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The article deals with the design of the technology of
production of polyurethane foam (PU) specimens and with
their mechanical testing. A simple procedure is proposed to
produce specimens with complex shapes. The procedure is
tested on two different mounting foams. These specimens
were subjected to several experiments. The article presents
experimental results for only one mounting foam. The tests
were performed on a Testometric M500-50CT testing machine.
Specifically, these are a tensile/compression test, a 3-point
bending test, a shear test, and a modified indentation test. For
each specimen, the displacement was also measured in the
selected area with Digital Image Correlation Method. These
measured data are presented in the article.
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1 INTRODUCTION

The work is thematically related to the article [Paska 2020],
which deals with the design of the robot manipulator arm using
topological optimization for 3D printing. The connection of
these arms is often realised by HELICOIL® inserts. A simple
analysis of this type of connection can be found in the article
[Paska 2021].

A manipulator arm composed of aset of sheet metal
components and optimized by a genetic algorithm was
presented in [Rojicek 2021]. The resulting structure was
a frame, that meets a given set of constraints. Some structures
may have a buckling problem that impairs the properties of
these structures. This problem occurs, for example, in frame,
truss or thin-walled structures [Rojicek 2021]. One way to
overcome these problems is to fill these structures with foam,
which is lightweight, freely available, and easy to use. It is
expected that foam filling will also have a positive effect on
damping potential vibrations. In different areas of research or
teaching, often only one manipulator, or only a part of it, is
designed. The aim is to make a design by the chosen method
(shape or topology optimization), to achieve certain properties
(e.g., stiffness), or to subject the resulting design to
experimental analysis. The use of mounting foams, which are
also available at a low cost, can be asimple option. The
problem is that the mechanical properties of mounting foams
are not generally known.

The foams are characterized by specific properties. Avery
important property of foams is their ability to absorb

deformation energy. There are alot of foams that have
an interesting uses or practical applications [Kumar 1993]. They
are therefore used as part of sandwich components in the
aerospace and railroad industries [Zenkert 2009]. In the
automotive industry, foams are used as a filler material for car
bumpers [Morton 2020]. Another key property of foams is their
density [Bhagavathula 2022]. The properties of foams, such as
the relative number of open cells in the volume, cell size, cell
shape, and cell wall thickness [Srivastava 2014], have an effect
to their behaviour. Most of these parameters are related to the
type of foam and can be significantly influenced by the
manufacturing technology.

A basic classification of foams can be made based on materials
such as metal foams [Dukhan 2013], polymer foams [Eaves
2004], [Gama 2004], or ceramic foams [Bhaduri 1994].
A subdivision in terms of their application can be used [Anirudh
2022], [Singh 2018] or structure such as open cells [Yang 2015]
or closed cells [Huo 2016]. The structure of foams is very
complicated, but in some cases, it can be modelled. For
example, the modelling of foam structures is presented in
[Jiang 2020], for structures generated by 3D printing [Marx
2017], and for metal foams in [Wu 2010]. In this case, the
material (model and its parameters) and the structure can be
solved separately. Another approach is based on constitutive
equations for metals modified for foams. A more detailed
breakdown, including literature references, can be found, for
example, in [Srivastava 2014]. This paper does not deal with
Finite Element Analyse of foams and therefore we will not
discuss in detail the material models, their analyses,
simulations, or applications.

We did not find any literature on the fabrication of test
specimens from mounting foams. On the other hand, in
literature can be found articles dealing with foams
experiments. Experiments have been performed based on
classical tensile loading, including cyclic tensile loading [Yousaf
2022] (standard I1SO 37:2017) or dynamic fracture tests [Kabir
2006] (standard ASTM D5045). Compression tests are
introduced in [Li 2021] (standard ASTM D1621-16). Indentation
or impact tests are also used for foams, see [Gilchrist 2001].
More complex experiments for multiaxial tests can be found in
[Donnard 2018] (standard NF EN ISO 1798). The behaviour of
foams often falls in the viscoelastic range [Henriques 2020]
(standard 1SO 6721-7 (2019)), and the complex behaviour of
foams at failure or at different temperatures is addressed in
[Lee 2020].

Validation is an important part of simulations, and necessary
step for practical application of material models. [Rojicek
2021/3] was presented using data from DIC (Digital Image
Correlation method) measurement to validation of behaviour
of material models and its parameters.

The main objective of the paper is the production of mounting
foam specimens, the design, and realisation of mechanical tests
to obtain material data. In the paper, the results are presented
for only one brand of mounting foam.
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2 MOUNTING FOAMS

There are afew foams available on the market that differ in
composition, behaviour and use. Only one type of foam is used
in this article, but we assume that presented approach can be
used for foams with similar properties.

