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Editor’s Note: The NASF-AESF Foundation Research Board selected a project on electrodeposition toward developing low-cost 
and scalable manufacturing processes for hydrogen fuel cells and electrolysis cells for clean transportation and distributed power 
applications. This report covers the ninth quarter of work, from January through March 2024. 
 
1. Introduction 
 
Hydrogen has been identified by the US government as a key energy option to enable full decarbonization of the energy system.1  
The US government has recently initiated a significant investment in the Hydrogen Economy, which is detailed in the recent 
“Road Map to a US Hydrogen Economy: reducing emissions and driving growth across the nation” report.  In June 2023, the first 
ever “US National Clean Hydrogen Strategy and Roadmap” was published.2  On Nov. 15, 2021, President Biden signed the 
Bipartisan Infrastructure Law (BIL).  The BIL authorizes appropriations of $9.5B for clean hydrogen programs for the five-year 
period 2022-2026, including $1B for the Clean Hydrogen Electrolysis Program.  In alignment with the BIL and the mission of 
Hydrogen Energy “Earthshot” to reach the goal of $1 per 1 kg in 1 decade (“1 1 1”), the US is projected to invest in priority areas 
that will advance domestic manufacturing and recycling of clean hydrogen technologies.  
 
Solid oxide electrolyzer cells (SOECs) are energy storage units that produce storable hydrogen from electricity (more recently 
increasingly from renewable sources) and water (electrolysis of water).3  The majority (~95%) of the world’s hydrogen is 
produced by the steam methane reforming (SMR) process that releases the greenhouse gas carbon dioxide.4  Electrolytic 
hydrogen (with no pollution) is more expensive compared to hydrogen produced using the SMR process.  Investments in 
manufacturing and process development and increasing production scale and industrialization will reduce the cost of electrolytic 
hydrogen.  Based on the recent DOE report, with the projected growth of the hydrogen market, the US electrolyzer capacity will 
have to increase by 20% compound annual growth from 2021 to 2050, with an annual manufacturing requirement of over 100 
GW/yr.  Given the complex structure and stringent physical and functional requirements of SOECs, additive manufacturing (AM) 
has been proposed as one potential technological path to enable low-cost production of durable devices to achieve economies of 
scale, in conjunction with the ongoing effort on traditional manufacturing fronts.5  Recently (2022), the PI published an article on 
challenges and opportunities in AM of SOCs,5 in which a comprehensive review of the state-of-the-art in this field is presented.  
 
In this work, we aim to contribute to such effect of national interest to enable the hydrogen economy through development of 
manufacturing processes for production of low cost, durable and high efficiency solid oxide fuel cells (SOFCs) and SOECs. 
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2. Summary of Accomplishments (January-March 2024 Quarter) 
 
In this period, we followed our work on 3D printing anode support for solid oxide fuel cells, SOFC (or cathode for solid oxide 
electrolyzers, SOEC).  We focused on the mechanical properties of 3D printed yttria-stabilized zirconia (YSZ) using a four-point 
bending test.  We then conducted a statistical analysis to characterize the flexural strength of porous 3D printed YSZ. 
 
3. Activity 
 
While porosity is essential for facilitating gas transport within the electrodes, it can also substantially impact the mechanical 
properties of ceramics.1  This is particularly important as the electrodes often serve as the support structure, needing to endure 
various internal and external mechanical loads. To address the concerns of both optimal porosity and mechanical properties of 
the anode structure (in anode-supported SOFCs), a sintering temperature of 1150°C with a porosity of ~33% (RD ~67%) was 
chosen for further investigation (Figure 1). 

  
Figure 1 - Relative density (RD) of 3D printed  
porous YSZ at different sintering temperatures.  

Figure 2 - XRD pattern of porous 3D printed 3YSZ sintered at 
1150°C. 

 
X-ray diffraction (XRD) analysis was employed to identify the crystalline phases present in the porous 3D printed YSZ sintered at 
1150°C (Figure 2).  The diffractogram revealed the predominant presence of the tetragonal phase, evidenced by characteristic 
peaks at 2θ values of ~31°, 35-36°, 50-51°, 59-64° and ~75°.  Notably, no cubic phase was detected, consistent with the 
tetragonal phase reported for dense YSZ in similar studies.2-5 
  
To investigate the mechanical properties of the porous 3D printed YSZ component, flexural tests at room temperature were 
performed (Figure 3), using a four-point bending test.  The porous beams displayed a range of flexural strength between ~31 and 
~40 MPa, with an average flexural strength of 35.6 ± 2.7 MPa. 

