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ARTICLE INFO ABSTRACT

Keywords: This study presents a novel strategy to overcome the limitations of solid resin prepregs (SRPs) — namely the
Prepreg inability to drape at room temperature and hindered gas evacuation during vacuum-bag-only (VBO) processing —
Epoxy by 3D-printing a regular, uncured solid epoxy resin (SR) pattern on a dry woven textile. The locally patterned
g’::;?nlg resin distribution preserves dry textile regions, enabling room temperature drapeability and more robust VBO-
3D-printing processing due to improved gas evacuation. By adjusting pattern parameters such as element geometry and
Bending coverage, the draping behaviour can be controlled to adapt to a desired draping condition. In order to be able to

design the right pattern for given draping conditions, the influence of these parameters on bending and shearing
was studied. Manual draping showed that bending radii down to 4 mm were achievable, governed only by the
element length in bending direction, while coverage had no significant effect. In contrast, picture-frame-tests
showed that the shearing is mainly influenced by the coverage and that a maximal shearing angle of 30° can
be achieved. These results show that the SRPs bending and shearing can be independently influenced through
pattern design. The derived structure-drapeability relationships enable targeted design of SRPs for robust,

Picture-frame-test

autoclave-free composite manufacturing.

1. Introduction

Fibre-reinforced polymer composites (FRPC) are key materials in
lightweight structural applications, for example in aerospace, trans-
portation, and renewable energy sectors. An established route to
manufacture large FRPC structures involves the use of liquid thermoset
prepregs, which require frozen storage, in a vacuum bag only (VBO)
process. In this process, prepregs are laid up in a mould, sealed under a
vacuum bag with auxiliary materials, and consolidated by applying
vacuum pressure during oven or tool heating to initiate curing of the
resin. However, due to the limited compaction pressure and the risk of
prepreg ageing during layup, the VBO process is prone to pore forma-
tion. These pores reduce mechanical performance and typically result
either from entrapped gases that couldn’t get evacuated, or from
increased resin viscosity caused by prepreg ageing [1-6]. Fig. 1 shows
the flowchart of a typical VBO-process as well as the the cross section of

a laminate with pores which resulted from entrapped gases.

A strategy to enhance the gas evacuation of the prepregs and mitigate
pore development is to use semi-impregnated textiles, so called semi-
pregs. For most semipregs the surface of the textile is fully impregnated
but through the thickness it is only partially impregnated. Examples
include Hexcel Corporation’s “HexPly SuperFIT” [7-9], Solvay’s “Car-
boform™ [10] or Gurrit's “SPRINT” [11,12]. To further increase gas
evacuation, new semipregs feature partially impregnated surfaces. This
creates additional gas evacuation paths in the through-thickness direc-
tion of the prepregs, resulting in a higher gas permeability [13,14]
which has been shown to reduce porosity in VBO processing [14-18].
Commercially available semipregs of this type are e.g. ZPreg from Sol-
vay [10,19,20] or NTC-425 from NEXX-Technologies [21,22].

While these semipregs can help mitigate pore growth, they still
require storage at frozen temperatures and remain sensitive to ageing
effects. A possible solution for this is the use of solid resins (SR) instead
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of liquid resins. In the field of FRPC SRs are used for fibre-reinforced 3D-
printing [23,24], as a binder material for preform production, e.g. in dry
fibre placement [25-27], as a moulding compound for integrative
combination with prepregs in the injection moulding process [28-31]
and especially as a matrix material for solid resin prepregs (SRP) and
towpregs [15,32-44]. The advantage of SRPs is the combination of
thermoplastic and thermoset processing properties: SRPs have a shelf
life of more than two years at room temperature and can be liquefied and
solidified multiple times, during which no relevant ageing occurs
[15,39,41,45,46]. However, at elevated temperatures the SR reaches a
low viscosity, allowing impregnation of the textiles at low-pressure
levels. In addition, the exothermic heat generation during curing is
lower than for liquid resins, which reduces the risk of thermal runaway
in large structures. One drawback of SRPs is that they cannot be draped
at room temperature due to the solid and brittle state of the uncured
matrix. Currently, heating the complete SRPs is needed for draping
which makes it difficult to mould large FRPC structures.

However, by applying a partial impregnation of the textile surface,
comparable to the semipregs introduced, draping at room temperature
can be achieved with the dry textile areas in the same way as in sliced
sandwich cores or wood (see Fig. 2, right). In previous studies we
showed that using these SRPs can mitigate the challenges with prepreg
ageing, pore growth in VBO processes, and that a general drapeability at
room temperature can be achieved [15,47]. By adapting these patterns,
the drapeability may not only be improved globally, but could also be
adjusted locally according to a given draping condition. In order to fully
utilize the potential and to be able to design the right pattern for the
given draping condition, a general understanding of how the pattern
affects draping is required.

