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Abstract

The transverse permeability of roving/tow-based fiber reinforcement is of great
importance for accurate flow modeling in the pultrusion process. This study
proposes an experimental approach to characterize the roving-based fiber beds'
permeability under different compaction conditions. The experimental perme-
ability results of thick roving-based preforms were reported and compared
with the permeability values of roving-based preforms in the literature. A rep-
resentative preform was infused under vacuum conditions. Its thickness was
varied to replicate the different compaction values observed in permeability
tests. Micrographs were then collected from it and analyzed to highlight the
microscale transformations caused by processing/compaction on the fiber
arrangement. The analysis revealed that compaction resulted in the reorgani-
zation of filaments along the direction of the applied compaction. Overall, the
uniformity of the spatial filament distribution, i.e., the homogeneity within the
fibrous domain, increased with increasing compaction. Furthermore, the
microstructural analysis demonstrated transverse anisotropy within the tested
domains, indicating that the obtained permeability results represented an
upper boundary. In addition to the experimental analyses, various transverse
permeability models, which were developed based on recently introduced sta-
tistical descriptors of fiber distribution, were evaluated by using the statistical
descriptors extracted from the analyzed cross-sections. Among these models,
the one correlating the second neighbor fiber distance with apparent perme-

ability exhibited good agreement with the experimental results.

Highlights

« Transverse permeability measurement of a roving-based reinforcement was
presented.

« The influence of compaction on the microstructure was investigated at the
filament level.
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descriptors.

was discussed.

KEYWORDS

1 | INTRODUCTION

1.1 | Motivation

Resin injection pultrusion (RIP) is a continuous process
for manufacturing fiber-reinforced polymer composites.
It consists of the impregnation of dry fibers with resin in
an injection box and, subsequently, the solidification of
the impregnated fibrous material in a heated die that is
adjacent to the injection box." The solidified profile is
pulled continuously and cut to the desired length after-
ward to produce pultruded parts with constant cross-
sections.

Good impregnation is crucial for the quality of pul-
truded parts. High-quality composite parts can be pro-
duced by complete impregnation of the fibers, which can
be achieved by choosing suitable process parameters con-
sidering the corresponding material properties. Process
parameters such as pulling speed and die temperature can
be optimized to obtain full impregnation and minimum
porosity using numerical process simulations.>™* Permeabil-
ity characteristics of the fiber reinforcement (in addition to
the resin properties such as the viscosity and the cure kinet-
ics™®) are key to such process simulations, which are
known to be strongly related to fiber distribution.

In pultrusion, the most commonly used type of rein-
forcement is a unidirectional (UD) roving assembled
from a number of filaments. During the pultrusion pro-
cess, multiple rovings are simultaneously fed through
guiding plates to the die or the injection box for the resin
bath pultrusion or the RIP, respectively. This results in
an uncontrolled distribution of rovings and filaments at
the meso- and micro-scale.””® Due to the lack of control
in roving distribution, inter-roving pore spaces form
irregularly over the cross-section of the pultruded profile.
In addition to the mesoscale irregularity, an inevitable
non-uniformity in filament distribution forms at the
microscale. In Figure 1, the micrographs taken from a
pultruded part depict the resin-rich regions, filament dis-
tribution non-uniformity, and porosity. The resin-rich
regions shown in this figure can be considered as
the pore spaces during the impregnation process. An in-

« Filament distribution in a pultruded profile was analyzed by using statistical

« The results of the experiments and the models in the literature were compared.

« The correlation between microstructural features and apparent permeability

microstructural analysis, permeability, pultrusion, vacuum infusion

depth, three-dimensional (3D) analysis of non-uniformity
in fiber distribution and voids in pultruded parts can be
found in the study of Baran et al.'®

The local variability in fiber distribution and the pore
spaces, which turn into resin-filled regions after proces-
sing, as shown in Figure 1, result in a complex permeabil-
ity field. This complex field needs to be investigated
deeply to provide an accurate estimation of the impregna-
tion kinetics and quality.

Permeability measurements typically show a large
scatter in results even under strictly controlled experi-
mental conditions, as exemplified in international bench-
marks even for standard fabrics."'** The roving-based
fiber beds additionally lack the structural integrity of fab-
rics, which makes the permeability characterization of
such systems challenging. In addition to the experimental
challenges, roving-based fiber beds have distinctive
microstructural evolution through compaction due to the
lack of internal confinements such as interlacing struc-
tures or stitching-like transverse support. Therefore, it is
crucial to develop a repeatable and controllable perme-
ability characterization test procedure for roving-based
fiber beds, which is representative of the microstructure
found in pultrusion. The goal of this work is to develop an
experimental campaign consisting of a permeability mea-
surement method for roving-based preforms and to inves-
tigate the microstructure of the preform under different
levels of compaction at the length scale of a filament. This
experimental campaign and the complementary perme-
ability analysis on the investigated microstructures shed
light on the relationship between processing-structure-
property. These terms, respectively, represent compaction-
fiber distribution-permeability for the present work. To
fulfill this goal, we carried out comprehensive work to
investigate the transverse permeability of a roving-based
system considering its dependency on fiber distribution.

