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ARTICLE INFO ABSTRACT

With the exciting potential of additive manufacturing of metals to produce geometrically complex structures
come many unknowns and uncertainties regarding the process-microstructure-property relationships of the
additively manufactured (AM) parts, especially in comparison to their conventionally manufactured counter-
parts. This work attempts to elucidate some key differences between AM and cast parts by conducting a mul-
tiscale comparison of samples that are intended to be identical, except for the route by which each was man-
ufactured. The samples of interest are open-cell foams of an Al-Mg-Si alloy (Al 6061). The baseline open-cell
foam is conventionally produced via investment casting. Copies are produced using laser powder bed fusion.
Full-field deformation is characterized under compressive loading using in-situ X-ray computed tomography.
The foams are compared in terms of global load versus displacement response, local failure mechanisms, and
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characteristics of the grain structure.

1. Introduction

Open-cell metallic foams are a class of structural-material systems
that comprise a network of interconnected metallic ligaments, resulting
in a hierarchical structure [1] - viz., the component scale of the en-
gineered part, the topological scale of the foam, and the grain scale of
individual ligaments or struts. The topology of open-cell foams can
range from ordered (as in lattices) to stochastic. These low-density,
hierarchical, structural-material systems have been recognized as being
multifunctional [2,3]. For example, in addition to serving as light-
weight, load-bearing structures, open-cell metallic foams have the po-
tential to serve concurrently as electrodes for energy-storage devices
[4], as hosts for newly generated bone and blood vessels in biomedical
implants [5], or as impact absorbers and noise insulators for advanced
high-speed ground transportation [3], to name a few.

There has been a considerable amount of work done to investigate
and describe various manufacturing techniques to produce both open-
and closed-cell metallic foams [6-10]. Fig. 1 provides a partial tax-
onomy of the primary manufacturing routes used to produce such
foams, also called cellular metals. The work presented herein focuses on
stochastic open-cell foams, where investment casting (the left-most
route shown in Fig. 1) is considered to be the conventional manu-
facturing route of interest. As shown in Fig. 1, one method of invest-
ment casting involves the production of a sacrificial polymer template

[10]. The template is then used to create a mold for casting by em-
bedding the template in a ceramic slurry, allowing the ceramic to
harden, and removing the sacrificial template by heating to tempera-
tures above the vaporization temperature of the polymer. Molten metal
is then cast using the ceramic mold. After solidification, the ceramic
mold is removed, and the open-cell metal foam remains. The reader is
referred to work by Ashby et al. [8] for more details regarding this and
other processes for producing cellular metals.

More recently, additive manufacturing has been considered as an
alternative method for producing cellular metal structures [12-20]. In
general, additive manufacturing involves the creation of a structure
through layer-by-layer addition of material. The geometry of the de-
sired structure is provided via a CAD model. The software of the
manufacturing system virtually slices the CAD model, and the sliced
images provide the instructions to build the part through a layer-by-
layer process.

For metals, in particular, additive manufacturing can be accom-
plished using a number of different types of systems, which include
powder bed, powder feed, and wire feed systems (see review articles by
Gu et al. [21] and Frazier [22]). Further, each system can vary ac-
cording to its energy source. For example, in the powder bed systems,
two primary energy sources for melting the powder include electron
beam and laser beam. As Frazier points out [22], the advantages of the
powder bed system over the powder feed or wire feed systems include
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Fig. 1. Partial taxonomy of manufacturing routes for producing metallic foams (modified
from [10,11]).

ability to maintain relatively tight dimensional control with relatively
high resolution and ability to create complex internal passages. For
these reasons, the powder bed systems are particularly well suited for
creating complex and intricate geometries, like open-cell metal foams.

A number of researchers have investigated metallic lattice structures
produced using powder bed systems. For example, Gorny et al. [12]
investigated the local deformation and failure mechanisms in Ti-6Al-4V
lattice structures produced using selective laser melting.’ In that work,
digital image correlation was used to correlate regions of local strain
concentration with the plane of final failure. Another important finding
from that work was that the heat treatment following the build process
served to increase ductility, and therefore energy absorption, for the
lattice structure. Other studies of the mechanical response of AM lattice
structures involve 316L stainless steel produced using selective laser
melting [13] and titanium alloys produced using electron beam melting
(EBM) [14,15].