1.1. Objective of this work

The aim of this work is to investigate whether the patterns on the
SRPs can be designed in such a way that it is possible to mould single
curved parts via bending or multiple curved parts via bending and
shearing at room temperature. For this the influence of different patterns
on the draping behaviour of SRPs has to be investigated so that general
pattern design guidelines for given draping conditions can be developed.
These findings may also support the local control of drapeability in dry
textiles or preforms via local binder application, helping to minimise
defect formation. In addition, this study examines whether the approach

1

Prepreg draping, stacking
and preforming
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described by Turk et al. in [48] — redirecting shear to target regions
without compromising bending by applying localised resin patches to
dry fabrics — can also be achieved through targeted pattern design. To
achieve this, different SR patterns were 3D-printed onto two woven
fabrics and their draping behaviour was investigated.

1.2. State-of-the-art

1.2.1. 3D-Printing solid epoxy resins

Epoxy based SRs are fully reactive resin systems (including resin and
hardener) that are solid, brittle, and tack-free at room temperature and
are usually available in the form of powders or granulates. The SRs can
be liquefied and resolidified multiple times without the occurrence of
any significant crosslinking reaction, which is why they can also be used
in the field of 3D printing [39,41,45,46]. Epoxy-based SRs are mainly
used in industry in the fields of powder coating and component manu-
facture without fibre reinforcement by means of injection moulding,
pressing or transfer pressing [49,50]. In addition to processing on an
industrial scale, SRs are used in the research field of additive
manufacturing and in niche areas of fibre-reinforced plastic composites.
Driicker et al. produced filaments from SR and processed them in a FDM
printer [51]. However, the brittleness of SR posed a problem, resulting
in filament breakage during the feeding step. For this reason, the SR
filament had to be fed through a tube to the extruder unit using a
thermoplastic filament. Due to the high cost of filament production and
the limited printing volume, the process is not used outside research. An
alternative approach was pursued by Shen et al. who extruded the SR
with heated syringe pumps, also known as direct-ink writing [52].
Wimmer et al. also used direct-ink writing, but with so-called “semi-
solid resins”, a blend of SR and liquid epoxy resins [53]. Direct-ink
writing can increase the print volume compared to the method
described in [51], but is still limited by the syringe pump volume. Jiang
et al. also used a syringe pump extruder to process SR with carbon
nanotubes, and they also used a single-screw extruder to print SRs [54].
The main advantage of the single screw extruder is the ability to
continuously feed SR and thus overcome the problem of limited print
volumes.

1.2.2. Draping
In order to mould 3D-structures with 2D-semi-finished products such
as prepregs, they must be able to deform. This process is also known as

3

Curing under vacuum in
an oven or heated tool
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Fig. 1. Flowchart of a VBO-process (top); Microsection of a VBO-laminate with typical defects (bottom).
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Cantilever Test

Fully impr. e —

Pattern impr.

Fig. 2. Left: SRP with quadratic pattern and a coverage of 60%; right: comparison of draping a fully impregnated SRP and a SRP with pattern impregnation.

draping, during which the prepregs usually undergo deformation in the
form of bending and shearing. Draping is a quality-critical process, since
process errors can lead to imperfections such as fibre undulations,
wrinkles or misaligned fibres. These imperfections can have a significant
influence on the mechanical properties [55-57]. In order to minimise
these process errors, the underlying draping properties of the prepregs
must be known. Cantilever test is widely used [55,58-61] in order to
determine the bending stress and stiffness of the prepregs, which among
other properties are relevant for draping simulations. With the help of a
slider, the specimen is pushed evenly over the support surface within ten
seconds until it protrudes beyond it and reaches the predefined angle of
41°30’ (see Fig. 3). The slider position can then be used to determine the
overhang length and calculate the bending stiffness. This allows the
bending behaviour to be quantified and enables simulative prediction.
Further developments of the cantilever test often use a freely suspended
specimen without reaching a predefined angle and approximate the
bending using higher order polynomials or splines [55,62]. In the
cantilever test, a linear relationship is assumed between the bending
moment and the curvature of the textile.

