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1. Introduction

The creep of foams has been the subject of numerous studies initiated by [1] and dedicated to syntactic [2] and
metallic foams [3,4]. The first contributions tackle the problem of creep modelling for cellular solids based on a simple
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two-dimensional approach [5], and more recently on more sophisticated homogenization methods [6]. Idealized unit cell
models are used as simple tools to understand the possible mechanisms at work in open cell foams undergoing creep
[7]. The objective is to understand how the applied overall stress redistributes in the parts of the foam and to investigate
whether the induced strong heterogeneity in stress is detrimental or not for the otherwise outstanding properties of metal-
lic foams. Periodic microstructures like 2D honeycombs [8] and 3D hollow-sphere structures under creep [9,10] can be used
to identify the creep mechanisms and associated failure modes. Creep failure mechanisms corresponding to the beginning
of tertiary creep were identified as viscoplastic buckling of struts in open-cell foams or walls and junctions in closed cell
foams in [11-13], based on idealized cell morphologies like a pentagonal dodecahedron cell geometry. More elaborate mod-
elling relies on creep simulation of large material volume elements taking into account the random structure of the foam,
for instance in the case of ice foam [14].

The objective of the present work is to discuss the creep deformation modes at work in open-cell nickel foams used for
battery or filtering applications. The material processing of this kind of foams was described in [15]. The morphology of the
cell distribution and its size was studied in detail in [16] by means of computed microtomography and the corresponding
systematic image analysis delivering a statistical description of cell population. Due to the existence of a polymeric precursor
in the processing of the nickel foam, the struts are hollow beams with typical plateau border cross-sections. As a result, the
nickel grains in the 10-um thin walls of the struts form a bamboo structure with columnar grains. The effect of grain size
on the tensile behaviour of these foams at room temperature was investigated in [17].

The macroscopic creep properties of nickel foams and a first insight into deformation mechanisms in the cells were
provided in [7,18,19]. The effects of strut geometry and pore fraction were evidenced in [20]. These works serve as a basis
for the analysis of the creep of nickel-based superalloy foams [21], more readily suitable for high-temperature applications
due to oxidation. The tensile creep behaviour of the nickel foam was studied in [18], and the present work deals with the
case of compression creep.

The importance of microtomography in deciphering the deformation and damage mechanisms of foams must be under-
lined [22,23]. The obtained images serve as the starting point for a finite-element computational approach of the mechanics
of closed-cell foams [22,24,25] and [7,18] for open-cell nickel foams. The computational strategy defined in [26] for the de-
sign of optimal foams with targeted mechanical properties is applied in the present work to analyse the compression creep
mechanisms of nickel foams. In particular, it has been shown in [26] how high-performance finite-element computing can
be used to design optimal cell morphology regarding the anisotropy of mechanical tensile properties. This computational
strategy is further developed in the present work to explore the creep deformation mechanisms in nickel foams from a
computational perspective, as done for instance in [27] for the multiaxial creep of low-density open-cell foams.

The attention is focused on the competition between diffusional and dislocation creep mechanisms that will be shown
to be simultaneously activated in the foam due to the tremendous heterogeneity of the stress in the microstructure. The
computational approach is validated by means of compression creep tests at high temperature under vacuum to avoid
oxidation. The considered nickel foams are produced in the form of 1.5-mm thick sheets and compression creep is applied
within the thickness of the foam samples. In order to optimize the creep test conditions, some monotonic compression tests
were performed to determine the stress levels to be used during creep experiments and the deformation values for creep
failure. These values depend on foam cell shape and size. After this threshold value is reached, the foam structure collapses
and the creep rate strongly increases [28].

The prediction of creep behaviour through a computational homogenization method requires a detailed knowledge of
the constitutive behaviour of pure nickel, which is the subject of Section 2, where literature results are compiled. A consti-
tutive elastoviscoplasticity model for pure nickel is formulated, including the diffusional and dislocation creep deformation
mechanisms and the corresponding material parameters are identified. The experimental part of the work is presented in
Section 3. The finite-element results are reported in Section 4. They include the design of a finite-element mesh of a group
of about 30 cells and the distributions of stress and viscoplastic strain during creep at a low stress and at a high stress level.
They are discussed in Section 5 focusing on the comparison between predicted and experimental creep curves.

