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Hoy en dia, la fabricacion de piezas de material compuesto mediante procesos que no requieren autoclave
esta ganando importancia, debido a la reduccién de grandes inversiones iniciales y costes recurrentes.
Entre estas tecnologias, se encuentra la consolidacion de preimpregnados disefiados para fuera de
autoclave (O0A) mediante bolsa de vacio (VBO) y un horno industrial, lo que permite la fabricacién de
piezas estructurales de alta calidad sin la necesidad de autoclaves. Estos preimpregnados no estan
completamente impregnados, creando unos canales dentro de los mazos de fibras, los cuales permiten
evacuar el aire del interior o los volatiles generados durante el ciclo de curado.

El objetivo de este trabajo se enfoca en entender y explicar la distribucion espacial, los mecanismos de
formacion y de transporte de poros durante la consolidacién de preimpregnados OoA mediante el método
de VBO. Este trabajo incluye estudios paralelos llevados a cabo mediante tomografia de rayos X (XCT) en
3D, para determinar los factores mas relevantes en el proceso de extraccion de aire en laminados de
material compuesto producidos manualmente (HLU) y mediante un sistema de posicionamiento automatico
de fibras (AFP).

Se efectué un gran desafio, que consistio en monitorear de manera precisa la evolucién de la porosidad
durante el curado del material, algo que no se ha hecho hasta ahora y mucho menos mediante una técnica
visual en 3D. Esta combinacién de monitoreo de la dindmica de la evolucion de los poros mediante XCT en
laboratorio y tomografia sincrotrén (SXCT) a diferentes resoluciones durante el proceso de curado,
proporcion6é una comprension profunda del proceso de evacuacién de poros, creando una estrategia para
el posterior desarrollo de materiales O0A.

A study of the factors influencing air removal in Out-of-Autoclave
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processing of composites

Nowadays, manufacturing of composite parts using out-of-Autoclave (O0A) processes is gaining
importance because it allows a reduction of initial investments and recurring costs. Among these
technologies, the consolidation of out-of-autoclave prepregs using vacuum bag only technologies (VBO) is
proven to provide high-quality composite structural parts without the need of autoclaves. Oo0A prepregs are
designed to be semi-impregnated creating engineered channels within the tows to evacuate internal air or
volatiles generated during the cure cycle.

The aim of this work is to understand and explain the void formation mechanisms, their spatial distribution
and transport mechanisms during the consolidation of OoA prepregs using vacuum bag only methods. This
work includes parallel studies carried out using X-ray computed tomography (XCT) to determine the most
important factors for air removal process in laminated composites produced by hand lay-up (HLU) and
automated fiber placement (AFP).

A big challenge is the accurate monitoring of the evolution of porosity during composite curing, which has
not been done so far and even less with a 3D visual technique. This combination of monitoring the
dynamics of pore evolution by laboratory XCT and synchrotron tomography (SXCT) at different resolutions
during a cure process will provide a profound understanding of the pore evacuation process which is
strategic for the further development of O0A materials.
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1 Introduction

Nowadays, manufacturing of composite parts using out-of-
Autoclave (Oo0A) processes is gaining importance because it
allows a reduction of initial investments and recurring costs.
Among these technologies, the consolidation of out-of-
autoclave prepregs using vacuum bag only technologies
(VBO) is proven to provide high-quality composite structural
parts without the need of autoclaves. OOA prepregs are
designed to be semi-impregnated creating engineered
channels within the tows to evacuate internal air or volatiles
generated during the cure cycle.

A major point in HLU laminates is related with debulking
methods. An incorrect debulking will produce an excess of air
entrapped between the plies in the fresh state, interply
porosity, that lead to an important number of voids after curing.
In HLU laminates, most of the interply voids are adequately
transported to the evacuation channels, but many of them
remained arrested. To avoid the high void content detected in
HLU, the best alternative is to use automated layup methods,
and in particular, automated fiber placement (AFP). However,
laminates prepared by AFP containing interleaves by either
particles or veils showed some inefficiencies in the voids
extraction mechanisms as compared with the standard one.

Based on this idea and in order to facilitate the process, raw
OO0A prepregs are manufactured in such a way that tows are
partially impregnated by the resin. These dry areas are
designed to serve as evacuation channels for voids and
volatiles during curing of the laminate. After the voids are
released and evacuated towards the venting gates of the
vacuum bag, the resin flows into them closing and providing a
high-quality composite panel.

