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Liquid composite molding processes are widely accepted in the aeronautic industry
to manufacture large and complex structural parts. In spite of their cost-effective-
ness, void defects created during the manufacturing process are a major issue of
these processing techniques because they have detrimental effects on the mechanical
performance. The reliable modeling is still a difficult task and experimental observa-
tions are usually adopted for the analysis of void formation mechanism, however,
because many different physics are simultaneously involved during the mold filling
process and the resin curing process. The complexity of the void formation physics
implies the need for an in situ measurement of void formation not in the final part
but in the mold filling procedure during the manufacturing process to better under-
stand the void mechanism. In this regard, we present a sensor system measuring the
electric conductivity for the in situ monitoring of void formation during the mold
filling process. We also propose a theoretical model to predict void formation in a
quantitative way with the properties of the resin and the fiber reinforcement. The
model prediction is compared with the experimental data obtained by the sensor
system to validate the model.

Keywords: liquid composite molding processes; void defects; in situ measurement;
theoretical model; electric conductivity

1. Introduction

Liquid composite molding processes such as the resin transfer molding and the
vacuum-assisted resin transfer molding process are attracting great attention from the
aeronautic industry as cost-effective alternatives to the conventional prepreg techniques.
In these processes, dry fiber reinforcement preplaced in the mold, called preform, is
impregnated by a liquid resin which is subsequently cured to obtain a final product.
Void type defects generated during the manufacturing process, however, are a critical
issue in the use of these techniques because they degenerate the mechanical perfor-
mance of a final product.[1–6] Air entrapment by non-uniform resin flow at the flow
front is regarded as the main source of void generation in the resin transfer molding
process whereas other phenomena such as volatile generation and premature resin
gelation during the curing process also induce the void formation.[7–11]
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In general, the heterogeneous microstructure of fiber preform is considered to be
the main reason for the non-uniform resin flow at the flow front.[11] Frequently, high
count tow fabrics are used as fiber preform to enhance the mechanical properties.
Hence, two different sizes of pore are observed in the fabric microstructure, viz. very
tiny pores inside the tow and relatively large open gap between the tows (see
Figure 1(a)). As the pore size is different, the flow characteristic as well as the flow
resistance is different at each zone. The viscous flow is dominant at the open gap
between the tows and the capillary wicking is the main flow nature at the micropores
inside the tow. Therefore, air is entrapped either inside the tow or in the open gap
between the tows depending on the relative ratio of the viscous flow to the capillary
wicking. It has been reported that the void formation at the flow front for a specific
preform, regardless of resin type, can be correlated with a dimensionless number
called the modified capillary number which is a ratio of viscous force to surface
tension.[11–14]

Ca� ¼ l � u
c � cos h (1)

where μ is the resin viscosity, u is the resin velocity, γ is the surface tension, and θ is
the contact angle.

It has been well known that the resin velocity is an important process parameter to
influence the void formation. If the resin velocity is high and the corresponding

Small gap (1~10 µm) 

within tow, 

Micropore 

Large gap (0.1~1mm) 

between tows, 

Macropore 

(a)

(b)

(c)

Figure 1. Textile reinforcement microstructure and void images in a final part. (a) Two different
length scales in double-scale porous textile reinforcements. (b) Void inside the fiber tow. (c) Void
between the fiber tows.
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modified capillary number is high, air voids are generated inside the tow (see
Figure 1(b)). If the resin velocity is low and the corresponding modified capillary
number is low, air voids are generated at the open gap between the tows (see
Figure 1(c)). In general, there exists an optimal capillary number to minimize the void
formation. This implies that the void formation can be reduced by process optimization
because modified capillary number is proportional to resin velocity which can be con-
trolled by the process conditions.[15] Practical issues lie in, however, the difficulties in
the prediction of the correlation between void content and modified capillary number
and in the reliability of experimental measurement. Numerous experimental measure-
ments are required to obtain the relation between modified capillary number and void
content for a given preform. Hence, a theoretical model to predict the void content in
terms of material properties and process condition may be useful for the process
optimization. As an experimental technique, in situ visualization technique has been
generally employed to establish such a relation.[11–14] As a matter of fact, in situ
visual observation measurement is tedious and lacks in qualitative accuracy. To obtain
the void content, more reliable are the microscopic image analysis and the apparent
density measurement by matrix burning of cured samples.[16,17] They can lead to
errors in interpreting the experimental results, however, because the void distribution in
the mold filling process and that in the final cured part can be different. Actually, the
void formation mechanism that can be interpreted by modified capillary number is the
phenomenon that takes place at the resin flow front during the mold filling process and
the air voids continue to change their sizes (i.e. bubble compression or expansion) and
positions (i.e. void migration) with time.[18,19]

