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A B S T R A C T

Here, we present a new combined freeze-casting and laser processing method for the design of yttria-stabilized
zirconia (YSZ) based thermal-barrier coatings. YSZ ceramics with unidirectionally-aligned pore channels were
created using the freeze-casting method. After sintering, top view and cross-sectional scanning electron mi-
croscopy (SEM) revealed the structural features of the preform, which exhibits a 74 ± 2% volume fraction of
porosity and an average pore channel size of 30 ± 3 μm. The measured thermal conductivity of this porous
structure was 0.27 ± 0.02 W/(m K), which is eight times lower than that of reported values for dense YSZ.
Though high porosity is beneficial both from a structural and thermal response perspective, the open porosity
could potentially be an issue from an application stand-point when evaluating the resistance of materials to
calcium–magnesium–aluminum–silicon oxide (CMAS) attack. CMAS attack, which can originate from deposits of
molten sand, ash, and dust, is one of the major causes of thermal barrier coating failure. Therefore, the surface of
the porous samples was modified using a laser process to create a barrier to CMAS infiltration. SEM micrographs
aided in determining the optimum laser parameters required to fully seal the surface using a laser treatment. The
performance of the original porous and surface-modified YSZ was compared by conducting CMAS infiltration
studies. Laser modification was shown to be a viable technique to significantly reduce CMAS infiltration in
porous thermal barrier coatings.

1. Introduction

Yttria-stabilized zirconia (YSZ) [1] is one of the most extensively
studied ceramics (studied for over five decades) due to its superior
structural stability, chemical inertness, hardness, biocompatibility, and
its relatively high thermal resistivity, thermal expansion coefficient,
and fracture toughness [2–5]. As a result, YSZ has been widely used in
several applications that include thermal barrier coatings (TBCs) in gas
turbine engines, refractories in jet engines, dental implants, and, more
recently, solid oxide fuel cells and non-metallic knife blades [2–5].
Compared with all potential TBC materials, YSZ was found to be the
most successful topcoat ceramic materials due to its low thermal con-
ductivity attributed to its high concentration of point defects, its low
relative density, its ability to relax stress caused by incompatibility in
terms of coefficient of thermal expansion, and strain tolerance [2].
Additional tuning of the YSZ properties is achieved through the in-
troduction of porosity, which further decreases the thermal con-
ductivity of the materials and increases their adaptability to thermal

stresses. The introduction of porosity in YSZ ceramics is usually
achieved using methods such as gel-casting, slip-casting, direct
foaming, starch consolidation, electrophoretic deposition, template-
based sintering, and freeze-casting [6–8].

The thermal and mechanical properties of porous YSZ make it at-
tractive for its use as a TBC. A TBC typically consists of a three-layer
coating, which is applied to the surface of a metallic underlayer, such as
nickel-based superalloy, by either electron beam physical vapor de-
position (EB-PVD) [9] or air plasma spray (APS) [10]. The three-layer
coating consists of a YSZ top-coat, an intermediate thermally-grown
oxide layer, and a metallic underlayer. The YSZ layer is ~150–250 μm
thick and is highly porous. Porosity is an inherent property of both
deposition processes. EB-PVD leads to a columnar structure with an
average column diameter of ~ 2–4 μm near the substrate that increases
to about 10–20 μm towards the air-film interface. The intercolumnar
gap is the largest (~1–2 μm) near the air-film interface. APS produces
closed pores that are non-directional. Porosity is crucial in the design of
TBCs since it reduces their thermal conductivity and enhances adhesion
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to substrates via stress accommodation. Porosity is, however, detri-
mental to coating longevity, since it provides a pathway for an ac-
celerated CMAS infiltration and to oxygen diffusion [11].

Mitigation of CMAS attack has recently become a priority for jet
engine manufacturers since TBCs are prone to catastrophic failure due
to the molten deposits from sand, ash, and dust, which form glassy
melts on the coatings. These melts infiltrate the open pores of the TBC
structures and react with YSZ thereby resulting in the dissolution of the
coating [12]. Thus, CMAS infiltration leads to premature coating failure
and significantly reduces the lifespan of engine components
[10,13–15]. Degradation of YSZ-based TBCs due to the infiltration of
molten salts becomes even more pronounced as the in-service tem-
perature of current aerospace engines is increased to improve effi-
ciency. Researchers are currently investigating various methods to de-
velop new coating designs to mitigate CMAS attack while maintaining
the important required protective properties, which include erosion
resistance, strain tolerance, and oxidation resistance under the harsh
environment of a combustion engine [10].

