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Recent efforts in the composites industry towards less-expensive means to produce
high-performance parts have often involved optimisation of liquid composite moulding
processes such as resin transfer moulding (RTM). The most significant gap in part
quality between RTM manufactured parts and traditional autoclave processes is the
usually higher void content in the former, arising from the entrapment of bubbles during
infusion, and the lower consolidation pressures used during such processes. Many
laboratories around the world are working on understanding bubble entrapment and
subsequent bubble mobility, so as to optimise RTM processes to reduce the
concentration and size of voids. This paper contributes to that understanding with threedimensional examination using CT imaging of the morphology, size, clustering and
location of the individual voids in composite parts made with RTM.
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This paper presents visualisation of the voids in a composite part with significantly
more statistical information regarding size distribution, orientation and location than has
been previously shown in the literature. It also addresses a reinforcement architecture
more typical to RTM, an un-balanced weave, than the unidirectional fabrics usually
studied in previous work on void formation. Analysing a complex reinforcement along
with the enhanced visualisation abilities of the CT-imaging technique allowed novel
observations and conclusions regarding voids:
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1) As the orientation angle between a reinforcement layer and the resin flow
direction increases from parallel to perpendicular, larger voids and a greater
number of voids were observed in that layer. This was linked to the resulting
greater propensity for fatigue crack propagation between voids in layers
transverse to the loading direction. A simple optimisation strategy is thus to
infuse in a direction transverse to the expected primary load direction, thus
creating the fewest voids in the transverse-to-load direction.
2) Voids accumulate around both the layer interfaces and yarns and are nearly
completely absent from the layer thickness between those interfaces and away
from yarns.
3) Void distribution follows the orientation of fibres in adjacent layers, suggesting
that out-of-plane flow is a significant mechanism in void formation and
mobility.
4) Observations 1-3 above all imply that current void formation and mobility
models must be expanded from a microscale approach to the laminate scale, in
order to focus on out-of-plane bubble movement and yarn bubble entrapment.
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Tomographic imaging using both microfocus radiation and synchrotron radiation was
performed to assess the void defects in resin transfer moulded woven carbon fibre
composites. The focus of this study is on characterising the void homology (e.g. local
void size and spatial distribution) in relation to weave orientation, infusion direction and
potential effects on damage formation in tensile loading. As the orientation angle
between the fibre direction of unidirectional layer in the laminate and the direction of
the global resin flow increases, from parallel to perpendicular, larger voids and a greater
volume fraction of voids were observed, which led to increased damage formation upon
loading. Significant accumulation of voids around both the layer interfaces and yarn
fibres were also observed. With regard to yarn design, it is recommended to balance the
benefits (e.g. fabric handling, structural integrity of preform) and drawbacks (e.g. lower
fibre content, more voids) of the supporting yarn. Also, sensible placement of resin
inlets and outlets could reduce the amount of deleterious voids, i.e. by promoting resin
flow along the fibre direction in the most defect-sensitive off-axis layers.