Firstly, we designed a methodology for the transverse
permeability measurements of roving-based fiber beds
used in the pultrusion process. The transverse permeabil-
ity was measured within a modified 1D permeameter at
different compaction levels corresponding to different
fiber volume fraction (V) values. Secondly, we prepared
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FIGURE 1 Representative micrographs from a pultruded profile. Whole cross-section of a pultruded bar with 25 mm of diameter

(A) and magnified cross-sections (B-E). Region A is shown in the red square in (A, B). Region B is shown in the blue square in (A, D).

a similar preform in a vacuum infusion process, infusing
a thermosetting resin to fix the fibers. The internal
structure of the cured sample was captured via optical
light microscopy, and the fibers were detected using
image processing. The fiber distribution in the preform
was characterized at different compaction levels and sta-
tistically analyzed. The fiber distribution in these cross-
sections was also compared with the fiber distribution in
a commercial pultruded part to validate the method. Fur-
thermore, the effect of fiber distribution through the
cross-section on transverse permeability was estimated
using existing fiber distribution statistics-based models
published in the literature, and their suitability for per-
meability characterization of roving-based systems was
investigated.

1.2 | Background

Only a limited number of studies have measured the
transverse permeability of a roving-based fiber bed as
found in pultrusion processes, that is, without any trans-
verse support such as stitch or weave. Figure 2 depicts some
of these set-ups schematically. As one of the earlier exam-
ples for this purpose, Bates et al.'”> designed a so-called
“compression permeability set-up” for roving-based pre-
forms which is a version of through-thickness permeability

(TTP) set-up (see Figure 2B). Recently with a similar
approach, Werlen et al."® designed a permeability rig modi-
fied with an adapter that has an opening with the desired
shape. Both of these set-ups were designed to test straight
and side-by-side stacked tows/rovings in a rectangular
prism-shaped testing space. To measure the transverse per-
meability of rovings, Schell et al.'” designed a permeameter
in which the straightness and the alignment of fibers were
set by winding them around a frame. In References 18, 19,
a radial flow test within a closed mold with a moving upper
plate (see Figure 2C) was used to measure the in-plane per-
meability of UD and air-texturized rovings, as the latter
consists of wavy fibers made by processing UD rovings.
These roving-based fiber beds in References 18, 19 were
held in place by fiber guides, as in pultrusion. Wu et al.*
similarly used radial flow, but they wound the roving
instead of using roving guides. The fluid flows radially into
the reinforcement, and the roving in this study was wound
around the winding direction, which is perpendicular to
the flow plane. Each of these experimental methodologies
has a distinctive sample preparation procedure that results
in quite different microstructures in the sense of inter-tow
regions’ formation.

Recent studies proposed experimental characteriza-
tion strategies to assess the permeability of tows with
microstructural analysis. Zarandi et al.*' measured the
permeability of roving-based preforms with a relatively
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Schematic representations of the permeability set-ups for tows/rovings. (A) Gravity-driven falling-head type permeameter,

(B) pressure driven 1D permeameter, (C) in-plane permeability set-up for radial flow tests, (D) permeability set-up designed as a vacuum-

assisted resin transfer molding process with flexible top mold.

simple gravity-driven falling head permeameter (see
Figure 2A) and took cross-sectional microscopy images
of similarly prepared cured samples. The tow permeabil-
ity, i.e., intra-tow permeability, was focused on by
ensuring high fiber volume fraction. It was shown that
the experimental results were in a good agreement with
the numerically estimated permeability values, which were
calculated within the representative volume elements
(RVESs) collected from the analyzed cross-sections. Godbole
et al.” proposed a novel method for measuring the perme-
ability of rovings/tows involving vacuum-assisted resin
transfer molding (VARTM), with a vacuum bag serving as a
flexible upper mold (see Figure 2D). The fiber distribution
was analyzed in a tested tow, and a semi-analytical method
was proposed to understand the influence of the micro-
structure on tow permeability.

In addition to the experimental studies, both theo-
retical and numerical approaches attempted to esti-
mate the transverse permeability of fibrous structures.
A well-known expression for the permeability of fiber
beds was developed by Gebart*® with the assumption of
a uniform fiber distribution. The expression for the
transverse permeability of hexagonally or quadratically
distributed fibers, Equation (1), is as follows;

2.5
%
KJ_ :C1< f;’lax—1> '}’2, (1)
f

where C; is a fiber arrangement dependent parameter
that is equal to i) for the hexagonal distribution,
for the quadratic distribution. The term,

16 o/
and {3
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Vmax, is the theoretical maximum fiber volume content,
that is equal to 0.907 for the hexagonal distribution and
0.785 for the quadratic distribution. The term V; is the
fiber volume content of the analyzed cross-section, and
r is the filament radius.

The statistical analysis of fiber distribution in composite
structures confirms that fiber-reinforced polymers do not
have a uniform microstructure.***” The spatial distribution
of fibers and their non-uniformity can be quantitatively
characterized via statistical descriptors. Locally, the non-
uniformity of the fiber distribution influences the apparent
permeability of regions of interest (ROIs). Moreover, the
stochastic nature of the fiber distribution results in a vari-
able apparent permeability value at the macro level **°

The effect of fiber distribution on the transverse perme-
ability has been investigated in the literature to correlate
statistics on fiber distribution with apparent permeabil-
ity.?*3*2 It is worth mentioning that these studies have
done 2D Stokes flow analysis with Newtonian liquids and
without surface tension effects for the saturated permeabil-
ity estimation. Bechtold et al.** proposed using the Morisita
index, which is a statistical measure of particle dispersion,
to include the effect of fiber agglomeration on apparent per-
meability estimation. Another commonly used statistical
parameter correlated with the apparent permeability is the
average nearest fiber distance, which is obtained by averag-
ing the distance of each fiber in the inspected domain to its
first, second, or third nearest neighbor. Chen et al.*' showed
that the apparent permeability decreases as the non-
uniformity in fiber distribution increases for RVEs with a
fiber volume fraction higher than 0.3. Based on 600 simula-
tions, they proposed a correlation between the average clos-
est neighbor fiber distance and apparent permeability:

(1.51-1.93- (1-v5))
o) S

K| =Kpex- [ —
1 hex <5hex

where 6, is the average first fiber neighbor distance, dpex
is the corresponding first fiber neighbor distance of uni-
form hexagonal distribution, and K} is the correspond-
ing transverse permeability value calculated by using
Gebart's expression for the hexagonal distribution. A sim-
ilar analysis was conducted by Yazdchi et al.*® using
randomly generated RVEs, who proposed a correlation
between the average second fiber neighbor distance
and apparent permeability,

K1 =02:(058)" (1-05.¢1°%) a2 (3)

where 6, is the average second fiber neighbor distance
normalized by the average fiber radius, and d is the

{
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diameter of one filament. Gommer et al.** showed that
implementing a realistic fiber distribution into the model
is essential, proposing five different statistical descriptors
instead of one descriptor to address the scatter in the
estimated permeability values.

