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When geometry—anisotropic fabrics, in which the thickness and width of fiber
bundles differ in the warp direction and weft direction, respectively, are used for
resin transfer molding (RTM), microscopic porous structures along a flow path may
depend on the resin flow direction. This study investigated the influence of woven
fabrics’ geometric anisotropy on inter-bundle void formation due to air entrapment
at the flow front during RTM. The void content-resin flow velocity relationship was
measured in warp (narrow and thick bundle) and weft (wide and thin bundle)
directional impregnation. In experiments, warp directional impregnation indicated
higher critical resin flow velocity of void formation and void content under a given
resin flow velocity than in weft directional impregnation. Void formation was also
largely affected by capillary fingering, where warp directional impregnation indicated
a higher critical flow velocity of fingering formation. This may be because the gap
between the fiber bundle and the mold surface is smaller in the warp direction; thus,
the capillary force is higher, and fingering is facilitated compared with weft
directional impregnation. Additionally, this may lead to a higher critical velocity of
void formation and higher void content at a given flow velocity in warp directional
impregnation.

Keywords: resin transfer molding; void; impregnation; glass fiber; polyester resin;
anisotropy

1. Introduction

Resin transfer molding (RTM) reduces manufacturing and material costs because the
process does not require an expensive autoclave and prepregs.[1] However, owing to
the complex porous structures of woven fabrics, configuration of the flow front tends to
be complicated. This often leads to void formation.[2,3] Because the voids that remain
in the structure degrade the properties of the composites,[4—6] the application of RTM
is currently limited to parts that do not require high reliability. For broader RTM
adoption, it is essential to understand the processes of void generation and suppression
during RTM.

Voids formed during RTM are classified as macro-, meso-, and micro-voids, depend-
ing on their scale. Macro-voids, also called dry spots, are large-scale voids that are
formed by incomplete resin filling, and they are cured in an unimpregnated state.[7,8]
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In contrast, meso- and micro-voids are small bubbles that are generated due to air
entrapment at the flow front because of fabrics” microscopic structure. Meso-scale voids
are those that are trapped between fiber bundles, whereas micro-voids are located inside
bundles.[9-12] In this study, we focus on meso-voids that remarkably increase the void
content of molded parts among meso- and micro-voids.

It is well known that the void content depends on the flow front velocity or capil-
lary number Ca*,[8,13—16] and the relationship between void content and capillary
number varies depending on fabric architecture.[9,16] This is because different fabric
architectures (e.g. woven patterns, porous structures, or fiber volume fraction) generate
different microscopic resin flow paths. However, thus far, a unified formulation for
explaining the effect of fabric architecture on void generation has not been developed.

For developing a unified formulation, it is essential to know the influence of
geometrical parameters of the fabric architecture on void formation. Therefore, the
present study focused on geometry—anisotropic plain woven fabrics. In the case of
plain-woven fabrics with isotropic permeability, the relationship between the void
content and flow velocity is the same in the weft and warp directions. However, among
plain-woven fabrics, there exist permeability-anisotropic fabrics even though the fabrics
have isotropic mechanical properties. Because woven fabrics are generally manufactured
as long, rectangular sheets, which are shipped as rolls, a difference may arise in the
thickness and width of the fiber bundles in the circumferential direction (the warp direc-
tion) and the shaft direction (the weft direction) of the roll during manufacturing. When
geometry—anisotropic fabrics, in which the thickness and width of the fiber bundles
differ between the warp and weft directions, are used for RTM, porous structures along
the flow path may change depending on the resin flow direction. This affects resin flow
progress and void formation. Therefore, it is essential to consider the resin impregnation
direction in addition to the flow velocity for predicting void formation.

Based on the above background, the present study focused on geometry—anisotropic
fabrics and evaluated the influence of the impregnation direction on the relationship
between the void content and the resin flow velocity, which are important parameters in
optimizing the resin impregnation process of RTM. However, conventional void content
measurements, such as cross-sectional observation, combustion methods, and buoyancy
measurements use the molded parts obtained after resin curing.[9,11,12,15—17] Conse-
quently, the measured void content includes the influence of void transportation, cure
shrinkage, diffusion to resin, etc.[9,18-20] in addition to air entrapped due to the micro-
structure of the woven fabric focused on in this study. Therefore, an in sifu method of
measuring void content during impregnation [21] was used for appropriately evaluating
the influence of void trapping. Based on the in situ void observation, the present study
investigated the geometry—anisotropic effects of woven fabrics on the behavior of resin
progress and void formation during RTM.

