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Abstract: The procedures of fabrication and testing of auxetic foams with closed cells based on foaming
a liquid substance and by joining microspheres are discussed. Physically, to obtain an auxetic structure,
bending rigidity of elastic rods, plates and shells should strongly depend on the initial curvature. The
cells of small size are found mostly to hold their original shape. Large ones show relatively low rigidity,
and would get deformed similarly to thin-walled shells when compressed with a possibility of losing
stability. Thus, the volumetric compression of a foamed material is mainly realized at the expense of
decreased free volume of large cells. Separation of cells according to deformation levels is found to
cause auxetic elastic behavior in converted closed cells foams. Technologically, to obtain this auxetics
we proposed a two-stage process. It includes the formation of concave cell structure by a permanent
volumetric compression of the initial material just after foaming in the solidification state under the
action of a liquid or gas. High plasticity of foam materials in this stage allow s us to obtain the re-entrant
structure of cells. To obtain a material with non-convex cells we used mostly a gas or liquid under
pressure as a forming instrument. After cooling the foam material shows the property of elastic
(reversible) deformation. | he homogeneity and isotropy of Poisson's ratio of obtained auxetics are
caused by a uniform distribution of the gas or liquid pressure on the sample surface. Some problems of
Poisson's ratio minimization for foam materials we have solved by the finite element analysis.

1. INTRODUCTION

It's known that auxetic behavior is entirely due to the complex microstructure found in
some heterogeneous materials but any intrinsic mechanical properties of the solid phase [1, 2].
In some works [3-5], starting with R. Lakes investigation [3] in 1987. the open-cell foams
having a negative Poisson's ratio were fabricated. A disadvantage of the open-cell foam-based
materials is their low stiffness, making them unsuitable for structural applications. The opin-
ion that the closed-cell foams are more rigid and strong than opened-cell ones became an
enticement for the study of such auxetic materials. In this paper the processing route and

auxetic behavior modeling are discussed.

2. PHYSICAL MODEL
In contrast to the open-cell foam investigations, the fabrication, testing and modeling of
closed-cell ones have been less developed [2]. The fabrication of auxetic foams is based on

foaming a liquid substance or by microspheres joining.
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In the former case the closed-cell foam is formed analogous to permeable foam materials.
Under usual conditions the positive Poisson's ratio values v are the result of the convex shape
of cell surfaces, which is conditioned, in its turn, by its energy expediency at free foaming.

Nevertheless, at definite conditions, eg. at further volume compression, a part of the cell
surface may acquire first a zeroth and then negative curvature. When the number of such
inverted cells dominates, compressibility of the material rises till the appearance of the
negative Poisson's ratio.

Physically, to obtain an auxetic structure, bending strength of elastic rods, plates and shells
should strongly depend on the initial curvature. The cells of small size are found mostly to
hold their original shape. Large ones show relatively low rigidity, and would get deformed
similarly to thin-walled shells when compressed with a possibility of losing stability. Thus, the
volumetric compression of a foamed material is mainly realized at the expense of decreased
free volume of large cells [6. 7]. Separation of cells according to deformation levels is found
to cause an auxetic elastic behavior in converted closed cells foams.

We may transfer to a mesomechanical description of a considered porous material with
account of recurrence of its cells by isolating a fragment consisting of a finite number of
structural elements (periodicity cells). We can thus forecast known reticular structures and

purposefully design cell structures to minimize Poisson's ratio.
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Fig. 1. Model structure of the inverted closed-
cell foam
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Also, using the developed physical models and computer simulation it's possible to predict
changes in Poisson's ratio v in foams as a function of strain. So. we may study the deforma-
tion behavior of structural units consisting of a central spherical cell and symmetrically
located small shells (satellites) [6]. Note please that to realize a given deformation behavior
resulting in a collapse, the system of the cells should be jointly deformed symmetrically in
three coordinates (Fig. 1). which avoids loss of their continuity. An expressed symmetry and

sufficient number of particles may raise isotropy of the medium and its processability.
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The model of the material presented in Fig. 1 can be reached by either foaming a thermo-
plastic polymer material or elastomer using two fractions of a porophore or by formation of
a syntact foam via regular packing and joining spherical cells of a needed size. Each structural
unit of the described material presupposes transformations through the all-round compression
of the initial body going simultaneously with a thermal treatment within the softening
temperature range followed by cooling down to room temperature to achieve an inverted
structure that preserves its isotropy of elastic properties across its main volume. The shear
strength of this system depends much on deformation characteristics of the solid phase
material, while its normal toughness is conditioned by susceptibility of the cells to trans-
ormations at the expense ofthe free volume. A final structural unit displays

- low normal stiffness in contrast to shear stiffness,

- priority transformation of the central cell due to its relatively low toughness in relation to

the small-radius satellites.

