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A B S T R A C T   

Open-cell metal foams are ultra-low-density cellular metals with complex hierarchical structures that span bulk, 
cell, ligament, and sub-ligament scales and give rise to desirable properties such as high strength-to-weight ratio 
and excellent energy absorption. Although literature suggests that intrinsic material structures at sub-ligament 
length scales (e.g., grains and precipitates) play an important role in mechanical behavior of open-cell metal 
foams, there are very few experimental measurements of such structures in three dimensions and for meaningful 
volumes of foam. This study seeks to map and track the three-dimensional (3D) grain and precipitate structures 
of an intact volume of open-cell aluminum foam by advancing microstructural characterization techniques that 
leverage X-ray micro-computed tomography (μCT) and far-field high-energy X-ray diffraction microscopy (FF- 
HEDM). A 6%-relative-density aluminum foam sample was mechanically tested in compression while μCT and 
FF-HEDM measurements were collected at interrupted loading states at beamline 1-ID of the Advanced Photon 
Source. A new scanning strategy and reconstruction algorithm were established to enable characterization of a 
foam volume with diameter approximately four times wider than the nominal width of the X-ray beam. The 
result is a set of maps that detail both the 3D grain and precipitate structures throughout the foam volume at 
successive strain steps. A novel grain tracking procedure was developed to track individual grains within the 
foam volume by accounting for the large rigid-body motions that individual ligaments can undergo during 
mechanical loading. The ability to track grains and precipitate structures in three dimensions throughout large 
bulk deformation of ultra-low-density polycrystalline materials enables new possibilities for validating numerical 
models and investigating local failure mechanisms. Furthermore, the methods and procedures developed in this 
study could be applied to other ultra-low-density structures, such as additively manufactured lattices.   

1. Introduction 

Open-cell metal foams are ultra-low-density materials with a com
plex hierarchical structure that spans bulk, cell, ligament (or strut), and 
sub-ligament scales. This hierarchical structure lends itself to properties 
that make open-cell metal foams desirable candidates for multifunc
tional applications in which impact absorption, sound damping, heat 
transfer, and ultra-light-weight structural reinforcement are important 
[1]. There is an abundance of literature relating bulk- or cell-level 
characteristics of open-cell metal foams to mechanical or other 

properties (e.g., see Refs. [2–6]). Perhaps the most well-known of which 
is the Gibson-Ashby model [7–9], which relates the plastic collapse 
strength of open-cell foam to its relative density. 

In recent years, there has been work reported in the literature sug
gesting that intrinsic material structures at sub-ligament scales influence 
the mechanical properties of open-cell metal foams. For example, Zhou 
et al. [10] investigated the effects of various heat treatments on me
chanical response of aluminum 6101 open-cell foams and found that T6 
heat-treated foams had higher yield strengths and greater ability to 
strain harden compared to foams in the as-cast or annealed condition; 
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this effect was attributed to the presence of homogeneously distributed 
fine silicon precipitates that served to hinder dislocation motion. In fact, 
second-phase precipitates have been reported in many studies to 
significantly impact the failure mechanisms of individual ligaments in 
open-cell metal foams [3,10–14]. Generally, these brittle precipitates 
exhibit low fracture toughness and poor strain compatibility with the 
surrounding matrix, acting as preferred crack nucleation sites that 
eventually lead to brittle ligament fracture. Grain structure has also been 
found to influence mechanical behavior of open-cell metal foams. For 
example, Zhou et al. [15] performed microtensile tests on individual 
ligaments excised from open-cell aluminum foam and found that, not 
only does mechanical response depend upon heat treatment, but that the 
response of the individual ligaments deviates from that of the bulk 
material, suggesting that grain-structure-dependent size effects play a 
role in the mechanical behavior of open-cell metal foams. In other work, 
Goussery et al. [16] used electron backscatter diffraction (EBSD) to 
analyze the grain structure in hollow-strut, open-cell, nickel foams and 
found that compressive yield strength of the foams exhibited a 
Hall–Petch-like response that eventually saturated once the grain sizes 
spanned the wall thickness of the hollow struts. Recent work by Wang 
et al. [17] demonstrated for the first time the capability of adaptively 
refining the grain size within open-cell Mg foams while keeping the 
strut-scale geometry constant using a multi-axial forging process. 
Similar to the work by Goussery et al. [16], Wang et al. [17] showed that 
yield strength and plastic collapse strength of the Mg foams varies as a 
function of grain size. 

While the aforementioned studies highlight the importance of 
considering sub-ligament structures in investigating the mechanical 
response of open-cell metal foams, the experimental observations (viz., 
of grain structure) reported thus far in the literature have been limited to 
two-dimensional (2D) characterization methods, which generally 
involve polishing or etching sections of a sparsely populated foam vol
ume and using optical or electron imaging techniques. There is one 
exception, which is recent work done by Plumb et al. [18], in which a 
high-energy X-ray diffraction microscopy (HEDM) technique was used 
to characterize three-dimensional (3D) grain structure in individual 
ligaments of an open-cell aluminum foam. However, due to experi
mental limitations (which are addressed in this work), the foam volume 
had to be deconstructed into individual ligaments, consequently pre
cluding any subsequent mechanical testing of an intact foam volume. 
Thus, there remains a need to measure and track the 3D grain structure 
for intact volumes of open-cell metal foams, thereby enabling new in
sights relating sub-ligament material structures to mechanical response. 