In(K )=6.74-6,—4.22-5; —4.77-66, —0.1- 663 — 46.6 - V,

(4)

where §, and 5 are the average second and third fiber
neighbor distance, normalized by the average radius. ¢4,
and o665 are the standard deviations of these parameters.
The descriptors used in this expression were determined
using multiple linear regression analysis conducted on
CFD results of 211 different RVEs with fiber volume frac-
tions greater than 0.6. Gommer et al.** also presented the
comparison between their proposed model and the previ-
ously developed expressions presented above for their arti-
ficially generated statistically equivalent microstructures.
These studies modeled flow in RVEs with either ran-
dom or statistics-based fiber distribution. However, the
microstructure of a fiber-reinforced composite changes due
to compaction during the pultrusion process. Random RVE
generation would conceal the segregated cross-sections of
roving based systems and the effect of processing-induced
microstructural transformation on permeability. Statistics-
based RVE generation, on the other hand, should consider
the distinctive characteristics of roving-based fiber beds
through compaction compared to the fabrics or prepregs
due to intra- and inter-roving regions. Therefore, the char-
acteristic microstructural transformation of continuous
roving-based fiber beds, which consists of simultaneous ref-
ormation of resin-rich layers and filaments during compac-
tion, must be taken into account to estimate the transverse
permeability of this type of reinforcement accurately. To the
best of the authors’ knowledge, no studies have analyzed
the compaction-induced microstructural transformation of
a thick roving-based fiber bed and its correlation with the
experimentally measured transverse permeability.

2 | MATERIALS AND METHODS

2.1 | Materials
A pultrusion-specific 4800 TEX E-glass fiber roving
(py = 2.55 g/cm®) was extracted from an inside-out bobbin
and used for the permeability tests and vacuum infusion.
The average filament radius was measured as 11 pm.

The test fluid used in the permeability tests was an
aqueous solution of polyethylene glycol (Sigma Aldrich,
35 kDa). At a concentration level of 16.7 wt%, its viscosity
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was measured to be around 107 mPa.s at room tempera-
ture by using a rheometer with a cylindrical Couette
geometry. Vacuum grease is used for sealing purposes
during testing. It may contaminate the test fluid and alter
its viscosity. Viscosity measurements were therefore per-
formed before and after the tests. They showed that there
was no significant change in the viscosity of the test fluid
before and after the tests.

In addition, a glass fiber-reinforced polyester commer-
cial pultruded part was analyzed to validate our observa-
tions with practical applications and varying materials.
The average filament radius was measured as 16 pm. The
fiber distribution was extracted over a 25 mm diameter
cross-section. Two regions were selected for comparison
with the vacuum-infused sample. These regions were
labeled as “Region A” and “Region B,” respectively, indi-
cated by red and blue squares in Figure 1A.

2.2 | Methods

2.2.1 | Permeability measurement

1D saturated permeability setups are commonly used for
measuring the transverse permeability of fibrous struc-
tures. The experimental practice with this setup is per-
formed by placing a sample consisting of dry fibers
between two perforated plates. The test fluid is injected
along the through-thickness direction with a constant
flow rate or constant pressure to estimate transverse
permeability,®® also known as TTP**® or out-of-plane
permeability'**” for fabrics. The literature describes that
various modifications to the 1D permeability setup have
been considered for several different purposes.®®** A
detailed analysis of the design parameters of the corre-
sponding set-up can be seen in Reference 45.

A 1D permeability set-up was presented by van de Ven
et al.*® for the out-of-plane permeability measurements of
carbon fiber fabrics. For this study, the corresponding 1D
setup was modified to measure the saturated transverse
permeability of a roving-based fiber bed. A schematic rep-
resentation of the permeameter and the full permeability
setup are shown in Figure 3C,D, respectively.

The roving-based fiber beds, called “preform” in the
present study, must be prepared in a repeatable and con-
trollable fashion to provide an accurate permeability esti-
mation. Each preform was made of a single roving wound
around a hollow stainless steel pin with an outer diameter
of 1 cm. As the first step of the preform preparation, the
free end of the roving from the bobbin was pulled through
the hole on the pin and tacky tape was used to prevent
any flow through this hole and the core part of the wound
preform. The winding was performed carefully without

twisting the roving between perforated plates, as depicted
in Figure 3A. During winding, the gap between the perfo-
rated plates was controlled and kept at a fixed size of nom-
inally 8 (+1) mm that was close to the width of one
roving. After winding each 15 cm section of roving, a 20 N
dead weight was used to stretch the roving, as illustrated
in Figure 3B. The roving's wound and feeding ends were
positioned at a 120° angle in the winding plane to exert a
stretching load of 20 N. In the wound preforms, the uni-
formity of the roving distribution in the radial direction
was visually checked. The dry preforms were weighed
before the measurements, and their fiber volume content
was calculated based on their weights.

