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Abstract: Wood Textile Composites (WTCs) represent a new and innovative class of materials in the
field of natural fiber composites. Consisting of fabrics made from willow wood strips (Salix americana)
and polypropylene (PP), this material appears to be particularly suitable for structural applications
in lightweight construction. Since the threads of the fabric are significantly oversized compared to
classic carbon or glass rovings, fundamental knowledge of the mechanical properties of the material
is required. The aim of this study was to investigate whether WTCs exhibit classic behavior in terms
of fiber composite theory and to classify them in relation to comparable composite materials. It was
shown that WTCs meet all the necessary conditions for fiber-reinforced composites in tensile, bending,
and compression tests and can be classified as natural-fiber-reinforced polypropylene composites. In
addition, it was investigated whether delamination between the fiber and matrix can be simulated by
using experimentally determined mechanical data as input. Using finite element analysis (FEA), it
was shown that the shear stress components of a stress tensor in the area of the interface between the
fiber and matrix are responsible for delamination in the composite material. It was also shown that
the resistance to shear stress depends on the geometric conditions of the reinforcing fabric.

Keywords: wood textile composites; natural fiber composites; simulation; materials testing; SEM; FEA

1. Introduction

Against the backdrop of the circular economy, different industrial sectors are always
on the lookout for new and innovative material solutions for a wide range of applications.
In the construction sector in particular, materials with a high potential for lightweight
construction are being targeted [1-3].

Wood is an ideal raw material for the construction sector due to its naturally grown
lightweight construction potential, its thousands of years of use as a building material,
and its ability to store CO;, [4]. Thanks to the centuries-long sustainable management of
forests in various regions, e.g., in Germany, it can also be expected that the raw material
will be readily available in the long term. For a long time, it was believed that, due to
climate change, timber tree species such as spruce (Picea abies) in particular will experience a
significant decline in the middle European forests. For the European beech (Fagus sylvatica),
on the other hand, an increase in occurrence was predicted, as it was assumed that, as
the natural main tree species in Central Europe, it is more resistant to the consequences
of climate change than other tree species. As a result, the focus of technical research
was strongly on beech in order to open up new fields of application [5,6]. However, the
droughts in Central Europe from 2018 to 2022 have shown that European beech is also
highly susceptible to drought stress, which results in a high mortality rate among trees of
all ages [7,8]. In response to this, it makes sense to spread the risk of the unavailability of
various trees or wood species through developments in other tree species [9].

The willow used for the branches in this study is not yet state of the art in the field
of timber construction. However, willow branches have various advantages that make
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it an interesting material for construction. In addition to its flexibility, which is known
from traditional basket weaving, willow wood, just like other types of wood, has very
good strength and low weight, which makes it interesting for lightweight construction
applications [10,11]. In addition, willows often grow on moist soils that are generally
unsuitable for other tree species, so as a niche tree species, it has a certain potential for
utilization [12]. Compared to other tree species, however, willows are usually harvested
for branches rather than trunks. On the one hand, this excludes applications such as veneer
or plywood; on the other hand, fiber material for fiber-reinforced plastics can be obtained
in this way. At the same time, this is a particularly sustainable application, as it is not the
entire tree that is harvested, but only the required branch material. The tree itself sprouts
again and the branches can be harvested in annual cycles [12].

The WTCs investigated in this study (Figure 1) represent an intermediate stage be-
tween solid wood applications such as plywood and fiber applications such as natural fiber
composites (NFCs) based on woven fabrics. The willow strips obtained from the harvested
willow branches are processed into woven fabrics with traditional weaving techniques.
These are then processed in combination with thermoplastics to create panels with excellent
mechanical performance in terms of strength and stiffness in combination with a high
design value.

Figure 1. Wood Textile Composites (WTCs) including close-up of the cross-section.

However, knowledge of the technical properties of the material and their predictability
is essential for use in the construction industry, especially as there have only been a few
studies on this composite material to date [13,14]. The aim of this study is to determine
these parameters in the quasi-static range by means of tensile, bending, and compression
tests, to classify them with regard to the theory of fiber-reinforced composites, to classify
them with respect to comparable composite materials, and to check the predictability of the
mechanical behavior by means of simulation.

