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ABSTRACT: Porous 430L stainless steel components fabricated via tape casting underwent mechanical testing for potential in-
vehicle application as mechanical supports of solid oxide cells. Tests included three-point bending up to 5% strain to assess flexural 
strength, yield strength, Young’s modulus, indentation hardness, and microstructural characterization. This study aimed to establish 
the relationship between pore former size and volume fraction and the resulting yield strength. It also compared sintered material 
without pore former, focusing on the influence of a wide range of porosity of up to 46.5%. The materials exhibited an inverse 
relationship for Young’s modulus, hardness and yield strength as a function of porosity. The lowest flexural yield strength obtained 
was approximately 120 MPa at the highest porosity of 46.5%, meeting the requirement of 59 MPa for the bipolar plates of existing 
proton-exchange membrane fuel cells. 
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1. Introduction 

Transportation is responsible for 15% of total greenhouse gas emissions and approximately 23% of global energy-
related CO2 emissions [1]. The shift from traditional fossil fuel vehicles to zero-emission ones is crucial in mitigating 
the impact of rising global temperatures. Fuel cell technology is a viable solution, particularly for heavy-duty long-haul 
trucks, while batteries offer more advantages for small passenger vehicles [2–4]. With the higher fuel energy density 
compared to batteries, fuel cell vehicles and the corresponding fuel storage tanks reduce onboard costs and space related 
to energy storage. However, additional space and weight requirements remain for the cell stacks for power generation. 
For small and compact passenger vehicles, this additional space requirement for the cell stack beside the fuel tank makes 
the fuel cell stack a less favoured solution. As the demand for onboard energy storage increases for heavier vehicles, 
the weight of batteries increases much faster than increasing fuel. Hence, using higher energy density storage media, 
fuel cell systems are especially advantageous for large, heavy vehicles with long operation distances [5,6]. In addition, 
larger vehicles have fewer space restrictions for cell stacks. This is more forgivable to high-temperature cells that require 
additional insulation that is often about 10-cm thick but provides higher thermal efficiency [7]. 

Within fuel cell technologies, proton exchange membrane fuel cells have been extensively studied and 
commercialized because of their high volumetric energy density, good fracture toughness, and short start-up time [8]. 
Solid oxide fuel cells are more often used for stationary power generation due to higher energy conversion efficiency 
of up to 70% [7,9] and flexibility of fuel: from hydrogen to carbon-containing fuel [10] and ammonia [11]. This fuel 
flexibility allows solid oxide cells (SOCs) to have the option of using liquid fuels such as methanol or gasoline rather 
than hydrogen, which can only be stored in a compressed state with a limited volumetric energy density range from 30–
50 kg H2/m3 [12]. Various liquid-hydrocarbon- or alcohol-fuelled SOC systems have been reported [13–15]; if the fuel 
is generated from renewable sources, the vehicles that operate on those fuels are also zero-emission. 
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Traditional SOCs are used for stationary power generation instead of vehicle applications because of long start-up 
times [16], redox cycling intolerance [17], and low fracture toughness due to ceramic or cermet construction. Such 
obstacles can be overcome by replacing the ceramic or cermet layer that provides mechanical support with a porous 
metal layer [18–20]. Specifically, ferritic stainless steel with a good match of thermal expansion coefficient to that of 8 
mol% yttria-stabilized zirconia has been extensively studied for such applications. Those materials include 400 series 
stainless steel [21,22] and commercially developed high Cr alloys such as 1C44Mo20 [23] and Crofer 22-APU [24]. A 
metal’s higher fracture toughness and thermal conductivity allow for faster temperature ramping of cells compared to 
cermet-supported designs without thermal shock and for resilience to external stress [25]. Since the SOC stacks often 
operate at high temperatures ranging from 600 to 800 °C, high oxidation resistance of all cell materials is required. Even 
if the metal support layer is adjacent to the fuel electrode, the water vapour formed due to the fuel oxidation reaction 
can still oxidize stainless steel [26] and vaporize chromium oxide by forming more volatile hydroxide [27].  