In this study, we focus on understanding the effect of surface laser
processing on free-standing porous YSZ structures produced by freeze-
casting [8,16], thus creating an impermeable surface, to reduce CMAS
infiltration. Impermeable surfaces consist of protective layers that in-
hibit liquid CMAS from infiltrating or reacting with the TBC during
operation. These layers are typically composed of oxide or metallic
surfaces that are dense and nonporous [14]. Freeze-casting is a pro-
mising fabrication method that is widely used to synthesize porous
materials in areas that pertain to medicine, bioengineering, and energy
harvesting and storage [17,18]. It is a technique that is used to cast
unidirectionally channeled YSZ structures with controlled porosity. The
freeze-casting method, combined with surface laser processing, was
selected for two main reasons:

• This method is used as a model system to study and understand the
effect of surface modifications on CMAS infiltration without concern
for coating adhesion. This technique may also be tested in the future
for growing coatings on superalloy substrates.

• The approach enables the formation of a two-layer system that has a
low thermal conductivity resulting from high porosity of the freeze-
casting method and a laser processed smooth/dense layer that is
intended to inhibit CMAS infiltration.

The laser parameters were optimized to modify the surface of the
freeze-cast YSZ to form a smooth and dense impermeable layer over the
porous thermally-resistant bulk sample. Untreated and treated YSZ
surfaces were tested for their resistance to CMAS infiltration. Samples
in the various stages of processing were analyzed using X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy dispersive
spectroscopy (EDS).

2. Experimental details

2.1. Materials

Porous YSZ samples were created using the following items: yttria-
stabilized zirconia powder with a particle size of 0.8 μm (ZrO2 – 13.5 wt
% Y2O3, 1 wt% HfO2, 99.9% purity, SkySpring Nanomaterials Inc.,
Houston, TX), tert-butyl alcohol (TBA, ≥ 99.0% purity, Sigma- Aldrich
Co., St. Louis, MO, USA), and polyvinyl alcohol (PVA, ≥ 99.0% purity,
Sigma- Aldrich Co., St. Louis, MO, USA).

2.2. Freeze-casting processing

To create porous YSZ samples, a slurry containing the items de-
scribed above was prepared with the yttria-stabilized zirconia powder,
TBA as a solvent with solid loading (10–40 vol%), and PVA as a binder
[19]. The slurry solution consisted of a mixture of 58 wt% YSZ, 40 wt%

TBA, and 2 wt% PVA. After mixing by magnet stirring for 3 h, the slurry
was poured into a cylindrical polymer mold equipped with a copper
plate on the bottom and immersed in liquid nitrogen (−196 °C) for
20–60 min to create unidirectionally-aligned pore channels (Fig. 1).
After solidification, the frozen solvent was sublimated using a freeze
dryer (LABCONCO Corporation, FreeZone 4.5 plus, Kansas City, MO,
USA) in a vacuum (pressure of 0.055 mbar) at −86 °C for 24 h. After
sublimation, the YSZ sample was sintered in air at 1450 °C for 2 h at a
rate of 8 °C/min.

2.3. Laser processing

Laser surface modification was performed using a continuous wave
(CW) Nd:YAG laser system (1.064 μm wavelength) equipped with a Yb
fiber optic beam delivery system (Ytterbium Laser System YLS-3000).
The laser processing parameters are listed in Table 1. The parameters
include laser power, scanning speed, fill spacing (distance between
subsequent laser tracks), angle of incidence (measured with respect to
laser beam), and laser fluence.

2.4. CMAS testing

After surface modification by laser processing, CMAS testing was
carried out using a AFRL 02 CMAS powder (PTI Powder Technology
Inc., Arden Hills, MN, USA) with the following composition (in wt.%):
34% Quartz, 30% Gypsum, 17% Aplite, 14% Dolomite, and 5% Salt
(NaCl) (99.99% purity). The test was performed before and after laser
treatment by melting 0.1 g of the CMAS powder on the surface of the
samples in a furnace at 1250 °C for 10 h.

