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Abstract: With the use of natural fibers as a substitute for synthetic reinforcements, a significant contribu-
tion towards advanced ecological and efficient lightweight structures can be made. Within this article, the
polyurethane (PUR) spray coat method is used for the manufacture of natural fiber-reinforced compo-
sites based on the fiber materials linen and hemp. Both the investigation of the mechanical properties and
the yarn impregnation, as a reference for the composite quality, are of major interest and help to evaluate
the potential of these bio-based materials as a contribution towards advanced lightweight components.
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Im regnacia wlokien naturalnych i wlasciwosci mechaniczne kompozytow
z ich udzialem

Streszczenie: Kompozyty wzmocnione widknami naturalnymi na bazie Inu i konopi wytwarzano meto-
da warstwowego natrysku poliuretanu (PUR). Zbadano proces impregnacji przedzy i wiasciwosci
mechaniczne otrzymanych kompozytéw oraz oceniono mozliwosci zastosowania takich materiatow
pochodzenia naturalnego w zaawansowanych lekkich elementach konstrukcyjnych.

Stowa kluczowe: wtokna naturalne, tworzywa polimerowe wzmocnione widknami, metoda warstwo-

wego natrysku poliuretanu, matryca komoérkowa.

In recent years, the use of fiber-reinforced composites
in industrial applications has significantly intensified.
With mechanical properties comparable to glass fibers, in
combination with a low density and modest production
costs, natural fibers have a high potential to substitute
conventional fiber materials [1—3]. In contrast to syn-
thetic fibers, the material properties are subject to certain
variability due to the individual growth processes. In
combination with inappropriate matrix systems, this of-
ten results in a unsatisfactory composite quality [4—6].
Therefore, appropriate solutions have been developed
for the processing of natural fibers, which are traditio-
nally integrated in composite structures as mats or other
non-wovens [7]. One possibility for producing natural-fi-
ber-reinforced composites is to spray a thermoset matrix
system based on foamable polyurethanes (PUR) onto the
reinforcement, followed by compression molding [8].
Foamable matrix systems and polyurethane in particular,
gain an increasing relevance with natural fillers for com-
posites materials [9, 10] using linen and hemp-fibers [1,
11], banana-fiber [12], hardwood-pulp [13] and other
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reinforcements [2, 3, 14]. Comprehensive studies on the
mechanical, thermal and, in some cases, dielectrical pro-
perties were performed and offer a high potential for use
in lightweight composite structures. The development of
components made from natural fiber-reinforced compo-
sites requires a deep understanding about the material
behavior and the effects of the manufacturing process on
the resulting properties. For the purpose of lightweight
construction, and in the context of the conservation of re-
sources, the use of natural fibers is of particular interest.
Within this article, natural fiber-reinforced composite
structures manufactured using the polyurethane spray
coat method are analyzed with respect to the resulting
mechanical properties. Furthermore, the composite
structure, in particular yarn impregnation as a main crite-
rion for high quality composites is evaluated to assess the
potential of the selected natural fiber products for the use
in lightweight applications.

EXPERIMENTAL PART
Materials

In preparation for manufacturing studies, attention
was paid to select a representative range of native natural
fiber fabrics based on linen and hemp. It was ensured that
each textile structure differs only in terms of a single
parameter, such as fiber type, weave and grammage in
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Table 1. Overview of selected semi-finished products with structural properties (*fown measurement)

Designation of specimen UD190LI UD300LI TW315LI TW330HP
Weave UD UD Twill 2/2 Twill 2/2
Titer weft direction, tex 28.0 28.0 139.0 74.1%
Titer warp direction, tex 42.0 135.0 139.0 76.9%
Thread density (weft), 1/cm 3.0 3.0 12.0 5.0*
Thread density (warp), 1/cm 42.5 21.0 10.0 15.0*
Grammage, g/m? 190.0 300.0 315.0 330.0
Yarn twist (weft), U/m 670 520 250 -
Yarn twist (warp), U/m 550 208 250 -
Fiber type linen linen linen hemp
Manufacturer Sicomin Epoxy Systems!) A. Pavani OHG?

