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a b s t r a c t   

Directional freeze-casting (FC) of powder suspensions followed by freeze-drying and sintering is a versatile 
and scalable processing route for creating metallic foams with highly elongated pores. Because of the high 
propensity for oxidation of metal powders, the use of precursor oxide powders is studied here with an 
additional step of H2-reduction of oxides to metal before sintering. However, the large volume shrinkage 
due to oxide reduction causes foam deformations, making it difficult to optimize the FC parameters to 
obtain a particular foam structure. We use quasi in situ X-ray microtomography to analyze the three-di
mensional structural evolution of directionally freeze-cast, lamellar Fe2O3 and Fe2O3+NiO green bodies as 
they are reduced by H2 at 725 °C to Fe and Fe-20Ni (at%), respectively, and sintered at 900 °C. These 
temperature and gas conditions result in sequential reduction and sintering steps that can be individually 
analyzed. Foam porosity, pore width, lamellae thickness, and macroscopic shrinkage are quantified by 
image analysis. Oxide green body structures match typical FC relationships: porosity increases with de
creasing powder content in the FC suspension, and the lamellae spacing period, or FC wavelength, decreases 
with increasing freezing velocity. Upon H2-reduction, lamellae in Fe foams buckle due to mismatch stresses 
from spatially-inhomogeneous reduction rates, leading to anisotropic deformation. Buckling is absent in Fe- 
20Ni foams due to the faster reduction kinetics of Ni/NiO that lead to more spatially uniform reduction. 
Reduction is responsible for 73–86% of the total volumetric shrinkage, with sintering causing the remaining 
shrinkage, which is nearly isotropic for all foams. The observed relationships between FC parameters, green 
body and metal foam structure can help guide the design and optimization of metal foams for specific 
technological applications. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Metallic foams have been implemented for a wide array of 
technological applications, including biomedical implants [1–3], fil
tration [4,5], heat exchangers [6,7], batteries [8], fuel cells [9], and 
structural applications [10]. In all these fields, the performance of 
the foams is linked to their architecture, which makes control of the 
manufacturing processes crucial to optimizing their end use. Among 
the various methods for creating metal foams [10–12], freeze-casting 
(FC) stands out as an attractive fabrication route because it offers 
simple and direct control over the foam morphology and is scalable  

[10,13]. Though the term “foam” has traditionally been used for 
materials produced specifically via foaming (e.g., foaming a metal 
melt), the ordered, porous structures obtained via freeze-casting are 
referred to as “foams” here due to their highly porous nature and 
similar applications as conventionally foamed metals. 

In FC, the pore morphology is first determined by the choice of 
powder carrier, most commonly water, which produces a lamellar 
foam structure templated from ice solidification. Other powder 
carriers give rise to alternate architectures: for example, camphene 
(dendritic) [14] or tert-butyl alcohol (honeycomb) [15]. A suspension 
is prepared using the liquid carrier and the solid powder, with ad
ditional dispersant and polymer binder to aid in suspension stabi
lization [16,17]. This suspension is then frozen, directionally or non- 
directionally. In the case of water, as ice lamellae nucleate and grow, 
the powder particles are pushed into the inter-lamellar spaces, 
forming a composite of pure ice and packed particles embedded in 
ice. The ice is then sublimated to obtain a lamellar, porous green 
body (or preform) with open pores (channels) where the ice 
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lamellae were previously. For FC metallic or ceramic materials, the 
green body is typically sintered to join the particles together and 
provide structural stability to the foam. The foam pore fraction and 
size can be tuned by adjusting the powder content in the FC sus
pension and the solidification velocities, respectively [18–20], pro
viding the architectural control desired for metal foam applications. 

While FC has been applied extensively to ceramic and polymeric 
materials, preparing metal foams via FC is a relatively new advance. 
The propensity of metals for oxidation sometimes precludes the use 
of submicron powders for most metals, though FC has been suc
cessfully applied with metallic powders to produce foams of Ti [21], 
Ag [22], and steel [23]. Another challenge is the large density of 
metals (in comparison to oxides), which leads to rapid sedimenta
tion of metal powders in suspension. An alternative fabrication route 
is to use an oxide precursor for the metal, producing an oxide green 
body, which is then reduced by H2 at elevated temperatures and 
sintered. Foams of Cu, Ni, Co, W, and Fe have been created from their 
oxides (CuO, NiO, Co3O4, WO3, Fe2O3, respectively) using this ap
proach [24–30]. However, the molar volume change associated with 
oxide reduction to metal leads to shrinkage of the foam (e.g., the Fe 
molar volume ratio of Fe2O3/Fe is 2.14/1). The foam structural evo
lution during the reduction and sintering steps has not been studied 
beyond reporting changes in macroscopic dimensions and total 
porosity between the oxide green body and resulting metallic foam 
(e.g., Refs. [31,32]). The processing-structure knowledge gap for this 
final processing step makes it difficult to tailor the FC procedure to 
achieve a specific target for metal foam architecture (e.g., size of 
pores and metal lamellae), often necessitating extensive trial-and- 
error to refine processing parameters. Manufacturing of FC metal 
foams would be advanced by a better understanding of how struc
ture changes during reduction and sintering of an oxide green body 
to a metallic foam. 