The tubular PU mounting foam "Den Braven” (PUMFD) with
areduced expansion is used to make the specimens [Den
Braven 2022]. The foam is used for insulation, waterproofing,
cavity, and joint filling. It is aone-component semi-rigid
polyurethane (PU) foam. The manufacturer's website provides
more detailed information on the parameters of the foam.
According to the manufacturer, the density of the foam is 20 to
30 kg m3. The density is very important for the mechanical
behaviour of the foam. The cell structure of the foam is closed.
The colour of the foam is green (see Fig. 1a). The mechanical
properties are not specified by the manufacturer.

Figure 1. Two types of foams tested for specimen production

Furthermore, the mounting foam "SOUDAL” [SOUDAL 2011]
was tested for specimen production. It is low expansion
mounting foam. The colour of this mounting foam is white (see
Fig. 1b). The cell structure of this foam is also closed-cell.
Usable specimens were also produced from this mounting
foam. In this paper, only the results for foam "Den Braven” are
presented below.

3 DESIGN OF EXPERIMENTS

The experimental design is based on the literature presented in
the Introduction. The Testometric M500-50CT testing machine
[Testometric 2021] was chosen to perform the tests. In
addition, a DIC optical measurement system was used to obtain
the second data set.

The following tests were performed:

. Tensile test (ISO 1798), the rate 4 mm minl. The
tensile specimen was loaded to failure.
. Compression test (ASTM D3574-03), the rate

4 mm min, and 40 mm min-l. A cube shaped specimen with a
side length of 30 mm was placed into the machine between
two parallel plates. The specimen is compressed by 25 mm and
then released.

. 3-point bending test, the rate 4 mm min?! (ASTM
D5379-93). A specified test fixture was used. There is a distance
of 150 mm between the lower supports, in the middle between
them is the loading member.

. Shear test ASTM D5379-93, the rate 4 mm min™.
Simply test fixture was designed for the experiment, see Fig. 2
The fixture was manufactured by 3D printing from PETG
(PRUSA POLYMERS by JOSEF PRUSA) [Prusa 2022].

. Indentation test [Gilchrist 2001] I1SO 14577-1, the
rate 4 mm min-1. Unlike the classical test, the fixture for 3 point
bending test was used for indentation (a cylinder 25 mm in
diameter). The foam specimen was placed on a flat plate and
acylinder (indenter) was pressed on the top side of the
specimen. This type of indenter produced a more distinct strain

pattern for the DIC measurement than, for example, a sphere
indenter.

T40 R

[mm]

Figure 2. Shear test fixture, the test is based on the standard ASTM
D5379-93 for notched specimens.

All tests were carried out at normal room temperature. The
loading conditions can be divided into two groups:
1) loading to failure (tensile test, shear test),
2) loading with unloading (compression test, bending
test and indentation test).

The DIC method requires covering the specimen surface with
a contrast pattern. The contrast patern was applied to all
measured specimens, and is presented in the next chapters.

4 SPECIMENS PRODUCTION

Two approaches of specimen fabrication were tested: The first
approach was to create specimens with a circular cross-section.
For their production we designed closed moulds (for 3D
printing). However, this approach was not successful, because
most conventional PU foams require access to air and moisture.
Creating a non-adhesive interlayer between the foam and the
mould to ensure convenient removal of the specimen from the
mould was also problematic. As the foam expanded, a
separating powder was often wiped off and the specimen and
mould stuck together. This approach was only successful in
producing specimens for compression tests, which are not
presented here. Note: Closed moulds may not be problematic
when using two-component mounting foams that harden by
chemical reaction and do not require access to air and
moisture. But even in this case, the biggest problem is the
formation of the non-adhesive layer.

The second approach was to make specimens with square or
rectangular cross-sections, again using 3D-printed moulds. Two
opposite sides of the mould were coated with a release powder
layer. The other two sides were mechanically separated from
the mould by cutting (deburring knife, saw blade, etc.). The
mould was designed to guide the cutting tool to ensure
dimensional accuracy of the specimens. However, this process
produces more waste material.

Figure 3. Mould to produce tensile specimens (plate shown only once)
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The manufacturing process for the tensile specimens is
described as an example. The mould must generally meet
several basic parameters:

e |t must have enough openings for the expansion of
the excess foam and for the access of air and
moisture.

e  The mould must have the correct geometry of the
specimen and allow mechanical cutting of the
specimen.

e The mould should be reusable.

e  The mould may contain parts designed to attach the
specimen to the testing machine (for tensile testing).

