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Summary: a sustainable sandwich construction was designed consisting of bio-based PU
equipped with natural fibre semi-finished products as cover layers. This new approach
enables the production of materials, which are lighter and less expensive than the currently
used conventional materials.

This paper reports the initial assessment of fibre-matrix interaction, the influence of different
cover layer constructions (linen fabrics, felts, laid scrim etc.) and/or core reinforcement by
hemp fleeces. Finally it was possible to produce the sandwich boards in a one-shot process.
Using bio-PU PUR 900 and linen fabrics, it was possible to increase e.g. the flexural
strength of sandwich boards from 11.12 +0.47 MPa to 30.80 +1.39 MPa, i.e. an increase of
176%. The flexural modulus increased from 385.6 +27.1 MPa to 1294.7 +58.5 MPa, i.e. by
235%. The densities of the new sandwich boards is in the range of 300 — 490 kg/m3, which is
40% to >50% less than particle boards or OSB boards. The flexural strength is approx. twice
as much as that of particle boards and comparable to OSB boards, while the flexural
modulus is approx. 50% of particle boards and 30% of OSB boards. In addition, the new
sandwich materials come with a low and completely reversible water uptake.

Summing up, it was possible to generate a new sustainable lightweight construction material
with outstanding properties, making them suitable for markets, where weight saving or
improved insulation are requested. This is valid for vehicle construction in general (esp.
refrigerated vehicles), ship- and boat building (interior work), but as well furniture industry
or booth construction.

1 INTRODUCTION

During the last decade, natural fibre reinforced plastics became a common material in
industrial applications. In the German automotive industry the annual consumption of natural
fibres (new & recycled) was 90,000 tons (16 kg fibres per vehicle), which is equal to 150,000
tons of composites [1]. If e.g. glass fibre reinforcement is substituted by natural fibres the
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density of the composite decreases by approx. one third from 1.8 g/cm3 to approx. 1.2 g/cm3
[2]. The usage of natural fibre reinforced synthetic PU is industrial standard for car parts like
door-trim panels [3] or instrument boards [4].

In contradiction to the wide use of natural fibre reinforced fossil-based polyurethanes
(PU), there is only few scientific work about the material development or mechanical
properties. From the side of chemistry it is obvious, that the reaction of polyurethane
formation promotes a good incorporation and fibre-matrix interaction of cellulose fibres in
the resulting composite [5]. The isocyanate component can not only react with the polyol
component, but as well with the hydroxyl groups at the fibre surface resulting in a covalent
coupling.

For production of polyurethane foams water is added to the mixture, which reacts under
CO, formation with the isocyanate component [6]. Thus, the natural fibres used in the actual
automotive parts are dried prior to processing to prevent foam formation.

Concerning bio-polyurethanes, first commercial products have been established on the
market consisting of a fossil-based isocyanate component and a bio-based polyol component
[5]. This enables a share of 30% — 50% bio-based carbon atoms in the polymer. In addition,
during the last years a large number of natural resources have been examined for the
suitability as natural fibre-reinforced bio-polyurethane, based on e.g. palm-oil [7] or sugar
cane [8]. A natural fibre reinforced bio-polyurethane containing polyols from soya, rapeseed
or sunflower oil has been examined [9]. It contained up to 81% of bio-based resources and
fulfilled all requirements for the use as car-interior trim panel. At that time the bio-based
polyurethanes could not compete with the price of fossil-based ones, but in between the price
gap has decreased to 10% — 15%, which can be compensated by advantages in disposal or
recycling costs [2].

Sandwich constructions using a core made of natural fibre-reinforced bio-polyurethane
could be a lightweight construction material for the future. From natural fibre-reinforced
fossil-based polyurethane it is known, that the fibre reinforcement can improve the foam’s
compression properties [7] and the insulation properties [10]. In general, natural fibre
reinforced plastics are poorly used in sectors like refrigerated vehicles, ship- and boat
building, interior work, booth construction etc., although the standard materials used instead
(MDF, OSB, plywood or particle boards) would be easily to replace by sandwich boards
made of natural fibre-reinforced PU.

Consequently a sustainable sandwich construction was designed consisting of bio-based
PU equipped with natural fibre semi-finished products as cover layers. This new approach
enables the production of materials, which are lighter and less expensive than the currently
used conventional materials.

