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ABSTRACT

Vacuum infusion (VI) is a liquid moulding process used to manufacture fibre-reinforced
polymer composite parts. The VI process for non-crimp fabric (NCF) preforms is one of
the most promising processes for improving the quality and cost efficiency of traditional
processes using prepregs and autoclave curing. An understanding of the preform thickness
behaviour in the compaction, wetting, and curing stages is necessary to optimise the
overall process and obtain high-performance composite parts. In this study, the influence
of the material, preforming, and infusion parameters on the thickness of four different
carbon NCF laminates were investigated. The preforming behaviour includes the influence
of the NCF composition, such as the presence of an organic binder or the number of
compaction steps. Infusion was characterised using dielectric analysis (DEA). The prop-
erties of the resulting composites were analysed in terms of the fibre volume fraction (FVF)
and porosity, as measured using X-ray computed tomography (CT). The main consequence
of the outcome of the present study is that, from a manufacturing point of view, downward
through-thickness resin infusion offers benefits in terms of thickness, FVF, and porosity
tolerance. In addition, the acquired results allow for the identification of the main settings
for an optimised consolidation strategy, which could be used for manufacturing NCF
composite parts.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The composite industry has been striving to find more cost-

autoclaves. Current processes based on automatic tape lay-up
(ATL) and automatic fibre placement (AFP) for thermoset
prepregs and autoclave curing are not sufficient to meet cur-
rent and future cost requirements, especially in the aerospace

effective manufacturing processes than those based on
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industry [1]. This is mainly due to the costs associated with the
need to store prepregs at —18 °C, the rate of the lay-up process
(limited to 20 kg/h), and the high cost of autoclave curing.

One of the most promising cost-effective manufacturing
strategies is the automated lay-up of dry carbon non-crimp
fabrics (NCFs) followed by the VI process [2], where the
costs incurred by the vacuum-bag assembly process are
lower compared to the cost associated to the autoclave pro-
cesses [3]. As a substitute for prepregs, NCFs have become
one of the most relevant dry textiles for providing rein-
forcement. NCFs are defined as multiaxial fabrics, fixed by
warp-knitting [4] frequently with small amounts of binders
on the surface. Binders are solid-state polymer adhesives
that need to be melted to bond the individual fabric layers
together during the preforming [5], allowing the preform to
be handled without damaging the dry fibres [6,7]. The auto-
matic lay-up of NCFs has been the subject of development
over the last decade. Robotic pick and place NCF lay-up sys-
tems are limited to small- or low-volume production, such as
the placement of patches, and the placement of one layer on
a previously consolidated laminate [8—10]. Other technolo-
gies offer the possibility of laying up NCFs without binder
activation, thus increasing the lay-up rates up to 10 times
[8,11] compared to dry fibre placement (DFP) technology
[12,13]. DFP is the most mature dry fibre tow laying-up
technology. DFP technology requires that the binder be mel-
ted to hold the layers together during the laying-up. This
requires the use of a heating system [14], resulting in a
greater consumption of resources and time [7].

The VI process avoids the need for autoclaving and de-
creases the tooling cost [15,16]. Other benefits of the use of VI
in the manufacturing of integrated structures are the reduc-
tion in assembly time, good dimensional conformity, minimal
or no shimming, a better non-destructive inspection pass rate,
and minimal material spring-back [2].

Resin infiltration occurs after the dry reinforcement lay-up,
producing a preform [17]. The compaction of the preform has
a significant influence on the resin infiltration and the control
of the thickness of the final composite part. Thus, if the
infused volume is greater than the volume required for dry
lamination, due to over- or under-compaction, the fibre vol-
ume fraction (FVF), and consequently the thickness and
quality of the final composite part will be less than optimal
[18]. Hence, knowledge of the compaction behaviour of the
preform is of utmost importance to ensure the optimum
quality of a composite part.

With the goal of being able to control this process, several
studies have focused on controlling the thickness of the
different sub-processes, such as the dry compaction, fibre
settlement, and relaxation of the fibres [19—22]. The main
conclusion drawn is that dry laminate compaction does not
significantly influence the final FVF compared to wet lami-
nates [23], whereby, to reach the desired FVF, several
compaction cycles are necessary; therefore, the preforming
time is considerably increased [24]. There is much less relax-
ation of the fibres during decomposition than that during the
compaction and settling. This indicates that fabric specimens
are not elastic materials, but viscoelastic; therefore, over time,
the relaxation is strongly dependent on the initial compres-
sion and fibre alignment [25].

The binder and its process parameters also play an
important role in controlling the thickness. Recent in-
vestigations [26—28] point to the influence of the binder (type,
quantity, temperature, and activation time) as being critical
factors that are directly related to the behaviour of NCF ma-
terials during compaction.

