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ABSTRACT

Porous yttria-stabilized zirconia (YSZ), often in a composite with NiO, is widely used as cermet electrodes in high temperature
solid oxide fuel cells (SOFCs) and solid oxide electrolyzers (SOECs). Mechanical integrity of the porous YSZ is critical, given
cycles of high temperature operation in these energy devices. Pore morphology (size, distribution, and porosity) as well as
properties of the ceramic (both of which are influenced by processing) determine the overall mechanical properties of the porous
ceramic, which ultimately affect the mechanical properties of the cermet electrode. Here, we fabricated porous YSZ sheets via
freezing an aqueous slurry over a cold thermoelectric plate and quantified their flexural properties by a three-point bending test,
both for as-fabricated samples and samples subjected to thermal shock at temperatures ranging from 200 to 500°C. Our results
have implication for hydrogen economy and global decarbonization efforts, in particular for manufacturing of SOFCs and SOECs.
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1. Introduction

Porous ceramics have demands in energy and environmental applications in energy storage and conversion devices (battery,
fuel cells and concentrated solar power), catalyst support (for environmental remediation, hydrogenation process and carbon
capture), filters (such as hot-gas filters, diesel particulate filters, and water filtration system), insulators, energy harvesting
devices (piezoelectric ceramics), and electromagnetic wave shielding. They are also attractive for bio-scaffolds for tissue
engineering. In terms of structural applications, they are desirable as infiltration preforms for manufacturing of composites.-3
Low density, large specific surface area, high toughness, strong thermal shock resistance, good thermal insulation capability,
excellent high temperature stability, and low dielectric constant are among the attractive properties of porous ceramics.” In
porous ceramics, the pore structure (size, configuration and geometry) is largely determined by processing and manufacturing
methods. The pore structure, in turn, affects the properties (both structural and functional) of porous ceramics.

The crack-pore interaction in porous ceramics may enhance their damage tolerance and thermal shock resistance compared to
their dense counterparts. These advantages, combined with the improvement in thermal insultation, make porous ceramics ideal
material for harsh environmental applications." However, introduction of pores into ceramics is known to be detrimental to their
mechanical strength. The addition of a second phase to form a composite is one method of overcoming this limitation.

The main methods for fabricating porous ceramics include partial sintering, replica template (porous structures such as PU
(Polyurethane) foam, and melamine foam), sacrificial template (such as pore formers and freeze-casting), and direct foaming,
each of which is applicable for different ceramic materials, and results in a range of porosity, pore size, pore connectivity and
pore distribution. Partial sintering is cost-effective and simple, and hot pressing and SPS (spark plasma sintering) can provide
better control of microstructure for a partial sintering route. In the replica template method, the original template controls the pore
geometry and pore size, while the rheological properties of the ceramic slurry govern the defects and cracking of the porous
geometry after template decomposition. Porosity volume, size, shape and morphology of the pore structure can be controlled to
a great extent in the sacrificial template method. Freeze-casting is considered as a sub-category of the sacrificial template
method, in which the template is liquid/ice-based, where the solvent type, solid loading and freezing additives control the pore
structure obtained.* Mechanical frothing or chemical blowing of a surfactant-containing ceramic slurry is the basis of direct
foaming, which is considered fast, low-cost and an industrially scalable template-free approach for production of porous
ceramics.!

Additive manufacturing (AM) is considered an emerging method for the production of porous ceramics.> However, for now, it has
high cost and a limited compatible material palette. The pore size in 3D-printed porous ceramics is on the larger side (>100- 300
pm).3 3D printing is capable of manufacturing both periodic pore and hierarchical pores; however, production of hierarchical
pores is still a challenge, with only a few printing techniques being able to fabricate such structures when combined with
traditional methods such as direct foaming, freeze-casting and the addition of pore-formers.6 Direct ink writing (DIW) is the most
common method for printing porous ceramics. However, it suffers from low resolution for many critical applications. Lithography-
based ceramic printing has the highest resolution among all ceramic 3D printing methods. Until now however, the control of the
hierarchical pores left behind from resin burn-out (debinding) is nontrivial.