For the convenience, some researchers describe the void evolution mechanism during
the manufacturing process by the parameter called degree of saturation which is a ratio of
volume occupied by liquid to total pore volume. Introducing the concept of degree of sat-
uration, the progressive impregnation of a preform by resin can be more effectively
described. The degree of saturation is also introduced in the governing equation of resin
flow in the porous preform to better model the interrelation among the void content, per-
meability and global resin pressure field.[20–22] Therefore, the degree of saturation at the
moment of void creation during the mold filling process is indispensable information for
a better interpretation of resin flow and void formation mechanism.

In the subsequent chapters, we present an analytical equation for void formation in
terms of resin properties and preform properties, in the case of rectilinear resin
injection. We also propose a sensor system to measure the degree of saturation during
the mold filling process. Model predictions and experimental measurement results are
compared to validate the proposed model.

2. Analytical model

In the previous work, we proposed a numerical model to predict the void formation at
the flow front.[18] In this chapter, this model is briefly introduced and an analytical
solution in the case of rectilinear injection into a unidirectional mat is derived.

The basic principle of the void formation modeling is to compare two time scales
for the resin to transverse a single tow length in the channel between the tows and
inside the tow at the flow front. In the macroscopic scale, the resin pressures field is
obtained by the continuity equation and Darcy’s law. Then, we compare two resin
flows at the flow front in the microscopic scale: the flow in the macropore or the chan-
nel zone which is the open gap between the fiber tows and the flow in the micropore
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which is the tiny space between the fiber filaments inside the tow. The resin flow in the
macropore or the channel is modeled by Darcy’s law using the global resin pressure
gradient and the equivalent macropore permeability.

uM ¼ dlC
dt

¼ �KM

l
@P

@x
(2)

where uM is the resin velocity in the channel, lC is the resin flow front location from
the tip of the tow in the channel, and KM is the equivalent macropore permeability (see
Figure 2).

The resin flow in the micropore or inside the tow is computed by Darcy’s law
considering the fiber tow permeability and the capillary pressure at the resin-air
interface.

um ¼ dlT
dt

¼ � 1

1� Vf ;T

KT

l
@P

@x
� Pcap

lT

� �
(3)

where um is the resin velocity in the tow, lT is the resin penetration depth inside the
tow from the tip of the tow, Vf,T is the fiber volume fraction inside the tow, KT is the
permeability of the tow, and Pcap is the capillary pressure at the resin-air interface
inside the tow (see Figure 2).

A fiber tow can be regarded as a unidirectional mat. Hence, Gebart’s model for
permeability of unidirectional mats is used to obtain the tow permeability assuming the
hexagonal fiber array.[23] Capillary pressure in the tow is obtained by a following
relation.[24]

Pcap ¼ F

Df

� �
Vf ;T

1� Vf ;T
c � cos h (4)

where Df is the fiber diameter and F is the shape factor (2 for the transverse direction
and 4 for the longitudinal direction).

Then, times scales for the resin to travel through a single tow length are computed
in the channel and in the tow, respectively. The void contents in the channel and in the
tow can be obtained by following equations (see Figure 3).

Figure 3ðaÞ; If DtT [DtC:Va;T ¼ hv;T � vT � ð1� Vf ;T Þ 1� DtC
DtT

� �
; Va;C ¼ 0 (5)

KM

KT

lC(t)

l=0 LT

lT(t)

Stitching

Figure 2. Schematic of two different flows in the channel and inside the tow at the flow front.

