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A B S T R A C T   

The mechanical response of open-cell metallic foams depends strongly on their hierarchical structure, which 
ranges from the grain scale, to the scale of individual struts, to the scale of the bulk foam. The objective of this 
study is to investigate the effect of grain structure on the compressive mechanical response of open-cell metallic 
foam using a crystal-plasticity finite-element-based framework. Multiple polycrystalline instantiations (overlaid 
on a foam volume derived from X-ray tomography) are simulated to quantify the grain-size effect on crushing 
response of investment-cast aluminum foam. The high-fidelity numerical framework captures the deformation 
mechanisms across multiple length scales and is able to predict the inhomogeneous grain-to-continuum 
compressive response in the foams. Also, by incorporating grain-boundary strengthening and free-surface soft-
ening mechanisms, the current framework accounts simultaneously for the Hall-Petch effect in polycrystalline 
alloys and the effect of unconstrained slip-based deformation at the strut free surfaces. The crystal-plasticity 
simulations explicitly account for the effect of grain structure and surface conditions (oxidized or non- 
oxidized) and provide new insights into the mechanical behavior of open-cell metallic foams. Results show 
that the relationship between grain size and plateau stress in the foams follows a Hall-Petch-like trend provided 
there is at least one complete grain along the strut length and approximately one grain through the strut 
thickness; below this threshold, the effective plateau stress of the foam tends to saturate. In the presence of an 
oxidation layer, when the dislocations are blocked at the strut boundaries, the effect of grain structure on plateau 
stress is less pronounced than when an oxidation layer is absent. It is also shown that by accounting for grain size 
and surface condition through the parameters σy and C4, the accuracy and generalizability of the well-established 
Gibson-Ashby model for plastic collapse strength can be significantly enhanced.   

1. Introduction 

Open-cell metallic foams are hierarchical structural-material systems 
that comprise the component scale of the engineered part, the topo-
logical scale of interconnected ligaments (or struts), and the grain scale 
within individual ligaments. The relative density of open-cell foams can 
be as low as 0.01 [1], and their structural topology can range from 
stochastic polyhedral cells to highly ordered lattice structures, which are 
becoming increasingly common thanks to additive manufacturing. 
These cellular structural materials have potential multi-functional ap-
plications due to their low-density and hierarchical structure [2–4]. For 
example, in addition to serving as light-weight, load-bearing structures, 

open-cell metallic foams have potential applications as electrodes for 
energy-storage devices [5], as hosts for newly generated bone and blood 
vessels in biomedical implants [6–8], or as impact absorbers and noise 
insulators for advanced high-speed ground transportation [4]. 

There have been considerable efforts in the literature to study the 
topological-scale deformation mechanisms and the overall mechanical 
behavior of open-cell metal foam. Some of the efforts have characterized 
foam specimens with advanced experimental techniques [9–14]. For 
example, Jang et al. [9] investigated the dependence of cell size and cell 
anisotropy on the compressive responses of aluminum (Al-6101-T6) 
Duocel® foams. Schüler et al. [10] elucidated the role of hierarchical 
structural elements (e.g., foam cells, struts, and strut microstructures) on 
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the macroscopic deformation and failure behavior under quasi-static 
and dynamic loading conditions. The localized deformation in the 
locally weakened struts destabilized the adjacent cells and the inter-
connected struts. This caused the formation of macroscopic deformation 
bands and the apparent plateau region in global stress-strain curve. They 
also found that the intermetallic phases (Si, Mg2Si, AlSiFe) inherent to 
the struts resulted in a more brittle behavior, while the Al-matrix (α 
phase) enhanced the ductility of the struts. Additionally, Kaya et al. [12] 
attributed the strut deformation mechanisms to their initial defects, 
micro-porosity, and strut orientation relative to the loading axis in 
powder-metallurgical manufactured stainless-steel foams. In that work, 
the struts deformed in bending and torsion to form plastic hinges when 
they were aligned perpendicular to the loading direction; while the 
struts buckled and initiated cracks as they were oriented parallel to the 
loading direction. 

Modeling efforts in the literature have represented open-cell metal 
foams using either fully synthetic geometries or by reconstructing foam 
volumes from real measured data, for example, from X-ray computed 
tomography (CT). Subsequently, virtual tests have been performed on 
the three-dimensional (3D) open-cell foam models to enable prediction 
of their mechanical properties [15–22]. For example, the software, 
Surface Evolver, was used in the work by Gaitanaros et al. [15] to 
generate stochastic-foam models with realistic ligaments and aniso-
tropic, randomly monodispersed cells. Frictional contact among liga-
ments and elasto-plastic material behavior of the Al-alloy were 
incorporated in the simulations to examine the effects of cellular 
randomness on the compressive responses in both longitudinal and 
transverse directions of the foam. Hangai et al. [19] created an analyt-
ical model of 3D aluminum foam based on X-ray CT images followed by 
finite-element analysis of the deformation behavior. They were able to 
predict the region where deformation first initiated under compressive 
loading and validated the numerical results with experiment. It was 
found that the deformation initiated in the plane that was perpendicular 
to the loading direction and contained a local maximum value of mean 
stress. Jang et al. [17] modeled open-cell foam structure with aniso-
tropic, periodically dispersed Kelvin cells and realistic ligament geom-
etries established by X-ray CT. The mechanical properties predicted by 
the numerical framework were compared with experimental data to 
evaluate the accuracy of the framework. Additionally, the work of 
Brydon et al. [21] and Bardenhagen et al. [20] demonstrated the 
capability of simulating complex contact mechanics and large-scale 
foam deformations in the densification regime via the material point 
method (MPM). While these studies provide critical insights into the 
topological-scale deformation mechanisms via modeling a 3D open-cell 
foam, the deformation mechanisms across multiple length scales, ac-
counting for the influence of the grain structure, have not to our 
knowledge been modeled. 