The perforated plates of the permeability setup were
laser cut from a 10 mm thick stainless steel plate with a
diameter of 95 mm, while the perforated part had a diame-
ter of 80 mm. The diameter of each hole was 10 mm. Poten-
tial race-tracking from the area between the inner wall of
the permeameter and the preform was avoided by sealing
the inner walls with vacuum grease (see Figure 3C). Vac-
uum grease was selected as the sealant as it did not inter-
fere with the height changes of the test domain. This
allowed performing multiple measurements using a single
sample at different fiber volume fractions by altering the
height in between the measurements, and such a modular-
ity would not be possible if we were to opt for an incom-
pressible fixed height spacer as used in References 47, 48.

The permeameter was closed after placing the sample. A
linear variable displacement transducer, which was cali-
brated by putting metal gauge blocks between the porous
plates similar to the preforms, was set to measure the thick-
ness of the sample from the moving head pressing on the
preform via the perforated plates. The outlet of the permea-
meter, i.e., the upper surface of the preform, was open to
the atmospheric pressure at the beginning (see Figure 3C).
The pressure difference induced flow was initiated by pres-
surizing the pot containing the test fluid with relatively low
gauge pressure (0.1 bar) to fill the inlet side of the permea-
meter and the preform while avoiding flow-induced defor-
mation.”* Each sample was tested at three different
thicknesses (with different V), and the air gauge pressure
was set to approximately 0.3, 0.6, and 1.0 bar at each thick-
ness level. The inlet and outlet pressures were continuously
measured using two different pressure sensors mounted on
the inlet port and the outlet port of the permeameter. The
flow rate was monitored by continuously weighing the out-
going test fluid with a load cell. An example of a flow rate
and pressure drop measurement for one of the preforms for
a given thickness level, or V} is shown in Figure 3E,F. The
apparent permeability was calculated using Darcy’'s Law,

(5)
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FIGURE 3 The roving was wound around a pin between perforated plates with a hand drill (A). A schematic representation of winding

under tension (B). Schematic view of the permeameter (C), permeability test set-up (D). An example of volumetric flow reading during the

test (E). An example of pressure drop reading during the test (F).

where Q is the measured volumetric flow rate, u is the
viscosity, L is the length of the gap between the perfo-
rated plates, A is the cross-sectional area, and AP is the
measured pressure drop.

Measurements were conducted on five different preforms
in total. Three different V; values were set for each preform,
and three different pressure values were used at each height
level. A first-order polynomial was fitted between the natural
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logarithm of the apparent permeability (In (K)) and V; using
an empirical relation between the permeability and Vj

K, =C-exp(—b-Vy), (6)

where C and b are the fitting constants. For the overall
fit, the slope was calculated as the average slope of the
individual fitting.

2.3 | Vacuum infusion

A similar preform was prepared by winding a roving on a
round base, and a composite specimen was manufac-
tured out of it by vacuum infusion followed by curing to
fix the fibers and further investigate the local fiber dis-
tribution. A roving thus was attached to and wound
around a pin. The pin, in this case, was a vacuum hose

gap between
solid molds

v |
' '

roving is fed
in this direction
—

(A) B)

glass shims
to induce compaction

D) E)

instead of a hollow steel pin. The roving was wound
between two solid molds, a 1.5 cm thick aluminum plate
with a resin inlet aperture, and a 1 cm thick glass plate
to observe the flow progress. Before closing the gap
between the molds to obtain a vacuum chamber around
the dry preform, 1 mm thick glass shims were placed
for local thickness adjustment. The dry preform was
impregnated with epoxy resin using a vacuum infusion
process. The sample preparation steps and a schematic
representation of the vacuum chamber are shown in
Figure 4A-C. Spacers set the gap between the molds to
9 mm. The thicknesses of two separate zones of the pre-
form were reduced to 8 and 7 mm, respectively, with
one and two 1 mm thick glass shims, as shown in
Figure 4D-F. Epoxy resin was infused from the middle
of the preform. Vacuum pressure was supplied from the
outer periphery to impregnate the preform. The cured
sample was cut along the blue lines schematically
shown in Figure 4D,E, away from the region where the

to vacuum pump

J

rovings preform
3 glass top plate

sealant aluminum bottom plate

t

resin reservoir

©

glass shims
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FIGURE 4 Winding process for the vacuum infusion, side view (A), front view (B). Representative schematic view of the vacuum
infusion set-up (C). Vacuum chamber with glass shims (D) and its schematic representation (E). Schematic cross-sectional views (F).
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Vy is varying, to observe and statistically analyze fila-
ment distribution at different compaction levels. These
9, 8, and 7 mm thick cross-sections were labeled “low
V¢, “mid V¢, and “high V{7, respectively.

3 | IMAGE PROCESSING AND
FIBER DISTRIBUTION STATISTICS

The vacuum-infused preform and the commercial pultruded
part were cut using a diamond saw and ground/polished in
an automated polishing machine (“Struers Tegramin-30”).
The analyzed cross-sections were characterized using a
“KEYENCE VHX 5000” optical microscope with a 100-
1000x lens. Images were taken with 400x magnification.
The estimated pixel density was 2.10 pixel/pm. Each image
from the vacuum-infused preform was taken from the mid-
dle of the cross-section in the radial direction and had a
cross-sectional area of 6.7 mm x 6.7 mm, 6.7 mm X 7.9 mm
and 6.7 mm x 8.6 mm for “high V¢, “mid V;” and “low V@’
cases, respectively. The analyzed regions, “Region A” and
“Region B,” taken from the commercial pultruded part, had
a cross-sectional area of 6.7 mm x 6.7 mm and were col-
lected from the indicated locations in Figure 1.