For the latter aspect, an approach was taken to investigate the extent to which the
material properties of the composite can be predicted when subjected to a tensile load. As
experience has shown that the crossing points of the threads in fabric-reinforced composites
are particularly problematic and shear forces play a decisive role, the simulation carried
out here focused on their characterization. Alfano et al. [15] showed, for example, that the
delamination of composites can be analyzed by using interface elements and an interface
damage law. In this way, they developed a model that allowed mixed-mode delamination
without the use of a hypothesis regarding the respective mode ratio. Since composite
materials obtain their mechanical properties from their internal boundary conditions, the
parameterization of these boundary conditions is of crucial importance. Zhang et al. [16]
have considered the multi-step woven yarn configuration separately in order to be able to
use so-called “unit cells” as a basis for FEA. Here, these unit cells represent the different
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localities of the structure model. In addition, the effect of the weaving angle on the mechan-
ical behavior was investigated. It could be concluded that with regard to the composite,
the surface and corner regions in particular need to be assessed in order to simulate elastic
properties more accurately. Le Page et al. [17] described that the strain energy release rate
associated with crack initiation is significantly dependent on the locality of the fracture.
They concluded that yarn configurations especially, with their high number of crossing
points, induce cracks. It is considered possible to use a non-linear FEA to perform more
accurate calculations regarding the energy recovery rate. In addition to typical material
properties, damage progression for woven composites has already been demonstrated in
the scientific literature. For a two-dimensional woven composite, the mechanical behav-
ior could be determined and verified in the form of stress—strain graphs [18]. Cohesive
elements, which are capable of describing the onset of damage and crack propagation in
the FEA, were defined in this approach. These parametrized elements were therefore able
to predict the damage behavior for the points with the highest stress within the context
of a unit cell model. In addition to classical FEA, there are also approaches for using
homogenization techniques to simulate heterogeneous microstructures. It was shown that
homogenization techniques with a repeating unit cell (RUC) can be used to make predic-
tions of macroscopic mechanical properties [19]. Mitchell et al. [20] investigated for woven
fabrics whether a beam-shell model can be used to predict the mechanical behavior during
the forming process. However, their results showed a deviation from their expected trends.
This was explained by the fact that the simplified beam theory did not reproduce the actual
material behavior. In this simplified model, the fiber reinforcement that determines the
lateral stiffness and shear stiffness was therefore not taken into account. Thus, the parame-
terization of the model should always be sufficient so that the quantities to be predicted
can be computed validly. The present article attempts to simulate the delamination of the
fabric from the plastic matrix in WTCs using the shear stress modes of a stress tensor and
to validate the model using experimental data.

2. Materials and Methods
2.1. Manufacturing of WITC

To manufacture WTCs, quasi-endless willow wood strips (Salix americana) with a
defined cross-section of 3 mm x 1 mm were produced from willow branches. These were
then processed into woven fabrics on a specially converted loom [21], in this case using the
atlas weave (1:7), which creates different patterns on the top and bottom and a fabric with
anisotropic characteristics. The atlas weave was chosen because it has significantly fewer
crossing points than the plain weave for the same amount of material. Although this results
in a slightly lower resistance to displacement, it produces very good draping properties
with increased mechanical strength due to the reduced number of crossing points [22].
In a subsequent hot-compacting process, two fabrics are draped with their bottom sides
facing each other but with the same main fiber direction and coated with a thermoplastic
matrix. The matrix consists of twelve parts neat polypropylene (Sabic® PP 520P, SABIC
SALES Europe B. V,, Sittard, The Netherlands) and, for reasons of improved adhesion, four
parts PP with 5 wt.% maleic anhydride-grafted polypropylene (MAH-PP) (Licocene PP
MA 6452, CLARIANT INTERNATIONAL LTD, Muttenz, Switzerland) close to the wood
surface areas. The finished composite contains 60% matrix and 40% wood by weight. At
a maximum temperature of 180 °C, a maximum pressure of 0.32 MPa, and a maximum
dwell time of 30 min including cooling time, sheets with a size of 500 mm x 500 mm and
a thickness of 5 mm were produced [14]. The test specimens required for the mechanical
characterization were cut out of the panels using a laboratory circular saw and stored
at 23 °C and 50% r. h. in a standard climate in accordance with DIN EN ISO 291 [23]
until testing.
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2.2. Preparation Prior Testing

