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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 tenth quarter of work, from April through June 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 (April-June 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 thermal shock properties of 3D printed yttria-stabilized zirconia (YSZ).  
 
3. Activity  
SOFCs and SOECs are promising players in the energy sector, generating electricity, and producing fuels with remarkable 
efficiency.6-8  However, their high-temperature operational condition, typically ranging from 600 to 800°C, presents a formidable 
challenge - thermal stress.  These extreme temperatures, coupled with the inherent non-uniformity of heat distribution during 
operation, create significant thermal gradients within the cell, particularly within the electrodes.9  To quantitatively assess the 
thermal shock resistance of the porous 3D printed YSZ, the ASTM C1525-18 standard was followed.10  The thermal shock 
resistance of porous 3D printed YSZ  was evaluated by assessing the reduction in flexural strength at different temperatures 
compared to the room-temperature baseline. 
  
Figure 1A schematically illustrates the thermal shock testing procedure. Briefly, each beam underwent exposure to a high 
temperature for a specific duration of time, followed by rapid quenching in a DI water bath at room temperature.  The beams 
were then dried in an oven for 4 hours at the temperature of 60°C.  Subsequently, the flexural strength of the quenched beams 
was measured using a 4-point bending test with a Universal Testing Machine.  To systematically investigate the impact of high 
temperature on the mechanical strength of 3D printed porous YSZ, each beam was held at the chosen temperature for 15 
minutes to ensure thermal equilibrium before quenching. 
 
The relative reduction in the flexural strength, compared to its corresponding average value at room temperature, was calculated 
under each thermal shock condition.  According to ASTM C1525-18 standard,10 the critical temperature difference for thermal 
shock resistance is defined as the point in which a 30% reduction in strength occurs, compared to the room temperature average 
value.  Accordingly, thermal shock experiments were conducted at 350°C, 500°C and 600°C to map the evolution of flexural 
strength as a function of exposure temperature. 
 
Figure 1B displays the results for 3D printed porous 3YSZ before and after thermal shock.  Porous YSZ beams exhibited 
remarkable tolerance to thermal shock up to 500°C, retaining over 70% of their flexural strength at this temperature.  Beyond this 
point, the impact of thermal shock became more pronounced, approximately 39% reduction in strength at the maximum 
temperature of 600°C.  Based on these observations, the critical temperature for thermal shock resistance of the porous 3D 
printed YSZ beams was identified as 500°C.  It should be noted that despite the strength reduction, no visible surface cracks 
were observed on the beams at any tested temperature with naked eyes. 

 
Figure 1 - (A) Schematic diagram of the thermal shock experiment followed by a 4-point bending test; (B) the measured flexural 
strength of the porous 3D printed YSZ beams after undergoing thermal shock at temperatures ranging from 350°C to 600°C.  
The top line represents the mean flexural strength of beams measured at room temperature without thermal shock, and the 
bottom line denotes a 30% (according to ASTM C1525-18) reduction in flexural strength compared to the room-temperature 
average. 
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Figure 2 - SEM images of beams in the thermal shock experiment (A-B) 350°C, (C-D) 500°C and (E-F) 600°C. 
 
To further investigate the impact of thermal shock on the microstructure of the porous 3D printed YSZ beams, SEM images were 
acquired (Fig. 2).  The thermal shock experiment generally introduced more defects in the porous YSZ.  Specifically, elevating 
the temperature from 350°C to 600°C during thermal shock experiments resulted in intensifying the density of cracks on the 
surface of the porous YSZ.  The higher crack density associated with the higher thermal shock experiment caused a greater drop 
in the flexural strength.  
 
Generally, the durability and strength of ceramic structures are highly dependent on their microstructural characteristics, 
including factors such as pore size, shape, distribution and grain size.11  Research has verified that the flexural strength of spark-
plasma-sintered YSZ decreased from 342.8 MPa to 43.1 MPa as porosity increased from 8% to 40.1%.12  Similarly, Nakamura, 
et al. observed an 8.48% reduction in flexural strength for fully dense 3YSZ when grain size grew from 0.30 µm to 0.63 µm, 
highlighting the negative impact of larger grains on strength.13 
 
While highly porous ceramics often show increased crack initiation and propagation under thermal shock, their response can be 
complex.  It is crucial to consider both crack nucleation and the degree of damage when evaluating the influence of porosity.  
Literature suggested that, for porcelain-based ceramics, porosity reduced the thermal shock fracture resistance but enhanced 
damage resistance.  This contradictory effect can be explained by the role of pores as crack arresters.14,15  Pores can deflect or 
absorb a portion of the thermal shock stress, potentially prevent crack propagation.15  Shen, et al. demonstrated that porous 
Al2O3/ZrO2 ceramics with higher porosity exhibit higher critical temperature differences (ΔTc) for thermal shock resistance 
compared to their less porous counterparts.  For example, Al₂O₃/ZrO2 with 6% porosity had a ΔTc below 200°C, while increasing 
porosity to 31% and 43% boosted ΔTc to 300°C and 400°C, respectively.16  Riyad, et al. reported for the ~45% porous 8YSZ 
beams a critical temperature of 400°C.17  The results of thermal shock in this study with tolerance to thermal shock of up to 
500°C is significantly higher than the reported 127°C for ~98% dense 8YSZ18 and even surpasses the 325°C of 3Y-TZP (~99% 
dense).19 
 
Our research currently focuses on investigating the new slurry with different packing density to create porous zirconia at final 
sintering temperature for application of SOCs. 
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