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Abstract

Void formation in Resin Transfer Moulding (RTM) has, during the latest years, been a subject
of considerable attention. Less attention has been given to the transport of formed voids. The
voids may move with the resin but they may also be trapped in the reinforcement. Here, void
transport is discussed through industry scale experiments, model experiments with capillary
tubes, injections carried out under microscope and theoretical computations. The results are
applied on real situations occurring in RTM and it is found that than a converging injection
strategy is preferable when minimising the void contents. It is furthermore found that low

permeable areas are areas where voids can be trapped.



1. INTRODUCTION

Resin Transfer Moulding is a well known processing method for fibre reinforced polymer
composites. Although the properties of manufactured composites are generally quite good, they
are often inferior to what is potentially possible since several flaws may be introduced during
the manufacturing process [1], [2]. One type of defect is voids, i.e. gas bubbles occupying part
of the matrix area. It has been found that the shape and the location of the voids can vary
considerably. In RTM the voids are usually divided into cylindrical voids, located within the
fibre bundles, and more spherical voids located between the fibre bundles [3].

Several ways to minimise the void content has been presented [3], [4], [S5] where the two most
effective are vacuum assistance during mould filling and an applied pressure during cure. With
both these methods it is possible to manufacture composites without voids. However to be able
to give advice on processing parameters in order to minimise the void contents for specific cases

a deeper understanding of void formation and transport is required.

This report will start with a discussion of the preform geometry followed by a review of work
carried out on void formation. Then void transport will be considered through some model

experiments and the results obtained will be applied on real situations occurring in RTM.

2. PREFORM GEOMETRY

Preform geometry plays an important role for the formation and transport of the voids. The
fibre mats utilised in RTM consist of bundles of fibres, which are stitched, wowen, braided or
held together by some sort of binder. Each bundle can contain hundreds or even thousands of
fibres and may span over the whole composite, or be chopped with a length of a few
centimetres. In Fig. 1 a few examples of fibre mat structures are shown. As seen, the structures
of the mats are quite complicated, as the different channels formed between the bundles may
have both different directions and cross-sectional areas. In the preforms of RTM, the fibre mats
are quite frequently laid in various directions, or different types of fibre mats are utilised. In
complicated mould geometry the reinforcement may be formed over corners, be stretched,
sheared and compressed to different thicknesses. This complicates, even more, the geometry of
the preform as seen on the fibre bundle scale.

Within a fibre bundle, randomly distributed cylindrical fibres are observed, oriented mainly in
the same direction; cf. Fig. 2. Between the fibres, channels are formed with different size due to
the non-even distribution of the fibres. The cross-section of the channels will vary slightly



along the fibres since they may be twisted around each other. By observing the geometry in a
plane perpendicular to the fibres, one may envisage channels for which the cross-section varies

considerably; cf. Fig. 2.

The two scales described above, the fibre bundle scale and the fibre scale, are generally of little
interest to the manufacturer of RTM parts. Rather, properties of the preform on the mould scale,
such as the fibre fraction and the permeability of the preform are of interest. Geometrical
variations of the preform can also be identified on this scale. This applies, for instance, when
the number of fibre mats changes or when another type of reinforcement is used in some part of
the mould.

3. VOID FORMATION

It is generally accepted that voids are formed at the resin flow front due to irregularies of the
preform on different scales: i) the mould scale ii) the fibre bundle scale and iii) the fibre scale.

On the mould scale, variations of the permeability throughout the mould may lead to formation
of large air inclusions, so called dry spots. The resin flow front moves faster in high permeable
areas and air may be enclosed in the low permeable areas as shown in Fig. 3. A similar result
can be obtained if the resin viscosity varies throughout the mould. For more complicated
geometry of the preform than the one in Fig. 3, dry spots may form if a bad choice of injection
strategy is made. To be able to predict and avoid dry spots, both simple analytical expressions
for mould filling have been derived [6], and mould filling simulation programs have been
developed [7], [8]. The continuous filling of the mould when a dry spot is formed, may result
in small air bubbles being released from the dry spot which then will follow the resin through
the inter-bundle channels in the reinforcement; cf. Fig. 3.

