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The deformation behaviour and fracture of an open-cell nickel foam were
analysed using X-ray microtomography at the ESRF, Grenoble, France. In situ
tensile and compression tests were performed at a resolution of 2 and 10 mm. The
initial morphology of the foam was studied using 3D image analysis. Parameters
such as the cell volume and strut length distributions, number of faces per cell,
number of nodes per face and the shape of the most representative cells were
determined. The cells are shown to be non-spherical due to the initial geometrical
anisotropy of the polyurethane foam template and to the load applied to the
nickel foam during processing. This geometrical anisotropy is shown to be
related to the observed anisotropy of the elastic properties of the material using
a simple beam model. In tension, bending, stretching and alignment of struts are
observed. A tensile test in the longitudinal direction is shown to reinforce the
privileged orientations of the cells. In contrast, a tensile test in the transverse
direction leads to a more isotropic distribution of the cells. These features are
illustrated by pole figures of the three axes of equivalent ellipsoids for all cells at
different strain levels. Compression tests are associated with strain localization
phenomena due to the buckling of struts in a weaker region of the foam. Finally,
study of open-cell nickel foam fracture shows that cracks initiate at nodes during
tensile tests and that the damaged zone is about five cells wide. Free edge effects
on crack initiation are also evidenced.

1. Introduction

Open-cell nickel foams are widely used for electrodes in battery applications.
They play the role of container for the electrolyte and collector of electric current.
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During the processing of the battery component, the foams are also subjected to
severe mechanical loading conditions. This requires outstanding mechanical proper-
ties of the foams in tension and compression. There is a strong endeavour to
relate these mechanical properties to the explicit morphology of the cells. The cell
morphology of open-cell nickel foams is the result of two contributions: the cell
morphology of the initial polymer foam template and its evolution during the
manufacturing process.

Recent observations using X-ray microtomography demonstrated that this
technique is suitable for the investigation of the 3D structure and deformation
of metallic foams [1–5]. However, systematic statistical analyses of the
morphology of cells in open-cell metal foams, especially its evolution during
straining, remain scarce [6–8]. The present work reports the analysis of in situ
tensile and compression tests performed on open-cell nickel foams at the ESRF,
Grenoble. The aim of this study is to provide quantitative information on the
morphology of open-cell nickel foams regarding the shape and size of the most
representative cells and the corresponding statistics. The evolution of these char-
acteristics during tension and compression loading is described in detail. Attention
is focused on the anisotropy of the observed cells and its evolution during strain-
ing. Another issue is to relate this aspect ratio to the observed anisotropic
mechanical properties of the considered foam. Finally, X-ray microtomography
is also a tool well-suited to explore the damage and failure mechanisms arising in
the last deformation stages.

For that purpose, 3D image analysis procedures are necessary, for instance to
close and segment the cells. A simple threshold technique as used for closed-cell
foams is not possible [9–12]. A systematic 3D segmentation method for open-cell
foams was presented in Dillard et al. [13] and will only be briefly recalled in this
work. Further image analysis tools are then necessary to extract morphometric
parameters such as the number of faces per cell, cell size and strut length distribu-
tions, equivalent ellipsoid dimensions and orientation.

A description of the specific processing of the considered nickel foam developed by
the firm NiTECH, and presentation of the X-ray microtomography and mechanical
testing procedures are given in section 2. Section 3 deals with the image analysis
techniques used to derive the skeleton and associated graph of the observed samples.
The results presented in section 4 provide an accurate statistical description of the
initial cell morphology of the investigated samples and its evolution during two tensile
and one compression tests. In the discussion of section 5, the typical cell shapes found
are compared with previous results from the literature. The discussion also investi-
gates the links between the observed geometrical anisotropy of the cells and the elastic
anisotropy found for this material. For that purpose, a simple mechanical model in the
spirit of Gibson andAshby [14] is used. The evolution of the aspect ratio during tensile
loading is discussed in subsection 5.3. The last subsection concentrates on the damage
and fracture mechanisms at work in the nickel foam.

2. Experimental methods

2.1. Material processing

Three processing routes are possible for stochastic open-cell metal foams [15]: liquid,
via casting into a mold; solid, via coating of a polymer template; and vapour phase,
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via chemical or physical vapour deposition. Most of these manufacturing
methods start from an open-cell polymer foam template. The specific process
developed by the firm NiTECH for nickel foams uses vapour deposition [16].
It can be divided into five main steps. Firstly, a polyurethane foam plate with
the desired thickness and porosity for the final product is selected as a foam
template. The polymer foam used in this work is 1.6mm thick and is delivered
as coils of 1.2m width. The thickness of our samples cannot be larger than that of
the coil from which they are cut, so all the samples tested in the present study are
1.6mm thick. The impact of this small thickness on the representativeness of
the obtained results is discussed later in the paper. Cathodic magnetron nickel
sputtering is then used to cover the foam template with a thin layer of nickel. This
0:1 mm thick nickel deposit is sufficient to make the foam electrically conductive.
An electroplating technique is then used for the deposition of a 10 mm thick nickel
layer. The polymer template is burnt and a final heat treatment is carried out
to improve the ductility of the foam. A slight tensile load is applied during the
whole continuous process. Finally, nickel foams are packaged and sold in the
form of coils.

In this work, the tensile direction of the process is called RD. It coincides with
the main length of the final coils. The transverse and normal directions are denoted
respectively by TD and ND.