Regarding notations, symmetric second-order tensors are denoted by a tilde, like for instance the stress tensor, g. The
time derivative of a second-order tensor is written €.

2. Creep of pure nickel

The creep behaviour of polycrystalline pure nickel is heavily dependent on temperature and stress levels. At low tem-
perature or, equivalently, at large stresses, viscoplastic deformation is governed by the slip of dislocations. At higher
temperatures, the stress level dictates the viscoplastic deformation mechanism. Relatively high stresses lead to disloca-
tion creep mediated by bulk vacancy diffusion or by pipe-diffusion along dislocation cores. Low stresses induce diffusion
creep resulting from the motion of vacancies in the bulk or along grain boundaries [29].

2.1. Compiling results from literature

Deformation mechanism maps, as available in [30], can be drawn in the space of normalised shear stress and homologous
temperature, for a given grain size. The typical limits of the domain of diffusional flow, power-law creep and plasticity are
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Table 1
Typical values of the activation energy and Norton exponent for the creep of bulk polycrystalline pure nickel
depending on temperature and applied stress [31]. The initial yield stress at room temperature is denoted by oyp.

o KL 0p o <o0g o >0y
T>08Tny n=1; Q =275-280k]/mol n=4.6; Q =275-280k]/mol -
0.55Tm <T <0.8Ty n=1; Q =115kJ/mol n=4.6; Q =275-280k]/mol -
03Tm <T <0.55Tn - n=6.6; Q =170k]/mol -
T<03Tm - - n=2

Nickel Creep Law (d = 10um)

Strain Rate (x1072s™")

Stress (MPa)

Fig. 1. Strain rate/stress maps for creep of polycrystalline bulk nickel over a wide range of temperatures.

taken from Ashby’s map for pure nickel with a grain size d = 10 um, which is the typical value in the struts of the nickel
foams considered in this work [15,17].

A detailed review of the creep behaviour of bulk pure nickel and in the form of films can be found in [31]. In particular,
the values of the activation energy Q for dislocation creep, bulk or grain boundary diffusion creep, and of the Norton
exponent n for power-law creep are discussed in [32,33] for bulk polycrystalline nickel over a large temperature range.
These values are summarized in Table 1. The creep responses as read from Ashby’s maps as a function of stress are plotted
in Fig. 1 for a large range of temperatures and for the grain size d = 10 pm. These curves clearly show the two creep regimes
at low and high stress levels and the transition zones where both diffusion and dislocation mechanisms are simultaneously
activated.

As a result of the processing route based on a polymer precursor, the nickel foams studied in [15,16,26] are made of
hollow struts with typically 10-pm thick walls. These walls are therefore thin films made of columnar grains with in-plane
grain size of 5 to 20 pm. A detailed study of the effects of grain size on the behaviour of nickel films and nickel foams
[17] clearly shows that nickel films behave in a way significantly different than bulk nickel, at least under tension loading.
Experimental results for the creep behaviour of nickel films remain scarce and mainly deal with their oxidation under creep
[34]. In nickel films with the same grain size [17], crystallographic texture and columnar morphology as in the strut walls
of our open-cell nickel foams were produced and tested mechanically under monotonic tensile loading, mainly at room
temperature. The found properties were used to predict the response of the foam based on 3D microtomographic images
and corresponding finite-element analyses in [26]. However, nickel films were not tested under creep under oxygen-free
atmosphere, so that we cannot compare their creep response to the bulk properties previously listed. Accordingly, the latter
will be used in the micromechanical simulations of Section 3.