All mechanical tests were carried out on a universal testing machine (ZwickRoell
GmbH & Co., KG, Ulm, Germany) together with individual fixtures for the various test
set-ups. In addition to WTCs, neat willow and neat polypropylene were each analyzed. In
the case of the composite material, the tests were carried out in the direction of the fiber
(0°) and across the fiber (90°). In the case of the willow strips used in the composite, their
high flexibility poses a problem in the mechanical tests carried out here. While it is possible
to carry out the tensile test in the fiber direction without any problems, neither the tensile
test transverse to the fiber direction nor the three-point bending or compression test can be
carried out on the individual strips. In order to solve this problem, solid willow wood was
therefore procured and the test specimens for tensile tests transverse to the fiber, three-point
bending, and compression tests were cut out of it using a laboratory circular saw, in the
same way as for the composite.

2.3. Tensile Test

The tensile tests were carried out in accordance with EN ISO 527-4 [24]. In the case of
the willow, 10 willow strips with a length of 155 mm were tested. With a cross-section of
3mm x 1 mm, they corresponded to the willow strips used for production of the composite
material. However, as the strips could only be used to determine values in the direction of
the fiber (0°), test specimens made of solid willow wood transverse to the fiber (90°) were
also produced and tested. In the case of WICs and polypropylene, shoulder bars (type 2)
with a length of 95 mm were produced. The test was carried out at a testing speed of
2 mm/s, and 5 specimens of each variant were tested. The strain values were recorded with
the aid of an extensometer. The tensile strength and Young’s modulus were evaluated and
the results of selected specimens of each material are presented in stress—strain diagrams.
Since no literature values are available for the Poisson’s ratio of willow, which is required
for the parameterization of the simulation, the tensile test was supported by the use of a
ONE1-M?9 video extensometer (Hegewald & Peschke, Nossen, Germany). This non-contact
deformation measuring device can be used to determine the transverse deformation and,
subsequently, the transverse strain ¢y. This is then used together with the longitudinal
strain ey to determine the Poisson’s ratio vxy according to Equation (1):

£
Vxy = - 1

The determination was carried out in accordance with DIN EN ISO 527-1 [25] between
0.05% and 0.25% of transverse strain, whereby an average value was formed from the
values determined for the Poisson’s ratio in this range.

2.4. Three-Point Bending Test

Three-point bending tests were carried out with reference to DIN EN ISO 178 [26].
The specimens of the WTC (0° and 90°) and polypropylene had a length of 100 mm, a
width of 25 mm, and a thickness of about 5 mm. The test specimens for willow (0° and 90°)
had a length of 80 mm and a width of 10 mm with a thickness of 4 mm. The test speed
was 2 mm/min, and 5 specimens of each variant were tested. The three-point-bending
strength and the flexural modulus were evaluated and the results of selected samples of
each material are presented in stress—strain diagrams.

2.5. Compression Test

The compression strength was measured in accordance with EN ISO 604 [27]. Here, too,
polypropylene, WTC (0°), and WTC (90°), as well as solid willow (0° and 90°), were tested.
The dimensions of the test specimens followed the standard with 10 mm x 10 mm X 4 mm,
whereby the thickness of the WTC was left at its original dimension of about 5 mm. The
thickness was determined individually for each test specimen. The test set-up consists
of two load plates between which the specimens were placed (Figure 2). The loading
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was deformation-controlled with a test speed of 1 mm/min. The force-deformation ratio
was measured and documented. The compressive strength f. was calculated as follows
(Equation (2)):

_ Fmax @)

" wxh

For samples that do not have a specific failure point, F.x was defined at the point
where plastic deformation occurs before a multidimensional stress state occurs in the
sample. This is the point from which the axial compression continues to increase without
the compressive stress increasing. This point was reached after a deformation of 1.5 mm at
the latest. The compressive strength and compressive modulus were evaluated and the
results of selected samples of each material are presented in stress—compression diagrams.

Figure 2. Set-up of the compression test.

