Modelling the permeability of random discontinuous carbon fibre preforms
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Abstract

A force-directed algorithm was developed to create representative geometrical models of
fibre distributions in Directed Carbon Fibre Preforms (DCFP). Local permeability values were
calculated for the preform models depending on the local fibre orientation, distribution and
volume fraction. The effect of binder content was incorporated by adjusting the principal
permeability values of the meso-scale discontinuous fibre bundles, using corresponding
experimental data obtained for unidirectional non-crimp fabrics. The model provides an
upper boundary for the permeability of DCFP architectures, where predictions are within one

standard deviation of the experimental mean for all architectures studied.
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1 Introduction

Directed Carbon Fibre Preforming (DCFP) is an automated process for producing non-woven
reinforcements for composites from chopped fibre tows [1]. A robot-mounted chopper head
cuts continuous fibre tows into segments of defined length and sprays the segments together
with a polymer powder binder (~5 wt%) onto a perforated tool, following a pre-defined
deposition path. Air is evacuated from underneath the tool, so that the resulting pressure
differential holds the deposited fibres in place. A second (matched) perforated tool is lowered
to compress the preform to control its thickness before hot air is cycled through the
perforations to activate the binder. The binder-stabilised preform is extracted from the
preforming station and transferred to a separate moulding station for injection of liquid resin.
DCFP has been adopted successfully in the automotive industry as an alternative to sheet
moulding compounds for semi-structural composite components [2, 3]. In general, the final
reinforcement fibre architecture is more controllable in components produced by Resin
Transfer Moulding (RTM) than in components made by compression moulding, as unwanted
flow-induced fibre alignment or fibre curvature can be largely avoided. The DCFP process can
produce net-shaped preforms and is suitable for medium production volumes (> 30,000 parts
per annum) [4]. However, compared with frequently used woven, stitch-bonded or braided
reinforcement fabrics with equivalent areal mass, the permeability of non-woven DCFP
materials is typically an order of magnitude lower and has higher levels of local variability [5].
This results in longer times for reinforcement impregnation and causes uncertainty during the
resin injection process.

In general, the permeability of dual-scale reinforcements, such as fabrics, where continuous
fibre bundles are arranged in a defined pattern, or DCFP materials, where discontinuous fibre

bundles are arranged randomly, is governed by flow in the fibre bundles and between the



bundles. This dual-scale permeability has been studied numerically and experimentally for
saturated and unsaturated flow in liquid moulding processes [6-9]. To account for the
difference in flow velocities in bundles and between bundles, which typically results in
delayed impregnation of the fibre bundles in unsaturated flow, it has been proposed to model
fibre bundles as a fluid sink in a porous medium with uniform permeability [8, 9]. Furthermore,
unsaturated flow is affected by capillary pressure which is sometimes considered in modelling
of flow and void formation within fibre bundles [8, 10-12]. However, the effect of capillary
pressure on fluid flow tends to be negligible if the injection pressure is high enough [13].
Importantly, both material scales affect the impregnation of DCFP materials and need to be
considered in permeability modelling.

When High-Pressure RTM (70 bar to 150 bar injection pressure) [14] is used to inject fast-
curing epoxy resins [15-17] to obtain short cycle times, large in-mould forces can cause fibre
washing or preform tearing, as fixation through clamping of preform edges (areas of high fibre
volume fraction outside the final trim line) is ineffective with discontinuous fibres.
Consequently, higher binder content (~10 wt%) is required for preform stabilisation to
prevent fibre movement during injection, which may reduce the preform permeability and
can have an adverse effect on the mechanical properties of the moulded component. Rohatgi
and Lee [18] found that the permeability of woven preforms decreased by ~40 % when binder
content increased from O wt% to 8 wt%. Powder binder tends to remain on the surface of the
fibre bundles, blocking meso-scale flow channels between bundles and hence reducing
permeability. Furthermore, soluble binders mix with the resin and can increase its viscosity,
reducing the velocity of flow through the porous preform [19].

