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Effect of fiber volume fraction on occurrence, morphology, and spatial distribution of
microvoids in resin transfer molded E-glass/epoxy composites is investigated. Three disk-
shaped center-gated composite parts containing 8, 12, and 16 layers of randomly-
oriented, E-glass fiber perform are molded, yielding 13.5%, 20.5%, and 27.5% fiber
volume fractions. Voids are evaluated by microscopic image analysis of the samples
obtained along the radius of these disk-shaped composites. The number of voids is found
to decrease moderately with increasing fiber content. Void areal density decreased from
10.5 voids /mm2 to 9.5 voids /mm2 as fiber content is increased from 13.5% to 27.5%.
Similarly, void volume fraction decreased from 3.1% to 2.5%. Increasing fiber volume
fraction from 13.5% to 27.5% is found to lower the contribution of irregularly-shaped
voids from 40% of total voids down to 22.4%. Along the radial direction, combined
effects of void formation by mechanical entrapment and void mobility are shown to yield
a spatially complex void distribution. However, increasing fiber content is observed to
affect the void formation mechanisms as more voids are able to move toward the exit
vents during molding. These findings are believed to be applicable not only to resin
transfer molding but generally to liquid composite molding processes.
�DOI: 10.1115/1.3030944�

Keywords: resin transfer molding, void morphology, fiber content, microscopic image
analysis
Introduction

Resin transfer molding �RTM� and vacuum assisted resin trans-
er molding �VARTM�, among other composites manufacturing
rocesses, have been established as versatile and simple methods
f fabricating medium to large, complex composite structures
1–4�. They are inexpensive ways to integrate large number of
omponents into one part, thereby minimizing the number of parts
n an application �5�. In the RTM process, a dry fibrous reinforce-

ent preform is placed inside a mold cavity. Later a reacting
iquid resin is injected into the mold cavity to impregnate the
reform. Before demolding, the composite part is allowed to cure.
ajor industries such as aerospace, defense, and automotive gen-

rally require parts to be of high performance and excellent sur-
ace finish. The formation of flow-induced defects such as voids
nd dry spots often limits a wider usage of RTM in these fields
ince void presence has been amply documented to degrade the
hysical and mechanical properties of the molded composite
6–11�. Although some of these defects and, to some extent, voids
an be reduced by the help of vacuum, placement of the vacuum
orts and sealing the mold would further complicate the process.

Void formation mechanisms in RTM composites received con-
iderable interest �12–16�. Several researchers studied the influ-
nce of various process parameters such as injection pressure,
njection rate, cure pressure, cure temperature, preform architec-
ure, fiber sizing, and physicochemical properties of the resin on
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void formation in RTM composites �7,12–18�. Nonetheless, cor-
relations between void content and other basic parameters such as
fiber fraction are not yet established.

Identifying void formation mechanisms in RTM composites can
help understand the effect of most of these parameters. At the
macroscale, preform impregnation in RTM is generally described
by a Darcy flow �19,20�. At the microscale, however, the uneven
distribution of fibers leads to interesting flow dynamics as two
distinct flows develop: a flow between fiber tows �called viscous
flow� and another inside fiber bundles driven by capillary forces
�also known as capillary flow�. Both flows usually advance at
unequal front velocities, thus favoring void formation �12–16�. At
higher injection rates, the viscous flow leads the impregnation,
and air bubbles are generally trapped inside fiber tows by finger-
ing, resulting in microscopic intratow voids. At slower rates, on
the other hand, the capillary flow leads the impregnation, and
macroscopic intertow voids are trapped between fiber tows. An
optimum void occurrence can be obtained when both flows are
advancing at comparable front velocities. This microscale flow
behavior has been documented in detail experimentally �12–16�.
The capillary number, a nondimensional number defined as the
ratio of viscous to capillary forces, has been often used to analyze
the movement of fluid fronts and thus predict void formation.

Mahale et al. �12� reported minimal void formation when the
filling is performed at the capillary number range of 2.5�10−3.
Later, Patel and co-workers �13–16� reported the existence of a
master curve of void content as a function of the modified capil-
lary number that includes the resin/fiber contact angle in the
analysis. Several subsequent theoretical and experimental studies
have analyzed void formation data in terms of the modified cap-
illary number �21–26�, thus establishing the capillary number
analysis as a method for predicting void formation in RTM com-

posites. Other theoretical and numerical models have been pro-
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osed for predicting void occurrence in liquid injection processes
27–32�. However, these models often have limited range of ap-
lication as they are generally developed for simplified preform
rchitectures.