The mould tensile specimen is shown in Fig. 3. It consists of the
following parts:

a) Two support plates. The plates determine the
position of all other parts and allow the excess foam
to escape thanks to the openings.

b) Two clamping parts are used to connect the foam to
the testing machine. They must be designed in such
a way that the strength of their connection to the
foam is sufficient to avoid separating them during the
experiment. The used foam holds itself in the
clamping parts by its own adhesion.

c) Two semi-circular parts. These parts determine the
shape of the test area of the specimen and
a separation powder has been applied to them. By
changing them, you can easily create the desired
shape of the test part of specimen.

d) Four pins. These pins are used to maintain proper
distance between the plates and clamping part.

e) Demarcation pads that ensure the centring of the
specimen and the creation of a gap for guiding the
cutting tool.

f)  Screws, nuts and washers for the mould assembly.

For specimen production we also need suitable separation
powder and paints to create a contrast pattern for DIC
measurements. When assembling the mould, it is necessary to
maintain the gaps for guiding the cutting tool to remove (cut
out) the specimen from the mould.

The resulting shape after application of the foam inside the
mould, expansion and hardening of the foam is shown in Fig. 4.
The amount of foam is difficult to estimate when applying by
hand; the mould should be filled completely, and excess foam
should expand freely. In the Fig. 4, the tape coated with release
powder can be seen. This ensures that the semi-circular parts
of the mould can be freely removed from the mounting foam.

Figure 4. Application of mounting foam into the mould

Cutting out the specimen changes its surface structure.
However, this would also happen if the specimen was cut out of
a foam block.

When using the shape prescribed by ISO 1798, there was an
incorrect filling of the mould with foam during the production
of specimens, a violation of the specimen when taken out of
the mould, or when handling the specimen e.g., when inserted
into the testing machine. Therefore, a more solid shape was
designed. The tensile specimen with the contrast pattern
(which is needed for the optical DIC measurement) is shown in
Fig. 5.

Figure 5. Modification of the tensile specimen with contrast pattern

Basic dimensions of the tensile specimen are shown in Fig. 6.
A shape with a slight notch in the test part of the specimen was
chosen. The notch radius of the specimen is deliberately chosen
to ensure that foam failure occurs in the centre of the
specimen. The notch reduce the effects of stress concentration
around the clamping parts.
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Figure 6. Dimensions of the tensile specimen

The specimens for compression, shear, 3-point bending test
and indentation test were fabricated in asimilar manner.
Standards for a compression test, and an indentation test
(ASTM D3574 — 03), 3-point bending test (ISO 178) and shear
(ASTM  C273, ASTM D5379-93) recommend different
dimensions of test samples, which complicates their
production. Therefore, the first step was to align their cross-
sections to 30x30 mm. The shear test has been modified so that
the same sample shape can be used. the test is based on the
standard (ASTM D5379-93) for notched samples. A special
preparation was designed for the shear test. The mould for this
type of specimens is shown in Fig. 7. The mould consists of the
following parts:

a) Two support plates,

b) two front closure elements,

c) two side closure elements,

d) washers to maintain the gap, screws, etc.

d)-
‘® b)

Figure 7. Mould for the production of test specimens with the
dimensions 30x30x200 mm (the support plate is shown only once)

MM SCIENCE JOURNAL 12022 | OCTOBER
5895



The specimen with dimensions 30x30x200 mm is also-used to
produce the specimens for the other tests: For the compression
tests, cubes with a side length of 30 mm were used.
A 30x30x100 mm block was used for the shear test and
a 30x30x64 mm specimen for the indentation test.

All specimens were weighed before the tests, aKern ABS
320-4N scales was used. The basic parameters of each
specimens are listed in Tab. 1. Since only one specimen was
produced for each test, no statistical evaluation was carried
out. The method for determining the bulk density is regulated
in EN ISO 845 (645411).

6.8826 298437 23.06
0.7395 26746 27.65
0.7523 26961 27.90
4.4035 180409 24.41
2.4213 87775 27.59
1.5599 57522 27.12

Table 1. Parameters of specimens

It can be seen from the table that the specific densities of all
specimens are within the limits specified by the manufacturer
(20 to 30 kg m3). The production process can be therefore
considered as correct one.