D Sicomin Epoxy Systems, 13220 Chateauneuf les Martigues, France.
2) Anita Pavani OHG, 35452 Heuchelheim, Germany.

order to directly assess their influence on the composite’s
characteristics. Table 1 shows the selected fabrics and
their structural properties; all selected textiles are com-
mercially available. Only the structural properties for ti-
ter, thread density and yarn twist for the hemp fiber fab-
ric could not be provided by the manufacturer. Therefore,
the titer and the yarn density were determined by our
own measurements.

T a b 1 e 2. Properties of the polyurethane resin Elastoflex
E3851/102

Property Polyol Isocyanate
Density (25 °C), g/cm? 1.07 1.23
Viscosity (25 °C), mPa-s 1600 220
Mixing ratio, g 100 215
Polyurethane mixture
Free rise density, kg/m3 125
Starting time, s 85
Rising time, s 135

All the mentioned natural fibers were treated in alka-
line solutions and washed with water prior to the weav-
ing process. This conditioning step helps to remove any
remaining pectins and other pollutants, which could

Polyol
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blank cut stack up of PUR
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have a negative impact on the impregnation of natural
fibers. The foamable polyurethane system Elastoflex
E3851/102 from BASF Polyurethanes GmbH serves as the
reactive thermosetting resin for the impregnation of the
natural fiber fabrics. The component properties are taken
from the material data sheet provided by the mentioned
manufacturer (Table 2) [15].

Preparation of test specimens

The manufacture of test specimens was performed
using the polyurethane spray coat method with an SCS
(Structural Component Spraying) — mixing and spray-
ing unit provided by KraussMaffei Technologies GmbH.
With the use of the high pressure counter flow injection
method, the reaction components polyol and polyiso-
cyanate were mixed together and discharged into an
open mold whose bottom cavity was covered with the in-
serted fabric structures (Fig. 1).

In contrast to conventional manufacture methods,
the impregnation was performed solely using the ex-
pansion pressure of the polyurethane in the thickness
direction of the fabric rather than in the plane inside
the closed mold. After a defined reaction time of 300 s,
the cross-linking was complete and the fiber-rein-
forced cellular component was ready for extraction.
The manufacture of the test specimen was based on the

Isocyanate

N, X

blending and
spraying unit
!

Demolding of PUR-
composite structure

Closing of mold

Fig. 1. Manufacturing of test specimen using the polyurethane spray coat method
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process parameters listed in Table 3 and kept constant
throughout the investigations.

Table 3. Process parameters for the manufacture of specimen

Property Value
Mold temperature, °C 80
Processing temperature PUR, °C 23
Reaction time, s 300
Size of plates, mm 650.0 x 650.0 x 2.0
Matrix mass, g 500

Prior to the manufacturing process, the textile struc-
tures were stored at room temperature in a dry and light
protected place to avoid degradation of the textile struc-
tures. However, with the insertion of the textiles into the
heated mold, drying of the textiles was observed. Out of
the injected plates, specimens with geometries according
to standards for tensile- and bending tests were manufac-
tured using water jet cutting methods. The cut surface
is characterized by a high quality (surface roughness
R, >16 um) and low tolerances (+ 0.1—0.2 mm).

Methods of testing
Mechanical properties

The mechanical properties of the natural, fiber-rein-
forced, polyurethane composites were evaluated using a
tensile test and 3-point-bending test. The testing condi-
tions, including the size and preparation of specimens,
complied to DIN EN ISO 527 for the tensile test and DIN
EN ISO 14125 for the 3-point-bending test. Both tests
were executed using a ZWICK 1465 machine with a load
cell of 50 kN. The deformation of the specimen was mea-
sured with a macro extensometer for the tensile test and
with a bending sensor for the bending test. The test speed
was adapted according to the standard with 2.0 mm/min
for the tensile and 1.33 mm/min for the bending test.