The fabrication methods of this metal layer include, but are not limited to: laser drilling [19], dry powder metallurgy 
[28], or the application of suspension-based wet ceramic methods such as slip casting [29], screen printing [30], or tape 
casting [31] adapted for the processing of metal powders. The wet ceramic methods typically involve preparing a 
homogeneous suspension of metal powder and pore former and other additives such as binder and dispersants [32]. The 
slurry is then cast into desired shapes, and the shape is fixed after the solvent is removed. The pore former is a filler 
material in the green body, decomposing at higher temperatures and leaving porosity in a cast green body. After organic 
content removal, often in an oxidative environment, the steel powder is sintered at a higher temperature in a protective 
atmosphere to achieve the desired density [33]. 

To improve the longevity of metal-supported cells, multiple approaches have been studied, including developing 
a more corrosion-resistant alloy by increasing Cr content and stabilizing the Cr in Fe solution by adding other minor 
elements such as Nb [34]. Developing protective coatings on steel support surfaces also effectively slows down 
oxidation by applying either coating precursor element salt solutions [35,36] or by electroplating [37]. Improved 
oxidation resistance has also been achieved through microstructural modification, such as decreasing the surface area 
of the metal phase by using rougher powder for sintering [38]. 

From the material standpoint, the metal support should have a combination of high gas permeability [21], 
mechanical strength [39], and low surface area [38]. The support layer itself should provide sufficient support to prevent 
the ceramic electrodes and electrolyte layers from fracturing; typically, a thickness ranging from 0.5 to 1.5 mm is 
required [22,40,41]. The material must also be porous to allow gas transport to the electrode with a minimal 
concentration gradient for adequate cell performance at a high current density [39]. However, more porosity also 
increases the support surface area to volume ratio, which accelerates Cr loss and can lead to subsequent breakaway 
oxidation due to Cr depletion [42,43]. Increased porosity and larger individual pore sizes also tend to decrease the 
material’s mechanical properties, such as hardness, flexural strength, and fatigue strength [44,45]. To mitigate these 
problems, the pore structure should be less tortuous and better interconnected for a given porosity to achieve higher gas 
permeability, lower surface area, and improved mechanical properties. 

There are no established mechanical testing standards for solid oxide cells in-vehicle applications. Considering the 
typical planar cell geometry, if a cell were to fail due to mechanical deformation caused by bending stress, it would 
likely occur where the most prominent deformation is present. This location is at the cell center since the cells are 
constrained from deformation near the edges by compression applied to establish reliable sealing. In contrast, the center 
is not as well-supported with metal meshes inserted between the cells and interconnects to serve as current collectors. 
Therefore, in a situation where a pressure differential exists between the air and fuel sides of the cells, a thin interconnect 
plate with a flexible mesh used for electrical contact could deform in bending. In such cases, flexural testing is more 
suitable than purely compressive or tensile testing, since the bending failure load is lower than the compressive failure 
load for ceramic and metal materials of a given geometry. When assembled into stacks or under load or impact, the 
most vulnerable scenario for cell failure due to mechanical deformation is when the load force is perpendicular to the 
cell plane. Therefore, we use three-point bending methods to test metal supports in this study, following ASTM D790 
and ASTM C1161 standards. Additionally, micro-hardness testing was performed to gain a more detailed understanding 
of the mechanical properties. Since SOCs have not yet been commonly used in vehicle applications, target properties 
for such applications for PEMFC bipolar plates were compared to provide context for the mechanical properties of this 
study. Based on published PEMFC bi-polar plate mechanical property requirements, the flexural strength of layers 
within a stack must be greater than 59 MPa for vehicle application [46]. While SOC planar stacks also typically utilize 
bi-polar plate interconnects that would provide some mechanical support to the cells in the stack, the metal support 
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layer for each cell still needs to be sufficiently resistant to bending and plastic deformation to protect the thin, brittle 
electrolyte layer from fracturing. 

