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Significance of paper

Recent efforts in the composites industry towaedsdexpensive means to produce
high-performance parts have often involved optitndseof liquid composite moulding
processes such as resin transfer moulding (RTMy.imabst significant gap in part
guality between RTM manufactured parts and trad#i@utoclave processes is the
usually higher void content in the former, arisirgm the entrapment of bubbles during
infusion, and the lower consolidation pressuresi ukging such processes. Many
laboratories around the world are working on un@eiing bubble entrapment and
subsequent bubble mobility, so as to optimise RTdt@sses to reduce the
concentration and size of voids. This paper coates to that understanding with three-
dimensional examination using CT imaging of the phatogy, size, clustering and
location of the individual voids in composite pamade with RTM.

Most important / novel contributions

This paper presents visualisation of the voids @m@posite part with significantly

more statistical information regarding size digitibn, orientation and location than has
been previously shown in the literature. It alsdradses a reinforcement architecture
more typical to RTM, an un-balanced weave, tharuthidirectional fabrics usually
studied in previous work on void formation. Anahgia complex reinforcement along
with the enhanced visualisation abilities of the-iBaging technique allowed novel
observations and conclusions regarding voids:

1) As the orientation angle between a reinforcememrland the resin flow
direction increases from parallel to perpendicuknger voids and a greater
number of voids were observed in that layer. Thas Vinked to the resulting
greater propensity for fatigue crack propagatiovben voids in layers
transverse to the loading direction. A simple opgation strategy is thus to
infuse in a direction transverse to the expecte@dany load direction, thus
creating the fewest voids in the transverse-to-diaection.

2) Voids accumulate around both the layer interfacekyarns and are nearly
completely absent from the layer thickness betwbese interfaces and away
from yarns.

3) Void distribution follows the orientation of fibres adjacent layers, suggesting
that out-of-plane flow is a significant mechanisnvoid formation and
mobility.

4) Observations 1-3 above all imply that current oianation and mobility
models must be expanded from a microscale apptodtie laminate scale, in
order to focus on out-of-plane bubble movementyard bubble entrapment.
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Abstract

Tomographic imaging using both microfocus radiatmal synchrotron radiation was
performed to assess the void defects in resinfeansoulded woven carbon fibre
composites. The focus of this study is on chareiey the void homology (e.g. local
void size and spatial distribution) in relatiorvteave orientation, infusion direction and
potential effects on damage formation in tensibelng. As the orientation angle
between the fibre direction of unidirectional layethe laminate and the direction of
the global resin flow increases, from parallel ésgendicular, larger voids and a greater
volume fraction of voids were observed, which ledncreased damage formation upon
loading. Significant accumulation of voids arouradtbthe layer interfaces and yarn
fibres were also observed. With regard to yarngigst is recommended to balance the
benefits (e.g. fabric handling, structural integof preform) and drawbacks (e.g. lower
fibre content, more voids) of the supporting yalso, sensible placement of resin
inlets and outlets could reduce the amount of datais voids, i.e. by promoting resin
flow along the fibre direction in the most defeetisitive off-axis layers.

Keywords: (A) Textile composites, (B) Defects, (B) Porositgfds, (E) Resin transfer moulding (RTM),
(unlisted) X-ray computed tomography (CT).

1. Introduction

The composites industry has traditionally made IpgHormance primary structural
components out of pre-impregnated reinforcementsdcun an autoclave oven. The
high pressures involved in such processes andnild@ectional fibres in the constituent
layers result in high fibre content and minimald/é@rmation. Non-autoclave
composite manufacturing processes such as ressféranoulding (RTM) have lower
cycle times, reduced operating costs and requssedapital investment. However, RTM
results in more voids in the laminate due to emtramt of air bubbles during filling

[1,2]. Voids are known to be detrimental to the heedcal performance of the material
[3-10]. A deeper understanding of the formatiowvaitls, and their effect on damage
and mechanical performance is desirable in theesdwf improving the performance of
RTM and other non-autoclave manufactured components