Although the majority of studies have characterized open-cell foams 
at the topological/morphological scale, treating each strut as a material 
continuum, there have been a limited number of experimental studies 
that have investigated the heterogeneous grain structure and its influ-
ence on the multiscale mechanical responses of such foams [23–27]. For 
example, Plumb et al. [27] recently measured and mapped the 3D grain 
structure of open-cell metallic foam using integrated techniques of X-ray 
CT and far-field high-energy X-ray diffraction microscopy (HEDM). 
Their results indicated relatively large grains with nearly one grain 
spanning an entire strut in some instances, suggesting that size effects 
due to grain structure could play a crucial role in the mechanical 
behavior of the foam. Similar findings in the work of Zhou et al. [23,24] 
suggested that a single strut can consist of a large grain across the strut 
thickness or can consist of bamboo-structured grains, depending on the 
heat treatment conditions. Goussery et al. [28] performed various heat 
treatments on open-cell nickel foam specimens to achieve different grain 
sizes. They found that the yield strength of non-oxidized, hollow-strut 
foam followed a Hall-Petch relationship as long as the grain size was 
smaller than the strut wall thickness. Krishna et al. [29] studied the 

effect of heat treatment on the cell wall microstructures and on the 
resulting mechanical behavior of open-cell 6101 aluminum foams under 
free and constrained compression. They found that heat treating at the 
temperature that was well above the standard annealing temperature of 
6101 alloy for a long period of time would lead to grain and precipitate 
coarsening. The decreases in inherent matrix strength and the cracks 
growing along the grain boundaries resulted in a drop in the strength of 
heat treated samples. The work of Lee et al. [30] investigated the strut 
size effects due to grain structure or other inhomogeneities on the ulti-
mate tensile strength of open-cell electrodeposited nickel foams. Addi-
tionally, some researchers investigated the effect of various 
manufacturing processes on the strength, ductility, or energy absorption 
of open-cell aluminum foam (e.g., see Refs. [31–36]), attributing the 
variations in macroscopic behavior to the microscopic features of the 
struts including the arrangement and size of precipitates and the 
morphology of intermetallic phases. While the above experimental 
studies suggest that the grain structure could play a crucial role in 
determining the mechanical response of open-cell foam, such findings 
have yet to be incorporated into a numerical modeling framework to 
comprehensively investigate the effect of 3D grain structure on the 
multiscale mechanical response of open-cell metal foams or lattice 
structures. 

The objective of this work is to elucidate and quantify the effect of 
grain size on the compressive response of open-cell aluminum foam, 
accounting for both the presence and absence of an oxidation layer on 
the free surfaces of the foam. To achieve this objective, a high-fidelity 
numerical framework is implemented that resolves 3D grain structure 
within the struts of the open-cell foam and leverages a crystal-plasticity 
constitutive model to account for plastic deformation due to crystallo-
graphic slip. The results provide new insight that can be used to inform 
the parameters in the well-known Gibson-Ashby model and to establish 
process-structure-property relationships to support performance-based 
design of open-cell metallic foams and lattice structures. 

2. Material and methods 

A crystal-plasticity finite-element modeling (CPFEM) framework 
used to investigate the grain-to-continuum compressive response of 
open-cell aluminum foam is introduced in this section. The modeled 
foam geometry is based on X-ray CT measurements, and the grain 
structure is instantiated by overlaying the CT reconstruction with syn-
thetic yet realistic grains, thus producing a grain-resolved open-cell 
foam model. A grain-size parametric study is conducted by overlaying 
eight different grain structures on top of the same X-ray CT-imaged foam 
volume and simulating the crushing response in both the presence and 
absence of an oxidation layer on the free surfaces of the foam struts. 
These steps are detailed in the following subsections. 

2.1. Generation of grain-resolved open-cell foam models 

The material used in this study is an open-cell, investment-cast 
aluminum foam fabricated from a base aluminium alloy 6101 and 
strengthened with T6 heat treatment. The foam volume is reported to 
have a pore density of 40 pores per inch (PPI) and a relative density in 
the range of 6–8%. A cylindrical sample (10.1 mm in diameter and 
12.7 mm in length) was machined out of the bulk foam using wire 
electrical discharge machining. The cylindrical sample comprised more 
than 10 cells per direction to avoid specimen size effects in global 
macroscopic mechanical response (i.e., the mechanical response of the 
sample is considered to be representative of the mechanical response of 
the bulk foam) [37]. The undeformed sample was imaged using a Varian 
BIR 150/130 X-ray CT imaging system (14 μm voxel spacing), producing 
a stack of 16-bit grayscale tomographic images. The tomographic images 
were segmented and virtually reconstructed in Avizo®, resulting in an 
STL file depicting the 3D foam morphology. 

Because experimental characterization of 3D grain structure in ultra- 
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low-density foams is non-trivial [27], realistic synthetic grain structures 
are instantiated on the open-cell foam geometry using DREAM.3D [38]. 
DREAM.3D is an open-source software for digitally instantiating 3D, 
multi-phase microstructures based on directly or indirectly measured 
grain-scale statistics of interest (e.g., mean grain size, crystallographic 
orientation, grain morphology). Recently, Tucker and Spear [39] 
implemented an open-source filter in DREAM.3D to instantiate 
grain-resolved open-cell metal foam models. The new filter allows both 
for mapping physically realized grain structure on an existing foam 
morphology using measured statistics and for instantiating fully syn-
thetic open-cell foam at both topological and grain scale. In the current 
study, the high-level workflow for instantiating grain-resolved open-cell 
foam models using DREAM.3D (v6.5.49) [39] is demonstrated in Fig. 1. 
In the first step (Fig. 1 (a)), a fully dense, polycrystalline domain is 
initialized with assigned dimensions, resolution, and origin. Crystal 
structure and goal grain statistics (e.g., size, shape, and crystallographic 
texture) are input and used to generate a statistically similar, fully dense, 
microstructural volume. In the second step, a foam mask (Fig. 1(b)) 
based on the X-ray CT data is applied to differentiate the voxels 
belonging to foam from the voxels belonging to the void space. Then, the 
voids in the polycrystalline domain are removed to reveal a 
grain-resolved open-cell foam model, as shown in Fig. 1(c). Note that 
although the current study uses equiaxed grains by specifying a spher-
ical grain-growth (packing) algorithm, the general DREAM.3D workflow 
allows for modeling non-equiaxed grains. Grain metrics1 are recorded 
for each grain in the foam volume, including the semi-axis lengths, 
aspect ratio, volume, and crystallographic orientation. Finally, a 3D 
hexahedral mesh is generated on the grain-resolved foam to enable 
subsequent numerical analysis. Readers can reference [38,39] for a 
detailed description of the DREAM.3D synthetic-microstructure gener-
ation process. 

2.2. Slip-system-level constitutive model 

To accurately predict the local, grain-scale mechanical deformation 
associated with crystallographic slip in polycrystalline materials, a 
crystal elasto-viscoplastic constitutive model has been implemented as a 
user material subroutine (VUMAT) into the commercial finite-element 
code ABAQUS® [40]. The CPFEM-based framework is demonstrated 
to be able to predict the inhomogeneous stresses and strains that evolve 
within polycrystalline materials and to quantify the interactions among 
discrete grains of different crystallographic orientations at the meso-
scale. A number of studies have utilized the same crystal-plastic 
constitutive model (implemented with other solvers) to investigate the 
anisotropic, elasto-viscoplastic behavior in polycrystalline materials 
[41–45]. Readers can reference the work of Matouš and Maniatty [46] 
for a detailed description of the model formulation. A brief description is 
provided next for completeness. 

