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Poisson’s ratio – definition, range

Poisson’s ratio ν is defined as minus the ratio of transverse
strain to longitudinal strain for a material undergoing ten-
sion in the longitudinal direction. Of course, the above def-
inition of Poisson’s ratio is valid for small strains, i.e. linear
elasticity; while for large strains, i.e. nonlinear elasticity,
Poisson’s function is introduced. Exemplary discussion on
Poisson function can be found in (Beatty and Stalnaker
1986). The range of Poisson’s ratio in isotropic elastic bo-
dies is –1 < ν < 0.5, as required by the condition of stability
and thermodynamics. It is worth noticing that values from
outside the said range are also possible in some anisotropic
cases. For ν → 0.5 materials can change their shape rela-
tively easily under load; however, changing their volume is
almost not possible. If a body has ν → –1, it is deformed
volumetrically without much difficulty; but, it is practically
unachievable to change its shape. Generally, the structure of
a material is responsible for the value of the Poisson ratio.
For some materials structure reveals its influence on defor-
mation properties of a material on molecular or micro level
(e.g. crystals), while for some it comes into play in a meso or
macro scale (e.g. foams). It is important to notice that the
scale does not influence the value of Poisson’s ratio for the

given material, yet, it places the phenomenon exactly where
it occurs. An interesting approach to describe the mechanics
behind Poisson’s ratio, especially in terms of it assuming nega-
tive values, is presented in (Lakes 1991; Lakes 2002–2010).

Auxetic materials – examples, properties, applications

For most materials Poisson’s ratio assumes positive values,
which indulges a false intuition that if a material is
stretched, it must become thinner in the cross-section. How-
ever, counter examples have been reported (Lakes 1987).
Materials having negative Poisson’s ratio may be called:
negative Poisson’s ratio materials (NPR materials), auxetics
or auxetic materials (Caddock and Evans 1989), anti-rub-
bers (Glieck 1987), dilational materials (Milton 1992) and
for foams also: re-entrants (Lakes 2002–2010).

An extensive summary enlisting examples of auxetic ma-
terials is given in (Evans and Alderson 2000). Here, let me
recall only some, most common or known materials: poly-
mer or metallic foams (Lakes 1987; Friis et al. 1988), mi-
croporous polymers (Caddock and Evans 1989), some natu-
ral crystals like arsenic (Gunton and Saunders 1972) or cad-
mium (Li 1976), natural biomaterials e.g. cat skin (Veronda
and Westmann 1970), composites like carbon-fibre-rein-
forced epoxy composite laminate panels (Donoghue and
Evans 1991).
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Negative Poisson’s ratio is a characteristic regarded
counterintuitive, therefore very interesting especially in
terms of potential applications. Materials owing such pro-
perty may be used in areas where traditional solutions re-
veal shortcomings, exactly because of the fact that negative
Poisson’s ratio is followed by uncommon features. Such
properties are among others: negative curvature assumed in
bending – synclastic or double curvature, high resilience to
indentation (both: Lakes 1987), good sound and vibration
absorption (Chen and Lakes 1989, 1993, 1996; Howell
et al. 1991), attenuation of ultrasonic signals (Alderson,
Webber, Mohammed, Murphy and Evans 1997). The list of
applications is in constant growth, examples are: sound
insulation, air filtration, packaging, shock absorption, smart
filtration, mattresses, press-fit fasteners, dilators for open-
ing the cavity of arteries or other vessels, surgical implants,
suture anchors or muscle/ligament anchors, body parts for
cars and aircrafts, fiber reinforced composites, sport gear,
sensor and actuator applications. The above areas of utiliza-
tion are cited in (Evans and Alderson 2000), where also the
detailed references to particular applications are to be
found.

�� 
��	
����������
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Background for the experiment

Nowadays production of auxetic materials is much more
industrialised than in the beginning. First auxetic materials
were produced by Lakes (Lakes 1987). He obtained auxetic
polymer and metallic foams. His success consisted in the
simplicity of the main idea: in order to obtain reverse pro-
perties he reversed the internal structure of the original ma-
terials; initially convex cells were converted into concave
ones with symmetrically collapsed ribs.