5 RESULTS OF MEASUREMENTS

The magnitude of the force as afunction of time or the
displacement of the crosshead of the testing machine was
measured with the Testometric testing machine itself (these
quantities are called primary). At the same time, the optical
measurement system DIC with the software Alpha (version
2.1.52) from X-Sight s.r.o. [Alpha SW 2022] was used. The DIC
was used to scan a section of the specimen covered by
a contrast pattern. In all experiments, except for the tensile
test, the DIC measurement showed the displacement of the
machine crosshead as a function of time. In all experiments, the
DIC measurements are used to determine all components of
the strain tensor on the scanned surface as a function of time.
Only in the case of the tensile test are secondary results
presented here, i.e. a diagram of the dependence of the axial
stress on the value of the axial relative (engineering) strain
determined in the centre of the specimen by DIC measurement.
The displacement values measured by DIC were used. In this
case, however, it is important to link together the records of
the machine and the DIC software to obtain a graphical
representation of the force as a function of the displacement
value.

5.1 Tensile test

The tensile specimen placed in the testing machine before and
after the test is shown in Fig. 8.

Figure 8. Tensile test: Before and after the test

Fig. 9 shows a colour map of the axial relative strain just before
the specimen broke.

Figure 9. Map of the relative deformation Ey [%] in the y-axis direction
at the bottom of the specimen

The dependence of the tensile force on the displacement value
is shown in Fig. 10.
100
80
60
40
20
0

force [N]

o
[

4 6 10 12 14
displacement [mm]

Figure 10. Dependence of the tensile force on the displacement

The resulting tensile curve is shown in Fig. 11. The stress is
calculated from the smallest cross-section (30x32 mm) in the
centre of the specimen. The relative strain is taken from the DIC
measurement also in the centre of the specimen. The modulus
of elasticity for the tensile test is 1.9 MPa.
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0.02

0

axial stress [MPa]

4 6 8
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Figure 11. Graph of nominal tensile stress

5.2 Compression test

The compression test was performed at a speed of 4 mm min-1.
(Compress. spec. nu.1) and 40 mm minl (Compress. spec.
nu.2). Acube-shaped specimen with aside length of 30 mm
was placed in the machine between two parallel plates. The
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procedure for performing the compression test is shown in
Fig. 12. The plates are masked so that the optical measurement
is not affected by glare.

Figure 12. Compression test setup

Amap of the axial deformation (in the direction of plate
displacement) is shown in Fig. 13.

Figure 13. Axial relative deformation Ey [%] for compression test
(Compress. spec. nu.2)

The dependence of the force on the displacement of the
crosshead is shown in Fig. 14 for both compression speed.

200

speed 4mm/min /"

150 +— .. speed 40mm/min /’

force [N]

0 5 10 15 20 25 30
displacement [mm]

Figure 14. Compression tests for specimen nu.1 (speed 4 mm min-!)
and specimen nu.2 (speed 40 mm mint)

5.3 Shear test

The graphical output of the DIC measurements for the shear
test is shown in Fig. 15.

-13.094

Figure 15. Shear strain map Exy [%] from DIC measurements

The shear force versus shear displacement is shown in Fig. 16.
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Figure 16. Dependence of shear force on crosshead displacement
value
5.4 3-point bending test

A colour map of the relative deformation in x — axis is shown in
Fig. 17.

-10.142

Figure 17. Map of relative deformation Ex [%]

Fig. 18 shows the magnitude of the force versus the magnitude
of the deflection.
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Figure 18. Graph of force dependence on crosshead displacement for
bending test

5.5 Indentation test

We refer to this experiment as an indentation test, but it is
rather a combination of compression and indentation testing.
For illustration, a map of the relative deformation of Ey (Strain
in y axis) at the time of maximum compressive force is shown in
Fig. 19.

47.607

-36.405

Figure 19. Map of the relative deformation Ey [%] for the indentation
test

In this case, a multiaxial deformation similar to that in shear
can be expected. The evaluation of the experiment in this case
is more complex, but the data can be used to validate the
material model or to identify its parameters using the Finite
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Element Method Updating (FEMU) approach [Rojicek 2021/2].
The dependence of the force on the compression value of the
block is shown in Fig. 20.
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Figure 20. Dependence of force on displacement in the indentation
test

6 DISCUSSION

The material behaviour of PU foams is strongly dependent on
the production method and specimen processing. Air admission
and humidity play an important role. The advantage of
mounting foams is their easy availability and applicability. With
the presented specimen production method, a larger dispersion
of the measurement data is to be expected, however no
statistical processing was carried out, because only one
specimen was used for each tests (except of compression
tests). The weight of the specimen may also be a measure of
the quality of the specimen fabrication. We expect that the
foams will behave similarly in practical applications on the
manipulator arms. When the arm is fabricated via 3D printing
[Paska 2020], asimilar behaviour can be expected since the
shape of the arm will be like the shape of moulds presented
here. When using aframe made of sheet metal designed
according to [Rojicek 2021], it will be very difficult to maintain
all the necessary conditions (similar air access and humidity).
The influence of the shape (number of holes) on the resulting
behaviour of the foams seems to be an interesting topic for
further research.