In addition to the bending behaviour, the shearing behaviour of the
prepregs is of crucial importance during draping. Particularly when
moulding double-curved geometries, the prepregs must undergo a
shearing process in which the fibre orientation and the angle between
fibres change. An established test method for investigating shear
behaviour is the picture-frame-test [59,60,63-67]. For the picture-
frame-test, a square test specimen with corner cut-outs is clamped in a
picture-frame rig (Fig. 4). The picture-frame rig is integrated into a
universal testing machine and enables the application of pure shear
stress in the plane of the specimen. The recorded force-displacement
curve can then be used to determine the force-shear angle curve. In
addition to the force required to generate a certain shearing and the
resulting fibre orientation, the so-called “locking angle“ is an evaluation
criterion for shearing behaviour. The locking angle describes the angle

Slider Overhang length
\ P

~
S 41°30°

f

. ~
Specimen ~
Support surface

Fig. 3. Cantilever test setup.

at which the rovings of the textile are pushed together to such an extent
that the textile bulges and wrinkles occur. It is defined as the apex of the
force-shear angle curve and is determined by two intersecting tangents
that originate from the linear parts of the curve (Fig. 4). Shearing the
textile beyond the locking angle is not recommended due to the reduc-
tion in mechanical properties associated with the formation of wrinkles.
The fibre orientations and angles are usually calculated by using the
machine path or imaging methods.

The resulting fibre orientation after draping is of particular interest
when moulding complex, multi-curved structures due to its significant
influence on the mechanical properties of fibre-reinforced-plastic (FRP)
components. When moulding complex, multi-curved structures, the risk
of defects in the form of deviating fibre angles, undulations and wrinkles
is the highest. Efforts are therefore being made to locally influence the
draping behaviour of textiles or prepregs and thereby redirect the
shearing from critical component areas to non-critical ones. Influencing
the drape properties is mainly achieved by introducing sewing, tufting
or binder patterns [48,68-73]. Shen et al. were able to significantly
reduce the formation of wrinkles during the moulding of square-box and
hemispherical tools by tufting textile semi-finished products or shifting
them to mechanically uncritical edge areas [69].

Turk et al. attempted to prevent defects in draping by applying a
liquid epoxy binder pattern at different curing levels [48]. By applying
the binder pattern, they showed that it is possible to redirect the fabric
shear to non-critical component areas and to reduce wrinkling and fibre
disorientation. The binder patterns were applied specifically in areas
where a high shear angle was expected. The binder pattern led to a
stiffening of these fabric areas, resulting in a shift of the shearing to dry
textile areas. However, the influence of the binder pattern on the
bending properties of the fabric posed a challenge. If the bending stiff-
ness is increased too much, it is no longer possible to mould tight radii.
Therefore, they concluded that the binder patterns should ideally pre-
vent shearing but have as little influence as possible on the bending
properties. In addition, it was suggested that the local influence of the
binder patterns on the draping behaviour must be known in order to
fully exploit their potential.

Turk et al. therefore investigated the shear behaviour of fabrics with
binder patterns using bias-extension tests and used the results as
parameter input for draping simulations [74]. However, the results and
the scope of the tests proved to be too inaccurate to be able to carry out
meaningful simulations. It was also not possible to predict the fibre
orientations in dependence of the pattern. Therefore, there is still a need
for further research in this area and also with regard to the resulting
bending properties of the semi-finished products.
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Force in N
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Fig. 4. Left: picture-frame-test setup; right: determination of the locking angle.

2. Materials & methods

In the following section, the materials and methods used are
explained as well as the manufacturing of the SRPs. In order to char-
acterise the bending behaviour of the SRPs, a new test method was
developed, since the cantilever-tests were found to be unsuitable due to
the inhomogeneous areal weight distribution of the SRPs. The shearing
behaviour was characterised by conducting picture-frame-tests. During
these tests the fibre orientation was determined by using a polarisation
camera.

2.1. Materials

The epoxy based SR-system E1040 by Swiss CMT AG are used for all
tests. The SR comes in a granulate form and has a density of 1.2 g/cm®.
Fig. 5 shows an exemplary DSC curve of the system for a heating rate of
10 K/min in a nitrogen atmosphere. It can be seen that the uncured SR
has a glass transition temperature (Tg) of 42 °C and that the curing re-
action starts at approximately 150 °C. After curing the SR for 30 min at
180 °G, it has a T of 108 °C, a tensile strength of 78 MPa and a Young
modulus of 3.2 GPa.

Two balanced woven fabrics were used in this study, the twill 2/2
glass fibre (GF) fabric HexForce 01,102 100 TF970 from Hexcel and the
twill 2/2 carbon fibre (CF) G-Weave from Lange and Ritter. Table 1
compares the two fabrics.

2.2. SRP manufacturing

The SRPs were manufactured using a modified Ender 5 Pro 3D-
printer from Creality. The existing filament extruder was replaced by a

4
3
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£ s
z 1
5
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3
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-2
0 50 100 150 200 250

Temperature in °C

Fig. 5. DSC curve for the E1040 at a heating rate of 10 K/min in nitro-
gen atmosphere.