The structural evolution of sintering (without reduction) on FC 
foams has been investigated for ceramic materials. Lichtner et al.  
[33] used optical dilatometry to observe in situ the changes in dia
meter and height for foams made of lanthanum strontium manga
nite and yttria-stabilized zirconia, which revealed anisotropy in the 
shrinkage behavior. Sintering shrinkage was 16% and 19% linearly 
along the directions perpendicular and parallel to freezing, respec
tively, which was attributed to the closer packing of particles along 
the parallel direction, leading to more complete sintering. Discrete 
element modeling has been used to assess the mechanisms under
lying such anisotropic sintering, including anisotropic particle 
packing, alignment of inter-particle contacts, and particle shape  
[33,34]. These experimental and theoretical studies can offer insight 
to the reduction and sintering of FC metallic foams, but to a limited 
extent given that the volume contraction during reduction is much 
greater than that of sintering alone. 

A study more closely related to reduction and sintering of porous 
oxide green bodies was reported by Kenel et al. [35], who used in situ 
synchrotron X-ray microtomography to observe the structural 
changes of wires, extruded from inks consisting of Fe2O3+NiO+MoO3 

powder blends, during reduction by H2 and sintering. These ~200 µm 
wires are the structural units of 3D-printed metal scaffolds used for 
applications similar to those of FC foams, so the manufacturing 
process and volumetric shrinkage challenges are similar. Kenel et al. 
observed rapid reduction of Fe2O3 and NiO prior to sintering, except 
in H2-dilute conditions for which the reduction and sintering pro
cesses overlap partially. A particle size effect was also observed: 
micron-sized metallic powders sintered more slowly and with much 
less wire shrinkage than those reduced from submicron oxide 
powders. While not on a FC material, this prior work demonstrates 
the mechanistic insights that in situ X-ray tomography can provide 
for reduction and sintering processes, similar to another study on 
structural degradation of iron-based FC foams during H2/H2O redox 
cycling [36]. 

In this work, we use a similar quasi in situ synchrotron X-ray 
microtomography approach to probe the processing-structure re
lationship for directionally FC foams of Fe2O3 during their reduction 
to Fe and sintering. We track the evolution of a foam volume 
(3.2 mm diameter, 1.8 mm height) to elucidate changes in foam di
mensions, total porosity, lamellae thickness, pore width, and intra- 
lamellae solid density. We compare how these structural parameters 
evolve for foams prepared using three different freezing velocities 
(i.e., different initial pore sizes), three levels of powder loading in the 
FC suspension (i.e., different initial total porosity), and a suspension 
containing both Fe2O3 and NiO powders to produce Fe-20Ni foams. 
An additional benefit of this study is obtaining the three-dimen
sional structure of as-cast green bodies, which for FC submicron 
oxide powders are typically too fragile for metallographic prepara
tion and imaging. 

2. Experimental procedures 

2.1. Directional freeze-casting and sample preparation 

Oxide green bodies were created using a water-based freeze- 
casting method as described previously [11,32]. First, an aqueous 
suspension was prepared containing α-Fe2O3 submicron powder 
(99.9%, 325  ±  130 nm, Reade Advanced Materials) and a dispersant 
(Zephrym PD 4974, Croda, Inc.). Suspensions contained 6, 10, or 
14 vol% Fe2O3, all with 0.5 vol% dispersant. These suspensions were 
ball milled for ~48 h with zirconia milling media to break up ag
glomerates. Separately, polyethylene glycol binder (Mn = 3350, 
Sigma Aldrich) was dissolved in water and added to the oxide 
powder suspensions, resulting in binder content of 2 vol% in the 
suspension. The pH of the suspension was adjusted to 5.5–6.5 by 
dropwise addition of 4 M HNO3. An additional suspension was cre
ated containing 8.44 vol% Fe2O3 powder and 1.56 vol% nanometric 
NiO powder (99.5%, 45  ±  15 nm, SkySpring Nanomaterials), which 
upon reduction forms Fe-20Ni (at%) foams. Suspensions were de
gassed under rough mechanical vacuum and then placed into an ice 
bath to cool them to a temperature just above 0 °C. 