The relative density of nickel foams is defined as the ratio of the mass density of
the cellular material to that of pure nickel. In this work, the relative density of the
studied nickel foams is

�� ¼
�foam
�Ni

¼ 0:035, with �Ni ¼ 8908 kgm�3
ð1Þ

Other aspects of the material processing directly influence the cell morphology of
the foam and its mechanical behaviour. For instance, struts are hollow, due to
burn out of the polymer foam template. A thickness gradient of the nickel layer
in the foam is also introduced by the electroplating technique. The thickness te of
the nickel layer deposited at the external surface of the foam is larger than the
thickness ti in the internal mid-section. A thickness deposit ratio (TDR) can thus
be defined for the foam:

TDR ¼
te
ti

ð2Þ

Its value, determined by 2D image analysis, is found to be equal to 1.5 for the
material studied in this work.

2.2. X-ray microtomography

High-resolution tomographic experiments were performed using a synchrotron
X-ray source on beam line ID19 at the European Synchrotron Radiation Facility
(ESRF), Grenoble. This line delivers a very intense monochromatic beam which
allows images of a high signal-to-noise ratio to be acquired. The sample is fixed
on a rotation stage between the X-ray source and the detection unit that records
the transmitted X-rays. A fluorescent screen, coupled to a low-noise 1024� 1024
pixel CCD camera (Fast REadout LOw Noise), is used to detect the projections of
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the parallel beam. Finally, the resulting images of these projections are retrieved in
grey-level tone. The contrast in these images depends on the linear attenuation
coefficient �. The higher the atomic number Z and the material density � for
a given photon energy E, the higher the linear attenuation coefficient.

A tensile/compression machine has been added to the experimental set-up.
It is described in section 2.3. The whole tensile/compression rig is fixed on the
ESRF precise translation–rotation stage. Once the sample is placed on the loading
rig, a 2D radiograph is acquired. Then, the whole machine is rotated under
the beam incrementally up to 180� to provide a set of 900 radiographs. These
radiographs are used by reconstruction software to give a 3D numerical image
of the studied material. A complete scan consists of 900 radiographs and
about 100 reference images of the background. Intensity inhomogeneities and
variations of the X-ray beam can be eliminated by subtraction of the reference
images. The high photon flux delivered by the ESRF allows reduction of the
exposure time to 1 s per radiograph. The acquisition of a complete scan lasts
approximately 15min.

The beam energy was set to 30 keV and two resolutions (2 and 10 mm)
were chosen according to the strut thickness and the mean cell diameter of the
studied material. Indeed, the 10 mm resolution gives statistical data at the cell
scale, whereas the 2 mm resolution provides detailed observations, on damage
for instance, at the strut scale. This choice of the resolution dictates the sample
width. The largest dimension of the sample is kept smaller than the field of
the detector (e.g. 10.24mm for a 10 mm resolution), because the complete material
has to be illuminated by the beam at each rotation [17–19].

2.3. In situ mechanical testing

A tensile/compression machine was especially designed to allow the observation
of deformation and damage by X-ray microtomography [20]. To allow the X-ray
beam to go through the machine while transmitting the load between the upper
mobile grip and the lower fixed grip, a transparent polymer tube is used in the central
part of the machine. This tube has been carefully polished and gives negligible and
constant attenuation on every 2D radiograph. A 2 kN cell load is set on the lower
grip. An extensometer is fixed on the upper grip. The upper grip is translated using
an endless screw. Force and displacement are recorded on a computer. Tests are
displacement controlled.

A specific device has been developed for the tensile tests in the present study.
First, the sample’s ends are glued between aluminium plates. The advantages of
these plates consist of having a perfectly plane and large contact area between
the plate and the grip, and also in automatically aligning the sample with
respect to the loading axis. Samples are handled carefully to avoid any twist
or bending because of the weight of the plates. Once the sample is set in the
machine, a first scan is acquired to characterize the initial state. Then, the tensile
test begins. Once the chosen displacement value is reached, it is kept constant
for scanning the current state of the foam. Then the displacement is increased,
and so on.

For compression tests, the sample is placed between two parallel plates.
The upper grip is moved down until a small variation of the force is detected.
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Then, the compression test begins. The test is interrupted for scanning the
current state of the foam. For each tensile and compression test, five scans are
performed at different strain levels. The compression loading direction is parallel
to the direction ND.

Tensile specimens have a dog-bone shape to restrict the studied area (see figure 1).
Their sizes are, respectively, 15mm height, 5mm width and 1.68mm thickness for the
10 mm resolution, and 4.7mm height, 1.2mm width, and 1.68mm thickness for
the 2 mm resolution. Due to their small width, specimens were cut by an electro-
discharge machining wire. Tensile specimens are cut along directions RD and TD
in order to evidence the anisotropic behaviour of the foam. For compression tests,
the sample is rectangular with 6.8mm length, 4.3mm width and 1.68mm thickness
for the 10 mm resolution. Due to the dimensions of the tensile specimens, two scans
are necessary to follow the whole area of interest along the gauge length at each
deformation stage, whereas only one scan is needed in compression.

3. 3D image analysis

The 3D segmentation of the cells of open-cell foams by means of 3D image analysis
is a difficult task. To compute morphometric parameters, each cell of the foam first
has to be isolated. Some criteria must be determined to reconstruct the cell walls.
Such a systematic 3D segmentation method has been proposed recently in
Dillard et al. [13]. The procedure and the results of the 3D segmentation are recalled
here.

3.1. 3D segmentation procedure

Due to the large difference between the linear attenuation coefficients of air
and nickel, the grey-level distribution of the images is almost bimodal. A simple
thresholding operation is applied to generate binary images. Then, the hollow struts
are filled in by straightforward morphological operations.

The 3D segmentation method is divided into three main steps. First, the distance
map image of the cells is computed and the position of the ultimate eroded
sets, called markers, is determined [21, 22]. The right markers are then selected
by topographic conditions. Finally, the watershed is constructed from these markers
with the help of the distance function [23]. The result is that open cells can be
closed and isolated in 3D [23]. A 2D section of the foam and the segmented image
are shown in figure 2. This segmentation allows us to directly determine the value
of some morphometric parameters, such as the volume of each cell. However,
other morphometric parameters require knowledge of the 3D skeleton (one voxel
thick) of the foam. For that purpose, the resulting 3D watershed, which is one or two
voxels thick, is made thinner to attain a thickness of one single voxel.