2.6. Short-Beam Shear Test

Short-beam shear tests were carried out to determine the interlaminar shear strength
required as input for the simulation. The basic structure of the test (Figure 3) corresponds to
that of a three-point bending test, whereby the ratio of the thickness of the test specimen to
the support span should not exceed 1:4. Due to the special nature of the composite material,
two different standards were used, with the main difference being the test specimen
geometry. The dimensions of the test specimens according to DIN EN ISO 14130 [28] were
a length of 45 mm and a width of 22.5 mm with a specimen height of 4.5 mm. The resulting
support width was 22.5 mm, and 10 test specimens were tested at a test speed of 1 mm/min.
The dimensions of the test specimens according to ASTM D2344 [29], on the other hand,
were a length of 27 mm, a width of 9 mm, and a height of 4.5 mm with a support width of
18 mm. The apparent interlaminar shear strength T (short-beam shear strength F55%) was
determined according to Equation (3) based on both standards mentioned:

Fmax
w X h ©)

=3 x
4
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Figure 3. Set-up of the short-beam shear test.

2.7. Scanning Electron Microscopy (SEM)

For a closer look at the interlaminar relationships, SEM measurements were carried
out on selected test specimens after tensile and compression tests. The CAMSCAN MC
2300 device (Electron Optic Services, Inc., Ottawa, ON, Canada) was used here and the
resulting images were used to carry out a more detailed interpretation of the results of the
mechanical tests.

3. Numerical Simulation

A structural-mechanical three-dimensional FEA was carried out to show the initial
delamination effects in the WTC, which were not visible during the test, due to the structure
of the composite. To this end, the extent to which individual stress states or components of
a Cauchy stress tensor cause delamination between the fiber and matrix was investigated.
For this purpose, one binding rapport (a unit cell) of the WTC was modeled (Figure 4) in
Marc-Mentat (e-Xstream Engineering S.A, Bommel, Luxembourg). In this illustration, the
encasing polymer matrix itself remains concealed for illustrative purposes.

<
<P AN

4M'Am

X— /1 A

B

=iy

Figure 4. Illustration of a unit cell of the WTC using the simulation software Marc-Mentat.
(Version 2021.1).
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In Marc-Mentat, tetrahedral elements were used for the clamping jaws to generate
the mesh. The heterogeneous WTC (polymer matrix and fabric) was linearly meshed with
hexahedral elements to simulate potentially high deformations with increased computa-
tional accuracy. The approximately 700,000 elements were parameterized with linear-elastic
material properties. With the exception of the Poisson’s ratio of PP, which was taken from
the literature, the values used for the parameterization were determined in the course of
the investigations carried out and are described in this paper:

= Young’s modulus of the polymer matrix (polypropylene): 1480 MPa;
= Young’s modulus of the willow strip (0°): 7840 MPa;

= Poisson’s ratio of the polymer matrix (polypropylene): 0.42 [30-32];
= Poisson’s ratio of the willow strip: 0.49.

The load displacement was defined in the simulation as 15 mm, which was divided
into 1000 time steps (increments). To simulate the effective shear strength between the fiber
and matrix, the adhesion was also parameterized on the basis of experimental data. The
interlaminar shear strength of 10.03 MPa, which had been determined in the short-beam
shear test, was used as input data. The geometric properties of the WTC were therefore
used to simulate the location where the delamination originally occurred. To maximize
the accuracy of the simulation, a mesh resolution or node spacing of 0.6 mm was used
in Marc-Mentat. The contact of the clamping jaws to the specimen was defined with an
indestructible bond in order to be able to exclude the clamping jaws in the evaluation. As
a result, these clamping jaws serve primarily as an illustration. The FE simulation was
subsequently parameterized to calculate the moment of delamination. A general material
failure was not parameterized. In addition, delamination transitions to frictionless sliding,
as friction effects between the polymer matrix and the fabric were not parameterized. The
model is therefore based exclusively on the stiffnesses of the materials and the contact
conditions of the individual components. The anisotropic macroscopic material behavior
was expected due to the geometric properties of the fabric.

