ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Acta Materialia 55 (2007) 3825-3834

ACIa MATERIALIA

www.elsevier.com/locate/actamat

Finite element modeling of creep deformation in cellular metals

Scott M. Oppenheimer, David C. Dunand *

Department of Materials Science and Engineering, Northwestern University, Evanston, IL 60208, USA

Received 7 November 2006; received in revised form 22 February 2007; accepted 25 February 2007
Available online 16 April 2007

Abstract

The creep of reticulated metallic foams is studied through the finite element method using three-dimensional, periodic unit cells with
four different architectures characterized by struts which deform primarily by: (i) simple bending, (ii) compression, (iii) a combination of
simple bending and compression and (iv) double bending (for Kelvin space-filling tetrakaidecahedra). The creep behavior of each of these
models is examined with respect to temperature, stress and foam relative density. Calculated creep rates for both bending and compres-
sion models are below those predicted from simplified analytical models and bracket those of the combination model. The simple and
double bending models predict nearly identical strain rates despite very different geometries, because in both cases the deflection rates of
the fastest deforming struts are similar. Both analytical and numerical predictions are compared to published creep data for metallic

foams.

© 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Metallic foams are well suited for use at elevated tem-
peratures in structural (e.g. as load-bearing sandwiches in
hot environments) and non-structural applications (e.g.
as heat exchangers, filters, catalyst substrates and fuel cell
interconnects) [1], because they show much better resis-
tance to creep deformation and oxidation than polymeric
foams and much better toughness, thermal conductivity
and thermal shock resistance than ceramic foams. The lim-
ited number of studies that exist on the mechanical proper-
ties of metallic foam at high temperatures have focused
mainly on aluminium and nickel foams [2-13]. In these
studies, experimental results were compared to predictions
from two analytical models for foam creep. The first
model, originally developed by Gibson and Ashby [14],
applies to open-cell, reticulated foams whose deformation
is controlled by the creep bending of struts perpendicular
to the applied stress, with struts parallel to the stress
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assumed to remain rigid (Fig. 1a). Considering a cubic
array of struts and using dimensional arguments, these
authors derived the following relationship for the strain
rate ¢ of the foam:
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where ¢ is the uniaxial stress applied to the foam, p is the
foam relative density (ratio of foam and solid density)
and the other variables are related to the power law creep
equation for the solid material of which the foam consists:

& = Ao’ exp (— %) (2)

In this equation, & is the uniaxial strain rate, A4 is the creep
constant, o, is the uniaxial stress, # is the stress exponent, Q
is the creep activation energy, R is the gas constant and 7T'is
the temperature. This model was subsequently modified to
take into account mechanisms other than power law creep
(Eq. (2)), i.e. diffusional creep [2,8] and power law break-
down [9], as well as hollow strut geometries [2,8] and sand-
wich structures [1,15].
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Fig. 1. Extended unit cell for four models studied: (a) B model, where struts deform by bending; (b) C model, where struts deform by compression; (c) BC
model, combining aspects of both B and C models; and (d) S model, based on the tetrakaidecahedron geometry, where struts at 45° to applied stress
(applied vertically for all models) deform by bending. Volume fractions are not uniform between models. Smaller unit cells used for FEM calculations

(Fig. 2) are highlighted.

A second model, proposed by Hodge and Dunand [6],
assumes a different reticulated architecture where struts
perpendicular to the stress are prevented from bending,
so that foam deformation is solely due to the uniaxial com-
pressive deformation of struts parallel to the applied stress
(Fig. 1b). The foam strain rate is then given by:

é:A(g) o exp <— RQT> (3)

Finally, analytical models have also been developed for
creep of honeycombs [16] and for creep buckling of foams
[17].