Regarding resin infiltration by the VI process, the configu-
ration of the vacuum bag system, which is composed of
different auxiliary materials, significantly affects the proper-
ties of the final composite part. The various VI methodologies
each have their own advantages and disadvantages [3,29—34].
One recent and promising infusion process is the vacuum-
assisted process (VAP ®), which is patented by Airbus. This
process has the following advantages [17,35]: (i) continuous
purging of air/gas trapped in the laminate through a semi-
permeable membrane (permeable to gas, but not to resin) in
the through-thickness direction, while trapping the resin, and
(ii) maintenance of a constant vacuum pressure throughout
the preform. In other infusion processes such as Seemann's
composite resin infusion moulding process (SCRIMP™), vent
ports are located such that the flow front of the resin arrives
there last, and the impregnated laminates must undergo
decompactions to remove air trapped within them. In
contrast, in the VAP method, this is not necessary because the
air is evacuated over the entire vacuum infusion area [36].
Regarding other composite materials and manufacturing
processes, researchers consider the effect of internal porosity
as an important factor to reduce defects and increase the
compactness of the materials, thus improving the bond
strength between the composite components [37]. Further-
more, with respect to bond strengths, it was reported that by
coating carbon fibre with e.g. PyC/SiC composite in carbon
fibre reinforced aluminium (Cf/Al) composites [38], the
compatibility between fibres and matrix was improved by
changing the wettability and controlling the interface, which
could be analogous to the presence of binder in carbon fibre
NCFs.

For the above reasons, this study aimed to investigate the
preform compaction and resin infiltration behaviours of
vacuum-infused carbon NCF composites. The study examined
the influence of the material and process parameters on the
compaction and resin infiltration of four carbon NCF lami-
nates, namely, NB (laminate without binder), BNC (laminate
with binder but not compacted), BC (laminate with binder,
compacted in one step), and BCss (laminate with binder,
compacted over five steps). These laminates were selected to
analyse the influence of the presence of binder and the
compaction process on the quality of the final composite part.
The properties of the resulting composites were analysed in
terms of thickness, FVF, and porosity using X-ray computed
tomography (CT).

2. Materials and experimental procedure
2.1. Materials
In this study, two biaxial reinforcements, 0/90° and 45°/-45°,

based on carbon NCFs were used (Saertex GmbH & Co. KG).
Bindered and unbindered NCFs were studied. The bindered
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Table 1 — Material specifications.

Material Material type Fibre Areal Binder
Orientation (°) density (g/m?) Presence
Reinforcement High strength/standard 0/90 565 Yes
modulus aerospace-grade 45/-45 548 Yes
carbon fibres 0/90 557 No
45/-45 540 No
Binder Thermoplastic resin = 8 =
Yarn Polyester = 6 =

contained the Epikote Resin 05311 binder, which is a ther-
moplastic polymer based on bisphenol-A and marketed by
Hexion Specialty Chemicals. The type of reinforcement, fibre
orientation, areal density, type and the presence of binder,
and the yarn used for the stitching of the layers are listed in
Table 1. For the bindered fabrics, the powder binder was
located only on the rear face of the fabric. Figure 1 shows
magnified images of each fabric, illustrating the presence or
absence of a binder on each face.

For the infusion process, SR 8100 epoxy resin and SD 8823
hardener were used (Sicomin Epoxy Systems). To remove any
bubbles from the resin, it was degassed for 24 h before being
injected into the preform, after which it was cured at room
temperature. The mixture was degassed in a pressure vessel
for 5 min. The resin viscosity at 25 °C was 785 + 155 mPa s, and
the gel time was set to 3 h 45 min [39].

2.2.  Experimental procedure

2.2.1. Preforming

Table 2 describes the laminates used in this study, each of
which consisted of 20 layers of carbon NCFs laminated in a
[45/-45/0/90]10 configuration, each measuring 150 x 150 mm.
The amount of binder in the bindered laminates corresponded
to 1.4% of the total weight. All cut and stacked specimens were
stored for at least 24 h to allow the release of the deformation
induced by the cutting process. Four different laminate con-
figurations were used. These were classified as unbindered
(No Binder (NB)) and bindered samples (Binder No Compacted

Unbindered Front

Unbindered Back

(BNC), Binder Compacted in one step (BC), Binder Compacted
in five steps (BCsg)). The terminology “steps” is used to
describe the process of preforming. One-step compaction in-
volves preforming a symmetrical laminate of 20 layers in one
step under vacuum and pressure; however, five-step
compaction means preforming the compaction of the lami-
nate every four layers up to a total of 20 layers, resulting in five
consecutive stepwise vacuuming and pressuring steps.

For BC and BCsg, the compaction temperature must exceed
the binder activation temperature. Hence, the glass transition
temperature (Tg) of the binder was determined using differ-
ential scanning calorimetry (DSC). The obtained value was set
to Tg =76 + 5 °C at 10 °C/min. Thus, 110 °C was applied in the
compaction experiments to ensure complete softening of the
binder.

The systematic preforming experiments were conducted
using hot drape forming (HDF) equipment (Global Vacuum
Presses), provided with a 2 mm flexible silicone membrane,
suitable for the application of vacuum pressure (1 bar) over a
wide range of temperatures. The binder was thermally acti-
vated using the heating resistances.

