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Open-cell nickel foams with average pore size of 600 lm have been subjected to room temperature tensile
tests to explore their tensile properties. Using a state of the art extensometer of noncontact type, foam
properties as ultimate tensile strength, yield strength, and the Young�s modulus (E) have been measured
accurately. The reason behind the usage of this kind of extensometer is to avoid completely any minor
deformation that might be caused by the attachment of conventional extensometer to the sample�s surface
prior to testing. The function of this extensometer is based on the usage of a laser (CCD) camera that detects
and records the dimensional changes as soon as the load is applied. A series of cyclic loading-unloading tests
was performed to determine the foam�s Young�s modulus. The fracture behavior of foam cells was observed
to be ductile. Complete separation of struts or cell walls took place successively by necking.

Keywords mechanical properties, open-cell foams, powder met-
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1. Introduction

Open and closed cell metal foams are becoming attractive
for industrial applications as their manufacturing methods
(Ref 1-6) develop quickly. Open-cell foams can be used as
porous electrodes in rechargeable batteries (Ref 7, 8). There has
been speculation that further benefit could be gained from
the interconnectivity, open-cell structure and large surface-to-
volume ratios of the foams (Ref 9-11).

Electrode structure is considered as a key factor in all
rechargeable batteries. Their manufacturing starts with the
production of a highly porous metal electrode made from nickel
metal (Ref 10, 11). The nickel should exhibit porosity in excess
of 95% (Ref 12), into which an active paste of electrochemical
mass such as nickel oxide is infiltrated. The electrochemical
performance of an electrode depends on the material from
which it is made. As the charge, discharge, recharge, and
overcharging processes result in volumetric changes of active
mass, the electrode must have sufficient strength to avoid
physical disintegration over time (Ref 9). Besides that, the
electrode structure should exhibit a high degree of uniformity,
be free from impurities and show a good density distribution
(Ref 11). For smooth foam processing during the battery
production, a high-tensile strength is necessary (Ref 12-14). For
this reason, several research works (Ref 15-19) have recently
been focused on exploring the tensile properties of porous

metals. Liu (Ref 16) investigated the tensile behavior of
open-cell nickel foam plates which were produced by electro-
deposition on polyurethane sponge. Struts of this material were
not fractured by necking; however, fracture takes place
randomly following an avulsion mode. Using different theo-
retical relationships between biaxial nominal stresses and
porosity, the tensile behavior for these materials was analyzed
under biaxial stress tension (Ref 17, 18). Through combining
the results of properties under uniaxial and biaxial tensions of
these materials; a mathematical expression was gained for
foamed metals under uniaxial and biaxial of collective tension
and compression (Ref 19).

The objective of the present work is to explore the room
temperature, quasi-static tensile behavior of powder metallurgy
manufactured open-cell nickel foams.

2. Experimental Procedure

2.1 Sample Preparation

Open-cell nickel foams with porosities �96% (average pore
size� 600 lm) were supplied by Mitsubishi Materials Corpo-
ration in Japan. The foam samples were manufactured by a
powder metallurgy technique, as illustrated schematically in
Fig. 1. According to this process, nickel powder with a particle
size of several hundred micrometers is mixed at room
temperature with a foaming agent to form the foamy slurry.
The slurry is cut into green samples which are left for drying.
Afterward the green samples are sintered in a controlled
atmosphere at a temperature of more than 1200 �C. The steps
of the manufacturing process are explained in detail in Ref 20.

Figure 2 shows an optical image of a typical structure of the
open-cell foams, taken at a magnification of 100 times by a
digital microscope KEYENCE VHX-500. Open cells with
struts connecting the cells are clearly visible. The pores are
homogeneously distributed throughout the overall structure.
The interconnected cell structure is obviously shown in Fig. 3.
An average strut thickness of about 50 lm was measured.
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The struts are considered to have a key role in the properties-
structure relationship.

2.2 Tensile Test

To facilitate its gripping to the tensile testing machine, the
tensile samples (10 mm wide9 100 mm long), were glued on
both sides to aluminum tabs (with holes [5 mm) with an
epoxy, as shown schematically in Fig. 4(a). Figure 4(b) shows
the tensile foam sample clapped in the tensile machine during
testing. The tensile tests were performed at room temperature
under displacement control at a rate of 0.5 mm/min using a
universal servo-hydraulic testing machine Autograph AG-50

kNG, Shimadzu. The machine is equipped with a load cell of
200 N. Unlike traditional extensometers which are attached to
the sample�s surface and may cause a deflection or deformation
to the sample prior to loading, a noncontact-type extensometer
was used to detect and record the resulting extension and thus
any small deformation prior to testing will be avoided. The
function of this extensometer is based on using a laser camera
(DVW-200 Shimadzu). The camera records the extension
occurs between two black markers clipped to the sample�s
surface, as shown in Fig. 4(b). The black markers define a
gauge length of 50 mm. The experimental set-up (test machine,
tensile sample, and the camera) is shown in Fig. 5.