Finite element modeling (FEM) can be used to provide a
more realistic evaluation of the creep of the simple unit
cells used in the above analytical models, e.g. by consider-
ing stress concentrations at nodes and by using periodic
boundary conditions, taking into account the stress overlap
between adjacent cells. FEM can also study unit cells with
more complex architectures, permitting an evaluation of
the sensitivity of the above equations to the geometry of

the unit cell. Some two-dimensional (2D) FEM studies
exist for the creep of metallic foams [4,18,19] but very
few three-dimensional (3D) FEM studies have been pub-
lished to date, as summarized below.

Huang and Gibson [20] considered open-cell Voronoi
foams with a relative density of 8%. Their unit cell con-
sisted of a large number of struts (about 250) with periodic
boundary conditions, each strut containing a small number
(4) of linear beam elements. The model predicted that the
foam shows the same stress- and temperature-dependence
as the simplified analytical solution of Eq. (1), but the value
of their constant 4 was higher by a factor 3; compared to
experimental data on aluminium foams, the FEM analysis
over-predicted creep rate by a factor 16. This study also
compared the effect of uniform thinning of the struts and
removal of individual struts and found that the latter dam-
age led to much higher foam strain rates.

Hodge and Dunand [6] investigated the simple 3D cell
geometry shown in Fig. 1b corresponding to the simplified
analytical solution in Eq. (3); their model consisted of a
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small number (6) of hollow or full struts meshed with a
large number of elements with periodic boundary condi-
tions. For relative densities of 5% and 5.5%, the FEM pre-
dictions were in good agreement with analytical results
given by Eq. (3) and with creep rates measured on NiAl
foams (within a factor 2).

Both analytical models — the model by Gibson and
Ashby [14] where only transverse struts deform by bending
(Fig. 1a, Eq. (1)) and the model by Hodge and Dunand [6]
where only longitudinal struts deform by compression
(Fig. 1b, Eq. (3)) — are by necessity very simplified. Since
realistic foam architectures display struts that carry load
in both bending and compression, more detailed models
are needed. Here, using the FEM approach, we study a com-
bination cell where some struts deform by bending and
other by compression (Fig. 1¢) and we also investigate a cell
where struts are arranged in tetrakaidecahedral geometry
and are subjected to simultaneous bending and compression
(Fig. 1d). For these two more complex geometries (Fig. 1c—
d) and for the two original simpler geometries (Fig. la-b),
we carry out a parametric study where the foam creep rate
is calculated as a function of strain, while varying foam rel-
ative density, stress and temperature. We also compare our
results with experimental creep data previously published
on cellular aluminium and nickel alloys.

2. Computational procedures

The four models are depicted in Fig. 2a—d for a constant
relative density of 2.6%; by use of symmetry conditions; a
smaller number of struts are shown than in the extended
cell representation depicted in Fig. la—d. The first two
models correspond to 3D versions of the original 2D mod-
els for which approximate close-form solutions exist (Eqs.
(1) and (3)). The first model (Fig. 2a) deforms mostly by
strut bending and is thus referred to as the B model. The
second model (Fig. 2b) is controlled by strut compression
and is thus labeled as the C model. The third model
(Fig. 2c) is a combination of the above two models and
contains struts that deform by bending (as in the B model)
and by compression (as in the C model) and it is thus
labeled as the BC model. The fourth model (Fig. 2d) is
based on the tetrakaidecahedral geometry, which has often
been used in models studying deformation at room temper-
ature [21,22]. This model represents a Kelvin cell [22], dis-
playing a periodic, space-filling arrangement of struts,
some of which are perpendicular to the applied stress (like
the other three models) and others that are at a 45° angle
with the applied stress (unlike the other three models), pro-
viding a structure that may be closer to actual stochastic
foams. As described later in more detail, struts tend to
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Fig. 2. Unit cell used for FEM calculations (constant relative density of 2.6%): (a) B model; (b) C model; (c) combination BC model; and (d) S model. The

compressive stress is applied vertically.
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buckle in an S shape and this model is thus referred to as
the S model.

The four models were studied with the ABAQUS soft-
ware package (version 6.51). Quadratic, cubic elements
(C3D20) were used for all the models except the S model,
where quadratic, tetrahedral elements (C3D10) were used.
The effect of the number of elements was examined and
found to be small. In the worst case of the S model, a factor
of 6 increases in the number of elements resulted in less
than a 4% relative change in strain rate at 5% strain.