Murr and colleagues have utilized EBM to produce both reticulated
(lattice) and stochastic foam structures using such materials as titanium
[16,17], copper [18], and cobalt-base [19] alloys. They have success-
fully demonstrated the ability to utilize X-ray computed tomography
(CT) to generate the requisite CAD models to produce complex foam
structures using EBM. In a review article by Murr et al. [20], the authors
point to the tremendous potential of metal additive manufacturing to
enable design strategies for biomedical implants.

To the authors' knowledge, there has not been a direct comparison
carried out between an open-cell metal foam produced by conventional
manufacturing (e.g. investment casting) and “copies” produced via
additive manufacturing of the same alloy. To that end, the objectives of
this manuscript are to: 1) present a method for producing copies of a
conventionally manufactured, stochastic, open-cell metal foam through
the use of laser powder-bed fusion (PBF), and 2) present results on the
comparison among the AM copies and the conventionally manufactured
foam of the same alloy.

2. Materials and methods
2.1. Materials and sample preparation

The conventional method by which the open-cell foams are pro-
duced is investment casting, which is considered to be the baseline
manufacturing method in this study. The investment-cast aluminum
foam used in this study has a base alloy of 6061 (subjected to a T6 post-

1 Selective laser melting (SLM) was termed by ASTM in 2012 to be a “powder bed
fusion” process [23].
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process heat treatment) with a reported density of 10.5% and five pores
per inch (5 ppi). AM copies of the foam were created in an effort to
replicate the foam geometry with the same metallic alloy of the baseline
foam to enable microstructural and mechanical comparison.

As a proof-of-concept, two cylindrical geometries were bored out of
the bulk investment-cast foam using electrical discharge machining.
One geometry (10.0 mm diameter and 5.7 mm length, nominal) was
used for characterization and comparison of grain structure, and the
other (10.0 mm diameter and 18.3 mm length, nominal) was used for
in-situ characterization and comparison of the crushing response. After
machining, the cylindrical samples were imaged using a Varian BIR
150/130 X-ray CT imaging system (14 pm voxel spacing). For each
cylindrical sample of aluminum foam, the corresponding stack of to-
mograms was segmented and reconstructed in Avizo® to generate an
STL file of the full volume.

The STL files were then used to create copies of each cylindrical
sample of foam using laser PBF. To ensure a valid comparison between
foams, care was taken to obtain the same powder alloy as the alloy used
in the commercially available investment-cast foam. The powder alloy
was produced by Valimet, Inc., and has a special designation of AM
6061, which was certified to have spherical particles with average
diameter of 34.22 um [24]. The chemical composition for the AM 6061
powder is provided in Table 1.

The AM foam samples were produced using a Concept Laser M-Lab
R laser PBF system. The default processing parameters for CL 31Al [25],
which is Concept Laser's aluminum powder, were used. All of the
samples were produced during the same build using virgin powder. One
copy of the smaller sample and two copies of the larger sample (denoted
Copy A and Copy B) were produced. Following the build process, all of
the samples were subjected to the default heat treatment specified in
Concept Laser's datasheet for stress relieving aluminum [25]. The
samples were heated to 240 °C over one hour and then maintained at
temperature for six hours. The samples were then allowed to cool to
100 °C in oven. Finally, the samples were allowed to cool down in
ambient atmosphere.

2.2. Grain-scale characterization

To enable grain-scale characterization and comparison, the foams
had to be carefully prepared and polished without damaging the in-
dividual ligaments, or struts. To accomplish this, each of the smaller
foam samples was set in a poly(methyl methacrylate) resin, or acrylic,
which protected the ligaments from deforming during polishing. A
quickset acrylic powder and liquid solution was used. The excess acrylic
resin was sanded away and shaped using 180 grit (80 um) silicon car-
bide paper. Each sample was then polished to a 0.05 um RMS roughness
rating through a series of polishing steps using an Allied Techprep 10-
1000 mechanical polisher. Each sample was polished gradually using a
series of polishing papers while ensuring the scratches from the pre-
vious paper were completely removed before moving on to the next
paper. The first set of polishing paper used was silicon carbide and the
order of polishing was 180 grit (80 um), 320 grit (35 um), 600 grit
(15 pm). Diamond lapping film was then used with an order of 12, 9,
and 3 pm. Finally alumina suspension was used with an order of 1, 0.3,
and 0.05um. Upon completing mechanical polishing, a Fischione
Model 1060 SEM Mill was used at 4.0 kV operating voltage and incident
beam angle of 3° for 1.5 h to provide the final polish to the samples.