3.2. 3D skeleton and graph of open-cell foams

To obtain the 3D skeleton and the graph of the structure, the following procedure
has been developed. The graph of open-cell foams is a node–strut representation and
consists of lists of node coordinates and the node connectivity for the entire foam.
First, a label is assigned to each closed cell of the foam. Then, the neighbourhood
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(a) (b)

Figure 1. Specimens for in situ tensile tests: (a) sample for 10mm resolution, (b) sample for
2mm resolution.

(a) (b)

Figure 2. 3D segmentation of open-cell foams: (a) 2D section of the foam, (b) corresponding
section of the 3D closed cells.
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(3� 3� 3) of each voxel of the watershed is studied. The label of the most repre-
sented cell in the neighbourhood is assigned to each voxel of the watershed.
As a result, each voxel of the image belongs to one specific cell. Finally, the
derivative of the labels is computed to obtain the 3D skeleton.

This 3D skeleton contains the edges, and also the walls, of the closed cells.
To retrieve the open-cell structure, the voxels of the skeleton are selected according
to Plateau’s laws [24]. From area minimizing principles, Plateau indicated that
edges are formed by three liquid films equally inclined toward one another,
with mutual angles equal to 120�, and that vertices are formed by four edges equally
inclined toward one another. Thus, three cells should meet along edges, and
four cells should meet at vertices. Voxels of the skeleton that have only two labels
in their neighbourhood are considered as faces, three labels as struts and four or
more labels as nodes. Only nodes and struts are kept in the final image. The resulting
graph of the open-cell nickel foam structure is given in figure 3.

4. Results

4.1. Initial cell morphology

The initial state of the foam was studied to provide an accurate description of
its morphology. Indeed, a knowledge of foam morphology can influence the choice
of the representative unit cell to model the mechanical behaviour of foams [25, 26].
To obtain a statistically representative result, a large initial volume is analysed. It is
4.7mm long, 4mm wide, 1.68mm thick, and contains 143 cells. Incomplete cells at
the boundary are excluded from the analysis, unless otherwise stated.

4.1.1. Cell volume distribution. The volume of the individual cells is the first
parameter that can be computed easily once the cells have been segmented.
The volume of each cell is determined by counting the voxels belonging to the
cell. A marching cube algorithm is used to better estimate this parameter [27].
Figure 4a shows the cell volume distribution. The distribution is mono-modal,
centred around 0.07mm3, with a peak at 0.08mm3. The average cell volume is
0.071mm3. If the cells were spherical, the diameter of the mean cell would be
equal to 514 mm.

4.1.2. Node coordination. Voxels with four labels or more in their neighbourhood
are considered as nodes (see section 3.2). According to Plateau’s rules, each junction
of the foam belongs to a tetrahedron. Each junction is composed of four edges
with an angle of 109�. The node coordination must be four for each node.
The node coordination distribution in the graph of the studied foam is given in
table 1. As expected, the node coordination distribution appears well-centred around
4 with a sharp maximum. More than 70% of the nodes are the intersection of four
struts. Another peak is detected for the value 1. This peak comes from nodes placed
at the boundary of the node–strut representation. The analysis of node coordination
was performed without excluding the struts of incomplete cells.

4.1.3 Number of faces per cell. To identify the most representative shape of
the cells in NiTECH foam, 3D image analysis was again performed. First,
only the voxels of the skeleton that have two different cell labels in their neighbour-
hood are considered. A label is assigned to each face. Then, each in turn, faces
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are dilated isotropically. Nodes that are in the neighbourhood of the dilated face are
recorded. The number of nodes is equal to the number of sides of the face. Moreover,
the edges of the faces are removed and the core of the face is dilated. The cell labels
met during this morphological operation are also recorded. As a result, for instance,
the following information is obtained: the face labelled 1 has five sides and belongs to
cells 1 and 4. Therefore, the number of faces per cell and the number of sides per face
can be readily deduced.

Table 1 gives the distribution of the number of faces per cell. A sharp peak is
observed for the value 12. One-third of the cells have 12 faces. However, the average
number of faces per cell is found to be equal to

h f i ¼ 13:02 ð3Þ

One can also see that 80% of the values lie between 12 and 15 faces.

Figure 3. 3D graph of an open-cell foam derived from microtomographic analysis.
It contains 143 complete cells.
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Moreover, the shape of the most representative cell can be extracted from
these results. The four most frequent cells encountered in the open-cell nickel
foams are given in table 2. The most representative cell in NiTECH foams has
12 faces: two quadrilaterals, eight pentagons and two hexagons. The most frequent

Table 1. Frequency (%) of the number of edges meeting at a node, number of edges per face,
and number of faces per cell.

Property 1 2 3 4 5 6 7 8

Node coordination 13.9 4.5 8.8 71.5 0.7 0.4 0 0.2
Edges per face 0 0 0.9 17.6 56.8 21.8 2.8 0.1

8 9 10 11 12 13 14 15 16 17 18

Faces per cell 1.7 0 3.3 6.7 33.3 18.3 20 8.3 5 1.7 1.7
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Figure 4. Cell volume distribution (a) and strut length distribution (b) in the initial state of
nickel foams.
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cell is presented in figures 5a and b, where the 3D representation of the
tomographic image is compared with the corresponding node–strut graph. Fifteen
percent of the cells in the foam display this shape. The proportions of quadrilaterals
and hexagons present in this cell are equal and represent 16.6%, whereas pentagons
represent 66.6%.