In a porous form, in combination with NiO, yttrium-stabilized zirconia (YSZ) is used as the preform for porous electrodes in solid
oxide fuel cells (SOFCs) and solid oxide electrolyzers (SOECs).” The porosity is required for fuel supply or exit of the
electrochemical reaction byproducts. Often, the porosity is established by adding pore-formers. For this purpose, various types
of pore-formers are used, including flour, rice or corn starch, graphite, carbon black, synthetic polymers or zirconium hydride.” In
SOEC and SOFC applications, the operating temperature can be as high as 800°C. In SOFCs, a NiO/YSZ anode is often the
supporting structure on which thin layers of YSZ electrolyte and cathode are added. Hence, the mechanical integrity of the
porous YSZ and NiO/YSZ cermet is critical, given cycles of high temperature operation and mismatch in the coefficients of
thermal expansion with electrolyte and cathode.

In this work, we fabricated porous YSZ sheets via freezing an aqueous slurry over a cold thermoelectric plate and quantified their

flexural properties by a three-point bending test, both for as-fabricated samples and samples subjected to thermal shock at
temperatures ranging from 200 to 500°C. The microstructure and pore morphology were also investigated using SEM
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micrography. Our results have implication for hydrogen economy and global decarbonization efforts, in particular for the
manufacture of SOFCs and SOECs.

2. Materials and methods
2.1 Materials

To prepare the porous YSZ, commercially available, as received, yttria-stabilized zirconia (YSZ) powder doped with 8 mol% Y203
(spray dried grade, FuelCell materials) was used. The powder had a median size (dso) of ~ 650 nm and a specific surface area
of 13-19 m?/g. An aqueous slurry was prepared by mixing 20 vol% 8YSZ powder with 3 wt% Alginate (Protanal® LF10/60FT,
FMC Corporation), which was used as binder and 0.4 wt% TAC (Ammonium citrate tribasic, Sigma Aldrich), which was added as
a dispersant. The slurry was ball-milled in a planetary ball-mill for 24 hours at 400 rpm to obtain a well-dispersed aqueous
ceramic slurry for freeze-casting. After that, the slurry was degassed for 12 hours inside a vacuum chamber to remove all the air
bubbles.

2.2 Preparation of YSZ sheets

Unidirectional freezing using a thermoelectric cold (TEC) plate was employed to freeze-cast the slurry. At first, the cold plate and
a 3D printed mold was cleaned with 70% isopropy! alcohol (IPA). The mold was then placed on the surface of the cold plate and
the slurry was poured into the molds. A very thin fluorinated ethylene propylene (FEP) film was used between the mold and the
cold plate to ease the removal process of the frozen YSZ sheet after the freeze-casting. After pouring the ceramic slurry into the
mold, the TEC plate was turned on, and the unidirectional freeze-casting of the ceramic slurry was carried out from room
temperature (23°C) to -16°C. The freeze-casting temperature profile and the image of the cast ceramic slurry into the mold is
provided in Figs. 1 and 2. During the freeze-casting process, the temperature profile was recorded until the process was
completed. The freeze-cast samples were then freeze-dried in a Labconco FreeZone2.5 freeze-dryer for 48 hours at -50°C and
300 Pa. Following freeze-drying, the green bodies were sintered at 1450°C for 4 hours in a ST-1700 C-445 (Sentro Tech) high
temperature box furnace in air environment.
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Figure 1 - The temperature profile of the thermo- Figure 2 - Freeze casting of YSZ slurry into molds
electric plate during freeze casting of YSZ slurry. on the surface of the thermoelectric cold plate.