Fig. 1. Schematic diagram illustrating the freeze-casting process to create
unidirectionally-aligned pore structures in YSZ-based ceramics.

Table 1
Laser parameters employed to optimize the laser surface modification of the
free-standing porous YSZ structures.

Power (W) Scanning speed
(mm/s)

Fill spacing
(mm)

Angle of laser
incidence (°)

Laser Fluence
(J/mm2)

300 100 0.20 90 6.4
200 200 0.20 90 2.1
200 150 0.20 90 2.8
200 100 0.20 90 4.3
100 70 0.20 90 3.0
100 20 0.20 90 10.6
100 20 0.20 60 9.2
150 20 0.25 60 13.8
150 20 0.20 60 13.8
150 20 0.15 60 13.8
150 20 0.10 60 13.8
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2.5. Characterization

X-ray diffraction (XRD) measurements were collected using a
Rigaku Ultima III with a Cu Kα radiation source at a scanning rate of 3°/
min. XRD was used to evaluate the phase and composition evolution of
the porous YSZ samples during the various processing and CMAS testing
steps. An FEI Nova 200 Nanolab dual-beam focused ion beam (FIB)/
scanning electron microscope (FESEM), with Pt GIS, Omniprobe
Nanomanipulator, EDS and EBSD operated at 30 keV, was used to ex-
amine the morphology of the samples and to create elemental maps for
selected regions of the coatings before and after CMAS testing. The
thermal conductivity measurements were collected using thermal con-
stants analyzer, hot disk TPS 2500 S for samples before and after laser
treated.

3. Results and discussion

Fig. 2 shows the SEM micrographs of porous YSZ ceramics produced
using the freeze-casting technique. The top view micrographs
(Fig. 2(a)) revealed a porous structure with vertical pores with a dia-
meter of 30 ± 10 μm and wall thickness (inter-porosity spacing) of
20 ± 10 μm. The pores displayed a nearly hexagonally-shaped cavity
because of using very low freezing temperature of−196 °C and because
of the crystallization characteristics of the TBA at this temperature
(these are the only conditions that allow us to create such structures)
[8]. The cross-sectional view in Fig. 2(b) confirmed the formation of
unidirectional channels of pores that were found to be consistent with
the structure reported by Hu et al. [8] for similar processing conditions.
They claimed that solidification velocity increases with a decrease in
freezing temperature, which results in a decrease in prism spacing and

Fig. 2. (a) Top view and (b) cross-sectional SEM micrographs of YSZ structures with unidirectionally-aligned pore channels, which occur at a freeze-casting tem-
perature of −196 °C (c) the thickness of glazing layer after laser-treatment (100w-20mm/s-0.2 mm).

Fig. 3. (I) Top view of porous YSZ produced
by freeze-casting and whose surface is laser
treated with the sample perpendicular (90°)
with respect to the laser beam using the
following power (W) - scanning speed (mm/
s) - filling space (mm): (a) 200-200-0.2 (b)
200-150-0.2 (c) 200-100-0.2 (d) 300-100-
0.2 (e) 100-70-0.2 (f) 100-20-0.2. (II) Top
view of porous YSZ produced by freeze-
casting and whose surface is laser treated
with the sample perpendicular (90°) and
(60°) with respect to the laser beam using
the following power (W) - scanning speed
(mm/s) - filling space (mm) respectively: (a)
100-20-0.2-0° and (b) 100-20-0.2–60°.
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thus pore channel size. The porous YSZ samples exhibited relatively
homogeneous lamellar microstructures with long-range channels. The
high magnification image highlighted in Fig. 2(b) indicated that the
wall of the YSZ structure was textured and included finer porosity as a
result of the sintering of nanoscale powders. The porosity of the overall
structure was estimated to be 74 ± 2% from cross-sectional SEM mi-
crographs. The thickness of the glazing layer ranged from 0.1 to 0.3 mm
depending on the processing parameters, as was determined from cross-
sectional SEM micrographs as a function of laser processing conditions
Fig. 2(c).