4. Results
4.1. Tensile Test

The results of the tensile test are shown in Figure 5a,b. The individual willow strips
(0°) have the highest values in terms of tensile strength and tensile modulus. The values
of the WTC tested parallel to the main fiber direction (0°) are in the middle range, while
polypropylene together with the values of the WTC tested transverse to the main fiber
direction (90°) have the lower values. Willow wood, which was tested transverse to the
fiber (90°), shows the lowest values. This is also reflected in the stress—strain diagram,
which shows a selected curve of a typical test specimen for each material. The highest
stiffness values are shown for the willow fiber and the highest strains for the polypropylene.
The WTC in the 0° direction are also in the medium range here. As can already be seen
in Figure 5a, WTC 90° shows a slightly higher stiffness than neat polypropylene, but the
strength is reduced. As expected, the neat willow wood transverse to the fiber (90°) shows
the lowest stiffness. The values determined for the elongation at break can be found in
Table 1. The Poisson’s ratio additionally determined for willow (0°) was 0.49 & 0.11.

Table 1. Summary of all data obtained from the tensile test, the three-point bending test, and the
compression test.

Tensile Young s Elongation at Flexural Flexural Compressive Compressive
Material Strength Mo dulusg(MPa) Brega K (%) Strength Modulus Strength Modulus
(MPa) ¢ (MPa) (MPa) (MPa) (MPa)

PP 31.75 +£0.22 1480.61 4 15.89 6.50 & 0.41 54.67 £ 2.33 1371.09 + 81.12 53.09 & 4.52 946.75 £ 95.53
Willow (0°) 91.99 +£12.98* 784091 +1854.94 * 1.25+0.28* 7612 £1420  8116.78 & 750.25 35.15 +2.44 1914.57 + 111.54
Willow (90°) 459 £0.19 280.17 + 40.99 2324033 10.14 +£2.41 564.78 4 284.14 497 +£0.15 162.85 + 15.75

WTC (0°) 49.00 & 3.89 4901.91 £ 977.12 134 £0.12 7597 £11.07  5428.28 £ 834.01 37.95 4+ 2.88 1543.02 + 270.68
WTC (90°) 18.65 £ 4.62 2148.90 + 265.86 1.14 £ 0.04 23.31 & 3.66 1387.03 & 65.75 28.61 +1.88 969.11 & 165.17

* Determined on willow strip, not on solid wood (see Section 2.3).
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Figure 5. (a) Results of the tensile test: tensile strength and Young’s modulus of WTC 0°, WTC 90°,
polypropylene, willow strips 0°, and solid willow 90°; (b) results of the tensile test: stress—strain
diagrams of WTC 0°, WTC 90°, polypropylene, willow strips 0°, and solid willow 90.

Figure 6a,b show SEM images in the loading direction of a typical fracture surface of a
WTC after the tensile test at 0° and 90°. A direct comparison shows, as expected due to
the fabric type, that the number of willow strips in the direction of loading is higher in the
specimen tested at 0° than in the specimen tested at 90°. The willow strips lying in the
direction of loading show clear signs of cracking, and the individual fibers of the willow
strips are visibly torn. This indicates a high resistance to the tensile load. In contrast, the
willow strips lying transverse to the direction of loading show an almost smooth fracture
surface, indicating low resistance to the tensile load. The number of willow strips that
can absorb high tensile forces is therefore significantly reduced transverse to the main
fiber direction. Figure 6b also shows a partial fiber pull-out in the area of a crossing point
(marked area), which indicates a failure of the interlaminar adhesion due to shear stresses
and low adhesion [33].

Figure 6. (a) SEM image of the fracture surface of the tensile test specimen (0°), 23 x magnification;
(b) SEM image of the fracture surface of the tensile test specimen (90°), 25x magnification.
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4.2. Three-Point-Bending Test

The results of the three-point-bending tests are shown in Figure 7a,b. As in the tensile
test, it can be observed that both the strength and the modulus transverse to the main
fiber direction of the WTC are significantly reduced. As expected, the stiffness of the
polypropylene is low in comparison, but comparable with the stiffnesses of the WTC and
the willow transverse to the main fiber direction. Although the flexural strength of the
PP is clearly below that of the WTC and willow parallel to the main fiber direction, it is
higher compared to the measurements transverse to the fiber direction. The values shown
in Figure 7a are confirmed by the stress—strain curves in Figure 7b, which are shown for
a typical sample for each material tested. Here, too, the neat willow shows the highest
stiffness, which decreases slightly when combined with PP; PP exhibits a high elongation;
and the stiffnesses of the WTC and willow transverse to the main fiber direction are in the
lower range.