In line with the results of previous studies [23,28], to
characterise the influence of the preforming process on
laminate thickness, the experiments were divided into two
main stages: compression and recovery. Compression entails
compaction (under 110 °C and vacuum pressure for 2 h) and
settling (under 25 °C and vacuum pressure, until stabilisation
is attained), whereas the recovery stage includes decom-
paction (where the vacuum pressure is released) and

Bindered Back

% #
RO g

Fig. 1 — Magnified images of carbon fibre NCFs, displaying front and rear faces of the unbindered and bindered samples.
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Table 2 — Sample description and preforming conditions for hot drape forming (HDF).

Class ID Laminate Description Compression conditions
Steps Temperature (°C)
Unbindered NB No Binder 1 25
Bindered BNC Binder No Compacted = =
BC Binder Compacted in 1 Step 1 110
BCss Binder Compacted in 5 Steps 5 110

relaxation. All the experiments were performed using flat
specimens to eliminate the influence of the fabric shear
behaviour. Figure 2 illustrates the thickness monitoring
response.

2.2.2. Infusion process

For the infusion process, each fibre preform was placed be-
tween a rigid lower mould half and a vacuum bag functioning
as the upper mould half. In this study, three different resin
flow directions (Zgown, Zup, XYZ) were tested. Figure 3 shows
the vacuum infusion setup. For the infusions in the Z-direc-
tion, the process was based on the Airbus VAP® process [34].
The resin flow direction was controlled by a semipermeable
microporous membrane, which was placed upwards and
downwards in the infusion vacuum bag configuration, indi-
cated as Zyp, and Zgown, respectively. The semipermeable
membrane was Dahltexx® SP-2 (Airtech). For the in-plane and
through-thickness directions, the process was based on the
SCRIMP™ process. The resin was transferred to the XYZ plane
without a semipermeable membrane. Nonetheless, a small
piece of the membrane was placed over the vacuum port to
prevent the entrance of the resin.

After the preparation of each vacuum bag configuration, all
the laminates were kept under a pressure of 1 bar for 30 min to
avoid possible relaxation of the specimens [40] and to promote
the settlement of the fibres [20]. Span pressure sensors (Festo)
were used to monitor the leakage of pressure during the
process.

The flow behaviour and curing of the resin/hardener
mixture were monitored using dielectric analysis, in which
the ionic viscosity data were obtained using a DEA 288 Epsilon
dielectric analyser (Netzsch) equipped with specific sensors
for carbon. The flow behaviour during the entire infusion was
monitored in situ by introducing disposable dielectric sensors
into the bottom (Zaown and XYZ) or top (Zp) of each laminate.

Dielectric analysis (DEA) can be used to analyse the curing
behaviour of composites by applying a voltage from an elec-
trode sensor placed in contact with the matrix resin. The time-
varying voltage was applied over a wide range of frequencies
(1 kHz, used in the present study). The change in the ampli-
tude and phase angle shift in the signal relative to the applied
voltage was measured and used to calculate the dielectric
properties of the resin, such as dielectric constant (permit-
tivity), dielectric loss factor, ionic conductivity (o), and ionic
viscosity (p), that is, the electrical resistivity. As the resin
changes from a liquid to a solid, the amount and mobility of
charged ions both decrease because of the growing molecular
network. The electrical resistivity or ionic viscosity (p) is
calculated directly as the inverse of the conductivity (o) of the
resin using the following relationship: p = 1/0.

DEA involves measuring changes in the dielectric prop-
erties of a material by using an impedance analyser over
many frequencies. Dielectric cure monitoring is sensitive to
the mobility of ions and the rotational mobility of dipoles on
a polymer molecule in the presence of an electric field [41].
The experiments were conducted using disposable interdig-
itated electrode sensors (IDEX) inserted directly into the
vacuum infusion configuration, as described in the previous
section. In the present study, the resin curing behaviour was
monitored according to the evolution of the ionic viscosity
over time.

2.3. Characterization techniques

The thickness of the carbon fibre laminates was measured
using a laser displacement sensor. The experimental setup
consisted of a laser displacement sensor (Sick), with a
measuring range of 300—700 mm and a wavelength of 658 nm
and a thermocouple (Tc Direct), where controlled by a pro-
grammable controller (PLC) (B&R) connected to a computer.
Data acquisition was performed at 1 s intervals and exported
every 10 min. Figure 4 shows the compression and recovery
stage setup.

The fibre volume fraction (FVF) of the specimens was
determined by acid digestion according to the protocol
described in the ASTM D3171-15 standard [42], using nitric
acid 69% ACS ISO (Panreac®). The resin (p,) and composite (pc)
densities were calculated using the immersion method
described in UNE-EN ISO 1183—1:2019 [43], set at a constant
value of 1.18 g/cm? for the resin. For composite densities,
there was a variation in the value depending on the condi-
tions. The volumetric density of the fibre was provided by the
supplier (1.77 g/cm®). The experimental porosity (V,) was
calculated using Eq. (1) according to UNE-EN 2564:2018 [44].

