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Abstract

Air-texturisation is a process that adds bulkiness to bundles of fibres. In this study, the permeability and
compaction behaviour of air-texturised glass fibre rovings are experimentally characterised and compared
to conventional unidirectional (UD) rovings. Based on radial impregnation experiments and single-step
compaction/decompaction tests, the following main findings are highlighted: Compared to conventional
UD-rovings, the normalised permeability of the air-texturised rovings was approximately three times higher
along the fibre direction and 40 times higher transverse to the fibre direction. Accordingly, the degree of
anisotropy was approximately one magnitude lower. At a compaction pressure of 1 and 5 bar, the air-
texturised rovings were compacted to a volume fraction of Vy = 0.34 and 0.43, respectively, which was
approximately 30% lower than the volume fraction achieved for the conventional UD-rovings. Finally, it was
observed that the decompaction of air-texturised rovings exhibits a more distinct elastic response when

unloaded.
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Nomenclature

Ay Areal weight Pf Density of fibres

As Spring constant, or fitting parameter r Radius, radial coordinate

h Displacement rate of crosshead ry Radial distance to flow front

" Giance botween discs incompantion s 17 Fbreradius

K’ Quasi-isotropic permeability " Radius of inlet

kq Constant in power law t Time

K;,v Principal permeabilities and direction u Velocity

I Viscosity Vy Fibre volume fraction

Uz Exponents in power law Vo Fibre volume fraction for sample at rest, or
D Pressure fitting parameter

Di Pressere at pressure sensor i Vo Maximum available fibre volume fraction,
Pin Inlet pressure or fitting parameter

Q Inflow rate x;,x; Spatial coordinates, global and local

Introduction

Impregnation flow is governed by the ability of fibrous materials to transmit a fluid during impregnation (the
permeability) as well as the mechanical response when subject to a pressure state (the compaction behaviour
defined as the constitutive relation between stress and strain or volume fraction). In liquid composite moulding
(LCM) processes, most fibre-reinforced composite parts are composed of a layup of fabrics, mats, and flow
media. By designing a layup of appropriate fibre architectures, engineers can time the impregnation step to a
suitable process window. In pultrusion, which belongs to the family of LCM processes, a layup can consist
of rovings of fibres'™. Here, instead of controlling the local permeability by selecting special types of fabrics
or mats, permeability can be altered by applying texturisation to rovings. Air-texturised rovings can also be
combined with matrix-forming filaments to form a commingled yarn, braided into technical fabrics, or directly

enter the fibre layup in other continuous composite manufacturing processes.
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In air-texturisation, one or more bundle of fibres are drawn through an air-jet nozzle, which creates a clutter
of individual fibres and adds volume to the roving. The resulting roving is suitable for applications where a
lower fibre volume fraction is desired and fast resin impregnation is critical. Fast impregnation flow is crucial
for thick composite parts and a low fibre volume fraction can be a cost-wise desired choice for non-structural

parts.

As the aforementioned characteristics are distinct features of air-texturised rovings, it is important to quantify
what the effect of applying texturisation has on the impregnation flow when used in LCM processes. To the
authors’ knowledge, there exists no such characterisation studies of air-texturised rovings in the current literature
and this study seeks to bridge this gap. As the focus of this study is permeability and compaction behaviour, we

briefly review some of the existing literature concerning conventional fibrous materials.

State-of-the-art

Early models of compaction behaviour are based on the concept that bundles of fibres are essentially aligned
cylinders with multiple contact points. Following this terminology, Gutowski et al.>¢ introduced an analytical
model for the quasi-static nonlinear stress-strain behaviour of a bundle of fibres in terms of the compaction
pressure. Essentially, Gutowski et al.’s model describes the relationship between the compaction pressure, o,
and the volume fraction, Vy, using a power-law function. The function is bounded by horizontal and vertical
asymptotes, which correspond to at some level the fibrous material is a rest, ¢ — 0, and at another level, a
maximum fibre volume fraction is achieved, V; — V. In this context, V, is often referred to as the “maximum
available fibre volume fraction”, and is related to the densest possible fibre packing in the fibrous material.
In experiments, Gutowski et al.> showed that misaligned (i.e. disordered) fibres will generally have a lower

V,-value.