Mirror planes were used to constrain the FEM nodes
intersecting the six sides of the cubic models, which thus
remained flat and parallel in the three orthogonal space
directions. These constraints simulate an infinitely repeat-
ing structure and thus capture interactions between neigh-
boring cells. A single FEM node at the lower side of the
cube was fully constrained to prevent translation of the
whole model owing to numerical round-off errors. Symme-
try and boundary conditions allowed the use of a constant
force applied to each FEM node intersecting the upper face
of the structures for all but the BC model. For the BC
model, a rigid plate was used to apply a uniaxial compres-
sive stress on the upper face, allowing load transfer among
vertical struts in the cell.

The models first deformed elastically and then under-
went plastic deformation according to the creep power
law given by Eq. (2) without primary creep. Creep param-
eters are shown in Table 1 for two materials: (i) Al-6101
(A1-0.6 wt.% Mg-0.5 wt.% Si) in the T6 condition [5],
referred to as Al in the following and (ii) Ni-8 wt.% Al
heat-treated to form vy’ precipitates [13], referred to as
Ni—8Al in the following. The average foam engineering
strain was determined by dividing the displacement of the
upper model face by the height of the cubic model.

Three parametric studies were performed for each of the
four models. First, the foam relative density was varied
from 2.6% to 14% by altering the strut cross-section while
maintaining constant strut length. The compressive stress
and temperature were fixed at 0.42 MPa and 275 °C and
the materials parameters were those for Al-6101, allowing
comparison with experimental creep results on Al-foams
by Andrews et al. [5]. Second, the foam compressive stress
was varied from 0.08 to 0.8 MPa, using a constant relative
density of 2.6% and a temperature of 825 °C, with creep
parameters for Ni-8Al to compare with experimental Ni—

Table 1
Creep properties used for FEM calculations
Material Creep Stress Activation ~ Remarks Ref.
constant 4  exponent energy Q
(MPa™"s™! »n(9) (kJ mol ™)
Ni-8Al 421x10™° 5.8 230 Ni-8 wt.%Al [13]
after y’
precipitation
aging
Al 1.95 % 10° 4.0 173 Al-6101in T6  [5]
condition

8Al foam results by Choe and Dunand [13]. Third, the tem-
perature was varied from 625 to 875 °C for the Ni-8Al
foam with density of 2.6% at a constant compressive stress
of 0.23 MPa and results were compared with experimental
Ni-8Al foam creep data by the same authors [13].

3. Results
3.1. Foam creep curves and stress distribution

Creep curves, showing strain rate vs. strain (both tensile
and compressive), are shown in Fig. 3 for each of the four
models, using Ni-8Al creep parameters for a foam with a
2.6% relative density subjected to an uniaxial stress of
0.4 MPa at 825 °C. For the B and S models, the strain rate
initially decreases rapidly by about one order of magnitude
until an average foam strain of ~0.5% is achieved. This pri-
mary-like regime is followed by a secondary-like regime
where the strain rate is nearly constant at ~3x 10 25!
for compression and slowly decreases to 1x1072s~! in
tension, over the 0.5-8% strain range. By contrast, the C
and BC models show no significant primary regime. The
C model displays a nearly constant strain rate of
~1.5x107%s™" over the whole range of foam strain (0—
8%) in compression, decreasing again by a factor of two
over this range in tension. The BC model exhibits the larg-
est difference between compressive and tensile deformation.
For the latter mode, a nearly constant strain rate of
~1x107°s7! is maintained up to 8% strain, while for
the former, a rapid increase by two orders of magnitude
occurs over the 2-8% strain range. In the following, only
compressive stresses were used, since they represent the
most important mode of deformation for foams.