After polishing the samples, electron backscatter diffraction (EBSD)
data were collected to make comparisons of grain structure resulting
from the two manufacturing processes. For each of the polished sam-
ples, an entire ligament cross section was analyzed using a beam step
size of 2.5 um and 3.0 pm for the AM and investment-cast foams, re-
spectively.



K.E. Matheson et al.

Table 1
Chemical composition of 6061 powder provided by Valimet, Inc. (wt%) [24].

Al Mg Si Cu Fe

Bal. 0.86 0.59 0.24 <0.01

2.3. In-situ mechanical testing

To monitor the full-field deformation of the aluminum foam during
crushing, a specialized in-situ load frame was recently developed by the
authors to enable collection of X-ray CT data incrementally during
mechanical loading. The load frame is compatible with the Varian BIR
150/130 X-ray CT imaging system, has a low attenuation of X-rays,
provides a 360° view of the sample while in the load frame, and
maintains clean wire management that prevents any wires from ob-
structing the X-rays during scanning. Fig. 2 shows the chamber of the X-
ray CT imaging system along with the mechanical load frame used
during in-situ testing. A captive linear stepper motor applies force (or
displacement) to the lower stage of the load frame. A rigid poly-
carbonate tube holds the upper mount in place and prevents upward
displacement of the sample as force (displacement) is applied. The
specimen is held in place by two transparent polycarbonate caps, which
maintain axially symmetric load and keep the foam centered about the
vertical axis to facilitate tracking the field of view.

The 18.3 mm-long foam samples (one investment cast and two
produced by laser PBF) were loaded in displacement control to a total
displacement of 12 mm, or approximately 66% of the initial height. X-
ray CT scan images were collected every 2 mm of displacement, during
which the displacement was held constant.

The X-ray CT scan images from the undeformed configuration were
used to calculate the precise material density for each of the compres-
sive foam samples. Specifically, the number of pixels corresponding to
solid material were quantified in each stack of X-ray CT images, which
was then multiplied by the voxel size to obtain the volume of solid. The
volume of solid was then divided by the nominal cylindrical volume
(10.0 mm diameter, 18.3 mm length). For the volume of foam con-
sidered, the investment-cast foam had a calculated density of 12.5%.
Copy A and Copy B of the laser PBF foam samples had calculated
densities of 13.6% and 13.9%, respectively.

X-ray emitter

X-ray detector

Y-axis stage adjustment

] : Rotating stage
X-axis stage adjustment
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3. Results

Optical micrographs are shown in Fig. 3 for a polished cross section
of the investment-cast foam and the same cross section from a copy
produced via laser PBF. The inverse pole figure maps in the inset images
in Fig. 3 provide a comparison of the grain structure between the in-
vestment-cast and AM foams for the same ligament in the cross section
shown.

The global mechanical response of the three foam samples is plotted
in terms of both force versus displacement and effective stress versus
effective strain in Fig. 4. The force (F) versus displacement (d) were
converted to effective stress (F/A.y) versus effective strain (d/L,) for
each foam sample using the nominal, undeformed cross sectional area
(10.0 mm diameter) and original length (18.3 mm), respectively. Si-
milar to work done by Gorny et al. [12], the data collected for this
experiment is sufficient not only to characterize the compressive load
behavior up to the point of initial failure, but also to characterize the
subsequent ability to regain load carrying capacity and thereby absorb
additional energy. The initial failure in both of the AM foam copies
occurred at approximately 200 N and between 0.85 and 0.9 mm of
global displacement. At that point, the load-carrying capacity of Copy B
dropped significantly. Copy A was able to quickly regain capacity and
carried up to 350 N of load at 1.7 mm of applied displacement, at which
point it experienced failure again, as indicated by the load drop. The
investment-cast foam carried approximately 335 N of force before its
initial failure, which occurred at 0.85 mm of global displacement. For
all three foams, the initial maximum load level was not achieved again
until 7-8 mm of applied displacement, at which point the foams were
able to regain load-carrying capacity.