HEDM techniques available at third-generation synchrotron light 
sources [19] provide an opportunity to characterize nondestructively 
the 3D grain and sub-grain structures in polycrystalline materials. Such 
techniques have been applied to a range of metal alloys, including 
magnesium [20,21], titanium [22], nickel [23], and aluminum [24]. 
Two modalities of HEDM are commonly used: near-field (NF) and far- 
field (FF). The reader is referred to Refs. [25–30] for detailed de
scriptions of each modality. Pokharel et al. [31] presented one of the 
first studies to apply HEDM (in a NF modality) concurrently with in situ 
mechanical loading to observe and analyze statistically significant bulk 
3D grain evolution for full local neighborhoods of individual grains in a 
polycrystalline material. Since then, others have reported the concurrent 
use of HEDM with in situ mechanical testing to characterize and track 
the evolution of grain structure and grain-structure-dependent micro
mechanical response in 3D [20,22,32–34]. Detailed reviews of such 
experiments are provided in Refs. [29,35,36]. In such studies, a poly
crystalline sample is deformed to moderate levels (less than few percent 
macroscopic strain). Grain position and crystal misorientation thresh
olds are typically sufficient to track individual grains and their micro
mechanical state within the polycrystal and understand how the grains 
accommodate local stress concentration and incompatibilities. 

The task of tracking grains in 3D throughout applied mechanical 
loading of ultra-low-density, open-cell structures presents two unique 

challenges compared to doing so in a fully or mostly dense material. 
First, individual ligaments can undergo large motions during loading; 
this rigid-body motion of ligament and local crystal lattice rotation need 
to be deconvolved appropriately to confidently track individual grains 
between applied-strain steps. Second, open-cell structures need to be 
much larger to obtain a representative volume element compared to a 
fully dense counterpart, making open-cell structures unsuitable for a 
typical HEDM data-acquisition and analysis strategy. 

The goal of this work is to address the above-described challenges by 
establishing a framework to map and automatically track 3D grain 
structure by combining FF-HEDM and absorption contrast micro- 
computed tomography (μCT) for a complete, intact volume of open- 
cell aluminum foam subject to in situ compressive loading. This is 
accomplished by implementing a new HEDM data acquisition and 
analysis method in concert with a ligament-tracking procedure that 
enables expressing crystal orientations relative to time-dependent liga
ment reference frames. The resulting reconstructions allow the liga
ment, grain, and precipitate structures for an open-cell metal foam to be 
visualized in three dimensions and subsequently tracked through large 
deformation. 

2. Experimental methods, reconstruction, and data integration 

2.1. Material and high-energy X-ray experiments 

A sample of 40 pore-per-inch (PPI), 6% dense, aluminum 6101-T6 
foam manufactured via investment casting [37] was selected for the 
compression experiment. A cylindrical volume with diameter and height 
of approximately 5 mm was machined from a bulk sample of foam using 
wire electrical discharge machining. 

The experiments were conducted at beamline 1-ID of the Advanced 
Photon Source (APS). A custom, portable load frame developed by 
Matheson et al. [38] that allows uninterrupted illumination of the 
sample throughout 360◦ rotation was used to compress the foam sample. 
The load frame was installed on a stage stack described in [39] with 
sufficient degrees-of-freedom to move and align the sample and the 
rotation axis with respect to the incident high-energy X-ray beam. The 
energy of the incoming X-ray beam was 61.33 keV. The sample was 
compressed in displacement control to four displacement levels: 0.0 mm 
(unloaded state), 0.74 mm, 1.71 mm, and 2.70 mm (54% final applied 
strain). At each displacement step, the loading was paused, and X-ray 
μCT and FF-HEDM data were acquired. Following data reconstruction 
(detailed in Section 2.2), the μCT scans provided the overall foam and 
precipitate structure based on absorption contrast, and the FF-HEDM 
scans provided the grain center-of-mass (COM) positions and attri
butes associated with each COM, including crystallographic orientation, 
grain equivalent radius, confidence index, and elastic strain tensor.1 

For μCT, an imaging detector developed and built at the APS was 
placed at 100 mm distance from the sample to optimize phase contrast. 
The beam size was 2.05 mm (horizontal) by 1.1 mm (vertical). Because 
the sample diameter was larger than the horizontal beam size, a 
stitching tomography approach was used, in which the rotation axis was 
translated in xLab (see Fig. 1 for reference coordinate system) to −1.95 
mm, 0.0 mm, and 1.95 mm while keeping the sample aligned to the 
rotation axis to acquire enough radiographs for tomographic recon
struction of a 1.1 mm-tall sample layer. At each rotation axis position, 
the sample was rotated 360◦ and radiographs were acquired at every 
0.1◦ increment. Further details of this stitching tomography strategy can 
be found in Ref. [40]. In the undeformed state, six layers were mapped 
covering the entire height of the foam sample, with overlap between the 
layer scans to facilitate merging the layers. In the subsequent applied- 

1 Tracking individual grains in deforming open-cell foam is a necessary step 
toward tracking grain-averaged strain evolution. However, strain analysis in 
the foam is beyond the scope of the current study and is not reported here. 
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displacement steps, as the sample height was reduced, the number of 
tomography layers was proportionally reduced. An animation demon
strating the scanning technique is provided in the online version of this 
article. 