In a previous study, the variability in permeability measured for a series of DCFP preforms

with identical specifications was found to be as high as 34 % [5], which can cause great



uncertainty in terms of developing flow patterns, affecting tooling design and injection
strategy. This variability is related to local variations in meso-scale fibre architecture, which
depends on four main factors, i.e. the uniformity of the superficial density, the fibre
orientation distribution, the fibre length distribution, and the average tow filament count.
Permeability variations need to be controlled in order to make the resin injection process
more robust. A previously developed stochastic model to predict the local permeability for
DCFP preforms was based on a simple 2D random sequential adsorption model [5, 20]. This
model used beam elements to represent only the axes of discontinuous carbon fibre bundles,
which introduced errors in terms of fibre distribution. Additionally, the through-thickness
fibre distribution was simplified by assuming three idealised cases (homogenised, clustered,
uniform) [5]. Local permeability fields were generated, which were used as input for resin
flow simulations. Irregular flow fronts were observed in the simulations, reflecting the effect
of meso-scale material variability. Global permeability values derived from the simulations
were between 25 % and 108 % higher than corresponding experimental values, depending on
the assumed through-thickness distribution of the bundles. This difference was attributed to
the approach for generating local permeabilities, which overlooked the non-uniformity of
through-thickness fibre distributions and the effect of applied binder on effective flow
channel dimensions.

This paper presents a novel approach for local permeability calculation, using an alternative
geometrical modelling scheme to produce more representative discontinuous fibre
architectures. A force-directed algorithm is adopted to simulate the through-thickness
consolidation of the deposited fibre bundles during preforming, in order to achieve realistic
local fibre distributions [21]. The effect of preform binder content is taken into account in the

calculation of local permeability values, which are used as input for resin injection simulations.



The model is applied to DCFP preforms with different fibre volume fractions, and results are

validated by experimental testing.

2 Materials

For the experimental study, DCFP preforms were manufactured by the process outlined by
Harper et al. [1]. Toray T700-50C 12K carbon fibre was used, which had an average bundle
width of 4.6 mm. A reactive epoxy binder (Momentive EPS620) was used for preform
stabilisation, which was cured under vacuum at 120 °C for 10 minutes. Details of all preforms
manufactured are listed in Table 1.

For additional permeability tests, a unidirectional (UD) carbon fibre non-crimp fabric (NCF)
with an areal mass of 375 g/m? was used (FCIM356, supplied by Hexcel Leicester). This was
made from 12K carbon fibre bundles (Toray T620-50C), with a stitch thread from polyester.
Permeability measurements were performed using engine oil with measured viscosity-

temperature characteristics (7= 0.103 Pa-s at 20 °C) as a test fluid.

3 Experimental permeability study

3.1 Experimental method

Due to the local variability in the architecture and permeability of DCFP preforms, flow front
shapes observed in radial flow experiments deviate from ellipses [22, 23], which creates
difficulties in calculating representative global permeability values. Here, linear (uni-
directional) flow experiments were conducted where an approximate permeability value can
still be determined, even if the flow front shape is irregular as a result of local material
variations. The preform is placed in a rectangular mould and fluid is injected at constant

pressure through a linear gallery at one end. The pressure drop between injection gallery and



flow front, AP, and the time, t, for the flow front to reach a given position, x, are measured.

This allows the permeability, K, to be calculated using
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, (1)
which is derived from integration of Darcy’s law in one dimension. Here, n is the fluid viscosity,
e=1-V; (2)
the porosity and V; the fibre volume fraction. This method is accurate if the linear flow front
is straight and still allows an approximation for the permeability to be derived if the flow front
is not straight due to local variations in the material.
For the tests, coupons with dimensions 280 mm x 115.5 mm were stamped from each
preform using a die cutter to produce neat square edges. Each coupon was 0.5 mm wider
than the tool cavity used for the flow experiments to obtain a tight fit and prevent race
tracking. Figure 1 shows a schematic of the rectangular mould tool used to perform the
unidirectional permeability measurements. The cavity height of the mould was 2 mm when
assembled. More detail on the experimental method is provided in a previous publication [5].
The test fluid was injected into the mould at a constant pressure of 1.5 bar. Readings of a
pressure sensor (indicated in Figure 1) were used to detect the arrival of the flow front at a
position 250 mm from the inlet. The time for the flow front to reach this position was typically
in the order of 30 seconds for a DCFP preform with a fibre volume fraction of 31 %. An

estimate for the permeability was calculated using Egs. (1) and (2).