Animations of the foam crushing, alongside the corresponding force
versus displacement curve, are provided for each of the three foams in
the online version of this article. To generate the animations, snapshots
were taken of each foam reconstruction using Avizo® and then arranged
in order of increasing displacement. These were then used to generate
the animations that show the progression of compression to help vi-
sualize the global foam response during mechanical testing.

The X-ray CT reconstructions for each of the three foam samples
were visually inspected in ParaView to observe and classify the beha-
vior of each individual ligament as the compression progressed.
Ligaments were classified into one of four categories: those that de-
monstrated brittle fracture with little plastic deformation, those that
exhibited only plastic collapse (such as buckling), those that

Fig. 2. Left: Chamber of Varian BIR 150/130 X-ray
computed tomography imaging system with me-
chanical load frame in place. Right: Mechanical load
frame used during in-situ imaging.

In situ load frame
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Table 2
Number of ligaments fractured, collapsed, collapsed then fractured, or intact for each
foam.

Conventional foam Copy A Copy B
Fractured only 22 40 37
Collapsed only 24 7 14
Collapsed then fractured 7 6 6
Ligaments intact 29 26 24
Total ligaments 82 79 81

experienced a significant amount of plastic deformation before even-
tually fracturing, and those that remained intact or mostly intact. These
results are presented in Table 2. Note that while the total number of
ligaments in the two AM foam copies varied slightly from the original
foam due to discrepancies caused by the laser PBF manufacturing
process, the original foam topology was reproduced relatively well in
each copy. The graph in Fig. 5 presents the total number of ligaments to
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Fig. 3. Grain-scale comparison of polished foam samples, each with
nominal diameter of 10.0 mm. Left: conventionally manufactured.
Right: additively manufactured.

Fig. 4. Compressive response for all three foam samples.
0.70
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fracturedt

Total ligaments
collapsed¥

Ligaments Intact
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Fig. 5. Percentage of ligaments fractured, collapsed, or intact based on total number of
ligaments in each foam.



K.E. Matheson et al.

- Collapse
. Fracture

. Collapse
. Fracture

. Collapse
. Fracture

Materials Science & Engineering A 707 (2017) 181-192

(c) Laser PBF foam (Copy B).

Fig. 6. X-ray computed tomography reconstructions of each foam sample imaged at 2 mm increments of displacement and color-coded according to ligament failure mechanism (collapse

or fracture).

experience fracture versus collapse as the primary failure mechanism,
expressed as a percentage of the total number of ligaments in each
foam.

Figs. 6 and 7 show the crushing progression for each foam sample
imaged in 2 mm increments of applied displacement. In Fig. 6, the
active regions showing signs of fracture or collapse compared to the
previous displacement increment have been highlighted. In Fig. 7, re-
gions have been highlighted to show contact among ligaments. The
reconstructed and analyzed data used to generate Figs. 6 and 7 and to
quantify instances of ligament failure and contact are published in a
corresponding Data in Brief article [26].

4. Discussion
4.1. Microstructural (grain-scale) features

The orientation imaging micrographs for the ligament cross section
shown in Fig. 3 were analyzed after first partitioning all points with a
confidence index greater than 0.15. Based on a grain boundary mis-
orientation threshold of 10°, there are 2436 grains (average grain dia-
meter of 27 pym) within the ligament of the laser PBF sample and only
59 grains (average grain diameter of 194 um) within the corresponding
ligament of the investment-cast sample. There are a significant number
of low-angle grain boundaries (LAGB) between 2° and 10° misorienta-
tion in the laser PBF foam compared to the investment-cast foam.

Among all boundaries with misorientations exceeding 2°, 71.7% of the
total boundary length is considered to be LAGB in the laser PBF foam;
whereas, only 1.4% is considered to be LAGB in the investment-cast
foam. The orientation imaging microscopy data were also used to ex-
tract twin information for each sample (see [27] for details on the
calculation procedure). Fig. 8 shows the parent and daughter grains
identified to be recrystallization twins (23 twin boundary) based on a 5°
angular tolerance between twin planes. Various twinning metrics are
summarized in Table 3 for both types of foam. “Twin fraction” is de-
fined as the area sum of all twins divided by the area sum of all grains,
and “area fraction of twinned grains” is defined as the area sum of all
twins and their parents divided by the area sum of all grains. While
twins are not generally present in aluminum due to the high stacking
fault energy, the rapid solidification process that takes place during
laser-based additive manufacturing appears to induce non-negligible
twinning in the aluminum alloy studied here. Notably, the area fraction
of twinned grains is nearly 30% in the laser PBF foam ligament, which
is an order of magnitude greater than that in the conventional foam
ligament. Work by Levi and Mehrabian [28] showed that rapid solidi-
fication of aluminum leading to increased undercooling prior to nu-
cleation can cause higher liquid/solid interface velocities and promote
twinning. While the increased undercooling was accomplished in that
work using an electrohydrodynamic atomization process [29], the au-
thors suspect that the twinning mechanism for laser PBF could be si-
milar. The grain-scale observations made here are later referenced to
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(c) Laser PBF foam (Copy B).