Higher fiber content in RTM composites would lead to faster
uid flow velocities as the empty space for resin flow is reduced.
herefore, void occurrence would change depending on the cap-

llary number range experienced during filling. Higher injection
ates are more consistent with most industrial practices, and in-
reasing fiber content in these cases would consequently increase
he viscous flow and thus induce a sharp increase in void forma-
ion �12–16�. On the other hand, impregnating higher fiber con-
ents would require higher injection pressures �19,20�, and higher
lling pressures are known to reduce void occurrence �17,25,32�.
n addition, voids can only occur within the resin, hence reducing
he total volume of the resin would possibly reduce void forma-
ion and consequently lead to lower void occurrence. Therefore,
he effect of fiber content on void occurrence within RTM com-
osites cannot be predicted using the available analysis tools and
hus requires additional investigation.

Very few studies are available in literature regarding the effect
f fiber content on voids in composite materials, and most of these
tudies do not focus on void formation �2,22,33�. Abraham and

cllhagger �2�, for example, visually inspected void content and
et out for RTM composites fabricated under the same conditions

nd containing 18% and 50% fiber volume fractions. Increasing
he fiber content was reported to change the void content from low
o high and wet out quality from good to incomplete.

Rajulu et al. �33�, on the other hand, studied short bamboo
ber-epoxy composites at fiber contents of 10%, 20%, 30%, and
0% by volume. The authors reported that void content decreased
lmost linearly with increasing fiber content. Increasing the fiber
olume fraction from 10% to 40% induced an 84% reduction in
oid content from 1.43% to 0.23%. Kang et al. �22� studied void
ormation in RTM composites molded under similar processing
onditions at two fiber contents, i.e., 19.2% and 63.9%. The au-
hors reported comparable void areal densities for the two fiber
ontents. However, lower void content and smaller voids were
eported at the higher fiber content. These conflicting results also
o not show any direct effect of increasing fiber content on void
ccurrence. Consequently, a systematic study on the effect of fiber
ontent on void occurrence and morphology in RTM composites
an enhance our understanding of void formation and ultimately
elp determining optimum RTM parameters for lowering void oc-
urrence. To the best of our knowledge, no such study exists in
iterature.

In the current study, effects of fiber volume fraction on void
ontent, void morphology, and spatial void distribution are inves-
igated for resin transfer molded E-glass/epoxy composites. Three
omposite disks are molded under the same process parameters at
3.5%, 20.5%, and 27.5% fiber volume fractions. Voidage in each
isk is assessed by microscopic image analysis, and differences in
oid content and void areal density are evaluated. In addition,
hanges in void morphology �i.e., size and shape� induced by
ncreasing fiber content are investigated. Furthermore, radial
ariation in void content and void’s proximity to fibers are exam-
ned for the three fiber contents studied.

Experimental Setup

2.1 Molding Procedure. Three composite disks containing
3.5%, 20.5%, and 27.5% E-glass fibers by volume are fabricated
n this study using an experimental RTM apparatus. This custom-

ade molding setup comprises a hydraulic press, two reservoirs
or resin and curing agent, a static mixer, and a disk-shaped mold
avity. When operated, the molding press forces the EPON 815C
esin and EPICURE 3282 �Shell Chemicals� curing agent out of
he reservoirs into the mold cavity at a constant flow rate. Before

olding, both fluids are degassed in an ultrasonic bath at 50 kHz

or 15 min since sonicating is reported to reduce void formation
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due to volatile or entrapped moisture in the resin �4–6,17,34�.
These fluids are thoroughly mixed by the static mixer containing
32 alternating helical segments, thus yielding a gel time of ap-
proximately 20 min. 8, 12, and 16 layers of the randomly-
oriented, chopped-strand, E-glass fiber mats with a planar density
of 0.2152�0.0063 kg /m2 �Fiberglast Part No. 248� are, respec-
tively, placed in the mold cavity prior to filling. The details of the
molding procedure and experimental setup are described in detail
elsewhere �20,23–26�.