In this study, crystallographic slip on the twelve octahedral slip 
systems {111}<110> of face-centered-cubic (fcc) crystals is assumed to 
be the only mechanism accounting for visco-plastic deformation. The 
constitutive model uses a multiplicative decomposition of the defor-
mation gradient into an elastic part and a visco-plastic part: 

F=FeFp. (1) 

The elastic Green-Lagrange strain tensor is given by 

Ee =
1
2
(
FT

e Fe − I
)
. (2) 

Behavior in the elastic regime assumes negligible thermal effects and 
a linear relationship with small elastic strain. The elastic stress-strain 
constitutive relation is summarized as: 

S= ζ : Ee, (3)  

where ζ denotes the fourth-order elasticity tensor. The second Piola- 
Kirchoff stress tensor, S, can be used to derive the Cauchy stress 
tensor, σ, based on the elastic deformation gradient, Fe: 

σ=Fe

(
1

det(Fe)
S
)

FT
e . (4) 

Plastic deformation, which is accommodated by crystallographic 
slip, can be described by the slip rate on each slip system. The slip rate on 
slip system α is denoted γ̇α and is expressed as: 

γ̇α = γ̇0
τα

gα

⃒
⃒
⃒
⃒
τα

gα

⃒
⃒
⃒
⃒

1
m− 1

, (5)  

where γ̇0 is a reference slip rate parameter, m is a material parameter 
describing the rate sensitivity, τα is the resolved shear stress on slip 
system α, and gα is the resistance to crystallographic slip (critical 
resolved shear stress) for slip system α. The plastic velocity gradient, L̂p, 
is described in terms of the slip rate γ̇α as: 

L̂p = ḞpF− 1
p =

∑Nss

α=1
γ̇αPα, (6)  

where Nss denotes the number of slip systems, and Pα = sα ⊗ mα is the 
grain-orientation-related Schmid tensor, with sα and mα representing 
the slip direction and the slip plane normal for slip system α, respec-
tively. Taking as input the crystal orientation of a given grain, the 
constitutive model then calculates the resolved shear stress in terms of 
the elastic deformation gradient and second Piola-Kirchoff stress tensor 
as: 

τα =
(
FT

e FeS
)
: Pα. (7) 

In the current work, a simplified version of the elasto-viscoplastic 
constitutive model is invoked, wherein hardening is neglected. The 
critical resolved shear stress, gα, which is uniquely defined for every slip 
system and every element in the model (as described in the following 
subsection), is therefore held constant throughout the simulation. This 
simplification is justified for two reasons: (1) the main focus of the study 
is on the homogenized, large-scale crushing response of the foam, where 
localized hardening is assumed to be negligible compared to other 
structural mechanisms, like cell collapse, that govern the foam response; 
and (2) lack of grain-resolved mechanical test data precludes the ability 
to perform a more refined calibration than what we report in Section 
2.4, which remains a topic of ongoing research by the authors. 

2.3. Grain-boundary strengthening and free-surface softening mechanisms 

In the original implementation of the above-mentioned constitutive 
model, grain-size effects were not explicitly accounted for. Thus, in this 
study, grain-boundary strengthening and free-surface softening mecha-
nisms have been implemented into the CPFEM framework to account 
for, respectively, the Hall-Petch effect in polycrystalline materials and 
the effect of unconstrained slip-based deformation at free surfaces in the 
foam. In the current study, grain-boundary strengthening is incorpo-
rated by scaling the critical resolved shear stress, gα, for each slip system 
of each element in the finite-element mesh. The scaled values of gα are 
calculated prior to the CPFEM calculation based on the Euclidean dis-
tance directed along the specific slip direction to the nearest grain 
boundary, dGB. In this manner, the slip-based directed-distance calcu-
lation accounts for the crystallographic orientation of each grain. The 
scaling relationship between the critical resolved shear stress and 
directed-distance to grain boundary for a given slip system and given 
element is calculated as: 

1 Geometrical metrics of each grain are based on best-fit ellipsoids. 
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gα = g∞ +
λGB

dGB
, (8)  

where g∞ represents the critical resolved shear stress for a point that is 
infinitely far from a grain boundary and λGB is a material parameter that 
represents the strengthening rate with distance to grain boundary. The 
implementation of the grain-boundary strengthening mechanism is 
verified on a fully dense polycrystalline cube, shown in Fig. 2, which 
illustrates the expected Hall-Petch behavior along with the stress field 
for representative volume elements (RVEs) of different grain size. The 
plot illustrates both the local effects of grain-boundary strengthening as 
well as the global effects on yield strength. The fitted Hall-Petch equa-
tion in Fig. 2 can be expressed as: 

σy = 166.2 +
198.2

̅̅̅
d

√ , (9)  

where d is the average grain size represented by equivalent spherical 
diameter (ESD), in μm. The resulting Hall-Petch constant 
(198.2 MPa ̅̅̅̅̅̅̅μm√ ) is comparable to values estimated for a similar 

Al–Mg–Si alloy in the work of Nakai et al. [47]. 
Because open-cell foam has a large surface-to-volume ratio, the 

material is expected to soften due to the unconstrained motion of dis-
locations across free surfaces in the absence of an oxidation layer. Many 
researchers have investigated the interactions of dislocations and free 
surfaces, serving to motivate how free-surface softening is modeled in 
this study. For example, the work of Crone et al. [48] indicates a lower 
critical resolved shear stress required for dislocations to bypass an array 
of voids with the existence of free surfaces on their boundaries. They 
explained that the attractive image forces between dislocations and free 
surfaces reduced the strengthening effects of voids compared with other 
impenetrable inclusions. Additionally, Goussery et al. [28] found that 
the yield strengths of non-oxidized, hollow-strut, open-cell nickel foams 
were linearly related to their grain size as long as the grain size was 
smaller than the strut wall thickness. A saturation in yield strength was 
observed when the grain sizes were on the same scale as the strut wall 
thickness, and the reason attributed to this behavior was that the 
dislocation loops can escape easily across the strut boundaries. Also, Lee 
et al. [49] developed a half-space Peierls-Nabarro (HSPN) model to 
investigate the interactions between dislocations and free surfaces. They 
found that the Peierls barrier stress of a screw dislocation at a free 
surface was 5%–15% lower than that in the interior of bulk materials, 
which indicated more active dislocation motion near the free surface. 