2. Geometry—anisotropic woven fabrics

Because woven fabrics are manufactured as long, rectangular sheets, a difference may
arise in the geometry of fiber bundles in the warp and weft directions. Figure 1 shows
examples of geometry—anisotropic plain-woven fabrics, M100K 104 (Unitika Glass Fiber
Co.) and YEM1801 (Solar Co.). The thickness and width of the fiber bundles differ in
the warp direction and the weft direction for both fabrics. That is, narrow and thick
fiber bundles are used in the warp direction, whereas wide and thin fiber bundles are
used in the weft direction. Consequently, these woven fabrics have geometric
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Figure 1. Geometry—anisotropic plain woven fabric. (a) M100K104 and (b) YEMI1801
composed of various configurations of bundles in warp and weft directions.

anisotropy. Table 1 shows the material properties of geometry—anisotropic woven
fabrics of YEM1801 and M100K104. The porosity inside a single fiber bundle was
determined by analyzing the cross-sectional image of the fiber bundle using image
analysis software (NI Vision Assistant 8.5, National Instruments).

Note that for both the woven fabrics, the number of fiber bundles per unit length
(namely, center-to-center distance of fiber bundles), filament number contained in a
single fiber bundle, and cross-sectional area (= w h/4) of the bundle are identical in the
warp and weft directions. However, the width:height ratio, i.e. the aspect ratio (h/w), of
the fiber bundles differs. Therefore, because the porous structures in the bundle are the
same in the warp and the weft, the capillary pressure in the fiber bundle is the same in
the warp and weft directions. In addition, there is almost no difference in the mechani-
cal properties such as tensile strength and stiffness in the warp and weft directions.
However, because of geometric anisotropy due to the difference in the thicknesses of
the weft and warp fiber bundles, the configuration of the gaps in the woven network

Table 1. Material properties of geometry—anisotropic fabrics.

Value (coefficient of variation)
Variable M100K104 YEM1801
Thickness of fiber mat H [m] 14x107* 17x107*

Superficial porosity of fiber mat ® 0.18 0.24
Number of fiber bundles [/25 mm] 19 19
Distance between bundles in warp direction Ly, [m] 41x107* 5.1x107*
Distance between bundles in weft direction Lyeq [m] 71x1074 7.2x107*

Height of fiber bundle in warp direction /iy, [m]
Height of fiber bundle in weft direction /g [m]
Width of fiber bundle in warp direction Wy, [m]
Width of fiber bundle in weft direction wy.q [m]
Number of fibers inside bundles n

Porosity inside bundles ¢

Fiber radius » [um]

8.4 x 107° (10%)
5.6 x 107> (7%)
5.9 % 107* (5%)
8.9 x 107* (13%)
3400
0.37 (5%)
4.2 (7%)

9.8 x 107> (10%)
7.2 %1072 (6%)
5.8 % 107* (7%)
7.9 x 107* (9%)
400
0.34 (8%)
4.8 (4%)

“Indicates the data provided by manufacturer.
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varies depending on the direction of the resin impregnation. Thus, the behaviors of
resin impregnation and void formation differ in the warp and weft directions.

3. Relationship between resin flow velocity and void content
3.1. Experimental

The effect of anisotropic geometry of woven fabrics on the relationship between void
content and flow velocity was experimentally investigated in the case of warp and weft
directional impregnation of one-dimensional RTM. The void content was measured
in situ to evaluate the void content that was simply due to air-trapping caused by the
microstructure of the woven fabrics in their respective locations, thus disregarding the
effects of void transportation, migration, and diffusion.