1. Introduction
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(unlisted) X-ray computed tomography (CT).
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The composites industry has traditionally made high performance primary structural
components out of pre-impregnated reinforcements cured in an autoclave oven. The
high pressures involved in such processes and the unidirectional fibres in the constituent
layers result in high fibre content and minimal void formation. Non-autoclave
composite manufacturing processes such as resin transfer moulding (RTM) have lower
cycle times, reduced operating costs and require less capital investment. However, RTM
results in more voids in the laminate due to entrapment of air bubbles during filling
[1,2]. Voids are known to be detrimental to the mechanical performance of the material
[3-10]. A deeper understanding of the formation of voids, and their effect on damage
and mechanical performance is desirable in the context of improving the performance of
RTM and other non-autoclave manufactured components.
The practical importance of voids has prompted research into the mechanisms
behind void formation in RTM (see e.g. the review article by Park and Woo [2]). The
study of the mechanical entrapment of voids in composites consisting of fibre bundles,
such as woven fabrics, usually relates to the formation of intrabundle micro-voids and
*
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interbundle macro-voids due to the relative flow velocities of the infusion resin inside
and outside the fibre bundles [11]. Higher applied pressures result in faster macro-flow
in between the fibre bundles, outpacing the capillary wicking flow into the tightly
packed fibre bundles, thus creating entrapment of intrabundle bubbles [12]. The
majority of these bubbles remain trapped at the location of formation due to the densely
packed fibre architecture [13,14] and eventually diffuse into solution (i.e. Henry’s law)
as the local pressure rises with the advancing flow [15]. The opposite case occurs with a
low applied pressure. As the fluid flow velocity is decreased, the macroscale interbundle
primary flow is outpaced eventually by the intrabundle capillary flows. The secondary
intrabundle flow seeps into the interbundle gaps at various places ahead of the macro
interbundle flow front, thus entrapping relatively large interbundle bubbles [1,16].
These interbundle bubbles often escape the laminate by travelling quickly between the
bundles to the flow front and bursting into the vacuum at the vent [17]. The chance of
these larger bubbles escaping depends on the interbundle gap width, the applied
pressure, and the bubble size. As the resin pressure increases with the advancing flow
front, the driving pressure behind the bubbles increases, and the size of the bubbles
decreases according to both the Ideal Gas Law and Henry’s Law until a critical bubble
size is reached, allowing escape [15,18,19].
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Current attempts are being made to couple void formation and void movement
models to be able to predict the final distribution [20,21]. These models would assist in
RTM process optimisation for high-performance composites, however, they are limited
by (i) the difficulty of measuring in situ void formation [22,23], and (ii) the complexity
of fluid dynamics modelling for the various flow paths and fibre architectures in
industrial RTM processes. Recent work has analysed in-plane flow through fibre
bundles arranged at 45° and 90° with respect to the flow [20], and experimental void
formation has been reported for biaxial weaves [16,24], although the majority of the
relevant literature has considered only unidirectional (UD) fibres parallel to the flow
direction. The present study undertakes experimental void characterisation to assist in
understanding the flow paths and subsequent void formation in a more complex fabric;
a quasi-isotropic layup woven plies.
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Previous work has investigated the influence of voids on mechanical properties
[3-10], most having focused on prepreg materials. As the microstructure and
constituents in composites manufactured with resin infusion processes are usually
different from those in autoclave-cured prepregs, the effects of defects on mechanical
properties must still be established in RTM composites to pave the way for determining
design allowables for the void contents.
Failure mechanisms associated with voids in loading modes such as transverse
tensile [8] and multi-axial fatigue, both flexural [4] and in tension [9], have been
investigated. The aim of understanding such mechanisms is to allow strategies to
suppress damage growth and increase the mechanical performance. Potentially,
mechanism-based models could be used to decrease the amount of required testing.
Such simulation tools will require an understanding of the effects of void size, shape,
location, clustering, and concentration [10,25]. Traditional approaches to quantifying
voids are typically limited to the average void volume fraction throughout the entire
part. This is a single parameter, which is of limited use in determining local
microstructural effects. Unlike prepreg processing [3-7], void concentrations are not
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homogeneous in resin infusion processes such as RTM due to the pressure gradient