The practical importance of voids has promptedaeteinto the mechanisms
behind void formation in RTM (see e.g. the reviewicke by Park and Woo [2]). The
study of the mechanical entrapment of voids in cositps consisting of fibre bundles,
such as woven fabrics, usually relates to the ftionaf intrabundle micro-voids and
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interbundle macro-voids due to the relative floloeéies of the infusion resin inside
and outside the fibre bundles [11]. Higher apppeelssures result in faster macro-flow
in between the fibre bundles, outpacing the capileicking flow into the tightly

packed fibre bundles, thus creating entrapmenitadtbundle bubbles [12]. The

majority of these bubbles remain trapped at thatlon of formation due to the densely
packed fibre architecture [13,14] and eventualffude into solution (i.e. Henry’'s law)
as the local pressure rises with the advancing fidd}. The opposite case occurs with a
low applied pressure. As the fluid flow velocitydscreased, the macroscale interbundle
primary flow is outpaced eventually by the intrablencapillary flows. The secondary
intrabundle flow seeps into the interbundle gapsabus places ahead of the macro
interbundle flow front, thus entrapping relativédyge interbundle bubbles [1,16].
These interbundle bubbles often escape the lamioyatigvelling quickly between the
bundles to the flow front and bursting into the wam at the vent [17]. The chance of
these larger bubbles escaping depends on the umigidogap width, the applied
pressure, and the bubble size. As the resin pregsctreases with the advancing flow
front, the driving pressure behind the bubblesdases, and the size of the bubbles
decreases according to both the Ideal Gas Law amdyt$ Law until a critical bubble
size is reached, allowing escape [15,18,19].

Current attempts are being made to couple void&ion and void movement
models to be able to predict the final distributj@af,21]. These models would assist in
RTM process optimisation for high-performance cosias, however, they are limited
by (i) the difficulty of measuringn situ void formation [22,23], and (ii) the complexity
of fluid dynamics modelling for the various flowtpa and fibre architectures in
industrial RTM processes. Recent work has analys@thne flow through fibre
bundles arranged at 45° and 90° with respect téldke[20], and experimental void
formation has been reported for biaxial weavesZ4 although the majority of the
relevant literature has considered only unidirewldUD) fibres parallel to the flow
direction. The present study undertakes experirhgatd characterisation to assist in
understanding the flow paths and subsequent vord&ton in a more complex fabric;
a quasi-isotropic layup woven plies.

Previous work has investigated the influence ofls@n mechanical properties
[3-10], most having focused on prepreg materiatsth® microstructure and
constituents in composites manufactured with rggirsion processes are usually
different from those in autoclave-cured preprelys,dffects of defects on mechanical
properties must still be established in RTM comiassio pave the way for determining
design allowables for the void contents.

Failure mechanisms associated with voids in loadweges such as transverse
tensile [8] and multi-axial fatigue, both flexufdl] and in tension [9], have been
investigated. The aim of understanding such meshais to allow strategies to
suppress damage growth and increase the mechperéatmance. Potentially,
mechanism-based models could be used to decreaaenthunt of required testing.
Such simulation tools will require an understandifthe effects of void size, shape,
location, clustering, and concentration [10,25hditional approaches to quantifying
voids are typically limited to the average voidwole fraction throughout the entire
part. This is a single parameter, which is of lediuse in determining local
microstructural effects. Unlike prepreg proces$ByJ], void concentrations are not
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homogeneous in resin infusion processes such as @RIEMo the pressure gradient
resulting from infusion and the often more hetermgris microstructure of the fibre
preforms. The voids are also not homogeneous easiz shape due to the variety of
bubble entrapment mechanisms governing void foondtil]. These complications for
RTM composites imply a need for characterisinguvbiels at a local level, i.e. allowing
for spatial variation.