2.2 Sample Preparation for Microscopic Image Analysis.
The planar isotropy of the fibrous preform and the mold axisym-
metry simplify the impregnation into a purely radial flow. There-
fore, the molded disks are studied along their radii. Three radial
samples, one from each disk, are cut and prepared for microscopic
image analysis. All samples are 75 mm long, while their average
thicknesses are measured as 4.93 mm, 4.91 mm, and 4.90 mm for
composites containing 13.5%, 20.5%, and 27.5% fibers, respec-
tively. Less than 1% variation recorded in the average sample
thickness indicates that the deflection of the mold walls was not
significant enough to affect the impregnation kinematics of the
samples molded at three different fiber volume fractions. Radial
variation in voidage is assessed by dividing each 75-mm-long
sample into five 15-mm-long regions along the radial direction.
Composite strips are embedded separately into a quick cure
acrylic resin �Allied High Tech. Products, Part No. 170�. For pol-
ishing, a series of polishing pastes is applied �Clover Compound�
with grit sizes ranging from 180 �i.e., 80 �m average particle
diameter� to 1200 �15 �m� in six successive steps. To remove
paste residues after each step, 40 min of subsequent cleaning pe-
riods are performed in an ultrasonic bath at 50 kHz. Thereafter,
the samples are ready for microscopic image analysis.

2.3 Void Characterization. Microscopic image analysis has
been reported to be among the most precise techniques for mea-
suring void contents �7,11,35–37�. In addition, this method pro-
vides detailed information on other essential parameters such as
void location, shape, and size that cannot be assessed by other
methods. Frequently, microscopic image analysis is utilized by
randomly averaging selected frames of the studied composite
sample �35,36�. In contrast, the entire cross sections of the studied
composite samples are scanned in the current investigation in or-
der to accurately estimate void content, morphology, and their
spatial variations. Voidage features are obtained from images ac-
quired at 200� magnification using a PC-based charge coupled
device �CCD� camera mounted on a MEIJI light microscope. At
this particular magnification, every frame displays approximately
a 0.71�0.53 mm2 area. Hence, a total of 4320 frames are cap-
tured �1440 frames for each fiber fraction�. The selected magnifi-
cation of 200� enables the assessment of voids as small as the
radius of a single fiber of 7 �m. Consequently, all identifiable
voids throughout the entire composite samples are included in the
analysis of void content and morphology. In this study, all voids
are identified by hand since automatic thresholding—usually used
image analysis of voids—is reported to induce errors in void con-
tent measurement due to statistical uncertainty, pixel size, thresh-
old levels used, and the lighting variations in different areas of the
same frame �38,39�. Each captured frame is processed using the
image analysis software IMAGE TOOL

®, which allows the measure-
ment of voids’ area, A, and maximum length, Lmax. Thereafter, all
voids are visually identified. A total of 9484 voids are identified in
all three samples; specifically 3364, 3095, and 3025 voids are
identified for the composites containing 13.5%, 20.5%, and 27.5%
fibers, respectively. Each void boundary is traced by hand to cap-
ture its morphological features. A statistical error analysis of void-
age measurement is performed on a group of 100 voids of various
shapes and sizes. Each void’s area and maximum length are mea-
sured five times. The variation originating from this manual trac-
ing method is shown to be less than 1% in all measurements. In

addition, the results are not affected by the skills and judgment of
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he operator performing the tracing as two different operators in-
ependently obtained identical void content results on the selected
est samples.

Results and Discussion

3.1 Inlet Mold Filling Pressure. Inlet pressure variation dur-
ng molding is monitored with a flush diaphragm pressure trans-
ucer �Sensotec® BP357BR Model S, 0.1% accuracy�, inserted
etween the static mixer and the mold inlet. As a result of the
ircular mold geometry and the preform planar isotropy, the resin
ront has a circular shape and advances radially through the pre-
orm. Since molding is performed at a constant flow rate, the resin
ront moves at higher velocities closer to the injection gate. At
onstant flow rate, the inlet pressure increases as the flow front
dvances so that the larger preform area can be impregnated. Inlet
ressure data recorded during filling of all three disks are shown
n Fig. 1.