resulting from infusion and the often more heterogeneous microstructure of the fibre
preforms. The voids are also not homogeneous in size and shape due to the variety of
bubble entrapment mechanisms governing void formation [11]. These complications for
RTM composites imply a need for characterising the voids at a local level, i.e. allowing
for spatial variation.
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Conventional measurement techniques are not well-suited for local void
characterisation in the composite microstructure. Optical microscopy and
combustion/digestion only allow sampling of the voids in small volumes of the part
[26]. Optical microscopy is also limited to two-dimensional (2-D) planar imaging,
which can result in misleading interpretations of void shape, e.g. categorising long
cylindrical voids as small ellipses from their cross-sections [11,13]. Combustion or
digestion gives only the scalar void fraction, and no information regarding the void size,
shape or clustering. Through-thickness optical measurement only works for transparent
materials such as composites with glass fibre reinforcement [27]. Ultrasonic C-scan
imaging is commonly used for quality control by detecting delamination and large dry
spots. It has also been applied to detect general attenuation, which is in turn correlated
to the void content, thus providing an estimate of local void concentrations across the
entire part surface [4,28]. However, the ultrasonic wave-lengths are too large to provide
sufficient resolution to determine void size and shape, and may not detect intrabundle
micro voids at all [29].
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X-ray computed tomography (CT) provides higher resolution than ultrasound,
due to higher frequency and the fact that transmission imaging detects density variations
whereas reflection imaging (ultrasound) only detects interfaces. Imaging by CT also
results in reduced dispersion compared to ultrasound due to using electromagnetic
radiation instead of sound waves. A three-dimensional (3-D) volume representational
image can be constructed from the multiple projected images taken during sample
rotation under the X-ray beam. CT imaging of composites has mostly been focused on
prepreg materials [30-33]. In prepreg consolidation experiments, long thin cylindrical
voids, which are parallel to the fibres have been discovered, showing the improved
visualisation abilities compared to 2-D through-thickness microscopy which would
show any such void as a pinhole [31,32]. CT imaging showed similar long thin voids in
material prepared from compression-moulded prepregs [34]. The enhanced ability of 3D volume rendering in CT imaging, to characterise void morphology, compared with 2D microscopy has been illustrated [33]. Unprecedented quantifications of the
distribution and size of individual voids have been achieved with CT imaging [33,34].
However, CT-imaging has not been widely used thus far for the void characterisation of
resin-infused composite parts, with the exception of the study by Schell et al. [35] that
presents 2-D scans of infusion-induced voids, and Vila et al. [23] that illustrates in-situ
voids imaged during the process of infusion in a single fibreglass roving. The greater
variation in local void size, shape and clustering makes CT-enabled 3-D visualisation of
voids even more important in the case of infusion compared to laminated material
produced from prepreg. In addition the use of synchrotron radiation computed
tomography (SRCT) allows for higher resolution compared to lab-scale micro-focus CT
(µCT).
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The major limitations on CT-imaging are the cost of the equipment and the time
required for data management to prepare and analyse the images. As equipment is
improving and more efficient and user-friendly image analysis software is developed,
CT is emerging as the preferred technique to characterise small-scale defects in
composite materials. This study concerns a 3-D examination of the morphology, size,
distribution, concentration and location (or homology) of the voids in composite
samples made with RTM using X-ray CT, image analysis and statistical analysis. The
intention of this study is to improve the understanding of the mechanisms of void
formation during resin infusion into a complex multi-axial reinforcement preform and to
detect defects that could affect in-service damage development.
2. Materials and methods
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2.1. Laminate manufacture
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Rectangular laminated composite plates of 800 mm × 400 mm × 4 mm were
manufactured by RTM with unidirectional flow along the length using a constant
pressure difference of 200 kPa. Hexcel’s resin system HexFlow RTM 6 was used with
an aerospace-grade unidirectional (UD) carbon fibre weave. The fabric architecture,
shown in Fig. 1, consists of UD carbon fibre tows held together by biaxial woven glass
fibre yarns in both warp and weft directions. The laminates were laid up with a quasiisotropic stacking sequence of [0/–45/90/+45]2s. The primary flow direction during
infusion was along the 0° axis. Analysis of the CT images showed that the average fibre
volume content was established to be 53%, with the carbon fibres comprising
approximately 93% of the fibre volume. The areal total weight for the carbon fibre was
242.5 g/m2 and glass fibre 13.5 g/m2.