4.1.4. Number of sides per face. Table 1 also gives the mono-modal distribution of
the number of edges per face. Most of the faces of the foam are pentagonal.
Pentagons represent 57% of the faces. There is about the same proportion of quad-
rilateral and hexagonal faces. There are 18% and 22% of faces with four and six
sides in the foam, respectively. The average number of sides is equal to

hni ¼ 5:07 ð4Þ

The results of sections 4.1.3 and 4.1.4 show that most of the NiTECH foam
cells have 12 faces and that most of these faces are pentagonal. This shape is well
represented in many foams (it is the second most frequent shape in NiTECH foam)
even if pentagonal dodecahedra do not pack to fill space. As a result, the pentagonal
dodecahedron is often chosen as the ideal cell to describe foams [25, 28].

4.1.5. Strut length distribution. The strut length is determined at the end of the
3D image analysis once the graph of the foam is obtained. Only the spatial positions
of nodes and node connectivity are necessary to calculate the length of the struts.
Figure 4b shows the distribution of strut length. It is mono-modal and spread. Fifty
percent of the foam struts have a length ranging between 130 and 210 mm. Due to the
long tail of the distribution, the mean strut length is 193 mm. However, the mono-
modal strut length is around 170 mm, which is in good agreement with SEM obser-
vations [16]. The possible curvature of some struts is not considered in the computa-
tion, because it is seldom observed. Struts are regarded as straight lines connecting
two nodes.

4.1.6. Equivalent ellipsoid size and orientation. The investigated cells are not
isotropic. Their shape is controlled by material processing. Indeed, the foaming
process of the polyurethane foam template is affected by the gravity effect, which
favours cell elongation in the direction ND. During the nickel foam process, a tensile
force is applied in the direction RD and can modify the cell shape. In order to
quantify the corresponding anisotropy, cells are replaced by equivalent ellipsoids.
The dimensions of the three axes of the ellipsoids as well as their orientations are
determined according to the following procedure.

For each isolated cell in the 3D image, the 3D matrix of inertia is computed. The
eigenvalues of this matrix are obtained and correspond to the three principal axes of

Table 2. Shape of the most frequent cells in NiTECH open-cell nickel foams.

Frequency Total number Quadrilateral Pentagonal Hexagonal
Shape (%) of faces faces faces faces

1 15 12 2 8 2
2 11.5 12 0 12 0
3 8.3 14 2 8 4
4 6.6 13 3 6 4
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the equivalent ellipsoid. For each cell, the three principal axes of the equivalent
ellipsoid are denoted a < b < c (see figure 6a).

Figure 7 shows the three mono-modal distributions of parameters a, b, and c
for the initial state. As expected, the three dimensions of the equivalent ellipsoid
are different. The distribution of the a parameter is the least scattered. The three
distributions overlap. This overlap is more important between the distributions
of the parameters b and c. The distribution of the c parameter is the most scattered.

(a) (b)

(d)(c)

Figure 5. Most frequent cell in open-cell nickel foams: (a) 3D cell rendering, (b) associated
skeleton. (c, d) Part of the Weaire–Phelan structure of open-cell nickel foams (3D rendering
and associated skeleton, respectively).
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The average values of the three parameters a, b, and c are, respectively, 419� 12,
520� 14 and 632� 17 mm. The volume of the ellipsoid with the three mean axes a, b
and c is equal to 0.072mm3. This value is close to the mean cell volume found
in section 4.1.1. The elongated shape of the cells is characterized by the ratios
c=a ¼ 1:51 and c=b ¼ 1:21.

Finally, the eigenvectors of the moment of inertia matrix associated with
the eigenvalues a, b, and c are computed and analysed. The stereographic projections
of these vectors are presented in the plane (TD, RD) in figure 8. The orientation of
the a axis of the equivalent ellipsoid of each cell is represented by a black spot in
the plane (TD, RD) of the pole figure 8a. The orientations of the b and c axes for
all equivalent ellipsoids are shown in figures 8b and c, respectively. Figure 8 clearly
shows that the a axes of the ellipsoids (i.e. the shortest axes) are generally parallel to
the transverse direction TD, b to the direction RD and c to the normal direction ND.

The fact that the ellipsoid directions associated with the largest axis (c parameter)
are oriented in the normal direction ND is due to the foaming process of the polymer

(a)

a

c

b

(b)

b

a c
Figure 6. Idealized anisotropic unit cells: (a) equivalent ellipsoid, (b) idealized anisotropic
beam network.
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foam and the specific plane cut in the polymer foam block. During the manufactur-
ing process, the force applied to the foam in the direction RD may explain why the
eigenvector associated with the medium axis b is more or less aligned with the
direction RD. The effect of the manufacturing process is also visible in the dispersion
of the stereographic projections. During the manufacturing process, the cells may be
tilted in the direction RD. This may explain why the orientation of the largest c axis
is not always aligned with the normal direction, but is also scattered along the RD
line (figure 8c).

4.2. Tensile test in direction RD

An in situ tensile test, in the direction RD, was performed. The overall experimental
stress–strain curve is given in figure 9. After a linear elastic regime, open-cell nickel
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Figure 7. Length distribution of the axes of the equivalent ellipsoid for cells at the initial
stage.
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Figure 8. Orientation of the axes of the equivalent ellipsoids in the plane (TD, RD) at the
initial stage: (a) a axes, (b) b axes, (c) c axes.
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foams exhibit a nonlinear elastoplastic regime followed by a regime with almost
linear hardening [16]. A tomographic scan was performed in each part of the
curve to better understand the deformation mechanisms. The positions of these
scans are indicated by black dots in figure 9. The scan RD0 represents the initial
state. Scan RD1 is placed at the very beginning of the plastic regime, scan RD2 in the
plastic regime and scan RD3 at the onset of fracture. Scan RD4 was taken when a
large crack had propagated.