2 MATERIALS AND METHODS

2.1 Materials

Polyurethane systems, containing approx. 50% bio-based constituents, were obtained from
Rihl  Puromer GmbH  (Friedrichsdorf/Ts.,, Germany): an Isocyanate ‘MDI’
(diphenylmethane-4,4'-diisocyanate, puronate 900, #07551) in combination with a bio-based
polyol (ep3272, #EP 3272) as standard mixture, or with a modified lot containing more
hydroxyl groups to increase the cross-linking (ep3272, #EP 3272-4). Both offer a sufficient
starting time for manual processing (180 sec and 90 sec) and react at moderate temperature.
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This polyurethane system is a so-called integral foam with harder surface structure, enabling
the production of sandwich boards as one-shot process. The polyurethane system PUR 900 /
EP3272 is recommended for isolation-foam packages as well as for production of medium
hard foams, integral foams and coatings. Basic physical data of the isocyanate component at
25 °C are density 1.23 g/cm3, viscosity 220 mPa-s and processing temperature 20 — 25 °C
[11].

Cover layers were obtained from different suppliers: flax fabric (‘linen’, #00 1818 00, 175
g/m2) was obtained from Leineweberei Hoffmann, Neukirch/Lausitz, Germany. Hemp laid
scrim, rectangular, 2 threads per cm, 60 g/m? was obtained from Sachsenleinen GmbH,
Waldenburg, Germany (‘Fadengelege’). Polyester fabric (‘high-performance PE fabric’
#3493-100-B0-136 2) was obtained from Hansel Tec GmbH, Iserlohn, Germany.

Hemp needle felt 800 g/m? was obtained from NAFGO GmbH (now Hempflax
Deutschland GmbH, Wippingen, Germany). The felt is produced from hemp fibres type
GDEO02 (variety Fedora) with collective strength 44.9 +4.7 cN/tex (674 £20 MPa), single
element strength 55.0 £10.8 cN/tex (827 £162 MPa), single element Young’s modulus 12984
+2970 MPa, fineness 37.6 £ 1.5 um and moisture content in standard climate 7.39 £0.21% by
weight. Details of the analysis pathway and results have been published elsewhere [12, 13].

2.2 Sandwich production

Sandwich boards are produced in a heatable moulding tool with internal dimensions of
560 x 400 x 10.4 mm3 in a one-shot process. The tool’s surface is lined with Teflon foil to
prevent glueing of the polyurethane. To avoid over-pressure, the tool is equipped with four
exhaust channels (approx 1 x 5 mm2) at the corners. Depending on the type of polyol,
different parameters are applied as listed in table 1. First the lower cover layer (and, if present
the core reinforcement) is introduced into the tool, then the PU components are mixed in
adequate proportions and poured in the tool. Finally the upper cover layer is laid over the PU
and the tool is closed. To ensure complete curing of the boards, the reaction time was 15
minutes.

Polyol used EP 3272 EP 3272-4
Start time in sec 180 90
Processing temperature in °C 68 68
Curing time in min. 15 15

Table 1: parameters for production of sandwich boards.

2.3 Methods of analysis

Sample specimens were cut from the composite boards in length direction of the
reinforcing fibres. All test specimens were conditioned according to DIN EN ISO 291 [14] at
23°C and 50% relative humidity for at least 16 h prior to testing.

Flexural characteristics: sample specimens were prepared according to DIN EN ISO
14125 [15] (method A / class | / Appendix A: 200 x 25 mm?). The tests were conducted in a
Zwick Z 250 universal tensile tester (manufactured by Zwick GmbH & Co. KG, Ulm,
Germany) equipped with a 250 N load cell according to DIN EN 1SO 14125 [15]. At least
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five test specimen were tested. Tensile strength and Young’s modulus were calculated by the
Zwick TestXpert software (version 070403, Zwick/Roell, Ulm, DE).

Moisture uptake was measured in a ‘worst case scenario’ using small specimen of 20 x 10
x 10.4 mm3 (I x b x h). The specimen were pre-conditioned as mentioned above and then
stored under demineralised water for two months. The weight and dimensions of each
specimen were measured initially, after 1, 3, 7, 30 and 60 days. Finally the samples were
allowed to dry at room temperature without conditioning for two weeks to assess the
reversibility of the moisture uptake.