Page 10



M erobucrs
FINISHING

NASF SURFACE TECHNOLOGY WHITE PAPERS
87 (1), 8-21 (October 2022)

The sintering of the green body includes two steps: (i) binder burnout to remove the alginate at 600°C, and (ii) sintering at
1450°C to transform the binder-free green body into sintered ceramics. The heating profile for the two-stage sintering is as
follows: increasing up to 600°C at a heating rate of 1°C/min and holding at 600°C for 4 hours; ramping up from 600 to 1450°C at
a 1°C /min heating rate; after 4 hours of sintering, the temperature was reduced to room temperature at a 5°C /min cooling rate.

2.3 Bulk density

The bulk density of the YSZ sheets was measured using the Archimedes method. Three samples were prepared for density
measurement. The density was measured to be 2.82 + 0.04 g/cm3 and the porosity was calculated to be 45.50 £ 0.48 %.

2.4 Electron microscopy

A Zeiss Auriga SEM was used to observe pore morphology of the sintered porous YSZ.

2.5 Grain and pore size measurement

The grain size of the sintered YSZ was estimated by the standard intercept count method of ASTM E112-13.88 Ten vertical and
ten horizontal lines were drawn randomly on, e.g., Fig. 2(A), using ImageJ software to measure the intercept lengths. The
drawing of 20 lines yielded a total of 162 boundary intersections, which is sufficient for a reliable analysis. Subsequently, the
mean linear intercept length, 7, was calculated from T = P., where P, refers to the number of grain boundary intersection points
along the drawn lines per unit length.1® The pores size measurement was carried out using the ImageJ software.

2.6 Characterization of flexural properties

The flexural strength of porous YSZ was measured using a Shimadzu (AGS-X) universal testing machine. A total of 24 beams
were prepared from fine polished YSZ sheets, according to the ASTM standard C1161-18),' for the three-point bending test.
The dimensions of each beam were ~30 mm in length, ~2.2 mm in width and ~1.8 mm in height. The images of the polished
YSZ sheet and beams are provided in Fig. S3, in the supplementary materials. The three-point bending test was performed on
the beams using a displacement rate of 0.05 mm/min and the span length was fixed to be 10 mm during the testing.

28 il . -

Figure 3 - (A) Images of representative sintered YSZ sheets after polishing; (B) YSZ beams prepared from polished YSZ
sheets for flexural test.

2.7 Characterization of thermal shock behavior

The thermal shock resistance of porous YSZ beams was evaluated at temperatures of 200, 300, 400 and 500°C. A batch of
thirty beams were prepared from the polished YSZ sheets according to the ASTM standard, and six beams were randomly
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selected for each test condition. For each test condition, six beams were placed in a rectangular alumina crucible and put inside
a box furnace. The beams were then heated slowly to the desired exposure temperature within 30 minutes and equilibrated at
that temperature for 15 minutes. After equilibration, the door of the box furnace was opened and the alumina crucible containing
the beams was immediately removed with a high temperature tong and the beams were promptly dropped in a DI water bath to
induce thermal shock. The water bath temperature was equal to room temperature and the volume was sufficient to prevent the
temperature rising more than 5°C after test specimen quenching. The beams were then dried out in a vacuum oven at 110°C for
2 hours. The flexural properties of five beams were measured by three point bending test, following the similar protocol
mentioned in Section 2.6. For each test condition, one beam that went through thermal shock was kept intact for SEM imaging.
The untested beams were further analyzed using SEM.

3. Results and discussion
Figure 4 shows a schematic diagram of the manufacturing process of porous YSZ. Briefly, the YSZ sheets were fabricated using

freeze-casting on a thermoelectric cold plate from an aqueous slurry. The process involves slurry preparation by ball milling,
freeze-casting, freeze-drying and sintering. Details of the process are provided in the materials and method section above.
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Figure 4 - Schematic diagram of the manufacturing of porous YSZ using the freeze-casting process.