The experiment which is described in this article fol-
lowed the idea of R.S. Lakes. Generally, more than one kind
of a foamed material can be changed into an auxetic in la-
boratory conditions, though, different foams require differ-
ent manufacture techniques. For the experiment presented
here, there was open cell polymer foam chosen to be pro-
cessed. Specimens of the conventional open cell polymer
foam were compressed in three orthogonal directions by
having been placed in moulds of dimensions smaller than
the initial sample size. Next, moulds with samples were
heated to the temperature a little higher than the softening
point of the foam; then the set-up was cooled to room tem-
perature and the foam was taken out. The processed mate-
rial exhibited auxetic behaviour, which was then examined
under a microscope and in a tensile test. The results were
discussed.

Naturally, many factors influence the process of produc-
tion itself, as well as consequent properties of foams with
negative Poisson’s ratio. Among such important characte-
ristics there should be counted: the starting material com-

position, its relative density (the density of the cellular ma-
terial divided by that of the solid skeleton), temperature and
time of processing, permanent volumetric compression ra-
tio or cell size (Choi and Lakes 1992; Wang et al. 2001;
Brandel and Lakes 2001). All the factors function together,
so in order to produce foam with particular desired proper-
ties one must optimise all the design variables – for the ma-
terial, as well as for the processing procedure.

Material

The material chosen for the experiment was provided by the
firm “Carpenter”01). It was open-cell polyether foam with
the cell size: 0.6 mm and the volumetric density: 30 kg/m3.
The foam profile chart enclosed by the producer is given
below in the Table 1.

�������

� ����� !%'��)"����0%�"������%�'�)"���)���%(�%)(

Moulds were cut from a copper pipe; they were 15 cm
long and had the inner diameter of 3.22 cm and outer dia-
meter of 3.5 cm. In order to hold the foam inside the pipe
mould both ends of the form were blocked with iron pla-
tes of dimensions 5 cm × 5 cm. The plates were 2 mm thick;
in each pair one of the plates there were 2 holes of 2 mm
diameter in order to allow air escape during thermal pro-
cessing. The assembly was held together by means of two
ca. 17 cm long screws welded to one of the plates and put on
the other.

Quality 
RP30048 
Richfoam 

Polyether® 

Colour 
White / light 

blue 

Standard 

Apparent (bulk) density 
brutto 

30.0 kg/m3 +/–1 EN ISO 845 

Apparent (bulk) density 
netto 

28.0 kg/m3 +/–1 EN ISO 845 

Stress-strain  
characteristic  
in compression 

4.8 kPa +/–10% EN ISO 3386 

Hardness by indentation 
technique 

180 N +/–10% EN ISO 2439 

Tensile strength 100 kPa EN ISO 1798 

Elongation at break 130% EN ISO 1798 

Compression set <4% EN ISO 1856 

Air permeability >10 l/min 
“Carpenter” 
procedure 

Cells per 1cm 17 +1/–2  

Fire code  MVSS 302 
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Naturally, the relation between a mould size and a sample
size is crucial, since the auxetic effect is obtained thanks to
compression of the foam in the forms. Initial sample size is
then determined by the dimensions of the mould and vice
versa. The relation is expressed by a volumetric compres-
sion ratio (VCR). However, one should remember that the
sample, after removal from the mould, may undergo a so
called spring back effect and regain some of its initial vo-
lume. To count the effect in, in the presented experiment
there were used the following magnitudes, as defined in
(Brandel and Lakes 2001):

8 �"��%�%�%�'�. '&����%)�) ����((% �����% �8������% � !��"�

%�%�%�'�(���'��. '&���3%� .����"��� &'$�. '&���9 �:��"�

$�(%��$�!%��'�. '&��;�3�:�3�
%�<�3%=�3�*

8 �"�� !%��'�. '&����%)�) ����((% �� ���% �8��� ���% � !� �"�

%�%�%�'� (���'�� . '&��� 3%�  .��� �"�� ��&�� !%��'� . '&��

9�!�����"��(��%�#�,�)/;�3!:�3�
!�<�3%=3!*

8 �"�� (��%�#� ,�)/� �!!�)�� 8� �"�� $%!!����)�� %�� �"�� $�(%��$

!%��'�. '&��� !��"��(���'�*�&(&�''+��"��� &'$�. '&��

3�*���$�%�(���&��!%��'�. '&���3!:��>�<�3!�8�3��

Studies showed (Choi and Lakes 1992) that for open cell
polymer foams the volumetric compression ratio should be
3.3–3.7 in order to obtain minimal values of Poisson’s ratio.
Nevertheless, the range of VCR suitable for successful
transformation is from 2 to 5 (Lakes and Witt 2002; Wang
et al. 2001).