The fibre-PU interface was visualised using scanning electron microscopy (SEM): prior to
the measurement the fibres are sputtered 2 min. at 50 mA with gold dust (Edwards Sputter
Coater S150B; Crawley, West Sussex, GB). SEM images of the fibres are recorded using a
Cam Scan CS24 device (EO Elektronen-Optik-Service GmbH, Dortmund, Germany;
acceleration voltage 20 kV; Software: analySIS 3.2, SIS Soft Imaging System GmbH,
Minster, Germany).

3 RESULTS

To reveal the intensity of fibre-PU interaction, a sample board was prepared containing
18% hemp fibres GDEO2 (same lot of fibres as used in the hemp needle felt). A specimen
from this board was broken in a tensile tester. Figure 1(a) shows exemplarily the fracture area
of the sample. It can be seen easily that the high fibre share in weight occupies only a small
share of the volume. Between the fibres are large areas of non-reinforced polyurethane. The
detailed view on the pull-out-area of a fibre bundle in figure 1(b) depicts the good fibre-
matrix interaction.

Figure 1: SEM image of the fracture area of a hemp fibre reinforced PU sample, (a) overview and (b) detailed
area of pull-out.

The flexural strength and flexural modulus of the neat PU are displayed in figure 2. Neat
PU boards were produced in different densities by variation of the amount used. Smaller
amounts of PU can fill the tool as well, but give larger internal pores and thus a board of
lower density. The displayed variants with densities of 0.22 and 0.31 g/cm3 represent the
minimal possible density and an average density with only low material loss through the
exhaust channels. For comparison, the standard amount of the higher cross-linked PU with a
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density of 0.34 g/cm3 is shown.
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Figure 2: mechanical properties of the neat PU resins vs. density.
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Figure 3: flexural strength of PU sandwich boards with different cover layers vs. density.
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Obviously the flexural strength and flexural modulus increase with increasing PU density.
This effect has to be considered when comparing results of different experiments. The
flexural strength of the neat PU increases from 6.4 £0.9 MPa (0.22 g/cm?) to 11.1 £0.5 MPa
(0.31 g/cm?), and the value for the PU EP3272-4 is 12.4 £1.1 MPa (0.34 g/cm3). The flexural
modulus follows the same tendency: it is 267.3 +32.1 MPa (0.22 g/cm?3), 385.6 £27.1 MPa
(0.31 g/cm3), and 442.5 £32.6 (cross-linked, 0.34 g/cm3).

If this material is reinforced as sandwich structure with cover layers like flax fabrics
(linen), flax laid scrim, or high-performance PET fabrics, the flexural strength and modulus
increase dramatically. As displayed in figure 3, the addition of flax fabrics in combination
with minimal and maximal possible amount of PU increases the flexural strength by a factor
of up to three to 21.3 MPa (0.35 g/cm3) or 30.8 £1.4 MPa (0.49 g/cm3). One has to mention,
that due to the structure of the fabrics the reinforcing effect in cross-direction is approx 20%
lower with 24.4 +1.3 MPa. If flax laid scrim or PES fabrics are used as reinforcement, the
properties are identical in machine- and cross-direction with 15.9 £1.9 MPa for the laid scrim
and 19.4 0.7 MPa for the PET fabrics.
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Figure 4: flexural modulus of PU sandwich boards with different cover layers vs. density.

Concerning the flexural modulus, the same tendency is observed for the samples (cf.
figure 4): with flax fabric the modulus is increased to 881.3 £49.8 MPa (0.35 g/cm?3) or
1294.7 £58.5 MPa (0.49 g/cm3). For the modulus the anisotropy is similar with 1065.3 +46.3
MPa in cross-direction. For laid scrim and PET fabrics the values are 618.2 £70.6 MPa and
754.2 +47.5 MPa, resp.

Compared to conventional boards these are good properties: as listed in table 2, the
sandwich boards made from Bio-PU are approx. half as dense as standard particle boards and
display approx. the double flexural strength, but are approx. 40% lower in their flexural
modulus. Compared to OSB or MDF boards, the density is 30 — 40% lower, the flexural
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strength is on the same level, and the flexural modulus is approx 50% lower.