While other researchers have explored and developed additional compaction models for unidirectional fibres

7-10

and fabrics7"!°, generic polynomial expansions can also be applied for fitting experimental data''~'3. The model

1 5,6

proposed by Gutowski et a is suitable for a fibrous material exhibiting fully elastic behaviour, which means

it provides a good fit for a fibre compaction without any subsequent unloading. Researchers have later reported
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that the response of fibrous materials exhibits both inelastic and time-dependent behaviour. These effects include

14,15

irreversible deformation and viscoelastic effects '%!7. Furthermore, repeated loading and unloading yield a

hysteresis with cyclic softening %1%

For a bank of aligned fibres, there exist several semi-empirical models for estimating the permeability.
These models are based on an idealised hexagonal or square packing of fibres, and their empirical background
is commonly established using CFD simulations. While there are differences between the various models,
permeability is seen to scale proportionally to the fibre radius squared, R?, and to decrease with increasing
fibre volume fraction, V2%, In addition, models have shown that the permeability increases with increasing

disordering of fibre packing?>2°.

Obviously, a bank of aligned cylinders is a poor representation of many fibre architectures, including
many fabrics and mats. Consequently, conducting impregnation and compaction experiments is a necessity
for material characterisation of many fibrous materials. As layups of mats and fabrics resemble the ply
configuration in many LCM processes, several setups for this type of material characterisation can be found
in the literature. For permeability characterisation, special moulds have been designed for controlled linear or
radial impregnation experiments (see e.g.2’~2%). Similarly, for compaction experiments, a conventional universal
testing machine can be used to test the compaction behaviour of a layup of fabrics or mats "', For some LCM
processes, a layup is not necessarily composed of fabrics or mats, but of single rovings. This can be the case in
pultrusion processes, where individual rovings are drawn directly through the pultrusion die. In such a layup,
rovings are not intertwined or bound by back-threading. A few studies of this type of layup can also be found
in the literature. For example, Schell et al.3 were able to measure the longitudinal and transverse permeability
of this fibre configuration using a special mould enclosing a single roving. Bezerra et al.3!*? designed a setup
intended to represent pultrusion processes. In this setup, rovings are guided through a permeability cell or
compaction mould using perforated plates. This system fixates the stack of rovings while impregnation (radial)

or compaction experiments take place.
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Scope

Based on the literature review in this section, we briefly discuss how air-texturisation is expected to affect the
permeability and compaction behaviour of rovings. For this purpose, X-ray p-CT scans of composite parts
prepared with conventional UD-rovings as well as air-texturised rovings are depicted in Fig. 1. A description of

how these scans were conducted can be found in Rasmussen et al.**> and a summary is given in Appendix A.

As illustrated in Fig. 1, the fibre architecture of the part prepared with conventional UD-rovings has a high
degree of uniformity. This configuration is seen to be well-represented by the concept that a bundle of fibres
is essentially cylinders with multiple contact points. On the other hand, the part prepared with air-texturised
rovings has a very disordered fibre architecture. The texturisation process introduces out-of-plane fibres as
individual fibres cross over and intertwine. In addition, there are several areas with highly agglomerated fibres

that increase the non-uniformity of fibre distribution as the figure illustrates.

In summary, the increased disorder in the fibre architecture is expected to increase the permeability > as

well as decrease the compliance by lowering the “available fibre volume fraction”>9.

[Figure 1 around here]

Method

Sample preparation

To prepare a layup where rovings were not intertwined or bound by back threading, rovings were drawn through
two fibre guides mounted on a rack. See Fig. 2(a). The fibre guides were two polypropylene plates which
were perforated with a hole pattern corresponding to the typical equipment used in pultrusion processes32.
This pattern aligned five rovings per 15 mm. Essentially, this procedure was similar to Bezerra et al.*"32, but
instead of drawing rovings from individual bobbins, a single roving was drawn back and forth between the two

perforated plates. This simplified the setup as the number of bobbins needed was reduced from between 50-100

to a single bobbin.