During the first 15 s of mold filling, the inlet pressures increase
t different rates for the three composites. The maximum inlet
ressure recorded for each composite significantly increases with
ncreasing fiber content. A maximum inlet pressure of 980 kPa is
ttained at the end of filling for the composite containing 27.5%
bers by volume, while maximum inlet pressures of 515 kPa and
65 kPa are recorded when molding the 20.5% and 13.5% fiber
ontent composites, respectively. This large difference in injection
ressure �almost two- and sixfold� can affect void formation and
obility during filling. Higher injection pressures might shrink

he air bubbles entrapped by the advancing fluid front and thus
ield lower void content at higher fiber volume fractions. At the
nd of filling, pressure readings of the composites molded at
3.5% and 20.5% fiber contents show slight increases needed to
orce the resin into the constricted channel spacing between mold
alls and spacer plates. Once the resin reaches the exit vents, the
olding press is turned off, stopping resin injection. As seen in
ig. 1, for all three fiber contents, a monotonic decrease down to
ero gauge pressure is recorded after the injection is stopped.

3.2 Effect of Fiber Content on Void Occurrence. Represen-
ative images obtained at 200� magnification from the 13.5%,
0.5%, and 27.5% fiber content composites are depicted in Fig. 2.
igure 2 also shows the difference in fiber concentration observed
etween the three composite samples. Fibers are seen as more
omogeneously distributed through the composite molded with
7.5% fibers by volume, while the composite molded with 13.5%

Fig. 1 Effect of fiber content on the
ber content contains large matrix-rich regions and other zones

ournal of Engineering Materials and Technology
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with high fiber concentration.
Void contents and void areal densities of the molded composites

are shown in Fig. 3. Both void content and void areal density are
observed to decrease with increasing fiber content. Void areal den-
sity is observed to decrease from 10.5 voids /mm2 in the compos-
ite molded with 13.5% fiber content to 9.7 voids /mm2 and
9.5 voids /mm2 at 20.5% and 27.5% fiber contents, respectively.
A similar trend is observed for void content. A void content of
3.1% is measured for the composite containing 13.5% fibers by
volume. Slightly smaller void contents of 2.7% and 2.5% are mea-
sured, respectively, at 20.5% and 27.5% fiber contents. The re-
spective 12.9% and 18.3% reduction rates in void content cor-
roborate the results obtained by Kang et al. �22� and can be
attributed to lower matrix volume, more uniform preform archi-
tecture, and higher injection pressure at higher fiber content.

3.3 Effect of Fiber Content on Void Location. Void proxim-
ity to fibers can help understand their formation mechanisms
�23–26� as well as their effects on mechanical performance of the
composite part. Three different void locations are defined within
the molded composites. The first location is defined as areas rich
in matrix. Voids in this location are entirely enveloped by the

et pressure profiles during molding

Fig. 2 Representative images of the composites molded with
different fiber volume fractions, Vf, obtained at 200Ã
inl
magnification

APRIL 2009, Vol. 131 / 021014-3
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poxy matrix and are called matrix voids. The second location is
efined as areas rich in preform, where the area is primarily com-
osed of reinforcing fibers. Voids in this region are intratow voids
nd are referred to as preform voids. Finally, the remaining voids
ositioned next to, but not within the fiber bundles are called
ransition voids. According to this classification, voids trapped
etween fiber bundles in Fig. 2�a� and at the bottom of Fig. 2�c�
re considered preform voids. Voids seen in the top of Fig. 2�b�
nd at the center of Fig. 2�d� represent transition voids, and the
oid located at the left of Fig. 2�d� is an example of matrix voids.

Figures 4�a� and 4�b� show respective contributions to void
ontent and void areal density from voids in different locations
ithin the composites. At all three fiber contents, matrix voids
ave the lowest contribution to void content and void areal den-
ity. In addition, both void content and void areal density of ma-
rix voids decrease steadily with increasing fiber content. Matrix
oid content decreases from 0.4% at Vf =13.5% to 0.3% at Vf
20.5%, then reaches 0.2% at Vf =27.5%. Simultaneously, matrix
oid’s areal density is observed to decrease from 1.4 to 1.0 and
.7 voids /mm2.

Preform void content shows a somewhat similar trend. Contri-
ution of preform voids to void content slightly decreases from
.1% measured in both composites molded at Vf =13.5% and
0.5% to 1.0% at Vf =27.5% �Fig. 4�a��. Preform void’s areal
ensity �Fig. 4�b��, on the other hand, is observed to increase from
.6 at Vf =13.5% to 5.4 and 5.3 voids /mm2 at Vf =20.5% and
7.5%, respectively. The small reduction in void content and al-
ost 17% increase in void areal density suggest that preform

oids become smaller at higher fiber contents. Transition voids, on
he other hand, do not show any clear trend.