Samples

The supplier submitted the material in the form of five piec-
es of the circular cross-section of the diameter 5 cm and the
length 1 m.

The pieces were cut using a cutter and scissors to sam-
ples of the dimensions about: length – 21.8 cm, diameter
– 5 cm (without change). These dimensions were chosen
with regard to the mould dimensions in order to obtain the
initial compression ratio of the optimal value VCRi = 3.46
(on average). There were 12 samples studied plus two trial
samples: No. 01 and 02. The trial sample No. 1 was used for
calibration of heating temperature and the thermal process
duration, while the No. 02 was unprocessed and was used
for comparison.

By inserting a sample into a mould one has to remember
about uniform distribution of stress and avoiding wrinkles.

In the presented experiment 6 foam specimens were put
into moulds with the use of petroleum jelly (“MelkFett”) as
a lubricant in order to help in easier squeezing into the
forms. Other 6 specimens were put in the moulds without
the lubricant. Before heating, samples in moulds were
allowed “resting” for couple of minutes so that compression
stress was distributed uniformly.

���������������

The processing temperature has to be equal or slightly
greater than the material’s softening point and remains in
a strict relation to the processing time. Too low the tempe-
rature or not sufficient duration of the treatment can result
in an incomplete transition of specimens. On the other hand,
excessive heat or time can cause cell ribs to adhere to each
other. However, some alternations like higher temperature
combined with shorter time are also possible.

There are two ways of proceeding after accomplishing
the thermal treatment. One is to extract the specimen of the
mould immediately after taking it out from the furnace
(Brandel and Lakes 2001) and the other is to allow the
mould with the sample inside to cool at room temperature
and only then extract the specimen (Wang et al. 2001). The
removed sample should be stretched a little bit to separate
possibly adhering ribs. It is also advisable to wait some time
before proceeding with measurements to allow the potential
recovery effect to occur.

Neither did the firm “Carpenter” supply data regarding
melting temperature, nor was differential scanning calori-
metry performed. Softening point was to be found experi-
mentally and temperatures ranging 104–190 oC, as well as
different processing time values from 10 to 50 minutes,
were exercised. At the beginning, the trial sample (No. 01)
was multiply heated at various temperatures in order to find
optimal processing conditions. These turned out to be
30–50 min and 170–190 oC, which is most probably due to
rather thick moulds and large sample dimensions. The ther-
mal process was conducted in a laboratory furnace. After
completion of the heating procedure samples were taken out
and left in forms till complete cooling.

The Table 2 below shows details of the thermal process.

Sample No. 01
 

02
 

1 
/ 2

8 
V

I 
20

05
 

2 
/ 2

8 
V

I 
20

05
 

3 
/ 2

8 
V

I 
20

05
 

4 
/ 2

8 
V

I 
20

05
 

5 
/ 2

8 
V

I 
20

05
 

6 
/ 2

8 
V

I 
20

05
 

7 
/ 2

8 
V

I 
20

05
 

8 
/ 2

8 
V

I 
20

05
 

1 
/ 1

 V
II

 2
00

5 

2 
/ 1

 V
II

 2
00

5 

3 
/ 1

 V
II

 2
00

5 

4 
/ 1

 V
II

 2
00

5 

Time 
t 

[min] 
10 20 25 30 30 30 50 50 30 30 40 40 45 45 45 45 

Temp. 
T 

[oC] 
104 120 150 170 

no
t p

ro
ce

ss
ed

 

170 170 170 170 190 190 190 190 190 190 190 190 
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Results

When samples regained room temperature they were taken
out and, in order to obtain stable results all specimens were
left for three days before further study.

Despite careful preparation of samples, less than half
of all processed foam pieces possessed wrinkles or other
transformation imperfections like bends. It turned out that
the petroleum jelly had almost no influence on the squeez-
ing and therefore on the presence of wrinkles. Most of the
samples exhibited the auxetic effect, but some of the foam
pieces underwent complete transition while some were
auxetic only in part. This is attributed to the fact that sam-
ples were processed under different time and temperature
conditions, as well as to uneven squeezing or stress distri-
bution.