The 3D rendering of the microstructure of the material at two deformation stages
is presented in figure 10. The tensile direction of the test is vertical. The foam
elongates in the vertical direction, whereas contraction is observed in the horizontal
direction. A crack initiates at the top of the specimen (scan RD3). In tension, before
cracking, the cells do not undergo large deformations. The observation of the defor-
mation of individual cells indicates that no significant pure bending is visible. Only a
relative displacement between nodes and some alignment of struts in the tensile
direction can actually be seen. To highlight the small rotation of the struts, the
graph of one cell and its evolution during straining are shown in figure 11a. The
dotted and solid lines correspond to the initial and deformed structures of the cell,
respectively. The alignment of struts with the vertical direction and cell elongation
can be clearly seen.

The crack clearly visible on scan RD4 was already initiated in scan RD3. The net
section of the sample decreases, whereas the overall stress still increases (figure 9).
This may be explained by the competition between strut alignment and work
hardening, on the one hand, and failure of struts, on the other.

4.3. Tensile test in direction TD

The same analysis was carried out for a tensile test along TD. The in situ
tensile curve, during loading in the transverse direction TD, is given in figure 9.
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Figure 9. In situ tensile curves. Scan acquisitions during the tests are indicated by larger
black dots and corresponding labels.
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The mechanical behaviour of open-cell nickel foams exhibits a strong anisotropy
effect. Indeed, Young’s and the plastic moduli depend on the tensile direction.
Failure stress during tension in direction RD (1.6MPa) is almost twice the value
found in direction TD (0.9MPa). Strain at failure is around 7% in direction RD
and 9% in direction TD.

Five scans were recorded during the test (see figure 9): one in the initial state
without deformation, one in the middle of the plastic regime, one just before and one
just after crack initiation, and the last one before the end of the test. Overall 3D
reconstructions of this tested foam are shown in Dillard et al. [13]. A zoom of the
middle part of the sample is shown at different strain levels in figure 12. It can be seen
that the struts rotate around the nodes and line up slightly along the loading direc-
tion. This relative rotation induces bending at the nodes and leads mainly to the
fracture of junctions. Struts where displacement is noticeable are marked with black
arrows. Fractured junctions are marked with dotted arrows.

The question of the representativeness of the considered samples for tension
along RD and TD can be raised due to the small thickness and width of the
samples: 12 to 13 cells within the width and three to four cells within the thickness.
We have checked, in fact, that the tensile curves of figure 9 are close to the curves
obtained with larger foam strips in tension. The latter curves can be found in Badiche
et al. [16]. The comparison shows that fracture takes place earlier in the small sample
for tension along TD, but later for RD. The difference, however, lies within the
scatter of the ductility of the considered nickel foam. Accordingly, the tensile curves
of the small samples can be regarded as representative of the overall behaviour of the
foam. This suggests that the usual rule of thumb for foams stating that representative
volumes should contain at least 10� 10 cells within the section is not a necessary

(a)

1 mm

(b)

Figure 10. 3D renderings of the tensile test along RD: (a) scan RD0, (b) scan RD4.
The tensile direction is vertical.
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condition. If a high enough number of cells is present within the sample width, a
smaller number of cells within the thickness can be sufficient for the sample to be
representative.

4.4. Compression test

The in situ compression curve is presented in figure 13. Black dots indicate the
position of the scans. Compression of open-cell nickel foams exhibits three main
stages: an initial linear elastic regime at low stresses, followed by a stress peak and a
decrease of the stress, and, finally, a densification regime in which the stress rises
steeply. The slope of the beginning of the curve is different from the linear elastic
slope, due to the irregular and not exactly parallel surfaces of the foam sample.

The 3D renderings of four scans are shown in figure 14. The 3D morphology of
the initial state is given by the scan COMP0. The scan COMP1 coincides with the

(a)

(b)

Figure 11. Individual cell deformation: (a) in tension along RD, superimposition of scans
RD0 (dotted line) and RD4 (solid line); (b) different states of one cell in compression (scans
COMP0, COMP1 and COMP2). In both cases the loading direction is vertical.
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stress peak. Scan COMP2 is close to the stress minimum after the peak of the curve,
whereas scans COMP3 and COMP4 were taken at different levels of densification.
The direction of compression is vertical. At low stresses, small amounts of bending
are observed until the stress peak. Buckled struts, marked by arrows in
scan COMP1, are longer, still aligned with the compression direction, and relatively
localized in the same horizontal plane. In scan COMP1 (peak stress), buckled struts
are clearly visible. That is why the stress decreases. Deformation of the buckled
struts is localized in a small part of the struts. This is different from the severe
bending observed by Elliott et al. [8] in polymer foams. In scan COMP2, cells
have almost completely collapsed. The densification regime begins when a band of
strain localization develops. The cells located in the foam core are totally collapsed
(scan COMP3), whereas cells located at the top and the bottom of the sample are still

1 mm
(a) (b)

(c) (d)

Figure 12. 3D rendering of the TD scans: (a) scan TD0, (b) scan TD2, (c) scan TD3, (d) scan
TD4. The black arrows denote struts that undergo significant displacements. The dotted
arrows indicate cracks.
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undeformed until a high level of compression (scan COMP4). To analyse the defor-
mation better, an individual cell of the foam core has been isolated from the graph
representation at different strain levels in figure 11b. Note that the node–strut graph
representation does not take strut bending or buckling into account.