On the fibre bundle scale (the intermediate scale) the quite complicated geometry may result in a
considerable void formation. One inter-bundle channel can be wider than another which may
end in air being entrapped in the smaller channel. This mechanism does not seem to have been
studied in connection with composite manufacturing. However, the situation is similar in oil
recovery. By scrutinising the pore-doublet model, see Fig 4, Rose and Whitherspoon [9]
concluded that the displacing fluid (the resin) may move faster in the larger channels enclosing
the displaced fluid (the air) in the smaller channel.

Another cause for void formation is the large difference in flow resistance in the space between
the fibre bundles and within the bundles. Theoretical and numerical models of flow through
fibre reinforcements have shown that voids can form at the resin flow front [10], [11]. Parnas



and Phelan [10], for instance, considered the flow perpendicular to cylindrical fibre bundles and
found that the flow into the bundles is considerably slower than the flow around the bundles.
Hence, air is trapped in the bundles. Experimental studies have also shown that air may be
enclosed both within the bundles and between them, depending on where the resin flow front
moves the fastest. At high speeds of the flow front the resin preferably moves in the channels
between the bundles, while at low injection speeds the capillary pressure within the bundles
dominates the flow [12]. In the high speed case, air is trapped within the bundles, while in the
second case the air is enclosed between the bundles. An optimum speed of the flow front
should therefore exist, when the resin moves at equal rate in the high and low permeable areas
[12], [13].

Within the fibre tows, the resin flow front may also move faster in some areas than in others.
The consequence of this is that cylindrical shaped voids are formed within the bundles. Except
for geometrical aspects, uneven surface treatment of the fibres may influence the formation of
voids on the fibre scale.

Besides being created at the flow front, there is a possibility that voids move into the
reinforcement. Firstly, there might be voids in the resin, before it is injected into the mould.
Secondly, voids may form from air, which is drawn into the mould during injection or cure.
This is the case if the pressure is lower in the mould than outside and if the mould is not
properly sealed. The latter cause was put forward as one possible explanation, if poor results
are obtained with vacuum assisted RTM, [4].

During the injection, but particularly at the curing stage of the process it is a risk that voids are
generated by nucleation, if the local gas or moisture contents in the resin is too high and the
pressure inside the mould is too low. This subject has been thoroughly investigated for the
auto-clave process. Kardos et. al. [14] defined, for instance, safe areas (no nucleation) as to
processing parameters for prepregs stored at different relative humidity. Other causes for voids
to appear in the manufactured composite arise when they are formed by: 1) cavitation due to
resin shrinkage or ii) chemical reactions within the resin, or between the resin and the surface

treatment of the reinforcement.



4. VOID TRANSPORT

In addition to the formation of the voids the transport of them has a large influence on the final
void contents and distribution in the composite. During the processing, enclosed gas (or volatile
components in the resin) may move as voids or as dissolved molecules. One indication of such
movements was reported in [3]. Laminates with different lengths were manufactured under
identical processing conditions and by letting the resin flow from one side of the mould to the
other (parallel flow). Hence, the shorter injections can be seen as snapshots of the longer
injections. In Fig. S the void contents of two of the laminates (0.2 and 0.55 m long,
respectively) are shown. It is observed that for both injections the voids are concentrated at the
outlet side of the mould. A comparison between the void distributions for the two laminates
shows clearly that the voids move in the flow direction of the resin. The local speed of the flow
and the geometry of the reinforcement are both important parameters for the transport of the
voids. A different scenario for the voids located within the bundles and those located between
the bundles is therefore expected. General rules for both types of voids are:

i) The voids are influenced by the pressure, as given by the perfect gas law. In [4] the volume
of a void at position & was, for isothermal conditions, expressed as:

V, =Ly, (1)
P

where p,, is the outlet pressure and V,, is the initial volume of the void. This relationship was
used in order to explain the improved quality of the composite, when the vacuum level was
increased, [4]. A critical volume when the voids get mobile was defined and when Vg reaches
this volume the void will escape the entrapment. Eq. (1) does not account for the capillary
pressure which in most cases may be neglected, but for small bubbles the capillary pressure,

should be added to both pressures in (1).

ii) The critical volume, as described in [4], must be correlated to the processing conditions in
some way. For instance, voids will escape the entrapment in the fibre reinforcement if the
pressure gradient is high enough. The following expression was found in [15] to model
bubbles moving through a constricted capillary tube:

Ap= 27, cosf (1 _R,, ) @
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where Ap is the pressure over the bubble, € the contact angle between the gas-liquid-solid
interface and where R, and R,,, are the void and constriction radii, respectively. Low surface
tension, %y, of the liquid and uniform channels in the reinforcement will make it easier for the
bubbles to move with the resin. The smaller the scale studied is, the higher pressure gradient
will be required to force a bubble through a constriction. Hence, for the same ratio between the
void radius and the constriction radius voids are more likely to be trapped within fibre bundles
than between them, [15]. In this paper it was also experimentally derived that the detailed
geometry of the constriction does not affect the required pressure.

iii) In (1) it is neglected that the voids will increase or decrease in size due to molecule transport
over the gas-resin interface. Effects of this were monitored from injections carried out under
microscope, [16]. Without any increase in pressure it was observed that entrapped voids
decreased in size. A quantification of the decrease of void size inside fibre bundles carried out in
[17] yields that the length of the voids changes as:

2GD,H(1-py [(p, +p°))pm >
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where Iy is the initial length of the void and where the indices atm, o and & for the pressure
denote atmospheric pressure, degassing pressure and pressure at position &, respectively. In the
exponent are included also a geometrical constant G, the diffusion coefficient D, of the specific
gas in the resin, a constant H which multiplied by the pressure gives the saturated concentration
gas in the resin, the density of the gas at atmospheric conditions p, the void radius R, and the
thickness of a stationary region R;. Eq. (3) is derived from studies on cylindrical voids and
change in volume changes only their length. Still the equation may also be used to show the
trends for the more spherical inter-bundle voids.

In the inter-bundle channels the motion and the diffusion of the bubbles are set by the flow
within these channels. Since the resin flow rate here is often much higher than within the
bundles, [10, 17], the spherical bubbles can move fast towards the resin flow front or change in
volume faster, due to diffusion, relative to the cylindrical bubbles. The bubble can, however, be
trapped at constrictions in the resin channels or be pushed away into stagnant flow areas. One
way for the bubbles to escape their entrapment is to decrease in size and thereby become more
mobile. Consider a void formed and trapped near the inlet of the mould. The pressure will
increase as the flow front moves into the mould and the void will consequently decrease in size
both by the perfect gas law and by an increased diffusion rate; cf. (1) and (3). When its radius,
R,, becomes small enough the void will move through the constriction; cf. (2). As the void
moves towards the resin flow front, the pressure around the void will decrease with a
corresponding increase of the void volume (1). But also the tendency for the gas to dissolve



into the resin will be reduced; cf. (3). The void may then be trapped again, shrink, escape and
move to a new constriction, etc. A concentration of the voids towards the resin flow front is
therefore to be expected. This was also measured for all cases presented in [3, 4]; cf. Fig 5.

Within the fibre bundles the flow rate is considerably lower than outside the bundles, [10, 17].
and the speed of the voids is correspondingly lower. Although it has been observed that some
of the voids in the bundles move into the inter-bundle channels, it is common that the voids stay
trapped within the bundles, [16]. From (2) it can be derived that high pressure gradients are
required to force the cylindrical voids out of the fibre bundles. From measurements of void
contents in cured laminates it was also found that the relative contribution of the cylindrical
voids increased from 38% near the outlet side of the laminate to 100% 0.25 m inside the
laminate, [3]. Observations made on injections carried out under microscope qualitatively give
the same results, [16]. The voids that stay trapped can only disappear by being compressed as
predicted by the perfect gas law, and by molecular diffusion. The alteration in volume of the
cylindrically shaped bubbles only changes their length and they must become very small, before
they can escape their entrapment. The higher the pressure is, the faster the voids will become
sufficiently small to totally dissolve into the resin.

5. DISCUSSION OF THE RESULTS

The studies presented in the previous Section point to conditions that are preferable for transport
of the voids. High pressure gradients for transport of the voids, or high pressure for dissolution
of the voids, are such examples. When aiming for low void contents it is desirable to optimise
the process with respect to these parameters. A manufacturer, for instance, has to choose
injection strategy which for nearly all geometries can be chosen from either of edge injection
(line injection), point injection or peripheral injection, (cf. Fig. 6), or from a combination of
them. The pressure distribution for the three cases are computed from [18]:

Vp =0 4)

with the boundary conditions given in Fig. 6 and with the assumption that the preform has
uniform permeability, that the thickness of the mould is constant, that the resin has constant
viscosity and that the flow follows Darcy's law. For the same materials and processing
parameters the different strategies will give different pressures; see Fig. 7.