FF-HEDM measurements were performed using a box beam with a 
height of 0.6 mm and a width of 1.2 mm, as illustrated in Fig. 1. For FF- 
HEDM, a GE 41RT amorphous silicon area detector with 0.2 mm pixel 
size [41] was placed 813 mm downstream of the sample to capture 
enough diffraction rings for FF-HEDM reconstruction. The instrument 
geometry as illustrated in Ref. [39] was calibrated using CeO2 and Au 
cube particle as described in [42–44]. Because the foam sample had a 
diameter of 5 mm, which was at least four times wider than the beam 
width, a new FF-HEDM scanning technique was established that allowed 
characterization of the entire sample. Similar to the stitching tomogra
phy strategy, the rotation axis was translated in xLab by multiples of 
incident beam width (1.2 mm). For each 0.6 mm-tall layer, a total of five 
xLab translations were necessary (−2.4 mm, −1.2 mm, 0.0 mm, +1.2 
mm, and +2.4 mm). At each rotation axis position, the sample was 
rotated a full 360◦ in increments of 0.25◦, and a diffraction pattern was 
acquired at each ω increment. The area detector acquired diffraction 
spots from the illuminated crystallographic planes satisfying the 
diffraction (Bragg) condition [28]. This new scanning strategy allowed 
to merge the diffraction patterns acquired at the same ω position and 
ultimately generate a grain map of a layer that is substantially larger 
than the incident horizontal beam size. A sufficient number of layers was 
scanned to cover the entire sample height, which was reduced with each 
displacement step due to compression. 

2.2. Data reconstruction 

2.2.1. Tomography reconstruction 
Raw μCT data were reconstructed at the APS using an in-house 

software, TomoProc, which properly unified (stitched) the separately 
collected data with overlapping fields of view, corrected for the rotation 
axis alignment, and, after using Gridrec reconstruction algorithm [45], 
provided a stack of high-resolution (pixel size of 1.172 μm) grayscale 
images for each displacement step. The image stacks from multiple 
layers were registered using the overlapped regions and merged to 
create a single image stack for each displacement step. To reduce 
memory requirements, the image resolution was downsampled from 
1.172 μm to 3.516 μm. The 3D image processing software Avizo (FEI 
Visualization Sciences Group) was then used to threshold the image 
stacks and manually segment the foam volume from the surrounding air. 
The segmented foam volume was exported as an stl file. To prepare the 
μCT data for integration with the FF-HEDM data set, the stl file for each 
displacement step was converted to a voxelized representation of the 
binarized foam with a downsampled resolution of approximately 25 μm. 

Second-phase precipitates were segmented using a separate 

workflow based on multi-class segmentation (foam, precipitate, back
ground) of the 16-bit full resolution (1.172 μm voxel size) grayscale tiff 
images. First, thresholding was performed for pixels with intensity 
values below the brightest 4.85% of pixels, and binary image stacks were 
saved as 8-bit images with solid foam regions labeled with an intensity of 
255 and background with 0. Second-phase precipitates were segmented 
separately using the full resolution (1.172 μm voxel size) grayscale tiff 
images masked by the solid foam binary images. Precipitate structure 
segmentation was conducted using a U-net model [46] trained on a 
randomly sampled set of 10 hand-labeled images (out of approximately 
12,600 images from all displacement steps). To create the final multi- 
class segmentation stack, voxels predicted to be precipitates were 
labeled in the 8-bit solid foam binary stack with intensity values of 100. 
For each displacement step, ImageJ [47] and Simpleware ScanIP soft
ware (Version S-2021.06; Synopsys, Inc., Mountain View, USA) were 
used to isolate the ligaments of interest from the 8-bit multi-class 
segmented stacks. 

2.2.2. FF-HEDM reconstruction 
Reconstruction of the foam grain structure from the stitching FF- 

HEDM was performed using Microstructural Imaging using Diffraction 
Analysis Software (MIDAS) [48,49], an in-house software developed at 
the APS. As indicated in Section 2.1, the diffraction patterns acquired 
with intentional translation of the rotation axis were merged prior to 
reconstructing the FF-HEDM data into the 3D grain map of a sample 
layer. For each layer, this procedure involved overlaying the translated 
diffraction datasets by coinciding the rotation axis for each dataset. 
Because each translation step of the rotation axis was selected as an 
integer multiple of the detector pixel size, the pixel boundaries were 
directly matched up, and the detected intensities on them were simply 
combined; no interpolation was necessary. For a given measurement 
layer, the algorithm generates a single dataset as the sum of translated 
datasets, which is then reconstructed using MIDAS.2 The output consists 
of grain COM positions and attributes associated with each COM, 
including crystallographic orientation and grain equivalent radius. 
Finally, data from all measurement layers of a given displacement step 
were merged to generate a map of grain COM positions and associated 
attributes for the entire foam volume. 

2.2.3. Data integration 
Fig. 2 shows the grain COM positions from FF-HEDM superimposed 

on the μCT map of the foam sample measured in the unloaded state. The 

Fig. 1. Schematic of the far-field HEDM 
setup at the APS and the three relevant co
ordinate systems at a given time, t, during in 
situ mechanical loading of open-cell foam: 
laboratory reference frame (xLab, yLab, zLab), 
local reference frame for ith ligament (xt

i, yt
i,

zt
i), and crystal reference frame for jth grain 

(at
j, bt

j, ct
j). All coordinate systems are right- 

handed. The laboratory reference frame re
mains fixed over time. In this experiment, 
hbeam is 0.6 mm, wbeam is 1.2 mm, and the 
diameter of the foam sample is 5 mm.   

2 It was found that the ratio of diffraction spots assigned to grains versus the 
total number of diffraction spots (including orphaned spots) was approximately 
90% at the sample reference state, but this number is anticipated to decrease 
with increasing applied load given the large deformation in portions of the foam 
during compression. 
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majority of the gain COM positions fall within the boundaries of the 
foam ligaments, instilling confidence in the data acquisition procedure, 
reconstruction algorithm, and multi-modal data integration workflow 
developed specifically for the ultra-low-density foam sample. 