2.2. Identification of the viscoplastic constitutive model for pure nickel

The constitutive model used in this work for pure nickel includes two inelastic deformation mechanisms associated with
diffusional and dislocation creep:

_ e \% v
€=€ +E4xT € (1)

where & and &° are the total strain tensor and the elastic strain tensor, respectively. Diffusion (resp. dislocation) creep

is accounted for by means of the strain g;iff (resp. g;isl). The decomposition of the total strain into several viscoplastic

contributions belongs to the class of multi-mechanisms plasticity models as initially proposed by Mandel and explored in
[35,36]. The viscoplastic strain rates follow from the following flow rules:
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Fig. 2. Comparison between literature data and model prediction for the creep of pure nickel at three temperatures.
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where ¢9¢V is the deviatoric part of the stress tensor ¢. The von Mises equivalent stress is J»(g) =,/3/2g 9V : gdev, The

brackets are defined as (o) = Max(0, ). The material parameters of the viscoplastic model are the exponents ngjs, ngis) and
the viscosity coefficients Kgifr, Kgisg with temperature dependence follow an Arrhenius law in the form:

1 Quitr 1 Quisl
—= = Adiff eXD(—— , —— = Agiss exp| ——— (4)
nqiff Ngis)
K s RT Kgist RT

with the values Ag = 0.05 MPas~! and Agiq = 0.4 MPas~!. The computations will be performed at the temperature
T =900 °C, for which ngi = 1, ngis) = 6.6.

The elastic strain tensor is related to the stress tensor by Hooke’s law in the isotropic case with the following temperature
dependence of Young’s modulus:
T - 300)

m

E(T):E0<l —o (5)
with the room temperature Young's modulus Eg = 204 GPa [37], the melting temperature T, and o = 0.64 [30]. At T =
900 °C, which is the temperature retained for the simulations, we have E = 139 GPa. The Poisson ratio is taken as v =0.3.

The creep strain rates depending on the applied stress, as predicted according to this model, are given in Fig. 2 for three
temperatures. They reproduce satisfactorily the curves deduced from Ashby’s map (see Fig. 1) that are superimposed to
the graphs. These curves exhibit the two creep regimes at low and high stress levels and the transition zones where both
diffusion and dislocation mechanisms are activated.

The presented viscoplastic model is implemented in the 3D finite-element code Z-set [38] that will be used in the
following simulations. It represents the mechanical model for the constitutive material of the nickel foams.

3. Creep of nickel foams
3.1. Tested material and experimental setup

The tested material is a nickel foam with relative density 7.4% and a pore size of 580 um. The foam is produced in the
form of sheets with a thickness h = 1.5 mm. Small square samples were compressed in the normal direction to the foam
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Fig. 3. Monotonic compression curves of the nickel foam at three different temperatures at a strain rate of 103 s~!. The horizontal lines indicate the stress
levels selected for the creep tests.

sheet. Three testing temperatures were retained: 700 °C, 800 °C and 900 °C, which are close to the target temperatures for
DPF applications [18].

The compression creep tests were performed on 20 mm x 20 mm square specimens with 1.5-mm thickness, under
secondary vacuum (107> mbar) to avoid oxidation that dramatically affects the mechanical properties of nickel at the con-
sidered temperatures. The water-cooled load cell, the radiant heater and the mechanical assembly are included inside the
vacuum chamber. The displacement of the interior grip is prescribed by an electro-mechanical actuator outside the chamber,
which can be load or displacement controlled. The sample and the whole mechanical assembly are heated in a four-lobe
radiant heater. A temperature regulator (Eurotherm type) controls the electric power of the heater. A Pt/Pt-Rh10% thermo-
couple is spot-welded on one of the two compression plates, near the foam sample [28]. All the mechanical components
are made of Inconel 718. Owing to the significant mass of the mechanical assembly to be heated, a period of about half an
hour is necessary to stabilize the temperature before starting a mechanical test. The targeted stresses and the sample di-
mensions require rather low loads, from 10 to 1000 N. A conventional extensometer with mechanical contacts would affect
the load applied to the sample and the load measurement. That is why we used a laser beam extensometer. Its accuracy is
about 0.1 ym and its full range is 50 mm. This extensometer is located outside the vacuum chamber and the laser beam
passes through two windows, which are transparent to near-red-range light wavelengths. Some grooves are machined on
the lines and the extensometer measures the relative displacement of the two grooves. During the heating, a very low load
is applied on the sample and a variation of the signal is then observed because of the thermal expansion of the materials
(nickel and Inconel 718). But, during isothermal operations, the signal variation corresponds only to the foam thickness
variation. During an experiment, temperature, the relative displacement of the compression plates (AL) and applied load
(F) are continuously recorded. These values are used to determine the strain (AL/Lg), and the stress (F/Sg).