In the first stage of specimen fabrication, attempts were made
to produce specimens with circular cross-sections using closed
moulds. But the foam did not harden due to limited air access
and humidity. An alternative is to use two-component
mounting foam which can be used in a closed space, but this
does not solve the problem of removing the specimen from the
mould due to adhesion of the foam. Cutting the specimens out
of the mould only solves this problem. The moulds can be easily
cleaned for further use after specimen preparation. The
method of removal from the mould (cutting out) also affects
the shape of the specimen. Square specimens (cubes, bars, etc.)
were much easier to remove from the moulds.

Removal of the specimen from the mould is complicated by the
ability of the foam to stick to any readily available material.
According to the manufacturer, the mounting foam used
should not stick to teflon or silicone. There are several
commercially available release agents on the market, but they
are not used in this article. One option would be to use these
materials to make the mould or to treat the surfaces that are in
direct contact with the foam. The problem of hardening the
foam in closed moulds was mentioned in the previous section.
We assumed that a similar problem would occur when using,
for example, silicone moulds. This option was not tested, but
for some parts of the mould it could be a suitable alternative to

3D printing. On the other hand, the foam should adhere as well
as possible to the clamping parts (tensile test specimen).

Tab. 2 shows the tensile modulus values for various materials
found in the cited literature. To compare individual materials, it
would be useful to use similar tests for other materials.

PUR240 1600
RGD515/ 531 1200
Rohacell WF51 75
EPP foam 11
PU unfiled 8.11
PUMFD 1.9

Table 2. Comparison of the modulus of elasticity

In this paper, different specimens shapes are used than in the
cited literature due to the production technology. The materials
are also different and direct comparison is therefore
complicated. Our intention for the future is to use experiments
to identify material models of foams where whole specimens
will be simulated using FEM. The input for the identification is
values of force and displacement. This approach allows the use
of more complex specimen shapes, but complicates
comparison with the literature, where results are most often
presented as a function of stress versus strain. Fig. 21 shows
a comparison with expanded polystyrene (EPS) with density 6
and 15 kg/m3 compressed at speed 3 mm/min (data taken from
[Li 2021]). Our polyurethane foam (PUMFD), had a density of
28 kg/m3 and was compressed at speed 4 mm/min.

- — —EPS 6kg/m3 J
03 1 ----- EPS 15kg/m3 v
———PUMFD 28kg/m3 .~

stress [MPal]

100

40 60
strain [%]

Figure 21. Comparison of compression tests

For the tensile test, the comparison is made with the material
marked PU5 (see Fig.22), where the data were taken from
literature [Zmora-Murillo 2017].

035 +  ee--- PUS, 69kg/m3

03 —— PUMFD, 23kg/m3

0.25

0.2 et

0.15 L

0.1 -

005 = 7
0

stress [MPa]
LY

4 6

axial strain [%]
Figure 22. Comparison for tension test
For all tests, the measurements were performed with a testing
machine and optically with the DIC method. From the results

presented, it is expected that the measured data can be used to
identify material parameters or to validate them.
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Two different velocities were used in the compression
experiments. However, for the future, we are considering the
use of a Hopkinson testing machine capable of developing
higher strain rates or the use of atemperature chamber to
determine the effects of temperature on the mechanical
behaviour of the foam.

The next planned approach, building on the present paper, can
be summarised in the following points:
e  Test more foam materials.
e Check the behaviour at higher strain rates.
e  Test the behaviour at different temperatures.
e Test selected material models for foams, including
the determination of material parameters.

The acquired knowledge will be then applied to:

e  Selected manipulator arms designed by topological
optimisation and frame structures made from
prefabricated metal parts [Rojicek 2021/2] and filled
by mounting foam.

e  The effect of foams on selected properties (buckling,
vibration, deflection, etc.) can be tested.

7 CONSLUSIONS

The results presented in this paper show that the proposed
method is suitable for producing test specimens made from PU
mounting foams The method can also be used for more
complex shapes (e.g., tensile specimens in our case) or for
foams of different composition. The experimental data can be
used to determine their basic material properties. Mechanical
properties of mounting foams are generally not available.
Foams are characterised by arelatively large scatter of
measured values, but for larger test series statistical processing
methods can be used to find corresponding representative
curves. In addition, the data obtained from DIC can be used to
validate the results if required.
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