While the FF-HEDM technique provides a map of grain COM posi
tions and associated attributes, it does not provide a volume-filling map 
with complete grain morphologies. Therefore, a grain packing workflow 
was implemented using DREAM.3D [50] to approximate the 3D grain 
morphologies in the foam. Here, a summary of the workflow is pre
sented; a more detailed presentation of the workflow is available in 
Tucker and Spear [51]. In the workflow, the grain-COM map from FF- 
HEDM and the map of foam volume from μCT, acquired at a partic
ular displacement step, were first read into DREAM.3D. From the grain 
COM positions, the grains were grown using DREAM.3D’s packing al
gorithms [50] until a cuboidal volume encompassing the extents of the 
foam volume was fully populated with grain structure. Once grain 
packing was complete, the binary foam mask was applied such that only 
voxels falling within the solid phase of the mask were retained; while 
voxels falling outside of the solid phase were converted to void space. 
After completion, the data were visualized in ParaView [52]. This pro
cess was performed for the foam volume measured at each displacement 
step. 

2.3. Integration of ligament-tracking software 

To automatically track individual ligaments within a sample of open- 
cell foam through large deformation, ligament tracking software 
developed by the Scientific Computing and Imaging Institute (SCII) at 
the University of Utah [53] was used in this work. Grayscale tomogra
phy image stacks corresponding to the four displacement steps (without 
precipitate structure resolved) were read into the software, and each 
ligament was identified using topology-based segmentation methods 
and tracked between steps based on spatial proximity. For each 
displacement step, the software computes and outputs the nominal 
radius, length, and orientation of each ligament. The orientation of the 
ligament longitudinal axis (yt

i in Fig. 1) is provided in terms of direction 
cosine angles (θx,θy,θz) expressed relative to the global reference frame. 
The tracking algorithm and software capabilities are described in detail 
by Petruzza et al. [53]. 

An overview of the process of tracking grains is illustrated in the 
flowchart in Fig. 3. Using length and radius data for the ligaments ob
tained from the SCII ligament-tracking software, an idealized cylindrical 
ligament volume was defined. Grains belonging to the idealized cylin
drical volume of a particular ligament were assigned to that ligament 
and were labeled with a ligament ID number. For a given displacement 
step, t, the Bunge Euler angles for grain j were used to form a rotation 
matrix, Gt

j, mapping from the global reference frame to the crystal 
reference frame (see Fig. 4). Then, using the ligament orientation data 
output from the SCII software, the task was to express the crystal 
orientation of the jth grain relative to the local reference frame of the 
parent ligament to which the grain belongs (xt

i,yt
i,zt

i), rather than relative 
to the global APS laboratory frame (xLab,yLab,zLab). Within the automated 
framework, this task was accomplished by first finding a rotation matrix, 
Rt

i , for each ligament that would map the global reference frame (xLab,

yLab, zLab) into the reference frame of the individual ligament given the 
direction cosine angle, θy, and assuming that the axis of rotation, r̂, is 
normal to the plane containing yLab and yt

i, as shown in Fig. 4. The latter 
assumption was necessary for the automated tracking procedure, as the 
SCII ligament-tracking software provides a vector describing the longi
tudinal axis of each ligament (yt

i) but cannot currently track axes cor
responding to xt

i and zt
i, which are not uniquely defined. Implicit in the 

above assumption is that the ligaments do not rotate (spin) about yt
i 

throughout applied displacement. The rotation matrix Rt
i is found using 

the axis-angle form of the Euler-Rodriguez formula (see Brannon [54]): 

R = (cosα)[I − r̂ r̂] + r̂ r̂ + (sinα)[̂r × I], (1)  

where α is the angle of rotation (θy in this case), I is the identity tensor, ̂r r̂ 
is a vector-vector dyad, and [̂r × I] is the skew-symmetric axial tensor 
associated with the rotation axis ̂r, which can be written as: 

[̂r × I] =

⎡

⎣
0 −r3 r2
r3 0 −r1
−r2 r1 0

⎤

⎦. (2)  

The implementation was verified by applying the rotation matrices Rt
i 

corresponding to an arbitrary subset of ligaments to the vector ŷLab =

[010] and overlaying the transformed vectors onto the tomographic re
constructions of the ligaments to visually ensure proper alignment. 
Subsequently, the rotation matrix Rt

i was used to map the original 
orientation matrix, Gt

j, to a new orientation matrix Qt
ij, which represents 

the crystal orientation of grain j expressed with respect to the reference 
frame of ligament i at displacement step t. 

Once grains were assigned to ligaments and their crystal orientations 
were represented with respect to the local ligament reference frame, the 
task of tracking grains from one displacement step to the next became 
tractable. Namely, Qt

ij for all detected grains belonging to a given liga
ment in one displacement step were compared to Qt+1

ij for all detected 

Fig. 2. After reconstruction and integration of the FF-HEDM and μCT data sets, 
the majority of the grain centroids fall within the volume occupied by the 
aluminum foam. (a) Three-dimensional view with a translucent foam volume 
and grain centroid positions plotted in green. (b) Cross-section view corre
sponding to the plane indicated in (a). Grain centroid data, plotted in green, 
from a single vertical FF-HEDM scan layer (approximately 0.6 mm in height) 
are superimposed over a 2D cross section view of the foam perpendicular to the 
loading direction. 
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grains belonging to that same ligament in the subsequent displacement 
step. Then, a crystallographic misorientation criterion was applied (in 
the local ligament reference frame) to the subset of detected grains 
belonging to the given ligament. A misorientation threshold of 10◦ was 
applied to track grains between displacement steps. 