Similarly to the scaling relationship defined in Eqn. (8) for grain- 
boundary strengthening, free-surface softening is modeled in this 
study by scaling the critical resolved shear stress, gα, based on the 
Euclidean distance, directed along a given slip system, to the nearest free 
surface, dFS. Thus, the coupled effects of grain-boundary strengthening 
and free-surface softening are modeled by scaling the critical resolved 
shear stress, gα, as follows: 

gα =
dGB

dGB + dFS
f (dGB) +

dFS

dGB + dFS
f (dFS), (10)  

where 

f (dGB)= g∞ +
λGB

dGB
, (11)  

and 

f (dFS)= g∞ +
dFS

λFS
. (12) 

The material parameter λFS specifies the softening rate with respect 
to distance to free surface. The scaling relationship expressed in Eqn. 
(10) guarantees that gα is defined in a smooth and continuous manner 
over the simulation domain. 

In summary, oxidized and non-oxidized foams are modeled by 
scaling gα for each slip system and each element using Eqns. (8) and (10). 

Fig. 1. Process for generating grain-resolved open-cell foam models. (a) Synthetic fully dense polycrystal instantiated using DREAM.3D. (b) A foam mask determined 
from reconstruction of X-ray CT data. (c) Grain-resolved open-cell foam model generated by overlaying the foam mask with the polycrystalline domain. Inverse pole 
figure (IPF) map plotted with respect to the global z direction. Dimensions are in millimeters. 

Fig. 2. Verification that updating gα on each slip system according to Equation 
(8) approximately reproduces the macroscopic Hall-Petch behavior. Results of 
yield strength versus the inverse square root of grain size (based on equivalent 
spherical diameter) are shown for fully dense aluminum 6101-T6 with g∞ and 
λGB values of 60.5 MPa and 60 MPa μm, respectively. The yield strength is 
determined at 0.2% offset strain line on the global stress-strain response. 
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In the former case, the oxidation layer is not explicitly modeled in the 
finite-element model; rather, the surfaces on the strut boundaries are 
implicitly modeled as barriers to dislocation motion by simply treating 
them as grain boundaries in the evaluation of Eqn. (8). In the latter case, 
Eqn. (10) is invoked only in grains that border strut boundaries and only 
for points within such grains that are closer to the strut free surface than 
to a grain boundary (along a specific slip direction); for all other ele-
ments within the model, including those within interior grains of a strut, 
gα is scaled according to Eqn. (8). In terms of implementation for both 
oxidized and non-oxidized foam models, internal grain boundaries are 
distinguished from exterior strut boundaries based on unique identifiers 
assigned to different material regions (including void space) in the 
voxel-based representation described in Section 2.1. 

2.4. Calibration of model parameters 

The crystal-plasticity model parameters were calibrated by fitting 
the global force-displacement response of the modeled foam—resolved 
with realistic grain-structure—to the experimentally measured force- 
displacement response of the foam. The cylindrical volume of foam 
described in Section 2.1 was subjected to mechanical compression 
testing, and the resulting crush response was used to calibrate the 
CPFEM input parameters. The sample was uniaxially compressed under 
displacement control to a total displacement of 10.1 mm (79.5% of the 
initial height). The global mechanical response of the foam volume was 
plotted in terms of force versus displacement. 

The undeformed foam sample reconstructed from X-ray CT imaging 
was then virtually overlaid with a realistic, synthetic grain structure (see 
Section 2.1) based on grain-scale measurements collected recently by 
Plumb et al. [27]. The results by Plumb et al. [27] suggest that the grains 
in a sample of investment-cast aluminum foam, similar to the sample 
described in Section 2.1, are of similar size to the strut length and that 
the grains are slightly elongated along strut lengths. The calibration 
model was thus overlaid with a grain structure that was similar to that of 
the foam measured by Plumb et al. [27]. Specifically, the mean grain 
ESD was targeted to be 0.45 mm with a target aspect ratio of 3.3:1.6:1. A 
total of 1033 grains was included in the calibration model. Crystal ori-
entations of the grains in the calibration model were assigned to be 
uniformly random. The resulting distributions of grain-size metrics for 
the grain-resolved foam model used for calibration are plotted in Fig. 3. 

The grain-resolved open-cell foam was then meshed and analyzed 
using ABAQUS Explicit [40] with the user subroutine described in Sec-
tion 2.2. The model was meshed using linear hexahedral elements with 
reduced integration (C3D8R). To be consistent with the boundary con-
ditions applied in experiment, the model was constrained between a top 
and bottom rigid plate, while all other sides remained unconstrained. 
The top rigid plate was displaced in the negative z-direction to 
approximately 40% crush strain, while all degrees of freedom on the 
bottom plate were fixed. Non-penetrable, frictional contact interactions 
were assigned among exterior surfaces of the foam and surfaces between 

foam body and rigid plates with a coefficient of static friction for 
aluminum equal to 1.05 [50]. A mesh convergence study was conducted, 
and a nominal element size of 0.05 mm was found to provide sufficient 
convergence of the global force-displacement response, while main-
taining computational tractability. The resulting finite-element model 
used for calibration comprised 564,844 linear hexahedral elements. A 
mass scaling study was also performed to improve computational effi-
ciency and to ensure that inertial effects were negligible in the model, 
thereby replicating quasi-static loading. 

The CPFEM constitutive-model input parameters were then itera-
tively adjusted until the simulated and experimental force-displacement 
responses matched. The model parameters controlling the shape of each 
region in the global force-displacement response were identified and 
adjusted to fit that respective region using a brute-force approach. Fig. 4 
shows the global force-versus-displacement response of the calibration 
model, where the foam instantiation is colored by different grains. The 
calibrated material-model parameters are listed in Table 1. Note that the 
foam bulk and shear moduli (K and G, respectively) are lower than that 
in fully dense aluminum, which is consistent with the experimental 
observations in the work of Zhou et al. [23]. 

2.5. Parametric study of grain-size effects 

The systematic study of grain-size effects on compressive response of 
open-cell aluminum foam is conducted by numerically overlaying the 
measured foam volume with different synthetic grain structures. A total 
of eight different grain-resolved open-cell foam instantiations are 
investigated in this study. To quantitatively analyze the statistics of the 
entire population of grains in each foam instantiation, a DREAM.3D 
pipeline is used that allows to represent each grain as a best-fit ellipsoid 
with the following parameters: aspect ratio (b/a, c/a), semi-axis length 
(a, b, c), and ellipsoidal volume. The ESD is then calculated from the 
given ellipsoidal volume. Based on the statistical distribution of grain 
metrics of each foam instantiation, the average (μ) and standard devi-
ation (std dev) are calculated. The grain statistics of the eight grain- 
resolved open-cell foam models are shown in Fig. 5. The grain- 
resolved foam models range from having 23 grains to 20351 grains. 
The grain orientations for each foam instantiation are assigned to be 
uniformly random. 