The formation of a strain localization band in compression can be further
evidenced by looking at the TDR evolution (see equation (2) for the definition of
this parameter). For that purpose the surface fraction of nickel is computed for
each slice of the 3D image parallel to the free surface. This quantity can be used
to compute a TDR for each section, defined as the ratio of the density of the
current slice divided by the density close to the free surface. This is an extension
of definition (2). The evolution of the nickel surface density is plotted for the five
scans in figure 15. At the initial state, the classical curve of the nickel quantity
through the sample thickness is retrieved. The nickel quantity is maximal at the
surface of the foam. It then decreases and remains almost constant in the mid-section
of the foam. The thickness of this region with low nickel content is about 600 mm,
which represents more than one-third of the sample thickness. Strain localization
clearly takes place in this part of the sample where TDR is initially minimum.
A bump appears in the mid-section of the foam in scan COMP2. This means that
the cells located in the mid-section of the foam are crushed. The nickel quantity is
thus increased in this region. The nickel quantity present at the surface of the foam
remains unchanged during the compression test, which is in good agreement with the
qualitative observations.

5. Discussion

The discussion concentrates on four specific issues. The first subsection compares
the morphology of the cells found in this work with other observations from the
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Figure 13. In situ compression curve.
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(a)

(b)

(c)

(d)

Figure 14. 3D rendering of the compression scans: (a) scan COMP0, (b) scan COMP1,
(c) scan COMP2, (d) scan COMP3. The vertical direction is parallel to ND.
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literature. The second subsection attempts to relate the observed anisotropy of
the cells’ shape to the anisotropy of the mechanical behaviour of the material. The
evolution of the cell orientation during straining is analysed in detail in section 5.3.
The last issue is a description of the damage and cracking mechanisms.

5.1. Typical cell shape in nickel foams: comparison with soap bubbles

According to Thomson [29], the cell that minimizes the surface energy and
can fill space in an ideal monodisperse foam is a tetrakaidecahedron. Kelvin’s
tetrakaidecahedron is composed of 14 faces: eight hexagons and six quadrilaterals.
No ideal Kelvin cell was found in the NiTECH foam. This result was already noted
by Matzke [30]. Matzke determined the structure of 1000 bubbles of a soap foam by
looking at photographs (400 bubbles belonging to the first three layers and 600 other
bubbles located inside the foam). One possible reason for the absence of Kelvin’s
tetrakaidecahedron may be found in Weaire and Phelan [31]. The Kelvin cell assem-
bly is eventually not the lowest surface energy structure. Indeed, Weaire and Phelan
have found an assembly of cells with a surface 0.3% smaller than Kelvin’s, but this
assembly is not made of identical cells. It is composed of eight cells: two pentagonal
dodecahedra and six tetrakaidecahedra. The Weaire–Phelan tetrakaidecahedron is
different from Kelvin’s. It has 12 pentagons and two hexagons. The Weaire–Phelan
tetrakaidecahedron and pentagonal dodecahedron have been observed close
together in NiTECH foams. Figures 5c and d show the 3D rendering of the assembly
of these two cells and the corresponding network. However, the whole structure
with the eight cells is not present in the foam and only a few Weaire–Phelan
tetrakaidecahedra are observed. NiTECH foams contain a larger proportion of
pentagonal dodecahedra.

Table 3 gives the average number of sides per face and the average number of
faces per cell resulting from different observations in the literature [30, 32] or theories
based on minimizing the surface area of foams. The Matzke and Monnereau values
given in the table are for bulk bubbles. For surface bubbles, that is the first three
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Figure 15. Evolution of the nickel surface density for all sections normal to direction ND
during a compression test.
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layers, the average number of faces per cell h f i is about 11. One can see that the
average number of faces per cell is higher in the study of Monnereau et al. [32], but
only nine bubbles were reconstructed. Table 3 shows that the average number of
sides per face varies less than the average number of faces per cell, and that our data
are in good agreement with those found in the literature. They are lower than those
calculated for the Weaire–Phelan structure and the minimum values found in Aste
et al. [33]. According to Aste et al. [33], a value of h f i ¼ 13:3 corresponds to the
minimal free energy in tetrahedrally close-packed (TCP) structures [34].

Another point of Matzke’s study can be compared with the results obtained for
NiTECH foams. Matzke found that 99% of the cells have between 12 and 15 faces.
We find only 80% in our study. He also found that the proportion of pentagons is
around 60% and that hexagons are more numerous than quadrilaterals. These
observations are in good agreement with our results. However, the comparison is
difficult to make because the relative density of Matzke’s foam is not known. One
can also note that Euler’s equation [35], i.e. the relationship between the number of
sides per face and the number of faces per cell, is well satisfied in our study:

hni ¼ 6�
12

h f i
¼ 6�

12

13:02
¼ 5:078 ð5Þ

As a conclusion of this section, one can state that the results for the topology of
NiTECH foams are roughly similar to those found for soap bubbles. Phenomena
such as drainage and gravity, responsible for the shape of the cells, are similar for
soap bubbles and for polyurethane foams.

5.2. Geometrical versus mechanical anisotropy

The anisotropy of the elastic properties of foams has been related to a geometric
parameter by Gibson and Ashby [14] using a simple beam model. These authors
introduced an idealized quadratic unit cell as in figure 6b with a¼ c. They estimated
the overall properties as a function of the geometry aspect ratio R ¼ b=a. Badiche
et al. [16] studied the anisotropy of the electrical and mechanical properties of open-
cell nickel foams very similar to the present ones. They deduced a geometry aspect
ratio R¼ 1.5 from the Gibson and Ashby model and experimental results. They
expect the cell to be 1.5 longer along direction RD than along direction TD.
According to section 4.1.6, the ‘average’ aspect ratio is, in our case,

R ¼
b

a
¼

520

419
¼ 1:24 ð6Þ

This difference is probably due to the choice of a tetragonal unit cell in Badiche et al.
[16] (a¼ c), which is not really representative of the equivalent ellipsoid parameters
reported in the present work. To show this, the same analysis as in Gibson and

Table 3. Mean number of faces per cell h f i and number of edges per cell hni for
five types of foams.