3. Results 

3.1. Mechanical behavior 

Fig. 5 shows the force versus displacement data gathered during the 
in situ compression experiment. The precise points at which loading was 
halted and scanning occurred for each displacement step are indicated. 
Initially, the force does not increase with displacement, as the foam is 
not fully in contact with the compression platens. Then, the force 
initially increases linearly with displacement until the ligaments yield 
and undergo complex deformation. Insets in Fig. 5 show 3D re
constructions of the μCT data for each displacement step, illustrating the 
large deformation of the ligaments. 

3.2. 3D grain maps 

Fig. 6 shows the results of μCT and FF-HEDM data integration using 
the framework described in Section 2.2.3. Fig. 6a shows the foam vol
ume in the undeformed state. The volume at each subsequent 
displacement step is depicted in Fig. 6b–d, successively. Crystal orien
tation is represented by an inverse pole figure (IPF) color map with the 
loading axis as the reference direction. Note that the IPF color maps do 
not generally show a one-to-one correspondence between displacement 
steps, as the crystal orientations represented in Fig. 6 are expressed with 
respect to the global (laboratory) reference frame. In total, 141 grains 
were detected in the undeformed foam volume. Subsequently, 153, 166, 
and 155 grains were detected in the first, second, and third displacement 
steps, respectively. Reasons for the discrepancy between number of 
detected grain are discussed in Section 4.3. 

Results from the ligament and grain tracking procedure described in 
Section 2 are illustrated in Fig. 7, in which grains that were automati
cally tracked from the undeformed state to the first displacement step 
are colored by grain ID, and grains shown in gray were unable to be 
tracked between the two displacement steps. Of the 141 grains detected 
in the initial, undeformed foam volume, the framework was successful in 
automatically tracking 83 (59%). Subsequently, 70 of 153 grains (46%) 
were tracked from the first to second displacements step, and 45 of 166 

Fig. 3. High-level overview of the steps required to track grains through large deformation. A combination of ligament- and grain-orientation data are required to 
enable grains to be identified and tracked through deformation in an open-cell foam. Red boxes correspond to tasks performed using the ligament-tracking software; 
gray boxes correspond to tasks performed using a combination of in-house codes and custom-built scripts. 

Fig. 4. Visualization of coordinate transformations used to express the crystal 
orientation of grain j relative to the reference frame of ligament i to which the 
grain belongs. Superscript t denotes the applied-displacement step. The global 
(laboratory) reference frame remains fixed throughout the experiment. All co
ordinate systems are right-handed. 
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grains (27%) were tracked from the second to third displacement step. 
Interestingly, the total number of unique grains that were automatically 
tracked and retained throughout all four displacement steps was 25, 
indicating that not all of the grains tracked to the second and third 
displacement steps were identified in the undeformed state of the foam. 
Fig. 8 shows the 25 unique grains that were tracked throughout the 
entire experiment. Reasons for this phenomenon are discussed in Section 
4.3. 

3.3. Precipitate structures 

Fig. 9 shows the precipitate structures based on the segmented high- 
resolution μCT data. In the figure, nine ligaments are called out to 
provide magnified views of the precipitate content. The nine ligaments 
collectively represent three modes of ligament failure observed in the 
aluminum foam: brittle fracture, ductile fracture, and plastic collapse (i. 
e., significant plastic deformation with no fracture observed by the end 
of the experiment). The precipitate concentrations (by volume per
centage), as determined from μCT, are reported for each ligament. The 

Fig. 5. Force versus displacement response for an in situ compression experiment of an open-cell aluminum foam performed at the APS 1-ID beamline. Displacement 
was held fixed at the following steps to allow μCT and FF-HEDM scanning: 0.00, 0.74, 1.71, and 2.70 mm. Insets show the 3D reconstructed representation of the 
foam volume at each displacement step. 

Fig. 6. Three-dimensional grain maps at each of the four applied displacement steps: a) 0.00 mm, b) 0.74 mm, c) 1.71 mm, and d) 2.70 mm. The crystal orientation 
of each grain is represented using standard IPF colors with the yLab, or loading axis, as the reference direction. 

Q.C. Johnson et al.                                                                                                                                                                                                                             



Materials Characterization 195 (2023) 112477

7

quantitative analysis of precipitate content among the nine selected 
ligaments suggest that there is a correlation between the total precipi
tate concentration in a given ligament and the corresponding mode of 
failure. Specifically, ligaments with relatively high concentrations of 
precipitates tend to fail by brittle fracture, while those with relatively 
low concentrations tend to fail by ductile fracture or plastic collapse. 
Fig. 10 illustrates the evolution of ligament deformation and failure for 
each of the three failure modes. These observations provide valuable 
input to numerical models, which remains the topic of ongoing work by 

the authors. Further investigation is needed to fully explore local failure 
mechanisms in open-cell metallic foams and their dependence on pre
cipitate structures, which is beyond the scope of the current work. 
Nonetheless, the results presented here demonstrate the utility of 
combining high-resolution μCT imaging with in situ mechanical testing 
to observe possible links between second-phase precipitate structures 
and failure mechanisms in open-cell foam. 

