candidate [13,14]. This material has been widely applied. The
excellent heat insulation performance of ZrO, aerogels is attributed to its unique porous
ultrastructure [9,15]. However, the fractal structures, the most prominent characterization
of ZrO, aerogels, are gradually lost when annealing at high temperatures (~600 °C). The
specific area decreases drastically from 406 m?/g to 26 m?/g when calcined at 1000 °C.
Consequently, the thermal insulation effect decreases drastically [16-18]. Therefore, further
understanding the structure—property relationships is of vital importance to improve the
thermal stabilities of ZrO, aerogels at high temperature.

For the structural characterization of ceramic materials, optical microscopy, atomic
force microscopy, and electron microscopy are commonly applied [19]. However, only
two-dimensional information of the material surfaces is obtained in the process. To realize
three-dimensional analysis, the materials have to be sectioned and subsequently observed
under a microscope. This process is time-consuming, and a more serious drawback is that
the sample is destroyed during the sectioning process. To keep the original microstructure
and nondestructively perform structural analysis in three dimensions, X-ray tomography
is a good choice [20-23]. X-ray tomography can realize structural analysis at a multiscale
resolution from millimeters to microns without destroying the tested samples, owing to
the strong penetration power and short wavelength of X-rays [24-26]. X-ray tomography
has been used for the structural and damage characterization of ceramic materials to
investigate their changes in pore morphology and interconnectivity [27-30]. Moreover,
dynamic microstructural evaluations during sintering or compaction processes have also
been performed [25,26,31,32]. However, the spatial resolution and contrast resolution are
limited in laboratory-based X-ray microscopy [33,34].

With the development of synchrotron radiation light sources worldwide, X-ray mi-
croscopy has shown broader applications in material science, biology, and industrial
areas [33,35-38]. Recently, to improve image contrast, various phase-contrast imaging
techniques have been developed, including propagation-based imaging (i.e., in-line phase-
contrast imaging), X-ray interferometry, grating-based imaging, and analyzer-based imag-
ing [39-42]. Among the phase-contrast imaging methods, in-line phase-contrast X-ray
imaging is suitable for various applications due to its simplicity [43,44]. A beam with
sufficient spatial coherence and an appropriate sample-to-detector distance can attain
phase-contrast information without any additional optical components. The acquired
projections can be reconstructed with and without phase retrieval at a single distance to
emphasize characteristic structures.

In this study, we performed nondestructive structural investigation of an yttria-
stabilized ZrO; fiber insulation tile using synchrotron X-ray in-line phase contrast microto-
mography. Single yttria-stabilized ZrO, fibers were distinguished clearly, and the interior
aggregates were nondestructively observed by taking advantage of the edge enhancement
of phase-contrast imaging. This work demonstrates the advantages and potential of syn-
chrotron X-ray microtomography in the structural analysis of porous ceramic materials. By
combining higher-brilliance synchrotron radiation sources and CCD detectors with higher
spatial and temporal resolutions, X-ray tomography will be a powerful technique to further
understand the relationship between aerogel microstructure and function.
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2. Materials and Methods
2.1. Sample Preparation

The yttria-stabilized ZrO; insulation tile was fabricated by mixing a slurry of zirconia
fibers (8 mol.% Y,O3-ZrO,, Anhui Crystal New Materials Co. Ltd., China) and silica binder,
followed by vacuum molding and sintering. Typically, yttria-stabilized ZrO, fibers with a
diameter of 4-7 um were chopped using a blender to produce a slurry in which a 5 wt.%
silica binder (HA2005, Peak-Tech New Material Co. Ltd., China) was added. Then, the
slurry was vacuum-molded to remove excess water and to form a soft felt. After drying in
an oven at 120 °C for 24 h, the dried felt was heated to 1500 °C at a heating rate of 3 °C/min
and sintered for 1 h. Finally, the sintered samples were machined to the required shape
and size.

The thermal conductivities were measured using a high-temperature thermal con-
ductivity tester (DRS-III). An insulation tile was machined for X-ray tomography. Then,
the surface morphology was examined using field-emission scanning electron microscopy
(SEM, Apollo300, CamScan Company, USA). For the FE-SEM test, the sample was crushed
onto carbon tape and imaged at 20 kV after surface gold sputtering.