Fig. 1. (a) Photograph of fabric layers with different fibre orientations viewed from top,
and (b) coordinate system for mould, fabric and laminate.

2.2. Imaging by X-ray computed tomography
3-D imaging using CT was performed on two different scales with complementary
equipment: (i) using the Nikon Metrology HMX 225TM µCT at the µ-VIS Centre at the
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University of Southampton for wider fields of view, and (ii) using SRCT at the
TOMCAT/X02DA beamline, at the Swiss Light Source of the Paul Scherrer Institut for
high resolution imaging. Wide-field CT is suitable for capturing the larger interbundle
and interlaminar voids in volumes representative of the overall layered structure,
whereas SRCT is more suitable for microscale characterisation of smaller intrabundle
voids.

Parameter

SRCT

Sample size (mm3)

µCT
30 × 4 × 4

Acceleration voltage (kV)

Not applicable 60

Beam energy (keV)

14

Beam current (µA)

Not applicable 134

Voxel size (µm)

0.65

M
AN
U

SC

RI
PT

The scan settings for both the µCT and the SRCT are given in Table 1. For
SRCT, the sample was mounted vertically and orthogonal to the beam, with a
propagation distance of 20 mm, allowing a degree of phase contrast to be achieved. The
projections were collected through a rotation of 180˚ and 3-D reconstruction was
achieved from the concatenated radiographs using an in-house code based on the
GRIDREC/FFT approach [36]. Image analysis was performed using VG studio Max
v2.1TM and Avizo Fire 8TM. In particular, voids were segmented in VG studio Max
v2.1TM using the seed-growing algorithm, then binarised and quantified using Avizo
Fire 8TM. The minimum feature size of void considered in the 2-D slices for both SRCT
and µCT was 5 µm and 50 µm, respectively.

Not applicable
4.18

2048 × 2048

Number of radiographs

1601

3142

Exposure time (ms)

90

Scan time (minutes)

15

TE
D

Detector dimensions (pixels) 2560 × 2160

500
270

Table 1. Scan settings for X-ray CT.
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2.3. Two-point statistical analysis
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The 3-D images of the specimens provide almost unprecedented details regarding void
and fibre positioning, however in order to achieve the goals of this work a statistical
measure (beyond that of simple volume fractions) is desirable. 3-D CT images of
material microstructures contain an abundance of data, requiring large memory storage
capabilities; a single image file requires approximately 4 megabytes. The main
challenge in microstructural analysis lies in data reduction and processing of the
information-rich 3-D images. The first and most common step is to use image
processing to generate a digital representation of the 3-D microstructure, although in
isolation this approach does not provide any information on the statistics of the
microstructural features. A statistical two-point correlation method can be used,
however, to provide such information from the 3-D volume; discussions of the method
and its relevant advantages can be found in references [37,38]. This method can be used
to quantify the effect of microstructure on manufacturing-induced defects by capturing
the geometrical relationships between a given phase (such as glass) and induced voids,
for example.
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Based on a histogram of grayscale values, the 3-D image from the µCT scans is
segmented into the three phases. The two-point autocorrelations of the void phase, for
example, then indicate the probability that a given vector, which is randomly placed in
the sample, will land with both its head and tail in the void phase. Since a very short
vector is likely to remain entirely within a single void, a contour map of the correlations
close to the origin represents the average shape of voids (or void clusters). Similarly, the
cross-correlations between the grayscale values corresponding to “glass” and “void”
represent the probability of the random vector landing with its tail in the glass phase and
its head in the void phase. Hence the correlation map in this case indicates the average
relative position of void with respect to the glass phase.