[Figure 2 around here]
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After the layup of rovings was prepared in the rack, a small amount of a powder soluble (approximately 2
g/sample of FILCO 661MG020, Coim) was sprinkled on the locations that were excess to the area in contact
with the testing machine (Fig. 2(a)). This area was subsequently heated with a heat gun and clamped. Finally, an
inlet hole (r = 7.5 mm) was cut (ZUND M1600 CNC textile cutting machine) in the samples for permeability
tests, see Fig. 2(b). To ensure the inlet hole dimensions, the samples were placed on a vacuum table and cut
beneath a vacuum foil. This preparation method gave a ply-like sample of rovings, where the testing area was

unaffected of the processing steps.

Permeability experiments

The prepared sample was placed inside a permeability cell designed for radial injection tests. The permeability
cell consisted of a 40 mm thick top and bottom solid steel plates. An industrial type press (30 tonnes) was used
to close the top and bottom plate, and mechanical spacers ensured the cavity thickness (h). The setup can be
seen in Fig. 3(a).

[Figure 3 around here]

Through the inlet hole, a test fluid (Bluesil 47 V 100, 40-123.KN.K025, iz = 0.1 Pa-s) was pumped into the
centre of the sample at a constant injection rate. To verify that the dimensions and shape had not changed during
impregnation, the inlet hole was visually inspected before and after the experiments. While the impregnation
took place, seven pressure sensors in the bottom plate of the permeability cell continuously monitored the
development in fluid pressure. Six of the sensors were located in a radial pattern on one-half of the bottom plate

and one sensor was positioned at the inlet (see Fig. 3(b)).

As the method for estimating the permeability in this paper was based on the work by Louis et al.**

, only
a summary of the approach is given below. Please note that the same setup was used in a recent benchmark
exercise, see May et al.?.

The permeability measurements were based on closed-form solutions of Darcy’s law for creeping flow in

porous media assuming a fully developed saturated zone, constant fluid viscosity, incompressible fluid, rigid

fibrous material, and a negligible level of capillary pressure. Darcy’s law states that the fluid velocity, u, scales
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proportionally to the fluid pressure gradient:
K
(1-Vi)u= ;V,’P ey

where K is permeability tensor of the fibrous material and y is the viscosity of the fluid. The volume fraction
was calculated based on the areal weight of each sample, A,,, and the cavity thickness in the testing machine,
h, specifically:

Vi=— @

where py is the density of fibres (py = 2550 kg-m~3, E-glass fibres).

The fibrous material will in this relation be referred to as the porous medium and it is characterised with
principal permeabilities, K; and K. These permeabilities apply for the orientation angle, 1/, where off-diagonal
terms in the permeability tensor K are zero. For aligned fibres, K7 follows the fibre direction and K5 is
transverse to the fibre direction. The analytical solution for the radial impregnation flow in an anisotropic porous
35,36

medium was based on a coordinate transformation of the anisotropic domain into a quasi-isotropic domain

The quasi-isotropic permeability and the coordinate transformation follow the relation (see Fig. 3(b)):

K/:\/KlKQ, I&Z\/K//Klfl,'l, ZL‘IQZ\/K//KQIL'Q (3)

In the quasi-isotropic domain, the flow front develops in the shape of a circle. By simple geometrical

considerations, a relation between time, ¢, and the radius of this circle, 7, was established:

e (f) — Qt 2
Ty (t) - \/ﬂ'(l o Vf)h + Tin (4)

where @ is the inflow rate of the test fluid. The pressure at the inlet was found using the relation:

Qu Qt
in t) = 1 1 1V \rhr2
pi ( ) ArhK' . N (1 - Vf)ﬂ—}”‘%n ®

Prepared using sagej.cls



129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

8 Journal of Composite Materials XX(X)

Once the inlet pressure and flow front radius, r ¢, was determined, the pressure level within the saturated domain
was estimated as:

(6)

p(r,t) = pin(t) (l - 1g</)>

log(ry/rin)
The estimated pressure level in the saturated domain was then mapped to individual sensor locations, p(z;, y;),
using the principal direction, v/, and the coordinate transformation in Eq. (3). Finally, the principal permeabilities
and direction, K, K5, and v, were determined by minimising the sum of squared residuals wrt. the measured

pressure level of sensor 7, p; cp:

MNsensor

Residual = Z (Pwi,e.»,;pfp(l‘v:,?/v:)f 0

where ngepnsor 1S the number of pressure sensors. As the impregnation took place and the impregnated zone
expanded, the principal permeabilities and direction, K7, K5, and 1) converged. The reported values of K7, Ko,

and ¢ were taken as average values of the last 10 seconds in each experiment.

After the permeabilities at different volume fractions were determined, Gebart’s model?!, Eq. (8), was fitted

by calculating a best-fit fibre radius, [2:

5
8 (1—Vp)?3 16 V, -
Ki=—+— 1R K= 2 _1| R 8

1 53 Vf2 ) 2 97‘[‘\/6 Vf f ()

In this relation, V, was set to the theoretical maximum fibre packing for hexagonal stacking of cylinders,

Vo =7/(2V3).

Compaction experiments

The compaction behaviour of the sample was tested using a Zwick 1474 universal testing machine mounted with
a 100 kN load cell, see Fig. 4. Two circular steel plates (& = 135 mm) were fitted to the crosshead of the testing
machine. In the experiments, the crosshead was set to move with a constant velocity, iz, which meant that the

sample was compacted with a constant linear strain rate. For all tests, virgin samples were used. The dimensions
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of the samples were 250 x 150 mm?. This means the samples were larger than the circular steel plate and the
testing area was not exposed to the powder soluble used for the sample preparation. The compliance of the
testing machine was measured by conducting a test with no sample in place, which was used to compensate the
measured deflection in all results presented. The dimensions and weight of all samples were measured before

the tests, to calculate the areal weight and fibre volume fraction (cf. Eq. 2).

[Figure 4 around here]

As discussed in the introduction, Gutowski et al.>®

presented in early research models which are capable
of capturing the quasi-static response of a fibrous material being compacted. As fibrous materials are normally
subject to subsequential unloading, such models are inadequate for these applications. To allow for the inclusion
of a subsequent unloading step, Michaud and Ménson '? fitted a high-order polynomial to data from single-step
compaction experiments. While a high-order polynomial gives the freedom to fit virtually any data, we found
that this approach tended to overfit the data from our experiments. To cope with this issue, we instead used a
linear combination of power-laws. The benefit of this as compared to a high-order polynomial is that power-
laws are well-representative of the physics of compacting a fibrous material. As the early model suggested by

Gutowski et al.>¢, a power-law has asymptotic limits when constructed correctly, such that o — 0 when V; — 0

and 0 — oo when Vy — V.

For the loading history of samples, a single three-parameter power-law was fitted:

o= A, (Vs — Vo)™ ©)

Following the terminology in Gutowski et al.>, A, holds the spring stiffness of the fibrous material, Vj is the
volume fraction of the free-standing fibrous material, and n; is the power-law exponent. In this study, A, V5,

and n; were all treated as fitting parameters.

Once these fitting parameters have been determined based on the loading history of the samples, three

additional parameters were fitted to the unloading history. We found a single power-law inadequate of capturing
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this response, whereby a linear combination of two power-laws was used to characterise the unloading history:

Vi Vo™ Vi Vo \™
=kio.| =— 1-k)o.| =—— 10
o=ko (Vfcvo) +( 1)o (Vcho (10)

where no and n3 are power-law exponents, k1 is a constant describing the mixture ratio between the two
power-laws, o is the stress state of the sample before unloading, and V.. is the corresponding volume fraction
calculated using Eq. (9). In Fig. 5, Egs. (9-10) are plotted for some selected compaction/decompaction levels.

To summarize, Eqs. (9-10) present an approach to include the inelastic response of a fibrous material loaded
in a single compaction/decompaction step without considering plasticity explicitly. Finally, it is noted that
no viscoelastic or viscoplastic effects are considered, which means Eqs. (9-10) are only valid for quasi-static
loading or the specific strain rate applied in the compaction experiments.