Vo =100 — | W2 + (100 — W) 2 (1)
Ps Pr

where Wy is the fibre content by mass, obtained by acid

digestion; p, ps, and p, are the densities of the composite, fibre,

and resin, respectively.

X-ray computed tomography (CT) was used as a non-
destructive method. CT allows us to obtain images of the
interior of the whole part and observe possible changes in the
density as an indicator of the existence of defects. To do this, a
General Electric X-Cube Compact machine was used. Defects
in the reconstructed object were qualitatively analysed using
VGStudio MAX 3.4 software using the porosity and inclusion
analysis module. The maximum voltage and current of the CT
system were 195 kV and 8 mA, respectively. The focus size was
0.4/1 mm.
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Fig. 2 — Thickness response during compression and recovery stages as a function of time [23,28].

Voltage and current are the most influential input pa-
rameters affecting the scanning quality. Taking this into
account, the voltage was set to 192 kV whereas the tube
current was adjusted to be high enough to minimize the
exposure. The tube current was 2 mA and the exposure
time, 100 ms. The homogenisation of the photon energy of

the beam was performed through the combination of 1-mm
copper and 0.5-mm tin filters. All scanned samples were
scanned under the same scan conditions and orientations
into the machine. The resulting voxel size was 152 pm. The
samples were fixed in a 3-jaw chuck and loaded into the
machine as shown in Fig. 5.
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Fig. 4 — Thickness monitoring using laser displacement sensor.

3. Results and discussion
3.1. Preforming process: compression and recovery
stages

The effect of compaction and the presence of binder on the
carbon NCF laminate thickness were studied in the preform-
ing experiments by measuring the thickness using a laser
displacement sensor. The reproducibility of the results was
investigated by examining five samples of each laminate (NB,
BNC, BC, and BCsg) in parallel. The error bars represent the
standard deviation of five samples belonging to each laminate
group. Figure 6 is an overview of the thickness variation dur-
ing compaction, settling, decompaction, and relaxation as a
function of time. The thicknesses of the studied laminates at
all stages are listed in Table 3. Note that, for the compaction,
two different temperatures were employed: a high tempera-
ture (110 °C) for activating the binder in the BC and BCss
samples, and room temperature (RT = 25 °C) for NB and BNC,

Fig. 5 — Sample to be scanned into CT machine.

that is, the unbindered and unmelted bindered samples,
respectively. For the BC and BCsg samples, the compaction
stage lasts 7200 s, which is the time required to heat the
samples to 110 °C and reach a stable temperature. Therefore,
provided that the compaction pressure is the same for all the
samples, the binder activation temperature has more influ-
ence in the compaction behaviour rather than the number of
compaction cycles or steps exerted, for instance, for BCss
laminates. Irrespective of the number of plies, different
settling times were achieved depending on the preforming
process, which is the preferred strategy responsible for the
major compaction and settling times. The settling time was
defined as being dependent on the nature of the reinforce-
ment, that is, depending on the presence or activation of the
binder system.

The initial thickness of the NB laminates (16.28 + 0.36 mm)
was slightly greater than those obtained for the BNC, BC, and
BCss laminates (16.07 + 0.38, 16.05 + 0.5 and 16.03 + 0.52 mm,
respectively). The initial thickness was measured after the air
removal. This process consisted of a 5-min pressurisation
with a silicone membrane at 1 bar and RT. The slight differ-
ence between the NB laminate (without binder) and the other
laminates (with binder) is due to the tacky nature of the
binder, which lightly affixes one layer to another, giving rise
to laminates with less thickness when the pressure is
released.

When pressure (1 bar) and heat (110 °C) were applied, the
thickness decrease was similar in the BC and BCsg laminates
and lower for the NB and BNC laminates, with BNC exhibiting
the smallest decrease. Binder activation in the compaction
step at 110 °C under a vacuum leads to the re-organization of
the fibres, which is facilitated by the lubricating effect of the
melted binder [45]. The BNC laminates exhibit less of a
reduction because of the inactivated layer of the binder, which
hinders the reorganisation of the fibres [27,28].

The settling stage is the time required to avoid thickness
variations under a vacuum at RT. Table 3 shows that the
thicknesses at the settling stage are slightly lower than those
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at the compaction stage in all the laminates, but the time
needed to achieve these thickness values was higher in the
BNC laminates than in the rest of the laminates (Fig. 6),
because of the viscous nature of the unmelted binder. Com-
pressing carbon NCFs at RT [40], preform thickness may still
decrease with time because of the viscous behaviour as the
pressure is constant. In the settling step, laminates are more
compressed because fibres and tows slide into each other and
stack more freely, creating a nesting effect, and the defor-
mation behaviour is mainly viscous [23]. Nevertheless, the
reduction in thickness in all the studied samples did not
exceed 2% between the compaction and settling stages,
making the settling stage avoidable in terms of manufacturing
process.