Yarn impregnation

The mechanical properties of fiber-reinforced plastic
components are highly dependent on both the type of re-
inforcement and the matrix material, as well as on the ad-
hesion between fiber and matrix. With the manufacture
of composite structures using a polyurethane spray coat
method, the formation of a cellular matrix during
cross-linking is intended, as the expansion pressure of
the matrix is the driving force for impregnation. Due to
the expansion and formation of the polyurethane foam,
the composite has a cellular structure with voids inside
the yarn, between textile layers and matrix dominated
areas. Since voids are considered as weak spots inside
composite structures, leading to a reduced fiber-ma-
trix-adhesion and therefore favoring the emergence of
stress peaks, the composite quality needs to be evaluated
using an appropriate method.

One way to evaluate the composite quality is to ana-
lyze the yarn impregnation by measuring the size of air
inclusions inside the yarn structure. With the help of mi-
crographs, taken with a light microscope and the image
software AxioVision — both developed by ZEISS, the to-
tal pore size in relation to the total yarn size was deter-
mined. Since the micrographs are black and white, the
image analysis is based on the processing of grey value
distributions (Fig. 2).

The histogram of the micrograph, which shows a dis-
tribution of grey value over the number of pixels, helps to
identify the associated grey value of the pores, which are
significant for analyzing the composite structure. For the
evaluation of the impregnation quality, the value of the
total pore area inside the yarn cross section is calculated
in order to determine the ratio between the total yarn size
and the size of the impregnated region. This ratio repre-
sents the yarn impregnation and helps to assess the influ-
ence of changes in the process and varying textile para-
meters. To receive a statistically secure result for the yarn
impregnation of one composite structure, at least ten dif-
ferent yarn cross sections evenly distributed across the
composite width were measured and analyzed.

Fig. 2. Micrograph of: a) the cross sections of a natural fiber-reinforced polyurethane composite, b) converted into a binary representa-

tion where black areas represent pores and white areas fiber and matrix components, c) evaluated pore areas inside the composite struc-

ture
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RESULTS AND DISCUSSION
Mechanical properties

The material behavior under defined loads can be de-
termined by analyzing the characteristics of the stress-
-strain-curve. The presentation of the results is divided
into the directions of the acting loads, whereas the fi-
ber-direction of the unidirectional and the warp-direc-
tion of the twill fabrics coincide with the acting 0° - load.
The material behavior is strongly dependent on the rein-
forcement structure. Composite structures with unidirec-
tional fiber orientation show a rather brittle behavior,
whereas twill-weave composites are characterized by a
distinctive, large strain-curve (Fig. 3a).
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This phenomenon is based on the fiber crimp due to
characteristic weave structures, like twill- and plain-
-weave. Within these weave structures, warp and weft
yarns form ondulation-points resulting in fibers with
a deflected, rather than a straight, orientation. In the
course of acting loads, the fibers increasingly move to-
wards a stretched position leading to a larger strain com-
pared to the already straight oriented unidirectional
weaves [16]. With the alteration of the load direction, the
stress-strain curves for unidirectional fiber-reinforced
structures show a significantly different course due to the
matrix dominated load path (Fig. 3b). Furthermore, both
twill-weave structures also have a different material be-
havior whilst changing the load direction due to a varied
structure in the weft and warp directions of the fabric.
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Fig. 3. Stress-strain curve of the natural fiber composites in the tensile test: a) 0° - direction, b) 90° - direction
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Fig. 4. Mechanical properties: a) tensile strength, b) Young’s modulus; the 0° - and 90° - directions are reported in both panels for the exa-

mined specimens
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Fig. 5. Stress-strain curve of natural fiber composites in bending test: a) 0° - direction, b) 90° - direction
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Fig. 6. Mechanical properties: a) flexural strength, b) flexural modulus in 0° - and 90° - direction for the examined specimen

In addition to the stress-strain curve, two mechanical
properties (tensile strength and Young’s modulus) were
evaluated (Fig. 4). The linen fabrics with the unidirec-
tional fiber orientation were characterized by the highest
strength and modulus compared to the twill weave struc-
tures. It is evident that the mechanical properties are sig-
nificantly reduced when the test load acts transverse to
the fiber orientation for unidirectional reinforced compo-
sites.