[Figure 5 around here]

Results and discussions

Following the procedures in the previous section, the experimental characterisation of the permeability and
compaction behaviour is described in this section. To establish a basis for discussing the effect of texturisation,
experiments of both air-texturised and UD-rovings were carried out, see Table 1.

[Table 1 around here]

Permeability experiments

Following the test conditions given in Table 2, radial impregnation tests were conducted of twelve samples of
air-texturised fibres. As listed in Table 1, the air-texturised roving was a commercial material acquired from
the industrial vendor ~Vetrotex Saint Gobain”. The results are plotted and compared to nominal and best fit
fibre radii from Eq. (8), in Fig. 6 and Table 3. The mean value of the permeability and fibre volume fraction,
together with coefficients of variation, c,*, are listed in Table 4. Typical pressure histories and the evolution of

the principal permeabilities and direction, K1, K>, and 1), are examplified for one sample in Appendix B.

*¢y = std. deviation/arithmic mean
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[Tables 2, 3, and 4 around here]

Conventional UD-rovings In addition to the experiments of air-texturised rovings, twelve reference
experiments of conventional UD-rovings were conducted as well. However, this fibre configuration showed a
strongly anisotropic behaviour. In fact, based on the shape of the elliptic imprint from the test fluid on the bottom
plate of the permeability cell, a degree of anisotropy of approximately o = K; /K5 ~ 100 was obtained’. As
the test fluid only reached a single pressure sensor during the test, there was not enough basis for determining the

principal permeabilities based on these experiments. For the purpose of comparison, normalised permeabilities

1 31,32 1 31,32

from Bezerra et a are plotted in Fig. 7. Please note that Bezerra et a reported a similar magnitude of

anisotropy for their experiments on conventional UD-rovings.

Analysis of results From the results listed in Table 4, it can be read that the characteristic value, c,, varied
from 0.63% to 1.05% wrt. the fibre volume fraction of the samples. This is on par with what was reported by
participants in a recent benchmark exercise by May et al.?’. For the principal permeability along the fibre
direction, K, a c,-value between 14.41% to 28.20% was obtained. For K5, this was between 12.20% to
21.57%. In both these cases, the highest ¢, value was obtained for the experiments with high V. As this
configurations required the highest compaction pressure and had the smallest cavity thickness, this was to be
expected. Finally, based on the angle of the principal axis indicated in Fig. 6, there was no noticeable bias of the
principal direction to report.

While the c,-values for the permeability results are higher than what was on average reported in the
benchmark exercise by May et al.?? (7.8% to 12.2%, depending on fabric type), it is still on the same level
or lower than several individual participants. Bearing in mind that participants in the benchmark exercise?’
tested a mass-manufactured commercial technical fabric, the c,-values in this study demonstrated reasonable
repeatability and control of variations.

To compare the permeability of an air-texturised roving to a conventional UD-roving, results were compared

to the experimental results from Bezerra et al.’!32 In their work, a layup of single rovings was guided

TThis was based on (Length of elliptical imprint/width of elliptical imprint)2 &~ 100
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into a permeability cell using perforated plates. Similar to this paper, their permeability characterisation was
also completed by conducting radial injection tests with pressure sensors monitoring the impregnation flow.
Compared to Bezerra et al.’s results, the normalised permeability of the air-texturised roving was approximately
three times higher along the fibre direction, K, and 40 times higher transverse to the fibre direction, K5 (cf.
Fig. 7). For reference, when compared to Gebart’s empirical model?!, the permeability was four times higher
for K, and three times higher for K> (cf. Fig. 6). It is clear that air-texturisation increases permeability. This
follows the expected behaviour, as the texturisation introduces disorder in the fibre architecture, which increases
the permeability >>2°. In addition to increasing the permeability, the degree of anisotropy was decreased with
approximately one magnitude as well.