The effect of hollow struts was examined for the B model
with relative density of 2.6%, using square beams with a
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Fig. 3. Calculated creep curves for all four models using Al creep
properties (stress: o = 0.4 MPa; temperature: 7 = 825 °C; relative density:
p =2.6%).
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Fig. 4. Unit cell after creep deformation to an average compressive strain of 5% for the Al foams (¢ = 0.42 MPa, T'= 275 °C, and p = 2.6%): (a) B model;
(b) C model; (c) combination BC model; and (d) S model. Displacements are magnified by a factor of two and the von Mises stress contours are plotted

using the same 0-400 MPa scale.

ratio of wall thickness to strut width of 0.3 for an Al foam
(with 0.42 MPa stress at 275 °C). The creep curve for hollow
strut model was offset over the 0-5% strain range by a factor
~2.5 on the strain rate axis with respect to the curve for
non-hollow struts. This decrease in strain rate, which is
qualitatively expected given the higher bending stiffness of
hollow struts, is quantitatively small enough to be ignored
in the present study which focuses on non-hollow struts.

Fig. 4a—d shows the four models after creep deformation
at 275 °C to an average strain of 5% for the Al foam with
2.6% relative density subjected to a 0.42 MPa compressive
stress. Displacements are magnified by a factor of two to
help visibility and the von Mises stress contours are plotted
using the same 0-400 MPa scale to allow direct comparison
between the models. It is apparent that stress concentra-
tions are minimal for the C and BC models and much more
pronounced, especially near the nodes, in the B and S mod-
els. Vertical struts, initially in uniaxial compression, tend to
deflect laterally (except for the C model) and non-vertical
struts show pronounced bending deflections.

3.2. Foam average strain rate
Fig. 5 shows the average secondary compressive foam

creep rates (determined at 1% average strain for all models
and also at 5% for the BC model) as a function of applied

stress for the Ni-8Al foams at constant temperature and
relative density (7 = 825 °C, p =2.6%). The strain rates
predicted by the two simplest FEM models (B and C mod-
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Fig. 5. Compressive stress dependence of average foam compressive creep
rates determined by FEM for all models (hollow symbols) and calculated
using Egs. (1) and (3) for the B and C models (lines), using Ni-8Al creep
properties (7' = 825 °C, p =2.6%). Experimental data for Ni-8Al foams
[13] are also plotted as full symbols.
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els) are separated by over four orders of magnitude. The
slopes of the curves in Fig. 5 correspond to the foam stress
exponents, which are nearly identical to those of the Ni—
8Al base material, as predicted by the respective analytical
solutions (Egs. (1) and (3)). However, the strain rates pre-
dicted by FEM are lower than those predicted by the ana-
lytical models, by a factor 5 for the B and two for the C
models. Comparing numerical models, the S model gives
results that are very close to the numerical B model, while
the BC model predicts strain rates intermediate between
the two extremes given by the B and C models. Only the
BC model shows significant differences between strain rates
calculated at 1% and 5% foam strain, as expected from the
compressive creep curves shown in Fig. 3.

Fig. 6 shows the temperature dependence of the foam
creep rate for Ni-8Al foams at constant stress and relative
density (6 = 0.23 MPa, p = 2.6%). As in Fig. 5, the Band S
numerical predictions for strain rates are much higher than
for the C model (by about four orders of magnitude), while
the BC model lies between these extremes. Also as in Fig. 5,
the analytical B and C solutions provide higher strain rates
than the numerical models (by factors 5 and 2, respec-
tively), but with similar slopes, corresponding to the activa-
tion energy of the Ni-8Al base material.

For both stress- and temperature-dependences (Figs. 5
and 6), the experimental data for Ni-alloy foams (with 8-
9%Al and relative density 2.5-2.6% [13]) are close to pre-
dictions from the BC model at 1% strain and tolerably
close (within one order of magnitude) to the numerical
and analytical C models. By contrast, the B and S models
predict strain rates that are much higher (by three orders of
magnitude) than measured experimentally.