For directional freeze-casting, a cylindrical Teflon mold (3.6 mm 
ID, 19.1 mm OD, 13 mm height) was placed on a copper plate and 
cooled to 1 °C using a thermoelectric device underneath the plate. 
The setup was enclosed in polymer foam insulation to minimize heat 
transfer radially through the mold and encourage unidirectional 
solidification. A small volume of cold suspension was pipetted into 
the mold (~ 8 mm height of liquid), and the copper plate was cooled 
at an exponential rate to achieve a constant freeze front velocity 
(following Ref. [37], Eq. 5), ending at a final temperature of ‐30 °C, by 
which point the entire sample had solidified. Samples were prepared 
using freezing velocities of 8, 12, or 16 µm s−1. Frozen samples were 
pushed out of the mold, and the bottom portion of each sample 
(4–5 mm) was cut with a razor blade to (i) remove any sedimenta
tion layer, (ii) provide a clean-cut surface with minimal smearing to 
facilitate gas flow during reduction experiments, and (iii) obtain 
samples consistently 3.2 mm in height. Frozen samples were stored 
under dry ice and transported to the Advanced Photon Source (APS) 
at Argonne National Laboratory. There, they were placed on top of 
alumina sample holders (4.5 mm diameter, 10 mm height) within a 
freeze-drying chamber and maintained under vacuum (~125 mTorr) 
between ‐29 and ‐24 °C for at least 24 h. After complete ice sub
limation, the oxide green bodies were ready for reduction and sin
tering experiments. 

2.2. In situ X-ray tomography during reduction and sintering 

In situ X-ray tomography was performed at Sector 2-BM at APS. 
For each experiment, a green body and its alumina holder were 
carefully removed from the freeze dryer and positioned in the 
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tomography setup, aligned with the X-ray beam. As illustrated in  
Fig. 1a, the sample holder was placed on an alumina mounting rod 
on top of a rotational stage. A custom-built furnace with a quartz 
tube (~1 mm wall thickness) for gas flow was lowered on top of the 
sample, and openings on opposites sides of the furnace permitted 
passage of the X-ray beam. The transmission of monochromatic 
40 keV X-rays were detected with a 100 µm thick LuAG scintillator, a 
2× objective lens, and a FLIR Oryx camera (ORX-10G-51S5M) that 
provided a (1.7 µm)3 voxel size. The resulting field of view was 
1.8 mm tall (limited by the X-ray beam size), so the bottom 1.8 mm 
of the green body was imaged. For a single tomogram, 1500 radio
graphs were collected at equal rotational increments over the 0–180° 
range, each with 0.15 s exposure. Each tomogram also included a 
dark scan (shutter closed) and a blank scan (sample moved out of 
beam path) to correct camera and beam nonuniformities, respec
tively. For the blank scan, the sample was moved vertically down out 
of the field of view. Each tomogram took 6.4 min. 

Each experiment started by lowering the furnace, already pre
heated to 300 °C and with He flowing at 200 sccm, onto the green 
body. After an initial tomogram, the furnace and green body were 
heated at 15 °C min−1 to 725 °C, while tomography scans were col
lected continuously. After equilibrating at 725 °C, the reduction 
process was started, which consisted of a two-step cycle. First, the 
reduction gas (3% H2 in Ar) was flowed at 200 sccm for 1 min. Then, 
the gas was switched to 180 sccm He + 20 sccm reducing gas, and a 
tomogram was collected. This two-step cycle was repeated 25 times 
while holding isothermal at 725 °C. These reduction and scan con
ditions were chosen based on preliminary testing, which indicated 
the reduction process during continuous flow of reducing gas was 
too fast to be resolved: the foam structure deformed too much 
during a single scan and severe blurring resulted. The alternating 
reduction gas pulses and tomography scan periods, which we call 
“quasi in situ,” solved this problem. After reduction, the sample was 
heated at 5 °C min−1 to 900 °C under 200 sccm reducing gas and then 
sintered for 30 min while tomograms were collected continuously. 
The complete thermal and gas program is summarized in Fig. 1b. 

2.3. Data processing and analysis 

Tomographic reconstructions were obtained using the gridrec 
algorithm [38] in TomoPy [39], and data processing and visualization 
were performed in ImageJ, Matlab (MathWorks), and Amira 6.7.0 
(Thermo Scientific) software. To ensure that data analysis was per
formed on the same region of each foam, even as it shrank and 
deformed, each tomogram was registered to the previous one by 
manually identifying the top and bottom slices of a selected sub- 
volume, based on structural pattern recognition. (Rotation and tilt 
along the vertical axis were negligible). The sub-volume of each 
foam covered the entire cross-section and between 0.8 and 1.3 mm 
of green body height. After registration, several structural para
meters were calculated from the data to quantify changes during 
reduction and sintering, as well as to compare foams prepared with 
different FC suspensions and freezing velocities. All calculations 
were performed on two-dimensional (2D) cross-section images, or 
slices, and the three-dimensional (3D) values for each tomogram are 
reported as the mean ±  standard deviation of the 2D measurements. 