Conventional measurement techniques are not witllestor local void
characterisation in the composite microstructungtical microscopy and
combustion/digestion only allow sampling of thedsin small volumes of the part
[26]. Optical microscopy is also limited to two-dimsional (2-D) planar imaging,
which can result in misleading interpretations oidvshape, e.g. categorising long
cylindrical voids as small ellipses from their gesections [11,13]. Combustion or
digestion gives only the scalar void fraction, aadnformation regarding the void size,
shape or clustering. Through-thickness optical messent only works for transparent
materials such as composites with glass fibre oetgiment [27]. Ultrasonic C-scan
imaging is commonly used for quality control byetding delamination and large dry
spots. It has also been applied to detect genttesluation, which is in turn correlated
to the void content, thus providing an estimatioél void concentrations across the
entire part surface [4,28]. However, the ultrasomwe-lengths are too large to provide
sufficient resolution to determine void size andpsl and may not detect intrabundle
micro voids at all [29].

X-ray computed tomography (CT) provides higher h&san than ultrasound,
due to higher frequency and the fact that transonssnaging detects density variations
whereas reflection imaging (ultrasound) only det@aterfaces. Imaging by CT also
results in reduced dispersion compared to ultrag@uwe to using electromagnetic
radiation instead of sound waves. A three-dimeradi@tD) volume representational
image can be constructed from the multiple proptateages taken during sample
rotation under the X-ray beam. CT imaging of conmiggshas mostly been focused on
prepreg materials [30-33]. In prepreg consolidaggperiments, long thin cylindrical
voids, which are parallel to the fibres have besoavered, showing the improved
visualisation abilities compared to 2-D throughekmess microscopy which would
show any such void as a pinhole [31,32]. CT imagingwed similar long thin voids in
material prepared from compression-moulded predf@tjs The enhanced ability of 3-
D volume rendering in CT imaging, to characterisgl\morphology, compared with 2-
D microscopy has been illustrated [33]. Unpreceeléojuantifications of the
distribution and size of individual voids have beshieved with CT imaging [33,34].
However, CT-imaging has not been widely used thu$dr the void characterisation of
resin-infused composite parts, with the exceptibthe study by Schell et al. [35] that
presents 2-D scans of infusion-induced voids, aital &f al. [23] that illustratem-situ
voids imaged during the process of infusion inrgl& fibreglass roving. The greater
variation in local void size, shape and clustermakes CT-enabled 3-D visualisation of
voids even more important in the case of infusiompared to laminated material
produced from prepreg. In addition the use of sywicbn radiation computed
tomography (SRCT) allows for higher resolution camgal to lab-scale micro-focus CT

(HCT).
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The major limitations on CT-imaging are the costh&f equipment and the time
required for data management to prepare and anidigsmages. As equipment is
improving and more efficient and user-friendly ireagnalysis software is developed,
CT is emerging as the preferred technique to cleniae small-scale defects in
composite materials. This study concerns a 3-D @xation of the morphology, size,
distribution, concentration and location (or honmpof the voids in composite
samples made with RTM using X-ray CT, image analgsid statistical analysis. The
intention of this study is to improve the undersiiag of the mechanisms of void
formation during resin infusion into a complex nmalkial reinforcement preform and to
detect defects that could affect in-service danteyelopment.

2. Materials and methods
2.1. Laminate manufacture

Rectangular laminated composite plates of 800 nf@0xmm X 4 mm were
manufactured by RTM with unidirectional flow alotige length using a constant
pressure difference of 200 kPa. Hexcel’s resinesgdtiexFlow RTM 6 was used with
an aerospace-grade unidirectional (UD) carbon fiave. The fabric architecture,
shown in Fig. 1, consists of UD carbon fibre toveddhitogether by biaxial woven glass
fibre yarns in both warp and weft directions. Taminates were laid up with a quasi-
isotropic stacking sequence of [0/-45/90/+%45he primary flow direction during
infusion was along the 0° axis. Analysis of the i@iEges showed that the average fibre
volume content was established to be 53%, wittcénbon fibres comprising
approximately 93% of the fibre volume. The are#ltaveight for the carbon fibre was
242.5 g/m and glass fibre 13.5 gfm

Yarn 0° (warp)

A B
Yarn 90° (weft)

Carbon fibre 0° (warp) /J/ig/x :

s 8

\\g',/ x=0°

Direction of
production

X s y = +45°

_ .