The mechanical properties also show the influence of
weave between UD300LI and TW315LI with otherwise
comparable properties regarding the textile structure.
Further, the results indicate a difference in the resulting
properties between warp and weft direction for the twill
weave structures, mainly caused by the varying proper-
ties of the warp and weft structure. It is also evident from
the gained results that the determined standard devia-

tion is low compared to the absolute mechanical proper-
ties, which shows a high reproducibility of the manufac-
turing process.

In theory, the bending test results represent a close
approximation of the Young’s modulus gained with the
uniaxial tensile test due to an additional acting shear
stress. As a result of this additional acting load, the deter-
mined values for the bending tests are generally lower
than those of tensile tests. Furthermore, the alternative
specimen size and bearing could also lead to significant
differences in the resulting material properties. In accor-
dance to the tensile tests, a stress-strain curve was deter-
mined to evaluate the material behavior under bending
loading. With the fiber reinforcement oriented in the di-
rection of the acting bending stresses, the unidirectional
reinforced specimens show a rather brittle behavior com-
pared to the twill-weave structures. In contrast to the ten-
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Fig. 7. Structure and analyzed yarn impregnation of the unidirectional fiber-reinforced polyurethane composites: a, b) UD190LI,
¢, d) UD300LI

analyzed yarn._
. cross sections

Fig. 8. Structure and analyzed yarn impregnation of the twill weave fiber-reinforced polyurethane composites: a, b) TW330HP,
¢, d) TW315LI

sile tests, the failure of the unidirectional reinforced spe- With the alteration of the acting load, the stress-strain
cimens is not characterized by a sudden collapse but a  curves change drastically for the unidirectional rein-
short, ductile behavior (Fig. 5a). forced specimens due to the matrix dominated structure
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in the direction of the acting load (Fig. 5b). A slight diffe-
rence between the twill structures with the acting load in
the warp or weft direction could be determined. With
consideration to the specimen size, the mechanical pro-
perties flexural modulus and flexural strength mainly
correlate with the results gained in the tensile tests. Solely
regarding the absolute values, a difference could be de-
termined. In addition, the flexural strength of the twill
weave composites exceeds the resulting tensile strength

(Fig. 6).
Yarn impregnation

The yarn impregnation of the natural fiber-reinforced
composites was determined by analyzing the ratio of the
impregnated area to the total yarn size using micro-
graphs. The images in Fig. 7 give an impression about the
inner structure of the composite and the distribution of
the cellular matrix. It is evident that the composites with
unidirectional reinforcement show a homogeneous
microstructure consisting mainly of fiber and compact
matrix due to a rather high fiber volume content. Only in
individual cases can regions with single pores emerge al-
though the employed polyurethane system has generally
a cellular structure.

In contrast to the unidirectional reinforced laminates,
the composites with twill-weave show a different struc-
ture and distribution of fibers, compact matrix and cellu-
lar matrix. Whereas the yarn structure itself still keeps a
compact shape with only small pores (<10 um) that tend
to merge into medium-size cellular areas (<50 pm) with
undefined shape, the regions within the crossover area of
the twill weave have a distinctive cellular structure with
mainly large size pores (>50 um) and a rather homoge-
neous pore distribution (Fig. 8).