The samples have been taken from delivered A4 foam sheets with a cut-off wheel with low cutting feed, but the con-
sequence of such process is that the foam struts at the boundary of the sample are deformed. So, each machined side of
the sample has been ground with 600 abrasive SiC paper. The sample dimensions have been measured with a numerical
caliper with an accuracy of 0.02 mm. The weight of each sample is also measured in order to determine its relative density.
The dispersion of the sample population is about 5%, making the experimental conditions reproducible from an experiment
to another. The foam sheets are not fully planar. Then, small bumps can affect the measurement of the stress because the
initial contact surface with the compressive plates is unknown and smaller than the measured surface (Sp). Reliable strain
rates cannot be measured for stress levels below 0.1 MPa with our equipment.

The heating rate has been fixed at 150 °C per minute. During the pumping, heating and temperature stabilizing periods
before mechanical testing, the applied load will be fixed at 10 N, which is sufficient to maintain the sample, but not
enough to deform significantly the foam before testing. For the monotonic compressive tests, the actuator speed is set to
1.7 mm/min, which means that the initial strain rate is about 10~2 s,

3.2. Experimental results

Typical monotonic compression curves at a strain rate of 10~3 s~ are given in Fig. 3 for the three temperatures. The
test is interrupted when the deformation of foam exceeds 40% or the stress level reaches 2.5 MPa. The curves are truncated
before significant densification. They display a long quasi-linear stage followed by generally monotonic hardening, even
though an inflexion point is observed at 900 °C. This is in contrast to the compression curves for lower relative densities,
which exhibit a stress peak and a plateau prior to densification. The quasi-linear regime should not be interpreted as an
elastic domain since irreversible deformation can be shown to occur when the sample is unloaded in this regime. The
monotonic character of the curve is correlated with the absence of crushing bands observed in this rather dense nickel
foam. Low stress levels were selected for the creep tests to avoid catastrophic buckling of the struts: 0.12, 0.25, 0.50, and
1 MPa. They are reported on the compression curves of Fig. 3 and are located in the quasi-linear regime.

The four previous load levels were prescribed on the same specimen at a given temperature, jumping from one stress
value to the other once a clear steady-state regime was reached for each stress level. Prior to this test campaign, it was
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Fig. 4. Creep test results at three temperatures and at four stress levels.
Table 2
Stationary creep rates measured for the compression of nickel foams at 3 temperatures and 4 stress levels.
700°C 800°C 900°C
0.14 MPa 1.09 x 1076 571 013 MPa 3.03 x 1076 57! 0.12 MPa 2.80 x 1076 71
0.28 MPa 6.66 x 1076 s~1 0.27 MPa 5.88 x 1076 57! 0.24 MPa 3.62 x 1076 571
0.56 MPa 3.07 x 107° 7! 0.53 MPa 4.92x 1075 57! 0.49 MPa 7.46 x 107> 71
113 MPa 1.40 x 1074 571 1.06 MPa 541 x 1074 571 0.97 MPa 1.15x 1073 57!

checked that the material’s behaviour does not exhibit memory effects at these temperatures. The cumulative strain under-
gone by each sample did not go beyond 10%, corresponding to the upper limit of the quasi-linear part of the compression
curves of Fig. 3. The reproducibility of the test results was checked. Individual creep curves were extracted from each com-
plete test for each stress level. The corresponding creep curves are shown in Fig. 4. Primary creep is visible on each curve,
whereas a clear secondary creep stage can be defined in most cases. The stationary creep rates were computed at the end
of the presented curves and the found values are gathered in Table 2. The representation of these results in the log-log
diagram of Fig. 5 shows two domains of power-law creep at the two highest temperatures and almost one single regime at
the lowest temperature.