Inlet side

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

2.2. Imaging by X-ray computed tomography

3-D imaging using CT was performed on two differscdles with complementary
equipment: (i) using the Nikon Metrology HMX 226U CT at the p-VIS Centre at the
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University of Southampton for wider fields of vieand (ii) using SRCT at the
TOMCAT/X02DA beamline, at the Swiss Light Sourcettod Paul Scherrer Institut for
high resolution imaging. Wide-field CT is suitaliée capturing the larger interbundle
and interlaminar voids in volumes representativéhefoverall layered structure,
whereas SRCT is more suitable for microscale clerigation of smaller intrabundle
voids.

The scan settings for both the uCT and the SRCiaen in Table 1. For
SRCT, the sample was mounted vertically and orthagtm the beam, with a
propagation distance of 20 mm, allowing a degreghafse contrast to be achieved. The
projections were collected through a rotation d¥*18nd 3-D reconstruction was
achieved from the concatenated radiographs usimg-haouse code based on the
GRIDREC/FFT approach [36]. Image analysis was peréal using VG studio Max
v2.1™ and Avizo Fire 8". In particular, voids were segmented in VG studiax
v2.1™ using the seed-growing algorithm, then binarised guantified using Avizo

Fire 8™. The minimum feature size of void considered i 2hD slices for both SRCT
and pCT was 5 um and 50 um, respectively.

Parameter SRCT | uCT

Sample size (mm®) 30x4x4

Acceleration voltage (kV) Not applicable |60

Beam energy (keV) 14 Not applicable

Beam current (pA) Not applicable 134

Voxel size (um) 0.65 4.18

Detector dimensions (pixels) |2560 x 2160 (2048 x 2048

Number of radiographs 1601 3142

Exposure time (ms) 90 500

Scan time (minutes) 15 270

Table 1. Scan settings for X-ray CT.
2.3. Two-point statistical analysis

The 3-D images of the specimens provide almostaggatented details regarding void
and fibre positioning, however in order to achiéwe goals of this work a statistical
measure (beyond that of simple volume fractionslesirable. 3-D CT images of
material microstructures contain an abundance taf, dequiring large memory storage
capabilities; a single image file requires appraadialy 4 megabytes. The main
challenge in microstructural analysis lies in da&@uction and processing of the
information-rich 3-D images. The first and most ecoam step is to use image
processing to generate a digital representatiaheo8-D microstructure, although in
isolation this approach does not provide any inftran on the statistics of the
microstructural features. A statistical two-poiotrelation method can be used,
however, to provide such information from the 3-@ume; discussions of the method
and its relevant advantages can be found in refesef87,38]. This method can be used
to quantify the effect of microstructure on mantdiaing-induced defects by capturing
the geometrical relationships between a given pfese as glass) and induced voids,
for example.
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Based on a histogram of grayscale values, the ®dye from the uCT scans is
segmented into the three phases. The two-pointarraations of the void phase, for
example, then indicate the probability that a giveator, which is randomly placed in
the sample, will land with both its head and taithe void phase. Since a very short
vector is likely to remain entirely within a singleid, a contour map of the correlations
close to the origin represents the average shapeidd (or void clusters). Similarly, the
cross-correlations between the grayscale valugssmonding to “glass” and “void”
represent the probability of the random vector iagavith its tail in the glass phase and
its head in the void phase. Hence the correlatiap im this case indicates the average
relative position of void with respect to the glasmse.

In order to calculate the two-point correlationgyction is defined in
MATLAB that indicates the phase at each point ef samplesm(x,h), wherem takes
the value 1 if phask is present at point, or O otherwise. Then the two-point statistics
for phased andh’ are defined formally by
F () = —=— [ m(x, hym(x +r,)dx
vol (Q) Q (1)

for any vector. Since this equation involves a convolution betw® functions
m(x,h) andm(x,h’), these correlations can be computed very efiityeusing fast
Fourier transforms [37,38].