At this stage of the experiment auxetic effect was ob-
served by the assessment of volumetric compression ratios.
Sample dimensions were measured with a micrometer at the
following stages: before the thermal processing, just after
quenching and 3 days after thermal procedures. All mea-
surements were done 3 times and mean values were later
used for calculations. The best auxetic effect was obtained
for samples showing least differences between initial and
final VCRs, that is for samples processed for 45 minutes in
190 oC. The Figure 1 below shows how samples underwent
the spring back effect.

�+�, '(�&(�$�%���"��#���"��?���$��(�! '' 0(:

8 3�
%� <� 3%=� 3�� 8� �"�� %�%�%�'� 3�
1� �"�� %�%�%�'� (���'�

. '&���3%� .����"��� &'$�. '&���3�*

8 3�
!6�<�3%=�3!6�8�3�
�@&(���!����A&��)"%�#1� �"�� %�%B

�%�'�(���'��. '&���3%� .����"��. '&����!����A&��)"%�#

3! *

8 3�
!�<�3%=�3!�8��"��!%��'�3�
1��"��%�%�%�'�(���'��. '&B

���3%� .����"��!%��'�. '&���3!�
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Preparation of samples for microscopic observations

The produced foam underwent another qualitative assess-
ment in terms of achieving the auxetic effect by observation
of the material structure in a micro scale. Microscopic ima-
gery was also used to study structural mechanisms, i.e. to
show how cell ribs behaved when a sample was compressed
and pulled. It was expected that the processed material
would show to have concave cells that would unfold under
tension, therefore producing growth of the specimen vo-
lume, while in compression the internal structure would
collapse inwards and increase density in this way. For com-
parison, the unprocessed foam was expected to show nor-
mal convex cells that would elongate and thin with tension
and buckle in compression.

Before proceeding with microscopic imagery, samples
needed to be properly prepared; this included cutting to the
desired shape and dimensions. In general, a cutting method
depends on the stiffness of the re-entrant and desired sam-
ple dimensions. In the case of the presented experiment
specimens were cut using a steel cutter.

Two samples (NPR and unprocessed) were prepared;
specimens were about 1 cm thick, 5 cm long and of width
about 4 and 3 cm for regular and auxetic material respec-
tively. The re-entrant specimen was cut out from the sample
8/28 VI 2005 (the final volumetric compression ratio: VCRf

= 3.22). Both specimens were placed in a specially built
form where they were stretched and compressed. Stretching
was performed at CD*� 7ED� ��$� F6D strain. Compression
was performed only to show general changes in structure
without precise reference to strain value; since it was im-
possible to evaluate strain because of buckling of the rela-
tively long samples. Images were taken with the Olympus
DP10 Digital Camera from the Olympus BH2 Light Micro-
scope with 12.5 magnifying factor.

�#$�����3 '&����%)�) ����((% �����% (������'�(��� )�((�$�' �#���%��"%#"�����������&��(�(" 0�(��''���(��%�#�,�)/��!!�)�
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Results – geometrical characteristics

Intrinsic features of traditional and auxetic materials were
evaluated with the use of photos in 0D strain (Figs. 2–5).
As for the unprocessed foam, the cell shape was convex,
but irregular, with faces of penta- and hexagons, occasion-
ally other geometric figures. Cell diameter was difficult
to be measured directly, since faces of cells differed in size
(from small tetragons of 250 μm in diagonal to large octa-
gons of 700 μm in diagonal). Mean diagonal value for fa-
ces was then about 475 μm. The diameter of cells, due to
the data provided by the manufacturer was 600 μm. Cell
ribs were straight, connected in vertices. Connectivity, that
is the number of cell edges that meet at a node or vertex,
was mostly 3, in some vertices 5. Thickness of ribs was
50–60 μm and length: 160–270 μm. As far as the uniformity
of geometry is concerned, since cells are formed from he-
terogeneous shapes, the anisotropy on the level of micro-
scopic exactness can be seen, however, regarded macro-
scopically, the material is isotropic.