Several image processing steps were applied to
enhance image processing accuracy. A 2D median filter
was used in 5 x 5 pixel subwindows, and the images
were binarized with respect to the histogram of the

FIGURE 5 Image processing
steps; detected fibers (A, D),
Voronoi tessellation and statistical
descriptors (B), schematic
representation of the fiber neighbor
orientation and corresponding
directions (C), colormap of V;for
the corresponding Voronoi cells (E).
Note that this figure is provided
with a small domain for illustrative
purposes only. The fibers at the
domain boundary lead to Voronoi
cells that tend towards infinite size,
resulting in low fiber volume
fractions.>
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grayscale image. Afterwards, the fibers were detected
using Matlab's built-in function (“imfindcircles”), which
uses Circular Hough Transform based algorithm to find
the circles.*” An in-house multi-step image processing
algorithm eliminated overlapping fibers. Overlapping
fibers with a center-to-center distance smaller than half
of the larger fiber's radius were considered as a single
fiber being detected multiple times. Among the detected
overlapping fibers, the one with the higher average pixel
intensity was kept, and the other was omitted. Overlap-
ping fibers with a larger center-to-center distance than
half of the larger fiber's radius were not deleted but
shrunk until the center-to-center distance was equal to
5% of the radius of the larger fiber. This procedure was
repeated four times consecutively. Finally, the pixel den-
sities of the detected fibers were rechecked, and any
falsely detected fibers were eliminated. A similar multi-
step image-processing approach to detect fibers was used
in studies by other authors.’®>*

Some of the most commonly used descriptors, such as
the probability distribution of the first-, second-, and
third-nearest neighbor distances, were captured for the cor-
responding cross-sections (see Figure 5B for the schematic
representation of the corresponding statistical descriptors).
From a permeability perspective, the gap between closer fil-
aments corresponds to the width of the channels between
these filaments. Therefore, the shortest distance between
the fibers’ walls was calculated and presented in this

90° & 270° correspond to
compaction direction

Fiber neighbor

> orientation angle

Reference line

fiber neighbor orientation

0.8

0.6

0.4

0.2
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study instead of the center-to-center distance. The bin
size was kept constant at 0.5 pm for each probability
distribution for a robust comparison. The distribution
of the nearest neighbor orientations (see Figure 5C for
the schematic representation of the nearest neighbor
orientation) was presented to provide information
about the spatial distribution and its transformation
with compaction.

Voronoi tessellation was used to divide the cross-
sectional area into polygons. Each of these polygons con-
tains only one fiber, and there is no closer fiber than the
given fiber to the points within that polygon. The probabil-
ity distribution of the corresponding fiber volume fraction
of each Voronoi cell was plotted for the local fiber volume
fraction distribution (see Figure 5E). This distribution,
therefore, reveals non-uniformity in fiber distribution
through the cross-section and the transformation of
fiber distribution as compaction increases. The trans-
formation of fiber neighbor distances and orientations
was also analyzed to provide valuable information
about microstructural transformation. 2D histograms
of distance and orientations were plotted for the first-,
second-, and third-neighbor fibers to reveal the correspond-
ing transformation of these parameters at increasing com-
paction levels.

An example of the detected fibers and the representa-
tions of the statistical descriptors are seen in Figure 5A-C,
respectively. Figure 5D shows an example of a cross-
sectional ROI of 448 pm x 448 pm taken from the “low
V{’ case and the fibers detected on it. A color map of the
local fiber volume fractions, captured using Voronoi tes-
sellation of the corresponding window, is depicted in
Figure 5E.

4 | STATISTICAL DESCRIPTORS-
BASED MODELS

The link between the non-uniform fiber distribution,
which can be analyzed with various statistical descriptors,
and permeability has been studied analytically and numer-
ically in the literature, as explained previously. The exist-
ing expressions in the literature (see Equations 1-4) were
developed using numerical flow simulations for different
fibrous domains having distinctive microstructural fea-
tures. These expressions were employed for the collected
cross sections,>*%31:32

The statistical descriptors, such as the average nearest
fiber distances and orientations, were extracted from the
selected ROIs in the investigated cross-sections. Arrays of
15 x 15,5 x 5,and 3 x 3 ROIs were selected equidistantly
over the cross sections of each compaction case. The ROI
sizes were respectively equal to 448 pm x 448 pm,
1343 pm x 1343 pm, and 2238 pm x 2238 pm. The esti-
mated apparent permeability values were compared with
the experimental results.

5 | RESULTS AND DISCUSSION
51 | Experimental measurement of the
permeability

Figure 6A shows the experimental results of the perme-
ability measurements. The corresponding permeability
levels of each preform were depicted separately with their
best fits to Equation (6). The fitting constants for each

x1 012 -
o st f 0 % Experiments
2 stpreform 10 —— BestFit (Eq. 6)
N . O 2nd preform | ¢ Gebart (Hexagonal)
15+ AN + 3rd preform O  Zarandi etal [21]
: S O  Godbole et al [22]
& ~o 4th: preform 101 Schell et al [17]
=3 o 0«8 | > 5th preform Bezerra[18]
= 1k~ a o 43 S > Bates etal[15]
o < N o~ TS
8 ;\+\ < \8\ g 2 # S~ E
IS o, o~ =210 *
5] NS AN e 8 *% S
& e S £ SE NN
e “\.o > \%D%
B NS 2 4
05 E\‘\ 5107 8 .
~ 3
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% 8
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FIGURE 6

(B)

The measured permeability values of individual preforms (A). The measured permeability values with the results reported in
the literature (B). The equation used for best fit: K, = C - exp (b - V).
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preform, along with the constants for overall data points,
are tabulated in Table 1. The slope of the overall fit of the
test results was calculated as the average of the slopes of
individual preforms. Although a significant scatter is
observed between the different preforms, the fitted curves
for the change of apparent permeability agree well with
Equation (6) for each individual preform in isolation.
This can be attributed to the preform-specific microstruc-
tural evolution through compaction. It can be hypothe-
sized that the winding process has a strong effect on the
initial meso/macro structure of rovings and initial
filament distribution. The resulting fiber distribution
was close to axisymmetric, which makes the proposed
approach suitable for investigating the effect of compac-
tion on transverse permeability.