Foam porosity, 

=p V V1 ( / ),s e (1) 

was calculated from the solid volume, Vs, measured in 2D for every 
10th slice, and the envelope volume, Ve, measured every 50th slice. 
For the solid volume, each slice was first pre-processed by sequen
tially applying a median filter (radius of 3 pixels), thresholding, ap
plying another median filter (radius of 3 pixels), and removing 
outliers. This pre-processing sequence was selected as the best of 
several attempted strategies for reducing noise and artifacts while 
minimizing alterations to the data. The solid volume was then 
measured by directly counting solid (i.e., bright) pixels, and the 
envelope volume was measured by applying a pore filling algorithm  
[36] to the unfiltered slices and again counting the solid pixels. 
Changes in the sub-volume height and cross-sectional area were 
calculated for each time step. 

Mean brightness was calculated to track the extent of reduction 
and sintering, as the brightness of a given voxel is related to the 
exponential of its electron density (i.e., Beer-Lambert law; 

Fig. 1. (a) Schematic of the in situ X-ray tomography setup. (b) Temperature and gas program used for the in situ reduction and sintering experiments. Circled numbers indicate 
the time points corresponding to structure snapshots in Figs. 2 and 4. 
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equivalently, the natural logarithm of brightness is proportional to 
electron density). Sintering increases density by eliminating micro
pores that are smaller or similar in size to the voxel resolution 
(1.7 µm). Since X-rays are predominantly absorbed by Fe compared 
to O, mean brightness also increases due to reduction, as the number 
of Fe atoms per unit volume increases. Mean brightness was calcu
lated for every 10th slice by masking the grayscale image with its 
thresholded version (used for porosity measurement) – to select 
only “solid” pixels – and then averaging the brightness of these 
pixels. For ease of comparison with height and cross-sectional area 
changes, the inverse of ln(brightness) is reported, which decreases 
during reduction and sintering [35]. The inverse ln(brightness) va
lues are normalized from 1 to 0, corresponding to the initial (fully 
Fe2O3) and final (fully Fe) scans, respectively. 

The distributions of lamellae thickness and pore width were each 
calculated using the Local Thickness algorithm in ImageJ [40]. This 
algorithm first identifies one domain in a binary image (e.g., all the 
pixels of the solid lamellae, or of the pores). Then, for each pixel, 
Local Thickness is calculated as the diameter of the largest circle (for 
2D) or sphere (for 3D) that fits within the domain, thus providing an 
area-based or volume-based distribution of the feature sizes for that 
domain. Calculations on 2D images are much faster computationally 
than 3D, and based on preliminary analyses we determined negli
gible difference between the two because lamellae/pores are nearly 
orthogonal to the slices of 3D data. Thus, we calculated Local 
Thickness on 2D slices throughout the stack of images and used the 
mean value of 2D measurements to estimate the true (3D) thick
nesses. 

Lamellae thickness was measured on every 10th slice using the 
filtered and thresholded images from the porosity measurement, to 
eliminate small noise. For the pore width measurement, the filtered 
and thresholded image was first brightness-inverted and masked by 
the corresponding envelope volume, resulting in a new image with 
only pores displayed as bright pixels (as required by the Local 
Thickness algorithm). The pore width distribution was measured 
from this new image for every 50th slice. The single-slice histograms 
for lamellae thickness and pore width were summed to obtain cu
mulative histograms, on which the mean and standard deviation 
were calculated. The FC wavelength, or the spacing period of parallel 
lamellae, was calculated as the sum of mean lamellae thickness and 
mean pore width. 

These structural parameters were also measured for the green 
bodies before reduction and sintering, using a tomogram collected 
before lowering the furnace onto the sample. Selected reconstruc
tions were rendered in 3D using the thresholded data in Amira 
software. 

3. Results and discussion 

3.1. Green body structure 

Nearly all FC hard materials – metals and ceramics – are manu
factured with a final sintering process step, which is necessary to 
make the powder-compacted green body mechanically stable. Due 
to the fragility of green bodies, metallography and imaging are ty
pically done on the sintered foam for structural characterization, but 
this approach cannot reveal structural changes that occur during the 
sintering step. X-ray tomography is an ideal probe for imaging fragile 
green bodies, as it is nondestructive and can provide 3D structural 
information. Though numerous studies have investigated iron-based 
FC foams [11,12,14,29,31,32,36,41–43], this is the first, to our 
knowledge, that relates their green body and reduced-and-sintered 
structures. 