The same mesh type, finite-element solver, and boundary conditions 
as described in Section 2.4 are employed in the grain-size parametric 
study. Two separate studies are conducted to analyze the coupled effects 
of surface condition (oxidized versus non-oxidized) and grain structure 
on bulk mechanical response of open-cell aluminum foam. In the first 
case, the foam is considered to be non-oxidized, and a free-surface 
softening mechanism is invoked to emulate allowing the dislocations 
to escape across the free surfaces, as described by Eqn. (10). In the 
second case, the foam is considered to have an oxidation layer on the 
strut boundaries, and the free surfaces are treated as barriers to dislo-
cation motion (analogous to grain boundaries), as described in Eqn. (8). 

Fig. 3. Distributions of grain-size metrics in the grain-resolved foam model used for calibrating the crystal-plasticity model parameters. (a) aspect ratio, (b) semi-axis 
lengths, (c) equivalent spherical diameter. 
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In the subsequent results section, the global macroscopic force- 
displacement response is converted to effective stress (σeff = force/ 
nominal undeformed cross-sectional area of the cylinder that encom-
passes the foam) versus effective compressive strain (δ/ H) of the foam, 
where H is the initial height of the foam. Simulation up to 40% effective 
strain of the smallest-grain and largest-grain instantiations requires 
approximately 1696 core-hours and 1472 core-hours, respectively, on 
32 cores within 2 Intel® Xeon® Gold 6130 CPU @ 2.10 GHz processors. 

3. Results 

3.1. Overview of grain-resolved foam instantiations 

The grain structures within individual struts of all eight foam in-
stantiations are shown in Fig. 6. In the small-grain instantiations (e.g., 
Fig. 6a, b and 6c), each strut has many interior, arbitrarily oriented grain 
boundaries. As the grain size increases from Fig. 6(a)–(h), the number of 
grain boundaries within a given strut decreases until there are few to no 
grain boundaries within a given strut (i.e., struts are spanned by entire 
crystals). Some of the grain structures depicted in Fig. 6 are qualitatively 
consistent with observations by Zhou et al. [23] based on microscale 
characterization of single struts from as-fabricated, annealed, and 
T6-strengthened aluminum 6101 foam. Note that in some of the 
large-grain instantiations modeled here (e.g., Fig. 6g and h), there are 
cases in which the average grain size is at least as large as the typical cell 
size of the foam. This is visually evident from several neighboring struts 
having the same crystal orientation (e.g., note instances of neighboring 
ligaments sharing the same IPF color in the large-grained instantiations 
depicted in Fig. 6). While it is possible to model such phenomena, it is 
unknown–due to the complexity of the solidification physics involved in 
investment casting of open-cell foams and the sparsity of grain-scale 
experimental data in the literature–whether such phenomena are 
physically possible or common. Because of the complexity of the solid-
ification physics, the most current version of DREAM.3D used to the 
generate grain-resolved foam instantiations (v6.5.49) does not accom-
modate grain growth based on the solidification physics of investment 
casting, as mentioned in work by Tucker and Spear [39]. Future versions 
of the DREAM.3D plug-in could incorporate more realistic grain-growth 
algorithms, which is beyond the scope of this work. Nonetheless, the 
phenomenon of multiple neighboring struts having the same crystal 
orientation does not limit the applicability of the CPFEM modeling 

framework or the conclusions drawn in this study. 
It is noted that very recent work by Wang et al. [51] 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 by 
using a multi-axial forging process. The demonstrated ability to control 
grain size in physical samples of open-cell metallic foams bolsters the 
relevance and significance of the findings from this study. 

3.2. Quantification of geometric features of the foam 

Strut length and strut thickness were obtained for all struts within 
the foam volume using image analysis of the voxel-based model derived 
from X-ray CT. After stitching the X-ray CT images into a 3D volume, an 
isosurface representing the material boundaries was generated by 
applying a threshold on the 3D voxelized model and outputting a 3D PLY 
file, which can be directly visualized via the software ParaView [52]. 
The individual struts and nodes were identified using a combination of 
topological analysis techniques recently developed as part of a frame-
work by Petruzza et al. [53]. In the framework, two different techniques 
are employed to extract nodes and struts. Nodes are segmented by 
computing a generalized geodesic density field, where high values 
identify points inside nodal structures. These segmented structures are 
later used to guide the identification of struts connecting nodes. More 
specifically, struts are extracted by computing the Morse-Smale complex 
[54] of the volume data and producing a 1-skeleton representation 
useful for extracting various properties, such as length and thickness 
(using cross sections along the 1-skeleton graph). Fig. 7 shows the dis-
tribution of strut length and thickness of the entire population of struts 
in the experimentally characterized foam volume depicted in Fig. 1(b). 
The average value of strut length (L) and strut thickness (t) is 1.43 mm 
and 0.27 mm, respectively. 

3.3. Mechanical response of non-oxidized and oxidized foams 

Figs. 8 and 9 show the effective stress-strain response of the bulk 
foam and its dependence on the underlying grain structure for the non- 
oxidized and oxidized conditions, respectively. Note that the vertical 
axis in Fig. 9 is truncated to match the scale of that in Fig. 8, enabling 
direct visual comparison between the two plots. Each curve is labeled 
according to the average number of grains along the strut length (L/2a) 
and average number of grains across the strut thickness (t/2c), where 2a 
and 2c are the average major- and minor-axis lengths based on a best-fit 
ellipsoid metric of grain size. All of the stress-strain curves have an 
initial linear-elastic region and exhibit the same compressive elastic 
modulus (approximately 19 MPa). Subsequently, the stress-strain re-
sponses deviate from one another, resulting in a grain-structure- 
sensitive plastic behavior. The onset of bulk yielding is followed by a 
region of relatively constant stress (stress plateau), which occurs just 

Fig. 4. Global force verse displacement response of the model used for crystal-plasticity model calibration. Simulations are performed to at least 40% crush strain to 
capture the plateau region of the response. 

Table 1 
Calibrated material-model parameters.  

K G m γ̇0  g∞  λGB, λFS  

18530 MPa 7105.3 MPa 0.0049 1.0 s-1 95.5 MPa 130 MPa⋅μm   
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before the onset of densification. The stress plateau, caused by buckling 
and localized plastic collapse of the struts, is characteristic of open-cell 
foams and contributes to the energy-absorption properties that make the 
foams attractive in specific applications. 

