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Abstract

Addition of a third material phase to a resin and reinforcement system is a favored approach to tailor
properties and features of composite materials, including but not limited to the ease of stacking and
preforming, or healing ability. This addition changes the structure of the empty spaces between the
reinforcing fibers and thus the overall permeability is affected. In this study, the effect of model rigid
spherical inclusions on the permeability of woven textiles is investigated. Several diameter ranges of
glass beads (40.0-70.0, 70.0-100, 100-200, 200-300, 300-400, and 400-800 um) with a volume
fraction of 5.0% are manually sieved between the layers of a plain weave glass textile, which has a
bundle-interstice gap in 150-200 pm range. Experiments are repeated for 2.5 and 10% volume
fractions for three diameter ranges (40.0-70.0, 100-200, and 400-800 um) to investigate the influence
of the concentration of inclusions on permeability. Experimental results show that an increase in the
diameter or an increase in the volume fraction of the rigid inclusions causes a non-monotonic change
in permeability. For all diameter ranges, the ratio between saturated and unsaturated permeability
decreases as the volume fraction of beads increases, indicating that capillarity effects may decrease
due to blocked flow channels between the fabric layers.

1. Introduction

In Liquid Composite Molding (LCM) processes, fabric preforms are cut and assembled prior to mold
closure and resin injection. Several types of inclusions can be introduced at this stage by manual or
automated sieving between the layers of fabric prior to injection. These inclusions can be introduced
for various purposes, including but not limited to ease of stacking and preforming with powdered
binders, or to provide self-healing ability with filled microcapsules [1,2].

Addition of the inclusions affects the structure of empty spaces between the adjacent layers and so
alters the permeability characteristics of fabrics for resin flow [3-5]. The aim of this work is to
investigate the effect of rigid spherical inclusions on the in-plane permeability of fabric preforms and
to characterize the influence of the concentration and the size of the particles on the permeability.
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2. Materials

The reinforcement was a woven twill 2x2 E-glass fabric (Suter Kunststoffe AG) with a superficial
density (pgyp) of 390 g/m® and a bulk fiber density (ppyx) of 2.60 g/cm’. Interbundle gap
(Rinterpundie) as well as the width of fiber bundles of the fabric in weft direction were measured by
optical microscopy and shown in Fig. 1. In the base experiment set, 8 layers with in-plane dimensions
of 260 mm (weft) x 60 mm (warp) were placed on the mold as depicted in Fig. 2, and compacted to a
thickness (h) of 3 mm. Fiber volume fraction (V) corresponding to this architecture is calculated as:
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Figure 1. (2) Optical microscopy image showing the typical bundle dimension in weft direction and
interbundle gap, (b) representative inclusions scaled to the optical microscopy image.
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Figure 2. In-plane permeability measurement setup and its components.
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Glass beads (Microbeads AG) were used as model inclusions in this study and were manually sieved
between the adjacent layers for various diameter ranges (40.0-70.0, 70.0-100, 100-200, 200-300, 300-
400, and 400-800 pm) and concentrations (2.5, 5.0 and 10% bead volume fraction (V})). Table 1
presents all the combinations of diameter and concentrations for which experiments were conducted.
In the presence of beads, porosity is calculated as

d=1-V;—V, 3)

The test fluid was polyethylene glycol (PEG, Sigma Aldrich, 35000 molar mass) diluted in distilled
water to reach a viscosity of 100 mPa.s. Viscosity as well as the Newtonian behavior of PEG solution
was verified prior to permeability experiments.

Table 1. Volume fractions and diameter ranges in the permeability experiments. Red boxes
correspond to the combinations of diameter ranges and volume fractions used in this study.