3.2 Experimental results
The in-plane permeability was measured for up to 30 coupons for each type of DCFP material,
which were taken from three separate preforms. For DCFP samples at a binder content of 10

wt%, the level of variability was quantified, and the size of the population required to achieve
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a representative mean value was determined. The cumulative average permeability value is
plotted as a function of the number of measurements in Figure 2. For the lower fibre volume
fraction of 31 %, 10 measurements are required before the average permeability value
reaches a plateau. The average permeability value after 10 iterations is within 98 % of the
mean value after 30 iterations, which is an acceptable error, given the local variability of the
material. A typical flow front for a DCFP preform with a fibre volume fraction of 31 % is shown
in Figure 3, which was taken in-situ during a permeability measurement. The observed
irregularity is caused by the non-uniform distribution of fibre bundles. As there are only 4.2
tows/cm? on average for this particular fibre architecture, local variability results in large resin
rich regions. The uniformity improves for specimens with a 46 % fibre volume fraction, i.e. 6.3
tows/cm? on average. Consequently, the representative average permeability value is
achieved after just 4 iterations, as shown in Figure 2. The coefficient of variation (standard
deviation / average) of the permeability at Vy= 0.31 % after 10 iterations and at Vy= 0.46 after
4 iterations is in the order of 25 %. Based on the results presented in Figure 2, 15

measurements were performed for all other preform types, as indicated in Table 1.

3.3 Additional permeability tests

The effect of binder needs to be taken into consideration in order to accurately predict the
permeability for DCFP preforms. Since the effect of different binder content levels on
permeability would be indistinguishable from the effect of inherent material variability for
DCFP preforms, a series of permeability tests were conducted for a UD NCF to enable the
effect to be identified clearly. NCF was selected, as tests on UD tows are difficult to perform
at low binder content, as the fibres are susceptible to moving during resin injection,

particularly for low fibre volume fractions where preform clamping is limited within the tool



cavity. Here, the presence of the stitch yarn will influence the absolute permeability values,
but this is considered acceptable, as the purpose of this study is to provide a relative measure
for the influence of increasing binder content.

The powder binder was deposited evenly on one surface of each of the four UD NCF layers in
a specimen and cured under vacuum at 120°C, similar to the DCFP preforms. The fibre volume
fraction of the UD NCF specimens during the permeability tests was 46 %. Tests were
conducted both parallel and transverse to the fibre direction, employing the experimental
method described above. The resulting permeability values were used to calculate knock-
down factors in an analytical expression to determine the input values for the DCFP
permeability model.

Figure 4 shows the measured permeability values, k1 and k3, for UD NCF specimens at three
different EPS620 binder levels: 0 wt%, 5 wt%, and 10 wt%. The value of ki (orientated along
the fibre direction) decreased by 60.1 % (from 4.04 x 10 m? to 1.61 x 10 m?) when 5 wt%
of binder was added to the preform. However, when the binder level increased from 5 wt%
to 10 wt%, the effect of additional binder became less significant, as the permeability only
decreased by a further 4 % (from 1.61 x 10° m? to 1.55 x 101 m2). Compared to ki, the
permeability transverse to the fibre direction, k», is less sensitive to an increase in the binder
level, particularly in the range of 0 wt% to 5 wt%, as shown Figure 4. The permeability values
at different binder levels are listed in Table 2. Figure 5 (a) shows that the flow progresses
quickly through the gaps between the fibre tows in the ki direction. In the k; direction (Figure
5 (c)), the flow velocity is high along the stitches, which compress the fibre tows locally and
form flow channels, when there is no binder in the preforms. Dry spots were entrapped
behind the flow front as observed in Figure 5 (c), as the flow velocity is much smaller in the

fibre tows than in the gaps formed around the stitches. When the binder level was increased



to 10 wt%, the spacing between tows still provided flow channels (Figure 5 (b)) in the k1
direction, albeit at reduced effective dimensions. The propagation of the flow front in the k»
direction (Figure 5 (d)) was affected by the binder which reduces the flow channel dimensions
around the stitches, resulting in a more linear profile, although the effect on the value of k; is
less significant. These results show that the binder influences the principal permeabilities, k1

and ky, in different ways.