Ni-8%Al
p*=2.6%
6=0.23 MPa

-
o
&
|
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107 Q=230 kJ/mol -
'O.IQO' o 'O.|95' o '1.60' o '1.;.')5' o '1.|10'
1000/T (K"

Fig. 6. Temperature dependence of average foam compressive creep rates
as determined by FEM for all models (hollow symbols) and calculated
using Egs. (1) and (3) for the B and C models (lines), using Ni-8Al creep
properties (o =0.23 MPa, p =2.6%). Experimental data for Ni-8Al
foams [13] are also plotted as full symbols.
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Fig. 7. Density dependence of average foam compressive creep rates
determined by FEM for all models (hollow symbols) and calculated using
Egs. (1) and (3) for the B and C models (lines), using Al creep properties
(0 =0.42 MPa, T =275 °C). Experimental data for Al foams [5] are also
plotted as full symbols.

Finally, the creep rate is plotted in Fig. 7 as a function of
relative density for Al foams at constant stress and temper-
ature (0 = 0.42 MPa, T = 275 °C). Here again, numerical B
and S models provide strain rates that are very close to
each other and below the B analytical model (Eq. (1)),
the numerical C model predicts much lower strain rates
that are close to the analytical C model (Eq. (3)) and the
BC model provides intermediate strain rates. The experi-
mental creep rate data by Andrews et al. [5] for Al foams
with relative densities of 6%, 9% and 14%, are close to pre-
dictions from the numerical B and S models and are within
one order of magnitude of the BC model predictions.

4. Discussion
4.1. Foam strain and stress distribution

The geometry of the models can be discussed by com-
paring the unit cells in Fig. 2. While these cells display
the same relative density, their architecture varies and these
differences can be quantified by defining various geometri-
cal parameters. A first parameter is the volume fraction of
struts non-parallel to the applied stress, calculated by shar-
ing equally the node material between its respective struts.
This volume fraction is 0.67 for the B, C and BC models
and 0.42 for the S model. The relevance of this parameter
is that non-parallel struts are expected to deform primarily
by bending, contributing much less to the cell creep resis-
tance than parallel struts which deform primarily by com-
pression. A second geometrical parameter is the average
number of struts converging into nodes: the higher this
number, the more constrained the struts are, thus increas-
ing their stability towards lateral deflection. This number
is 3, 4, 4.5 and 6 for the B, S, BC and C models, respec-
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tively. This same series also describes creep resistances
(Figs. 5-7), as expected. A third parameter is the average
strut aspect ratio, which affects the average bending
moment of non-parallel struts. This average aspect ratio
increases from 3.5, 5.2, 5.4 to 9.4 for the B, S, BC and C
models, respectively (calculated for a 2.6% relative density).
It is thus apparent that the four model architectures differ
readily from each other and that these differences affect
the details of creep deformation, as discussed below by
examining unit cells having accumulated an overall strain
of 5% (Fig. 4a—d).

For the B model in compression (Fig. 4a), plastic hing-
ing is visible in the form of stress concentrations near both
nodes of the horizontal strut (b) connecting the two vertical
struts (a) and (c). The central vertical strut (a) deflects from
its initially vertical position (where it is originally subjected
to pure uniaxial compression) first elastically and subse-
quently by creep. This lateral deflection reduces the average
bending moment on strut (b), leading to a geometric hard-
ening explaining the primary creep region (Fig. 3) where
the deformation rate rapidly decreases in the 0-0.5% foam
strain range. This also provides an explanation for the
lower overall minimum strain rate determined by FEM
compared to Eq. (1), as seen in Figs. 5-7. In fact, the initial
FEM strain rate near 0% foam strain (Fig. 3) is close to the
analytical value provided by Eq. (1), which does not
assume lateral deflection of strut (a). The situation is simi-
lar in tension, for which an analogous primary behavior is
observed in Fig. 3. The slight increase in compressive strain
rate in the secondary regime (Fig. 3) is probably due to
stress concentrations in the two plastic hinges of strut (b).
The severity of the stress concentration is reduced in ten-
sion compared to compression (owing to the asymmetry
in the (a—c) strut assembly), explaining the lower secondary
strain rates in tension.