Fig. 7. X-ray computed tomography reconstructions of each foam sample imaged at 2 mm increments of displacement and color-coded according to ligament contact.

1 mm

Twin Area fraction of Twin Area fraction of
type twinned grains type twinned grains
I Parent 0.014 I Parent 0.257

Il Daughter 0.009 Il Daughter 0.042

Fig. 8. Image quality map overlaid with 3 twin parent/daughter map for conventional
foam (left) and laser PBF foam (right).

Table 3
Statistics of FCC recrystallized twins (23) for the ligament shown in Fig. 3.

Twin Area fraction of Fraction of twinned
fraction twinned grains grains
Conventional foam  0.009 0.023 0.017
Laser PBF foam 0.042 0.299 0.038

186

explain differences in the local micromechanical behavior of the con-
ventional and laser PBF foams.

4.2. Global mechanical behavior

As shown in the crushing response of the investment-cast and two
AM foams (Fig. 4), each of the foams exhibits three general char-
acteristics in global mechanical behavior: elastic loading, followed by
softening, followed by hardening. Similar crushing characteristics of
open-cell foams have been described previously by others, including
Kyriakides and collaborators [30,31]. The initial stiffness of the foam
(slope of the elastic loading portion) is similar for the two AM foams,
but is slightly larger for the investment-cast foam. This could be due to
the slight differences in the post-process heat treatments applied for the
investment-cast and AM foams. The apparent softening region is caused
by localized failure of individual ligaments. The investment-cast foam
exhibits a more pronounced softening effect compared to the two AM
copies. As the material densifies and neighboring ligaments begin
contacting one another, each foam regains load-carrying capacity and
exhibits the apparent hardening behavior, represented by the nominal
increase in effective stress. Over the 12 mm of global displacement,
Copy A of the AM foam had the largest amount of energy absorption,
followed by the investment-cast foam, followed by Copy B of the AM
foam.

It is reasonable to postulate that the differences in global mechan-
ical response were caused by variation in the evolution of damage
among the three samples. Specifically, these differences are due to
variations in the sequence of failure as well as differences in failure
modes among corresponding localized regions of the three different
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Fig. 9. Two dominant cells that appear in all three foam geometries, shown from two
different reference frames. Upper cell and lower cells are called out in red and yellow,
respectively. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

foams. To investigate this, the authors have attempted to correlate the
different force versus displacement characteristics with the re-
constructed X-ray CT data, described next.

4.3. Local mechanical behavior

Localized fracture or ligament collapse in all three foams tends to
induce load shedding to neighboring ligaments, leading to the forma-
tion of macroscopically observable shear bands similar to those ob-
served by Santorinaios et al. in non-stochastic foams [13]. These bands
can be observed in Fig. 6 by the regions highlighted in red and blue. The
evolution of these shear bands in the investment cast foam is closely
mirrored by the shear bands in Copy B of the AM foam.

It is worth noting from Fig. 5 that the number of ligaments to re-
main intact was approximately the same for all three foam specimens,
indicating that there is not a strong dependence of the propensity for
ligament failure on the manufacturing method. Rather, the manu-
facturing method has a strong influence on the type of ligament failure

(c) Laser PBF foam (Copy B).

Materials Science & Engineering A 707 (2017) 181-192

mechanism.