Figure 2 shows the experimental apparatus used for visualization of the flow front
and voids during the one-dimensional flow experiments. A single layer of plain-woven

(a) Clame Dam Sealant tape
/ /
—p
—
| —p \
) ?
I Glass fiber mat ;I
Inlet Outlet
(Resin bucket) (Resin trap box & vacuum pump)
(b) Enclosure
TS ST T ST T T T T T T T T T T T T T T T T T T T ST TS T ST T T ST T s T T TS a
T » PC
Glass mold Microscope

é Clamp Vacuum bag i
i L i
4D 2 |

/ \ \
7 \
Vinyl tube (inlet) T \ T Vinyl tube (outlet)
Glass fiber mat (1 ply)

o4 40

Dispersed light

Figure 2. Experimental setup for process visualization during one-dimensional resin flow RTM.
(a) Upper view. (b) Side view.
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glass cloth (M100K104 or YEMI1801) was used as the woven fabric, which had
dimensions of 200 x S0mm. The fabric was then sandwiched between two colorless
transparent glass plate molds. Both longitudinal sides of the glass fabrics were sealed
with sealant tape and then fixed between the glass plate molds by using clamps through
insertion of glass composite dams. A curing agent (Epoch PN) was added at 1 PHR
(per hundred resin) to the unsaturated polyester resin (Sundhoma PC184-C, DH Mate-
rial Inc.). The resin was impregnated using negative pressure by vacuum pump. The
resin flow direction and the injection pressure in the experiments are shown in Table 2.
A single experiment was conducted for each condition. However, for verification
purposes, we also tested other conditions not listed in Table 2, such as YEM1801/Weft/
30kPa, and the obtained results were found to be similar to those for the conditions
listed in Table 2 and in terms of the relationship between the resin flow velocity and
the void fraction. Therefore, in the study, we selected those conditions from among all
tested conditions that were within the same flow velocity range. Note that the injection
pressure indicates the differential pressure from the atmospheric pressure. The negative
pressure of the vacuum pump was kept constant from the beginning of resin injection
until the completion of resin curing. In the present study, we established the experimen-
tal setup by using one-layer fabric, a stiff glass mold, and a lower fiber volume fraction
than that in actual production to facilitate observation of the void formation (i.e. to
enlarge the void volume) caused by the architecture of the woven fabric. Moreover, a
low injection pressure was used because it gives a low pressure gradient without having
to use large specimens.

A digital microscope (M3, Scholar) was installed on the upper surface of the mold,
and a photograph of the impregnation behavior at the flow front was taken at distances
of x=25, 50, 75, 100, 125, 150, and 175 mm from the resin inlet. The images obtained
by the microscope at the point of air-trapping were processed and analyzed with image
analysis software (Vision Assistant 8.5, National Instruments). A representative image
of the visualized void is shown in Figure 3. Because the fiber bundles seemed to disap-
pear owing to their impregnation with resin, both the flow front and the voids were
clearly observed, and the void content could be easily calculated via image analysis.
The measurement area was set as a 5 x 15mm rectangular area at each measurement
location, where the longitudinal direction of the rectangular area was consistent with the
direction perpendicular to resin flow. This is because in a one-dimensional flow,
conditions such as flow velocity and pressure are constant along a direction perpendicu-
lar to the resin flow. The area ratio of the void content at each location was then
calculated. It is assumed that the voids had a columnar shape because the fabric used in

Table 2. Experimental conditions of flow directions and injection pressure.

Woven fabric Flow direction Injection pressure [kPa]
M100K104 Warp 20
40
Weftt 20
40
YEM1801 Warp 10
15
Weft 15

20
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Figure 3. Microscopic image of voids observed with process visualization.

the experiments provided one layer, the thickness of which was comparatively smaller
than the diameter of the generated voids. Thus, the content of voids by area was treated
as their volume content.

3.2.  Results and discussion

The relationship between the position from the resin inlet, x, and the arrival time ¢ of
the flow front to position x can be approximated with a quadratic function according to
one-dimensional flow case of Darcy’s law [21]:

t:%xz (1)

where £ is the fabric permeability, p is the injection pressure, and u is the resin viscos-
ity. The average permeabilities k& of the warp and weft directional impregnation of
YEM1801 and M100K 104 obtained by fitting the quadratic function to the relationship
between position x and arrival time ¢ are shown in Figure 4.