Material type/ Bio-PU sandwich Particle board Oriented strand Medium-density

parameter board, thiswork DIN EN 13986 board (OSB) DIN fibreboard (MDF)
[16] EN 13986 [16] DIN EN 622-5 [17]

Density in kg/m3 350 — 490 650 — 850° 600 — 1000* 500 — 650"

Flexural strength 21-31 12 - 20" 20 - 30" 22 - 32

in MPa

iFn'e,\’;ILI’;:' modulus g1 _ 1667 1800 — 3000° 2500 — 4800" 2700 — 3700"

Maximum

water sorption in 3-8 88 — 1197 103 — 1377 126 — 1327

mass-%

Istandard values required by DIN EN 13986 [16] or DIN EN 622-5 [17], resp.
2values measured according to DIN 52103 in [18]

Table 2: mechanical characteristics and water sorption of Bio-PU sandwich boards compared to standard
boards boards (values for 10 mm thickness).
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Figure 5: flexural strength of PU sandwich boards with and without core reinforcement vs. density.

The effects of additional core reinforcements or usage of higher cross-linked PU on the
flexural strength are displayed in figure 5: compared to the reinforcement only by cover
layers there are only negligible or even negative effects. For flax fabrics as cover layer, core
reinforcement by hemp felt gives a flexural strength of 23.4 MPa (0.41 g/cm3), comparable to
that of 0.35 g/cm3 density in figure 3. The usage of stronger cross-linking PU reduces the
tenacity to 19.2 MPa (0.39 g/cm3), which is below that of 0.35 g/cm?3 density in figure 3. In
both cases the values in cross-direction are approx. 20 — 25% lower. For flax laid scrim and
PET fabrics there is no significant effect of the core reinforcement observable — the
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differences are within the statistical uncertainty. Concerning the flexural modulus displayed
in figure 6 the effects are similar. For flax fabric the moduli in machine direction are with
core reinforcement on the same level as without, but in cross-direction they are lower and the
difference increases. For laid scrim and PET fabrics there is again no significant effect of the
core reinforcement observable.
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Figure 6: flexural modulus of PU sandwich boards with and without core reinforcement vs. density.

An additional advantage of the Bio-PU sandwich boards compared to standard boards is
the low moisture absorption. As displayed in figure 7, the total uptake is even after two
months under water as low as 3 — 4% of weight for the boards with cover layers of flax or
PET. If additional core reinforcement by hemp felt is present, the water absorption can reach
8% after two months for the flax fabric covered sandwich board. If the cover layer is PET,
the moisture absorption is limited. Interestingly the water absorption is totally reversible: 14
days storage at room temperature without conditioning is sufficient to dry the samples totally.
Final values below 0% are caused by the effect, that the samples have initially been pre-
conditioned at 50% rel. humidity. Compared to standard boards like MDF- OSB- or particle
boards the water absorption is negligible. As listed in Table 2, those standard boards exhibit
moisture absorption values of 88% — 136% (mass) [18], i.e. a factor of more than ten higher.
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Figure 7: moisture absorption of PU sandwich boards with different cover layers and core reinforcement.
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Figure 8: dimensional changes of PU sandwich boards caused by moisture absorption.

As displayed in figure 8, dimensional changes occur only to a small extent. The maximal
effects have been observed in thickness increase, where the maximum is reached after 30
days with no effect for the PET covered and 0.5% swelling for the flax fabric covered
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sandwich. If additional core reinforcement by hemp felt is present, the swelling is 0.6% for
PET and 1.4% for the flax fabric covered sandwich. In length direction the swelling is
negligible low as 0.2 — 0.4%. It is as well as the thickness swelling completely reversible.
The swelling in cross-direction is the same as in length and thus not displayed here.

4 CONCLUSIONS

It has been shown, that it is possible to produce boards of bio-based PU, which are 40 —
60% lower in density than conventional boards. The flexural strength is approx. twice as
much as that of particle boards and comparable to OSB or MDF boards. Compared to those,
the flexural modulus of the bio-PU boards is >50% lower. This is not necessarily a
disadvantage, because high modulus stands as well for brittleness. Especially for materials
used in vehicle or boat construction the materials should have a higher elasticity coming
along with improved impact behaviour — and this is much easier with lower flexural
modulus.

Another advantage of the bio-PU sandwiches is their low and completely reversible water
absorption in combination with the excellent dimensional stability. The water absorption is as
low as ten percent compared to standard MDF-, OSB- or particle boards [18].
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