Figure 6B shows the results of the experiments con-
ducted in this study, together with the experimental
transverse permeability values presented in the literature
for various UD roving-based fiber beds and Gebart's
model in hexagonal packing mode. As the material types,
fiber sizes, and methodologies used in these studies var-
ied significantly, said variation is mirrored in the results.
Bates et al.'> measured the permeability of two different
types of tows within a compression permeameter. This
setup and the methods used can be considered similar to
the 1D setup used in the present study. Tows were placed
in a rectangular groove, and the reported permeability
values are in parallel to the trend of the measured values
in the present study, as well as Gebart's hexagonal model
for lower porosities such V; values of 0.7. Werlen et al.'®
confirmed this observation for even higher V; values (range
of 0.77) and validated the analytical model of Gebart with a
similar set-up. These observations can be considered rea-
sonable, as uniformity increases in this range of porosities.
Zarandi et al.*! reported relatively similar results as well. In
their study, tows were homogeneously placed in a rectangu-
lar duct consisting of non-uniformly distributed fibers,
while there were no resin-rich layers between tows. This
can explain why the permeability values found by
Zarandi et al.”' are generally lower than the results of the

TABLE 1 Fitting constants for Equation (6).
The regression
C@o My [m? b[] coefficient (R?)
1st preform 3.80 7.46 0.900
2nd preform 7.64 7.82 0.872
3rd preform 0.78 5.01 0.985
4th preform 41.40 11.15 0.895
5th preform 0.99 5.71 0.991
Overall fit 3.97 7.43 -

PROFESSIONALS  COMPOSITES

present study. Other results depicted in Figure 6B were
collected in setups utilizing different principles with regard
to flow direction and preform preparation steps. The litera-
ture results (see Figure 6B) seem to support our observation
that the preparation of the preform influences the reinforce-
ment structure (fiber distribution), and that has a significant
effect on the permeability and its variation.

5.2 | Fiber distribution quantification in
vacuum infused sample

Image analysis of the vacuum-infused samples led to esti-
mated fiber volume fractions of 0.413, 0.470, and 0.532,
respectively, for “low V¢, “mid Vj” and “high V}’ cases.
This agrees well with the expected fiber volume change
at the levels of compaction applied.

The estimated V} values for the regions captured on the
commercial pultruded part (see Figure 1A), i.e., “Region A”
and “Region B”, were 0.443 and 0.497, respectively.

Voronoi tessellation based color maps of the local
fiber volume fractions through the entire cross-sections
collected from the vacuum-infused preform are shown in
Figure 7A-C. The corresponding color maps for “Region
A and B,” collected from the pultruded part, are shown
in Figure 7D,E. One can see the resin-rich regions in blue
and the fiber- dense regions in red. On the cross sections
of the vacuum-infused preform, resin-rich regions were
formed along the vertical axis (Y-axis, [axial direction]).
This observation was in line with the expectations con-
sidering the sample preparation technique. On the cross
sections collected from the pultruded part, on the other
hand, resin-rich cells were accumulated around the rov-
ings without a distinguishable order. Commonly for both
of these samples and five of these cross-sections, the
amount of resin-rich cells decreased with increasing V.

Figure 8A depicts the local fiber volume fraction dis-
tribution, which quantitatively illustrates the evolution of
uniformity through compaction. The higher number
of lower V; cells in the “low V}” case indicates that resin-
rich cells are more likely to be found in this case. As
compaction increases, the probability of lower V; cells
occurring decreases, and the overall distribution narrows.
It can be concluded that the dual-scale meso-structure
transformed into a more regular micro/meso-structure as
compaction increased.

In Figure 8B, the local fiber volume fraction distribu-
tion in pultruded part can be seen together with the
curves collected from the vacuum infused sample. Over-
all, the probability distributions in the pultruded part
were shifted from “Region A” to “Region B” with increas-
ing V similar to the probability distributions captured in
the vacuum infused preform.
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FIGURE 7 Fullfield views of the analyzed cross-sections collected from vacuum infused sample; “Low V¢ (V= 0.413) (A), “Mid V¢’

(V= 0.470) (B), “High Vy* (V; = 0.532) (C). The analyzed cross-sections collected from the pultruded part are shown in Figure 1; “Region A”

(V= 0.443) (D), “Region B” (V; = 0.497) (E).

While the probability distributions of lower V; cells
were similar in both vacuum infused preform and the pul-
truded part, the probability of observing high V; cell (more
than 60%) in the pultruded part was lower than in the
vacuum-infused preform. This observed discrepancy is sus-
pected to originate from differences in preliminary steps in
pultrusion (like tow spreading etc.), and the compaction
characteristics. In the case of the commercial part, the rov-
ings experience a reduction of available space in both the x
and y axes simultaneously due to the nature of the pultru-
sion process. The gradually evolving cross sections result in
a rather uniform fiber volume fraction. In contrast, the
vacuum-infused preform is wound around the y direction
only. Thus, the rovings tend to exhibit an elliptical cross
section whose major axis is aligned with the y direction.
Consequently, although fiber arrangement is more regular,
applying compaction in only one direction maintains ori-
ented resin-rich areas between the rovings and results in a
wider distribution compared to the pultruded specimen.