 
Figure 3 - (A) 3D printed 3YSZ beam sintered at 1150°C, (B) four-point bending test. 
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Cai, et al.6 studied flexural strength of porous 3YSZ manufactured by freeze-casting at two different sintering temperatures, 
1200°C and 1300°C, corresponding 46% and 40% porosity.  Their findings revealed that increasing the sintering temperature 
from 1200°C to 1300°C led to a corresponding increase in flexural strength (from 24 MPa to 50 MPa).  Riyad, et al.7 reported a 
three-point bending flexural strength of  ~18 MPa for 8YSZ, fabricated by freeze-casting with a porosity of ~45%.  Hu, et al.8 
obtained a compressive strength ranging from ~3 to ~29 MPa for 8YSZ manufactured by a gel-casting process and various 
sintering temperatures.  It should also be noted that the measured strength may vary, based on the measurement method.  For 
instance, in the three-point bending test, a beam is subjected to both shear and bending loads over its entire length, with the 
maximum bending moment in the mid-span of the beam.  In a four-point bending test however, the span of the beam between 
the two interior loads is shear-free, and under a constant pure bending moment.9 
 
Given the probabilistic nature of ceramic failure, such differences in loading and its interaction with processing flaws may result in 
different strength values.  In the case of brittle ceramics, mechanical strength is influenced by the presence of flaws.  However, it 
is important to note that these flaws may not be consistently distributed throughout the samples, and in some cases, they may be 
clustered unevenly.  This uneven distribution of flaws could potentially trigger crack growth during mechanical testing.  
Consequently, when reporting mechanical strength data for 3D printed ceramic materials, it is crucial to consider this variability, 
and report statistical analysis.10 
 
For ceramic materials, the Weibull analysis is the preferred method, because of the stochastic nature of failure in these 
materials, produced by process defects and porosity.  The probability of failure is mathematically expressed as: 
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where m is the Weibull modulus, and σo is the characteristic strength.7,9  The Weibull modulus is a shape parameter that 
converts a specimen's likelihood of failure over a range of strength levels.  For the analysis, the flexural strength values of the 
specimens were ranked in ascending order and assigned a corresponding probability of failure using 𝑃௙ = (i - 0.5)/N, where 𝑃௙ is 
the rank of the 𝑖௧௛ specimen and N is the total number of tested specimens.  Probabilities of flexural strengths are reported in 

terms of ln ቆ𝑙𝑛 ൬
ଵ

൫ଵି௉೑൯
൰ቇ and 𝑙𝑛ሺ𝜎ሻ.  The Weibull modulus, m, was obtained by fitting a straight line as the slope of the 

Weibull plot of  ln ቆ𝑙𝑛 ൬
ଵ

൫ଵି௉೑൯
൰ቇ against 𝑙𝑛ሺ𝜎ሻ.   A Weibull plot for flexural strength is shown in Figure 4.  A modulus of m = 

5.3 and a characteristic strength of 36.4 MPa was obtained for porous 3D printed YSZ beams.  

 
 

Figure 4 - (A) Distribution of the flexural strength of porous YSZ beams; (B) The Weibull analysis and characteristic strength 
of porous 3D printed YSZ beams. 
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For engineered ceramics, the Weibull modulus is reported to be in a range of 5 to 10.11  Fan, et al.12 reported that for porous 
brittle ceramics, the value of the Weibull modulus was in the range of 4 to 11.  For 3D printed polymer-derived ceramics, freeze-
cast 8YSZ with a porosity of ~45%, and 3D printed alumina, Weibull moduli of 3.7, 5.7 and 3.9, respectively, were recently 
reported.7,9,10  Each printing technology (e.g., stereolithography, freeze-casting and DLP) introduces unique manufacturing flaws 
and affects the overall material microstructure.  Printing parameters such as layer thickness, printing speed and post-processing 
steps also influence the Weibull modulus.13 
 
Our research currently focuses on investigating the thermal shock behavior of 3D printed porous YSZ with the porosity of 
approximately 33%. 
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