1
m (x, h )m (x + r , h′) dx
vol (Ω) ∫Ω

(1)
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f ( h, h′ | r ) =

SC

In order to calculate the two-point correlations, a function is defined in
MATLAB that indicates the phase at each point of the samples: m(x,h), where m takes
the value 1 if phase h is present at point x, or 0 otherwise. Then the two-point statistics
for phases h and h’ are defined formally by

for any vector r. Since this equation involves a convolution between the functions
m(x,h) and m(x,h’), these correlations can be computed very efficiently using fast
Fourier transforms [37,38].
3. Results and Discussion
3.1. Constituent Properties
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The 90° weft yarn in this fabric is relatively straight as it is not woven through the
straight and stiff carbon tows in the 0° direction, as shown in Fig. 1(b). The undulating
0° warp yarns are woven through the weft yarns, creating obstacles for void escape in
the interbundle gaps [19,20]. The architecture of this fabric causes a third class of voids,
in addition to the customary interbundle and intrabundle voids, as shown in Fig. 2.
These are termed “yarn voids” since they form at the yarns keeping the carbon fibre
tows together. In summary, the three void types (Fig. 3) can be described as:
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C

1. Intrabundle voids: small needle-shaped voids formed between individual
filaments within the fibre bundles.
2. Interbundle voids: larger almost spherical voids, formed between bundles
or close to bundle surfaces.
3. Yarn voids: the largest type of voids or void clusters following both the
warp and weft yarns. They are generally long and may be curved or close
to curved yarns.

The long, thin shape of the yarn voids is similar to the voids characterised in
prepreg materials [31,32,34]. Examples of each are shown in 2-D slices of images from
SRCT in Fig. 3. All types of voids can be regarded as defects, which have the potential
to influence damage growth during loading. Generally larger voids or defects are often
thought to be of higher concern [35], being possibly more likely to act as sites for
damage formation [9]. Work by Scott et al indicates that fibre fracture is more prevalent
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adjacent to voids in 0° plies under tensile loading [39]. This motivates a closer
investigation of the yarn voids, how they form and their interaction with crack growth.
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Fig. 2. Classification of identified voids.

Fig. 3. SRCT 2D slice images of voids at three different locations.
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An example 3-D image (5.86 × 4.21 × 4.13 mm3) obtained by CT is shown in
Fig. 4 with the carbon fibre and resin partially removed from the volume. The yarns of
the different layers and the larger yarn voids highlighted in red are clearly visible. Void
clustering is easily seen, where the voids appear to be arranged in planar layers
(grouped at particular heights through the laminate thickness). The voids appear to be
clustered along the fibre yarn bundles and sometimes also along the carbon fibre
bundles.
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Fig. 4. A 3-D µCT rendering of the laminate showing yarn bundles and larger voids in
5.86×4.21×4.13 mm3 volume.

3.2. Analysis of Void Distribution and Morphology
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The surface of a contour of the void autocorrelation map is shown in Fig. 5. This
contour map can be regarded as the average shape of the overall assembly of voids
based on the probability that a given vector in the x-y-z space falls inside the void phase
[37,38]. Fig.5a indicates that the void clusters extend primarily along the 0°, +45° and
90° directions, with significantly fewer voids orientated in the ‒45° direction. This
agrees with the visual analysis of Fig. 4 that shows voids primarily clustering around
and along the glass tows in the same directions. Fig. 5a emphasizes the in-plane nature
of the void clusters, with very little spread in the through-thickness direction (Fig. 5b).
The asymmetry of the orientation distribution in the +45° and ‒45° layers cannot be
explained at the present stage, but it is noted that their neighbouring layers are not the
same in the [0/–45/90/+45]2s layup and that neighbouring layers inevitably influence the
void formation due to flow gradients.
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Fig. 5. Surface map of a single contour of the void autocorrelations for the µCT data, indicating the
‘average’ shape of voids / void clusters and the layer orientations.
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The contour map in Fig. 5 indicates the shape of the void, but not the location.
Analysis of the 3-D representation shows that very few voids were found in the 0°
layers (fibres parallel to the resin flow direction) compared to the other layer
orientations [13,16]. The observation of larger void formation in the off-axis layers can
be explained by the voids trapped in those layers having difficulty escaping with the
resin flow as compared to the direct inter-tow escape routes in layers where the fibre
bundles are aligned with the flow [20]. The unidirectional carbon fibre tows, which
comprise over 90% of the fibre reinforcement, act as obstacles for the voids when
oriented transverse to the resin flow direction. The near absence of voids in the 0° layers
supports this explanation. Any interbundle or yarn voids formed in the 0° layers have a
high probability of escaping to the flow front in that same layer, or moving out-of-plane
into an adjacent, off-axis layer and becoming entrapped there. Thus, the microstructural
study focuses on the off-axis layers where a significant number voids are present, i.e.
±45° and 90°.
In order to quantify the dimensional and spatial distribution of voids, a small
volume (8 × 4 × 1.6 mm3) containing the middle six layers was chosen and
quantitatively analysed with respect to the volume and location in the thickness
direction using the SRCT image slices. Fig. 6 presents the distribution results for the
void size and z-axis location, in relation to the approximate locations of the layer
interfaces and the yarns intersecting the investigated volume. Locally, the thickness of
each layer deviates from the average thickness (250 µm) because of layer heterogeneity
and “nesting”.
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Fig. 6 illustrates the accumulation of voids along the layer interfaces and also
relative to the yarns. The voids are concentrated at either the layer interfaces or along
the yarns. The accumulation of interbundle voids along the fibre bundle surfaces has
also been observed elsewhere, and those voids were reported to be generally more
difficult to eliminate during processing than other interbundle voids [11]. This could be
explained by the shear flow resistance exerted on bubbles adhering to fibre surfaces.
The accumulation of voids along the yarn fibres is likely to be due to a similar
mechanism, and this is enhanced by the increased tortuosity of the interbundle flow path
due to the yarns.