Figure 9A shows the first, second, and third nearest
fiber distance distributions for each level of compaction.

In general, as compaction increases, the distribution
curves are constricted with more prominent peaks. The
negligible difference between the first nearest neighbor
distribution of “low, mid, and high V;* cases might be
related to the number of fibers that are almost touching.
Figure 9B shows the same distributions for “Region A”
and “Region B.” In the pultruded part, peaks of the
curves moved to the right compared to the curves collected
from the vacuum-infused preform. This trend showed that
the occurrence of closer fibers in pultruded part was much
lower than in the vacuum- infused preform. This result is
in line with the higher V cell probability in the pultruded
part being lower than in the vacuum-infused preform as
discussed above. On the other hand, the evolution of
curves with the increasing Vywas quite similar in both the
vacuum-infused preform and the pultruded part.

Figure 9C shows the change in the first nearest neigh-
bor orientation distribution in a polar plot with increas-
ing levels of compaction. The angular distribution of
“low V¢’ shows that the nearest neighbor fibers
were slightly accumulated at 0°, 90°, 180°, 270°, and
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sample (A), collected from the pultruded part (B). The bin size is 0.02.
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360°. This formation can be attributed to the preparation
steps of the preform, as winding induces compaction in
the radial direction (X direction), which corresponds to
accumulation at 0°, 180°, and 360°. As compaction
increased, fiber accumulation along the compaction
direction (corresponds to 90° and 270°) intensified. The
nearest neighbor orientation distribution in the pultruded
part, depicted in Figure 9D, showed a weaker directional
accumulation along only the vertical direction
(Y direction). This can be attributed to the processing con-
ditions, more specifically to the horizontal pins used for
guiding and spreading rovings that causes a preferential
accumulation of filaments in the rovings and thus a lack
of symmetry in the subsequent compaction characteristics.

The fiber distribution statistics comparison between the
vacuum-infused sample and the pultruded part (“Region
A” and “Region B”) showed that the created microstructure
by means of the method presented in this study can be con-
sidered similar to the pultruded part's cross-sections with
slightly distinctive characteristics. The nearest neighbor dis-
tributions revealed that the observed distances between
nearest neighbors were slightly longer in “Regions A and
B” compared to the vacuum-infused samples. This can be

Second fiber neighbor

Second fiber neighbor

an indicator of some amount of fiber spreading by mechani-
cal means or hydrodynamic effects for the commercial pul-
truded part. Fiber spreading was not applied to the roving
while preparing the vacuum-infused preform, which can be
commented to result in a higher probability of closer fibers.
The directional distributions revealed that the evolution
and the current state of the fiber distribution were depen-
dent on the initial state of the preform and the compaction.

Apart from the individual statistical descriptors of
fiber distribution, the coupled representation of the dis-
tance and the neighbor orientation is also essential to
understand structural evolution through compaction. As
compaction increases, the fibers undergo direction depen-
dent reorganization, as observed in Figure 10C, supporting
the results presented in Reference 26. Figure 10 shows the
2D histogram of fiber neighbor distance and fiber neighbor
orientation. The glass and aluminum molds induce com-
paction in the Y direction (axial direction), which corre-
sponds to 90° and 270° in this figure. As shims were
added, compaction increased, and accumulation in these
directions became more prominent, decreasing the relative
length of channels in the compaction direction between
neighbor fibers. Figure 10A-C depict the 2D histograms of

Second fiber neighbor

Low Vf Mid Vf High vf %1073
5 5 5 25
E4 E4 E4 2
© © ©
o o o
=3 =3 =3 15
Q Q ] Q
22 22 : 22
S ] ] © < 1
® 1 L] @ 1 - u 1 ® 1
() - (=) u ] L= s A
u r * [ M §
0 | - s | 0 | | ] | 0 L= B
0 100 200 300 0 100 200 300 0
Angle Angle Angle
(A) (B) ©
Third fiber neighbor Third fiber neighbor Third fiber neighbor
Low Vf Mid Vf High Vf %1073
E6 6 . Es
© n© 15
= 2,
: . .'5- -!'y:}.ﬂ-:'i-
5] o J 1
C C
[0 ]
ez % 2 o
a a 05
0
0 100 200 300 0
Angle Angle Angle
D) E) )

*0° 180°, 360° correspond to the X direction=radial direction in the set-up
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FIGURE 10

2D histograms of the second fiber neighbor distance and orientations in “Low V" “Mid V}” and “High V}’ cases (A-C). 2D

histograms of the third fiber neighbor distance and orientations in “Low V’, “Mid V},” and “High V}”’ cases (D-F).
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the second fiber neighbors, revealing that the channels
between fibers and their second closest neighbors accumu-
lated around 90° and 270°, while shorter channels became
more prevalent. A possible consequence of this directional
distribution is that flow resistance may increase in the
X direction (radial direction), which may result
in anisotropic transverse permeability. For the third fiber
neighbor distribution, which is shown in Figure 10D-F,
there was no directional accumulation, while the number
of smaller gaps still increased with further compaction.

The microstructural analysis conducted in this study
revealed the presence of an anisotropic fiber distribution
in the tested preforms at both the meso- and micro-levels.
Figure 8A-C illustrates the meso-level anisotropy induced
by the preparation technique, which resulted in vertically
aligned inter-roving regions (i.e., formed along the flow
direction). Through the compaction process, these inter-
roving regions disappeared, leading to an increase in the
occurrence of vertically aligned neighbor fibers, thus exhi-
biting micro-level anisotropy (see Figures 9A and 10). Both
of these mechanisms contribute to an increase in perme-
ability in the direction of the test. Consequently, the experi-
mental results presented in this study can be considered as
an upper boundary for the transverse permeability of the
investigated roving-based system.