3. Results and Discussion
3.1. Constituent Properties

The 90° weft yarn in this fabric is relatively sgiat as it is not woven through the
straight and stiff carbon tows in the 0° directias,shown in Fig. 1(b). The undulating
0° warp yarns are woven through the weft yarnsatarg obstacles for void escape in
the interbundle gaps [19,20]. The architecturens tabric causes a third class of voids,
in addition to the customary interbundle and intradie voids, as shown in Fig. 2.
These are termed “yarn voids” since they form atytarns keeping the carbon fibre
tows together. In summary, the three void typeg. (8 can be described as:

1. Intrabundle voids: small needle-shaped voids formed between indatidu
filaments within the fibre bundles.

2. Interbundle voids: larger almost spherical voids, formed betweendbes
or close to bundle surfaces.

3. Yarnvoids: the largest type of voids or void clusters follogboth the
warp and weft yarns. They are generally long any beacurved or close
to curved yarns.

The long, thin shape of the yarn voids is simitathte voids characterised in
prepreg materials [31,32,34]. Examples of eaclshosvn in 2-D slices of images from
SRCT in Fig. 3. All types of voids can be regardsdlefects, which have the potential
to influence damage growth during loading. Gengilaliger voids or defects are often
thought to be of higher concern [35], being pogsibore likely to act as sites for
damage formation [9]. Work by Scott et al indicatest fibre fracture is more prevalent
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adjacent to voids in 0° plies under tensile loadB®j. This motivates a closer
investigation of the yarn voids, how they form ahelir interaction with crack growth.

|
A q 0
|

i Interbundle void

Yarn voids

Direction of
infusion

Fig. 2. Classification of identified voids.

Intrabundle Interbundle Yarn

>
3
L IR O AN .. uﬁ.

Fig. 3. SRCT 2D slice images of voids at three déffent locations.

An example 3-D image (5.86 x 4.21 x 4.13 ?)mrbtained by CT is shown in
Fig. 4 with the carbon fibre and resin partiallyn@/ed from the volume. The yarns of
the different layers and the larger yarn voids higitted in red are clearly visible. Void
clustering is easily seen, where the voids appebetarranged in planar layers
(grouped at particular heights through the lamitlaiiekness). The voids appear to be
clustered along the fibre yarn bundles and sometiaso along the carbon fibre
bundles.
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2o Wetsde |
Y yarn (weft)

Fig. 4. A 3-D uCT rendering of the laminate showing/arn bundles and larger voids in
5.86x4.21x4.13 mrhvolume.

3.2. Analysis of Void Distribution and Morphology

The surface of a contour of the void autocorrefatiap is shown in Fig. 5. This
contour map can be regarded as the average shépe @ferall assembly of voids
based on the probability that a given vector inxtlyez space falls inside the void phase
[37,38]. Fig.5a indicates that the void clusterseas primarily along the 0°, +45° and
90° directions, with significantly fewer voids oniated in the-45° direction. This
agrees with the visual analysis of Fig. 4 that shewids primarily clustering around
and along the glass tows in the same directiomgs.3a emphasizes the in-plane nature
of the void clusters, with very little spread iretthrough-thickness direction (Fig. 5b).
The asymmetry of the orientation distribution ie t45° and-45° layers cannot be
explained at the present stage, but it is notetthiedr neighbouring layers are not the
same in the [0/-45/90/+4&]ayup and that neighbouring layers inevitablyuefice the
void formation due to flow gradients.
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Fig. 5. Surface map of a single contour of the voidutocorrelations for the uCT data, indicating the
‘average’ shape of voids / void clusters and theyar orientations.

The contour map in Fig. 5 indicates the shape®¥thd, but not the location.
Analysis of the 3-D representation shows that ¥evwyvoids were found in the 0°
layers (fibres parallel to the resin flow direcfimompared to the other layer
orientations [13,16]. The observation of largerdvimrmation in the off-axis layers can
be explained by the voids trapped in those layavinly difficulty escaping with the
resin flow as compared to the direct inter-tow pscautes in layers where the fibre
bundles are aligned with the flow [20]. The unidtrenal carbon fibre tows, which
comprise over 90% of the fibre reinforcement, acblastacles for the voids when
oriented transverse to the resin flow directione filear absence of voids in tHel@yers
supports this explanation. Any interbundle or yaoids formed in the Olayers have a
high probability of escaping to the flow front imat same layer, or moving out-of-plane
into an adjacent, off-axis layer and becoming eaea there. Thus, the microstructural
study focuses on the off-axis layers where a dganit number voids are present, i.e.
+45° and 90°.