While the disorder in fibre architecture increases the permeability, the texturisation introduces out-of-plane
fibres. Compared to the conventional UD-roving, the flow now needs to pass additional fibres in the 1—direction,
which increases the flow resistance. In the 2—direction, the texturisation has the opposite effect; the additional
out-of-plane fibres means fewer fibres to pass, which decreases the resistance for flow. The increase in
permeability in the 2—direction was significant (40 times). It is noted that the resin may travel in less fibre-
rich areas between fibre agglomerations, which can be a contributing factor to the increase in permeability.

[Figures 6 and 7 around here]

Compaction experiments

Compaction experiments were conducted on virgin samples of air-texturised rovings as well as conventional
UD-rovings (cf. Table 1). The experimental results are compared to best-fits of Egs. (9-10) in Fig. 8, and the
best-fit parameters are listed in Table 3. In addition, selected points during unloading are compared to curve fits
in Fig. 9. A summary of test conditions is listed in Table 5.

[Table 5 around here]

Analysis of results Statistical analysis of the results was conducted by comparing the obtained load-
displacement curves at selected points. These points were the volume fractions obtained when the given material

was subject to a compaction pressure of o0 = 1 bar and ¢ = 5 during loading. The mean and characteristic
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values, c¢,, are listed in Table 6. The characteristic values were low, ranging from +0.9% (air-text. at o = 5 bar)
to £2.1% (conv. UD-rovings at o = 1 bar). In both cases, the characteristic value was higher for low compaction

pressure and lowest for the air-texturised roving.

[Table 6 around here]

At a compaction pressure of o = 1 bar, the conventional UD-rovings were compressed to a volume fraction
of Vy = 0.51. For the air-texturised roving, this was 33% lower at V; = 0.34. At o = 5 bar, these numbers
were Vy = 0.60, V; = 0.43, (air-texturised roving 29% lower). As the results indicate, the compaction pressure
needed to achieve a certain volume fraction was significantly higher for the air-texturised roving. Gutowski et
al.>® hypothesised that a disordered fibre architecture “moves the graphs [load-displacement curves] to the
left”. Indeed, this is the case when comparing conventional UD-rovings to air-texturised rovings in Fig. 8.
It is not surprising that texturisation results in a less compliant roving, as individual fibres simply cannot be
as densely packed in a disordered fibre architecture. Consequently, a higher restoring force is achieved when

subject to compaction.

While both conventional UD-rovings and air-texturised rovings gradually build up a restoring force when
loaded, the decompaction behaviour of the two roving types was different (cf. Fig. 8). Both types exhibited
reduced restoring force when unloaded, but the decompaction curve of conventional UD-rovings appeared
almost vertical. Consequently, the observed hysteresis for conventional UD-rovings was more substantial, which
reflects a more distinct inelastic or plastic behaviour. When the fibrous material is subject to loading, individual
fibres are bent as noted by Gutowski et al.>°. In addition, irreversible deformation may take place as a result
of individual fibres permanently moving and reorganising to accommodate a more dense fibre packing '°. The
latter behaviour characterises inelastic or plastic behaviour, which the results indicate was more prominent for
the conventional UD-roving. The disordered fibre architecture of the air-texturised rovings gives a skeleton-like
structure that constrains fibres from permanently moving and reorganising and instead “bounce back” when

unloaded. Arguably, this is the reason for the lower hysteresis observed for the air-texturised roving.
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Closing remarks

Based on the results presented in this section, applying texturisation adds features to rovings that are desirable

in many LCM processes and for fibre-reinforced polymer composites in general.

The increased permeability, for example, allows for faster impregnation in LCM processes. In pultrusion
processes, this means a profile can be drawn at a faster pulling speed, which allows for increased production
output. In addition, the lower degree of anisotropy means a pultrusion die can be shorter by design because a
low degree of anisotropy introduces less resin backflow. On the other hand, the X-ray, u-CT scans in Fig. 1
showed that texturisation results in local areas with fibre agglomerations. This introduces fibre-rich areas that

can be difficult to saturate. Ultimately, this can increase the risk of local voids.