Fig. 6. SRCT image analysis of the spatial distribution of voids in terms of z-axis location and size
for sample volume covering the off-axis middle six layers.

Flow in the gaps between layers also experiences shear resistance at the fabric
surfaces where voids are likely to adhere, in a similar mechanism by which interbundle
voids adhere to tows along the interbundle pathways [1,45,46]. Additionally, the
difference in permeability of neighbouring layers results in an uneven flow front which
can generate further voids.
The layer-to-layer interface area could be considered simply as a larger case of
the interbundle gap than the interbundle gaps within a layer, but the larger size of the
gaps must be accommodated. Models for void formation or subsequent void mobility
must be adapted to the laminate-scale of the fabric (beyond simply fibres and bundles)
to be accurate for industrial processing.
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As also shown in Fig. 6, the size of the detectable individual voids in this
volume exhibits a range of several orders of magnitude, from 10 to 1,000 µm3. This
distribution suggests a “bell-curve” number distribution of void sizes, i.e. the highest
frequency of size is the median value, with decreasing frequency as the size increases or
decreases from there. Such a distribution has been previously observed for interbundle
gap widths and related to void sizes [9,17].
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A subset of the image slices was analysed slice-by-slice along the width, in the
y-direction to record the total volume of voids in each image slice, delineated by the
layer in which the voids are located, as shown in Fig. 7. Delineation by layer can only
be an approximation, because the interfacial location of the majority of voids makes it
difficult to decide which side of the boundary each void belongs to. These image slices
were oriented so that the planar images are parallel to both the x-axis (direction of flow)
and the z-axis (laminate thickness). Thus the slice-by-slice analysis shows the void
volume distribution along the y-axis, i.e. transverse to the flow direction. One can see a
periodic distribution of void content in the ±45° layers; the -45° layers have peaks in
void content every ~1200 µm and the +45° layers have single peaks near the middle of
the 1500 µm width. The 90° layers show a more uniform void concentration across the
analysed width.

AC
C

Fig. 7. SRCT image analysis showing the heterogeneous void distribution transverse to the infusion
and thickness direction.