The fracture mode was investigated by examining the struts�
fracture surfaces using a scanning electron microscope (SEM)
(Jeol, JSM-5410LS) equipped with an electron probe micro-
analyzer (EPMA) (HITACHI S3500).

3. Results and Discussion

Figure 6 shows a typical tensile stress-strain curve of open-
cell foam. The curve exhibits a nominally elastic strain, a
yielding region followed by a hardening one and ends with
fracture. The overall behavior is considered elasto-plastic. The
elastic region initiates as the loading process starts and continues
to small values of strain. As the applied load increases, the
elastic zone stretches as well. A post-yielding, strain-hardening
region increases gradually as the load increases. When the
tensile force acts on the foamed body, the corresponding load
concentrates on the end point of metallic struts, and this effect
generates a bending moment on the metallic struts. This moment
leads to a plastic deflection of the metallic struts to some extent
due to the plastic hinge effect at the joint node of struts within
the porous body (Ref 21). The struts rotate to become more
aligned with the loading direction. Struts that are already aligned
in this direction can only stretch and the amount of strain
depends on the local topology (Ref 22). Based on the
assumption that the bending moment is the main deformation
mechanism of the foam, Duchamp et al. (Ref 23) presented a
simple mechanical model for pure Ni in tension at room
temperature. It incorporates the morphological parameters of
foam volume fraction (U), the main axes of the cell (a, b, c) and
the ratio of the equivalent axes (R = b/a and Q = c/a) which
represent the morphological anisotropy of the foam (Fig. 6).
The idealized cell geometry of Fig. 6 is used to link the
morphological parameters to the foam volume fraction (U):

U ¼ 4t2ðaþ bþ cÞ
abc

¼ 4t2

a2
Qþ Rþ 1

RQ
; ðEq 1Þ

where t is the beams thickness. When the cell is deformed in
the direction parallel to the RD, the beams parallel to TD and

Fig. 1 A schematic drawing showing the main steps of the manufacturing process of open-cell nickel foams

Fig. 2 Overall macroscopic structure of open-cell nickel foams

Fig. 3 The pore structure of open-cell nickel foams
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ND are bent. When the foam is tested in the RD direction,
then the beams of length a and b and of thickness t are bent.

If one of these struts contains a weak grain boundary and a
highly realigning surrounding, this strut will fracture first
(Ref 22), once the maximum stress at outer side of strut exceeds
the failure strength of the corresponding solid metal. When a

strut fails, stress redistribution occurs, causing the stress to
reach the failure level for neighboring struts. A nonuniform
strut thickness or strut containing voids weakens the foam
mechanical properties (Ref 21).

As can be seen in Fig. 7 and 8, failure of foam samples
under tensile loading proceeds with the consecutive failure of
struts, following a zigzag-like path forming a fracture plane that
is more or less perpendicular to the loading direction.

From the curve depicted in Fig. 7, it can be seen that the
foam sample yielded at a stress of about 0.3 MPa. The ultimate
strain was found to be 5.5% at a fracture stress of about
0.65 MPa. Table 1 gives the mechanical properties of three
foam samples. The measured values gave an indication that the

Fig. 4 (a) A schematic drawing shows the tensile sample with Al gripping tabs. (b) The tensile foam sample clapped in the tensile machine

Fig. 5 Experimental set-up of the tensile test

Fig. 6 A sketch of a simplified open-cell foam
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foam structure of all samples was homogeneous. Due to the
yielding of some cells at small loads, repeated loading-
unloading tests, as shown in Fig. 8, were carried out to
measure the Young�s modulus which is a measure of foam�s
stiffness. An average value of about 0.25 GPa was measured.
The minor changes in the measured Young�s modulus values at
different strains are probably due to the variation in the
microstructure, pore size, and pore distribution throughout the

struts and this may interpret the small differences in the stress-
strain behaviors shown in Fig. 7 and 8, respectively.

A SEM micrograph, as shown in Fig. 9, reveals that the
fracture of strut took place transgranularly and substantial
necking was observed. In addition, deformation slip bands were
clearly visible. This mode of fracture varies with the processing
technique. For example, fracture of open-cell nickel foams
produced by electro-deposition technique takes place trans-
granular, since the presence of ductility deteriorating elements
like sulfur makes grain boundaries very brittle (Ref 13).

Nonhomogeneous distributed, dark tiny nanopores were
observed throughout the strut. This may lead to a decrease in the
foam�s strength since they hinder the movement of dislocations
(Ref 13). On the other side, grain growth will be interrupted
when the structure is enriched with nanopores (Ref 12).

4. Conclusions

In this study tensile tests were performed on open-cell nickel
foams with average pore size of 600 lm. By means of a laser
CCD camera which acts as a noncontact-type extensometer, the
tensile properties were measured accurately. A typical stress-
strain curve with its three distinguishable regions was obtained.
Fracture of struts, which is of ductilemode, took place by necking
and proceeded successively starting from the weakest strut.
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