Similarly, characteristics of the re-entrant foam were also
determined as follows. Cell shape was found concave,
irregular, cells folded and congested, no apparent shapes
could be distinguished. Cell diameter was impossible to be
evaluated directly, diagonals of faces varied from 160 to
520 μm. Mean diagonal value for faces was then about
340 μm. The diameter of cells evaluated from the data pro-
vided by the manufacturer for the regular foam and the lin-
ear compression ratio was 445 μm. Cell ribs folded in dif-
ferent directions, connected in vertices (connectivity: 3 to
5). Thickness of ribs was 50–60 μm, their length was im-

possible to be stated exactly, average value was about
210 μm. Cells were irregular, which implied anisotropy on
the level of microscopic exactness; however, regarded ma-
croscopically, the material was isotropic.

Results – deformation mechanisms

Mechanisms of deformation under applied stress can be seen
in sequential photos below (Figs. 2–5). All microscope pho-
tos are to the same scale (12-fold magnification), which is
indicated with the mark bar (1000 μm) in the photos. The
broken ribs which can be seen in the photos are located on
the edges of specimens, they did not break as consequence
of strain but were cut during cutting out samples.

The first sequence (Fig. 2) shows how internal structure
of the regular foam responds to tensile strain. Cells elongate
and become thinner in the axis perpendicular to the axis
of deformation. The next sequence (Fig. 3) presents how
auxetic foam responds to strain: cells unfold and grow big-
ger under tension. It is assumed that prevailing mechanisms
are rib bending and then rib elongation in the direction of
stretching. The third sequence (Fig. 4) reveals that the
mechanism of deformation of the regular foam under com-
pression consists in rib bending and rib buckling. The strain
in the left picture was above the linear elastic region (about
30D). And finally, the fourth sequence (Fig. 5) proves
that mechanisms governing deformation in auxetics are
difficult to be observed. It is assumed that cell ribs undergo
bending and inward folding. Certain degree of densification
can also be seen as the ribs come closer to each other under
compression.

�#$�����
�#&'���9&��� )�((�$;�! ���&�$������(% �



83

�����������������	
���3 '�� 45� � �� 4� 4676

�#$������&?��%)�! ���&�$������(% �

�#$��%��
�#&'���9&��� )�((�$;�! ���&�$���) ����((% �:��;�� �(���%�1�,;�) ����((�$

�#$��&���&?��%)�! ���&�$���) ����((% �:��;�� �(���%�1�,;�) ����((�$



84

�������� �	
��


����	���� ���� �	���� ��� 
����	��
� ����	��� ����

%� ���'�����(� 
��
����� 

Preparation of samples and testing procedure

After qualitative assessment of the auxetic effect in the pro-
duced foams, a more detailed study was performed in order
to find numerical values of the Poisson ratio. The tests con-
sisted in loading samples with longitudinal tension and
measuring of stress and longitudinal and lateral strains.
Longitudinal stress and strain were measured by the tensile
machine, while lateral deformation was determined in an
optical method, by analysis of sequential photos of samples
under specified load. The data from tests were processed in
order to obtain: Poisson’s ratio, stress-strain curves (using
engineering values), stress-strain curves (using true values).

It was decided to test specimens with visibly varying be-
havior. Four samples were taken: two exhibiting distinct
negative Poisson’s ratio and two showing no or little auxetic
effect. Also a sample of the not processed material was
tested for comparison. Due to the fact that the specimens
had visibly different properties and their small number (5 in
total) statistical numerical analysis was omitted and the
uncertainty was assumed based on practical premises (see
below in: Results – Poisson’s ratio).

From each of the five samples smaller specimens of di-
mensions 50 × 10 × 10 mm were cut out using a steel cutter.
Each specimen had a mesh of reference points applied on
one of the four faces; the mesh was to be used for determination
of lateral deformation. The meshes were applied in the middle
area of the samples so that their deformation was not affect-
ed by uneven stress distribution or fixing to the machine.

Samples were glued to the machine holds with the
UHU® glue. As it proved during testing, most samples
failed in place of the glued connections; this was attributed
to the fact that the glue could have destroyed some of foam
ribs. However, samples held long enough to perform the
desired observations. The machine used was TIRAtest

28100 with the software available for it. All results were
then converted into the Excel® format data.