For both woven fabrics, the permeability of the warp direction was larger than that
in the weft direction. This was attributed to the cross-sectional shape of the anisotropic
plain-woven fabrics as shown in Figure 5. With the anisotropic plain-woven fabric
consisting of narrow and thick fiber bundles in the warp direction, and wide and thin
fiber bundles in the weft direction, the gap between the fiber bundles in the cross
section was larger in the warp direction (Figure 5(b)). Therefore, because the drag
resistance was smaller in the warp direction, flow through the woven networks was
relatively easy. YEM1801 had larger permeability than M100K104 in both the warp
direction and the weft direction. This was because the thickness of the fiber bundles
and the distance between them were larger in YEM1801; thus, the gap between fiber
bundles in the cross-section of YEM1801was larger than that of M100K104.
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Figure 4. Measured permeabilities in warp and weft directions of fabrics M100K104 and
YEM1801.
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Figure 5. Configurations of geometry—anisotropic plain woven fabric. (a) Overall structure.
(b) Cross-section in warp direction. (c¢) Cross-section in weft direction.

Figures 6 and 7 shows the relationship between the distance from the resin inlet and
the void content at each measurement position of MI100K1046 and YEMIS80I,
respectively. It should be noted that the void content on the ordinate was measured
in situ just after void entrapment; it does not include the effect of void transportation or
volume change due to surrounding pressure change on the void content.[21] Regardless
of the woven fabric type or the direction of impregnation, the void content increased as
the distance from the resin inlet increased. Moreover, when comparing at the same
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Figure 6. Void content measured at each position of MI100K104. (a) Warp directional
impregnation. (b) Weft directional impregnation.

measurement position, the void content was greater in the case of smaller injection
pressure. This was because as the distance from the resin inlet became large or the
injection pressure became small, the resin flow velocity decreased, which induced the
dominance of the capillary pressure over hydrostatic pressure and precedence of resin
impregnation inside the fiber bundles, thus possibly causing the larger inter-bundle
void.

Figures 8 and 9 shows the relationship between the flow front velocity and the void
content of the woven fabric M100K104 and YEM1801, respectively. Here, the flow
velocity was computed by Darcy’s law using the permeability obtained experimentally
as shown in Figure 4. Qualitative coincidence was observed in the results shown in
Figures 8 and 9. That is, in each woven fabric and each impregnation direction, the
relationship between the flow front velocity and void content did not depend on
the resin injection pressure, and could be expressed by one approximated line. From the
vertex of the approximated line and the horizontal axis, the critical resin flow velocity
U, at which the void content became zero could be obtained and is shown in Table 3.
The critical flow velocity U, of the void formation in the warp directional impregnation
was higher than that in the weft directional impregnation. Moreover, the void content at
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Figure 7. Void content measured at each position of YEMI1801. (a) Warp directional
impregnation. (b) Weft directional impregnation.
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Figure 9. Void content vs. flow velocity in warp and weft impregnation directions of YEM1801.

Table 3. Critical flow velocity for void prevention obtained from experiments.

Woven fabric Flow direction Critical flow velocity U, [m/s]
M100K 104 Warp 32x1074

Weft 1.8x107*
YEM1801 Warp 37x1074

Weft 25%107*

the same flow front velocity in the warp impregnation was greater than that in the weft
impregnation. These results indicate that the void content depends on the direction of
impregnation in addition to the flow front velocity in the geometry—anisotropic woven
fabrics.

4. Mechanism of inter-bundle void formation

To clarify the mechanism of void formation, a picture of the microscopic resin progress
and void formation at the flow front in woven fabrics (M100K104) was taken and is
shown in Figure 10. The woven fabric was impregnated in the warp direction with the
resin injection pressure of 40 kPa. In Figure 10(a) and (b), the observation position is
x=75 and 125mm from the resin inlet, corresponding to the macroscopic flow front
velocities U=1.2 x 10> and 0.32 x 10~ m/s, respectively.

In the comparatively high-flow velocity zone (Figure 10(a)), a void did not occur,
whereas in the low-flow velocity zone (Figure 10(b)), an inter-bundle void occurred.
The microscope images indicate that the formation mechanism of the inter-bundle void
consisted of the following two steps:

(1) Under the low-flow velocity, because of the dominance of the capillary force,
the capillary fingering (lead-lag) phenomenon occurs, in which the intra-bundle
flow precedes the inter-bundle flow.

(2) The preceded intra-bundle flow reaches the transverse fiber bundle, and resin
flow occurs in the transverse direction; then, the two transverse flows encounter
each other.
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Figure 10. Microscopic observation of flow front of M100K104 under (a) high-flow velocity
(1.2 x 10> m/s) and (b) low-flow velocity (0.32 x 10> m/s).