2.2. Data Acquisition via X-ray Tomography

The experiment was performed, and in-line phase contrast X-ray images were ac-
quired using beamline BL13W1 at the Shanghai Synchrotron Radiation Facility (SSRF).
The schematic layout of in-line phase-contrast X-ray microscopy is shown in Figure 1. A
collimated X-ray beam was monochromatized by a double Si(311) crystal system. The X-ray
energy was adjusted to 35 KeV by taking into account edge enhancement and transmission
rate. When the X-ray beam traversed the sample, the exiting beam carried both absorption
and phase shift information. After propagating for a sufficient distance (100 cm), the phase
shifts were transformed into measurable intensity variations by Fresnel diffraction. The
distance was determined according to the best image contrast. As shown in Figure 1, the
absorption contrast at position I can be selected, while the image contrast is very low for
materials with a similar absorption coefficient [45]. To enhance the image contrast, the
detector was moved to position II in the experiment. The obtained images represent the
hybrid of absorption and phase shift information. A CCD detector (2048 x 2048 pixels and
pixel size of 6.5 x 6.5 pm) was used to transform the beam into an image. The specimen
was fixed on a rotary stage that was strictly calibrated to parallel the CCD camera and
rotated 180° during data acquisition. The detector collected 360 projection images from
0° to 180° at a 0.5° rotation interval, and the exposure time for each projection was 6 ms,
taking into consideration the image quality and data acquisition time. The projection
number was determined by the sample size. To achieve satisfactory spatial resolution in
tomography, the projection number (N) is determined by N ~ nD/(2P) to D/ (4P), where
D is the thickness of the sample and P is the detector pixel size [45,46]. Two flat images
without samples in the beam path were collected every 90 projections and used to calibrate
the background. Five dark images without X-rays in the beam path were recorded to
eliminate the CCD dark noise.

2.3. Tomographic Reconstruction and 3D Volume Rendering

The tomographic reconstruction, including background correction, rotating axis posi-
tion correction, and filtered back projection (FBP) reconstruction, was carried out using CT
software compiled by the BL13W1 station [47].
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Figure 1. Schematic layout of in-line phase-contrast X-ray tomography.

The background correction was a procedure used for avoiding the artifacts induced by
the illuminating beam, CCD detector, and other elements such as beryllium windows and
filters in the beam path. Furthermore, the dark signal of the CCD detector in the absence of
photons was also subtracted from the projection images. Thus, according to Beer’s law, the
corrected images can be expressed as

prj = —log((I—Ip)/(lo — Ip)), @

where I, Iy, and Ip are the recorded projection, flat-field, and darkfield image, respectively.
Accordingly, the projection data for tomographic reconstruction were obtained.

In tomographic reconstruction, the projections should be along a common tilt axis.
The tilt axis may have an arbitrary shift along the x-, y-, and z-axes in the experiment,
where y is the tilt axis and z is the beam direction. The shift was corrected using the center-
of-mass method. In this method, the center of mass of all the tomographic projections was

calculated as
R=3 rip(ri)/ Y0 (r), )

where R is the center of mass, and p(r;) and p (rj) are the mass densities of a projection
image at positions r; and r;. Then, a vertical axis through the center of mass was set as the
new axis, and all the projections were aligned to it.

Then, the 3D structures were reconstructed using FBP algorithms in which a Shepp-
Logan filter was used. The reconstruction took about 15 s with the FBP algorithm using
an HP Z800 workstation (Dual Intel Xeon X5675 @ 3.07 GHz). Subsequently, the three-
dimensional images of the sample were visualized with Amira software.

3. Results and Discussion

In this study, we explored the application of synchrotron X-ray in-line phase-contrast
tomography in the structural analysis of yttria-stabilized ZrO, aerogels. The yttria-stabilized
ZrO, insulation tile was fabricated by mixing a slurry of zirconia fibers and silica binder,
followed by vacuum molding and sintering (Figure 2a). The yttria-stabilized ZrO, fibers in
the insulation tile mainly bonded at the junctions of adjacent fibers, as shown by scanning
electron microscopy (Figure 2b). This morphology coincides with previous results [17]. The
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interconnection of adjacent fibers is important to the thermal conductivity and mechanical
properties of the material [1]. The binding of adjuncts and the porosity play important roles
in determining the mechanical properties of porous ceramics. To achieve high mechanical
properties, the fibers should be dispersed uniformly and bond tightly at the fiber junctions
instead of simply stacking without interconnections. In terms of low thermal conductivity,
the axial direction of the fibers should be perpendicular to heat flow. However, in Figure 2,
the SEM images only exhibited the surface morphology, in which the fibers were arranged
randomly in a slice. The detailed structural information inside the sample, including the
porosity, aggregation state, and arrangement of the fibers was not very clear. When using
optical microscopy or SEM, the samples would have to be sliced and observed layer by
layer. This process is time-consuming, and there is a risk of destroying the sample.

Figure 2. (a) Optical and (b,c) SEM images of the yttria-stabilized ZrO, fiber insulation tile.

Compared with optical microscopy and scanning electron microscopy, X-ray mi-
croscopy can nondestructively realize three-dimensional structural analysis. Herein, for
tomographic imaging, projection images from 0° to 180° at a 0.5° rotation interval were
acquired at an X-ray energy of 35 KeV. The whole sample was imaged nondestructively at
this energy, and the transmission rate was 30-50%. The resulting X-ray images were formed
as a function of the transmission of the X-rays through the material. In the projections,
the internal ultrastructure could be clearly observed (Figure 3). The dark dots represent
the aggregates of zirconia fibers and silica binder, which could not be observed by optical
microscopy or electron microscopy without destroying the samples. The aggregations
are considered defects which would deteriorate mechanical strength. According to the
structure information provided by X-ray images, in the fabrication process, the fiber slurry
should be further diluted in order to avoid such aggregations. Moreover, single fibers
could also be observed at the boundary of the insulation tiles due to the effect of edge
enhancement during in-line phase-contrast X-ray imaging.