To attain acceptable mechanical properties, it is recommended to sinter the highly porous freeze-casted YSZ at 1450°C or
higher temperature.? Therefore, we selected the minimum recommended temperature of 1450°C as the sintering temperature
and selected 4 hours of sintering time to ensure the conversion of the porous green body into a sintered body. Figure 5(A)
represents the microstructure of the sintered surface of the porous YSZ. The average grain size was estimated to be ~1.30 £
0.13 pm using the line intercept method according to ASTM standard E112-13. Most of the grains are hexagonal. A similar
grain morphology has been reported in literature for 8 mol% YSZ sintered at 1400°C."

Figures 5(B) and 5(C) represent the magnified image of open pores at transversely and longitudinally fractured planes,
respectively. Based on SEM image micrographs, we observe a combination of spherical and tubular pore morphology, Fig. 5(D).
The pore size varies from ~ 20 to 40 ym. In this work, we used a cold thermoelectric plate at a temperature of -16°C and thin
sheets (0.18 mm) compared to traditional freeze-casting, in which several-centimeter molds are used for freeze-casting at a
much lower temperature using liquid nitrogen.'* It is known that the pore morphology in freeze-casting depends on the freezing
temperature and temperature gradient, slurry viscosity, binder and solvent chemistry, particle size and volume fraction, among
other factors. Depending on various parameters, various morphologies, including lamellar, spherical, dendritic, among others
can be obtained.4215 One of the advantages of using a thermoelectric cold plate for freeze-casting is that the process is
potentially scalable (using larger thermoelectric plates). Essentially, the process provides a means of manufacturing porous
ceramics with open pores without using pore formers. Oftentimes, a large volume fraction of pore formers is required to create
open pore networks. 6
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Figure 5-(A) The mlcrostructure of the porous YSZ smtered at 1450 C for 4 hours; (B) a magnlfled image of pores at a
transversely fractured plane; (C) a magnified image of pores at a longitudinally fractured plane; (D) an image of spherical pores
and tubular pores; (E) and (F) lower magnification images of the pore morphology at a fractured surface.

The anticipated applications of porous YSZ are for electrodes in SOFCs and SOECs, among others. In both of these devices,
the mechanical properties of the electrodes play a significant role in reliable operation, as the electrodes often function as the
support structure and must withstand high thermal stresses during the operational cycles and endure various internal and
external mechanical loads. The porosity is required to enable gas transport within the electrodes. However, the porosity can
also significantly affect the mechanical properties of ceramics.5 To quantify the mechanical properties of the porous YSZ, we
conducted flexural tests at room temperature and after thermal shock testing.
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Figure 6 - (A) Distribution of the flexural strength of porous YSZ beams; (B) Weibull analysis and characteristic strength of
porous YSZ beams (n = 24); (C) an Ashby plot of flexural strength vs density, in which the red dot denotes the porous YSZ in this
work.

The flexural testing results of YSZ beams are summarized in Fig. 6(A). The porous beams exhibit a wide distribution of flexural
strength from 10 to 26 MPa, with an average flexural strength of 18.15 + 3.7 MPa. For brittle ceramics, the presence of flaws
affects mechanical strength. However, the flaws might not be consistent and not evenly distributed within the samples, and in
some samples, flaws may be clustered inconsistently, which might initiate the crack growth during mechanical testing. This
should be considered while reporting mechanical strength data and, accordingly, the ASTM standard C1161-13 requires
reporting statistical data based on the Weibull distribution parameters.

We report the flexural strength of porous YSZ beams based on two parameter Weibull distribution analysis. The probability of
beam failure can be written as P = 1-exp(-ala.)™, where m is the Weibull modulus, and g is the characteristic strength. The
Weibull modulus is a shape parameter that translates a specimen’s failure probability over a range of strength levels. The
flexural strength of the specimens was ranked in an ascending order and assigned a corresponding probability of failure using Py
= (i-0.5)/N, where Pf is the rank of the it specimen and N is the total number of tested specimens. Probabilities of flexural
strengths are reported in terms of In (In(1/(1-Py)) and In (o). The characteristic strength of the porous YSZ beams was found to
be ~19.62 MPa, shown in Fig. 6(B). The Weibull modulus, m, is then estimated to be 5.7 by fitting a straight line as the slope of
the Weibull plot of In (In(1/(1-Py))) against In (o) with an adjusted R2 value of 0.99.
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For engineered ceramics, the Weibull modulus is reported to be in a range from 5 to 10. For 3D printed polymer-derived
ceramics m = 3.7 was recently reported.'” For porous materials, it is suggested that the random spatial distribution of pores
dictate the range of the Weibull modulus of brittle porous materials.'® Fan, et al.! reported the value of the Weibull modulus lies
within the range from 4 to 11 for porous brittle ceramics.