In the case of the non-oxidized foam (Fig. 8), as the number of grains 
decreases along the strut length and across the strut thickness (i.e., as the 
grain size increases), the corresponding plateau stress decreases until an 
apparent threshold is reached. Below this threshold, which occurs when 
there is, on average, approximately one grain across the strut thickness 
and one complete grain along the strut length, the effective stress-strain 
response appears to saturate. The stress-strain responses of the oxidized 
foam (Fig. 9) are qualitatively similar to those without oxidation. 
However, the effect of grain structure is less pronounced in the case of 
oxidized foam than in non-oxidized foam, which is discussed further in 

Section 4.1. 
Figs. 10 and 11 present two important performance metrics extracted 

from the stress-strain curves for the non-oxidized and oxidized foams, 
respectively: plateau stress (also referred to as crush strength or plastic 
collapse strength) and energy absorption capacity. The plateau stress, 
σplateau, corresponds to a relatively constant value of σeff with respect to 
δ/H. The energy absorption capacity, U, is defined as the total area 
under the σeff versus δ/H curve, evaluated up to a predetermined level of 
effective strain (40% in this case). Outside of the threshold region 
described above, both σplateau and U appear to increase approximately 
linearly with inverse square root of grain size (quantified in terms of 
ESD), which is analogous to typical Hall-Petch behavior observed in 
fully dense polycrystalline metals. Hence, Figs. 10 and 11 present σplateau 

and U plotted with respect to ESD− 1/2 for all sixteen numerical 

Fig. 5. Grain statistics of the eight grain-resolved open-cell foam instantiations.  
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simulations. The Hall-Petch-like representations are plotted using two 
linear fits, one corresponding to data points that fall at or below the 
saturation threshold depicted in Fig. 8 and another corresponding to the 
remaining data points. As shown in Figs. 10 and 11, the slope of the 
linear fit through the three cases below saturation is very shallow or 
close to zero for both the plateau stress and energy absorption capacity. 
It is noted that a similar saturation phenomenon was observed for the 
experimentally measured yield strength of hollow-strut nickel foams 
studied by Goussery et al. [28]. Notably, similar to Goussery’s obser-
vations and to recent observations by Wang et al. [51] on effect of grain 
size on open-cell Mg foams, the slope of the Hall-Petch-like curve for the 
foam (kpl = 0.183 MPa

̅̅̅̅̅̅̅̅̅
mm

√
in Fig. 10(a)) is found to be approximately 

two orders of magnitude smaller than that of the corresponding fully 
dense alloy. 

While the plateau stress of the oxidized foam is 38%–65% greater 
than that of the corresponding non-oxidized foam for an equivalent 
grain structure, the range in plateau stress is much greater for the non- 
oxidized foam than the oxidized foam. The non-oxidized foam exhibits a 
24% difference between the highest and lowest plateau stresses; 
whereas, the oxidized foam exhibits just a 6% difference. This obser-
vation is also apparent in the different slopes, kpl, of the Hall-Petch-like 
curves (beyond the saturation region) presented in Figs. 10(a) and 11(a). 

Similar trends are observed for the energy absorption capacity. These 
results are discussed further in the next section. 

4. Discussion 

4.1. Effect of grain size on mechanical response of oxidized and non- 
oxidized open-cell foams 

The results presented in Section 3.3 provide insights into the coupled 
effects of surface conditions (non-oxidized versus oxidized) and grain 
structure on the mechanical response of open-cell metallic foam. For 
both surface conditions, there is an apparent saturation in the plateau 
stress and energy absorption capacity when there is nominally less than 
one complete grain along the strut length (i.e., when, on average, the 
grains extend beyond the length of the struts) and approximately one 
grain through the strut thickness. Once the grains are relatively large 
with respect to the strut size (i.e., generally no grain boundaries within 
most struts), the crushing response tends to saturate. A likely reason for 
this apparent saturation is that the mean free path for dislocation motion 
becomes limited by the geometrical constraints of the struts rather than 
by the grain boundaries, which is not the case for fully dense poly-
crystalline metals. When the struts generally contain more than one 

Fig. 6. A cross-sectional view of the open-cell foam depicting grain structure among the eight different instantiations. Images (a)–(h) correspond to the cross-section 
indicated on the 3D foam volume shown at left. For each instantiation, both oxidized and non-oxidized surface conditions were modeled. Colors represent crystal 
orientation using standard IPF mapping, plotted with respect to the z direction. Dimensions are in millimeters. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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grain along the strut length and more than one grain across the strut 
thickness, the plateau stress and energy absorption capacity increase 
approximately linearly with inverse square root of grain size, exhibiting 
characteristic Hall-Petch-like behavior. These findings are consistent 
with experimental observations by Goussery et al. [28] for open-cell, 
non-oxidized, hollow-strut nickel foams. They found through experi-
mental observation that the open-cell nickel foams exhibited Hall-Petch 
strengthening behavior as long as the grain size was smaller than the 
strut-wall thickness; as grain size increased and became less “bam-
boo-like”, the yield strength of the foams saturated. 

Based on the results presented in Section 3, it is evident that the 
extent to which grain structure impacts the crushing behavior of the 
open-cell foam depends on the surface conditions. For a given grain size, 
the oxidized foam is generally stronger than the non-oxidized foam, 
owing to the oxidation layer that serves as a barrier to dislocation mo-
tion at the free surfaces of the struts. However, as evident from the 
stress-strain curves in Figs. 8 and 9 and the Hall-Petch-like responses of 
σplateau and U depicted in Figs. 10 and 11, the grain size has a much more 
pronounced effect on the mechanical response of the non-oxidized foam 
than on that of the oxidized foam. The experimental evidence presented 
by Goussery et al. [28] supports the assertion that “dislocation loops can 
easily escape across free surfaces” of non-oxidized foams once grain size 
becomes equal to the strut-wall thickness. Recall that works by Crone 
et al. [48] and Lee et al. [30] also suggest a reduction in barrier to 
dislocation motion near free surfaces. This phenomenon is modeled in 
the current work as a free-surface softening mechanism for non-oxidized 

Fig. 7. Histogram of strut length and thickness for the entire population of 
struts in the experimentally characterized foam depicted in Fig. 1(b). 

Fig. 8. Effective stress-strain responses of different grain-resolved, non- 
oxidized foam models. The average grain size is normalized by average geo-
metric parameters of the struts to quantify the typical number of grains along 
the length (L/2a) and across the thickness (t/2c) of a nominal strut. The inset 
figures show the corresponding grain instantiations, depicted in an unde-
formed state. 

Fig. 9. Effective stress-strain responses of different grain-resolved, oxidized 
foam models. The average grain size is normalized by average geometric pa-
rameters of the struts to quantify the number of grains along the length (L/2a) 
and across the thickness (t/2c) of a nominal strut. The inset figures show the 
corresponding grain instantiations, depicted in an undeformed state. 
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foams, described in Section 2.3. In the presence of an oxidation layer, 
however, the free surfaces are implicitly modeled as barriers to dislo-
cation motion (analogous to grain boundaries). Based on the findings 
from this work, with corroboration from the available literature, it is 
asserted that the ratio of non-oxidized free-surface area to 
grain-boundary area dictates the variability in mechanical response of 
open-cell metallic foams. In other words, the range of crush response is 
smaller for the oxidized foams than for the non-oxidized foams studied 
herein because the lack of unconstrained surface area on the strut 
boundaries of the oxidized foam effectively bounds the range of 
dislocation-barrier spacing and, in turn, bounds the overall mechanical 
response. 