Bead Volume Fraction, Vy [%]

2.5% 5.0% 10%

100-200
200-300

300-400

Bead Diameter, dy, [um]

400-800

3. Methods

Permeability experiments were conducted according to the guidelines detailed in the recent round-
robin permeability studies [6] for 1D flow with constant pressure boundary condition, except that the
type of the model fluid is different here. In this approach, unsaturated permeability is calculated by
following Squared Flow Front (SFF) approach [7]:

uns
2Ppjt 2Py

4)

where xs¢ is the flow front location, p is the resin viscosity, Pyy;is the resin injection pressure, t is
time and m corresponds to the slope of xff vs. t curve. Pyy; is recorded by placing a Keller S35X
piezoresistive transmitter (0 - 10 bar, 0.02 bar accuracy) between the pressure pot and resin inlet. Flow
progression was recorded using a Canon EOS 650D camera, and xsf vs. t curve was constructed by
tracking the flow front locations and recording arrival times to locations with an interval of 10 mm
along the flow direction up to xrr = 260 mm. For calculation of saturated permeability, mass at the
exit was recorded using a Mettler Toledo PM2500 scale with an accuracy of 0.001 g at a data
acquisition rate of 8 Hz. Mass flow rate was calculated using the acquired mass and time data, and
along with the density of resin, it was used for calculating the volumetric flow rate (Q). The following
equation was used to calculate the saturated permeability
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where L is the specimen length (260 mm), 4 is the cross-sectional area (60 mm x 3 mm).

In an attempt to determine the permeability in a range of fiber volume fractions, the experiment
initially conducted at h = 3.00 mm was repeated for h = 2.80 and 2.50 mm, and the following
exponential relation between K and Vy (a first order polynomial relation between log K and Vy) was
fitted to the experimental data

K =Ae s (6)

by a least-square method thus determining the constants A and b.

4. Results

In this study, all experiments were conducted in the weft direction and repeated three times. The
results of saturated and unsaturated permeability of the plain fabric are presented in Table 2, while the
results of the experiments with beads are presented in Table 3.

Eq. 6 is fitted to the unsaturated permeability values as detailed in the previous section, and the
constants are found to be A = 1.04x10"" m? and b = 18.1. The corresponding curve fit is presented in
Fig. 3, along with the experimental results for the plain fabrics and bead-added fabrics.

1.2E-10
Curve Fit for No Beads case
® No Beads
1E-10 —e—40.0-70.0um
—&— 100-200 um
400-800 um
e 8E-11
S
=
£ 6E-11
z
©
()
E
o 4E-11
[a
2E-11
0
0.48 0.5 0.52 0.54 0.56 0.58 0.6 0.62

Porosity ¢

Figure 3. Permeability of plain and bead-added fabrics in terms of porosity. Porosity is calculated
using Eq. 2 and Eq. 3 for plain and bead-added fabrics, respectively. Curve fit for no beads case is
obtained by using Eq. 6.
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Table 2. Saturated and unsaturated permeability of the plain fabric (with no beads).

h=2.50 mm h=2.80 mm h=3.00 mm

Vy=48.0% Ve=42.9% Vi=40.0%
Kns [x107 m?] 1.79 £ 0.348 4.27 +£0.330 7.72 £0.378
Kq [x1071" m?] 1.66 +0.315 3.20+£0.272 6.89 +0.124

Table 3. Saturated and unsaturated permeability of the fabric in the presence of beads. Results with

the gray and white background shading correspond to unsaturated (K,,,5) and saturated (Kg,;)

permeability, respectively with a unit of 10" m?.

Bead Volume Fraction, Vi, [%]

2.5 5.0 10
w0 _SATE036L 3800189 17240239
) 566 £0416 35140136 16140277
3.66 +0.093
= 70-100
g 3.23 +0.085
I 51940407 37440345 275 +0.095
=~ 100-200
5 43140105  338+0282  2.62+0.087
)
E 5.11 +0.551
2 200-300
= 4.91 £0.380
2 5.64 £0.115
300-400
5.16 +0.078
56240132 59240488  6.23+0.119
400-800
526 £0.195  5.65+0404  5.95+0.098

4.1  Effect of inclusion volume fraction, Vy

Fig. 3 illustrates the relationship between the permeability and the bead volume fraction for three bead
diameter ranges (40.0-70.0, 100-200, and 400-800 um), in addition to the permeability of plain fabrics
as a function of porosity. For brevity, only the unsaturated permeability is investigated in this section;
nevertheless, it should be noted that the trend is similar for saturated permeability..

Here, ¢ is calculated using Eq. 3 and ¢ = 0.60 corresponds to the base experiment with plain fabric.
Permeability decreases as V, increases, thus ¢ decreases, for the beads that are smaller than
hinterpundie (200 pm). However, for beads with a diameter range of 400-800 um (which are bigger
than hjpterbundie) @ NON-monotonic relationship between V,, and permeability is observed (see Fig. 3).