Fig. 7. Three-dimensional grain maps showing the ability of the framework to automatically track grains between successive displacement steps: a) undeformed state 
b) first displacement step. The color map represents the grain IDs for each of the automatically tracked grains. Grains depicted in gray were unable to be tracked. 

Fig. 8. Three-dimensional grain maps highlighting grains automatically tracked throughout all four displacement steps: a) 0.00 mm, b) 0.74 mm, c) 1.71 mm, and d) 
2.70 mm. The color map represents unique grain IDs. Grains colored in gray were not able to be tracked automatically throughout the entire experiment. 
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4. Discussion 

4.1. Grain structure observations 

The framework developed for this study combines in situ 3D grain 
data from FF-HEDM and foam structure data from μCT to produce the 
3D grain maps presented in Fig. 6. To the authors’ knowledge, this is the 
first time that the 3D grain structure of a complete volume of an ultra- 
low-density metallic foam has been characterized by these two 
methods. Previously, individual ligaments were excised from a bulk 
sample of open-cell aluminum foam and were characterized individually 

using FF-HEDM by Plumb et al. [18]. The approach in the work by 
Plumb et al. [18] not only limited the total volume of foam that could be 
virtually reconstructed due to the time required for sample setup of each 
ligament, but also precluded the ability to perform any subsequent 
mechanical testing of the foam because the sample had to be partially 
deconstructed to collect the data. However, using the methods presented 
herein, a complete and intact volume of foam was characterized that was 
four times wider than the width of the FF-HEDM beam. This was made 
possible using the new data acquisition method and stitching algorithm 
for data reconstruction described in Section 2. The new framework not 
only enables in situ mechanical testing on bulk foam samples containing 

Fig. 9. Three-dimensional precipitate structures reconstructed from μCT data of a 5 mm-diameter sample of open-cell aluminum foam, shown in the undeformed 
state. Magnified views of precipitate content are called out for nine ligaments that collectively represent three observed modes of ligament failure: brittle fracture, 
ductile fracture, and (plastic) collapse. Precipitate structures are depicted in red, and precipitate concentrations by volume percentage are reported in parentheses. 
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multiple complete unit cells, it also opens up a wide range of possibilities 
for interrogating similar ultra-low-density samples (e.g., additively 
manufactured lattice structures) that were previously deemed too large 
for this characterization method. 

The unique 3D grain maps generated as a result of this experiment 
provide valuable insight into the size, distribution, and crystal orienta
tion of grains in open-cell metallic foam. The proposed framework al
lows verification of grain-scale observations that were previously 
limited by 2D measurements. For example, we can confirm previous 2D 
observations [3,12,55] that grains are large relative to the size of indi
vidual ligaments in open-cell investment-cast foams, and verify that 
most ligaments are comprised of only one or two through-thickness 
grains. Before, observations of crystallographic orientation through 
EBSD analysis in open-cell foams were limited to 2D planar slices 
[38,55]. The framework presented herein provides a means of visual
izing and quantifying, for the first time, the complete 3D grain structure 

for meaningful volumes of ultra-low-density polycrystalline materials. 

4.2. Comparing grain-boundary approximation with 3D precipitate maps 

An attempt was made to compare the accuracy of the grain bound
aries produced via the packing algorithm in DREAM.3D to known grain 
boundary locations based on distributions of precipitate structures 
observed in the μCT reconstructions. Work by Zhou et al. [3] showed 
that for an investment-cast aluminum 6101 open-cell foam similar to the 
foam studied here, particle clusters with a chemical composition con
sisting of Al, Si, Fe, and Mg tend to form along grain boundaries in the 
foam ligaments. Similarly, Amsterdam et al. [12] showed that some 
grain boundaries in a similar sample of open-cell aluminum 6101 foam 
were decorated by second-phase AlFeSi precipitates. While not all grain 
boundaries observed by Amsterdam et al. [12] were populated with 
precipitates, backscatter electron images of grain boundaries indicated 

Fig. 10. Reconstructed μCT data at four incremental displacement steps for three ligaments representing three observed modes of ligament failure: (plastic) collapse, 
ductile fracture, and brittle fracture. Precipitate structures are depicted in red. 
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that when non-isolated precipitate concentrations (i.e., clusters) were 
identified, they were located at grain boundaries. Based on these ob
servations reported in the literature, we assume that semi-continuous, 
planar precipitate accumulations observed in the 3D 
μCT reconstructions, as seen in Fig. 11(a,c,e), indicate grain boundaries 
in the foam ligaments. 

In our analysis, we noted two types of precipitate accumulations that 
assist in determining whether or not the precipitates lie on a grain 
boundary. The first type consists of precipitates clumped into small, 
isolated regions. These isolated precipitate structures were randomly 
distributed throughout the volume of the ligament, and with no a priori 
knowledge of the grain boundary location, we have no definitive way of 
determining whether or not these precipitates coincide with grain 
boundaries. However, the second type of precipitate accumulation is 
represented in Fig. 11(a,c,e) and consists of large clusters of precipitates 
distributed fairly continuously along a plane that bisects the width of a 
given ligament. Given their planar distribution and the results presented 
by others in the literature (discussed above), it is likely that such pre
cipitate clusters coincide with grain boundaries. 