The compaction behaviour showed that composite parts prepared with air-texturised rovings will have a lower
volume fraction when subject to a certain compaction pressure. Depending on the resin system and the cost of
the texturisation step, this can translate into a lower cost of the end product.

Although it was not investigated in this paper, texturisation will affect the mechanical properties of a
composite part. In addition to achieving a lower fibre volume fraction, the p-CT scans in Fig. 1 illustrate that
texturisation orient fibres away from the principal direction. This alteration reduces axial stiffness and strength
of the composite part, which can be undesirable if a design can take advantage of a high degree of mechanical
anisotropy. On the other hand, texturisation results in a disordered and intermingled fibre architecture, which
increases out-of-plane properties such as fracture toughness as well as transversal and shear stiffness and

strength.

[Figures 8 and 9 around here]

Conclusion

This study concerned material characterisation of air-texturised glass-fibre rovings. Motivated by a gap in the
research field, the scope of the paper was to characterise material properties needed for input in liquid composite

moulding (LCM) simulations, i.e. the permeability and compaction behaviour.
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For characterisation of the permeability, a special rig was built to prepare individual rovings into a ply-like
sample. Once samples were made this way, an existing setup designed for radial impregnation tests of fabrics
and mats could be used. For compaction tests, samples were tested in a universal testing machine. A linear
combination of power-laws was used as a model capable of capturing irreversible fibre-compaction valid for
a single loading/unloading step. With the main application of pultrusion processes in mind, curve fits were
compiled for implementation in simulation software.

We highlight the following findings and conclusions of the material characterisation study:

e Compared to conventional unidirectional (UD) rovings, the normalised permeability of the air-texturised
roving was approximately three times higher along the fibre direction and 40 times higher transverse to
the fibre direction. Accordingly, the degree of anisotropy was approximately one magnitude lower;

e At a compaction pressure of 1 and 5 bar, the air-texturised roving was compressed to a volume fraction
of Vy = 0.34 and 0.43, respectively, which was approximately 30% lower than the volume fractions
achieved for the conventional UD-rovings;

e Compared to conventional UD-rovings, decompaction of air-texturised rovings showed a more distinct

elastic response when unloaded.

In summary, it is concluded that air-texturisation increases the permeability and decreases compliance of
rovings.

A topic for future research could be to standardise and characterise different degrees of texturisation. Possible
extensions of this study could explore the effects of air flow, nozzle shape and size, exposure time in the
texturisation step. In addition, possible topics could involve how mechanical or thermal properties of composite

parts are affected by the anisotropy caused by texturisation.
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Appendix A. X-ray, ;-CT scans

The X-ray micro computed tomography images (X-ray, u-CT) were captured using a Zeiss Xradia Versa 520
scanner. The specimens for scanning were prepared by cutting out cylindrical samples from composite parts.
Each sample was subsequently reduced to a diameter of @5 mm using a lathe. The scans were carried out at a
voltage of 40kV and a power of 74 pA using 4x optical magnification. Each scan was performed using 4501
projections at binning 2 with a total scanning time of 20 hours. For each cutout, the scan was further cropped
to a @2 x 2 mm cylinder. The resulting scans in Fig. 1 have a 1000® voxel resolution with a voxel size of

approxiamtely 2 m. For more information about the scanning procedure, please see Rasmussen et al. 3.

Appendix B. Example of probed pressure histories

Figure 10 exemplify pressure readings and the associated evolution of principal permeabilities and direction, for
one permeability experiment used as a data point in Figs. 6 and 7. The sample was prepared from air-texturised
rovings (cf. Table 1). The cavity thickness in the permeability cell was set to h = 1.6 mm, which resulted in
a volume fraction of V; = 0.379. The inflow rate was set to Q@ = 107 m?/s, whereby the impregnation time
lasted for approximately seven minutes.