In order to quantify the dimensional and spatiatrihution of voids, a small
volume (8 x 4 x 1.6 mf containing the middle six layers was chosen and
quantitatively analysed with respect to the voliand location in the thickness
direction using the SRCT image slices. Fig. 6 presthe distribution results for the
void size and-axis location, in relation to the approximate lomas of the layer
interfaces and the yarns intersecting the invetgdyaolume. Locally, the thickness of
each layer deviates from the average thickness |{@d0because of layer heterogeneity
and “nesting”.
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Fig. 6 illustrates the accumulation of voids aldihg layer interfaces and also
relative to the yarns. The voids are concentrateitlaer the layer interfaces or along
the yarns. The accumulation of interbundle voidmglthe fibre bundle surfaces has
also been observed elsewhere, and those voidsregrged to be generally more
difficult to eliminate during processing than otlirierbundle voids [11]. This could be
explained by the shear flow resistance exertedutnles adhering to fibre surfaces.
The accumulation of voids along the yarn fibrekkisly to be due to a similar
mechanism, and this is enhanced by the increasemsity of the interbundle flow path

due to the yarns.
Void Layer interface

Yarns
1600——~lwr — .
1400F--------=-Teeefemee %Nﬂii‘—“——-‘:—*—;—r———x —————— oR—
1200+ 190

Layer orientation, 6 (°)

Laminate thickness, z (um) —»

—— Volume Voids, V,, (M”) —»

Fig. 6. SRCT image analysis of the spatial distriktion of voids in terms ofz-axis location and size
for sample volume covering the off-axis middle silayers.

Flow in the gaps between layers also experiencegr shsistance at the fabric
surfaces where voids are likely to adhere, in alairmechanism by which interbundle
voids adhere to tows along the interbundle pathhyb,46]. Additionally, the
difference in permeability of neighbouring layeesults in an uneven flow front which
can generate further voids.

The layer-to-layer interface area could be considarmply as a larger case of
the interbundle gap than the interbundle gaps wihiayer, but the larger size of the
gaps must be accommodated. Models for void formairasubsequent void mobility
must be adapted to the laminate-scale of the fdbeigond simply fibres and bundles)
to be accurate for industrial processing.



Page 12

As also shown in Fig. 6, the size of the detectaidersidual voids in this
volume exhibits a range of several orders of mageit from 10 to 1,000 pinThis
distribution suggests a “bell-curve” number digitibn of void sizes, i.e. the highest
frequency of size is the median value, with dedrggBequency as the size increases or
decreases from there. Such a distribution has pesously observed for interbundle
gap widths and related to void sizes [9,17].

A subset of the image slices was analysed slicslibg-along the width, in the
y-direction to record the total volume of voids ach image slice, delineated by the
layer in which the voids are located, as shownign F. Delineation by layer can only
be an approximation, because the interfacial looadf the majority of voids makes it
difficult to decide which side of the boundary eacid belongs to. These image slices
were oriented so that the planar images are phralth thex-axis (direction of flow)
and thez-axis (laminate thickness). Thus the slice-by-stinalysis shows the void
volume distribution along thg-axis, i.e. transverse to the flow direction. Ona see a
periodic distribution of void content in the x4%f/kers; the -45° layers have peaks in
void content every ~1200 um and the +45° layer® Isaivgle peaks near the middle of
the 1500 um width. The 90° layers show a more umfeoid concentration across the
analysed width.