The constitutive model presented in Section 2.2 can be simplified in the case of uniaxial creep and neglecting elastic
strain, in the form:

E=KioM 4+ Kyo™, Ky=k exp(—%) (6)

Stress and strain o and & refer to the opposite values of the uniaxial compression stress and strain compo-
nents. The following values of the coefficients and activation energy are identified: K; = 2.31 x 10~> MPa~'s~!,
ky =232 MPa™s~!, Q =14,150R, n; =1, np = 9.2 x 1073T — 6.615. The latter interpolation corresponds to n; = 2.3
at 700°C, n; = 3.3 at 800°C and ny = 4.2 at 900 °C. The predicted strain rates based on the identified parameters and for
a large range of stresses are illustrated in Fig. 6 and can be directly compared to the experimental results of Fig. 5. The
transition from the domain of diffusion creep to a more general power law creep is located around o = 0.24 MPa.

The objective of the next section is to see whether the micromechanical approach is able to predict the observed macro-
scopic creep behaviour.
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Fig. 6. Creep laws identified for nickel foams: three different temperatures show the transition from diffusional to dislocation creep.

4. 3D finite-element computation of nickel foam creep

Based on the constitutive behaviour of pure nickel, 3D representative images of the foam microstructure are used to
predict the overall compression creep response and the deformation mechanisms in the struts and nodes of the foam.
High-temperature in situ microtomographic imaging of creep tests could not be performed within this project, even though
first results exist for other types of materials and testing [39]. The computations of this work are based on predictive
simulations considering a representative foam sample generated in a way described in the first subsection.

4.1. Design of a virtual foam image and corresponding finite-element mesh

The prediction capabilities of finite-element simulations based on 3D microtomographic images have been demonstrated
for the elastoplasticity of nickel foams in tension at room temperature in [26]. It is now extended to the case of creep
loading at high temperatures. No microtomographic image of the nickel foam with 7.5% relative density used in the previous
experiments was available. We have therefore developed a design methodology of virtual foam microstructures starting from
microtomographic image of the polymeric foam precursor. The designed image treatment mimics the real processing of the
nickel foam described in detail in [26]. Images of the PU precursor foams and corresponding finite-element mesh can be
found in the latter reference. One of them with size 1.5 x 1.5 x 1.5 mm? containing the whole thickness of the sample is
selected. A dilation treatment is applied to the material part of the black-and-white image of the PU foam and the initial
image is subtracted from the dilated image, so as to obtain a 7.5% dense foam with hollow struts. The removal of the PU
skeleton reproduces the burning of the polymer during the heat treatment applied to the foams in the real processing.
Note that a deformation of 7% in the so-called RD direction (see [26] for the definition of the material frame RD, TD, ND)
was applied to the initial PU image, which mimics the fact that the foam sheets are subjected to a tensile force during
the electrolytic deposition and heat treatment, which leads to elastic deformation of the PU foam and finally irreversible
straining of the nickel foam. The associated lateral contractions were also applied to the image as an overall homogeneous
deformation. A 3D volumic finite-element mesh is built based on the final image following a procedure described in [26].
Note that the procedure starts with a fine meshing of the inner and outer surface of the cells, providing smooth free
surfaces. The thickness of the strut and node walls are then meshed by 3D volume finite elements. The obtained mesh
contains 500,000 nodes, i.e. 1.5 million degrees of freedom. The cuboidal volume contains about 30 complete or incomplete
cells and the whole thickness of the sample is included in the mesh, which corresponds to about three cells, see the
finite-element mesh of Fig. 7.
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Fig. 7. (Colour online.) Field of cumulative plastic strain vqjs (left) inside the foam sample, and distribution of the equivalent von Mises stress within the
foam (right) for a creep stress o = 0.12 MPa applied to the foam. The top and bottom rows correspond to the creep time steps t =535 s and t = 4000 s,
respectively.