The void concentration in the transverse y-direction for ±45° layers is suspected
to be caused by the yarn distribution. A periodicity of 1200 µm is consistent with the
distances between yarn fibre bundles. Voids formed in non-crimp fabrics (NCFs) have
been shown to move along and then be trapped by stitching fibres [5,9,13,17,40]. The
glass yarns in the fabric used in this study are assumed to trap bubbles similar to
stitching fibres in an NCF. The stitching fibres in NCFs have the same function as the
yarns in the present fabric, namely to keep the reinforcing carbon fibre bundles in place.
Flow of resin with voids has also shown an accumulation of voids at any obstruction
along off-axis fibres [12,20]. Hence, the spacing of peaks in void concentration should
be similar to the spacing between the yarns, as observed here.
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The size and location of the voids is shown in Fig. 8 for each layer in each offaxis orientation (±45° and 90°) in the x-y-plane as observed from above the layers. The
size of these voids is shown by colours, where the purple shades correspond to the
largest and thought to be most severe. Diagonal and fairly linear clusters of voids are
seen in all layer orientations. The diagonal orientation of the voids in the ±45° layers is
likely to be due to the bias orientation of the carbon fibres and yarns. However, the
diagonal orientation of the 90° layer is more difficult to explain. It suggests a strong outof-plane effect on bubble formation and bubble flow; i.e. faster flow in the diagonal
direction and diagonal clustering of the voids in the bias-direction layers both seep into
the adjacent 90° layers due to the slower flow there. Voids may be formed in the 90°
layers due to the difference in flow rates, and migrating bubbles from the adjacent
layers immediately become entrapped by the transverse-to-flow fibres. Void formation
and its patterns cannot be considered as independent factors in the various layers, but
are intimately affected by these processes in the neighbouring plies.

Fig. 8. SRCT image analysis showing in-plane void distribution in the –45°, 90° and +45° layers.
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Out-of-plane flow has been presented as a mechanism for bubbles to avoid
entrapment by obstacles [20]. Out-of-plane resin flow has also been modelled
numerically [41], but to the authors’ knowledge no experimental or analytical work has
yet treated the out-of-plane flow’s effect on void formation or migration. The typical
model for interbundle and intrabundle void formation could be extended to laminatescale void formation between adjacent fabric layers of different orientations. The flow
in layers with fibres aligned with the flow, i.e. 0° layers, is nearly always faster than in
off-axis layers due to the higher permeability caused by oriented interbundle gaps that
promote flow channelling [42]. Thus the faster flow in the parallel fibres of 0°
unidirectional layers can locally cause z-direction fluid seepage into the adjacent offaxis layers ahead of the flow front in those layers. This seepage into the adjacent layers,
ahead of the flow front in that layer, would entrap air bubbles, leading to voids in the
off-axis layers. This is similar to the same mechanism responsible for the void
formation pattern due to differences in interbundle and intrabundle flow front positions
[1], but considered now at the laminate scale, for different flow front positions in
adjacent fabric layers. This seepage is likely to also cause a migration of bubbles
formed in the 0° layers to the surrounding layers, especially due to encountering
obstructions in the 0° layer such as the weft yarns. The same pattern is expected to
occur due to seepage from the faster flow in ±45° layers to the slower flow in the 90°
layers, transferring the 45° void arrays into the 90° layers (Fig. 8).
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Fig. 9. In-plane glass-void cross correlation maps in the various sub-layers of the sample obtained
from the µCT data. The yellow regions indicate areas with a high probability of void location
relative to an average position in the glass (located at the center of the image).
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Fig. 9 illustrates the two-point cross correlation between the glass and void
phases in the sample for sublayers of different ply orientation. The position in the centre
of each image may be thought of as an average point in the glass yarn. Then the
colouring at a position relative to that point indicates the probability of finding a void
region in that area relative to the glass yarn. The figure is a representation of the
empirical probability of drawing a vector in the volume starting in the supporting yarn
material and ending inside a void. While the 0° layer is clearly affected by the
neighbouring 45° layer, the images generally tell a consistent story: the voids are
located in the plane of the glass tows, with a fairly even distribution in front and behind
the tow relative to the infusion direction. In each case there is a slightly higher
probability of finding voids in front of the tow rather than behind it. Very few voids are
found out-of-plane relative to the glass (although this cross section of the correlation
map is not shown).
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Fig. 10. Schematic of through-thickness resin flow (blue arrows) and predicted areas of void
formation (red) in multi-axial reinforcement. Bulk flow in x direction.