In previous studies, metal supports were fabricated via wet-ceramic-based methods [47] or die-pressing [20]. 
However, these methods used relatively large metal powder particles, leading to inter-particle porosity that increased 
the surface area to volume ratio without significantly contributing to gas permeability due to high tortuosity and dead 
ends. A novel combination of steel powder size and pore former size selection was tested in an aqueous slurry system 
with a wet-ceramic-based method in our previous study, exploring the effects of pore former particle size and volume 
fraction on substrate properties relevant to fuel cell electrochemical performance [48].  

This work aims to characterize the mechanical properties of the porous metal supports developed previously, 
focusing on properties relevant to vehicle applications. The study also includes dense material as part of a baseline 
comparison and to provide material property information that can serve as a design reference for the interconnect layer 
between cells in a stack. 

2. Materials and Methods 

2.1. Materials 

430L stainless steel powder (Sandvik Osprey Ltd., Neath, UK) with d0.9 < 10 µm was used to fabricate the metal 
supports. Poly(methyl methacrylate) (PMMA) beads with two different sizes of d0.9 < 20 µm (Lamberti, Skedsmokorset, 
Norway) and 60 µm (Huaqing Natural Ingredients, Xi’An, China) were used as the pore former (PF). The aqueous tape 
casting slurry used polyvinyl alcohol (PVA, 98–99% hydrolyzed low molecular weight, Thermo Scientific, Waltham, 
USA) as the binder, polyethylene imine (PEI, Mw~2000, Sigma Aldrich, St, Louis, USA) as the dispersant, and anti-
foam 204 (Sigma Aldrich) as the defoamer. The slurry compositions used in this study are listed in Table 1. More details 
about developing the slurry preparation and tape casting procedures can be found in the previous work [33]. 

Table 1. Four slurry compositions were used to fabricate seven studied samples with various porosities. The pore former fraction is based 
on total particle volume, and samples made with two different size distributions of PF particles were used for each PF volume fraction. 

 430L SS (g) PMMA (g) PVA (mL) PEI (mL) Antifoam 204 (mL) Water (mL) 
No PF 57.75 0 5 0.5 0.15 5 

35 vol% PF 37.54 3.10 5 0.5 0.15 5 
45 vol% PF 31.76 3.98 5 0.5 0.15 5 
55 vol% PF 25.99 4.87 5 0.5 0.15 5 

2.2. Processing Methods 

The green tapes were cast using a doctor blade with a 100 mm width and a 1.5 mm gap height at a speed of 2 mm/s. The 
as-cast tapes were left in the air without forced convection on a commercial sprouting mattress with a setpoint of 38 °C. Dry 
green tapes were cut into strips roughly 3 mm wide and 30 mm long by hand with a saw blade before thermal processing. 

The green strips underwent an organic removal step in an intermediate temperature tube furnace (Thermolyne 
79325, Thermo Fisher, Waltham, USA) with air flowing at 500 standard cubic centimetres per minute (SCCM) up to 
400 °C. At this temperature, the air was purged by nitrogen and the flowing gas was switched to 200 SCCM H2, followed 
by a 4-h dwelling at 850 °C. The final sintering was performed in another tube furnace (1632 12HT, CM Furnaces Inc., 
Bloomfield, USA) at 1200 °C for 4 h with 500 SCCM H2. The organic burnout process in the first furnace will leave 
residues such as carbon and tar inside the tube; the tube is made of material resistant to carbon deposition (silica glass) 
but will not withstand high sintering temperatures of steel. The high-temperature furnace uses alumina to withstand 
high temperatures, but carbon deposition will degrade the life expectancy. The heating elements of the high-temperature 
furnace are also not designed to withstand extended holds at low to moderate temperatures, such as those needed to 
burn out the organic phases. Alumina plates were used to hold the samples in the furnaces. After sintering, some samples 
did not have good flatness. Those samples were straightened by cold work and annealed together with straight ones in 
the high-temperature tube furnace up to 1200 °C without dwelling. The cooling rate was 1.7 °C/min when the furnace 
temperature was above 800 °C and 5 °C/min when the temperature was below 800 °C. The sintered strips were not 
polished, as plasma spraying requires the substrate to have adequate surface roughness for effective material deposition [23]. 