A list of all foams investigated by quasi in situ tomography is 
provided in Table S1 (in the Supplementary Material), including 
where each foam appears in the figures that follow. The left column 

in Fig. 2 shows tomography reconstructed cross-sections (perpen
dicular to the freezing direction, halfway along the height of the 
registered volume) for green bodies prepared with various FC sus
pensions and freezing velocities. The green body structure is typical 
of water-based directional freeze-casting: lamellae, each extending 
several mm along the freezing direction, grouped into colonies that 
contain parallel lamellae, with misalignment between different co
lonies [31]. Fig. 2a, b, and 2c show three green bodies directionally 
frozen at a velocity of 16 µm s−1 using suspensions containing 6, 10, 
and 14 vol% Fe2O3, respectively. As the oxide content increases, the 
cross-sections show an increase in the lamellae thickness and a 
corresponding decrease in porosity, as expected. Fig. 2b and d show 
green bodies frozen from a 10 vol% Fe2O3 suspension at 16 and 
8 µm s−1, respectively. The slower freezing in the latter specimen 
results in a larger spacing period of lamellae – the so-called FC 
wavelength – as expected. 

These trends are summarized quantitatively in Fig. 3. For a fixed 
freezing velocity (16 µm s−1), as the suspension oxide content in
creases, the FC wavelength does not change (Fig. 3a) and the porosity 
decreases (Fig. 3b). For a fixed FC suspension (10 vol% oxide), as the 

Fig. 2. Cross-sections perpendicular to the freeze-casting direction, taken from X-ray 
tomography reconstructions. Five foams are shown, each corresponding to a different 
combination of oxide in the freeze-casting suspension (vol%) and freezing velocity 
(μm s−1). Foams cast from (a-d) Fe2O3 and (e) Fe2O3+NiO powders. Registered cross- 
sections for each foam are shown for the green body (left), reduced (center), and 
sintered (right) states, corresponding to circled time markers (1), (3), and (5) in  
Fig. 1b. Annotations in red are described in the text. 
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freezing velocity increases, the wavelength decreases (Fig. 3c) and 
porosity does not change (Fig. 3d). These trends are consistent with 
standard relationships for FC parameters, in particular v~ n, where 

is the FC wavelength, v is the freezing velocity, and n = 1 for 
submicron powders [20]. For the FC parameters studied here, green 
body porosity ranged from 67% to 78%, and the mean FC wavelength 
spanned 60–95 µm. As described in the Experimental procedures, 
the FC wavelength was calculated for several 2D slices in the 3D 
tomography volume and then averaged. The standard deviation of 
these measurements (Fig. 3 error bars) was quite large for FC wa
velength, indicating a large variation in lamellae thickness and pore 
width. Based on inspection of the cross-sections and their 2D 
thickness histograms, the lamellae structure is quite consistent from 
top-to-bottom through the foam, which justifies the 2D measure
ment approach to obtain 3D values (i.e., the cross-section at any 
given height is structurally representative). Rather, the variation in 
lamellae thickness and pore width is present in each individual 
cross-section; for example, for a Fe2O3 green body freeze-cast at 
8 µm s−1 from a suspension with 10 vol% oxide, the 3D standard 
deviation for pore width is 11.2 µm and the standard deviations of 
individual 2D slices range from 10.7 to 11.5 µm. 

For two of the FC conditions – 10 vol% oxide with 8 or 16 µm s−1 – 
replicate green bodies were tested. As shown in Fig. 3c, for either 
group of replicates, the mean wavelength values are well within the 
single-sample error bars, indicating that the FC procedure was re
producible for a given set of FC parameters. The porosities of re
plicate Fe2O3 green bodies (Fig. 3d, 8 µm s−1) are fairly reproducible, 
and the Fe2O3+NiO green bodies (Fig. 3d, 16 µm s−1) had ~4% higher 
porosity than their analog Fe2O3 green bodies. 

3.2. Structural evolution during reduction and sintering 

All green bodies exhibited similar behavior during reduction and 
sintering, as shown by cross-sections in the cast, reduced, and sin
tered states in Fig. 2. Green body structure did not change appreci
ably during the initial heating from 300 to 725 °C (not shown). Upon 
reduction, the foams distorted and shrank macroscopically due to 
the molar volume shrinkage from Fe2O3 to Fe; subsequent sintering 
(heating from 725 to 900 °C and holding isothermally) led to further 
shrinkage due to densification of Fe within individual lamellae. 