4  DCFP permeability modelling

4.1  Modelling approach

The permeability of a preform is governed by intra-bundle flow and inter-bundle flow. Both
can be included in analytical models to predict the local permeability of the preform. Gebart
[24] proposed two equations to describe the permeability of aligned fibre bundles along the
fibre axis,

_ Rf a-vp?
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and perpendicular to the fibre axis,
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Here, Rris the fibre radius, Vs the fibre volume fraction, and ci, ¢2, and Vfmax are geometrical
constants which depend on the fibre packing arrangement. The equivalent permeability of a

gap between two fibre bundles is estimated as

HZ

where H is the height of the gap [25].



The in-plane permeability of a randomly orientated fibre bundle, i, within a DCFP architecture
where the local orientation is described by an angle, aj, can be expressed as

k, cos? Aa; + k, sin? Aa;  (k, — k) sinAa; cos Aai>
(ky — ki) sinAa; cos Aa;  kq sin? Aa; + k, cos? Aa;

K;(Aq;) = ( (6)

Here, Aa;is equal to (a; — ao), and ao is the local principal material axis of the preform.
Modelling a DCFP preform as a stack of N identical fibre bundles and M through-thickness

gaps between bundles, the local permeability can be estimated as

2
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where Ty is the thickness of the N fibre bundles, Tm is the inner mould cavity thickness, and
values of h; are the heights of the M gaps between fibre bundles [5]. Out of the three
previously discussed cases of through-thickness fibre distribution (homogenised, clustered,
uniform), uniformly spaced fibre bundles produce the most accurate permeability predictions.
However, these values are still 25 % higher than experimental data. In practice, the fibre

bundles are not evenly distributed through the thickness, therefore previous simulation

results [20] represent an over-estimation of the DCFP permeability.

4.2  Implementation

In the current work, four steps were implemented to create geometrical models and predict
the permeability of DCFP preforms: 1) A force-directed algorithm was used to simulate
deposition of discontinuous fibre bundles to create a representative model of the DCFP
architecture; 2) The fibre arrangement was analysed using a Matlab script to determine the
local fibre volume fraction, local fibre orientations and through-thickness spacing; 3) Local
permeability values were calculated; 4) a commercial software package (PAM-RTM) was used

to simulate resin flow through a preform with non-uniform permeability distribution values
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in order to calculate global permeability values based on the predicted fill time for a given

flow length. The schematics of these four steps is presented in Figure 6.

4.2.1 Tow deposition simulation

The 3D geometry representation of a DCFP preform was produced by an algorithm developed
by Harper et al. [21]. A typical output from the model is shown in Figure 7. The fibre bundle
properties (tow size, fibre length, tow volume fraction), model dimensions and global fibre
volume fraction were defined according to Table 3.

Each bundle was deposited sequentially within the model, and a cropping algorithm was
employed to trim the bundle if it crossed the boundary of the domain. Fibre bundles were
continuously deposited over the region of interest until the target fibre volume fraction was
achieved. A force-directed approach using an attraction—repulsion mechanism was used to
prevent bundle intersections and to define the through-thickness distribution of fibre bundles
[21]. When the fibre architecture generation is complete, each deposited fibre bundle is

represented by a separate surface mesh.

4.2.2 Fibre geometry analysis

An algorithm was developed to assign the local number of fibre bundles, their orientation and
through-thickness spacing, which are derived from the tow deposition model, to triangular
finite elements (FE) in a 2D mesh representing the domain for the resin flow simulations. As
it would be too expensive computationally to use the same mesh density for flow simulation
as for modelling of the fibre bundle geometry, the triangular FE mesh was typically much
coarser than the surface mesh representing each tow. Due to the lack of congruence between

the two meshes, a rule needed to be defined for mapping of local fibre bundle properties to
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triangular finite elements which ensures that the global fibre volume fraction was
approximately maintained. Here, a threshold area coverage was introduced to determine if
the bundle properties were assigned to a partially overlapping triangular finite element. This
means that the properties of a specific fibre bundle were considered in determining the
properties of a specific finite element if the bundle surface mesh covered more than a
specified threshold fraction of the area of the triangular element.