To prepare the samples for image analysis, the specimens were mounted in epoxy, ground, and polished with diamond 
paste fine to 1 µm. Etching was done with HF (48 wt%, Sigma Aldrich, St. Louis, USA)-HNO3 (70 wt%, BDH, Radnor, USA) 
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solution diluted with water at an 8:10:82 volume ratio, respectively. The sample was placed in the solution for 4 min to obtain 
observable grain structure. 

2.3. Characterization Methods 

Both optical microscopy (Axio Scope, Carl Zeiss, Oberkochen, Germany) and scanning electron microscopy (JSM-
6380LV, JEOL, Akishima, Japan) were used to examine the sample structure. Porosity was determined by image 
analysis using ImageJ software to count the area fraction of dark pixels over the total image area. Electron backscatter 
diffraction (EBSD) scans were collected using Oxford integrated AZtecHKL advanced software. X-ray photoelectron 
spectroscopy (XPS, K-Alpha XPS system, Thermo Fisher) measured residue carbon on green tape after outgassing. The 
samples were prepared by ion milling to remove contamination from the air before XPS. 

Three-point bending (TPB) tests were conducted on a three-point bending stage with a 20 mm span. A 
computerized Instron 8801 system was used to control the motion. The cross-head displacement speed was set as 0.2 
mm/min in the three-point bending tests following ASTM D790. The deformation from the testing fixtures was 
measured using a rigid steel block with dimensions of roughly 60 mm × 40 mm × 10 mm under load up to 813 N and 
then subtracted from the measured results using Equation (1). The microhardness was measured by Vicker’s indentation 
using a Buehler micro-hardness tester at a load of 500 g force and a dwell time of 15 s.  

The deformation and load data were collected to calculate flexural stress σ, Young’s modulus E, and strain ε with 
the following equations:  

σ = 3PL/(2bh2) (1)

E = σ/ε (2)

ε = 6hδ/L2 (3)

where P is the load upon failure, L is the span length, b is the sample width, h is the sample thickness, and δ is the 
displacement at the sample center. Five samples of each microstructure type were tested to determine the variability in 
the mechanical properties.  

The dependence of Young’s modulus and bending strength on sample porosity can be approximated using the 
following equations [49]: 

E = Eo(1 − 1.9P + 0.9P2) (4)

σfs = σoexp(−nP) (5)

where Eo and σo are the material Young’s modulus and bending strength without porosity, respectively, the predicted 
modulus and strength are E and σfs, P is porosity, and n is a factor that needs to be determined. 

To find the best fit of n in Equation (5), we take the natural logarithm of Equation (5) and perform linear regression 
for different n values to find the n that best fits the measured values. 

ln(σfs) = ln(σo) − nP (6)

The relationship between hardness and porosity can be approximated by the following equation [50]: 

H = Ho(1 − P)n’ (7)

where H denotes material hardness at porosity P, and Ho is the hardness without porosity. The value of n’ is an empirical 
constant that depends on the material and the porosity type. The n’ value can be obtained by taking the natural logarithm 
on both sides of Equation (7) and performing a linear regression: 

ln(H) = ln(Ho) + n’ln(1 − P) (8)
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3. Results and Discussion 

3.1. Microstructure and Porosity 

In the previous study [48], we analyzed the influence of varying pore former sizes and volume fractions on material 
properties directly affecting solid oxide cell electrochemical performance. These properties encompassed the shrinkage 
rate of the sintered support relative to the green body size, surface roughness, porosity, surface area to volume ratio, 
mass gain after oxidation, and gas permeability. Pore former particle sizes considered were 20, 40, 60, and 90 µm, with 
volume fractions ranging from 25 vol% to 55 vol% in 10 vol% increments. It was observed that pore formers larger 
than 20 µm exhibited relatively consistent shrinkage, irrespective of volume fraction. In comparison, for the 20 µm pore 
former, the volume fraction had a proportional impact on shrinkage. Our previous findings concluded that the 60 µm 
pore former at 45 vol% yielded the most balanced results in the properties studied. Therefore, for this study, we selected 
20 and 60 µm pore formers (PF20 and PF60, respectively), chosen for their distinct sintering characteristics, to study 
the effect of volume fraction on mechanical properties. Samples sintered without pore former were also included as a 
baseline comparison. Table 2 summarizes the microstructural characteristics of these three types of specimens. It should 
be noted that samples made without pore formers have primarily closed porosity, which does not contribute to oxidation. 
Hence, the perimeter/area ratio was not measured for those samples. 