In the recovery stage (decompaction and relaxation), the
NB and BNC samples recovered most of their initial thick-
ness due to the lack of or inactivation of the binder system,
provoking the freedom of the fibres or tows to continue
relaxing over time. In the relaxation step of the BNC sam-
ples, the change in the thickness was higher than in the
remainder of the laminates, this being attributable to the
inactivated powder binder in the NCF layers, which con-
tributes to increasing the viscous effects in the relaxation
process. On the other hand, the thicknesses of BC and BCsg
recover less than 1 mm, displaying dimensional stability due
to the activation of the binder during compaction at high
temperatures.

The preforming experiments show that the compression of
a fabric preform is time-dependent under a constant load
(under a vacuum), and by extending the compression and
recovery stages to several hours, a steady state of carbon NCF
laminates can be achieved. Regarding the NCF laminates, the
results indicate that, regardless of the number of compaction

steps to which the laminates are subjected, as long as the
binder activation temperature is overcome under vacuum
pressure, fully compressed laminates are obtained. The
settling stage defines the steady-state thickness of the spec-
imen, which is set as the initial thickness before resin infusion
for dry NCF laminates.

3.2. Infusion and post-infusion processes

3.2.1.  “Effective” permeability and curing analysed by DEA
Figure 7 shows as an example BNC composite part after resin
infusion following the three flow directions (Zgown, Zup, and
XYZ) at RT. Incomplete fillings were found in all the laminates
(NB, BNC, BC, and BCss) after being infused in the XYZ direc-
tion, which simulates the SCRIMP process. A previous study
found that the resin flow on the surface is mainly governed by
the permeability of the distribution medium [35]. In the pre-
sent study, the main difference between the XYZ and Z di-
rections is the use of the semi-permeable membrane.
According to Li et al. [35], through-thickness resin infusions
lead to a lower resin wastage, more uniform thicknesses, and
fibre distribution, whereas in the SCRIMP infusion process, the
location of the vent and the permeability of the reinforcement
are critical, and could result in incomplete fillings.

With the XYZ resin infusion direction, the composite part
filling occurs when the inlet line is closed and the excess resin
present in the mould flows toward the reinforcement and the
outlet, where the pressure equalisation takes place and the
infusion is completed. The outlet is closed after gelation of the
resin when the flow is no longer possible. The lack of filling is
notonly related to the resin viscosity, but also to the vacuum of
the entire system. Given that the process can take several
hours (the gel time of the resin is greater than 2 h at RT), if there

Table 3 — Thicknesses and standard deviation of studied laminates at all stages.

Thickness (mm)

Stage

NB BNC BC BCss
Initial 16.28 + 0.36 16.07 + 0.38 16.05 + 0.50 16.03 + 0.52
Compaction 10.73 £ 0.15 11.31 £ 0.21 9.81 +0.24 9.76 + 0.25
Settling 10.61 +0.17 11.13 £ 0.21 9.77 £ 0.24 9.71 £ 0.26
Decompaction 14.97 £ 0.74 14.34 + 0.58 9.97 + 0.24 10.04 + 0.33
Relaxation 15.37 +£ 0.67 15.35 + 0.49 10.12 + 0.20 10.17 £ 0.30
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Fig. 7 — Top and bottom surface of infused BNC specimens at RT for the three studied flows (Zgown, Zup; and XYZ).

is any leakage of the vacuum in the vacuum bag set-up, dry
spots are likely to occur. Nevertheless, the VAP® process pro-
vides a uniform pressure throughout the process, implying
that the VAP® is a more robust filling process capable of
manufacturing composite parts with a greater thickness and a
low risk of dry spot formation. Hence, to ease fibre impregna-
tion in the in-plane and through-thickness directions (XYZ),
the viscosity of the resin was modified by raising the temper-
ature to 40 °C to enable the manufacture of fully wetted parts.

Figure 8 shows the resin arrival time as a function of time,
represented by the logarithms of the ionic viscosity at 1 Hz for
all the infused samples and flow directions. Data were ob-
tained from the opening of the resin inlet to the arrival time of
the resin to the detector, which is located on the opposite face
to that of the resin inlet in the middle of the preform (see
Fig. 3).

The arrival of the resin was detected because of the drastic
drop in the logarithm of the ionic viscosity value, compared to
that of the free carbon fabric. It is characterised by the onset of
a drop. Owing to the resin and air having different dielectric
constants, the dielectric sensor enables the measurement of
the resin arrival as the capacity changes. Several studies not
only reported the use of embedded optic fibres to monitor the
resin infiltration in the composite reinforcement [46,47] but
also used dielectric measurements to validate the optic fibre
data [48]. Table 4 lists the resin arrival times.

The time values at the drop indicate the time required for
the resin flow to travel from the vessel to the detector, which
could be regarded as being an “effective” permeability mea-
surement, defined as the average in-plane and through-
thickness permeability value without accounting for the
change in the thickness during the filling process [49]. This
characterisation method ignores the change in the volume
fraction and assumes that the permeability remains constant
as the flow propagates.