In summary, the geometrical constraint of the struts, in tandem with 
the constraint imposed due to surface conditions, plays a critical role in 
governing the effect of grain size on crushing response of open-cell 
metallic foams. 

4.2. Comparison of CPFEM results to the Gibson-Ashby model 

The Gibson-Ashby model [1,55] is a well-known closed-form 
expression that relates the plastic collapse strength of an open-cell foam 
(σ*

pl) to the yield strength of the fully dense material (σy), as follows: 

σ*
pl

σy
=C4(ρr)

3/2
, (13)  

where ρr is the relative density of the foam, and C4 is a constant that can 

be determined by fitting to experimental data and is, therefore, 
considered to be empirical. For example, Ashby et al. [1] tested both 
open-cell metal foams and closed-cell polymer foams and plotted the 
normalized strength versus relative density. The experimental results 
were well fitted using Eqn. (13) with a constant C4 of 0.3. Zhou et al. 
[24] utilized a four-strut unit cell extracted from Duocel® open-cell 
aluminum foams to estimate the lower and upper bounds of the foam 
strengths. The results gave minimum and maximum values of C4 of 0.34 
and 0.44, respectively. The work of Andrews et al. [56] determined the 
value of C4 to span between 0.25 and 0.35 for most open-cell metal 
foams. These cases demonstrate that for open-cell metallic foam (typi-
cally with relative density of 30% or lower), the Gibson-Ashby scaling 
relationship is able to accurately predict the plastic collapse strength 
provided C4 is appropriately defined. 

We now compare the results obtained using the high-fidelity nu-
merical simulations with strength predictions using the Gibson-Ashby 
formula. The relative density of the foam, ρr, is found to be 6.81%,2 

which is within the range of the manufacturer-reported values for the 
sample. For both the non-oxidized and oxidized foams, the Gibson- 
Ashby formula is evaluated three different ways. First, we evaluate 
Eqn. (13) according to common practice, viz., by using a value of σy for 
the base material taken from a user handbook or similar reference 
(193 MPa for aluminum 6101-T6 [57]) and a commonly accepted value 
of C4 (0.3). Second, C4 is again assumed to be 0.3; however, a 

Fig. 10. Compressive properties for non-oxidized, Al-6101-T6 foam models: 
(a) plateau stress, σplateau, and (b) energy absorption capacity, U. 

Fig. 11. Compressive properties for oxidized, Al-6101-T6 foam models: (a) 
plateau stress, σplateau, and (b) energy absorption capacity, U. 

2 Relative density is calculated by dividing the voxel count of the foam by the 
voxel count of the nominal cylindrical volume of the sample. 
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grain-size-dependent value of σy is estimated for the fully dense alloy 
according to the well-established Hall-Petch relationship. In this case, 
distinct values of σy are estimated using Eqn. (9) based on the average 
grain sizes (ESD) listed in Fig. 5. A similar approach was recently 
implemented by Wang et al. [51]. Third, the Gibson-Ashby formula is 
evaluated using the Hall-Petch-modified value of σy, as before, but with 
a distinct value of C4 that depends on both surface condition and grain 
size, described in detail next. 

The constant C4 is investigated to determine its dependence on both 
grain size (relative to ligament size) and surface condition. To do this, C4 
is inversely determined using the plateau stress from numerical simu-
lation and the Hall-Petch-modified yield strength value from Eqn. (9). 
For the oxidized foam, C4 is found to have a constant value of approx-
imately 0.47 across all eight foam instantiations. For the non-oxidized 
foam, C4 is found to have a constant value of approximately 0.29 for 
relatively large grain sizes (ESD of 716 μm or larger) and to increase 
linearly with decreasing grain size otherwise, which is consistent with 
the saturation trends discussed above. By normalizing the expression of 
grain size with respect to nominal strut thickness (t = 270 μm, see 
subsection 3.2), the relationship between C4 and grain size for non- 
oxidized foam can be expressed using the following conditional 
equation3: 

C4 =

{
0.29, if t/ESD < 0.5
0.0508(t/ESD) + 0.2624, if t/ESD > 0.5. (14) 

Thus, the third approach for evaluating the Gibson-Ashby formula 
incorporates the appropriate value of C4 based on surface condition 
(oxidized or non-oxidized) and grain size. 

Figs. 12 and 13 present comparisons between the plateau stress 
derived from high-fidelity numerical simulations and the plastic collapse 
strength based on the Gibson-Ashby formula, evaluated using the three 
aforementioned approaches. As shown in both figures, the Gibson-Ashby 
formula, when evaluated using a constant value of σy and a commonly 

accepted value of 0.3 for C4, provides an estimate of plastic collapse 
strength that is independent of both surface condition and grain size. For 
the non-oxidized surface condition, this estimate appears to be accurate 
for a very narrow range of grain size (approximately 250 μm for the 
foam analyzed here). For the oxidized surface condition, the plateau 
stress is significantly underpredicted by using this approach. By modi-
fying σy to incorporate Hall-Petch effects of the fully dense material 
(while maintaining a value of 0.3 for C4), the shape of the plastic- 
collapse curves in Figs. 12 and 13 better represent the expected 
behavior of the foams for both surface conditions compared to the first 
approach. However, plateau stress is still significantly underpredicted 
for the oxidized foam. Finally, by updating both σy and C4 to account for 
surface condition and grain-size effects, the approximation of plastic 
collapse strength using the Gibson-Ashby formula falls within 1% of the 
expected values from the high-fidelity numerical simulations. The fact 
that a relatively high and constant value of C4 (0.47) is able to capture 
the plateau stress of the oxidized foam across all grain sizes is indicative 
of the strengthening effect that the oxidation layer has on the range of 
mechanical response of the foam, as discussed above in Section 4.1. On 
the other hand, in the absence of an oxidation layer, C4 exhibits a strong 
dependence on grain size (beyond a specific grain-size threshold). 

In summary, the results from this study suggest that by estimating σy 
for the fully dense alloy using a Hall-Petch approximation, and by 
updating C4 to account for anticipated surface conditions (and, in the 
case of non-oxidized foam, to further account for effect of grain size with 
respect to strut thickness, according to Eqn. (14)), the Gibson-Ashby 
formula can be dramatically improved and generalized. 

4.3. Limitations, implications, and scope of future work 

The high-fidelity numerical framework presented above provides a 
way of systematically controlling grain structure to investigate its effect 
on mechanical response of open-cell foams, a task that would otherwise 
be difficult or impossible to achieve experimentally. Furthermore, the 
framework is general enough that it could be applied to investigate 
additive-manufactured metal lattice structures, a rapidly growing area 
of interest. Nonetheless, there are a number of limitations associated 
with the current modeling framework that merit further discussion. 