The most notable structural changes are the buckling of lamellae, 
leading to substantial anisotropy in the macroscopic shrinkage. For 
example, in Fig. 2d, the lamellae are mostly aligned left-to-right in 
the cross-section image of the green body, and they contract pre
dominantly along this orientation as they fan apart in the perpen
dicular direction (annotated with red arrows). This buckling 
behavior is more fully evident in the time lapse of the cross-section 
(Video S1 in the Supplementary Material) and 3D renderings (Fig. 4, 
left column, and Video S2). Buckling is a common deformation mode 
for ice-templated FC foams, particularly during mechanical com
pression testing [44,45]. Here, however, the mechanical stress is not 
applied externally, but rather it arises internally from the reduction 
volume change. A mismatch in the reduction rate at different loca
tions (e.g., from the outer-to-inner regions of the foam) causes dif
ferent contraction rates, and the resulting stresses deflect the high 
aspect ratio lamellae in the direction perpendicular to their plane  
[32]. The buckling of aligned lamellae also leads to separation at the 
boundaries between misaligned colonies of lamellae (Fig. 2a, red 
lines). 

Buckling was more severe for foams that started with more 
highly aligned lamellae. For example, the green bodies in Fig. 2a-c 
each begin with several colonies of lamellae, and they exhibit 
comparable buckling behavior (the time lapse of Fig. 2b is provided 
in Video S3, with 3D renderings in Fig. 4, center column, and Video 
S4), while the green body in Fig. 2d begins with most lamellae 
aligned in a single colony, and the buckling effect is much more 
pronounced. Larger green bodies (~1 cm diameter) typically do not 
exhibit buckling during reduction and sintering [11], suggesting that 
a higher number of misaligned colonies helps prevent buckling. 
Once several dozen colonies are present, such as in the larger foams, 
the shrinkage behavior is much more isotropic, reflective of the or
ientationally-averaged structure in the cross-section. For some ap
plications, highly aligned lamellae are desirable and can be achieved 
using nucleation control features in the freeze-casting mold [46]. 
However, for creating metal foams by reducing and sintering FC 
oxide green bodies, such highly-aligned structures are susceptible to 
distortion and thus the fabrication process is likely to be poorly re
producible. 

The Fe2O3+NiO green body (cross-section in Fig. 2e and Video S5; 
3D rendering in Fig. 4, right column, and Video S6) exhibited much 
more isotropic shrinkage without buckling, as compared to all the 

Fig. 3. (a) Freeze-casting wavelength and (b) porosity of green bodies frozen at a velocity of 16 µm s−1, as a function of suspension oxide content. (c) Freeze-casting wavelength 
and (d) porosity of green bodies prepared from a 10 vol% oxide suspension, as a function of freezing velocity. Each data point represents one green body, and error bars 
indicate ±  the standard deviation of 2D-slice image measurements. Replicate samples are shown slightly displaced along the x-axis for ease of viewing: displacement does not 
reflect actual changes in oxide content or velocity. 
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Fe2O3 green bodies. This unique structural evolution is likely caused 
by the much faster reduction kinetics for NiO compared to Fe2O3  

[11,35,47], such that NiO is quickly reduced throughout the foam and 
then provides catalytic sites for further Fe2O3 reduction uniformly 
throughout the foam volume. In contrast, the NiO-free Fe2O3 green 
bodies have a distinct spatial progression of reaction outside-inward 
(Videos S1 and S3), leading to the mismatch stresses that cause 
buckling and anisotropic shrinkage. 

3.3. Quantitative structural parameters 

The foam structural evolution is quantified using several para
meters, provided in Fig. 5 for the three exemplary foams depicted in  
Fig. 2b, d, e and Fig. 4. Our heating program and gas environment 
(Fig. 1b) were chosen so as to examine separately the effects of re
duction and sintering, which occur simultaneously for typical 
heating and reduction processes [35]. The extents of reduction and 
sintering are assessed using the normalized inverse ln(brightness) of 
the solid voxels versus time, measured from tomographic re
constructions (Fig. 5a). The natural logarithm of voxel brightness is 

proportional to the X-ray absorption, which increases with electron 
density. Here, the inverse brightness is used for ease of visual 
comparison with the macroscopic shrinkage (Fig. 5b-c). As shown in  
Fig. 5a, the inverse ln(brightness) decreases during reduction, due to 
the higher electron density in Fe vs. Fe2O3, and decreases further 
during sintering, as the intra-lamellar microporosity is eliminated  
[32]. The micropores within lamellae are under 1 µm in diameter, 
i.e., smaller than the 1.7 µm voxel dimension, so they are not spa
tially resolved but instead affect the measured voxel brightness. The 
gently sloping plateau in Fig. 5a at the end of the reduction step 
indicates that reduction was nearly fully complete before sintering 
began, so the effects of reduction and sintering on structural evo
lution can be mostly distinguished for analysis. Some sintering likely 
occurs during the reduction at 725 °C, but only at a negligible rate 
compared to the sintering step at 900 °C. The Fe2O3+NiO foam (Fig. 5, 
blue data markers) was reduced faster than the pure Fe2O3 foams, as 
discussed earlier. 