By reasonably assuming that semi-continuous, planar precipitate 
accumulations observed in the 3D μCT reconstructions are coincident 
with grain boundaries, we visually gauged the accuracy of the grain- 
boundary approximation generated by DREAM.3D. As described in 

Section 2, grain morphology is approximated by DREAM.3D’s grain- 
packing algorithms, in which grain centroid positions and relative size 
parameters are used as inputs. Fig. 11 shows three ligaments with planar 
precipitate concentrations (a,c,e), indicating grain boundary locations, 
alongside the approximated 3D grain structure (b,d,f). The first ligament 
shows very good qualitative agreement between known and approxi
mated grain boundary locations. Three grain boundaries are present in 
each representation, two of which show very good alignment between 
the approximated grain boundary and the observed planar precipitate 
structures. The second ligament shown in Fig. 11(c,d) includes four 
grain boundaries for both the known and approximated cases, and their 
general locations agree. Furthermore, three of the grain boundaries 
show very similar alignment with the planar distribution of precipitates 
for that ligament. In the final case (Fig. 11(e,f)), four distinct grain 
boundaries are identified for both the known and approximated cases. 
However, in contrast to the first two cases, grain boundaries appear to 
intersect at different points in the precipitate maps when compared to 
the approximated case. Despite slight differences in grain boundary 
morphology in the final case, the analyzed data, taken as a whole, show 
reasonable qualitative agreement between known grain boundary lo
cations and the approximated grain boundaries generated by 
DREAM.3D. While this validation is strictly qualitative, it provides 
insight into the accuracy of the approximated grain boundaries 

Fig. 11. Three-dimensional grain maps for three individual ligaments comparing the actual grain boundary locations (presumed based on planar concentrations of 
precipitate clusters) with grain boundary approximations generated by the DREAM.3D pipeline. 
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generated by DREAM.3D and subsequently the accuracy of the repre
sentation of the 3D grain maps produced using the methodology pre
sented herein. 

4.3. Grain tracking 

A major contribution of this work is the ability to characterize and 
automatically track grains throughout large deformation of an ultra- 
low-density, open-cell structure. This task requires information about 
the orientation of individual ligaments, which we obtained from the SCII 
ligament-tracking software described in Section 2.3. Crystal orientation 
data were transformed into the local ligament reference frame, which 
then enabled grain tracking by applying a misorientation threshold 
between displacement steps. 

As described in Section 3.2 and illustrated in Fig. 7, some of the 
grains identified in one step were not identified in subsequent steps, or 
vice versa. This is attributed to two main factors. First, the total number 
of grains identified from the FF-HEDM measurements does not remain 
constant throughout the experiment. Even for fully dense materials that 
do not undergo significant deformation during in situ mechanical testing 
with FF-HEDM imaging, others have reported in the literature slight 
inconsistencies in the total number of grains detected from scan to scan 
in a fixed volume of material. For example, Naragani et al. [23] attrib
uted such observed inconsistencies to fluctuations in illuminating X-ray 
flux and to various software reconstruction limitations. In such case, the 
total number of detected grains does not systematically increase or 
decrease throughout the experiment, but instead shows small fluctua
tions between displacement steps. Second, we suspect that in the case of 
tracking grains throughout large deformation in open-cell aluminum 
foam, some grains might have undergone true crystallographic rotation 
upon large deformation, causing formerly low-angle grain boundaries to 
be classified as high-angle grain boundaries. A number of studies have 
demonstrated the propensity of grains in polycrystalline aluminum to 
undergo true rotation when subjected to tensile or shear loading 
[56–58]. Such crystallographic reorientation could lead to the detection 
of new grains that did not appear in previous displacement steps, which 
might explain why, of the 45 grains tracked from the second to third 
displacement step, only 25 were tracked throughout the entire experi
ment, beginning with the undeformed state. 

Another possible explanation for why not more than 25 grains were 
tracked throughout the experiment is the inability to fully characterize 
the orientations of the ligaments using the current version of the SCII 
ligament-tracking software. Recall from Section 2.3 that the orientation 
provided from the SCII software is a vector describing the orientation of 
the longitudinal axis of the ligament with respect to the global coordi
nate system. However, the software does not track the orientation of the 
other two ligament basis vectors (i.e., we have no information regarding 
the rotation of a given ligament about its longitudinal axis). As such, 
when grain-orientation representations are transformed from the global 
reference frame to the local ligament reference frame, an assumption is 
made that the plane perpendicular to the longitudinal axis undergoes no 
rotation about the longitudinal axis. This approximation provides us 
with accurate enough data to be able to track the grains through 
deformation but does not allow us, as of yet, to track the crystal lattice 
rotation through deformation. We estimate the orientation of a grain, 
with respect to its local ligament reference frame, to be off from the 
actual value by anywhere from 0–15◦. The authors recommend future 
research to focus on improving the orientation description of the local 
ligament coordinate system so that a more accurate crystal orientation 
description for grains with respect to the local ligament reference frame 
can be achieved. 

Some of the challenges described above could potentially be resolved 
by taking smaller displacements steps between imaging, which leads to 
smaller orientation changes between steps. As illustrated in Fig. 7, for 
example, the majority of ligament deformation occurring within the first 
displacement step was localized in the top portion of the foam, while the 

ligaments in the middle and lower portions remained relatively unde
formed. Correspondingly, the majority of automatically tracked grains 
between the undeformed and first displacement steps were located in 
the region of foam below the zone of significant localized deformation. 
Taking smaller displacement steps between imaging could increase the 
likelihood of tracking more grains throughout deformation. Some con
siderations in the design of experiment that affect the determination of 
target displacement increments include the sample size of the foam 
(hence, the number of subscans required to fully characterize the vol
ume and corresponding time required to collect them), the desired value 
of final displacement to be applied (greater than 50% in this work), and 
the amount of allocated beamtime. These parameters can be optimized 
on a case-by-case basis, depending on the overarching aims of a given 
experiment. 