In the foam geometry, there appear to be two dominant structural
cells that provide most of the load-carrying capacity (shown in Fig. 9).
In order to aid the reader, each cell has been visualized separately from
the rest of the foam at each stage of compression in Figs. 10 and 11. By
comparing the timing of failure of these cells to the global mechanical
response, it is possible to roughly explain the characteristic shape of the
compressive-response curve for each of the foams. For example, the
lower of the two cells is the first feature to crush in both the investment-
cast foam and in AM Copy B, causing both foams to exhibit softening
between 0.85 and 0.9 mm of displacement. On the other hand, that cell
remained intact in Copy A of the AM foam for at least the first 2 mm of
applied displacement, which is why its compressive response remains
comparatively steady and increasing. In AM Copy A, the first features to
collapse were the orphan ligaments, i.e. ligaments protruding from the
top end of the foam that were not part of a complete cell. It is not until
after 2 mm of applied displacement that the two structural cells ex-
hibited signs of collapse in Copy A. The complete sequence of major
failure events is superimposed over the global mechanical response for
each of the three foams in Figs. 12-14.

The investment-cast foam exhibited a more ductile response than
either of the AM copies, which were comparatively more brittle. From a
microstructural standpoint, the increased ductility in the investment-
cast foam can be rationalized by the significantly larger grain sizes and
therefore lower density of grain boundaries per ligament, as shown in
the inverse pole figure maps of Fig. 3. Consistent with these observa-
tions of global response and grain structure, the X-ray CT reconstruc-
tions from the in-situ tests reveal that the ligaments in the investment-
cast foam tended to deform plastically, with fewer ligaments fracturing
compared to the AM foam, as shown in Table 2. The investment-cast
foam did have two major and abrupt fracture events that occurred
between 8 and 10 mm of global applied displacement (see Fig. 12). The
authors postulate that the reason these two fracture events were more
dramatic in the investment-cast foam compared to the relatively brittle

Fig. 10. Progression of ligament failure within the upper cell
captured at 2 mm increments of displacement.
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(c) Laser PBF foam (Copy B).
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Fig. 11. Progression of ligament failure within the lower cell
captured at 2 mm increments of displacement.

Fig. 12. Sequence of local failure events superimposed on the global
mechanical response of the conventional (investment-cast) foam.

Fig. 13. Sequence of local failure events superimposed on the global
mechanical response of laser PBF foam (Copy A).
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Fig. 15. A characteristic fracture behavior shown in different regions of laser PBF foam
(Copy A).

AM foams is because the investment-cast foam is able to store more
elastic strain energy than either of the AM replica foams. When two of
the ligaments failed due to fracture, a large amount of strain energy was
also released, and the reaction force dropped significantly. As shown in
Fig. 5, the two AM foams experienced more instances of fracture than
the investment cast foam, but they were less dramatic and, on average,
did not appear to release as much energy per fracture event. This is also
why the two AM foams had more jagged effective stress-strain curves
(Figs. 13 and 14). That is, there were more fracture events, which
caused the curves to repeatedly rise and fall.

Others have reported on the brittle nature of AM metals, especially
aluminum [21,32,33]. Work by Louvis et al. [32] showed that such
brittle behavior of laser PBF aluminum is likely attributed to thin oxide
layers that form on both the solid and molten regions during the build
process when oxygen is present within the build chamber. Oxides that
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Fig. 14. Sequence of local failure events superimposed on the global
mechanical response of laser PBF foam (Copy B).
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remain intact during the build can lead to unintended porosity and can
serve to embrittle the material. The more brittle nature of the AM foams
is apparent from the higher frequency of fractured ligaments compared
to the investment-cast foam. An interesting fracture characteristic was
observed in the laser PBF foams that was not observed in the invest-
ment-cast foam. Fig. 15 provides representative examples of this char-
acteristic behavior captured before and after fracturing. The char-
acteristic behavior can be recognized by the development of two
distinct cracks on opposite sides of a ligament. Based on the in-situ
observations, the authors believe that this characteristic fracture be-
havior is caused by relative lateral movement of two neighboring
nodes. This relative lateral movement induces double curvature in the
ligament, causing the formation of two cracks in regions of elevated
tensile stresses (mode I cracks) on opposite sides of the ligament. This
fracture behavior is not present in the investment cast foam, as the
relatively ductile ligaments appear to bend or buckle under the same
loading scenario.