Table 2. Structural features of sintered supports made with various pore former contents. 

 No Pore Former 
PF20 PF60 

25% 35% 45% 55% 35% 45% 55% 
Shrinkage (%) 17.2 17.5 20.5 22.7 25.0 16.1 16.5 15.9 
Porosity (%) 0.00775 8.56 14.2 18.5 28.9 28.4 35.5 46.5 

Perimeter/area ratio (µm−1) n/a 0.03 0.05 0.06 0.09 0.04 0.06 0.07 

Figure 1 shows cross-sectional images of samples sintered without pore former (a) and with 55 vol% PF20 (b) and 
55 vol% PF60 (c), respectively. In the images, the samples were oriented the same way as they were placed in the 
furnace during sintering. The top surface in each image is the side of the specimen facing the gas flow, and the bottom 
of each specimen in the image is the side facing the alumina plate. Even in the specimen made without pore former, the 
material still has some minor closed pores with a porosity gradient from the top to the bottom of the image. The top 
side, closer to the gas flow, has less porosity, and the deeper parts have more porosity. Substrates made with pore former 
have a connected porosity network, as shown in Figure 1b,c. For PF20 substrates, the pores in many locations are narrow 
and elongated/connected over a distance corresponding to 5 or more pore former particle diameters. For PF60 substrates, 
the pores have more spherical shapes, with throats connecting a smaller number of particles. The backscattered electron 
image shows a uniform gray scale over the metal part, indicating uniform atomic mass distribution over the metallic phase. 

 

Figure 1. Backscattered SEM images of 430L stainless steel supports sintered at 1200 °C for 4 h, made with (a) no pore former, 
showing small pores; (b) 55 vol% PF20, showing irregular pores; (c) 55 vol% PF60, showing larger spherical pores. 
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Figure 2 shows the porosity of PF60 (a and b) and PF20 (c and d) supports after three-point bending (TPB) 
deformation in the tensile and compressive loaded regions. Based on image analysis at both tensile and compressive 
deformation sites, the porosity of the PF20 and PF60 samples changed by approximately 3% at both tensile and 
compressive regions, with porosity decreasing in the compressive regions and increasing in the tensile regions. 

 

Figure 2. SEM images of porous samples after TPB tests, showing (a) tensile and (b) compressive deformation of a PF60 support 
and (c) tensile and (d) compressive deformation of a PF20 support. The tensile deformation in (a,c) shows horizontal elongation 
and enlargement of porosity, while the compression reduces the observable porosity in (b,d). 