4.4. Limitations and implications 

There are four primary limitations of the current method imple
mentation. First, the ability to track grains breaks down for grain cen
troids located in or very near nodal junctions of the foam. In such cases, 
the assignment of grains to unique ligaments—which is required to ex
press the crystal orientation relative to the ligament reference fra
me—becomes ambiguous. Thus, the uncertainty in grain tracking is 
higher for those grains that primarily occupy nodal junctions than those 
primarily occupying ligaments. Second, if ligaments rotate significantly 
about their longitudinal axis (yt

i) during applied displacement, then the 
likelihood of tracking grains within those ligaments diminishes as the 
error in representing crystal orientation relative to ligament reference 
frame increases (Section 2.3 describes the assumption regarding liga
ment rotation). Third, severe plastic deformation of the ligaments can 
lead to decreased confidence in the ability to index crystal orientations 
using FF-HEDM, which would subsequently decrease grain tracking 
ability in regions of foam undergoing significant plastic collapse. 
Finally, as discussed extensively in Section 4.2, the grain boundary 
characteristics are not measured directly using FF-HEDM; rather, they 
must be approximated using a grain-packing algorithm informed by the 
experimental diffraction data. Although the approximation is shown to 
be reasonably accurate, there could be applications for which more 
accurate representation of grain boundaries is required. An alternative 
technique is NF-HEDM [24–26,59], which allows to reconstruct 3D 
grain geometries in polycrystalline materials; however, that technique 
requires substantially more measurement time than FF-HEDM and is, 
therefore, currently viewed as infeasible for mapping a complete volume 
of open-cell metal foam. 

Despite the aforementioned limitations, the method and results 
presented here have important implications for a number of applica
tions. First, we anticipate that the proposed framework could be used in 
applications involving ultra-low-density materials other than open-cell 
foams. One possibility would be to apply the framework to additively 
manufactured (AM) lattice structures or metamaterials [60–64] to relate 
sub-strut microstructural characteristics (viz., precipitates and grain 
structure) to overall mechanical response. Due to the regular periodic 
nature of lattice structures, the authors anticipate that the SCII ligament- 
tracking software would provide more complete tracking results when 
compared with the stochastic arrangement of ligaments in this work. 
This, in turn, would allow for more accurate grain tracking through 
deformation. 

This work also has important implications on numerical modeling 
efforts for open-cell metal foams and lattice structures. While there have 
been efforts to model the mechanical response of open-cell metal foams 
under various loading scenarios (e.g., [6,65,66]), such models are 
particularly difficult to validate. However, the data obtained and the 
maps generated in this study will help to inform and/or validate nu
merical models, moving beyond the continuum scale to consider the 
effects of sub-ligament microstructures, namely grains and precipitates. 
Shade et al. [67] recently highlighted the potential for HEDM data sets 
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to enable new pathways for calibrating and validating crystal plasticity 
models. Grain-scale in situ data obtainable through such methods can be 
compared with numerical modeling results; the framework presented 
herein will be particularly valuable as a way of generating and tracking 
grain-scale features to be compared with numerical models for ultra- 
low-density polycrystalline materials. 

5. Conclusions 

The three-dimensional (3D) grain and precipitate structure of an 
intact volume of ultra-low-density open-cell metal foam containing 
multiple complete unit cells was characterized in situ during mechanical 
loading at the 1-ID beamline of the Advanced Photon Source. A 5 mm- 
diameter sample of 6% relative-density aluminum foam was subjected to 
compressive loading while μCT and FF-HEDM measurements were 
collected at interrupted displacement intervals. To accomplish these 
measurements, two primary challenges needed to be addressed. First, 
because the cell dimensions of the foam were approximately the same 
size as the width of the X-ray beam, the majority of the foam volume 
remained outside the extents of the beam throughout the experiment. To 
address this challenge, a scanning and stitching measurement and 
analysis procedure was implemented. At each displacement step, scan
ning and stage translation (both horizontal and vertical) were performed 
in sequence such that the complete volume of foam was fully charac
terized using both μCT and FF-HEDM. A special stitching algorithm was 
established in the FF-HEDM reconstruction software package to allow 
combining the detector diffraction image data from multiple scans in a 
given horizontal layer into one single detector image data set while 
avoiding subpixel-size shifts. The second was a data-analysis challenge 
pertaining to large rigid-body transformations that individual ligaments 
undergo during mechanical loading. Even for grains that exhibit little to 
no crystallographic reorientation during applied loading, such rigid- 
body transformations of the ligaments can significantly impact the 
representation of crystal orientation of a given grain from one 
displacement step to the next. To address this challenge and enable 
automated tracking of individual grains from step-to-step, a ligament- 
tracking software was used to first track the location, orientation, and 
dimensions of each ligament throughout the experiment. After assigning 
each grain to its parent ligament, the grain’s crystal orientation could 
then be represented in the local, time-dependent, ligament reference 
frame rather than the global reference frame. Subsequently, a crystal- 
misorientation threshold was applied among displacement steps to 
track individual grains throughout the foam volume. 

To our knowledge, the 3D grain maps presented in this work are the 
first of such kind for volumes of open-cell metal foams containing 
multiple complete unit cells. Furthermore, maps of precipitate struc
tures, along with observed deformation evolution, support future studies 
into the relationship between precipitate content and ligament failure 
mechanisms. The measurements presented here have important impli
cations on future modeling efforts, and the methods can be applied to 
other ultra-low-density materials and structures, including additively 
manufactured metal lattices. 
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