However, combined contributions from voids located within or
ight next to fiber bundles to either void content or void areal
ensity are observed to increase, in percentage, with increasing
ber content. The percentage of void content originating from
reform and transition voids rises from 88.9% at Vf =13.5% to
9.4% at Vf =20.5% and reaches 92.5% at Vf =27.5%. The simi-
arly defined percentage for void areal density also increases from
6.9% at Vf =13.5% to 89.5% at Vf =20.5% and reaches 92.8% at
f =27.5%. The high occurrence of voids within and next to the
reform is consistent with the range of modified capillary number
xperienced during these molding experiments �later calculated to

Fig. 3 Effect of fiber content on
hange from 0.12 to 1.65, see Table 1�. These relatively high

21014-4 / Vol. 131, APRIL 2009
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values of capillary number predict that most formed voids would
be entrapped either inside or adjacent to fiber bundles
�12–16,23–26�.

3.4 Effect of Fiber Content on Void Size. In order to classify
void sizes, an equivalent diameter, Deq, is defined for each void as

Deq =�4A

�
�1�

where A is the void area measured via image analysis software
UTHSCSA IMAGE TOOL®.

Figure 5 illustrates void size distributions based on Deq for the
molded composites. The size distribution of voids shows distinct
differences among the three fiber contents. A small shift in void
size distribution is observed as the fiber content is increased. The
average void size augments from 53 �m at Vf =13.5% to 54 �m
and 55 �m at Vf =20.5% and 27.5%, respectively. However, the
highest relative contribution to void areal density changes from
20% for voids with 20 �m�Deq�30 �m at Vf =13.5–23%
relative contribution for voids with 30 �m�Deq�40 �m at Vf
=27.5%.

In order to analyze other aspects of void size distributions, three
different size categories are introduced. Large voids are defined as
those with an equivalent diameter greater than 100 �m, i.e.,
Deq�100 �m, while voids with an equivalent diameter lower
than 50 �m are regarded as small voids. Intermediate equivalent
diameter values, i.e., 50 �m�Deq�100 �m, correspond to me-
dium size voids. Figures 6�a� and 6�b� depict size distributions of
void content and void areal density of voids encountered in the
molded composites.

As Fig. 6�b� indicates, the areal density of small voids is ob-
served to decrease linearly from 5.8 voids /mm2 to
4.8 voids /mm2 when the fiber content is increased from 13.5% to
27.5%. However, small voids show almost the same percent con-
tribution of 0.5% to void content for all composites. Large voids
see their contribution to both void content �Fig. 6�a�� and void
areal density �Fig. 6�b�� decrease with increasing fiber content,
whereas medium voids see some increases in both void content
and void areal density. Void content of medium increases in both
void content and void areal density. Void content of medium voids

d content and void areal density
augments from 1.6% to 1.8% as fiber content is increased. Simi-
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arly, medium void areal density increases from 3.9 voids /mm2 to
.3 voids /mm2. Therefore, the small increase in average void size
bserved in Fig. 5 can be solely attributed to the increase in me-
ium voids.

3.5 Effect of Fiber Content on Void Shape. Detrimental ef-
ect of voids on mechanical performance of composites is well
stablished. Judd and Wright �6�, for example, reported that a void
ontent as low as 1% results in a decrease in strength up to 30% in
ending, 3% in tension, 9% in torsional shear, and 8% in impact.
ue to variations in void sizes and locations, a variety of void

hapes are encountered in RTM composites
7,11–13,22–26,40,41�. Patel et al. �14�, for instance, investigated

Fig. 4 Effect of fiber content on „a…
„b… void areal densities of voids
locations

Table 1 Modified capillary number variation
volume fractions, Vf

Radial distance from the injection gate �mm�

Vf =13.5% Modified capillary
number, Ca�

Ca� =
�V

� cos 	

Vf =20.5%

Vf =27.5%
ournal of Engineering Materials and Technology

aded 15 Jun 2010 to 129.15.98.62. Redistribution subject to ASME
effects of fiber architecture on void formation in liquid composite
molded �LCM� composites. Although no quantitative results were
given, the authors reported the formation of voids with different
shapes for both bidirectional stitched fiberglass and four-harness
woven fiberglass preforms.