The results of the simulation of two creep tests are presented in the two next subsections corresponding to two strongly
different stress levels. The boundary conditions prescribed to simulate the creep test on this small volume of metallic foam
are the following. A vanishing vertical displacement (through-thickness direction) component U3 is imposed to the group
of nodes at the bottom of the mesh. These nodes are located at the cross section between some struts of the foam and the
bottom plane surface. These nodes lie in a single plane up to a small tolerance due to the fact that nickel foam upper and
lower surfaces are intrinsically rough. The upper plane of the mesh constitutes a similar planar set of nodes for which the
vertical displacement Us is subjected to the linear multi-point constraint that all the nodes must share the same value of
Us at each time step. As a result, there is only one unknown for the vertical displacement of all the nodes belonging to the
upper plane. A force is then applied to one node of this group, which amounts to imposing the total vertical force applied to
the foam. This force is computed from the targeted creep stress multiplied by the initial surface of this face of the cuboidal
foam element. The force is first increased from O to the wanted force level and then maintained constant with time.
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Accordingly, we do not simulate the contact conditions between the upper and lower parts of the foam and the plateaus
of the compression machine. This simplification may have some consequences on the beginning of the creep curve since, in
the experiment, the contact between all abutting struts and the machine plates is not instantaneously achieved.

The simulations are performed within the large deformation framework based on the corotational frame concept [36]
and using the constitutive equations and material parameters determined in Section 2.

4.2. Strain heterogeneities at a low compression stress

The virtual metallic foam sample is first subjected to a low overall compressive stress level of 0.12 MPa at the temper-
ature of 900 °C. The complex architecture of the foam leads to a complex distribution of stresses inside the struts and the
nodes of the cells. The right column of Fig. 7 gives the histogram of the distribution of the von Mises equivalent stress at
all Gauss points of the nickel mesh. It appears that the small overall load generates equivalent stresses with a mean value
of about 4 MPa in the metal with a large variance. The local stresses remain however mostly below 10 MPa, which is the
domain of diffusional creep for pure nickel, as shown in Fig. 2. After 4000 s, the stress distribution significantly changed
and displays a lower variance. Maximal stress values go below 10 MPa and the number of points subjected to 2 to 4 MPa
has increased. This corresponds to a stress relaxation taking place in different parts of the foam sample.

As a result of a strongly heterogeneous stress fields, strong heterogeneities in the development of plastic strain arise. The
left column of Fig. 7 provides the fields of the cumulative viscoplastic strain vgis (see Eq. (2)) at two different creep times.
The variable vgig results from the time integration of the second equation in (2). It also represents a cumulative norm of
the diffusion viscoplastic strain tensor:

. 2.y .y
Vdiff = §§diff . gdiff (7)

Most of viscoplastic deformation is shown to take place in the struts, whereas junctions remain essentially undeformed.
Localization of viscoplastic strain close to the ends of several struts reveal a shear deformation of some beams (see for
instance the central vertical strut in the snapshots). After 4000 s, viscoplastic strain intensifies in the same struts, whereas
nodal regions remain mostly undeformed.

4.3. Strain heterogeneities at a high compression stress

The virtual metallic foam sample is now subjected to a rather large overall compressive stress level of 0.97 MPa at the
temperature of 900 °C. The complex architecture of the foam again leads to a complex distribution of stresses inside the
struts and the nodes of the cells. The right columns of Figs. 8 and 9 give the histogram distribution of the von Mises
equivalent stress at all Gauss points of the nickel mesh. It appears that the high overall load generates equivalent stresses
with a mean value of about 36 MPa, at the first time step, in the metal with a large variance. The mean value decreases
to around 30 MPa after a 50-s creep due to relaxation in some parts of the foam. A remarkable feature is that a bimodal
distribution of stresses is observed with a small bump around 5 MPa and a large one above 30 MPa. It means that most
parts of the foam undergo stress levels in the domain of dislocation creep according to the creep behaviour of pure nickel,
as shown in Fig. 2. A smaller part is subjected to diffusional creep. As a result of the heterogeneous microstructure of foams,
all parts of the foam cannot be in general in the pure dislocation creep regime and the overall response is then a mixture
of both material behaviours. Most stress relaxation is observed for the higher stress level, whereas the zones of low stress
level do not significantly evolve during creep.