3. EXPERIMENTAL PROCEDURE

Technologically, to obtain this auxetics we proposed a two-stage process [8. 9]. It includes
the formation of a concave cell structure by a permanent volumetric compression of the initial
material just after foaming in the solidification state under the action of a liquid or gas. High
plasticity of foam materials in this stage allows us to obtain the re-entrant structure of cells.
We have produced an effective method to obtain the material with non-convex cells mostly
using a gas or liquid under pressure as a forming instrument. After cooling the foam material
shows the property of elastic (reversible) deformation. Homogeneity and isotropy of Poisson's
ratio of obtained auxetics are the reason of the uniform distribution of the gas or liquid

pressure on the sample surface.

The first stage includes formation of cell structures of two kinds (in real conditions most
probably fluctuations of size and statistical inhomogeneity of cells take place). The second
stage consists of the volumetric compression of the material by applying pressure immediately
after pore formation when the solid phase is still viscoplastic. As experiments have shown, an
important factor is elasticity of the gas phase, which hampers inversion of the closed-cell
structure.

Hence, to attain a required deformation mode the total bending strength of the walls of
large cells and inner pressure of the pore-forming gas should be essentially lower in contrast to
that for the small-size cells. As a result, coarse concave cells are formed. At further cooling
and solidification the porous material looses its plasticity and becomes susceptible to reversi-
ble deformation characterized by the elasticity modulus and Poisson's ratio found by the

known formula

where ¢, - relative lateral deformation; ¢,- relative longitudinal deformation.
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So far, we may exclude the necessity of using the initial samples of a regular prismatic
shape. Hence, the compression may take place immediately after formation of the foam of a
random shape. To compress an open-cell material, its pores are isolated to avoid permeation of
the working liquid or gas. Nevertheless, the material communicates with atmosphere for free
outlet of the pore-forming gas at foaming and compression of the sample. As soon as the
open-cell material with concave cells is formed a pressurized gas or liquid is fed into the
insulated space to alleviate detaching of the material.

A setup made as an autoclave shown in Fig. 2 has been used in the experimental study.
The setup contains body 1. cover 2. source of compressed liquid or gas 3. supply adjuster 4.
tube 5. pressure gauge 6. The setup also contains the initial ingredients of the porous material
7. For transformations of the open-cell material the setup is fit with an elastic shell with
antistick coat 8 communicating with atmosphere.
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The structure of the obtained porous material has been recorded by the scanning electron
microscopy using JEOL JSM-50A. The material structure at free foaming is presented in
Fig. 3.

Fig. 3. Structure of material under free foaming (A) and under compression (B)
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Fig. 4. The individual cell of foam

A special sample of the silicone closed-cell foam which demonstrates a 3-D fragment and
a monolayer of cells shown in Fig. 4. The linear dimensions of cells have been varied within

of 1-2 mm range.

4. NUMERICAL MODELLING

To study deformation behavior of the foam material by numerical methods we employed
the finite element modeling of a fragment of two kinds of elastic porous medium with closed

cells (Fig. 5).
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Fig. 5. Finite element models (A) and displacements calculated (B)
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Each structural unit is constructed and united with neighboring units via triangular platelet
elements simulating properties of characteristic regions of the material. By varying geometry
and elastic properties of structural units we can analyze various porous materials. The pre-
sented model is similar to the proposed physical one (Fig. 1) as it describes deformation of the
cells at the expense of the free volume in case of the presence of the bonds between units
suffice for maintaining the required deformation behavior.

Using the finite element discretization (Fig. 5b) we calculated the elastic displacement
fields at a uniaxial tension due to stretching of porous material with concave cells. Each color
of diagrams corresponds to equal values of transversal displacements. The calculations of
fragments of two structural variants have proved that transversal (horizontal) displacements of
the units belonging to the right side of the fragment are positive (Fig. 5b). This means that the
both models demonstrates negative values of Poisson's ratio. Taking into account the maximal
value of transversal displacements of these model structures we may obtain the estimations of
Poisson's ratio: v = -0.12 in the first case and v = -0.064 in the second case (for the model

with rigid round nodes).

5. CONCLUSIONS

A novel thermoforming processing route consisting of foaming and compression has been
developed that produces an auxetic porous material with closed cells.

The finite element method may be used to predict Poisson's ratio by calculation of
displacement fields of the porous structure simulated. Thus, computer analysis seems to be an

effective means to design the auxetic closed-cell foams.
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