34 S. Gueroult et al.

D
ow

nl
oa

de
d 

by
 [

C
ho

ng
qi

ng
 U

ni
ve

rs
ity

] 
at

 0
6:

59
 1

4 
Fe

br
ua

ry
 2

01
4 



Figure 3ðbÞ; If DtT\DtC:Va;C ¼ hv;C � ð1� vT Þ 1� DtT
DtC

� �
; Va;T ¼ 0 (6)

Figure 3ðcÞ; If DtT ¼ DtC:Va;C ¼ Va;T ¼ 0 (7)

where ΔtT is the time scale for the resin to travel a single tow length in the tow (LT),
ΔtC is the time scale for the resin to travel a single tow length in the channel, Va,T is
the void content in the tow, Va,C is the void content in the channel, vT is the tow
volume fraction, hv,T is the void shape factor in the tow, and hv,C is the void shape
factor in the channel.

As can be seen in the above relations, the void content can be expressed in terms
of a ratio of two time scales. Assuming that the global resin pressure gradient is not
changed during the resin impregnation in a single tow at the flow front, an analytic
solution can be derived for the ratio of these two time scales.

DtT
DtC

¼ KM

KT
� ð1� Vf ;T Þ 1� F � KM � Vf ;T

Df � ð1� Vf ;T Þ � LT � Ca� ln
Ca� � Df � ð1� Vf ;T Þ � LT

F � KM � Vf ;T
þ 1

� �� �

(8)

As stated previously, it has been known that the void formation can be correlated with
modified capillary number for a specific preform regardless of resin properties.[11–14]
As shown in the above relation, all the resin properties are lumped into modified
capillary number. Consequently, we can confirm that the void content can be decided
exclusively by modified capillary number and the fabric microstructure parameters.

tT tC

tC

tT - tCtC

tT tC

tT

tC – tTtT

tT = tC

tT

tC

(a)

(b)

(c)

Figure 3. Void formation mechanism. (a) Void formation inside the tow. (b) Void formation in
the channel between the tows. (c) No void formation.
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3. Experimental methods

3.1. Materials and mold setup

The mold used to conduct a resin injection consists of a lower steel plate and an upper
glass plate for the visualization of the liquid flow. The dimensions of the rectangular
mold cavity are 0.0028 m (thickness), 0.550 m (length), and 0.140 m (width). The
lower steel plate is marked by several sensors to measure electrical voltage between a
top electrode and a bottom electrode at different positions (0.04, 0.160, 0.280, and
0.390 m). The electrical voltage sensors are arrayed with different intervals to avoid a
superposition with other sensors such as pressures sensors and heat flux sensors.

As a fiber preform, a stack of unidirectional stitched glass mats from Chomarat was
employed. The areal weight is 646 g/m2 and the stitching density is 4.9/cm2. A single
tow contains 2000 fiber filaments and the mean fiber diameter is 17.8 μm. Injection
liquid was a mixture of water/glycerol/surfactant (WGS). The characteristics of the test
liquid are listed in Table 1.

Rectilinear injections were performed through the length of the preform. Constant
injection pressure was applied at the injection port by an injection system where the
injection pressure can be adjusted in a range from 0 to 3 × 105 Pa.

We introduce the principle of the sensor system for a real time void measurement
in the subsequent section.

3.2. Electric conductivity sensor

The principle of the sensor system is the measurement of the electric conductivity of
the liquid passing by between two parallel electrodes.[25] An electrically conductive
liquid is injected into the mold containing a glass fiber preform whose electrical
conductivity is low. If the injection liquid passing between the electrodes contains air
voids which are insulating material, the electrical voltage will drop and this voltage
drop can be correlated with the air void content. The sensors are composed of two elec-
trodes whose dimensions are 60 mm × 5 mm × 0.05 mm and glued on the upper and
lower mold platens. The electric power consists of an alternative voltage with ampli-
tude of 10 V and frequency of 100 Hz (see Figure 4). The voltage is measured at the
reference site and the voltage data are acquainted with time by Labview software
(National Instrument).

For the convenience, we adopt a concept of degree of saturation instead of void
content. Degree of saturation is defined by a ratio of volume occupied by the liquid to
the total pore volume in the porous medium. It has been shown in the literature that
the voltage value measured at the reference resistor is approximately proportional to the
degree of saturation.[25] For the sensor calibration, the maximum voltage value without
air voids should be decided for each sensor. Once this value is known, the degree of
saturation at a fixed position can be obtained with time during the liquid injection
process.

Table 1. Properties of injection liquids.