Table 4 shows that the time required for the resin to travel
from the inlet to the detector of the BNC laminates for the
Zaown flow direction is higher (195 s) than that for the NB, BC,
and BCss samples (120, 80, and 100 s, respectively). This

indicates that the presence of an unmelted binder between
the carbon fibre layers hinders the resin flow. This is in good
agreement with the results of previous studies [S50]. Even
though it has been reported that soluble binders can increase
the resin viscosity and prevent the filling of the mould [51], in
the present study the compatibility of the employed binder
and the resin was found to improve the “effective” perme-
ability of the laminates. The times obtained for the bindered
melted laminates such as BC and BCss (80 and 100 s, respec-
tively) are lower than those for the NB laminates (120 s). Table
4 also summarizes that the times required for the resin to
travel from the inlet to the detector for the NB and BNC lam-
inates infused with the Z,, flow direction are significantly
lower than those obtained for the NB and BNC laminates
infused with the Zgown flow direction. This “effective”
permeability difference could be a consequence of the
different configuration set-ups for the Zjown and Z;, flows.
Figure 3 shows the Zgown configuration setup, where the dis-
tribution mesh is in contact with the vacuum bag, and the Z,;
configuration setup, where the distribution mesh is in contact
with the metallic mould. For the Z4own flow, the vacuum bag
could penetrate the unit cells of the distribution media under
external pressure. This penetration significantly changes the
overall permeability of the system [52]. This effect does not
occur when the surface in contact with the distribution mesh
is a rigid surface; therefore, in this case, the permeability of
the distribution mesh is higher. This effect is not so clear
when comparing BC and BCss laminates with the Zgown and
Z,p flows because of the lower permeability of the compacted
laminates.

Finally, the “effective” permeability in the XYZ direction of
all the laminates was found to exhibit similar orders of
magnitude as for that for the Z-direction resin infusion, even
though the viscosity of the resin was lowered by the resin
infusion at 40 °C, except for the BNC (Zgown) infusion. The in-
plane and through-thickness “effective” permeability are
caused by different mechanisms, as reported by Drapier et al.
[53], whereby the through-thickness permeability of the non-
crimp stitched fabrics was dominated by gaps created around
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Fig. 8 — Logarithm of ionic viscosity from resin inlet opening to reaction start.

the stitches. This suggests a high sensitivity to the continuity
of the gaps through the specimen thickness, but no sensi-
tivity to the actual fibre arrangement. Hence, the through-
thickness direction is set as the preferential resin flow path
(path of least resistance), where the resin flow presents less
hindrance.

Fig. 9 a), b), and c) show the curing behaviours of all the
laminates with the different resin flow directions. The reac-
tion conversion is assumed to be 0% when the ionic viscosity
is a minimum, and 100% when the ionic viscosity is constant.
Thus, based on the ionic viscosity curves, the time-dependent
curing degree [«(t)] of the composite parts was calculated
using Eq. (2), where 7, is the ionic viscosity at time t, 7, is the
initial viscosity of the resin, and 7, is the maximum ionic
viscosity of the resin [54], to examine the curing behaviour of
each sample.

a(t) = (log n, —log n,) / (log n,, — log 7,) 2

Hence, laminates formed with the XYZ flow direction
require 30,000 s to reach 100% curing, whereas with the Zgown
and Z,, flows, total curing is achieved after 36,000 s. This
curing time acceleration with the XYZ flow direction is a result
of the increase in the temperature during the resin infusion. In
addition, Fig. 9 d) shows the reaction kinetics calculated from

Table 4 — Arrival time at detector for all laminates and all

three studied flows.

Time from inlet to detector (s)

Laminate

Zcstasorn Zup XYZ
NB 120 + 6 16 +3 140 + 8
BNC 195 +7 18 +3 120 +7
BC 80 +4 65+ 3 115+ 7
BCss 100 + 5 95+ 7 115+ 5

the slope of the curves. Comparing the reaction slopes for the
Zgown and Z, flows, there are no marked differences in the
kinetics of the resin reaction among the different laminates
(NB, BNC, BC, and BCss) to determine the existence of different
reaction kinetics due to the presence or absence of binder,
unlike what was observed for other types of reactive binders
[55,56].

3.2.2. Thickness control

Figure 10 displays the laser pattern for the thickness mea-
surement and the thicknesses for all the infused laminates
(NB, BNC, BC, and BCsg) for the Zgouwn (a), Zup (b), and XYZ (c)
flow directions, before and after infusion. The thicknesses
before infusion correspond to the values obtained after
settling to avoid the relaxation effects of the laminates, as
explained in the experimental section related to the infusion
process. Figure 10 shows the sample thickness change from
the dry laminate (after settling) to the composite part (after
infusion) as a function of the resin infusion flow direction. For
the BC and BCss laminates, the degree of compaction achieved
in the settling process was lost after infusion in all the studied
flow directions. For the no compacted laminates, i.e. NB and
BNC, the thickness of the composite part increased with Z,,
(4%) flow direction, given the higher permeability caused by
the flatness of the distribution media, which allows achieving
a higher permeability. Consequently, there is an increase in
the final thickness of the composite part.