r 10,000
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T Polypropylene
8000 ©
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= —— Willow 90°
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3
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Figure 7. (a) Results of the three-point-bending test: three-point-bending strength and flexural
modulus of WTC 0° and WTC 90°, polypropylene, and solid willow 0° and 90°; (b) results of the
three-point-bending test: stress—strain diagrams of WTC 0° and WTC 90°, polypropylene, and solid
willow 0° and 90°.

4.3. Compression Test

The results of the compression test are shown in Figure 8a,b. They show very similar
tendencies to the bending test; only the discrepancy between measurements parallel and
transverse to the main fiber direction appear less pronounced. In addition, in contrast to
the tensile and flexural tests, the strength of the matrix is higher than the strength of the
composite. This is also confirmed in Figure 8b, which shows the stress—strain curves of a
typical sample of each of the materials tested.

SEM images of a compression test specimen are shown in Figure 9a,b, exemplified
on a WTC specimen tested parallel to the main fiber direction (0°). Figure 7a shows an
overview image of the sample at 29 x magnification, with pressure applied from the side.
The delamination between the fibers and the matrix is clearly visible, as is the buckling of
the individual components. The detailed image of the same sample at 500 x magnification
in Figure 9b shows the polymer part of the delamination in the lower area. The remains of
the mechanical anchoring between the matrix and the willow strips, which can be seen in
the area of the matrix, are clearly visible here.
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Figure 8. (a) Results of the compression test: compressive strength and compressive modulus of
WTC 0° and WTC 90°, polypropylene, and willow 0° and 90°; (b) results of the compression test:
stress—strain diagrams WTC 0° and WTC 90°, polypropylene, and willow 0° and 90°.

(b)

Figure 9. (a) SEM image of a WTC test specimen after compression test in the main fiber direction
(0°), 29x magnification; (b) SEM image of a WTC test specimen after the compression test in the
main fiber direction (0°), 500 x magnification.

4.4. Short-Beam Shear Test

Using the short-beam shear test, an average interlaminar shear strength of
10.03 £ 1.13 MPa was determined for the WTC, which was used as the input value for
the simulation. Using a VHX7000 digital microscope (Keyence Deutschland GmbH, Neu-
Isenburg, Germany), the images shown in Figure 10 were taken of the test specimens after
the short-beam shear test. Cracks in the wood as well as delamination and cracks in the
matrix can be seen. In particular, the detachment of the matrix from the wood threads is
clearly visible.
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Figure 10. (a) Overview image of a test specimen after short-beam shear test according to DIN
EN ISO 14130, 20x magnification; (b) detailed image of the same test specimen, 50 x magnifica-
tion; (c) detailed image of a test specimen after short-beam shear test according to ASTM D2344,
80 x magnification.

4.5. FE-Analysis

To identify a potential delamination between the fiber and matrix, the parameter
“Adhesion Deactivation” was visualized using Marc-Mentat after simulation as shown in
Figure 11a,b. The selected value is a binary dimensionless parameter, whereby a value
of 0 represents existing adhesion (blue areas), while a value of 1 indicates delamination
(red areas). The red areas in Figure 11a,b indicate that at the time of evaluation, after five
increments, the first delamination exhibits “adhesion deactivation” at the crossing points
of the tissue. Based on this result, a spot within a crossing point was selected in order to
examine it in detail with regard to its behavior under tensile load (Figure 11b, position 1).
In addition, a reference point was selected that should not be influenced by the conditions
of the crossing point (Figure 11b, position 2).