The porosity gradient in the sample without pore former is unexpected and is not likely related to a temperature 
gradient within the sample in the vertical direction. The sample thickness is approximately 1.5 mm, and the distance is 
too small for a temperature gradient that can cause a significantly different extent of sintering, considering the high 
thermal conductivity of stainless steel. The heating elements around the process tube are arranged vertically and parallel 
to each other, so the porosity gradient should be horizontal if there is any temperature gradient from the heating element. 
When comparing the dense sample bottom side and top side, the thickness of the pore-free layer is greater at the top 
side than at the bottom side in Figure 3a. From the cross-sectional view of the etched sample in Figure 3b, the upper 
part close to the gas side has larger grains than the part deeper into the material. This grain size distribution confirms 
that the upper part has a higher sintering extent. A similar region with only small pores can also be observed in a sample 
sintered with 55 vol% PF60 pore formers in small regions that lacked porosity from pore former, as shown in Figure 
3c. From sintering theory [51] and as shown in an example of previously reported literature results [52], grain size 
growth is the final stage of sintering, and the enlargement of grains can be slowed down by impurities present at grain 
boundaries. We suspect that the residual porosity is due to the incomplete reduction of Cr oxide created from the organic 
removal step. According to thermogravimetric analysis of the green tape in earlier work [33], at 400 °C, the steel 
particles were already showing some mass gain at the temperature at which the tube furnace atmosphere was switched 
from air to hydrogen. A colour change due to oxidation could also be seen by visual observation. At higher temperatures, 
from above 700 °C, hydrogen can reduce chromium oxide back to chromium, but that requires very dry hydrogen; even 
at the sintering temperature, the partial pressure of water needs to be less than 20 Pa for the reduction to happen [51]. 
The steel exposed to higher purity hydrogen flow can experience a reduction of its surface chromium oxide scale. In 
contrast, inner particles cannot be reduced because of diffusion limitations of both hydrogen going in and water vapour 
coming out. The introduced porosity enables a more complete reduction of chromium oxide throughout the supports, 
hence a more uniform grain size and denser structure. Consequently, unreduced chromium oxide could be responsible 
for smaller grain size and higher residual porosity due to its higher sintering temperature compared to the surrounding 
ferrite phase. 
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Figure 3. SEM images of sample cross-sections showing that residual porosity from inter-particle spaces is not uniformly 
distributed. (a) A thicker, dense layer (thickness indicated in blue lines) on the side of specimens adjacent to the gas flow during 
sintering (top) compared to the alumina plate side (bottom); (b) larger grain sizes at the top side compared to the center after etching; 
(c) residual porosity at locations in a 55 vol% PF60 sample where no pore former was present. 

3.2. Mechanical Properties 

All the tested samples showed ductile properties with a long plastic deformation region upon load. Figure 4 shows 
a typical stress-strain curve from a 35 vol% PF20 sample. Considering the brittle nature of deposited ceramic layers on 
metal supports as well as the flexural strain value limitation in Equation (3), the substrate elastic modulus is more 
relevant to the failure of the ceramic layers than the flexural strength. If the specimen fails below 5% strain, the 
maximum stress is taken as the flexural strength; otherwise, the stress at a strain limit of 5% is taken as the flexural strength, 
as specified in ASTM D790. Any ceramic layer would have already failed before the metal support finally reaches the 
maximum strain. 

 

Figure 4. A typical curve of flexure stress vs. flexure strain for a 35 vol% PF20 sample with a long strain until the testing fixture 
has reached its maximum displacement range. The yield strength and the strength at the 5% strain limit are evaluated as per ASTM 
D790. 
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The Young’s modulus (E) and yield strength of 430L SS have been reported in the literature as 200 GPa and 345 
MPa, respectively [53]. Regarding the sample prepared without pore former in the present study, the tested samples 
have a lower Young’s modulus and higher yield strength of 163 GPa and 385 MPa, respectively. Therefore, the TPB 
tests of the relatively small and thin samples (~1.5 mm) could only be used to estimate the changing trend of the 
mechanical properties affected by the processing parameters mentioned above (i.e., for relative comparisons).  

For Young’s modulus, there is an overall decreasing trend for PF20 samples with increasing porosity, despite the 
midpoint having larger variations, as shown in Figure 5a. There is no clear trend for Young’s modulus of PF60 samples, 
which appears to fluctuate between low values of 40 and 60 GPa with large standard deviations of approximately 20 
GPa. The yield strength results are shown in Figure 5b. A clear decreasing trend starts from 385 MPa for the no-pore-
former sample down to 118 MPa for the sample with the highest porosity, and most data points have relatively small 
standard deviations. Despite the different pore former sizes, 55 vol% PF20 and 35 vol% PF60 substrates had similar 
final porosity, and the yield strengths were also similar, as seen in Figure 5b. While Young’s modulus values have large 
standard deviations, the yield strength values exhibit more consistent changes as a function of porosity. 

Figure 5c shows the results of the flexural strength evaluated at the 5% strain limit as specified in ASTM D790. 
Like the flexural yield strength (Figure 5b), the data points also show a decreasing trend from 633 MPa with no pore 
former to 164 MPa at 46.5% porosity. The PF60 samples with approximately 35% porosity had a larger standard 
deviation than the others, although the reasons for this difference are unclear. 