One limitation of the simulations described herein is that hardening 

Fig. 12. Comparison between plateau stress based on high-fidelity numerical 
simulations and the plastic collapse strength based on the Gibson-Ashby for-
mula versus average grain size for non-oxidized open-cell aluminum 6101-T6 
foam. The Gibson-Ashby formula is evaluated using three different approaches 
for estimating σy and C4. Grain size is based on equivalent spherical diam-
eter (ESD). 

Fig. 13. Comparison between plateau stress based on high-fidelity numerical 
simulations and the plastic collapse strength based on the Gibson-Ashby for-
mula versus average grain size for oxidized open-cell aluminum 6101-T6 foam. 
The Gibson-Ashby formula is evaluated using three different approaches for 
estimating σy and C4. Grain size is based on equivalent spherical diam-
eter (ESD). 

3 See Fig. 14 in the Appendix for goodness of fit. 
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is neglected within the constitutive model. As mentioned in Section 2.2, 
this assumption is justified for the reasons that (1) localized hardening 
likely has a negligible effect on the bulk (homogenized) response of the 
foam compared to other structural mechanisms, like cell collapse; and 
(2) lack of mechanical test data for grain-resolved samples of foam 
precludes the ability to perform a more refined model calibration than 
that reported in Section 2.4. Based on the stress-strain results presented 
in this study, it is shown that the numerical framework, even by 
neglecting slip-system-level hardening, is capable of reproducing bulk 
crush behavior that is characteristic of cellular metals. Future work 
could investigate the effect of incorporating slip-system-level hardening 
into the constitutive model. 

Another limitation of the current work is that, in an effort to isolate 
effects of grain size and surface condition, only one foam density was 
examined. Recall that X-ray CT data from one sample of 40 ppi 6.81% 
dense foam was used to instantiate different grain-resolved foam 
models. To the extent possible, we have attempted to normalize the 
descriptions of the foam in this work to help generalize the findings (e.g., 
by expressing grain size with respect to nominal ligament size). How-
ever, it is unknown whether the findings pertaining to effect of grain size 
and surface condition on crushing response are applicable across a broad 
range of foam densities. Thus, using a similar approach to that presented 
here, future work could investigate the combined influence of foam 
density and grain structure on mechanical response of open-cell foams. 

Finally, the results presented herein should be experimentally vali-
dated, which remains an active area of research by the authors. Unlike 
for fully dense volumes of material, 3D experimental characterization of 
ultra-low-density open-cell foams at the crystalline level presents unique 
challenges due to the sparse and fragile network of struts, and these 
challenges have only recently begun to be addressed [27]. Whereas, 
X-ray CT has become a relatively common approach for characterizing 
the 3D morphology of cellular and lattice-like structures, characterizing 
grain structure involves diffraction techniques that require sophisticated 
sample preparation (e.g., mounting the foam in epoxy and polishing to 
perform electron backscatter diffraction, as done in Ref. [58]) or access 
to 3D grain-mapping techniques that are limited in availability, as 
described by Plumb et al. [27]. In the absence of experimental data that 
would otherwise enable direct comparison to experiment, we have 
attempted in this work to compare our simulation results to the (limited) 
observations in literature that report grain-scale measurements of 
open-cell metallic foams. Future work should continue to focus on 
generating experimental data for further validation. 

It is worth highlighting that very recently, researchers have 
demonstrated the capability of adaptively refining the grain structure in 
open-cell Mg foam using a multi-axial forging process [51]. The capa-
bility to experimentally control grain size implies that findings based on 
high-fidelity numerical simulations could be used to guide or inform the 
actual manufacturing process. Therefore, there is a significant oppor-
tunity moving forward to link the structure-property predictions from 
this work with process-structure capabilities to fully exploit 
process-structure-property relationships, thus enabling design optimi-
zation of open-cell metallic foams and lattice structures. 

5. Conclusions 

This work investigates the coupled effects of surface conditions and 
grain structure on the bulk mechanical response of investment-cast, 
open-cell aluminum foam using high-fidelity numerical simulations. 
Grain structure is systematically varied and overlaid on a foam geometry 
derived from X-ray computed tomography to create multiple in-
stantiations of the foam with explicitly resolved grain structure. The 
numerical simulations incorporate a crystal-plasticity constitutive 
model to capture the grain-to-continuum mechanical response of the 
foam. Grain-boundary strengthening and free-surface softening mecha-
nisms are implemented to account for, respectively, the Hall-Petch effect 

in polycrystalline materials and the effect of unconstrained slip-based 
deformation associated with the high specific surface area inherent to 
open-cell foams and lattice structures. The constitutive model is cali-
brated using force-displacement data from an experimental crush test of 
the foam sample on which the above-mentioned X-ray computed to-
mography measurements are based. From the results of this numerical 
investigation, the following conclusions are drawn:  

1. Consistent with experimental observations from the literature, the 
plateau stress and energy absorption capacity of the foam exhibit 
Hall-Petch-like behavior for grain sizes below a certain threshold, 
above which the mechanical behavior of the bulk foam tends to 
saturate. For the aluminum 6101-T6 foam investigated here, the 
threshold for saturation occurs when there is nominally less than one 
complete grain along the strut length (i.e., when, on average, the 
grains extend beyond the length of the struts) and approximately one 
grain through the strut thickness.  

2. For a given grain structure, the plateau stress is greater in the 
oxidized foam than in the non-oxidized foam, owing to the 
strengthening effect of the oxidation layer, which serves as a barrier 
to dislocation motion.  

3. The extent to which grain structure impacts the crushing behavior of 
open-cell foam depends on the surface conditions. The effect of grain 
size on mechanical response is more pronounced in the non-oxidized 
case than in the oxidized case, suggesting that the ratio of uncon-
strained free-surface area to grain-boundary area controls the range 
of variability in mechanical response of open-cell metallic foams. 

4. While conventional evaluation of the Gibson-Ashby model is inca-
pable of accounting for effect of grain size and surface condition on 
the plastic collapse strength of open-cell metallic foam, modifying 
the values of σy and C4 in the model to account for grain size and 
surface condition is shown to enhance both the accuracy and 
generalizability of the Gibson-Ashby model. Surface- and grain-size- 
dependent estimates of C4 are provided based on results from the 
high-fidelity numerical simulations. 
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Appendix

Fig. 14. Relationship between C4 in the Gibson-Ashby model and the nominal ligament thickness normalized by grain size (t/ESD). Values of C4 are inversely 
determined using the plateau stress from high-fidelity numerical simulation. 
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