Macroscopic shrinkage is reported in Fig. 5b-c as the foam height 
and cross-sectional area, each normalized to their initial values. All 
foams exhibit 30% shrinkage along their height during reduction, 

Fig. 4. 3D structural evolution of sub-volumes for three foams (two cast from Fe2O3 and one from Fe2O3+NiO powder suspensions) prepared with different freeze-casting 
parameters: oxide content in suspension (v.%) and freezing velocity (μm s−1). The samples shown here left-to-right correspond to Fig. 2d, b, and e. Images arranged vertically 
correspond to the circled time markers (1)-(5) shown in Fig. 1b. Green bodies shown here are approximately 3.6 mm in diameter and 0.84–1.30 mm tall. 
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with an additional 5–10% shrinkage during sintering. Again, the 
faster reduction kinetics for the Fe2O3+NiO foam are evident. Cross- 
sectional shrinkage varies between foams: Fe2O3 foams (Fig. 5, 

yellow and orange data markers) exhibit 21-27% reduction shrinkage 
with additional 16–17% sintering shrinkage, while the Fe2O3+NiO 
foam shrinks 47% and then 11%. The smaller cross-sectional 
shrinkage of pure Fe2O3 foams is a result of the lamellae buckling 
(e.g., Fig. 2b, d vs. Fig. 2e), which has the effect of enlarging the cross- 
section, somewhat counteracting the reduction and sintering 
shrinkage. By multiplying the normalized height and cross-sectional 
area for each foam, the relative contributions of reduction and sin
tering to the total volumetric shrinkage can be calculated: reduction 
accounted for 73–75% of total shrinkage in the Fe2O3 foams and 86% 
of total shrinkage in the Fe2O3+NiO foam. The larger contribution 
from reduction for the Fe2O3+NiO foam cannot be explained by 
molar volume changes, since shrinkage due to molar volume is 
smaller for NiO/Ni (Ni molar volume in NiO/Ni = 1.70/1) than for 
Fe2O3/Fe (Fe molar volume = 2.14/1). Rather, the most likely ex
planation is the buckling effect, which is more prominent during 
reduction of the Fe2O3 foams. It is also possible that more sintering 
occurs at 725 °C in the Fe2O3+NiO foam compared to the Fe2O3 foam, 
due to the smaller powder size of NiO vs. Fe2O3. 

In a similar study, Lichtner et al. [33] investigated the sintering 
behavior (without reduction) of directionally freeze-cast, lamellar 
green bodies composed of 40:60 vol% lanthanum strontium man
ganite (1 µm powder) and yttria-stabilized zirconia (0.5 µm). Using 
optical dilatometry during heating to 1400 °C, they observed linear 
shrinkage of 16% and 19% in the directions parallel and perpendi
cular to freezing, respectively. These values are larger than the sin
tering contribution observed here in Fe2O3 and Fe2O3+NiO foams 
(linear shrinkage of 5–10% parallel and 8–10% perpendicular to 
freezing, calculated from cross-sectional shrinkage), though direct 
comparison is difficult given the preceding reduction process. The 
cross-sectional shrinkage for combined reduction and sintering 
(Fig. 5c) corresponds to radial shrinkage of 21–36%, which is much 
smaller than the combined height shrinkage of 35–40%. Thus, the 
anisotropic trend observed here for reduction and sintering – greater 
shrinkage along the freeze-casting direction – is in agreement with 
the study by Lichtner et al. on sintering alone. As described there, the 
anisotropic trend can be explained by a higher density of inter- 
particle contacts along the freeze-casting direction, since the pores 
act as gaps in the particle network in the direction perpendicular to 
freezing. The 35–40% combined height shrinkage observed here is in 
excellent agreement with work by Kenel et al. using interrupted X- 
ray tomography to measure linear shrinkage of extrusion-printed Fe- 
20Ni-5Mo microfilaments (330 µm initial diameter) during reduc
tion and sintering of a blend of binary oxide precursors [35]. 

Throughout reduction and sintering, the lamellae thickness 
(Fig. 5d) and pore width (Fig. 5e) exhibit very broad distributions 
about their mean values, as also observed for the green bodies 
(Fig. 3a, c) and explained earlier. Mean lamellae thickness decreases 
from 20 to 16 µm in foams freeze-cast at 16 µm s−1 and from 27 to 
19 µm in the Fe2O3 foam frozen at 8 µm s−1. For the Fe2O3 foams, 
mean pore width is initially larger for the foam freeze-cast at a ve
locity of 8 vs. 16 µm s−1 (Fig. 5e, yellow vs. orange). For the former 
velocity, pore width increases from 70 to 110 µm during reduction, 
followed by a slight decrease to 103 µm upon sintering. Mean pore 
width for the 16 µm s−1 velocity shows a similar trend, changing 
from 42 to 77 to 68 µm. These foams’ increase in pore width during 
reduction is again explained by the buckling of lamellae, which in
creases pore width despite the overall macroscopic shrinkage; 
thereafter, the pores shrink slightly during sintering when no further 
buckling is observed. The Fe2O3+NiO foam (Fig. 5e, blue) exhibits less 
pronounced changes in pore width, consistent with the absence of 
buckling, with pore width shrinking from 50 to 48 µm during re
duction and then to 42 µm after sintering. 