 

Figure 5. (a) Young’s modulus, (b) yield strength, and (c) bending strength at 5% strain limit or maximum strength if failed before 
the limit as a function of sample porosity and pore former size. 

One interesting observation is that the modulus of PF60 with 35 vol% pore former is smaller than the modulus 
with 45 vol%, and smaller than that of the PF20 with 55% pore former. In yield strength and bending strength 
measurements, the value of PF60 at 35 vol% is similar to that of PF20 at 55%. It is possible that the more isolated pores 
resulting from low levels of the PF60 pore former resulted in disproportionate levels of deformation in isolated areas of 
the specimens, compared to the more uniformly distributed porosity resulting from the PF20 pore formers. However, 
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the use of machine displacement for the evaluation of sample strain may have also introduced some scatter in the 
measured values, despite the machine calibration procedure with a large, high-stiffness specimen. 

For PF20 samples, Young’s modulus was closely approximated by Equation (4), the mean squared error (MSE) is 
91.89, and R2 is 0.909. For PF60, the MSE is 458.4 and R2 is 0.816, with the first data point having the most significant 
disagreement. The results imply that using Equation (4) to approximate Young’s modulus relation with porosity is good 
for fine and uniformly distributed samples. 

For PF20 samples, the n that gives the best fit is 2.43, and R2 is 0.994. For PF60 samples, the n that gives the best 
fit is 2.88, and R2 is 0.964. The larger n for larger PF60 suggests that the larger pore former has a more significant 
impact on the sample bending strength, and this trend agrees with the trend from other reported material [45]. 

3.3. Micro-Hardness 

The microhardness of the test samples is shown in Figure 6. As expected, the sample fabricated without pore former 
has the highest hardness value of 133 HV due to the presence of the lowest porosity (Figure 1a). As the porosity 
increases, the hardness decreases, being similar to the change in strength (Figure 5b,c). The PF20 samples start at 
approximately 14% porosity with a hardness just below 80 HV; the hardness decreases as the sample porosity increases. 
Notably, the PF60 samples have larger error bars, especially in the lowest porosity condition.  

Figure 6 shows the micro hardness of both PF20 and PF60 with respect to various porosities. Although PF20 and 
PF60 seem connected, PF20 has a more gradual decrease than PF60. The finer pore former in PF20 leads to a more 
uniform distribution of smaller pores throughout the material. During the hardness test, the indenter was more likely to 
contact a representative combination of material and voids, as shown in Figure 6b. This led to a measurement that 
reflects both the solid matrix and the porosity with a relatively smaller standard deviation in the data points. 

 

Figure 6. (a) Micro-hardness determined at a load of 500 g as a function of porosity, along with typical images of the indentation 
of samples made with 35 vol% PF20 (b) and PF60 (c). 
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For PF60 samples made with a larger pore former, the porosity is less evenly distributed, resulting in larger but 
fewer voids. This increases the likelihood that an indentation test will strike an area of dense material or large voids, as 
shown in two different-sized dents in Figure 6c. This can cause greater variation in hardness measurements, as reflected 
by the wider error bars at higher porosities for PF60. With the larger PF60, a higher volume fraction is required to 
increase the chance for the indenter to contact a representative region with both bulk material and porosity present.  

For PF20, the best-fit n’ is 2.87, with R2 being 0.899; for PF60, the best-fit n’ is 2.53, with R2 being 0.926. Because 
PF20 samples have larger n’, their hardness reaches flatter portions of the curve faster than PF60 at smaller porosity; 
on the other hand, the PF60 curve becomes steeper than the PF20 curve at higher porosity. Different n’ values suggest 
that different pore sizes had a different impact on the material hardness. 