A sensitivity study was performed to determine an optimum area threshold to ensure the
local fibre volume fraction was not misrepresented. Three carbon fibre tow sizes (T700 with
filament diameter of 8 um) were selected for investigation: 24K, 12K, and 6K. The mesh
information for all fibre architectures generated in this work is listed in Table 3. The width for
each tow size was measured using a Vernier calliper.

The heights of through-thickness gaps between all fibre bundles were estimated within each
triangular element. The vertical position of a tow was represented by the average vertical
coordinates of tow surface elements within a triangular finite element, taking into
consideration the thickness of the tow. If the vertical spacing between tows was less than or
equal to the tow thickness, the spacing was set to 0. If the sum of the tow thicknesses in any
element was greater than 2 mm (the cavity height), all vertical inter-tow spacings were set to
0, assuming all fibres were touching and the filaments from all tows were distributed
uniformly [5].

The output from this analysis included the x-y nodal coordinates of the finite elements, the
number of tows within each element, the orientation of these tows and the vertical position
of each tow relative to the base of the mould. This data was used to calculate local

permeability values for each element using Eq. (7).
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4.2.3 Local permeability calculation

The approach proposed by Endruweit et al. [20] for approximating the local DCFP
permeability was modified to account for the non-uniformity of the through-thickness inter-
fibre spacing. The parameters used for calculation of more realistic local permeability values
are listed in Table 4. Fibre density and diameter data were taken from the data sheet for T700
carbon fibre [26], while c1, c2 and Vimax were determined assuming quadratic fibre packing [5,
20].

The effect of powder binder was taken into account by applying percentage reductions (listed
in Table 2) to the analytical values for k1 and k; according to the permeability measurements

for the UD NCF with different binder contents (Section 3.3).

4.2.4 Flow simulation

The domain sizes for FE simulations using PAM-RTM are listed in Table 3. One example (280
mm x 110 mm) is shown in Figure 8. The cavity height, H, was 2 mm. The short edges of the
rectangular cavity are the resin inlet and outlet, respectively, whilst the long edges represent
impermeable mould walls. The five points at a distance of 250 mm from the inlet (left edge)
indicate a set of virtual pressure sensors. A constant injection pressure of 1.5 bar is set on the
inlet, while the pressure at the outlet is 0 bar to create a pressure differential, AP. The
viscosity of the resin, n, is set to 0.103 Pa-s. The time for the resin (indicated in red in Figure
8) to reach the five virtual pressure sensors is recorded. The average value is calculated, which
is used in Eqg. (1) to determine the global permeability. It is to be noted that, as each
permeability test gives only a single value, 5 times as many tests need to be run (and averaged)

to obtain the same accuracy as with the simulations.
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5 Discussion

5.1 Geometrical model

To obtain accurate representations of the DCFP architecture, it is important to ensure that
the global fibre volume fraction is preserved when the 3D tow surface mesh is reduced to the
2D FE mesh (Section 4.2.2). Global fibre volume fractions for different area threshold values
are presented in Figure 9 for different DCFP architectures. The target global Vrwas set to 31 %,
as indicated by the red horizontal line. The global fibre volume fraction is over-predicted by
approximately 40 % when no area threshold is used (Vs is predicted to be 44 % rather than
31 %). The magnitude of the error is a function of the fibre length. Larger errors occur for
shorter fibres (30 mm), as more tow segments are present per unit volume compared with
longer fibres.

As the area threshold value increases, the error is reduced, and the global fibre volume
fraction approaches the target value. Figure 9 indicates that an area threshold of 70 % is
required to achieve a representative fibre volume fraction for all three fibre lengths
investigated (30 mm, 50 mm, and 100 mm).

In order to validate this, the volume fraction for a range of fibre architectures listed in Table
3 was calculated. The calculated error for the majority of the architectures in Table 3 is less
than 5 % if the area threshold value is set to 70 %. The error values for fibre Architectures 1
to 3 indicate that the area threshold value appears to be independent of the global volume
fraction. The 70 % threshold value is effective when the ratio of the triangular element size
to the seed size of the tow surface mesh is between 1.5 and 3.2, as the error for the calculated
volume fraction is less than 5 %. The error for Architecture 14 is 50 %, as the seed size of the
tow surface mesh (1.13 mm) is too large relative to the width of the 6K tow (2.4 mm).