Table 1

Comparison of the woven fabrics.
Fabric Areal weight Thread count Titer
GF - Hexcel 01,102 290 g/m? 7 em™! 1 K roving with 68 tex
CF - G-Weave 200 g/m? 5cm™? 3 K roving with 198 tex

newly developed extruder unit with an extruder screw (see Fig. 6). A
stainless steel extruder screw with a diameter of 8 mm and a length of
82 mm is used to convey the granulate. It is connected to a NEMA17
stepper motor with a 5:1 planetary gearbox via a shaft coupling. Due to
the short shaft length, the decision was made to implement a so-called
“hot barrel” design, in which the entire material is melted in the
aluminium material storage [75]. This prevents clogging of the
conveying area due to agglomerated granulate, which can occur if the
temperature gradient between the heating zone and the material storage
is not high enough. The melting of the granulate is achieved by using a
heating cartridge which has been inserted to the heat block.

The printer’s maximum printing area is 200 x 200 mm2. The
extruder unit was moved relative to the textile for printing. Table 2 lists
the printing parameters used for the SRP manufacturing.

The printing accuracy was determined by measuring the edge
lengths of the pattern elements with the 3D-scanning tool of a Zeiss
Smartzoom 5 digital microscope. The deviations of the edge lengths
were + 0.3 mm from the target length. After printing the SR sits on top
of the textiles like a coating with almost no micro impregnation into the
rovings. The patterns all had quadratic pattern elements with different
edge lengths and degrees of coverage (fraction of the textile surface
covered by the pattern). The used coverages of the textiles were 20, 40,
60 and 80 %, the edge lengths of the squares were 4, 6, 8 and 10 mm, all
with a height of 0.64 mm, resulting in different fibre volume contents
(FVC) for the specimens. The patterns investigated in this study with
different coverages and pattern element edge lengths are shown in
Fig. 7.

2.3. Characterisation methods

2.3.1. Formable radii

The developed method to characterise the bending behaviour iden-
tifies the minimal formable radii. The aim of the tests is to find out how
the pattern properties influence the radii that can be draped at room
temperature in a manual lay-up and to determine guidelines for the
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Fig. 6. Developed extruder unit with extruder screw (left) and its sectional view (right).

Table 2

Printing parameters for the SRP manufacturing.
Parameter Value
Nozzle diameter 0,50 mm
Layer height 0,32 mm
Printing speed 30 mm/s
Nozzle temperature 105 °C

50 °C

Print bed temperature

pattern design based on the results. To evaluate these radii, the SRPs
were manually draped around 3D-printed tools (Fig. 8). Four different
tools were printed with radii of 10, 14, 18 and 22 mm. The SRPs were
draped over these radii with the pattern facing upwards as well as
downwards, in order to reproduce both the draping of concave and

convex radii. The SRPs were pulled over the tools by hand, no additional
forces were used to make the SRPs fit the tool.

Fig. 9 shows draping tests that are deemed valid and invalid. A test is
valid when the SRP can be draped over the 3D-printed tool without the
occurrence of a polygon effect (see invalid (a)) or a detaching of pattern
elements from the textile (see invalid (b)). The test specimens were 110
mm long and 20 mm wide. A row of complete pattern elements was
printed in the centre of each specimen; the adjacent pattern elements
were only partially printed if they did not fit completely into the 20 mm
wide cut-out. The textile used was the GF fabric from Hexcel. For each
coverage and edge length configuration three specimen were tested.

2.3.2. Picture-frame-test
The picture-frame-tests were carried out according to DIN EN ISO

20337:2020-01 [64]. The general test procedure is explained in the state

Coverage
g 20% 40% 60% 80%
Edge length
£ £ £ £
4 mm o | -y o w |
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6 mm < ‘ 0 = N
~ (sp) -~ o
£ £ £ c
8 mm O% E E I £
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Fig. 7. Depiction of resin patterns with varying coverages and pattern element edge lengths. Patterns with a 10 mm edge length are omitted due to size constraints.
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Fig. 8. 3D-printed tool with a radius of 18 mm (all values are in mm).

of the art, the used sample geometry is shown in Fig. 10. The holes for
clamping the samples in the shear frame have a diameter of 10 mm. The
patterns were printed onto the center of the specimen (size of the printed
area: 100 x 100 mm?). The clamping areas of the SRPs were stabilised
with a thermoplastic binder (Spunfab PA1541 with 12 g/m?) to prevent
fraying. In order to achieve uniform clamping, sealing cords with a
diameter of two millimeters were inserted into the clamping areas. The
Hexcel GF fabric was used for the tests, as reference the dry textile was
tested as well. The force-shear-angle curves were determined using a
picture-frame rig which is mounted to a universal testing machine by
Zwick with a load cell of 2.5 kN. The test speed was 50 mm/min. For
each coverage and edge length configuration three specimen were
tested.