3.4. Electron Backscatter Diffraction 

Three EBSD crystal orientation maps are shown in Figure 7. for pore former samples, with crystal orientation 
relative to the sample reference plane visualized by inverse pole figures (IPF). The images show isotropic characteristics 
for the porous and non-porous samples, as the mapped grains have no dominant orientation amongst the <001>, <101>, 
and <111> poles. Despite the tape casting process, which applied a linear motion to the suspended particles, the sintered 
material does not show anisotropy. The grain orientation is not impacted by tape casting. Since isotropic materials have 
no preferred grain orientation, the TPB test results would likely have less variability than samples with a preferred 
orientation, and the accuracy and reproducibility of the mechanical data are, therefore, expected to be reasonably good. 

Figure 8 shows the kernel average misorientation (KAM) maps from the EBSD analysis of samples after the TPB 
test. The nonporous samples exhibit a uniform strain distribution in both compression and tension zones, with a stress-
free layer at the center (Figure 8a). Above this central layer, the material experiences compressive stress, while the 
region below is subjected to tensile stress due to the shear forces generated by bending. This balanced distribution 
suggests a symmetrical deformation pattern typical of bending stress profiles in nonporous structures. 

 

Figure 7. EBSD IPF maps of three-point bending tested samples prepared with (a) no pore former, (b) with 55 vol% PF20, and (c) 
with 55 vol% PF60 after TPB testing. 
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Figure 8. Kernel average misorientation (KAM) maps of post-TPB test samples prepared with (a) no pore former, (b) 55 vol% 
PF60, and (c) 55 vol% PF20. 

In contrast, the porous samples demonstrate strain localization primarily around the solid throat regions caused by 
porosity, which extends through the entire sample thickness. One difference between the PF20 and PF60 was that in 
PF20, more deformation went through grains instead of localizing at the throats, leading to fewer regions with local 
stress concentration. Denser areas within the porous samples exhibit reduced deformation, suggesting that the porosity 
contributes to an uneven strain distribution, with a lower strain in denser regions and increased concentration in areas 
where porosity-induced throats occur. 

These results provide preliminary insight into the influence of porosity on the mechanical properties of stainless 
steel at room temperature. Porous stainless steel with the properties reported here has been shown to be viable as a 
support for SOCs operating at 750 °C under conditions with minimal external mechanical loading. However, due to the 
drop in yield strength as steel is operated at higher temperatures, additional care must be utilized in designing a porous 
ferritic steel structure to be used at elevated temperatures in applications involving mechanical loads, such as in 
transportation applications. For example, heat treatment such as martensitic quenching and tempering may be helpful 
in starting the 430L stainless steel to be used at a higher room temperature yield strength, so that after the reduction 
resulting from the combination of the porous structure and the high operating temperature, any mechanical loads applied 
during operation can still be withstood by the heat-treated material. Alternatively, components exterior to the cell, such 
as the interconnects or suspension system surrounding the stack in a transportation application, must be designed to 
minimize the mechanical load on the stack, even when relatively strong stainless steel is used. More testing of full-scale 
cells and stacks with interconnects at higher operating temperatures will be required to assess in greater detail the levels 
of mechanical stresses that will be imposed on the stack and to determine the additional strengthening heat treatments 
that may be required prior to the fabrication of the SOC components on the porous metal support structures. 
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4. Conclusions 

This work shows that sintered porous 430L stainless steel produced by powder metallurgy has sufficient 
mechanical strength as a metal support for the SOC application. The material shows very ductile behaviour. The yield 
strength, often lower than the flexural strength, was compared to the requirement for PEMFC bipolar plates and found 
to be greater than the 59 MPa requirement for the vehicle application. All the tested specimens, ranging widely in 
porosity from nearly 0 to 46.5%, met this requirement. There is a significant drop in yield strength with increasing 
porosity from 385 to 118 MPa over this wide porosity range. The EBSD analysis shows that the linear shear motion 
applied to the slurry does not create any preferred orientation of the material. Kernel average misorientation mapping 
suggests that the throats created by the porosity have the most misorientation during three-point bending loading, which 
implies that those regions experience the highest degree of deformation. This study is limited to room temperature, 
which is far from typical SOC operation temperature. Hence, future testing at higher temperatures is necessary. However, 
given the relationship between porosity and mechanical properties tested in this study, the high-temperature mechanical 
properties may be predictable from dense 430L samples measured at higher temperatures. 
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