���0�(�$�)%$�$�� ��&��(���'�(�&�$����"��! '' 0%�#���(�%�#

) �$%�% �(:� $%(�'�)������ ����:� 6�4� ��=(� 0%�"� �� ��&(�� ! �

76�(�) �$(��!�����.��+�GD�9<4���;�' �#%�&$%��'�$�! ���B

�% ��&��%'�G6D���$�����&(��! ��76�(�) �$(��!�����.��+�7ED

9<H�E���;�' �#%�&$%��'�$�! ����% ��!� ��G6D�&��%'�!�%'&��

 �� 756D��	"�� � ��'� ���#�� !� $�! ����% ��0�(� !� ��6D� � 

!�%'&��� ��46ED�

During each loading pause photos were taken using the
camera Sony® Cyber-shot™ 5.0 Mpix DSC-V1 (sensor
size 7.18 × 5.32 mm). The photos were saved as JPEG files
in the resolution 2592 × 1944 (True Color RBG mode) and
processed later using Adobe Photoshop® 7.0.

�&�%�#���(�%�#� ��� !��"��(���'�(��"����&(�����7I6D���$

7HED�(���%��0�(��?���$�$�� �E��%�&��(�%�� �$���� � ,(��.�

�"��� ����%�'�! ����'�?��% �� !��"��! ���

���)�*��+�
�#���,-����*#�

As stated before, during tensile tests photos were taken at
certain values of longitudinal strain. Displacement of mesh
points was the basis for calculation of deformation and later
Poisson’s ratios at sequential strains. The processing of
photos consisted in finding and marking the reference
points in sequential pictures and denoting their coordinates
in pixels. Calculation of Poisson’s ratios was performed
with the use of Mathcad® 2001. The procedure returned
Poisson’s ratios with error regions, that is with their ma-
ximum and minimum possible values, according to the
assumed uncertainty. The uncertainty was assumed due to
the following factors: perspective and distortion effects,
random micro-movements of the photo camera during
pressing the shutter button and random omissions in case of
reading from the blurred regions.

Below is given a plot showing Poisson’s ratios versus
engineering strains for all tested samples (Fig. 6). For the
clarity of the graph error regions are not shown.

�#$��.��
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An overall conclusion at this stage is that best processing
conditions in order to obtain the strongest auxetic effect
for the studied foam were: temperature about 190 oC, time
about 30 to 40 min. Also, it is worth of notice that gene-
rally polymer foams are viscoelastic materials, i.e. their
Poisson’s ratio may vary with time. Some experiments at
small strains disclosed that viscoelastic effects are suffi-
ciently small not to affect the studies of dependency of
Poisson’s ratio on strain (Choi and Lakes 1992).

Results – engineering and true stress-strain relations

Measurements in the tensile tests were done for all elonga-
tions by steps equal to 0.01% longitudinal deformation. The
data included engineering values of longitudinal strain
and respective stress; that is values disregarding change of
the cross-section area due to elongation. True stress and
strain values can be obtained from the formulae from (Choi

and Lakes 1992): σtrue = σ/(1 – νε)2 and εtrue = ln(1 + ε), in
which σtrue is true stress, εtrue – true strain, σ – engineering
stress, ε – engineering longitudinal strain, ν – Poisson’s ratio.

There were analyzed graphs depicting engineering
stress-strain relations derived from the unprocessed data.
The graphs showed characteristic drops of stress (compare:
Figs. 7a and 7b – an exemplary plot of the unprocessed
data). This effect occurred due to the pauses in pulling of
samples made for taking the photos. As can be inferred from
these considerable decreases in stress, relaxation might
have occurred. On the other hand, it might be also that some
of cell ribs broke causing the drops. Two of the pauses (at
7I6D���$� 7HED elongation) for the sample 2/1 VII 2005
were lengthened to 5 min and as can be seen the decreases
in stress are significant. Nevertheless, viscoelastic effects
were not yet the subject of the study and so they are only
denoted here without further investigation.
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Materials with negative Poisson’s ratio are still regarded as
counterintuitive and in spite of their interesting properties

not well known. Auxetic foams can be produced in labora-
tory conditions; polymer foams need thermal processing of
compressed samples in order to transform into re-entrant
material.

The experiment proved that best NPR effects for the used
foam were temperature about 190 oC and time about 30 to
40 min. Appropriate microscopic observations and mechan-
ical tests provided data for determination of internal struc-
ture and deformation manner. The data obtained from ten-
sile tests and photos made during stretching were basis for
calculation of Poisson’s ratio. The tensile tests provided
results for both engineering and true stress-strain relations.
Additionally, tested materials showed considerable capacity
for relaxation. Viscoelastic effects should be investigated in
detail in the future.
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