Owing to the use of the VI process, the resin flows through
the fabric preform to relax the fabric, reducing its compaction,
which increases its permeability. This dynamic change in the
fabric permeability influences the resin flow patterns. Thus,
the compaction of the fabric preform and the mould filling
physics are coupled. Analysis of this behaviour allows us to
conclude that the use of the same infusion flow direction the
final thickness of the composite part do not depend on the
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configuration.

previous compaction process, and the presence of the binder
does not affect the thickness, as long as it is melted.
Comparing the flow directions used in the infusion process,
the minimum thickness variation was obtained when Zgown
flow was used.

From a manufacturing point of view, direct lamination of
unbindered NCFs, for no complex geometries, will result in a
cost-effective process in that the fibres can settle directly
under the vacuum bag, thus saving time and energy.

b)

11,5 1

~ 11,0 { %

g

3 A

2 105

4

s

=<

2

£ 100 1 i Zup

I ANB
9,5 1 EBNC
BC
®BCys

9,0

After-Settling After-infusion

3.2.3. Fibre volume fraction
The fibre volume fraction (FVF), void content, and thicknesses
of the different composite parts are shown in Fig. 11. The
manufactured composite parts, that is, five samples of each
laminate group, were gathered depending on the resin infu-
sion flow direction.

Zaown resin infusion displays little deviation from
the nominal fraction of 60% [57], which was set as the nominal
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Fig. 10 — Upper Left: Thickness pattern laser measurement. Thickness results for all infused laminates (NB, BNC, BC, and
BCss) in the Zgown (a), Zyp (b), and XYZ (c) flows, before (after settling) and after infusion.
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components. Higher FVF, porosity values, and thicknesses
were obtained for the Z,, and XYZ resin infusion flow di-
rections. Excess FVF decreases the mechanical properties of
the composite owing to the lack of space for the matrix to fully
embed and bond with the fibres [58]. In this case, not only are
the FVF of the Z,, and XYZ flows higher, but also the dimen-
sional analysis of composite parts has higher thicknesses,
which indicates that the manufacturing processes lead to the
formation of voids, as can be observed in the void content
results. In other words, thicker laminates have to present a
lower FVF, because more resin infiltrates into the preform,
whereas in this case, there is a greater thickness but a higher
FVF. This points to the porosity of the composite part. In
accordance with the literature [59], higher fibre contents and
larger porosities are related to the rapid flow of the resin in the
infusion process, which generates cavities (inter-tow and
intra-tow porosity) throughout the thickness of the sample.
High levels of porosity in composite materials have been
recognised as a serious problem, with a figure of 2% being
accepted as the nominal acceptance threshold for many
composite components [60,61]. Nevertheless, it must be
considered that acid digestion of the different samples was
performed on a small sample (dimensions, 10 x 10 mm,
Fig. 11) over the entire composite part. Hence, the experi-
mental results obtained from acid digestion were extracted
from discrete portions of the composite parts, which might
not be representative of the entire sample volume. X-ray
computed tomography (CT) was used to obtain more
comprehensive information on the internal structures of the
fabricated parts.

3.2.4. X-ray computed tomography (CT)

Defect analysis of the samples can be automatically carried
out due to each voxel having a grey value intensity that cor-
responds to the material density [62]. To quantitatively
determine the volume and distribution of the pores, the
VGEasyPore defect detection algorithm was used. This algo-
rithm is based on the relative or absolute definition of the
minimum local contrast of the pores. All the porosity analyses
were performed using the VGEasyPore algorithm. This
approach identifies regions as defects based on the local grey
value of the material in relation to a specified local contrast

threshold and can detect defects that are connected to the
surrounding air. In contrast to the other defect detection al-
gorithms, the VGEasyPore algorithm provides the possibility
of calculating certain defect properties with subvoxel accu-
racy [63].

The objective of this analysis is to complete the results of
porosity obtained by acid digestion by analysing the disper-
sion of the porosity over the volumes of the samples. First,
each sample was scanned as a whole. Subsequently, two re-
gions of interest (ROIs) were defined for each sample to obtain
both porosity relative values and deviations.

Figure 12 shows computed tomography (CT) images of the
manufactured NCF composite parts where a general view of
the scattering and location of all the pores can be seen. The
pores are highly heterogeneously distributed through the
volumes of all the samples. For defect segmentation, the
VGEasyPore algorithm was applied in relative mode, which
determines the regions that belong to a defect on the basis of a
relative contrast threshold (percentage of the material grey
value). The selected value was 20%, which means that all
those zones with a contrast difference greater than 20%
compared to their surroundings are considered to be defects.

Furthermore, the overall closing option was selected,
which allows us to include defects that are separated by the
determined surface from the material. The air grey value was
automatically selected. To specify the search area around
each voxel for determining the contrast, the local area size
was adjusted to 10 voxels [64].