2.3.3. Picture-frame-test with polarization camera

The aim of using a polarisation camera to analyse the picture-frame-
tests is to quantitatively identify the fibre orientation of CF-SRPs during
shearing. The polarisation camera used was the C5S-MP developed by
Alkeria, which can measure and visualise the fibre orientation of CF. The
camera utilises the CF’s polarisation effect, whereby natural, unpo-
larised light that hits the CF is reflected as polarised light. The polar-
isation angle of the reflected light is thus correlated to the CF
orientation. The camera measures the degree of linear polarisation
(DOLP) to determine the region of interest as well as the angle of linear
polarisation (AOLP) which corresponds to the angle of orientation of the
CF. [76,77].

To analyse the fibre orientation for different shearing angles, the
polarisation camera was placed orthogonally to the dry backside of the
specimen in order to record the DOLP and AOLP images. These images
were each taken for every 10 mm of machine displacement. Table 3

Lvalid*
(1) 3D-printed tool
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shows the corresponding shearing angles.

False colour images were then derived from the AOLP images as well
as a fibre orientation histogram (see Fig. 11). In contrast to the previous
tests, all samples had an edge length of 8 mm. In order to be able to use
the polarization camera, the CF textile had to be used for the tests
instead of the GF textile.

3. Results & discussion
3.1. Formable radii

Table 4 shows the results of the draping tests. The table is divided
horizontally according to the type of draped radius, inner or outer
radius, and vertically according to the size of the radius. The results are
displayed in the form of a matrix in which the coverage is displayed on
the horizontal and the edge length of the pattern elements on the ver-
tical. Combinations for which the test results were assessed as valid are
labelled as “1” and highlighted in green. Combinations for which the test
results were assessed as invalid are either labelled as “a” or “b” ac-
cording to the respective exclusion criterion and highlighted in orange.

!
Printed area i 425 t
100 x 100 mm? oo
]
[ 'y
!
o} \ } fo; :
i
Lo L N B /A A L- g [ |8
Area with i e =S
Spunfab !
punfa \\. (0] : O
i
i
(@) : (@)
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120 >
) 255

Fig. 10. Geometry of a shearing specimen (all values are in mm).

Table 3

Machine displacement and corresponding shearing angles.
Machine 0 10 20 30 40 50 60 70
displacement
in mm
Shearing angle 0 52 106 164 226 294 369 456

in °
H,invalid® H,invalid®
(a) (b)

Fig. 9. Schematic depiction of valid and invalid draping tests.
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Fig. 11. AOLP image taken by the polarisation camera at the starting position and definition of the fibre orientations (left), false colour image created (centre),

resulting fibre orientation histogram (right).

Table 4
Result matrix of the draping tests, (1) valid test, (a) invalid due to polygon effect,
(b) invalid due to detachment of the pattern elements.

Concave radius Convex radius

Radius Coverage 20 40 60 80 20 40 60 80
Edge % % % % % % % %

length

22 mm 4 mm
6 mm
8 mm
10 mm
18 mm 4 mm
6 mm
8 mm
10 mm
14 mm 4 mm
6 mm
8 mm
10 mm
10mm 4 mm
6 mm
8 mm
10 mm
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As can be seen, the coverage of the pattern has no influence on the
achievable radii. As soon as the edge length of the pattern elements is too
large, the radius can no longer be formed regardless of the coverage
used. The bending behaviour is therefore mainly influenced by the edge
length of the pattern element in bending direction. An exception to this
would be an edge length-coverage radius combination in which the
distances between the individual pattern elements are so large that the
radius can be formed completely from the dry textile areas between the
elements.

The independence of the results from the coverage can be explained
by using an analogy to chain drives. The behaviour of the SRPs which
are draped over the tools is similar to a chain that is wrapped around a
gear. The pattern elements behave like the rigid chain links, whereas the
dry regions behave like the bearing pins (see Fig. 12).