In more recent studies of voidage effects on mechanical prop-
erties, Paton and co-workers �40,41� studied RTM woven carbon/
epoxy composites at 59% fiber content and observed two major
void shapes. The first consists of spherical to elliptical voids with
a diameter of 100–200 �m, and the second represents larger
irregularly-shaped voids confined to the preform. The authors re-
ported a 7% reduction in interlaminar shear strength per 1% in-

e contributions to void content and
countered in different composite

ng the radial flow direction for different fiber

7.5 22.5 37.5 52.5 67.5

1.38 0.36 0.22 0.16 0.12

1.50 0.40 0.24 0.17 0.13

1.65 0.43 0.26 0.19 0.14
th
en
alo
APRIL 2009, Vol. 131 / 021014-5
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rease in voidage up to 10% for resin transfer molded composites
ontaining five-harness satin preform. In addition, the authors ob-
erved that only irregularly-shaped voids induced early crack for-
ation under loading.
Figure 2 shows images obtained at 200� magnification that

epict different void shapes encountered in the three molded com-
osites. Voids seen in the top of Fig. 2�b� and at the center of Fig.
�d� are mostly circular. In contrast, voids trapped between fiber
undles in Figs. 2�a�–2�c� are more elliptical. The voids entrapped
ithin the preform in the top of Fig. 2�d� present a different ir-

egular geometry. Based on these observed shapes, voids are sepa-
ated into two groups: irregular and spherical voids. Irregular
oids are defined as those presenting a nonconvex planar surface
rea, that is, two different points exist within the void that can be
onnected by a straight line that intersects the void boundary. The
emaining voids are mostly spherical, even though most of them
o not present a perfect circular symmetry. To classify this varia-
ion in voids’ roundness, void data are further processed by intro-
ucing the shape ratio, Rs, defined for each void as the equivalent
iameter obtained from Eq. �1� divided by the maximum mea-
ured length, Lmax, within a void:

Rs =
Deq

Lmax
�2�

ote that ideal circles are represented by Rs=1, and as the shape
atio gets smaller, voids become more elongated. Using this shape
atio, spherical voids are further segregated into two categories:
ircular voids with shape ratios above 0.95 �0.95�Rs�1� and
lliptical voids with shape ratios lower than 0.95.

Using the criteria defined above, contributions to void content
rom voids with different shapes are calculated. The resulting
hape distributions of voids observed in the composites molded
ith different fiber contents are presented in Fig. 7. Shape distri-
utions based on contributions to void content �Fig. 7�a�� and
elative percentage of void areal density �Fig. 7�b�� are simulta-
eously analyzed in order to assess void morphology in the three
omposites.

As illustrated in Fig. 7�a�, circular voids see their contribution
o the void content slightly increase from 42.7% to 50.0% as fiber
ontent is increased. Simultaneously, circular void relative per-

Fig. 5 Effect of fiber con
entage augments from 27.7% to 31.7%. Elliptical voids also see

21014-6 / Vol. 131, APRIL 2009
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their contribution to void content increase from 17.7% to 27.2%
as fiber content is increased. Over the same range, circular void
relative percentage expands from 22.7% to 25.1% �Fig. 7�b��.

Irregular voids, on the other hand, show an opposite trend. Con-
tribution of irregular voids to void content decreases from 39.6%
to 22.4%. A slightly smaller decrease is observed in irregular
void’s contribution to void areal density, as shown in Fig. 7�b�.
These results suggest that as the fiber content is increased, less
irregular voids tend to form within the molded composite.

Since large voids with irregular shapes can affect the perfor-
mance of molded composites more adversely than other void
shapes �9,40,41�, effect of fiber content on size distribution of
irregular voids is investigated. Thus, size distributions of irregular
voids based on areal void density are presented in Fig. 8. As Fig.
8 shows, areal densities of irregular voids of all sizes are observed
to decrease with increasing fiber content. However, small irregular
voids are observed to decrease at a smaller rate. Small void areal
density decreases from 3.3 voids /mm2 to 3.1 voids /mm2 as fiber
content is increased. Large irregular void’s occurrence is very lim-
ited in all cases and decreases as well from 0.3 voids /mm2 to
0.05 voids /mm2 as fiber content is increased. Medium irregular
voids see the largest reduction from 1.6 voids /mm2 to
0.7 voids /mm2. These results show that irregular voids occur at a
lower rate and become primarily small at higher fiber content
�e.g., 81.2% of irregular voids are small at Vf =27.5%�. Therefore,
critical adverse effects of irregular voids have a higher probability
at lower fiber contents as only larger irregular voids are reported
to induce early crack formation �9,40,41�.