Generally, m can have any value between 0 and «, however, the higher the value of m, the less is the material’s variability in
strength. In this work, we have found that the porous YSZ beams exhibited a high variability in the flexural strength, which
yielded lower Weibull modulus. From Fig. 5(C), we can see that the pore structure exhibits a uniform distribution. However, it is
possible that multiple pores may clump together and form large voids, and thus yield high defect density, which will induce the
variability in the results of three-point bending test. Also, during the three-point bending test, the formation and propagation of
cracks might vary in different samples, which will induce variability in the flexural strength. Apart from that, the grinding and
polishing of YSZ sheets might induce stresses that affect mechanical properties as well. Figure 6(C) represents the
characteristic strength of the porous 8YSZ beams, which is superimposed on the Ashby plot. As expected, the mechanical
strength of the porous 8YSZ falls in the porous ceramic region.

The electrodes in SOFC and SOEC are subjected thermal stress due to the high temperature ramp rate during the operational
cycles. In general, these devices operate at high temperatures ranging from 600 to 1000°C. Additionally, the non-uniform
distribution of temperature generated during the operational cycle also leads to significant thermal stress at the cell level.20 In
order to quantify the thermal shock behavior of the manufactured YSZ, we followed the ASTM standard (C1525-18).2" Thermal
shock resistance was analyzed in terms of the reduction of flexural strength at different temperatures with respect to the room
temperature condition. The schematic of the thermal shock testing is shown in Fig. 7(A). Briefly, each beam was subjected to a
high temperature for a duration of time, and subsequently was quenched inside a room temperature water container, followed by
testing its flexural strength (Fig. 8). To systematically investigate the effect of high temperature on the mechanical strength of the
porous YSZ, the initial testing temperature of 400°C was selected. The beams were held at the desired temperature for 15
minutes to obtain thermal equilibrium.

Our results showed that the porous YSZ beams exhibited a lower flexural strength of 10.87 £ 1.73 MPa, which was around
~30.6% - 49.7% lower than the average flexural strength of the beams tested at 25°C. The reduction of flexural strength with
respect to the average flexural strength at 25°C was calculated using the upper bound and lower bound values of the flexural
strength obtained for the individual test condition.
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Figure 7 - (A) The schematic diagram of the thermal shock experiment and the subsequent mechanical testing of porous YSZ;
(B) flexural strength of YSZ beams after thermal shock over a temperature range of 200 to 500°C.
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According to the ASTM standard (C1525-18),2! the critical temperature difference for thermal shock resistance is determined at
such temperature difference between the exposure temperature and the water quenching temperature that induces a 30%
reduction in flexural strength compared to the average flexural strength of the specimens tested at room temperature conditions.
Further thermal shock resistance of the porous YSZ beams were measured at 200, 300 and 500°C to map the reduction of the
flexural strength of the YSZ beams, as summarized in Fig. 7(B).

I\

Figure 8 - Thermal shock test: (A) Taking the beams from the furnace after thermal equilibrium at a desired temperature; (B)
quenching the heated beams in DI water and (C) quenched beams in DI water.

Table 1 - Results of the thermal shock experiment for porous YSZ beams.