From a qualitative point of view, the 3D-CT views show
that the porosity is highly heterogeneously distributed over
the horizontal plane, which cannot be detected by acid
digestion. Moreover, in the CT cross-sectional images, the
detected pores are located depending on the resin-feeding
strategy, as shown in Fig. 3. In both the Zjown and Zy, flow
directions, pores were located according to the resin inlet
configuration. In the XYZ-infused samples, the pores are more
homogeneously distributed and mainly located in the middle
of the part, in line with the resin pathway in the in-plane di-
rection. Figure 13 shows detailed CT images of an ROI for a BC
sample. The porosity is mainly located in the centre of the
sample, specifically, in the part of the resin, as shown by the
circles drawn following the fibre directions.
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Fig. 12 — Examples of different porosity distributions in all laminates for the three studied flow directions. In the examples,
each laminate is viewed as a 3D angled view and the corresponding CT slice image (below). In each CT slice, the detected

porosity is highlighted in blue.

From a quantitative point of view, and to better interpret
the number of pores present in each studied sample, Fig. 14
represents the pore distribution diagrams for a given volume
of each manufactured composite.

Note that the porosity distributions in the samples are not
homogeneous; therefore, analysing each sample as a whole,
the porosity distributions seem to be coherent with the acid
digestion results, resulting in Zdown composite parts having
lower pore distributions over the full volume.

To determine the porosity heterogeneity along the hori-
zontal plane, ROI 1 and ROI 2, described in Fig. 15, were defined

by analysing the 2-mm thickness of the top and bottom sur-
faces of the composite parts.

The numerical results, calculated according to Egs. (3) and
(4) are shown in Fig. 16, where the mean value of porosity
obtained from both ROI 1 and ROI 2 is normalised for each
sample. The porosity distribution was provided by the stan-
dard deviation.

—X

Mean value(%) = X = -100 (3)
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Deviation values up to 140% can be found in the Z,p, Zgown,
and XYZ infused directions. Moreover, in line with the quali-
tative results, the porosity level for the Z,, configuration is
mostly located in the lower part of the infused laminate,
whereas for Zgown, the pores are mainly in the upper part of
the sample, following the resin inlet lines. The XYZ infused
flow direction appears to produce the most homogenous
pattern in terms of porosity distribution, namely, in the NB
and BNC samples, owing to the lack of hindrance resulting
from the previous dry laminate compaction step. The porosity
difference between the Z-direction and XYZ flow configura-
tions can be explained by the internal air being evacuated
during the infusion process. In the Z-direction, the air is
evacuated through the semipermeable membrane, where the
generated volatiles escape through the membrane layer.
Nevertheless, because of the rapid resin infusion observed in
the Z,, flow direction, cavities (inter-tow and intra-tow
porosity) [59] were generated throughout the thickness of
the sample.

4. Summary and conclusions

In this study, the effects of carbon fibre laminate preforming,
resin infusion direction, and porosity distribution in the
manufacturing process were evaluated by dimensional anal-
ysis, dielectric analysis, acid digestion, and X-ray computed
tomography (CT). The porosity distribution was detected by
CT tests conducted on resin-infused samples and quantified
using the VGStudio MAX software. Given the results of this
study, the following conclusions can be drawn:

e The forming results show that carbon non-crimp fabric
(NCF) laminates are more compressed in the settling step
because fibres and tows slide into each other and stack
more freely, creating a nesting effect, and the deformation
behaviour is mainly viscous. Regardless of the number of
compaction steps to which the laminates are subjected, as
long as the binder activation temperature is overcome
under vacuum pressure, fully compressed laminates are
obtained. The settling stage defines the steady-state
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consequence of the different configurations set in the

Zgown and Zyp flows. The placement of the distribution
mesh influences the functionality. In the Z4own configura-

the distribution mesh is in contact with the vacuum
bag, which could lead to the penetration of the vacuum bag

tion,

[Caliper 9: 4.500 mm|

into the unit cells of the distribution mesh under external
pressure. This penetration changes the overall “effective”

permeability of the system. In the Z,, configuration, the

Fig. 15 — ROI 1 and ROI 2 definition for each manufactured

composite part.

distribution mesh is in direct contact with a rigid surface,

and its functionality remains unchanged. This effect does
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Fig. 16 — Mean porosity and standard deviation percentage for ROI 1 and ROI 2 in each sample.

not occur when comparing BC and BCsg laminates in the
Zaown and Z,, flows because of the lower permeability of
the compacted laminates. The results show that the com-
posite parts manufactured using the Zgown configuration
have the lowest thickness values.

e Characterisation techniques such as acid digestion and X-
ray tomography allow the assessment of the quality of the
composite parts. This last technique makes it possible to
visualise the porosities in composite parts with different
resin-filling strategies. The through-thickness downward
infusion, Zaown, presents benefits through the evacuation
of air/volatiles and thickness tolerances of the final com-
posite parts. Regarding the heterogeneity of the infused
samples, deviation values of up to 140% were found in the
Zaown, Zup, and XYZ infused directions. For the Z-direction
resin infusion strategies, most of the pores were located on
the surface of the composite parts. In the in-plane XYZ
infused flow direction, the porosity distribution is more
homogenous in NB and BNC laminate configurations
because of the ease with which the resin can flow along the
fibres.
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