Initially, the glazed surfaces were obtained by scanning the surface
of the freeze-cast sample with a laser beam normal to the surface. Fig. 3
presents a set of SEM micrographs showing the top view of laser-treated
porous YSZ structures for various laser parameters (power, scanning
speed, and filling space), which were laser treated with the sample
perpendicular to the laser beam (90°). As illustrated in Fig. 3 (a-e),
samples treated with a laser fluence < 7 J/mm2 with scanning speed ˃
70 mm/s formed patches of melt regions scattered over the porous
structure. It is clear that samples treated at higher scanning speeds
resulted in insufficient time for the melt to spread uniformly over the
porous surface usually due to the rapid cooling rate. Surface mod-
ification with a laser fluence in the 10.6 J/mm2 range (with scanning
speed of 20 mm/s) resulted in the elimination of surface porosity by
continuous melt layer formation with a network of fine cracks per-
pendicular to the surface (Fig. 3 (f)). The crack density and crack width
were found to be substantially reduced for samples treated with the
larger laser fluence values owing to slower scanning speeds (~20 mm/
s). Similar results were reported by Batista et al. [20] who were able to
seal the porous surface of YSZ coatings manufactured by APS with ei-
ther a CO2 or a Nd:YAG laser. This porosity is also an inherent property
of the APS process. Though the samples demonstrated good sealing of
the porosity, crack formation was still observed due to thermal stresses
induced by the rapid cooling rate involved in laser processing.

In an attempt to reduce the density and the size of the cracks, the
angle of the laser beam was tilted at 30° to the platform before laser
treating the porous YSZ sample (60° with respect to the laser beam), as
depicted in Fig. 4-I. Changing the angle of the laser beam effectively
changes the angle of laser incidence on the surface of the YSZ sample
and changes the influence of the dynamic and gravitational forces
acting on the molten YSZ sample, thus, ultimately changing the surface
topography, as shown in Fig. 4-II. Fig. 4-II (a) and (b) show the dif-
ference between surfaces that were laser treated at angles 90° and 60°
with respect to the laser beam, respectively. This figure suggested that
laser processing at an inclined angle resulted in fewer and thinner
cracks on the surface of the porous ceramic structures.

The next step consists of investigating the effect of fill spacing on the
morphology of the laser modified surfaces. The values for the power,
scanning speed, and angle of incidence of the laser beam were selected
to be 150 W, 20 mm/s, and 60°, respectively, leading to a laser fluence
of (13.8 J/mm2). Fig. 5 presents the SEM micrographs showing the top
view of porous YSZ structures when the filling space was varied in the
range between of 0.25 and 0.1 mm. The density of surface cracks was
reduced the most for a fill spacing of 0.1 mm. Four different fill spacings
(0.1, 0.15, 0.2, 0.25 mm) were utilized to optimize the laser treatment
conditions (Fig. 5 (a)–(d)). Investigation of surface topography as a
function of processing conditions revealed that the optimum laser
scanning conditions were: (i) laser power of 150 W; (ii) scanning speed
of 20 mm/s; and, (iii) fill spacing of 0.1 mm. High magnification mi-
crographs, highlighted in Fig. 5, revealed a microstructure with features
in the 2–5 μm range, which may be a desirable feature to create a po-
tentially sand-phobic surface. Recently, Kang et al. [15] compared the
interaction of CMAS with plasma-sprayed and femtosecond laser ab-
lated YSZ coatings. They concluded that laser-ablated coatings ex-
hibited only a slight decrease in contact angle, contact diameter, dro-
plet height, and droplet volume during a test that lasted for hours
suggesting that spreading and penetration of CMAS were both retarded
[15].

The room-temperature thermal conductivity of the porous YSZ
ceramics (74 ± 2% porosity) along the freezing direction was mea-
sured to be 0.27 ± 0.01 W/mK for nano- and micron-size powders.
Our measured value is consistent with the value reported by Hu et al.
[8] who conducted a systematic study to determine thermal con-
ductivity as a function of porosity. The thermal conductivity is sig-
nificantly lower than for bulk YSZ (2.18 W/mK [8]). After laser treat-
ment, the thermal conductivity increased from 0.27 ± 0.01 to
0.38 ± 0.01 W/mK. This increase in the thermal conductivity is ex-
pected since the laser treatment created a significantly denser top sur-
face.