Because the transverse flow impregnated the transverse bundle before the inter-bundle
flow filled the inter-bundle space, an air bubble was trapped in the inter-bundle space and
remained as a void. Thus, inter-bundle void formation may have been affected by two
phenomena: (1) fingering generation and (2) impregnation in the transverse fiber bundle.

As shown in Figures 8 and 9 and in the geometry—anisotropic woven fabrics, the
void content under a certain resin flow velocity changed with the direction of resin
impregnation. This implies that either or both of the above phenomena (1) and (2) was/
were affected by the anisotropic geometry of the woven fabric.

Regarding phenomenon (2), as the distance between adjacent fiber bundles in the
direction of macroscopic flow became small, the resin impregnation in the transverse
direction completed in a shorter time. Because the distance between the fiber bundles in
the weft direction, L., Was smaller than that in the warp direction, Ly.cq, resin
impregnation in the transverse direction completed in a shorter time than weft
impregnation. This may have caused a larger void in weft impregnation than in warp
impregnation. However, this would contradict the experimental results as shown in
Figures 8 and 9.
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Therefore, fingering generation (1) may have had a larger influence on the void
content and the critical flow velocity of the void formation than transverse impregnation
(2). Thus, the effect of the direction of the resin impregnation on fingering generation
was investigated in detail as described in the next section.

5. Measurements of flow velocity upon fingering occurrence
5.1. Experimental

To evaluate the position and the flow velocity upon fingering occurrence, the distance
was measured from the resin inlet when the intra-bundle flow preceded the inter-bundle
flow and fingering occurred. The distance of fingering formation was measured by
adjusting the direction of the resin impregnation of the woven fabrics to warp and wetft.
To observe the flow front microscopically, the microscope was moved along with the
flow front, and the flow front was recorded as an animation. M100K 104 was used for
the woven fabric, and unsaturated polyester (Sundhoma PC184-C, DH Material Inc.)
mixed with hardening agent (Epoch PN) at 1 PHR was used for the resin. The injection
pressure was maintained at 20 or 40 kPa during impregnation.

5.2. Results and discussion

Figure 11 shows the distance from the resin inlet when capillary fingering occurred at
the flow front under each experimental condition. The error bar indicates the standard
deviation of three measurements. Note that the leading flow front of the fingering con-
sisted of two types of flow as judged from the image of the fingering: the intra-bundle
flow, and the flow inside the gap between the fiber bundle and the mold surface.
Because the air bubble was trapped by the fingering penetration including these two
flows, fingering was identified by observing this fingering penetration. When compared
with the same direction of resin impregnation, the distance from the resin inlet when
fingering occurred became larger as the resin injection pressure increased. This was
because, as the resin injection pressure increased, the flow front velocity at the certain

125
Injection pressure
g 100 | = 20 kPa
= O 40 kPa
o
E 75+
g
{ ]
“é 50F
=
8
12}
Q 25 B '
0

Warp Weft
Flow direction

Figure 11. Distance from resin inlet to where capillary fingering is formed (M100K104).
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distance from the resin inlet increased. This led to a decrease in the influence of the
capillary force, and therefore fingering formation became more difficult.

Figure 12 shows the critical (i.e. maximum) flow velocity of fingering formation
under each experimental condition. Resin flow velocity was calculated with Darcy’s law
and the permeability shown in Figure 4. It was found that the resin flow velocities
when the fingering was formed were almost the same in each resin impregnation direc-
tion. This indicates that the formation of the fingering in each impregnation direction
was dominated by the resin flow velocity regardless of the injection pressure. In
addition, the critical flow velocity of the fingering formation was higher in the warp
directional impregnation than that in the weft direction.

The velocity of the fingering formation was higher than the critical flow velocity of
void formation (3.2 x 10”*m/s) as shown in Table 3 in the warp directional impregna-
tion. In the warp directional impregnation, the transverse distance between the adjacent
warp fiber bundles was comparatively large, and the transverse flow required a longer
time for impregnation than in the case of the weft directional impregnation. Therefore,
a void may not form even though fingering occurs between the two critical velocities of
fingering formation and void formation. On the other hand, in the case of the weft
directional impregnation, because the distance between the adjacent weft fiber bundles
was small, the two critical flow velocities of fingering and void formation were almost
in agreement.