Kelvin Weaire–Phelan Matzke Monnereau
[29] [31] [30] [32] This work

h f i 14 13.39 13.7 14.3 13.02
hni 5.14 5.10 5.12 5.16 5.07
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Ashby [14] is performed to estimate the ratio of longitudinal and transverse Young’s
moduli, but using the orthotropic unit cell of figure 6b.

The ratio of Young’s moduli is expressed in terms of two geometrical
parameters, R and Q, defined as

R ¼
b

a
, Q ¼

c

a
ð7Þ

Let us label a, b, c the edges of the cell with lengths a, b, c, respectively, in figure 6b.
During loading in direction b, the edges a and c are bent due to forces Fa and Fc,
respectively. The total force F ¼ Fa þ Fc is assumed to be related to the overall stress
component �bb acting on the foam:

F ¼ Fa þ Fc / �bbac ð8Þ

Shearing and tension of the beams are neglected. The deflections of the edges are
therefore proportional to

�a /
Faa

3

ENiI
, �c /

Fcc
3

ENiI
ð9Þ

where ENi is Young’s modulus of bulk nickel and I is the moment of inertia of
the strut. We assume that the displacement �a ¼ �c is prescribed and related to the
overall strain "bb in the direction of the b axis of the foam:

�a ¼ �c / "bbb ð10Þ

Young’s modulus Eb in tension along direction b is obtained as

Eb ¼
�bb
"bb

/ ENiI
b

ac

1

a3
þ

1

c3

� �
ð11Þ

Young’s modulus Ea in direction a is obtained by permutation of a and b. As a
result, assuming that the proportionality factor in equation (11) is the same
for directions b and a, the ratio of Young’s moduli is equal to

Eb

Ea

¼
b2

a2
ð1=a3Þ þ ð1=c3Þ

ð1=b3Þ þ ð1=c3Þ

 !
¼ R2 1þ ð1=Q3

Þ

ð1=R3Þ þ ð1=Q3Þ
ð12Þ

If Q¼ 1, the result Eb=Ea ¼ 2R2=ð1þ 1=R3
Þ obtained in Gibson and Ashby [14]

is retrieved.
The results obtained from 3D image analysis can now be used to estimate

the ratio defined by equation (12). It is shown that the directions a, b, c of the
cells are mainly parallel to the directions TD, RD, and ND, respectively. Taking
the average values of a , b and c found in section 4.1.6, we predict a ratio
Eb=Ea ¼ ERD=ETD ¼ 2:44.

Experimental results are available for Young’s moduli from tensile tests in direc-
tions RD and TD [36]:

Eb ¼ ERD ¼ 537� 29MPa, Ea ¼ ETD ¼ 182� 8MPa ð13Þ

The ratio is therefore Eb=Ea ¼ 2:95� 0:3. This is in reasonable agreement with the
predicted value.

2168 T. Dillard et al.



5.3. Evolution of cell dimensions and orientation during tension

In this section, the evolution of the dimensions and orientations of the cells during
loading is discussed. The analysed volumes are indicated by black boxes in the 3D
rendering images (see scan RD0 of figure 10). The dimensions of these boxes are
2.3mm height, 4.9mm width and 1.68mm thickness for tensile test in direction RD
and 2mm height, 3.9mm width and 1.68mm thickness for tensile test in the trans-
verse direction. They contain, respectively, 123 and 76 cells. Incomplete border cells
are again excluded.

As explained in section 4.1.6, the three axes of the equivalent ellipsoid (a, b, c)
are determined for each cell at different strain levels. The mean values of these
three parameters are given in table 4 at each deformation stage. Scans RD4,
TD3 and TD4 are not included because crack initiation makes the results difficult
to interpret.

When loading is applied in direction RD, the a parameter decreases, the b
parameter increases slightly and the c parameter remains almost the same.
Fluctuations of the three parameters are small. Figure 16 presents the orientation
of the axes of a, b and c in the plane (TD, RD). At the initial state, the orientation
distribution is similar to that found in section 4.1.6 (figure 8). In the initial state,
the a axes are oriented along the transverse direction, the b axes are more or less
parallel to the direction RD and the c axes are oriented normal to the foam sheet.
Therefore, during the tensile test in direction RD, the parameter b should increase,
whereas the two others should decrease. Table 4 shows that the a parameter
is decreasing, but the expected trend is not clear for parameter c. This is due to
the fact that cells are not simply stretched, but undergo significant rotations. This is
especially true for the c vectors, as shown in figure 16. The c axes align more and
more with direction RD. Only the a axes seem to keep their initial orientation.
During loading, their distribution tightens close to the pole TD. One can therefore
consider that the evolution of the a parameter represents deformation of the material
in the transverse direction when tension is along direction RD. The maximal defor-
mation of the mean a parameter, just before cracking between scans RD0 and RD3,
using the data of table 4, is 4%.

The same orientation of the initial state is obtained for scan TD0 (see figure 17).
When loading is applied in the transverse direction, the a parameter should
increase, whereas the parameters b and c should decrease. This is actually what
table 4 shows. The cells become more isotropic and the orientation of the axes is
more uniformly distributed in space. Scan TD2 of figure 17 illustrates this phenom-
enon. The distribution of the orientations of the three parameters becomes rather
random.

5.4. Damage and cracking

As explained in section 4.2 and illustrated in figure 12, the rotation of struts
induces damage during tensile tests. Fracture takes place at the nodes of the
foam. This failure at junctions can be clearly seen in figure 18 at a resolution of
2 mm. This may be due to high stress concentrations at nodes. Damage is dis-
tributed in a small area. The characteristic length of the crack area is about five
cells (see figure 12).

