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Summary: Porous iron-based materials are used in a variety of energy conversion processes, in which the 

iron is cycled between metallic and oxide phases. Material lifetime is hindered by large volume changes, 

internal stresses, and sintering. We use in-situ X-ray tomography to track the structural evolution of iron and 

iron-composite foams, from which we calculate porosity changes and identify key degradation mechanisms. 

 

1. INTRODUCTION 

 

Iron-based materials are attractive candidates for energy storage and conversion technologies because 

they are inexpensive, naturally abundant, and environmentally benign. In applications such as solid oxide 

iron-air batteries [1], the steam-iron process, and chemical looping, the iron active materials are redox cycled 

between FeO/Fe3O4 and metallic Fe by switching between oxidizing (H2O or O2) and reducing (H2 or 

hydrocarbon) gases. However, the large volumetric changes induced by the phase transformations cause large 

internal mismatch stresses that pulverize the material. At the elevated operating temperature (e.g. 400-800°C), 

sintering decreases material porosity, choking the gas flow, slowing redox reactions, and rendering much of 

the material inactive. 

To improve the lifetime of iron materials in these applications, materials developments must be made to 

withstand the redox-induced stresses and sintering. Recently, we demonstrated the fabrication of highly 

porous (50-80 vol. %), lamellar iron foams via directional freeze casting [2]. These foams’ lamellar 

macrostructure is designed to allow sufficient internal open space for the iron lamellae to reversibly expand 

and contract during oxidation/reduction, with the aim of reducing internal stresses. Freeze casting offers an 

inexpensive, scalable, and versatile processing route to making porous materials, since the pore shape, size, 

and total porosity are easily tunable through the freeze casting parameters [3]. 

X-ray tomography is an ideal method for observing the iron-based foams during redox cycling. In this 

study, we examine the structural evolution of foams using an in-situ tomography method that enables imaging 

at iron-air battery operating conditions: 800°C, switching between oxidizing (H2O) and reducing (H2) gases. 

From the reconstructed volumes we calculate the real-time changes in porosity as the foam expands and 

contracts, and we use the image sequences to elucidate mechanisms for pore constriction and formation of an 

exterior shell that blocks gas transport. Finally, we compare the evolution of iron foams to composite foams 

made with a second, sintering-inhibiting phase (yttria-stabilized zirconia (YSZ) or ceria). 

 

2. EXPERIMENTAL METHOD 

 

Iron and iron-composite foams were fabricated using directional freeze casting of aqueous suspensions, 

as described previously [2]. These foams were redox cycled in an in-situ tomography station at the Advanced 

Photon Source, Sector 2-BM. A custom-built furnace was used to maintain temperature at 800°C, while an 

automated gas delivery system was used to alternate between oxidizing (2.3% H2O in Ar) and reducing (3% 

H2 in Ar) atmospheres. Each foam was cycled 5 times using oxidation and reduction steps of 1 hour each.  

Tomographic imaging was collected using 1500 projections (0.12° increment) of transmitted 

monochromatic 40 keV X-rays, with a voxel size of 0.64 μm. Each scan required 3 minutes of data collection, 

and a scan was initiated every 5 minutes. 

Sample volumes were reconstructed using the gridrec algorithm in TomoPy software [4]. Data was 

cropped and thresholded in ImageJ, after which porosity was measured. Volumes were rendered in Amira 

6.7.0 software. Additional post-cycling SEM analysis was performed to image the microporosity (< 2 μm) 

within the foams. 
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3. RESULTS 

 

Prior to redox cycling, the iron-based foams comprised colonies of lamellae 4-8 μm thick separated by 

open channels 5-40 μm wide (Figure 1a). Initial porosity ranged 68-76 vol. %. During the first oxidation to 

Fe3O4, porosity decreased by 10-20 vol. %. In the subsequent reduction, this lost porosity was only partially 

recovered, and the repetition of this process resulted in a net porosity decrease with each redox cycle. In the 

iron-YSZ foams, however, porosity stabilized after the first cycle, indicating the successful inhibition of 

sintering. The iron-ceria foams did not show a significant improvement over the iron foam, which is likely due 

to the much larger particle size of ceria (~1 μm) versus YSZ (~60 nm).  

Reconstructed volumes showed sufficient contrast to distinguish the metallic and oxide phases during the 

first oxidation, but not during the rest of cycling. During oxidation, Kirkendall micropores form in the FeO 

phase due to iron vacancy clustering, and during reduction the volume shrinkage introduces new cracks and 

porosity in the lamellae. Thus, the image contrast conflates the density differences between chemical phases 

and the simultaneous microporosity changes (smaller than the tomographic resolution), precluding threshold-

based oxide/metal segmentation.  

The iron foam exhibited formation of a dense shell, 25-70 μm thick, around the exterior of the foam. 

Since this shell blocks the necessary gas transport, it is crucial to understand the mechanism of its formation 

and design better materials to prevent it. For the first time, in-situ tomography has enabled this mechanistic 

understanding. The shell formation begins with the enlarging of each lamellae during first oxidation, while 

Kirkendall pores grow preferentially along the midplane of each lamellae. In the second oxidation, internal 

mismatch stresses between newly-oxidized and still-metallic sections of the lamellae cause fracturing along 

this midplane, flaring the outer tips of lamellae (Figure 1b, blue arrows). This flaring causes neighboring 

lamellae to contact, quickly sintering and irreversibly forming a continuous outer shell (Figure 1c, orange 

arrows). 

The iron-YSZ foams exhibited less shell formation, again highlighting the role of the sintering inhibitor 

phase in stabilizing these foams for redox applications. We also hypothesize that the YSZ phase endows an 

anti-stick functionality, so that when neighboring lamellae contact they do not immediately sinter together. 
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Figure 1: Iron foam (a) before redox cycling, (b) during 2nd oxidation when shell begins to form, and (c) after 

3rd oxidation when shell is fully formed. Flaring of lamellae tips and exterior shell marked with blue and 

orange arrows, respectively. 