In the C model in compression (Fig. 4b), by contrast,
there is no lateral deflection of the two vertical struts (a)
and (a’) which remain in pure uniaxial compression
throughout foam deformation. Their cross-sections vary
as strain accrues and this decreases the local stress in com-
pression (respectively, increases it in tension), explaining
the slight decreases (respectively, increases) in strain rate
with increasing strain visible in Fig. 3. For a Ni-8Al foam
strain of 8%, this effect reduces (respectively, amplifies) the
strut strain rate by a factor 1.08" = 1.6. Also relevant is the
reduced stress levels in the node connecting the two vertical
struts (a) and (a’), caused by the confining effect of the four
horizontal struts (b). Both effects are relatively minor, lead-
ing to a discrepancy from the analytical model (Eq. (3)) of
about a factor two (Figs. 5-7). However, the latter effect
becomes more important as the volume fraction (and thus
the node size) increases, explaining the slight divergence
between the analytical and FEM lines in Fig. 7.

The combination BC model (Fig. 4c¢) exhibits a com-
plex temporal evolution of stress in compression. First,
load is carried both by the central vertical struts (a-a’)
acting as a continuous column (as in the C model) and

by the lateral vertical struts (¢) and (¢’) which bend the
connecting horizontal struts (b) and (b’), as in the B
model. This lateral deflection of the central struts (a—a’)
is however much less pronounced than in the B model
and so the primary stage in the BC model is also much
reduced compared to the B model. Unique to the BC
model is the evolution of the compressive stress carried
by the vertical struts, with load being transferred from
the central vertical struts (a-a’) to the lateral vertical
struts (c) and (c’) as the former deflects laterally. The
resulting increase in bending force on the horizontal struts
(b) and (b’) explains the steadily increasing strain rate,
observed in Fig. 3. This effect is much less pronounced
for higher density BC models (Fig. 6), for which the cen-
tral vertical struts resist lateral deflection better and
become stronger owing to their increased cross section.
In tension, however, the central vertical struts (a-a’) do
not deflect laterally, so that the strain rate remains nearly
constant with increasing strain, as seen in Fig. 3.

Finally, the S model in compression (Fig. 4d) is charac-
terized by complex bending moments leading to an S-
shaped deflection of the four struts (a) oriented at a 45°
angle with respect to the applied stress. As for the B-model,
deflection of these struts reduces their average moment and
thus leads to slower creep deformation, explaining the pri-
mary creep stage. Also as for the B model, stresses are con-
centrated near the nodes, leading to plastic hinging
conditions. The horizontal struts (b) are nearly non-load
bearing (as for some of the horizontal struts in the C and
BC models), but provide resistance against lateral deflec-
tions of the nodes. The situation is symmetric in tension,
leading to the same primary behavior. In the secondary
regime, the slight increase (for compression) and decrease
(for tension) in strain rate are due to increase (respectively,
decrease) in average bending moment for the (b) struts, as
they deflect from their initial 45° angle with respect to the
applied stress.

4.2. Comparison between B and S models

The B and S models exhibit almost exactly same strain
rate evolution (Fig. 3) and dependence on stress, tempera-
ture and volume fraction (Figs. 5-7). This was initially sur-
prising as it was assumed that the S model would result in
strain rates intermediate between those of the B and C
models, since the load-bearing struts (a) display a 45° angle
intermediate between vertical (as in the C model) and hor-
izontal (as in the B model). Also, the strut aspect ratios and
node connectivity are quite different, as discussed
previously.