In this analogy the coverage of the SRPs would be close to 100 % as
there are only minimal distances between the chain links. The radius to
be formed is equivalent to the gear around which the chain is wrapped.
Due to the rigid areas of the chain or SRP, a polygon is always produced
when forming a radius. The center of these rigid areas usually depicts the
radius to be formed r, whereas the dry areas or bearing pins form a larger
radius rmay, which represents the largest deviation from r as well as a
corner of the polygon (see Fig. 12). The greater the difference between r
and ryax, the more pronounced the resulting polygon effect and the
worse the target radius formed. In the case of chain drives, this leads to
uneven running; in the case of SRPs, this results in high fibre undulations
and wrinkling in the manufactured component. The polygon effect is

Dry textile / bearing pin

rmax

Tool / gear

Pattern element / chain link

Fig. 12. Illustration of the analogy between SRPs and chain drives.

quantified for chain drives using the so-called degree of non-uniformity
[78,79]. In analogy to the degree of non-uniformity, a relative error e is
defined for the SRPs as the difference between r and .« in relation to r:

o= ®

where rpax can be calculated using the number of pattern elements ny;
with equation (2) which results from the trigonometric relationships
between r and ryax:

r

Tmax =
cos (ﬁ)

By inserting equation (2) into equation (1), it can be seen that e is in-
dependent of the radius r and is only influenced by the number of
pattern elements used to form the radius. Equation (3) was used to
determine the minimal number of pattern elements (ny,i,) needed to
form the minimal formable radius (rmin) for a given edge length (Ledge
length)- It was derived from the assumption that the circumference of the
formed circle is approximately equal to the length of the pattern ele-
ments times the number of pattern elements:

@

L *Tm
Fonin A edgele;it:[ min (3)

To use this equation as a design guideline the minimal number of pattern
elements nyj, must be known. To determine the minimal number of
pattern elements np;;, to form a circle, equation (3) and the bending test
results were plotted together in Fig. 13. Equation (3) is shown as two
linear graphs — one for 11 and one for 12 pattern elements — while the
experimental data is depicted as green circles for valid tests and as red
crosses for invalid tests. The goal was to find the minimal number of



J.P. Janzen et al.

25 4

20 A

Formed radius in mm

Edge length of the pattern elements in mm

—n=11 —n=12 e Valid draping test x Invalid draping test

Fig. 13. Equation (3) with different pattern element numbers and results of the
draping tests.

elements for which the linear graph separates the test results, so that the
valid tests are above the graphs line and all invalid tests are underneath
it. This was achieved with a minimal pattern element number of 12
resulting in a maximal acceptable relative error e of 3.53 %. As a result,
equation (3) can now be used as a design guideline to determine the
required pattern edge length for a given target radius.

3.2. Picture-frame-test

Fig. 14 shows four graphs in which the shear force is depicted over
the shear angle for the GF-reinforced SRPs and the dry textile. Each of
them shows the curves for the tested edge lengths with the same
coverage as well as the curve for the dry textile. The standard deviations
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Edge length
—— Dry textile
40 |[{—— 4mm
6 mm
— 8mm
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E 30 10 mm
03
=
u? 20
10

20

30
Shear angle in °

40 50 60
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are shown as transparent areas. The dry textile has the lowest required
forces and the lowest standard deviation. Furthermore, its locking angle
is approximately 45°. For the SRPs the standard deviations of the curves
intercept each other for all coverages, indicating that the edge length has
no significant influence on the force-shear-angle curves. However, the
coverage influences the detachment behaviour of the pattern elements
as well as the curves, as the needed shear forces rise with an increase in
coverage. With coverages of 20 and 40 %, there is no or only slight
pattern detachment during shearing, whereas the pattern detaches over
a large area in SRPs with coverages of 60 and 80 % at high shear angles.
This can also be seen in the corresponding graphs in form of a decrease
in shear force. While the forces are greater for the 20 and 40 % SRPs than
for the dry textile, the curve progressions are similar.

There is initially a slight increase in force until the shear angle rea-
ches the locking angle, where the shear forces increase rapidly. This is
due to the fact that the pattern elements block the shearing of the textile
locally and absorb the shear forces. For coverages of 60 and 80 % and a
shear angle of approximately 30°, the shear force reaches a local plateau
at which the pattern elements are pushed against each other and the
stress inside them becomes so great that they break and detach from the
textile. As a result, there is an initial drop in force and a shearing of the
textile occurs in the areas where the patterns break. As the shear angle
increases further, the force increases again as the locking angle is
reached.

The force-shear-angle-curves can therefore be used to derive the
maximum shear angle at which large-area detachment of the pattern
occurs. Besides the force-shear angle curves, the resulting fiber orien-
tations are an important aspect, which is discussed in the following
section.