During the experiments, it was observed that the beads have a tendency to roll down to the areas at the
intersection of warps and wefts. This indicates that the small beads accumulate in these favorable
regions and block the existing flow channels between the adjacent layers of fabric. Thus, the
permeability of the fiber structure with embedded beads decreases. However, for the large beads, two
mechanisms with opposite effects act on the permeability: (1) beads block the existing channels,
resulting in a decrease in permeability, and (2) beads deform the structure of the empty channels
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between fiber bundles, resulting in an increase in permeability. The latter of these two mechanisms
becomes more influential for high V), values (see Fig. 3), indicating that formation of new flow
channels by deformation of the adjacent fabric layers dominates the blocking of the existing channels
around the intersection of warps and wefts.

4.2  Effect of inclusion diameter, dy

To further investigate the influence of bead diameter on permeability, Fig. 4 reports the permeability
as a function of bead diameter for three V, values (2.5, 5.0, and 10%). It is difficult to reach a
conclusion for 2.5% curve. The curve for 10% is in agreement with our conclusions of the previous
section. The curve for 5.0% reveals that, for a fixed volume fraction of beads, the permeability
decreases more significantly when dj < hipterpundie than for beads with dy, > Ripterbundie, Where
Rinterbundie 1S approximately 200 um. It should also be noted that the permeability is in the same
range for the small dj, cases (40.0 — 70.0, 70.0 — 100, 100 — 200 pm), whereas it significantly increases
as dj, increases for dy, > Ripterpundie €ases (200 — 300, 300 — 400, 400 — 800 pm).

As discussed in the previous section, beads have two opposite deformation mechanisms on the fabric
structure’s permeability. For small beads, the formation of new channels is insignificant, whereas for
large beads, formation of new channels and blocking of existing channels may happen simultaneously.
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Figure 4. Unsaturated permeability as a function of bead diameter, dj,. Vertical dashed lines show the
lower and upper bounds for each diameter range. 0 bead diameter corresponds to the permeability of
plain fabric.

4.3 Role of capillarity
The ratio of unsaturated to saturated permeability, Ry = Kynsar/Ksqr 1S @ straightforward indicator

whether the test fluid behaves as a wetting fluid (Rg > 1) or as a non-wetting fluid (R; < 1) for a
specific type of fabric [8].
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In all of the 15 experiment sets in this study, which were conducted with an injection pressure ranging
between 0.9 bar and 1.0 bar, R was higher than unity, indicating that the PEG solution behaved as a
wetting fluid. The relationship between V;, and R, for the three bead diameter ranges is presented in
Fig. 5. For all the diameter ranges, R decreases as V}, increases, indicating that the effect of capillary
forces are reduced, possibly due to the blocking of channels by the added beads, making the porosity
distribution more uniform. The decrease in R for large beads is smaller compared to that of small
beads and this is in agreement with our previous conclusions that existing channels are blocked by
small beads, whereas new channels are formed by deformation of fabrics in addition to blocking of
some existing channels by large beads.
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Figure 5. Ratio of unsaturated permeability to saturated permeability, R, as a function of bead
volume fraction, V.

5. Conclusions

In this ongoing work, the effect of inclusions (model beads) on fabric permeability was investigated by
conducting multiple experiments with several bead diameter ranges (40.0-70.0, 70.0-100, 100-200,
200-300, 300-400, and 400-800 um) and several bead volume fractions (2.5, 5.0, and 10%).

Results indicated that hpierpundie acts as a threshold value in determining the effect of inclusions on
permeability. For beads smaller than hi,terpundie, permeability continued to decrease as Vj, increased
since the channels became blocked from the accumulation of beads. On the other hand, for larger
beads, an increase in permeability was observed as V;, increased due to formation of new channels.

An investigation on the relationship between saturated and unsaturated permeability showed that the
test fluid behaved as wetting fluid in all experiments and the effect of capillarity was reduced as V}, is
increased. Further work is ongoing with different test fluids and activated bead surfaces to further
reveal the role of capillary effects.
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