Figure 3. Tomographic projections at different tilt angles: (a)1°, (b) 45°, (c) 90°, (d) 135°, and (e) 180°.

X-ray tomography is an ideal approach for imaging intact specimens without destroy-
ing them owing to the long penetration depth of X-rays. Herein, the tomography of the
yttria-stabilized ZrO, fiber insulation tile was performed, and the 3D virtual microstructure
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was obtained nondestructively. The tomographic reconstructed virtual sample could be
rotated along any axis. Figure 4 shows the 3D morphology of the yttria-stabilized ZrO,
fiber insulation tile at three orthometric viewpoints (the rotating axis in green). Figure 4a
is front view, in which the width of the sample was measured. The sample width was
about 6 mm. By rotating the virtual sample 90°, the side view was obtained, according to
which the thickness of the insulation tile was about 5 mm. By rotating the virtual sample
another 90°, the back view was obtained. Moreover, the height was also measured to be
about 9 mm. In addition to accurately measuring the sample size, the single fibers could be
observed clearly. The fibers were distinguished by taking advantage of the edge enhance
effect of in-line phase-contrast X-ray microscopy. Phase-contrast imaging is based on the
phase shift of X-rays, and it significantly improves the resolution capability compared with
absorption-based radiography. The method shows great potential in the structural analysis
of a sample with similar chemical constituents.

(a) front view (b) side view (c) back view

Figure 4. The 3D morphology of the yttria-stabilized ZrO, fiber insulation tile at three orthometric
viewpoints. The sample was rotated along the axis in green: (a) front view, (b) side view, and
(c) back view.

The microstructure of the yttria-stabilized ZrO, fiber insulation tile was reconstructed
by X-ray tomography. In comparison with the histological methods that are often tech-
nically difficult and labor-intensive, X-ray tomography shows high efficiency and high
precision in noninvasive structural analysis. Figure 5a shows the side view of the 3D
microstructure, from which the morphology information can be observed. To investigate
the interior structures, the sample was virtually analyzed slice by slice. Figure 5b is a
representative slice with 6.5 pm thickness, whose position is shown in blue in Figure 5a.
Figure 5c is another slice, showing the aggregates formed during sintering at high temper-
ature. In the future, we will investigate the composition of the aggregates by combining
X-ray spectroscopy and imaging or EDS after sample section.

Thus, according to 2D and 3D structural analysis, we can find that the yttria-stabilized
ZxrO, fibers and silica binder formed aggregates during sintering. Morphologies such as
the interconnection and dispersion of fibers are tightly related to the synthesis conditions,
such as the type of binder used and the sintering temperature the concentration of the
slurry [17]. Furthermore, the thermal conductivity and mechanical properties of a material
are related to its microstructure. For instance, according to the side view shown in Figure 5b,
some fibers were arranged across the tile. Generally, yttria-stabilized ZrO, tiles are used
perpendicular to heat flow, i.e., as in the front view shown in Figure 4a. When the fibers
are arranged across the tile, as shown in Figure 5b, these fibers are susceptible to heat
transfer; the heat flow would transmit rapidly along the axial direction of the fibers. In
this study, the thermal conductivity of the fiber tiles was measured to be ~0.1 W/(m-K) at
1273 K. To improve the thermal conductivities and mechanical properties of materials, their
microstructure should be further modified; for example, during the fabrication process, the
fiber slurry could be further diluted in order to avoid such aggregations.
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(a) side view (b) slice 1 (c) slice 2

slice1 slice 2

Figure 5. Two representative virtual slices with a thickness of 6.5 um showing the interior aggregates:
(a) 3D morphology of the yttria-stabilized ZrO, fiber insulation tile at a side view, (b) virtual slice 1
in blue, and (c) virtual slice 2 in red.

To explore the potential of X-ray tomography in the study of yttria-stabilized ZrO,
fiber insulation tiles, we investigated only one experimental condition. The study verified
the feasibility and high efficiency of the methodology. In the future, various different
conditions will be further studied using synchrotron X-ray in-line phase-contrast micro-
tomography. We anticipate that the understanding of the relationship between aerogel
microstructure and function will be further improved.

4. Conclusions

In conclusion, we demonstrated the structural analysis of an yttria-stabilized ZrO,
fiber insulation tile without destroying the sample, using synchrotron X-ray in-line phase-
contrast microtomography. Single yttria-stabilized ZrO, fibers were clearly distinguished,
and interior aggregates were also nondestructively observed. This work implies the
advantages and potential of synchrotron X-ray microtomography for the structural analysis
of porous ceramic materials. Imaging technology will play more important roles in the
further understanding of the relationship between aerogel microstructure and function.
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