(b)

Figure 11. (a) Visualization of delamination by “Adhesion deactivation” in Marc-Mentat; (b) selected
positions for detailed examination of delamination.
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The numerical results of the simulation process are shown in Figure 12, whereby the
increment number indicates the progress of the simulation and the time elapsed during the
tensile test simulation. The simulated shear stress of the composite at positions 1 and 2,
i.e., inside and outside the crossing point, is shown as a function of the increment number.
The maximum value of both curves indicates the “adhesion deactivation” value as shown
in Figure 11, i.e., the point at which there is no longer any adhesion between the fiber
and the matrix. It can be seen that the simulated delamination occurs at both positions at
almost identical shear stress (position 1: 9.04 MPa; position 2: 9.06 MPa). In addition, these
values are close to the practically determined characteristic values for the interlaminar
shear strength in the short-beam shear test (10.03 MPa). However, the curve for position 1 is
much steeper than that for position 2, “adhesion deactivation” already occurs at increment
number 10, whereas it only occurs at increment number 29 for position 2. It can therefore
be seen that the failure due to the tensile load occurs much earlier during testing at position
1, i.e., within the crossing point, then at position 2.

12.5 4

//Adhesion deactivation

10.0 -
7 9.04 MPa 9.06 MPa

Shear Stress [MPa]

Position 1
Position 2

T T T T T T T T T T
0 5 10 15 20 25 30
Increment number

Figure 12. Simulated shear stress as a function of the increment number.

To verify these results graphically, the effective shear stress for the simulated WTC is
shown in Figure 13. Increment 25 was selected for this purpose, which is located between
increments 10 and 29 as described above. At the time of recording, the delamination
has therefore already occurred at position 1, whereas there is still adhesion at position 2.
The shear stresses responsible for the failure in the area of the crossing points are clearly
recognizable by the yellow areas in the graphic.
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Increment 25

Global Shear Stress

Figure 13. Visualization of the simulated shear stress in Marc-Mentat at increment 25.

5. Discussion

Due to their dimensions, the wooden strips used in WTCs can hardly be compared
with the glass fibers (cross-sectional diameter, 3.5-24 um) and carbon fibers (cross-sectional
diameter, 5-10 pm) currently used as a standard [34] for fiber composite materials. Nev-
ertheless, the results of the mechanical analyses shown for the tensile test as well as for
the bending and compression test (Table 1) confirm the assumption that WTCs behave
according to the principles of fiber composite theory.

First, WTCs meet the three conditions of classic fiber composites [35]: (1) The Young's
modulus of the fiber in the longitudinal direction is higher than the Young 's modulus of
the matrix, which could be demonstrated in all three tests. (2) The elongation at break
of the matrix material must be greater than the elongation at break of the fibers. This
condition was also verified by the elongation at break values determined in the tensile test.
(3) The strength of the fibers must be greater than the strength of the matrix material—this
condition could also be verified, at least in the tensile and three-point-bending tests. An
exception here is the compression test, in which the strength of the polypropylene is higher
than both the strength of the willow and the strength of the material composite. The reason
for this lies in the different structure of the materials used. Wood is naturally a porous
material whose failure under compressive load is caused by lateral buckling of the fibers,
which was also demonstrated in the test carried out here. In general, the compressive
strength of wood transverse to the fiber direction is very low, and the compressive strength
parallel to the fiber direction is about half the tensile strength. On the other hand, ductile
materials such as polypropylene show plastic failure in the form of yielding [4,36-38]. Rule
(3) is also only valid if the fiber is loaded in the main fiber direction. The mechanical
properties of the wood are significantly reduced in the transverse direction and have
lower characteristic values in the tensile, three-point bending, and compression tests in
comparison with the matrix.



J. Compos. Sci. 2024, 8, 190

14 of 17

Another point that allows the composite to be classified as a classic fiber composite
is the fact that the fiber is superior to the composite in terms of both tensile strength and
Young ‘s modulus. This was also confirmed in the tensile and bending tests, with only the
compression test showing a deviation for the reasons mentioned above. In the case of fiber
reinforcement with wood fibers, both a size effect and reinforcement through orientation
generally occur. In the present composite, the size effect is comparatively small, as it works
best over long and very slender fibers. Although these are quasi-endless fibers, they are
significantly oversized compared to glass fibers, even in the form of rovings. The effect
of orientation, on the other hand, is natural, as wood has a natural grown anisotropy. In
this case, the parallel arrangement of the molecular chains within the willow strips is not
produced by the manufacturing process like in carbon fibers but has grown naturally. This
can be used in a targeted manner to reinforce the material in the same way as aramid or
carbon fibers [35,39].