Test liquid Viscosity (mPa s) Surface tension (mN/m) Contact angle (°)

Water 1 72 ~0
Glycerol 1490 63 80
WGS 132 47.0 45
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SðtÞ ¼ VmeaðtÞ
Vmax

(9)

where S is the degree of saturation, Vmea(t) is the voltage measured at the reference
resistor and Vmax is the maximum voltage value of each sensor. The maximum voltage
value of each sensor is determined in situ by increasing the injection pressure to com-
pact the air bubbles in the mold while the air vents are closed. The air bubbles which
are entrapped between or in the tows may be compressed or expanded and their volume
variation can lead to a variation of the voltage measured on the reference resistor. The
voltage value was measured for several values of pressure. Assuming that the volume
variation follows the ideal gas law, the variation of voltage can be plotted against the
air volume and the maximum voltage Vmax which can be found for an air volume equal
to zero. Because of inherent variation of sensor installation, the maximum voltage value
can be different for the sensor location. Hence, the sensor calibration was performed
independently and a different value of maximum voltage was assigned at each sensor.

4. Results and discussion

The electrically conductive liquid, i.e. the mixture of water, glycerol and surfactant,
was injected into the unidirectional glass preform and the electric voltage was mea-
sured. During the liquid injection, inlet pressure was kept to be constant. The liquid
injection was performed in the fiber direction of the preform. The single tow length
was obtained by measuring the distance between the adjacent stitches of the preform.
A number of experiments were performed with different injection pressure values.
From the measured values of electric voltage, the time-dependent evolution of the
degree of saturation or the air void content was obtained at each fixed sensor position
as shown in Figure 5.

As seen in Figure 6(a), we can observe three characteristic stages in the graph of
the time-dependent evolution of degree of saturation. Before the liquid flow front
arrives at the sensor location, the voltage and the corresponding degree of saturation
are zero. At the first stage (Figure 6(b)), as soon as the liquid flow front arrives at the
sensor location, the voltage and the corresponding degree of saturation sharply increase.
Then, air is entrapped either inside the tow or in the open gap between tows at the flow
front. Meanwhile, the liquid flow front continues to advance and leaves away from the
sensor location. After an air bubble is generated and the flow front sweeps away, the
increase of degree of saturation suddenly becomes slower at the second stage

Electrodes Reference

Vin

Rsens
Rref

Csens

Figure 4. Schematic of circuit composition of sensor system (Rsens: Resistance of electrodes,
Rref : Resistance of reference, Vin: Input voltage).

Advanced Composite Materials 37

D
ow

nl
oa

de
d 

by
 [

C
ho

ng
qi

ng
 U

ni
ve

rs
ity

] 
at

 0
6:

59
 1

4 
Fe

br
ua

ry
 2

01
4 



Figure 5. Examples of time-dependent evolution of degree of saturation measurement by
electric conductivity sensor.

Compression and transport Creation

Moment of sudden slope change = Instant of air void formation

Time [s]

D
eg

re
e 

of
 s

at
ur

at
io

n

Sudden increase of 
degree of saturation: 
Void creation by air 
entrapment

Electrode

Slope change: 
void compression 
and transport

Electrode

No more slope change: 
residual void content

Electrode

(a)

(b) (c) (d)

Figure 6. Determination of void formation by the evolution of degree of saturation. (a) Typical
change of degree of saturation with time for a fixed position. (b) Void creation stage. (c) Void
compression and transport stage. (d) Final stage (without change of residual void content).
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(Figure 6(c)). During this stage, the increase of degree of saturation is driven princi-
pally by slow tow saturation or bubble compression by resin pressure increase or by
bubble migration along the global liquid flow. Eventually at the final stage (Figure 6(d)),
the degree of saturation does not change any more and arrives at a constant plateau
when all the air bubbles that are movable have already migrated from the sensor loca-
tion. From these three distinct stages of the evolution of degree of saturation, we can
observe the void creation inside the preform (at the first stage) and the void transport
(at the second stage) as well as the remaining void content (at the third stage).

As stated before, we can regard the moment of sudden slope change as the instant
of initial void formation by air entrapment. The value of degree of saturation at this
instant was obtained at each sensor and the corresponding void content was considered
as the initial void content generated at the flow front. The initially generated void con-
tent was determined for each experiment when the degree of saturation did not change
more than 1% per second. The instant determined in this way corresponded well to the
video recordings of the liquid front advancement between the electrodes.