3.6 Effect of Fiber Content on Radial Voidage Variation.
The modified capillary number, Ca�, described in the Introduction
as the nondimensional ratio of viscous forces to capillary forces is
defined as

Ca� =
� · V

� cos 	
�3�

where �, V, �, and 	 are the impregnating resin viscosity, the
macroscopic fluid front velocity, the resin surface tension, and the
liquid-fiber contact angle, respectively. When the modified capil-
lary number changes spatially, one might expect to see not only

t on void size distribution
ten
spatial variations in void content but also variations in void sizes
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nd shapes. Therefore, evaluating the range of capillary number
nvolved during these RTM experiments can be vital in under-
tanding relevant void formation mechanisms and consequently
patial void distribution and void morphology.

Determining the modified capillary number requires, as de-
cribed in Eq. �3�, quantifying the resin viscosity, �, the macro-
copic fluid front velocity, Vave, the resin surface tension, �, and
he advancing contact angle, 	. Both the surface tension and the
dvancing contact angle are measured in an earlier study for the
ame system of resin, curing agent, and E-glass fibers �23–25�.
he measured values of the surface tension and advancing contact
ngle are 36.3�10−3 N /m and 34 deg. The viscosity of the resin-
uring agent mixture is measured using a Brookfield viscometer
Model DV-II +�. Even though the mixture’s viscosity changes
oward the end of the 20 min gel time, its value remains reason-
bly stable around 0.96 N s /m2 during the first few minutes of
ixing. The macroscopic fluid front velocity can be determined

rom the injection flow rate and the mold geometry as

Vave =
Q

A
=

Q

2 · � · H · r · �1 − Vf�
�4�

here Q is the resin flow rate, H is the thickness of the mold, r is
he radius at which the capillary number is calculated, A is the
ross-sectional area of the resin flow at r, and Vf is the fiber

Fig. 6 Effect of fiber content on siz
tent and „b… void areal density
olume fraction. It is clear from Eq. �4� that an increase in fiber

ournal of Engineering Materials and Technology
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volume fraction increases the impregnation velocity, thus affect-
ing the dynamics of void formation. Substituting Eq. �4� in Eq.
�3�, the modified capillary number becomes a function of the ra-
dial distance from the injection gate:

Ca� =
� · Q

2 · � · � · H · �1 − Vf�cos 	
·

1

r
�5�

As described in Sec. 2, each composite sample is divided into
five 15-mm-long radial regions; thus the fluid front velocity is
evaluated at the center of each radial region. The modified capil-
lary number is obtained by substituting the measured values in Eq.
�5�. The calculated Ca� for the different radial distances from the
injection gate are presented in Table 1. It should be noted that
performing these molding experiments at a constant volume flow
rate is desirable since it enables one to accurately determine the
fluid front velocity �i.e., effective velocity of the impregnation
front�. As the modified capillary number during filling is deter-
mined for different fiber volume fraction, a meaningful compari-
son of the void content and morphology can be done among these
samples as described below.

As illustrated in Table 1, the Ca� variation within each compos-
ite is far greater than the respective difference in modified capil-
lary numbers from one fiber content to the other. The range of Ca�

measured for all three fiber contents is much larger than the re-
� −3

istributions based on „a… void con-
e d
ported Ca critical value of 2.5�10 , where void occurrence is
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Fig. 7 Effect of fiber content on voidage shape distribution based on „a…
contribution to void content and „b… contribution to void areal density
Fig. 8 Effect of fiber content on the size distribution of irregular voids

based on areal void density
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inimal �12–16�. Furthermore, at this high value of Ca�, formed
oids are expected to be dominantly intravoids, that is, located
ithin or right next to fiber tows �12–16,23–26�.
Radial variation in void content for the molded composites is

resented in Fig. 9. Although void content of the Vf =13.5% com-
osite does not show any clear trend, the other two composites
how a net increase in void content with increasing radial distance
rom the injection gate. Thus, void content is observed to increase
rom almost 2.0% to well above 2.8% for both composites molded
t Vf =20.5% and 27.5%. For both these composites, increases in
oid content seem to be almost linear between the first and fourth
adial regions, reaching 3.4% and 3.9%, respectively.