As a result of a strongly heterogeneous stress fields, strong heterogeneities in the development of plastic strain arise. The
left columns of Figs. 8 and 9 provide the fields of the cumulative viscoplastic strain vgjs (see Eq. (3)) at two different creep
times. The variable vgj results from the time integration of the second equation in (3). It also represents a cumulative
norm of the dislocation induced viscoplastic strain tensor:

. 2.y v
Vdisl =/ 3€4is1 * Eais)

(8)

The amount of diffusion creep strain vgjg is considerably smaller and not shown in the maps. In comparison to low
stress level, viscoplastic strain is found to be more localized in some struts, whereas most of the foam remains almost
undeformed. At larger time steps, this tendency to strain localization is confirmed, and large amounts of strain, more than
30%, are reached in some struts. Strain localization mainly takes place in quasi-vertical struts almost parallel to the axial
stress load.

Finally, some struts clearly undergo plastic buckling, which is a known failure mechanism in metallic foams under creep
[11,13]. A global instability then occurs in the form of a starting crushing band at the lower left part of the sample after
50 s, see the bottom left of Fig. 9. The cells in this region start closing due to the buckling failure of several struts.
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Fig. 8. (Colour online.) Field of cumulative plastic strain vgig (left) inside the foam sample, and distribution of the equivalent von Mises stress within the
foam (right) for a compression creep stress o = 0.97 MPa applied to the foam. The top and bottom rows correspond to the creep time steps t =1.1 s and
t =5.3 s respectively.

5. Discussion

The discussion is focused on the relation between the previous full-field finite-element computations and the overall
material response. The computed overall creep strain curves as functions of time are given in Fig. 10 for the two stress
levels studied in the two previous subsections. They are compared to the corresponding experimental results in both cases.
It appears that the finite-element model is unable to capture the primary creep behaviour observed in the experiment at
low stress. In contrast, the creep rate is correctly predicted at the low and high stress levels. The finite-element simulation at
high stress predicts an early tertiary creep behaviour due to the formation of a crushing band induced by local viscoplastic
buckling. In the experiment, this phenomenon occurs significantly later. This may be attributed to the fact that the foam
sample considered for computation is too small.

The latter result raises the question of representativity of the considered sample size to predict the overall behaviour. It
has been shown in [26] that samples containing 1, 8 or 24 cells provide very close overall elastic-plastic tensile curves at
low temperature, indicating that small-volume elements can be considered as representative to account for the nonlinear
material properties of metallic foams. A different conclusion was reached for elastic properties, which seem to require large
volume elements to get precise enough elastic moduli [22,25]. We expect that the volume size considered in the present
work is sufficient to predict representative overall creep rates, as suggested by the good agreement with experimental
results. However, more systematic work is needed to compare the responses of volume elements containing more and more
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Fig. 9. (Colour online.) Field of cumulative plastic strain vgis (left) inside the foam sample, and distribution of the equivalent von Mises stress within the
foam (right) for a compression creep stress ¢ = 0.97 MPa applied to the foam. The top and bottom rows correspond to the creep time steps t =25.7 s and
t =50 s, respectively.

cells. In particular, the question of representative volume size may be more difficult for the prediction of localization and
failure modes of metallic foams, since incipient localization is sensitive to defects and free boundary effects, which are
dominant in small volumes. This may explain why the cell-crushing mode predicted by the computation of Section 4.3
occurs too early compared to the experimental result.

The fields of viscoplastic strain as predicted by the simulations can be compared to the overall value. At low stress,
after 4000 s, Fig. 7 shows that strain values larger than 1% are to be found in many heavily deformed quasi-vertical or
inclined struts that are responsible for most of the foam deformation. Large parts of the foam remain almost undeformed.
The corresponding overall strain can be read from Fig. 10(top) and is found to be 1.2% after 4000 s. This overall strain is
carried mostly by the heavily deformed struts, and probably also by large rotation effects due to strut bending.

The situation is very different for large creep stresses. Fig. 9(top) shows that after 25 s, several struts are strongly
deformed by more than 15% and thus are responsible for the high overall creep strain, 12%, of the foam.