Figure 13 shows a comparison of the flow front configuration of each resin impreg-
nated direction observed under the same resin flow velocity (U=2.3 x 10~*m/s)
between the two critical flow velocities of fingering formation in the warp and weft
impregnations. In the case of the warp directional impregnation, the intra-bundle flow
preceded the inter-bundle flow greatly and fingering penetration occurred, whereas in
the case of weft directional impregnation, precedence of the intra-bundle flow was
scarcely observed, and the resin did not fully impregnate through the thickness, and
complete fingering did not occur.

Because there was no difference in the properties inside the warp and weft fiber
bundles, such as the fiber content in a single fiber bundle, the area of the fiber bundle,

0.0006
Injection pressure

0.0005 B 20 kPa

0.0003

0.0002

Flow velocity [m/s]

0.0001

Warp Weft
Flow direction

Figure 12. Critical flow velocities when capillary fingering is formed (M100K104).
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Figure 13. Flow front shape in geometry—anisotropic woven fabric (M100K104) under flow
velocity U=2.3 x 10"*m/s. (a) Warp directional impregnation. (b) Weft directional impregnation.

and the diameter of a single filament, the porous structures of the warp and weft fiber
bundles almost agreed with each other. This means that the capillary force and the
permeability (i.e. the fingering characteristics) inside the fiber bundle were the same in
the warp and weft fiber bundles. Therefore, the difference in the critical flow velocity
of the fingering formation between the warp and weft directions may be attributed to
the gap between the fiber bundle and the mold surface.

Figure 14 shows a schematic of the cross-section and resin advancement in warp
and weft resin impregnation directions in the geometry—anisotropic woven fabrics.
Compared with the weft fiber bundle, the warp fiber bundle was narrower and thicker.
Therefore, as shown in Figure 14(a), the mean gap between the fiber bundle and the
mold surface in the warp directional impregnation was smaller than that in the weft
directional impregnation. This indicates that the capillary pressure between the fiber
bundle and the mold surface became larger in the warp directional impregnation than
that in the weft directional impregnation. Therefore, the flow velocity between the fiber
bundle and mold surface may approach the intra-flow velocity, and fingering penetration
was more easily formed in the warp directional impregnation. On the other hand, the
mean gap between the fiber bundle and the mold surface was comparatively large in
the weft directional impregnation; thus, the resin flow between the fiber bundle and the
mold surface may delay from the intra-bundle flow, and fingering penetration was not

(a) Macroscopic flow direction (b) Macroscopic flow direction

- -

[ Warp bundle Weft

bundle

= Weft bundle Warp

bundle

Mold surface Mold surface

Figure 14. Influence of gap between fiber bundle and mold surface on flow advancement.
(a) Warp directional impregnation. (b) Weft directional impregnation.
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observed (Figure 14(b)). Therefore, the higher critical flow velocity of fingering
formation in the warp directional impregnation than that in the weft directional impreg-
nation is attributed to the difference of the capillary pressure inside the gap between the
fiber bundles and the mold surface. In addition, this may lead to a higher critical
velocity of void formation and a higher void content at a given flow velocity in the case
of warp directional impregnation. To verify this quantitatively, future work will conduct
mathematical modeling to predict void and fingering formation including the effects of
the gap between the fiber bundles and mold surface.

6. Conclusions

This study investigated the influence of geometric anisotropy of woven fabrics on the
relationship between void generation and resin flow velocity during RTM. The relation-
ship between void content and resin flow velocity was measured in warp (narrow and
thick bundle) and weft (wide and thin bundle) directional impregnation. The warp
directional impregnation indicated a higher critical resin flow velocity of void formation
and a higher void content under a given resin flow velocity than those in the weft
directional impregnation.

When observed with a microscope, it was found that the void was formed by capil-
lary fingering and transverse resin flow in the flow front. Of these two factors, fingering
generation had a greater influence on void generation. Comparing the warp and weft
directional impregnations, the warp directional impregnation indicated a higher critical
flow velocity of fingering formation. This can be explained by the fact that the gap
between a fiber bundle and the mold surface is smaller in the warp direction; thus, the
capillary force is higher, and the critical flow velocity of fingering formation increases.
This may also lead to a higher critical velocity of void formation and a higher void
content at a given flow velocity in warp directional impregnation.
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