In open-cell nickel foams, the first crack always initiates at a lateral boundary
of the sample. This phenomenon may be due to the larger relative displacement of
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the nodes of the struts located at the boundary. Indeed, these struts have one
tip that can move readily because it is not constrained by a neighbouring cell.
Alignment of struts, which leads to crack initiation, is much more significant at
the lateral boundaries of the foam. Figure 19 shows this free edge effect. The initial
and deformed stages are represented for the same area located at the boundaries of
the foam. One can observe significant displacement of the unconstrained lateral
struts.

When a crack initiates, a strut is broken and the load is redistributed over the
next cells. The crack propagates cell by cell. However, some struts still bridge

Table 4. Evolution of the mean values of the three axes of the equivalent ellipsoid for all
analysed cells.

Loading Scan
Load direction number a (�m) b (�m) c (�m) R ¼ b=a

Tension RD 0 404� 12 511� 14 624� 17 1:28� 0:07
1 404� 12 513� 14 621� 16 1:28� 0:07
2 401� 12 525� 14 627� 16 1:32� 0:07
3 388� 13 521� 17 627� 20 1:36� 0:09

TD 0 406� 15 521� 20 611� 21 1:29� 0:1
1 428� 16 521� 19 607� 20 1:22� 0:09
2 447� 18 514� 18 594� 19 1:16� 0:09

Compression ND 0 405 � 20 509 � 26 620 � 31 1.26 � 0.04
1 408 � 21 500 � 24 604 � 29 1.23 � 0.04
2 379 � 22 465 � 22 595 � 28 1.24 � 0.05

(a)

TD

RD

TD

RD

TD

RD

(b)

TD

RD

TD

RD

TD

RD

Figure 16. Evolution of the orientation of the axes of the equivalent ellipsoids in the plane
(TD, RD) during a tensile test in the direction RD—a axis (left), b axis (middle), c axis (right):
(a) scan RD0, (b) scan RD3.
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Figure 18. 3D rendering of a few cells at a resolution of 2mm showing the initiation of cracks
at junctions.

(a)

TD

RD

TD

RD

TD

RD

(b)

TD

RD

TD

RD

TD

RD

Figure 17. Evolution of the orientation of the axes of the equivalent ellipsoids in the plane
(TD, RD) during a tensile test in the transverse direction—a axis (left), b axis (middle), c axis
(right): (a) scan TD0, (b) scan TD2.
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the crack, as shown in the dotted box of figure 20. This may again be explained by
the competition between strut alignment and strut hardening.

6. Conclusions

In this work, X-ray microtomography, at a sufficiently fine resolution, is shown to be
a technique well suited to study the morphology, and also the mechanical behaviour
and fracture mechanisms, of open-cell nickel foams. The following information was
obtained concerning the cell morphology of the investigated NiTECH open-cell
foam:

. the average cell volume and strut length are, respectively, 0.071mm3 and
193 mm; note that the strut length can only be assessed by 3D measurements;

. the average number of faces per cell is 13; one-third of the cells are dodeca-
hedra; the average number of sides per face is five; 57% of the faces are
pentagonal;

. the most frequent cell in the foam is a dodecahedron with two quadrilaterals,
two hexagons and eight pentagons.

The dimensions and orientation of the equivalent ellipsoid for each cell
have been determined. The corresponding mean values of the three orthogonal
axes in the initial state are 419 mm in the transverse direction, 520 mm in direction
RD and 632 mm in the normal direction. This strong geometrical anisotropy
determined by X-ray microtomography is due mainly to the initial polymer foam
morphology and, to a smaller extent, to the nickel foam processing. It has been
related to the observed mechanical anisotropy using a simple beam model. More
elaborate mechanical models are needed, however, to account for the aspects

(a) (b)

Figure 19. Free edge effect—lateral boundaries: (a) scan TD0, (b) scan TD2.
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of plastic deformation evidenced in the present work such as cell shape and orienta-
tion evolution induced by plasticity.

The main deformation mechanisms are the following: bending, stretching
and alignment of struts in tension; buckling of the struts more or less parallel with
the loading direction in compression. Strong strain localization is observed in
compression, whereas, in tension, deformation of nickel foams remains quite homo-
geneous before the initiation of final cracks. Pole figures of the axes of the equivalent
ellipsoids of many cells were provided. They show that a tensile test in the direction
RD reinforces some privileged orientations of the cells. In contrast, a tensile test
in the direction TD leads to a significantly more isotropic distribution of cells.

Damage and fracture mechanisms were also observed. The cracks initiate at the
lateral boundaries of the specimen (free edge effect). Failure starts mainly at nodes.
The damaged area around the crack tip has a radius of about five cells. Crack
propagation proceeds cell by cell, but some struts still bridge the crack.

The 3D graph of the foam samples (see figure 3) can now be used to construct
finite element meshes of the foams as beam networks [6, 8]. This mechanical descrip-
tion will be used in further studies to predict the response of the foam in the elastic,
plastic and failure regimes. The information obtained by microtomography can
also be used for more simple micromechanical models in the nonlinear regime as
proposed in Dillard [36].

1 mm

Figure 20. Zoom view at the fractured area (scan RD4). The crack comes from the left and
the crack tip is in the middle of the image. The marked region contains unbroken struts still
bridging the crack.

Open-cell nickel foams under tension and compression 2173



Acknowledgements
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[22] C. Lantuéjoul and F. Maisonneuve, Pattern Recogn. 17 177 (1984).
[23] F. Meyer and S. Beucher, J. Vis. Commun. Image Represent. 1 21 (1990).
[24] J.A.F. Plateau, Statique Expérimentale et Théorique des Liquides Soumis aux Seules Forces
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