The overall creep results can also be compared to predictions based on available simple homogenization models. As an
example, Ashby predicts the following scaling laws for the creep strain rate as a function of stress and relative density:

3ns+1

C 2ng +1)\™ 2
é‘*: (( ns+ )) O,YIS(&) (9)
ng + 2 ng p*

In particular, the Norton exponent n* of the foam is found to be equal to the one of the pure metal ng [1]. The model in
fact assumes that only one creep mechanism is active in the foam. This is a limitation of the model, since the finite-element
computations show that for large enough overall stress levels, both diffusional and dislocation creep mechanisms are active
in the foam due to the strong heterogeneous distribution of stress. The coefficient C in the previous formula has been cali-
brated from the experimental results of this work. For that purpose, we have taken ng =1 for o < 0.24 MPa and ns =4 for
o0 > 0.24 MPa. The comparison between Ashby’s model and experimental results is shown in Fig. 11. The experiments show
a more progressive transition from the diffusion to the dislocation creep regime, even though Ashby’s simple approximation
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Fig. 10. (Colour online.) Overall creep strain curves as functions of time for the creep stress values o =0.12 MPa (top) and o = 0.97 MPa (bottom). The
irregular curves correspond to the experimental results, whereas the smooth curves give the simulated results.
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Fig. 11. Creep strain rate according to the stress level at 900 °C. The dotted line corresponds to the identified Ashby model, whereas the experimental results
of the this work are given by the continuous line.

remains acceptable. Note also that the Norton exponent in the separate diffusion and dislocation regimes of the foam are
the same as for pure nickel according to Table 1, in accordance with formula (9), except at 900 °C where we find n* =4
whereas ns = 6.6 at high stress level.

Ashby’s model is based on a bending mechanism for the deformation of struts. However, a more complete experimental
analysis on nickel-based superalloy foams conducted in [18], shows that Dunand’s foam creep model turns out to be more
accurate than Ashby’s previous model. Dunand’s model is based on a compression mechanism of vertical struts [40]. This
fact may be supported by some finite-element results in Section 4 showing that many quasi-vertical struts take over most
of the creep strain, as visible for instance in the bottom of Fig. 7.

More sophisticated effective modelling of metallic foams based on variational estimates in homogenization theory can
be found in [6]. The variational methods developed for viscoplastic composite materials are particularly well-suited for
modelling the creep behaviour of foams.

6. Conclusion

Micromechanical modelling of metallic foams based on finite-element simulations from 3D microtomographic images was
applied in this work to predict the compression creep behaviour of nickel foams. For that purpose, a virtual foam sample
was designed starting from images of the precursor PU foam so that the relative density of the foam can be adjusted to the
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specific material studied experimentally. This method can be regarded as a new micromechanical design tool to investigate
and improve the behaviour of foams by modifying the density or the shape of cells by means of proper deformation of the
initial image, as proposed in [26]. The knowledge about pure nickel creep behaviour available in the literature is sufficient
to predict the creep response provided that both diffusional and dislocation creep mechanisms are incorporated in the
constitutive model of the foam constituent.

The finite-element simulations of compressive creep on a rather small volume element containing a few dozens of cells
are in good agreement with the experimental results in terms of overall strain rate. The experiments were performed in
vacuo at three different temperatures and various stress levels.

For large enough overall stress values, the finite-element simulations show a bimodal distribution of stress distribution
and strain rate inside the foam. Most deformation is carried by struts quasi-aligned with the overall load direction, whereas
most junctions remain almost undeformed or undergo diffusional creep. This is a specific feature of the studied nickel foam
characterized by rather short struts and massive nodes. The computational approach confirms that viscoplastic buckling is
the main failure mechanism leading to the crushing of cells and associated with tertiary creep.

The computational method can be extended, on the one hand, to more complex loading conditions like multiaxial creep
[27] or cyclic creep [41], and, on the other hand, to metallic alloys like superalloy foams, as initiated in [42,18] for Diesel
particle filtering applications. Such engineering applications require metal foams with sufficient oxidation resistance [43].

The cellular microstructure plays a major role in the failure mechanisms of the material by controlling the localization
modes. Macroscopic models able to capture such strain localization phenomena rely on generalized continuum theories
including intrinsic length scales identified from the 2D and 3D field measurements based on microtomographic images, as
proposed in [44,45,26].
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