Coverage 40 %

50 ¢
Edge length
—— Dry textile
40 |{—— 4mm
6 mm
— 8mm
z 30 10 mm
jo3
2
u? 20
10
0
0 10 20 30 40 50 60
Shear angle in °
Coverage 80 %
4
Edge length /
Dry textile s
4 mm
6 mm
= 8 mm
< 10 mm
s !
2
LIC_> 20
10
0
0 10 20 30 40 50 60

Shear angle in °

Fig. 14. Influence of coverage and edge length of the pattern element on the force-shear-angle curves.
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3.3. Picture-frame-test with polarisation camera

The analysis of the fibre orientation with the polarisation camera
showed that in the dry CF textile, a homogeneous fibre orientation with
two main orientations across the shear surface can be seen during the
shearing tests. At the beginning of the test, the main orientations of the
fibres are approximately 45° and 135°, at the end approximately 25° and
155°. This can also be seen in the fibre orientation histograms, in which
two distinct peaks move apart with increasing shear angle. For the SRPs,
the pattern elements locally block the shearing of the textile. This can
also be seen in the images of the polarisation camera. For coverages of
20 and 40 %, this leads to a local highly inhomogeneous fibre pathways,
which are not desirable in terms of mechanical performance (see Fig. 15
for a 20 % SRPs). In the corresponding histograms, the peaks flatten and
widen as a result of the inhomogeneity. This flattening is mainly due to
the fact that the depicted peaks actually consist of two overlapping
peaks. One of these peaks represents the dry areas, the other the areas
blocked by the pattern elements.

In comparison, for high coverages of 60 and 80 % two homogenously
sheared areas form, one in the printed area and one in the dry edge
regions. These two areas form as the shearing is also blocked in between
the pattern elements due to the small distances between them. The
shearing of the SRP is therefore realised almost exclusively in the dry
edge area, which is why there is a greater change in the fibre orientation
(see Fig. 15 for an 80 % SRPs).

As soon as a shear angle of approximately 30° is reached, the pattern
begins to break and to detach from the textile. In the areas where the
pattern breaks and detaches from the textile, the fibres are no longer
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fixated and shear as a result. This can also be seen in the false colour
images in Fig. 15. The detachment of the pattern is not caused by
insufficient adhesion between the textile and the resin elements, but
rather by the fact that, at high shear angles, the individual elements are
increasingly pressed against each other and subsequently fracture as a
result of the induced stresses. This fracture of the elements then leads to
partial or complete detachment of these elements. The experiments with
20 % and 40 % coverage further demonstrate that the adhesion is suf-
ficient, as no detachment of the pattern elements occurs in these cases.
An increase in adhesion between the pattern and the textile would
therefore have no effect on the detachment, since the limiting factor is
the mechanical properties i.e. the resin cohesive strength of the uncured
resin system. An increase in the cohesive strength could improve process
stability and shift the pattern element detachment to higher shear an-
gles. However, an increase in the shear angle can only be achieved until
the locking angle is reached in the dry edge areas as a result of the shear
relocation.

The shear relocation to the dry edge areas leads to a further flat-
tening of the peaks in the histograms. To illustrate this for an 80 %-SRPs,
the fibre orientation histograms of the printed area and the dry edge area
are shown in Fig. 16. For reference, the histograms of a dry textile are
depicted as well.

Compared to the peaks of the dry textile, both areas of the SRP
already show lower and flatter peaks at a shear angle of 5.2°. As the
shear angle increases, the shear redirection becomes more apparent in
the fibre orientation histograms of the 80 %-SRP. While the printed area
deviates only slightly from the starting orientations of 45° and 135° until
the pattern breaks, the peaks of the edge area move further and earlier
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Fig. 15. Comparison of the fibre orientations of SRPs with 80% and 20% coverage for different shearing angles.



J.P. Janzen et al.

Materials & Design 259 (2025) 114780

o 6% 1 o 8% 1 o 6% 1

% 5% 0.0 % 5% A 52 § 5% 10.6

% 4% | E 4% - % 4%

830/0' 83%' 830/0'

2 2% 1 2 2% | 2 2%

T 1% A T 1% A T 1% A

(0]

& 0% ..l & 0% S - T 0% b AR

0 45 90 135 180 0 45 90 135 180 0 45 90 135 180
Fibre orientation in ° Fibre orientation in ° Fibre orientation in °
6% A 6% A 6% -

[0 o (O] o [} o

% 5% - 16.4 % 5% - 22.6 § 5% - 29.4

£ 4% - £ 4% - £ 4% -

3 3 3

8 3% A 3 3% A 3 3% A

.02) 2% A .g 2% A .g 2% A

T 1% T 1% A T 1% A

& 0% S & 0% NPT . © ov il PR
0 45 90 135 180 0 45 90 135 180 0 45 90 135 180

Fibre orientation in ° Fibre orientation in ° Fibre orientation in °
6% A 6% A

o) o o) o

% 5% 36.9 é 5% - 45.6 .