Consequently, only two or three nodes are located across the fibre width, which leads to a
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poor mesh quality. When a finer tow seed size (0.29 mm) and triangular mesh size (0.6 mm)
are used for the 6K fibre architecture (Architecture 13), the error is within a more acceptable
range (<5 %).

Architecture 10 is similar, with a reported difference of 17 % between the simulated fibre
volume fraction and the target value. This is also due to the large triangular element size (5
mm) in comparison to the width of the 24K tow (9.4 mm). The error is reduced to 3.6 % when
the triangular element size is reduced by 50 % to 2.5 mm (Architecture 8), which indicates the
importance of selecting the correct seed size for the tow surface mesh and the triangular
finite element size for these architectures. Whilst smaller finite elements improve
computational accuracy, they result in an increase in computation time. Data listed in Table
5 indicates that the CPU time increases by a factor of approximately 10 (from 28 s to 267 s)
when the element size is reduced from 2.5 mm to 1.2 mm.

The relationship between the seed size for the tow surface mesh, Ss, the triangular finite

element size, Sy, and the width of tow, W, can be expressed as

(D1 xS) <SSy < —, (8)

2
where D1 and D; are design constants. The recommended values for D1 and D; are 2.2 and 3.8
respectively, based on the results above, considering accuracy and computing time.

To show the effect of local fibre bundle arrangement on the global permeability value, an
example 3D DCFP model was generated as described in Section 3.2.1. Based on the local fibre
distribution, which is plotted in Figure 10 (a) where darker grey-scales indicate higher local
fibre content, local permeabilities were calculated (Section 3.2.3) and subsequently imported
into PAM-RTM. The effective global permeability was calculated from the resin flow
simulation results, using the methodology outlined in Section 3.2.4. Figure 10 shows that the

flow front is irregular and that it correlates clearly with the local fibre distribution within the
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preform. Flow is hindered by the high fibre content regions, causing resin to flow faster

through the low V;regions (as observed experimentally in Figure 3).

5.2 Global permeability prediction

The validity of flow simulations using PAM-RTM is checked by comparing results with
experimentally determined permeability data. Figure 11 shows the simulation results of the
cumulative average global permeability values for a DCFP architecture with a filament count
of 12K, a fibre length of 45 mm, and a binder content of 5 wt% at V=31 %. For each iteration,
a new randomised DCFP model was created using the same material parameters. As each
simulation implies averaging of five times for the uneven flow front to reach a given distance
from the injection gate, the simulation results converged after 3 iterations, and all values
were in a narrow range (15 x 10 m? to 16 x 10 m?). Convergence is significantly quicker
than for the permeability tests, where only one value was determined in each experiment.
The fibre volume fraction for models used in the flow simulations can be controlled with high
accuracy, such that each individual DCFP model (280 mm x 110 mm) has a fibre volume
fraction of 31 %. Whereas the fibre volume fraction for specimens used for permeability tests
cannot be controlled with the same accuracy. Experimental specimens are stamped from a
larger preform, therefore local non-unifomity of the fibre volume fraction results in some
variability in V¢ (between 30 % and 32 %) of the test specimens, even if the global fibre volume
fraction for the entire preform is accurate. This additional uncertainty can have a significant
effect on the global permeability of the test specimens.

Table 6 compares permeability values for the DCFP structures at two levels of V; (31 % and
46 %), which were predicted using two different modelling methods and determined