The porosity of the Fe2O3 and Fe2O3+NiO foams (Fig. 5f) are in
itially similar, 70–75%, since they were all freeze-cast from suspen
sions containing 10 vol% oxide powder. The porosities of the Fe2O3 

Fig. 5. Evolution of structural characteristics of the three foams shown in Fig. 4, 
during the thermal and gas treatment shown in Fig. 1b. Each point represents an 
individual tomography reconstruction; solid lines are to guide the eye. Shading re
presents  ±  standard deviations of 2D-slice image measurements. Circled time mar
kers (1)-(5) correspond with Figs. 1b, 2, and 4. 
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foams increase by 8–9% during reduction and decrease slightly 
during sintering, while the Fe2O3+NiO foam decreases in porosity by 
2% in reduction and another 2% during sintering. The evolution of 
foam porosity is affected by competing factors: the reduction 
shrinkage decreases the solid volume, thus increasing porosity, 
while the macroscopic shrinkage decreases the envelope volume of 
the foam, thus decreasing the porosity. For reduction of the Fe2O3 

foams (Fig. 5f, yellow and orange), the buckling effect partially 
counteracts the envelope volume shrinkage, such that the solid vo
lume decrease is the prevailing factor and the porosity increases. 
Without the buckling, the Fe2O3+NiO foam exhibits only minor 
porosity changes, suggesting that the macroscopic shrinkage and 
solid volume shrinkage occur proportionally. The final 71% porosity 
of the Fe2O3+NiO foam is also in fair agreement with prior work on 
larger Fe-20Ni foams (~1 cm in diameter and height) processed 
under similar conditions (62–67% porous) [11]. 

While the FC parameters (suspension oxide content and freezing 
velocity) have a clear effect on green body structure (Fig. 3), struc
tural evolution during reduction and sintering is similar across Fe2O3 

foams regardless of their FC parameters (Fig. 5, yellow and orange). 
Tests on three replicate foams freeze-cast at 8 µm s−1 from a sus
pension containing 10 vol% Fe2O3 also show similar structural 
changes (Fig. S1), which indicates that the reduction and sintering 
process is quite reproducible and that the quasi in situ tomography 
method provides reliable measurement. Ultimately, the lamellae 
colony structure and presence of NiO are the predominant factors 
influencing structural evolution via changes to lamellae buckling, 
reduction kinetics, and (an)isotropic shrinkage. 

While all foams are structurally stable after reduction and sin
tering, the lamellae buckling and shrinkage behavior will affect 
mechanical properties of the resulting foams. Fortunately, larger 
foams (~1 cm diameter) generally have not exhibited such pro
nounced buckling [11]. 

4. Conclusions 

High-temperature reduction and sintering of oxide-powder 
green bodies created by freeze-casting is a versatile process route for 
manufacturing metallic foams, with a wide array of compositions 
and applications. The evolution of foam structure – from oxide green 
body, to reduced metallic state, to sintered state – is revealed here 
using quasi in situ X-ray microtomography, enabling separate ana
lysis of the reduction and sintering steps. Foams were directionally 
freeze-cast, using suspensions with two oxide particle compositions 
(Fe2O3 and Fe2O3+NiO) solidified at various velocities, to obtain 
green bodies of differing initial porosity and pore size. Macroscopic 
shrinkage and changes to lamellae thickness, pore width, and total 
porosity were quantified from the tomography reconstructions. 

Green body structures followed typical FC trends: porosity in
creased with lower oxide powder content in the FC suspension, and 
pore width decreased with higher freezing velocities. Upon reduc
tion to metal, the lamellae in Fe foams buckle substantially in re
sponse to mismatch stresses induced by spatially-varying reduction 
shrinkage rates. Buckling is most severe when lamellae are highly 
aligned. Fe-20Ni foams, in contrast, do not exhibit buckling, likely 
due to the faster reduction kinetics of Ni/NiO that facilitate more 
uniform shrinkage rates throughout the foam volume. Macroscopic 
shrinkage is anisotropic, with greater shrinkage along the FC direc
tion than perpendicular to it, in agreement with prior work on the 
sintering process alone. The oxide reduction step is the dominant 
contribution to foam shrinkage: 73–86% of total volume shrinkage. 
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