% 4% % 4% - Dry textile

O 3% A O 3% A .

o " o " Printed area

<l>) 2% A g 2% A

T 1% - B 1%

S 2 "W Edge area

¥ 0% T r T 1 ¥ 0% T T T 1
0 45 90 135 180 0 45 90 135 180

Fibre orientation in °

Fibre orientation in °

Fig. 16. Comparison of the fibre orientation histograms of the printed area, the dry edge area of a 80%-CF-SRP and the dry CF-textile.

apart than those of the dry textile. By applying a pattern with a high
coverage or in other words small distances between the pattern ele-
ments, the shearing can be directed to dry SRP areas. In the production
of FRP components, this can be used to direct the shearing to non-critical
component regions, analogous to the methods presented in section 1.2.

However, it will still be challenging to produce double curved
components where high levels of in-plane shear are required, especially
when large regions of the fabric are not impregnated. The maximum size
of the unprinted regions that can still be impregnated in a VBO process
depends on various prepreg and process parameters. These include
among others the permeability of the textile, the fibre mass content of
the SRPs, the pattern design as well as the heating rates and holding
times used. The analysis of these parameters and the moulding of
double-curved parts are subject of subsequent studies.

4. Conclusions & outlook

In this study, the draping properties of SRPs at room temperature
were evaluated by investigating the bending and shearing behaviour in
dependence of the pattern design. Overall, it was shown that the partial
impregnation in pattern form enables forming of the SRPs at room
temperature and that the pattern design can be used to control the
draping behaviour. The bending behaviour can be significantly influ-
enced by adjusting the pattern edge length in the bending direction. The
smaller the pattern edge length in the bending direction, the smaller the
radii that can be formed. The coverage of the pattern plays a less pro-
nounced role in bending. However, for small bending radii, a reduction
in the coverage can be utilised in such a way that the dry areas between
the pattern elements are large enough to form the complete radius.
Using equation (3), the pattern edge length can be calculated for a radius

to be formed, thus serving as a design guideline for the pattern. With
this, it is possible to form components that involve multiple radii but
require little to no in-plane shear—such as, for example, an Omega-
profile.

In contrast, the shearing is primarily influenced by the coverage,
while the pattern element size has no significant influence on the
required shearing forces. For small shear angles of less than 10°, any
pattern design can be used. For larger shear angles, the pattern should be
designed in such a way that a coverage of at least 80 % is used in areas
where no shearing should occur. This allows the shearing to be directed
into non-critical component regions. In order to enable shearing in these
regions and to achieve a homogeneous fibre orientation, no pattern
should be printed onto these regions. The maximum size of the
unprinted regions that can still be impregnated in a VBO process de-
pends on various prepreg and process parameters. These include among
others the permeability of the textile, the fibre mass content of the SRPs,
the pattern design as well as the heating rates and holding times used.
The analysis of these parameters and the moulding of double-curved
parts are subject of subsequent studies.

The conclusions drawn in this study are not limited to the fibre
materials investigated. Applying a solid resin pattern inevitably reduces
the drapeability compared to the dry textile, which therefore represents
the upper limit of formability. For instance, if the dry textile can only be
formed to a minimum bending radius of 5 mm, no patterned SRP will
enable forming to a smaller radius. However, for geometries with radii
above this material-specific limit, the structure-drapeability relation-
ships identified here remain valid and can be applied irrespective of the
underlying fibre material.

The findings of this study are not only useful for the design of pre-
pregs with a pattern impregnation, but also for influencing the
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drapeability of dry textiles or preforms through the application of binder
materials. As stated in the state of the art, the general aim of influencing
the draping of these materials is to shift the shearing to non-critical
component areas without influencing the bending properties [48,74].
This study was able to show that this is possible, as the shearing is
mainly influenced by the coverage, while the bending properties are
only influenced by the pattern edge length. Therefore, the shearing can
be influenced by adjusting the coverage while simultaneously enabling
bending by applying pattern elements small enough to form a given
radius.

In practical terms, the findings of this study provide explicit guide-
lines for the design of SRPs to achieve targeted draping behaviour in
components. Designers can control bending by selecting pattern ele-
ments with an appropriate edge length in the bending direction, as
calculated using equation (3), to achieve the desired minimum radii.
Shearing can be directed to non-critical areas by adjusting the coverage:
regions where shearing should be minimized should have a high
coverage, while regions where shearing is required can be left
unpatterned.
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