experimentally. Here, the 2D model refers to a previous approach which assumed that fibre
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bundles are evenly distributed through the preform thickness [20], while the 3D model refers
to the approach discussed above, with random spacing between fibre bundles in the through-
thickness direction. The results indicate that, in general, the permeability reduces as the
binder content increases, since the binder material hinders fluid flow at the bundle-bundle
contact points. As the fibre volume fraction increases, the effect of the binder content on the
in-plane permeability becomes less significant. The permeability reduces by approximately
16 % as the binder content is increased from 5 wt% to 10 wt% at Vy = 46 %, compared to a
reduction of 27 % at Vs = 31 %. Both the inter- and intra-bundle spacings reduce as the fibre
volume fraction increases, which dominates the preform permeability more than the binder
content. It is conceivable that less binder is required for preform fixation at higher fibre
volume fractions, as the through-thickness pressure induced by the tool is sufficient to hold
the tows in position. However, the success of this approach depends on the uniformity of the
fibre distribution and the complexity of the preform geometry, as the through-thickness
pressure is non-uniform and will be lower on near-vertical faces of the geometry.
Comparing the different modelling approaches, the predictions based on the 3D model show
significantly smaller deviations from experimental values than predictions based on the 2D
beam element model. In terms of average values, the 2D fibre model with even spacing
between bundles underestimated the permeability of DCFP by ~40 %, while the 3D model
overestimates the permeability by ~15 %.

However, the trend for the effect of binder content on the permeability at different fibre
volume fractions was correctly accounted for in the simulation based on the 3D model. The
overestimation of experimental values by 15 % can be attributed to the assumption that the
fibres remain piecewise planar (overlooking out-of-plane fibre angles). Therefore, simulated

resin flow is not hindered by fibres passing through the thickness of the preform.
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6 Conclusions

In a series of permeability tests on DCFP preforms, the observed variability in measured values
was high, which is a reflection of the variability in areal mass of the preforms. It was found
that, in general, at least ten repeat tests are required to obtain convergence of the average
permeability.

Experimental data also showed that the presence of powder binder has a significant influence
on the permeability of DCFP preforms, when typical amounts are added for preform fixation.
When the binder content was increased from 5 wt% to 10 wt%, the permeability of a DCFP
preform at a fibre volume fraction of 31 % was reduced by 27 %. However, at V= 46 %, the
reduction in preform permeability was only 15 %.

A permeability model was developed which accounts for local features of the 3D fibre
architecture of DCFP preforms, i.e. number of tows, orientation, and through-thickness
spacing, for approximation of local permeability values. Local permeability values are
assigned to a 2D preform model which is used for resin injection simulations.

The results of the resin injection simulations allow global preform permeabilites to be derived.
Results show that the model developed in the presented work allows to reproduce the
characteristic irregular flow fronts observed in the experiments for the DCFP material.
Compared to the previously developed models, the new 3D model reduced the difference
between average global permeability values derived from simulations and the corresponding
experimental values. The difference was reduced from 40 % for the previous model to
approximately 15 % for the new approach, where the predicted values are within one

standard deviation of the experimental values for each material scenario studied.
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8 Figures
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Figure 2: Cumulative average (global) permeability value as a function of number of measurements
for two different DCFP preform architectures (T700 12K, Vs= 31 % and 46 %, EPS620 at 10 wt%).
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Figure 3: Typical flow front profile in a DCFP preform during an in-plane permeability test. Arrow
indicates main flow direction.
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Figure 4: k1 and k> values of the UD NCF preforms (Vs = 46 %) at three levels of binder content: 0
wit%. 5 wt% and 10 wt%.
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Figure 5: Profiles of flow fronts in UD-NCF preforms at different orientations and different binder
levels: (a) 0 wt%, k1; (b) 10 wt%, k1; (c) O wt%, k»; (d) 10 wt%, k,. The blue arrow indicates the flow
direction.
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Figure 6: Schematic of permeability modelling process: (A) DCFP architecture generation [21]; (B) Fibre
geometry analysis (mapping); (C) Local permeability calculation [20]; (D) Flow simulation in PAM-RTM
to determine global permeability.
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Figure 7: 3D model of DCFP preform from 45 mm long 12K fibre bundles; dimensions: 50 mm x 50
mm x 2 mm.
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Figure 8: FE model for flow simulation in PAM-RTM (280 mm x 110 mm).
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Figure 9: Global fibre volume fraction of a 280 mm x 110 mm x 2 mm 24K fibre DCFP preform as a
function of the area threshold value. The target Vs (red line) is 31 % for a range of fibre lengths (30
mm, 50 mm and 100 mm) using different area threshold values.
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Flow direction

14

Figure 10: Fibre distribution in a DCFP model (a): scale bar indicates local number of fibre bundles;
simulated fluid distributions at different stages of the injection process (b) — (d); model dimensions
280 mm x 110 mm.
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Figure 11: Cumulative average global permeability values derived from FE flow simulations in PAM-
RTM.
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9 Tables

Table 1: Details of preforms for permeability tests.