1 P R Flexural Characteristic Strength Reduction in (%)

(°C) S‘trgngth Strength ] w.r.t i
(MPa) (MPa) Flexural Strength at 25°C

25 18.16 +3.73 19.62
200 18.06 +2.44
300 14.92 +0.88 12.9 - 22.7
400 10.87 +£1.73 30.6 — 49.7
500 8.89 £1.72 41.6 - 60.5

The reduced flexural strength values of the porous YSZ beams, tested at higher temperature, with respect to the flexural strength
are summarized in Table 1. The flexural strength reduction of the porous YSZ beams were below 30% up to a temperature of
300°C. The maximum temperature for the thermal shock resistance measurement was 500°C at which the flexural strength was
reduced by 63.5%. From these results, we can determine the critical temperature for the thermal shock resistivity of porous YSZ
beams to be 400°C. We did not visually observe any visible cracks on the beam surface after quenching for any of the
temperatures tested.

To observe the effects of thermal shock on the porous YSZ, we acquired SEM images of the surface of the beams that were only
thermally shocked. We observed no noticeable cracks on the surface of the beams that were thermally shocked at 200°C.
However, we observed a significant number of cracks on the surfaces of the beams that were thermally shocked at temperatures
of 300 to 500°C. Representative SEM images are shown in Fig. 9.

From Fig. 9, we can observe that cracks have been developed and propagated along the pore distribution channels for all the
samples. Also, from the SEM image of the beam thermally shocked at 500°C, we found that the pore structures were exploded
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and could not retain their original shape. More SEM images are provided in the supplementary Fig. 10. Thus, the development
of cracks has yielded poor thermal shock resistivity of the porous YSZ beams.

In general, the strength of ceramics is associated to microstructure, pore size, shape and distribution, and contact (neck area)
between particles.22 For example, the flexural strength of spark plasma sintered YSZ evolved from 342.8 MPa to 43.1 MPa for a
porosity in the range 8 t0 40.1%.23 Nakamura, Keisuke, et al.?* reported that for the increment in grain size of fully dense (6.06
gm/cmd) sintered 3% YSZ specimens from 0.30 to 0.63 um, the flexural strength decreased from 1167 + 144 to 1068 + 176
MPa, which is an 8.48% reduction in the flexural strength. This indicates that the sintered YSZ with larger grains exhibits a
tendency to be lower in flexural strength. Therefore, it is obvious that, the high porosity and larger grain size in the fabricated
YSZ beams yielded lower flexural strength. Hu, et al. investigated the effect of freezing temperature during freeze-casting of
porous YSZ ceramic, for samples as thick as 30 mm, and found that the pore channel size decreased significantly with
decreasing freezing temperature (-30 to -196°C). Similarly, the porosity also decreased as the freezing temperature decreased.
In addition, they found that samples had remarkably low thermal conductivities (between 0.06 and 0.36 W/m K), which makes
them suitable for thermal insulation applications.?5 Birchalll, et al.?6 proposed that larger pores degrade the tensile and flexural
strength of brittle materials, such as hydraulic cements. Janssen, et al.?” also reported that pores act as nucleation sites for
microcracks for brittle materials.

oo i

Figure 9 - EM micographs of te srfae of thermally shocked SZ beams tested at temperatures (A) and (B) 300°C; (C) and
(D) 400°C and (E) and (F) 500°C.
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Figure 10 - SEM micrographs fthe surface of thermally so-c;i(ed beams tested at temperatures (A) and (B) 200°C, (C) and (D)
300°C, (E) and (F) 400°C and (G) thru (J) 500°C.
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4. Conclusions

Overall, we show that freezing a thin sheet of YSZ slurry on a cold thermoelectric plate results in a porous ceramic with an open

pore network (pore sizes of 20-40 um), which is ideal for SOFC and SOEC applications. For long term stable operation in these

devices, the critical temperature for the thermal shock resistivity of porous YSZ needs to be improved from the current 400°C to

well above 800°C. Future studies may focus on engineering the grain size, powder particle size and optimization of the sintering
temperature profile, as well as pore morphology, to achieve higher performance porous YSZ.
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