These increases in void content do not fit the expected trend
redicted by the capillary number analysis. As the radial distance
rom the injection gate increases, the advancing fluid front has to
mpregnate larger areas and thus becomes slower. Hence and ac-
ording to the range of modified capillary numbers involved, the
esulting void content is expected to decrease away from the inlet.
owever, Fig. 9 shows an opposite trend at higher fiber contents.
s fiber content increases, the maximum pressure during filling

ises dramatically. This pressure increase is believed to shrink the
rapped voids, considerably facilitating their transport by the flow

Fig. 9 Effect of fiber content o

Fig. 10 Effect of fiber content on th

bile to mobile void content

ournal of Engineering Materials and Technology
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toward the exit vents. This phenomenon has been already ob-
served in similar RTM composite disks where Ca� varied during
impregnation �23�.

This phenomenon can help explain the radial variation in void
content for the Vf =13.5% composite. At this fiber content, the
moderate pressure experienced during injection is believed to
limit void transport, and the result is a somewhat homogeneous
radial void content. Thus, as the fiber content is increased, void
distribution in RTM composites is more affected by transport dy-
namics than formation mechanisms.

In order to verify the occurrence of such phenomenon, further
analysis is carried out. Voids are further classified into mobile
voids, i.e., combined matrix and transition voids that can be trans-
ported, and immobile voids trapped inside fiber tows, i.e., preform
voids. Figure 2 shows different mobile and immobile voids. Ac-
cording to this classification, the large circular void seen in the top
of Fig. 2�b� and the two circular voids in the middle of Fig. 2�d�
are examples of mobile voids, while the smaller circular void of
Fig. 2�b� trapped inside the fiber tows and the elliptical void in
Fig. 2�c� fall into the immobile void category.

The radial variations in mobile and immobile voids are assessed
and their ratio is presented in Fig. 10. The ratio of immobile void

adial variation in void content

adial variation in the ratio of immo-
e r
APRIL 2009, Vol. 131 / 021014-9
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ontent to mobile void content can be used to analyze the varia-
ion in both void categories along the radius of each composite. In
ll three composites, this ratio shows a decreasing trend in the
adial direction. The immobile to mobile ratio is observed to de-
rease from 60.9% in the first to 43.7% in the fifth radial region of
he Vf =13.5% composite. An even higher reduction is observed at

f =20.5%. The immobile to mobile ratio is observed to decrease
rom 103.0% in the first radial region to 56.2% in the fifth. A
imilar decrease is observed in the composite molded at Vf
27.5%, where the immobile to mobile ratio is observed to de-
rease from 81.8% in the first radial region to 53.3% in the fifth.
ence, more mobile voids are encountered far from the injection
ate for all three fiber contents studied. The ratio of immobile to
obile voids might also be affected by the level of injection pres-

ure. For lower pressures, the number of mobile matrix voids is
sually higher, thus leading to a smaller immobile to mobile void
atio throughout the composite. These results confirm the increas-
ng dominance of mobile voids toward the exit vents and further-

ore explain the increase in voids at a larger radial distance from
he injection gate.

Conclusions
The effect of fiber volume fraction on occurrence, morphology,

nd spatial distribution of voids in resin transfer molded E-glass/
poxy composites was investigated. Three center-gated composite
isks were molded at 13.5%, 20.5%, and 27.5% fiber volume
ractions. Voids throughout these disk-shaped composites were
valuated via microscopic image analysis of radial samples. All
dentifiable voids at 200� magnification were assessed and their
quivalent radius, area, and shape were measured. Void occur-
ence is found to decrease moderately with increasing fiber con-
ent. Void areal density decreased from 10.5 voids /mm2 to
.5 voids /mm2 as fiber content is increased. Average void size is
bserved to remain similar at 53–55 �m when the fiber content
s increased from 13.5% to 27.5%. Increasing fiber volume frac-
ion from 13.5% to 27.5% is found to lower the contribution of
rregularly-shaped voids from 40% of total voids down to 22.4%.
long the radial direction, combined effects of void formation by
echanical entrapment and void mobility are shown to yield a

patially complex void distribution. Increasing fiber content is ob-
erved to affect the void formation mechanisms as more voids are
ble to move toward the exit vents during molding. Thus, both
ransport dynamics and void formation mechanisms affect spatial
onformation of voids. These findings are believed to be appli-
able not only to resin transfer molding but generally to liquid
omposite molding processes.
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