The laser processed YSZ samples were tested for their resistance to
CMAS infiltration. Fig. 6(a) and (b) show top view and cross-sectional
SEM micrographs highlighting potential CMAS penetration in (a) un-
treated and (b) laser-treated bulk samples. The laser scanning condi-
tions of the sample shown in Fig. 6(b) were the optimized and corre-
spond to (i) a laser power of 150 W at 60° with respect to the laser
beam, (ii) a scanning speed of 20 mm/s, and, a fill spacing of 0.1 mm.
Two different magnifications were selected to highlight different scales
of surface features. In the case of the as-cast and untreated sample,
CMAS penetrated inside the porous channels. Meanwhile, laser pro-
cessing of the sample resulted in CMAS forming a smooth layer over an
equally smooth laser-modified surface. Fig. 6(c) and (d) illustrates a
schematic diagram of the mechanism of CMAS infiltration for untreated
and surface-treated samples, respectively. Cracks in the laser-treated
samples remained accessible to CMAS penetration indicating the im-
portance of sample uniformity. Similar observations were made for all
samples regardless of processing conditions. Cross-sectional SEM and
the corresponding EDS elemental mapping for samples synthesized by

Fig. 4. Schematic diagram of the laser treatment, which was carried out in two
configurations, with the sample (a) perpendicular (90°) and (b) at a 60° angle
with respect to the laser beam.

Fig. 4. (continued)
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freeze casting and tested for CMAS infiltration at 1250 °C for 10 h are
shown in Fig. 7. Also included in this figure is a table providing the
elemental composition in atomic percent measured for the highlighted
area using EDS. This figure revealed massive CMAS infiltration in the
vertically-aligned pore channels as highlighted by the maps corre-
sponding to Ca, Mg, Al, and Si, which displayed similar profiles. Molten
CMAS that rapidly infiltrated YSZ, solidified in the pores after cooling
leading to the creation of high internal stresses that will lead to failure
of the protective structure. In addition, the molten salt reacted chemi-
cally with YSZ to produce new phases or induce phase transitions, as
revealed by the XRD data (discussed in a section below), both of which
are also detrimental to the lifetime of the TBC [15].

Fig. 8 shows the cross-sectional SEM and the corresponding EDS
elemental mapping for a selected laser-treated porous YSZ after CMAS
testing. The selected sample's surface was laser-treated at a 60° with
respect to the laser beam using a power of 150 W, a scanning speed of
20 mm/s, and a fill spacing of 0.1 mm. This figure revealed that
minimal CMAS infiltration occurred only through surface cracks. Fig. 8
also highlights the composition in two areas that correspond to regions
below a completely sealed surface (area 1) and cracked surface (area 2).
Hence, surface treatment of porous structures is a viable pathway to
significantly reduce CMAS-infiltration. Tsai and Hsu [13] reported that
laser-glazing of plasma-sprayed YSZ coatings provided a fourfold en-
hancement in their lifetime in hot corrosion tests using V2O5 salt. The

infiltration of this salt was reduced by decreasing the density of salt
infiltration pathways through the formation of a dense glazed over-
layer.

Fig. 9 shows XRD spectra for freeze-cast YSZ samples after sintering
at 1450 °C for 2 h in the air (a) for the untreated sample and (b) after
surface modification using a laser fluence of 13.8 J/mm2. These spectra
were taken before and after CMAS testing. XRD spectra for the original
CMAS powder is also shown as a reference. These spectra suggest that
the YSZ samples before and after laser processing consisted of cubic
ZrO2 (c-ZrO2 - PDF Card No.99-000-0162). The XRD spectra did not
change substantially upon laser processing suggesting phase stability
upon undergoing the surface treatment. The c-ZrO2 peaks became
sharper after laser processing (peaks with full width at half-maximum
values of 0.56 ± 0.02° and 0.22 ± 0.02° before and after laser pro-
cessing, respectively) suggesting further grain sintering of YSZ crystal-
lites. Similar results, not shown in the figure, were obtained for samples
produced using laser processing values > 7 J/mm2. After CMAS
testing, XRD spectra revealed the occurrence of chemical reactions at
the solid-liquid interface and the formation of ternary oxides (Ca2SiO4,
CaZr4O9, MgSiO3, ZrSiO4). In addition, a small percentage of the YSZ
structure underwent a phase change from cubic to monoclinic for both
the as-processed and the laser-treated samples. Similar observations
were made for YSZ in the t's phase as well. The chemical reactions and
phase transformations were attributed to the dissolution and re-

Fig. 5. Top view of porous YSZ produced by freeze-casting and whose surface is laser treated with the sample at a 60° angle with respect to the laser beam using the
following power (W) - scanning speed (mm/s) - filling space (mm): (a) 150-20-0.25 (b) 150-20-0.2 (c) 150-20-0.15 and (d) 150-20-0.1.