5
4o
=
s
>110° |
> !
8 | 107 44A[\\\
E W
2 10'
=
S [10°
_]__101

0 500 1000 1500
y (um) ——»

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

The void concentration in the transveyséirection for +45° layers is suspected
to be caused by the yarn distribution. A perioglioit 1200 pum is consistent with the
distances between yarn fibre bundles. Voids formeawn-crimp fabrics (NCFs) have
been shown to move along and then be trappedtohisty fibres [5,9,13,17,40]. The
glass yarns in the fabric used in this study aseimed to trap bubbles similar to
stitching fibres in an NCF. The stitching fibresNICFs have the same function as the
yarns in the present fabric, namely to keep th&f@ecing carbon fibre bundles in place.
Flow of resin with voids has also shown an accutmneof voids at any obstruction
along off-axis fibres [12,20]. Hence, the spacihg@aks in void concentration should
be similar to the spacing between the yarns, asreed here.
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The size and location of the voids is shown in Bifpr each layer in each off-
axis orientation (x45° and 90°) in tley-plane as observed from above the layers. The
size of these voids is shown by colours, whereptirple shades correspond to the
largest and thought to be most severe. Diagonafairiy linear clusters of voids are
seen in all layer orientations. The diagonal oagoh of the voids in the +45° layers is
likely to be due to the bias orientation of thebear fibres and yarns. However, the
diagonal orientation of the 90° layer is more d@ifft to explain. It suggests a strong out-
of-plane effect on bubble formation and bubble floe. faster flow in the diagonal
direction and diagonal clustering of the voidsha bias-direction layers both seep into
the adjacent 90° layers due to the slower flowagh¥poids may be formed in the 90°
layers due to the difference in flow rates, andratigg bubbles from the adjacent
layers immediately become entrapped by the traseviex-flow fibres. Void formation
and its patterns cannot be considered as indepefadors in the various layers, but
are intimately affected by these processes in ¢ighbouring plies.
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Fig. 8. SRCT image analysis showing in-plane voidstribution in the —45°, 90° and +45° layers.

Out-of-plane flow has been presented as a mechdorsbubbles to avoid
entrapment by obstacles [20]. Out-of-plane reowfhas also been modelled
numerically [41], but to the authors’ knowledgeexperimental or analytical work has
yet treated the out-of-plane flow’s effect on vadmation or migration. The typical
model for interbundle and intrabundle void formatmuld be extended to laminate-
scale void formation between adjacent fabric lagéidifferent orientations. The flow
in layers with fibres aligned with the flow, i.€. @yers, is nearly always faster than in
off-axis layers due to the higher permeability @by oriented interbundle gaps that
promote flow channelling [42]. Thus the faster flowthe parallel fibres of 0°
unidirectional layers can locally caus€irection fluid seepage into the adjacent off-
axis layers ahead of the flow front in those lay&tss seepage into the adjacent layers,
ahead of the flow front in that layer, would enteapbubbles, leading to voids in the
off-axis layers. This is similar to the same medsarresponsible for the void
formation pattern due to differences in interbureatte intrabundle flow front positions
[1], but considered now at the laminate scaledftierent flow front positions in
adjacent fabric layers. This seepage is likelyi$o aause a migration of bubbles
formed in the 0° layers to the surrounding layespecially due to encountering
obstructions in the 0° layer such as the weft yarhe same pattern is expected to
occur due to seepage from the faster flow in +4yets to the slower flow in the 90°
layers, transferring the 45° void arrays into tbé Ryers (Fig. 8).
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Fig. 9. In-plane glass-void cross correlation map# the various sub-layers of the sample obtained
from the uCT data. The yellow regions indicate areawith a high probability of void location
relative to an average position in the glass (locadl at the center of the image).

Fig. 9 illustrates the two-point cross correlatimtween the glass and void
phases in the sample for sublayers of differenppigntation. The position in the centre
of each image may be thought of as an average oiné glass yarn. Then the
colouring at a position relative to that point icaties the probability of finding a void
region in that area relative to the glass yarn. fignge is a representation of the
empirical probability of drawing a vector in thelwme starting in the supporting yarn
material and ending inside a void. While tliddyer is clearly affected by the
neighbouring 45layer, the images generally tell a consistentystiie voids are
located in the plane of the glass tows, with dyfawen distribution in front and behind
the tow relative to the infusion direction. In ease there is a slightly higher
probability of finding voids in front of the tow tteer than behind it. Very few voids are
found out-of-plane relative to the glass (althotigk cross section of the correlation
map is not shown).
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Fig. 10. Schematic of through-thickness resin floblue arrows) and predicted areas of void
formation (red) in multi-axial reinforcement. Bulk flow in x direction.