As discussed previously, the volume of the voids is affected by the pressure in two ways. i)
directly by the perfect gas law (1) and ii) indirectly by the dependence from the pressure on the
diffusion rate (3). An increase in pressure will decrease the volume of the void, which may

L



reduce the required pressure gradient to force a void through a constriction (2). The dissolution
of the void may also lead to a bubble being released and it might, too, result in the bubble being
totally dissolved into the resin. Hence, the higher the pressure throughout the mould is, the less
voids are expected. As shown in Fig. 7 (and neglecting the end point of the curves where the
pressure is equal for all three strategies) the pressure is highest for peripheral injection
throughout the mould, while it is lowest for point injection.

From Fig. 7 also the difference in pressure gradient can be studied. Near the flow front the
pressure gradient is highest for peripheral injection (notice that the flow is in the negative r-
direction for peripheral injection). Somewhere in the middle of the mould, edge injection has the
highest pressure gradient while at the inlet the pressure gradient is highest for point injection.
Consider a bubble formed and arrested in some constriction near the flow front. If the chosen
strategy is peripheral, the bubble will directly feel a high pressure gradient and the possibility
for the bubble to move towards the flow front is much larger than for the other two strategies. A
bubble located near the inlet is more likely to move for the point injection case. However, since
the pressure gradient decreases towards the resin flow front, the bubble may be trapped in
another constriction in the reinforcement before it reaches the resin flow front. Regarding the
advection of the bubbles, peripheral injection seems to be most preferable, although there is a
risk that bubbles are arrested near the inlet side. It is thus concluded that, a converging injection
strategy seem to be a better alternative than a diverging injection strategy when optimising the

process for low void contents.

According to the experimental observations in [3] the voids will be located near the resin flow
front. This is the case for injections where the permeability is uniform in the flow direction.
However, when the permeability varies in this direction, the pressure gradient will also vary
and bubbles may be trapped at locations with low pressure gradients. Consider, for instance,
the case in Fig. 8a. Following Bear [18] the ratio between the pressure gradient in area A and

area B is approximately given by:

Gy __ 2K
G, K +K, )

Let K; be a typical permeability for a fibre mat in RTM, (5-10-!! m2) and let K2 represent the
permeability for an open two dimensional channel with a height of 1 mm (3:10-7 m2). For this
simple case the ratio in (5) is 3-10-4. Thus, bubbles that have moved into area B, where the
pressure gradient is very low, may easily be trapped in constrictions; cf. (2). Fig. 8b shows
two examples where this can be a reality in real RTM mouldings: i) when the number of layers
are changed and ii) when the reinforcement is partly compressed, for instance, in corners where
an open space can be left in the outer corner.
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Fig. 1. Some patterns for fibre mats. The filled areas are fibre bundles. The two upper figures illustrates
two types of random mats. The next three sketches are different types of weaves and the last figure is an
example of a stitched fabric.



Fig. 2. Cross-section which shows the fibre distribution on the fibre scale. The lighter areas are the fibres and the
darker the matrix.

Resin flow direction

Low permeable area:

Unwetted
' Wetted

High permeable area:

Unwetted
- Wetted

Voids forming from dry spot

Fig. 3. Example of formation of dry spot. Voids may form from the dry spot and can be transported through the

reinforcement.
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Fig. 4. The pore doublet model. The liquid moves faster in the larger channel and consequently air is entrapped in

the smaller channel.
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Fig. 5. Void contents measured from two laminates with different lengths. The symbols O and 4 denote

laminates with lengths 0.2 m and 0.55 m, respectively.
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Fig. 6. The three main injection strategies from left to right: Point injection, edge injection and peripheral
injection. The open arrows idicates where the pressire p; is applied. Notice that for peripheral injection the flow

is in the negative r-direction.
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Fig. 7. Dimensionless pressure as function of dimensionless r-position for the three injection strategies. The dot-

dashed line; point injection, the solid; edge injection and the dotted peripheral injection.
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Flow direction

Fig. 8. Examples of geometry with variable permeability in the flow direction.