Various studies by other authors were used to classify WTCs in comparison with
other fabric-reinforced PP composites. As glass-fiber-fabric-reinforced PP composites are
frequently used in industry in particular, studies on the properties in tensile and bending
tests were consulted here. The same was performed with regard to jute-fabric-reinforced PP
composites, as these are natural fiber composites comparable to the WTC investigated here.
As expected, the comparison with E-glass-fiber-fabric-reinforced PP composites shows
that their properties generally significantly exceed those of WTCs in both the tensile and
bending tests, often by at least twice the value [40,41].

In contrast, the jute-fiber-reinforced PP composites tested (Table 2) show similar values,
both in terms of tensile strength and modulus of elasticity. The values of the plain weave
deviate slightly regarding Young’s modulus and elongation at break. The composite
shows a lower stiffness with a simultaneously higher elongation at break. The WTC also
showed slightly higher values in the bending test compared to the jute-fabric-reinforced PP
composites. These characteristic values correspond to the knowledge gained from weaving
technology, which states that fabrics with a high weave density, such as plain weave, have
a significantly higher structural elongation than fabrics with a lower weave point density,
such as satin weave. In addition, fabrics with a high weave point density such as plain
weave have lower mechanical properties of the composite compared to fabrics with a low
weave point density such as satin weave due to the high weave. Since the twill weave can
be classified between plain weave and satin weave in terms of weave point density, these
results also fit in this theory [22].

Table 2. Comparison of the properties of WTC with woven-fiber-reinforced PP composites in the
tensile and three-point bending test according to [40,42].

Material Tensile Strength Young's Elongation at Flexural Strength ~ Flexural Modulus
(MPa) Modulus (MPa) Break (%) (MPa) (MPa)
WTC, satin weave 49.00 + 3.89 4901.91 +977.12 1.34 +0.12 75.97 +11.07 5428.28 + 834.01
Jute-fiber-reinforced PP
(50% by weight), plain 48.00 4= 2.40 2500.00 £ 0.20 12.00 £ 3.00 56.00 4= 2.60 4500.00 = 0.14
weave [40]
Jute-fiber-reinforced PE, -y 55 549 4350.00 =+ 0.34 253 +0.18 54.00 + 0 4760.00 =+ 0

twill weave [42]

The FEA simulation showed that the shear stress components of a stress tensor in the
area of the interfaces between the fiber and matrix are particularly responsible for delami-
nation in the composite. It was also shown that the resistance to shear stress depends on the
geometric conditions of the reinforcing fabric. Comparable effects have been observed in
the literature. Patel et al. [43] describe that, in particular, the waviness of fabrics, for which
the crossing points are responsible, leads to local stress peaks. These cause a strong strain
concentration and can lead to detachment of the fibers and matrix, as well as cracks in the
matrix, or local buckling of the fibers under pressure. In each case, the crack propagation
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was perpendicular to the applied force, indicating that the failure was mainly due to shear.
It follows that the mechanical properties of a fabric, and therefore the entire composite,
can be altered by varying the weave. Kidane et al. [44] also investigated the effect of high-
strain-rate tests for the fiber and polymer matrix composites. Here, it is formulated that the
orientation and configuration of the fabric produce different shear strength properties. In
another study, it was shown that interlaminar shear strength is significantly dependent on
load orientation and fabric orientation. It was described that interlaminar failure occurs in
certain areas where shear stresses occur almost exclusively [45], which is consistent with
the findings of the present simulation study.

6. Conclusions

Looking at the overall picture that emerges, i.e., the conditions of the fiber composite
theory on the one hand and the classification of WTCs in comparison to other materials on
the other, the following conclusion is reached: WTCs are proven to meet all the conditions
necessary for classification as a fiber composite material. Compared to other natural-fiber-
reinforced plastics, they have values at a similar level and can impress with their high
tensile strength. This was confirmed by the FEA simulation, which showed that WTCs also
exhibit comparable behavior to conventional fiber composites in terms of shear forces and
the resulting delamination. The results can be used to adapt and optimize the geometric
design of the composite materials depending on a later application.
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