Note that, despite the differences described above between the in-
vestment-cast and laser PBF foams, Copy B of the laser PBF foam ex-
hibits a rather similar sequence of deformation events as the original,
investment-cast foam. This is evident from the isolated views of cell
collapse shown in Figs. 10 and 11, the general shape of the global
mechanical response, and the pattern of shear bands caused by local
ligament failure shown in Fig. 6. This suggests that it is possible (at least
on this relatively small scale), to reproduce qualitatively similar beha-
vior of stochastic, open-cell, investment-cast foam using laser PBF.
However, the differences between Copy A and Copy B also suggest that
the laser PBF process can lead to significant variability among parts,
even for identical build parameters and processing conditions. This
variability suggests that repeatability of parts produced by laser PBF
remains an outstanding issue to address. More studies should be carried
out in the future to generate statistically significant measurements of
repeatability and to identify and mitigate sources of variability caused
by the laser PBF process.

5. Conclusions

Grain structure, global mechanical response, and evolution of local
failure mechanisms were compared among conventionally manu-
factured (investment cast) open-cell aluminum foam and copies pro-
duced using additive manufacturing. The copies were created by first
scanning the original foam sample using X-ray computed tomography,
then using the resulting STL file to reproduce the geometry of the foam
using laser powder bed fusion (PBF). Care was taken to create the
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copies using the same aluminum alloy as that used in the con-
ventionally manufactured foam. Foam samples were then crushed to
66% of the initial height and imaged incrementally in-situ using X-ray
computed tomography. The resulting three-dimensional reconstruc-
tions were analyzed in detail to identify onset of local collapse, fracture,
and ligament contact, which were then correlated with specific regions
in the global mechanical response of each foam. From this detailed
study, the following conclusions can be made:

e Of two copies produced via laser PBF, one copy exhibited a similar
sequence of local failure events and, correspondingly, qualitatively
similar load-displacement response as the conventionally manu-
factured foam sample, suggesting that laser PBF is capable of pro-
ducing foams that provide similar mechanical response as conven-
tional open-cell metallic foams.

Despite the above observation, a second laser PBF copy (which was
produced at the same time and under identical conditions as the
above-mentioned copy) exhibited dramatically different sequence of
local failure events and, correspondingly, different load-displace-
ment response compared to the other two foam samples, suggesting
that the laser PBF process can lead to variability among parts despite
being otherwise identical. More work must be done in the future to
quantify both variability and repeatability with statistical sig-
nificance, which is beyond the scope of this work.

By the end of the crushing experiments, the conventional and laser
PBF foam samples exhibited approximately the same percentage of
ligaments that had remained intact (30-35%) versus those that had
failed (65-70%). However, both laser PBF copies had 1.5-1.6 times
more ligaments that eventually fractured compared to the conven-
tional foam; whereas, the conventional foam had far more instances
of ligament collapse without fracturing compared to the laser PBF

Appendix A. Supplementary material

The following are the supplementary data to this article: Video S1

Rear view
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foams. This suggests that the foams produced via laser PBF are more
brittle than the original foam, which is consistent with observations
in the literature [21,32,33] of additively manufactured aluminum
alloys.

Finally, as expected, the grain structure of the foam produced via
laser PBF is significantly different than that of the investment-cast
foam. Compared to the investment-cast foam, the laser PBF foam has
an average grain size that is an order of magnitude smaller, along
with a non-negligible occurrence of twins likely caused by rapid
solidification. From a microstructural standpoint, the significantly
larger grain sizes (and therefore fewer grain boundaries per liga-
ment) in the investment-cast foam could explain the more dramatic
softening behavior manifested in the global load-displacement re-
sponse of the foam compared to that of the laser PBF foam.
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Video S1. An animation of the conventionally manufactured foam being crushed based on reconstructed CT data, alongside the current location on the force versus displacement curve. A
video clip is available online. Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.msea.2017.08.102.
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Video S2

Rear view
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Laser PBF Replica
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Video S2. An animation of the laser PBF foam (copy A) being crushed based on reconstructed CT data, alongside the current location on the force versus displacement curve. A video clip
is available online. Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.msea.2017.08.102.

Video S3

Rear view

Front view

Laser PBF Replica

Specimen tag: B

Aluminum 6061

Nominal properties of original foam:
5 ppi, 10.5% relative density

Effective Strain
00 01 02 03 o0& 05 06 07

Force (N)
g
J
Effective Stress{MPa)

Displacement (mm)

0mm
ON

Matheson, et al.,
Materials Science and Engineering: A
(2017)

Video S3. An animation of the laser PBF foam (copy B) being crushed based on reconstructed CT data, alongside the current location on the force versus displacement curve. A video clip
is available online. Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.msea.2017.08.102.
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