3.3. Implications of findings
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Clustering of voids, similar to the schematic shown in Fig. 10, has been shown
to have a significant effect on crack propagation during mechanical loading [25]. A
dense cluster of smaller voids may have a similar effect on crack growth as a single
large void of the same volume. Fig. 10 also shows that the individual voids are
relatively small in the ±45° layers, whereas the larger voids are almost exclusively
found in the 90° layer (Fig. 8) and can span dozens of fibres with a characteristic
dimension greater than the fibre tow thickness [23,43,44]. Micrographs have shown the
tendency for crack initiation and propagation from larger voids [9], which has been
confirmed by a previous study on a different material using CT [10]. The larger voids in
the 90° layers thus suggest those layers to be of the most concern in terms of affecting
the mechanical performance.
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Process tuning for void minimisation can be supported by inter- and intra-bundle void
formation modelling [45]. Further work to expand such models to out-of-plane flow and
laminate-scale models of the fibre architecture including woven or stitched fibre
architectures could improve these models. Minimisation of voids accumulated at the
layer interfaces and at yarns could then suppress the formation of damage and
premature failure of RTM composites based on UD weaves [4,9,39,47].
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These studies demonstrated that the sensitivity of crack accumulation to voids
also increases from a low value in the 0° layers, through the ±45° layers to a high value
in the 90° layers [4-9]. Thus the problem of voids for this flow and test orientation is
compounded by two important characteristics: (i) more and larger voids are formed in
the layers transverse to the local flow, and (ii) while the 90° fibres do not contribute
substantially to tensile strength in the 0° direction, voids in this direction are more likely
to induce growth and general damage propagation under tensile loading [4-9]. These
observations draw attention to the possibility of infusing a composite component in a
direction that would minimise the effect of the resultant voids. Infusing a part in a
direction transverse to the expected primary load direction would create the fewest
voids in the transverse-to-load direction and thus minimise the effect of voids on fatigue
strength. Most composite parts are loaded in multiaxial directions, thus complicating
this strategy. Opportunities are evident, however, to optimise the mechanical
performance based on flow direction and velocity. This is especially the case for long
slender structures with predominantly unidirectional fibres. Guidelines in positioning
inlets and outlets in resin infusion are otherwise mainly concerned with minimising the
production cycle times and to eliminate dry spots [46]. For high-end composite
applications, the mechanical performance could be more important than the production
costs.
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The observations in this study lead to three main conclusions regarding voids in RTM of
a multi-axial lay-up of a fabric. First, the voids are much more likely to be located in the
layers where the fibres are not parallel to the flow direction. The larger is the off-axis
angle, the higher the void content and the larger the voids. Second, the voids are
concentrated at the layer interfaces and along the yarns. Third, out-of-plane resin flow
and bubble-flow appear to be a significant mechanism for void formation and void
mobility as the distribution of small voids in the 90° layers follows the diagonal pattern
of the adjacent bias-direction plies.
The tendency for void formation is higher in layers obliquely oriented to the
infusion direction, and the associated risk with tensile damage formation in these offaxis layers has been shown to increase in the presence of these voids, whereas the 0°
tensile strength is less affected by voids. Infusion perpendicular to the expected loading
direction is recommended as it would generate more voids in the 0° layers and less
voids in the more sensitive 90° layers.
Further research regarding the optimisation of infusion strategies with regard to
structural performance such as fatigue resistance and damage tolerance while
maintaining the cost benefits of using an out-of-autoclave process will be important for
high-performance composite applications. The combined use of high resolution
computed tomography, 3-D shape characterisation and statistics of the void
microstructure in RTM produced material has been shown to be a powerful technique
which is likely to be important in further exploring such processes.
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