However, when the B and S models are compared in
terms of beam theory, it becomes clear that, despite the dif-
ferent architectures, the predicted deflection rates of the
central bending struts (strut (b) for the B model and strut
(a) for the S model) are nearly equal. This is demonstrated
by a simplified 2D analysis: for the B model, this analysis
leads to Eq. (1), which considers that the horizontal strut
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(b) in Fig. 4a deflects by bending in the direction of the
applied stress, while the vertical struts (a) and (c) remain
rigid and aligned with the applied stress. The vertical
deflection rate § of the horizontal strut (b) is given by
Ref. [1]:
. ln+2Fn
where / and ¢ are the strut length and thickness and Fpg is
the force component acting in the vertical direction on strut
(b) (Fig. 4a). The strut length /is given by /' — ¢, where /' is
the distance between the centers of the two nodes at the end
of the strut.

For the S model, the deflection in the vertical direction
due to bending of strut (a) in Fig. 4d can be written as

. I""*(Fgcos(0))" .
Js X e cos(90° — 0) (5)
where Fy is the force acting in the vertical direction on strut
(a) and 0 = 45° is the angle between this force and the strut
longitudinal axis. The ratio for the strut deformation rate

of both models, with Fg = 2Fy, is then:

@ RIS 17]3 n+2 tj —(3n+1)
B2 (6)
Os ls Is

This ratio is independent of stress and temperature and
depends on volume fraction through the ratios (/g/ls) and
(tg/ts). These ratios vary in the range 0.46-0.40 and 0.69-
0.65, respectively, for the present range of relative densities
(p =2.6-14%, corresponding to ratios of strut length/
thickness varying in the range 3.5-0.9 and 5.2-1.5 for the
B and S models, respectively). Evaluating Eq. (6) over this
range of relative densities for a physically relevant range of
stress exponents (n = 1-6), it is found that the ratio of strut
deflections in the vertical direction is remarkably constant
and close to unity, remaining within the narrow range
0.23-0.50.

This simplified 2D analysis thus predicts that the B
model should exhibit a strain rate lower by factors 2—4
than the S model. This difference is much less than the
many orders of magnitude in strain rate difference
between the B and C models. As shown in Fig. 4a
and d for the 3D FEM analysis, deformation also occurs
in the vertical struts of the B model and it takes place by
a more complex mode than simple bending of the strut
(a) in the S model. Also, the beam cross-section for strut
(a) in the S model is tilted with respect to the applied
stress. All these effects are relatively small compared to
the bending of the struts discussed above, so the ratio
in Eq. (6), which is close to unity, is a good approxima-
tion for the ratio of foam strain rates for the two
models.

4.3. Foam average strain rate

For all models, there was a critical strain of 5-10% at
which unstable creep buckling took place, leading to very

rapid increases in compressive creep rates. In real foam
specimens with stochastic cell architectures, such instabili-
ties are localized in small volumes of the sample; they either
are compensated by load transfer to stronger regions, or
propagate to form a crush band spanning the whole sample
area but with a height much less than that of the sample. In
the present FEM model, such instabilities affect the whole
sample owing to the periodicity of the boundary conditions
and are thus not representative of the true behavior of a
stochastic foam.

Comparing the two models for which analytical expres-
sions exist, (Eq. (1) for B and Eq. (3) for C), it is apparent
that the compressive stress-, temperature- and (to a lesser
extent) density-sensitivity of the strain rate is nearly the
same for the numerical and analytical models and corre-
spond to the bulk stress exponent n, bulk activation energy
0 and density exponents (—(3n + 1)/2 for Eq. (1) or —n for
Eq. (3)), respectively. However, the numerical discrepancy
between calculated and analytical strain rates is much
higher for the B model, as discussed earlier. The S model
displays tetrakaidecahedral geometry, which is more com-
plex and thus often considered to be more realistic than
the simple bending geometry used for the B model. Never-
theless, the S model provides numerical results very close to
those of the B model, as discussed above. Finally, the BC
model provides the same stress- and temperature-sensitivi-
ties as both B and C models, but a density exponent (for
relative densities higher than 6%) that is closer to the value
of —n for the C model than to the value of —(3n + 1)/2 for
the B model. In the logarithmic plots of Figs. 5-7, the
strain rate for the BC model is closer to the C model than
to the B and S models (except at the lowest relative density
of 2.6% for a strain of 5%).