Fig. 6. Top view and cross-sectional SEM
micrographs for YSZ ceramics with uni-
directionally-aligned pore channels post
CMAS testing: (a) as produced and (b) laser-
treated 150-20-0.1–60°. Insets in (a) and (b)
present higher magnification analysis of the
surfaces. Schematic diagram of CMAS test
for (a) untreated and (b) treated YSZ sur-
faces, respectively.
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precipitation of YSZ grains in CMAS melt [21]. During dissolution, both
the Zr4+ and Y3+ cations migrate to the molten CMAS. The diffusion of
Zr4+ cations occurs faster than for Y3+ and are able to quickly saturate
the glassy CMAS phase. Once the solubility limit of Zr4+ in the glassy-
CMAS is reached, the Y-deficient ZrO2 grains re-precipitate [22]. The
decrease in Y-content in ZrO2 causes a martensitic phase transformation
to m-ZrO2 upon cooling. The CMAS-TBC interaction is more severe in
the top region of the TBC and may be detrimental to the durability of

TBCs (delamination cracking) [23].
Laser-treated porous structures starting with nanoscale-size YSZ

particles were also produced to compare with CMAS infiltration as a
function of particle size. The selected sample's surface was laser-treated
using a power of 150 W, a scanning speed of 20 mm/s, a fill spacing of
0.1 mm at 60° with respect to the laser beam, i.e. the optimum pro-
cessing conditions, in terms of resistance to CMAS attack based on
samples created with micron-scale particles. Fig. 10 shows top view and
cross-sectional SEM micrographs for samples produced with an average
particle size of 20 ± 3 nm. Top view micrographs demonstrated the
formation of a porous structure. The cross-sectional micrographs in-
dicated the formation of unidirectionally-aligned pore channels that
have the same size as the ones created with a particle of 800 nm. The
only difference is that the columns are denser, as expected, due to the
initial smaller particle size. CMAS infiltration tests provided similar
results for samples produced with nano- and micron-size YSZ powders.

4. Conclusions

Here, we introduced a new combined freeze-casting and laser pro-
cessing approach to design highly porous YSZ structures with enhanced
resistance to CMAS attack. Porous yttria-stabilized zirconia (YSZ)
samples were produced by freezing YSZ/tert-butyl alcohol (TBA)/
polyvinyl alcohol (PVA) slurry under a freezing temperature of
−196 °C. The frozen slurry was sublimated using a freeze-drying
system in a vacuum (0.055 mbar) at −86 °C and then sintered at
1450 °C for 2 h in air. Scanning electron microscopy studies revealed
that the porous ceramic structures consisted of vertically-aligned pore
channels with an average diameter of 30 ± 6 μm. The porosity volume
fraction was determined to be 74 ± 2%. The thermal conductivity of
this structure was 0.27 W/(m K). The surface of the sintered samples
was glazed using a laser beam to create a smooth thin overlayer. Laser
scanning conditions were optimized to produce a compact overlayer
with the lowest defect density. The optimum conditions were de-
termined by comparing top view and cross-sectional SEM micrographs
for samples produced using different conditions. A laser power of
150 W at 60° with respect to the laser beam, a scanning speed of
20 mm/s, a filling space of 0.1 mm, resulted in the lowest density of
surface cracks. The performance of the as-produced and surface-mod-
ified YSZ porous structures was compared by conducting CMAS

Fig. 7. Cross-sectional SEM micrograph and corresponding EDS elemental maps
of the untreated YSZ freeze-cast sample with unidirectionally-aligned pore
channels and post CMAS testing.

Fig. 8. Cross-sectional SEM micrograph and corresponding EDS elemental maps of the YSZ freeze-cast sample with unidirectionally-aligned pore channels and post
CMAS testing for a laser treated samples (150w-20 mm/s-0.1 mm-30°).
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infiltration studies. The key finding of this study was that laser mod-
ification was shown to significantly reduce CMAS infiltration. Our re-
sults provide a new alternative approach for the synthesis of TBCs
which can be adapted for materials beyond YSZ.
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