[Figure 10 around here]
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3D-view Xp — X3 Cross section X| — Xp Cross section

Conventional unidirectional roving

Air-texturised roving

High degree of fibre agglomerations Local low volume fraction Disordered fibre architecture

Figure 1. 3D and cross-sectional views of cutouts from a composite part manufactured using conventional
UD-rovings and air-texturised rovings. The images were prepared by use of X-ray u-CT, see Appendix A.
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Figure 2. (a) Rig for sample preparation. (b) One prepared sample (air-texturised rovings) for impregnation tests.
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Figure 3. (a) Permeability measurement cells designed for radial impregnation tests. (b) Schematic of the pressure
sensors and the radial flow that takes place inside the cavity of the permeability cell.

Figure 4. Sample (conventional UD roving) for compaction tests placed between circular steel discs mounted in a
universal testing machine.
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Figure 5. Example of compaction-decompaction curve fitted using Egs. (9-10). The levels, V.;, o.;, corresponds to
the compaction level of sample i before unloading.
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Figure 6. Experimental results of measured the permeability of air-texturised roving. Comparison of nominal and
bestfit fibre radii from Eq. (8) (cf. Gebart?'). Multiples are approximate.
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Figure 8. Applied compaction pressure, o, vs. measured volume fraction, V;, compared to model fit, Egs. (9-10).
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Figure 10. Example of pressure readings from one permeability experiment used as a data point in Figs. 6 and 7.
The sensor locations are depicted in Fig. 10.
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Table 1. Overview of roving types.

Material name Conventional UD-roving Air-texturised roving
Vendor (and type) Miihlmeier Composites  Vetrotex ECO14 5000 T10C
Glass type E-glass E-glass

Fibre radius, r, [pm] 11 6

Tex [g/km] 4800 5000

Table 2. Parameters for the test setup used in permeability experiments.
1The constant injection rate was chosen wrt. to the cavity thickness and the volume fraction such that the impregnation time lasted
approximately seven minutes.

Parameter Quantity

Sample dimensions 380 x 250 [mmxmm)]
Test fluid and viscosity Bluesil 47 V 100, 4 = 0.1 Pa-s
Cavity thickness, h 1.6 — 2 [mm]

Volume fraction of samples 0.31 — 0.38 [-]
Approx. number of rovings in each sample 70

Injection rate! 1—1.4-10"7 [m3/s]

No of samples 12 samples

Table 3. Compiled best-fit based on the experimental data. *Refers to data from Bezerra et al.>".

Conventional UD-roving Air-texturised roving
Principal permeabilities, cf. Eq. (8)
Best-fit fibre radii, B¢k, ), R f(k,) 13.5,3.5 pm* 11.7,10.0 pm
Compaction/decompaction, cf. Egs. (9-10)
Spring constant, A, 0.31 [bar] 2.01 [bar]
Reference volume fraction, Vj —0.54 [-] —0.62 [-]
Ratio between power-laws, k; 0.43 [-] 0.58 [-]
Power-law exponents, n; 20.21,9.18-10%,2.74 - 10° [-]  19.49,3.01 - 103,4.30 - 10* [-]

Table 4. Mean volume fractions and principal permeabilities, together with characteristic values, c,, of air-texturised
roving (cf. Table 1). Four samples were tested for each configuration.

Configuration Vi(£ey) (1 Ki(£e,) [107T m?]  Ks (£¢,) [107H m?]
Low V 0.31 (£1.05%) 6.25 (+14.41%) 0.82 (£12.20%)
Mid V 0.35 (£1.91%) 5.40 (£27.40%) 0.67 (£12.24%)
High V; 0.38 (£0.63%) 3.58 (+28.20%) 0.52 (£21.57%)

Table 5. Test paramaters for compaction/decompaction experiments.

Parameter Quantity
Sample dimensions 250 x 150 mm?
Diameter of compaction plates 2 =135 mm
Applied load/pressure before unloading (o) 5-20 kN/3.3-17.6 bar
Applied displacement rate, h 2 mm/min
Number of samples 5 samples

Table 6. Mean value of volume fractions achieved at certain stress levels during loading of the materials tested. ¢,
refers to the characteristic value.

Vi (£c,)ato = 1bar  Vy(+c,)ato =5 bar
Conventional UD roving 0.51 (£2.1%) 0.60 (£1.0%)
Air-texturised roving 0.34 (£1.3%) 0.43 (£0.9%)
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