5.3 | Numerically estimated local
permeability values and their comparison
with the experimental results

Figure 11 shows the predicted permeability values accord-
ing to Gebart's,”® Chen's,*" Yazdchi's,”® and Gommer's*
models through the investigated cross-sections. The
smallest ROI size presented in this study is equal to
448 pm x 448 pm, which corresponds to an edge length
of almost 40 times the average fiber radius. This ROI size

ROI size=448um x 448um — Gebart (Hex.) Eq.(1)
108 . . e . ==Gebat (Quad.) Eq.(1)|
Chen Eq.(2)
b % Yazdchi Eq.(3)
— + Gommer Eq.(4)
g 0 Low Vf
S 10 : ]
= £, Mid Vf
2z High Vf
Z
<
g 102
(5]
~
10-14
0 01 02 03 04 05 06
Fiber volume fraction
(A)
FIGURE 11
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is larger than the RVEs used for the development of these
statistical models. Figure 11A illustrates the results for
the smallest ROI size for each Vj case. It can be seen that
each model provided a consistent trend within each V;
case. Figure 11B depicts the results for each ROI size. It is
worth noting that the models were used with the coeffi-
cients proposed in their original studies and the statistical
parameters captured in the present study. Readers can
refer to the study of Gommer et al.** for a similar com-
parison using the artificially generated statistically repre-
sentative microstructures.

As shown in Figure 11, Gommer's model showed dis-
tinctive behavior, especially for lower fiber volume frac-
tions. This can be caused by the fact that Gommer's
model (Equation 4) was developed by fitting CFD simula-
tions solved in high V; RVEs (0.63-0.74),>* preventing a
proper generalization to low Vy RVEs. Both Chen's and
Yazdchi's models produced lower permeability values than
Gebart's hexagonal and quadratic models. The slopes of
Yazdchi's model (Equation 3) and Gebart's model for the
hexagonal packing (Equation 1), however, were closer to
each other, with the former using average second fiber
neighbor distance and radius and the latter using V; and
radius. The slope of Gebart's model for the quadratic pack-
ing and Chen's model (Equation 2), which depends on the
first fiber neighbor distance, were slightly different than
the others. Due to higher variability in the second fiber
distance, Yazdchi's model resulted in more scattered data.

In Figure 12, the measured permeability values are
compared with the estimated permeability values using
previously proposed expressions. The general trend sug-
gests that the experimental results are higher than the
predictions of Yazdchi's and Chen's models and lower
than those of Gebart's model for the hexagonal packing.
Regards to the link between permeability and fiber vol-
ume fraction, the experimental results show a similar
trend as Gebart's hexagonal and Yazdchi's models. This

COMPOSITES

— Gebart (Hexagonal) Eq.(1)
==Gebart (Quadratic) Eq.(1)
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Permeability estimations based on the available models in the literature which relates the apparent permeability with the
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FIGURE 12 Comparison between the numerically predicted

values calculated with the currently available models and the
measured permeability values.

similarity in trend shows that the statistics-based perme-
ability expressions are promising to capture the variabil-
ity in permeability within the flow domain. However, it
is worth noting that the currently available models do
not take transverse anisotropy into account. The investi-
gated cross-sections and the statistical analysis in the pre-
sent study showed that local and global transverse
anisotropy can also be expected with resin-rich layers,
i.e., inter-tow regions, depending on the preparation tech-
nique and processing. Therefore, further modeling
approaches and statistics-based expressions taking anisot-
ropy into account are recommended.

6 | CONCLUSIONS

In order to model flow phenomena during pultrusion,
the apparent permeability of roving-based systems is
required. Quantifying the permeability of roving-based sys-
tems is more challenging than for fabrics due to their lack
of structural integrity. In this study, we developed an
experimental procedure for measuring the transverse per-
meability of roving-based preforms. We compared the
results with those of similar studies and showed that they
were in line with the results obtained using similar setups.

The micro/meso-structure and its evolution during
processing is another important aspect in understanding
the fundamentals of flow behavior in pultrusion and fur-
ther liquid composite molding techniques. To investigate
the microstructural evolution, a similar preform as the
tested preform was produced with vacuum infusion.
The changes in the fiber distribution due to compaction
were investigated by utilizing filament-level statistical
descriptors. The results showed that uniformity increases
with compaction, as expected. Orientational accumulation

of the nearest fiber neighbors was observed parallel to the
direction of compaction, which reveals a processing effect
that should be taken into account during modeling.
Numerical permeability estimation techniques were
applied to explore the influence of processing/compaction
on apparent permeability. Various previously developed
expressions were used on the ROIs captured in the experi-
ment. Models based on statistical descriptors produced
reasonably good estimations. It must be noted, however,
that these expressions were developed in virtually gener-
ated ROIs, as is common in the literature. Random or sta-
tistical microstructure generation may conceal the effects
of preparation and processing/compaction on the micro-
structure and its evolution. The currently available statisti-
cal models are limited in terms of accounting for the
inherently anisotropic permeability commonly encoun-
tered during the impregnation of roving-based systems. A
comprehensive approach is still needed to predict the
apparent transverse permeability of a fiber bed with
anisotropy induced by resin-rich layers. It will be of inter-
est to combine virtual fiber modeling®* with flow models
in a multiphysics modeling framework in future work.
Experimental analysis of the transverse permeability
of the most commonly used roving types leads to more
accurate process modeling of pultrusion or similar liquid
composite molding techniques. The link between statisti-
cal descriptors of fiber distribution and compaction paves
the way to reveal the effect of processing not only on per-
meability but also on the structural analysis of composites.
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