Clustering of voids, similar to the schematic shawfig. 10, has been shown
to have a significant effect on crack propagatianrdy mechanical loading [25]. A
dense cluster of smaller voids may have a simifaceon crack growth as a single
large void of the same volume. Fig. 10 also shdws the individual voids are
relatively small in the £45° layers, whereas thgda voids are almost exclusively
found in the 90 layer (Fig. 8) and can span dozens of fibres witharacteristic
dimension greater than the fibre tow thickness42314]. Micrographs have shown the
tendency for crack initiation and propagation friamger voids [9], which has been
confirmed by a previous study on a different malessing CT [10]. The larger voids in
the 90 layers thus suggest those layers to be of the coostern in terms of affecting
the mechanical performance.

3.3. Implications of findings

Process tuning for void minimisation can be supmmbhy inter- and intra-bundle void
formation modelling [45]. Further work to expandcsunodels to out-of-plane flow and
laminate-scale models of the fibre architecturéuidiong woven or stitched fibre
architectures could improve these models. Mininosadf voids accumulated at the
layer interfaces and at yarns could then supphestotmation of damage and
premature failure of RTM composites based on UDwesd4,9,39,47].

These studies demonstrated that the sensitivityamk accumulation to voids
also increases from a low value in the 0° laydngyugh the +45° layers to a high value
in the 90° layers [4-9]. Thus the problem of vdidsthis flow and test orientation is
compounded by two important characteristics: (iyerend larger voids are formed in
the layers transverse to the local flow, and (ijlevthe 90° fibres do not contribute
substantially to tensile strength in the 0° dir@etivoids in this direction are more likely
to induce growth and general damage propagatiorruedsile loading [4-9]. These
observations draw attention to the possibilityrdtising a composite component in a
direction that would minimise the effect of theukant voids. Infusing a part in a
direction transverse to the expected primary Ideettion would create the fewest
voids in the transverse-to-load direction and tmisimise the effect of voids on fatigue
strength. Most composite parts are loaded in madtiairections, thus complicating
this strategy. Opportunities are evident, howetgeoptimise the mechanical
performance based on flow direction and velocityisTs especially the case for long
slender structures with predominantly unidirectidies. Guidelines in positioning
inlets and outlets in resin infusion are otherwrsgnly concerned with minimising the
production cycle times and to eliminate dry spd®][For high-end composite
applications, the mechanical performance could beerimportant than the production
costs.
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4. Conclusions

The observations in this study lead to three mamchusions regarding voids in RTM of
a multi-axial lay-up of a fabric. First, the voidee much more likely to be located in the
layers where the fibres are not parallel to thesftbrection. The larger is the off-axis
angle, the higher the void content and the largenbids. Second, the voids are
concentrated at the layer interfaces and alongdhes. Third, out-of-plane resin flow
and bubble-flow appear to be a significant mecharia void formation and void
mobility as the distribution of small voids in tB8° layers follows the diagonal pattern
of the adjacent bias-direction plies.

The tendency for void formation is higher in layetdiquely oriented to the
infusion direction, and the associated risk withstke damage formation in these off-
axis layers has been shown to increase in thenqres# these voids, whereas the 0°
tensile strength is less affected by voids. Infagperpendicular to the expected loading
direction is recommended as it would generate moids in the 0° layers and less
voids in the more sensitive 90° layers.

Further research regarding the optimisation ofdid strategies with regard to
structural performance such as fatigue resistandelamage tolerance while
maintaining the cost benefits of using an out-abalave process will be important for
high-performance composite applications. The coetbimse of high resolution
computed tomography, 3-D shape characterisatiorsttistics of the void
microstructure in RTM produced material has beawshto be a powerful technique
which is likely to be important in further explogrsuch processes.
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