The relative density study (Fig. 7) shows that the numer-
ical models are more sensitive to density than expected by
theory: the slopes are —4.4 and —4.6 for the C and BC
models (compared to —4 from Eq. (3)) and —7.0 and
—7.5 for the B and S models (compared to —6.5 from
Eq. (1)). The following explanations can be advanced for
this effect. As relative density decreases, the aspect ratio
of the struts increases thus increasing the tendency for
the vertical strut (a) to deflect laterally in the B model
and decreasing the relative size of the node volume bearing
less stress than the vertical struts (a) and (a’) in the C
model.

The large spread in strain rates between the two extreme
cases given by the B and C models shows that architecture
has a strong influence on the foam creep resistance. This is
apparent in the comparison with experimental data in Figs.
5-7: the Ni-8Al data are close to the BC model predictions
at 1% strain, while the Al foam data are much closer to the
B or S models. Agreement with particular models may be
fortuitous given that these models are highly anisotropic
owing to the use of a single unit cell repeated through
boundary conditions in a cubic lattice: for instance, faster
creep rates are expected for the BC model if the loads are
not parallel to the vertical columns. However, it is interest-
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ing that experimental creep rates of the Ni-8Al foams are
closer (on a logarithmic scale) to the lower extreme case
(model C), while those for the Al foams are closer to the
upper extreme case (model B). These differences probably
reflect variations in geometries and architectures caused
by the different modes of fabrication for these two foams,
leading to a higher proportion of compressive strut defor-
mation for the Ni-8Al foams and a higher proportion of
strut bending for the Al foams. It is thus clearly advanta-
geous to achieve foams with a high proportion of continu-
ous struts oriented in the direction of the load, similar to
oriented fibers in a composite.

5. Conclusions

Creep of cellular materials was modeled by the finite cle-
ment method for four 3D unit cells: (i) the B model, where
bending of struts perpendicular to the applied stress is
dominant; (i) the C model, where compression of struts
parallel to the applied stress is dominant; (iii) the BC
model, combining perpendicular struts deforming by bend-
ing (as for the B model) and parallel struts deforming by
compression (as for the C model); (iv) the S model, with
a tetrakaidecahedral geometry where struts forming a 45°
angle with the applied stress deform into a S shape owing
to complex bending moments. The following conclusions
can be drawn from parametric studies on these four mod-
els, where compressive creep curves were calculated for
average foam strains of 0-5%, while systematically varying
stress, temperature and foam density using creep constants
for Al and Ni alloy foams:

e For the B model, an initially high creep rate decays over
the strain range 0-0.5% caused by bending of both ver-
tical and horizontal struts. This primary regime is fol-
lowed by a secondary regime where the creep rate is
roughly constant.

e The S model gives rates very close to those of the B
model, caused by bending struts deforming at similar
rates in both models, despite exhibiting different aspect
ratios and angles with respect to the applied stress.

e The C model is characterized by secondary regime with-
out primary regime. Deformation is mainly by compres-
sion of the parallel struts.

e The BC model also exhibits a secondary regime without
primary regime up to 1% strain, beyond which a ternary
regime appears at low foam density, where the strain
rate increases steadily as a result of load transfer
between struts.

e The highest secondary creep rates are predicted by the B
and S models, but are slower by about a factor 10 com-
pared to a simplified 2D analytical solution for the B
model (Eq. (1)). The lowest secondary creep rates are
predicted by the C model and are within a factor of
two of the simplified 2D analytical prediction (Eq.
(3)). Both B and C numerical models exhibit the same
stress, temperature and (to a lesser extent) density

dependence as their respective analytical 2D solutions
(Egs. (1) and (3)). The BC model predicts secondary
creep rates that are intermediate between those of the
B and C model.

e Published experimental creep data on Ni-8Al foams,
where stress or temperature were varied, are close to
the lower extreme given by the C model, while published
experimental data on Al foams, where density was var-
ied, are close to the upper range given by the B model,
illustrating the importance of foam architecture upon
their creep resistance.
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