T able 4. Yarn impregnation of natural fiber-reinforced com-
posites in relation to their fiber mass content, fiber volume con-
tent, foam density and foaming degree

Yarn Fiber Fiber Foam |Foaming
Specimen | impreg- | volume mass density | degree
nation, % | content, % | content, % | g/cm?3 1
UD190LI 60.9 43.9 65.8 1.05 8.40
UD300LI 53.9 34.7 58.4 0.91 7.28
TW330HP | 53.4 28.9 50.9 0.83 6.64
TW315LI 55.6 36.5 60.4 0.93 7.44

The pores inside the yarn structures vary strongly
within their size mainly because the surrounding pores
merge to form complex cellular areas with a characteristic
shape, which are strongly influenced by the textile struc-
ture. The distribution of pores in the matrix areas and
micropores inside the yarn are homogeneous throughout

the thickness of the specimen. During the manufacture of
the specimens, the number of textile layers for each com-
posite structure was kept constant in order to attain compa-
rable fiber mass contents between different specifications.
However, preliminary manufacturing studies revealed an
unsatisfactory impregnation and surface quality for the
TW330HP specimens. Due to the textile structure, the num-
ber of layers was adapted from the original 6 layers to 4 in
order to attain an improved quality throughout the com-
posite width. Therefore, the fiber mass content differs
within a certain range and influences the resulting yarn
impregnation, which in turn also has an influence on the
mechanical properties (Table 4).

The results in Table 4 indicate that natural fiber-rein-
forced composites with a cellular polyurethane matrix
reach a high yarn impregnation. In contrast to PUR-com-
posites with synthetic fibers, the impregnated yarn struc-
ture has larger, connected cellular areas and only a few
single micropores [17]. The yarn impregnation itself is in-
fluenced by the textile structure, for instance the yarn ti-
ter and the weave, which in turn contribute to the fiber
mass content and the resulting foaming degree of the ma-
trix system. In general, an increase in foaming degree
contributes to the impregnation quality due to the higher
expansion pressure.

CONCLUSIONS

The use of natural fibers in composite structures offers
a high potential in terms of weight reduction and a signi-
ficant reduction of the carbon footprint due to the
bio-based feedstock of the reinforcement structure. The
evaluation of tensile and bending tests reveals mechani-
cal properties similar to glass fiber composites in addi-
tion to a very low standard deviation, which implies re-
producible processing methods for the fiber material it-
self and the composite structure. Here, the polyurethane
spray coat method represents a high potential production
process for the manufacture of fiber-reinforced polyure-
thane composites with a cellular and, therefore, weight
reduced matrix but also a high yarn impregnation. The
results indicate that the textile structure and the foaming
degree directly influence the resulting yarn impregna-
tion.
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W kolejnym zeszycie ukaza sie m.in. nastepujace artykuly:

— J. Culin — Kompozyty poliuretanowe z wzajemnie przenikajaca sie siecia polimerowa stosowane do thu-

mienia drgan (j. ang.)

— M. Wenda, R. Jeziérska, M. Zielecka, M. Panasiuk — Zastosowanie nanoczastek srebra do modyfikacji polime-

row

— 5. Paszkiewicz, I. Pawelec, A. Szymczyk, Z. Rostaniec — Wtasciwo$ci mechaniczne i termiczne hybrydowych
nanokompozytéw polimerowych otrzymanych metoda polimeryzacji in situ (j. ang.)

— H.Mgka, T. Spychaj, R. Pilawka, P. Dziedzic — Wptyw hybrydowych nanonapeiniaczy weglowych na proces
sieciowania i wlasciwo$ci materiatléw epoksydowych (j. ang.)

— P. Dmowska-Jasek, W.M. Rzymski, A. Smejda-Krzewicka — Proces sieciowania i wtasciwos$ci niekonwencjo-
nalnych mieszanin kauczuku chloroprenowego z cze$ciowo uwodornionym kauczukiem butadieno-

wo-akrylonitrylowym

— K. Wilczynski, K. Buziak, M. Bartnik — Badanie przeptywu kompozytow polimerowo-drzewnych w proce-

sie wytlaczania jednoslimakowego

— I. Michalska-Pozoga, T. Rydzkowski — Wplyw warunkdéw wytlaczania w slimakowo-tarczowym uktadzie
uplastyczniajacym na wlasciwosci mechaniczne kompozytéw polimerowo-drzewnych (WPC) (j. ang.)
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