Preform type Fibre length Carbr:r;alng:e:::;e;n;zfglllty Binder content Number of specimens
45 mm 31% > Wt% 15
DCEP 10 wt% 30
45 mm 46 % > Wt% 15
10 wt% 15
0 wt% 15
UD-NCF - 46 % 5 wt% 15
10 wt% 15

Table 2: Average permeability values for UD NCF at different binder levels.

Binder content
Permeability
0 wt% 5 wt% 10 wt%
k1(107° m?) 4.04 1.61 (-60.1 %) 1.55(-3.7 %)
k2(107° m?) 1.19 0.90 (-24.4 %) 0.82 (-8.9 %)
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Table 3: Fibre architectures generated in this work and their meshing information.

Domain Triangular
. Tow Tow Towseed element Trielement Calculated Vs
size Tow X . . Global V¢ R
No. (mm x mm size width length size edge size / T'ow (target) with 70 % area Error
x mm) (mm) (mm) (mm) length seed size threshold
(mm)

1 280x110x2 24K 9.4 50 1.13 2.5 2.2 10 % 9.8% -2.0%
2 280x110x2 24K 9.4 50 1.13 2.5 2.2 31% 30.8 % -0.6 %
3 280x110x2 24K 9.4 50 1.13 2.5 2.2 50 % 51.5% +3.0%
4  280x110x2 24K 9.4 30 1.13 2.5 2.2 31% 30.9 % -0.3%

5 280x110x2 24K 9.4 100 1.13 2.5 2.2 31% 30.8 % -0.6 %
6 140%x55x2 24K 9.4 50 0.79 1.2 1.5 50 % 48.7 % -2.6 %
7 140%x55x2 24K 9.4 50 0.79 1.8 2.2 50 % 50.0 % 0.0%
8 140%x55x2 24K 9.4 50 0.79 2.5 3.2 50 % 48.2 % -3.6 %
9 140%x55x2 24K 9.4 50 0.79 3.2 4.1 50 % 472 % -5.6 %
10  140x55x2 24K 9.4 50 0.79 5.0 6.3 50 % 41.5% -17.0%
11  140x55x2 12K 4.6 50 0.55 1.2 2.2 40 % 40.9 % +2.3%
12 280x110x2 12K 4.6 50 1.13 2.5 2.2 20 % 20.5% +2.5%
13  140x55x2 6K 2.4 50 0.29 0.6 2.1 20 % 21.0% +5.0%
14 280x110x2 6K 2.4 50 1.13 2.5 2.2 10% 15.0% +50.0 %

Table 4: Parameters used for calculation of local permeabilities.
Fibre density Fibre diameter Quadratic packing
(kg/m?) (mm) a [ Vfmax
1800 0.007 1.78 0.40 78.5%
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Table 5: Computing time at different triangular element sizes for the 24K fibre (9.4 mm wide) architectures (Architectures 6 to 10 in Table 3).

Grid size (mm) 1.2 1.8 2.5 3.2 5.0
Fibre tow width to
. . 7.8 5.2 3.8 2.9 1.9
element size ratio
Computing time
267 55 28 17 7

(s)
Note: The specification for the computer used in this work is: CPU Core i3-4130, 3.4GHz and 32GB RAM.

Table 6: Comparison of permeability values of the DCFP (12K, 45 mm) at different Vyand binder content; experimental measurement, simulation based on
2D model and simulation based on 3D model.

PT;’;?:::!;W Experimental 3D model 2D model Experimental 3D model 2D model
Vs 5 wt% binder 10 wt% binder

31% 6.32+1.92 7.43+0.88 | 3.93+0.22 4.59+1.13 5.94 £ 0.67 2.94+0.19

46 % 1.34+0.45 1.54+038 | 0.83+0.13 1.13+0.33 1.28+0.29 0.75+0.12
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