The experimental data were compared with the model predictions (see Figure 7).
The experimental results obtained by the electric conductivity sensor are shown as solid
dots in Figure 7. The results are plotted against the modified capillary number. The
parameters of the preform microstructure used for the model predictions are shown in
Table 2.

From Figure 7, we can see that the experimental results obtained by the sensor sys-
tem show a fairly good agreement with the model prediction. It should be noted that
both the experimental data and model lead to the similar results for channel void con-
tents in terms of modified capillary number. However, the tow void content values at
high modified capillary number obtained by the electric conductivity sensor were
greater than those obtained by the analytical model. We can think of three reasons for
this discrepancy. The first reason is assumed to be a problem of the correlation method
between voltage and degree of saturation in the use of the electric conductivity sensor.
The linear relation between voltage and degree of saturation (Equation (9)) was
obtained by measuring the voltage drop for a given amount of glass beads which
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Figure 7. Comparison of experimental measurement and model prediction.
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simulate air voids in the liquid. Because the glass beads are spherical and remain prin-
cipally in the macropore, this relation shows a good match for the channel voids which
are also spherical and located in the macropore. On the contrary, the tow voids are usu-
ally cylindrical and oriented along the fiber direction inside the tow. Consequently, this
relation may overestimate the tow void content. The second reason is the influence of
liquid velocity on the dynamic contact angle which can change the liquid wettability
and void formation.[26,27] The water glycerol and surfactant mixture are a partially
wetting liquid at high velocity and the dynamic contact angle can be increased. There-
fore, the wettability property and void formation may be slightly different at high liquid
velocity and the corresponding high modified capillary number. The third reason is the
influence of void migration. At high capillary number, air is entrapped inside the tow
and only the tow void is generated at the flow front. Some tow voids continue to
migrate with time inside the tow due to the high global pressure gradient, however, and
some bubbles eventually escape from the tow to join the main stream resin flow in the
channel. As matter of fact, the experimental data obtained by the electric conductivity
sensor are the sum of tow void captured inside the tow and the channel void which
was initially created inside the tow and escaped from the tow afterwards. By the analyt-
ical model, only the creation of void, either tow void or channel void, can be predicted
while ignoring the void migration effect. The void migration effect is more significant
at high flow rate and the model prediction may lead to an underestimation of real void
content which is the sum of tow void and channel void, especially at high capillary
number.

From the model prediction and experimental results, we can see that the optimal
modified capillary number to minimize void formation can be analytically predicted. In
the analytical model, the only parameters to decide a posteriori (e.g. fitting of experi-
mental data or micro-image observation) are the void shape factors, viz. hV,T and hV,C
in Equations (5) and (6). These parameters are not necessary, however, to predict the
optimal modified capillary number which can be obtained by Equations (7) and (8).
This implies that the process condition can be optimized to minimize the void
formation without experimental measurement of void content, once the preform
microstructure properties and the liquid properties are known.

5. Conclusion

We proposed the sensor system to measure the void formation not in the final cured
sample but during the mold filling process. The sensor system measures the electric

Table 2. Preform microstructure parameters for analytical modeling of void formation
(Equation (8)).

Parameter Value

KM Macropore permeability 6.78 × 10−12 m2

KT Tow permeability 1.53 × 10−12 m2

Vf Fiber volume fraction of preform 0.504
LT Single tow length 11.0 mm
Df Fiber diameter 17.8 μm
vT Tow volume fraction 0.80
Vf,T Fiber volume fraction of tow 0.63
hV,Ch Void shape factor in the channel 1.0
hV,T Void shape factor in the tow 1.0
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voltage between two electrodes installed on the upper and bottom surfaces of the mold.
Then, the electric voltage value is converted into the air void content at the sensor
location. Hence, electrically conductive liquid should be injected into non-conductive
preform preplaced in the mold. The analytical solution of void formation was derived
based on the previous work. From the experimental measurements, we could confirm
that the model predictions and experimental results showed fairly good agreements with
each other. This implies that the analytical model can be useful for void minimization
in real practices.
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