The porosity is one of the more detrimental defect in composite
laminates. For aeronautic applications, the typical void content
should be less than 1 to 2% in the case of primary structures.
According to several studies, e.g. [1,2], porosity has a negative
impact on fracture toughness, compression strength, inter-
laminar and in-plane shear strengths, and essentially, in all
matrix-dependent properties. Theories of nucleation and
growth of voids are discussed in the literature in detail
[3,4,5,6], although there is not a clear consensus of the main
causes leading to void development. The main sources which
trigger voids formation and growth in composite parts can be
classified as: entrapped air, volatiles and Moisture.

A theory of evolution of voids during the OO0A prepreg
consolidation process is shown in Figure 1 [7] including the
lay-up, vacuum bagging and final cure stages. Initially, all the
voids correspond to the evacuation channels created in the
OO0A prepreg, porosity between two adjacent layers and small
voids in the space between two adjacent tows. During vacuum
bagging and debulking, most of the interply voids are
compressed while the evacuation channels remain open.
Finally, during curing, the remaining voids are conduced to the
evacuation channels that finally closed prior to the gelation of
the resin producing an almost void-free laminate.

The void transport mechanisms presented previously are
effective while the viscosity of the resin remains low. The time
slot where viscosity remains at minimum values during the
cure cycle is known as processing window. Once the curing

reaction is triggered, the resin viscosity increases impeding the
correct movement of the voids, entrapping them within the
composite. Such voids can be finally classified as:

Intra-tow: Voids located within the fiber tows.

Inter-ply: Voids that are generated from entrapped air during
stacking and lay-up operations.

Within resin: These voids are located within the resin pockets,
due to the volatiles/moisture or entrapped air.
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Figure 1. Cross section of tows, representing the air/void and resin
evolution in a prepreg in three different stages of the consolidation
process: Layup, bagging, Vacuum hold and heated cure [7].

1.1  Objectives

The overall goal of this work was the investigation of void
formation and transport mechanisms occurring during
consolidation of laminates made up with out-of-autoclave
prepregs using vacuum bag only conditions. Although IM7/M56
prepreg is commercially available, there is a consensus in the
scientific literature regarding the lack of knowledge of the exact
void forming and transport mechanisms in prepregs and
especially in OoA prepregs. This is, in addition, more evident
when dealing with new generations of prepregs containing
interleaves (to enhance mechanical properties and interlaminar
toughness) in the form of veils and particles that will act as
barriers and obstacles to the normal transport of the voids.

X-ray tomography has been used as a powerful tool to inspect
voids in composite materials produced using O0A prepregs.
The ability of the technique to isolate and track individual voids
allows a detailed characterization of the void population in
terms of spatial distribution, shape and total content. We have
developed novel experimental techniques to track individual
voids during the curing of the prepreg for the first time in the
literature and was considered as a very powerful technique to
optimize composition of materials as well as the fiber
architecture prior to complex and expensive experimental
campaigns.

2 Materials and

techniques

experimental

The composite panels used in this work were manufactured
from unidirectional UD IM7/M56 prepregs (HexPly). The raw
material is a commercially available prepreg and was supplied
by Hexcel (Duxford, UK). IM7 is a PAN (Polyacrylonitrile)-
based intermediate modulus carbon fiber for structural
applications, while M56 is a resin specially designed by Hexcel
to provide superior properties of the consolidated prepregs
with low void content as a primary requirement for out-of-
autoclave techniques. Figure 2 shows a scanning electron
microscopy image of the cross section of unidirectional
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IM7/M56 prepreg clearly showing partially impregnated tows
and resin rich regions. Fiber direction is perpendicular to the
image.
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Figure 2. Scanning electron microscopy image of the cross section of
unidirectional IM7/M56 prepreg.

Reinforced prepregs contained either polyamide (PA) particles
or veils at the interface with the intention to increase the
interlaminar toughness and impact properties of the laminates.
Figure 3 shows a Cross sections of the prepreg reinforced with
particles (IM7/M56P) in the fresh state. Partially impregnated
tows are visualized as well as the presence of particles
surrounding fiber tows. In addition, the Figure 4 shows a 3D
image of the fresh prepreg sample with surface veils
(IM7/M56V).

Figure 3. Cross sections of the IM7/M56 prepreg in the fresh state
containing particles (image resolution 1.6um).

Figure 4. XCT 3D image of the fresh IM7/M56 prepreg sample with
surface veils (image resolution 1.6um).

Several quasi-isotropic laminates made of HexPly M56
prepregs of 400x400mm? size containing 24 plies ([+45/0/-
45/90]3s) were prepared using two procedures: standard hand
lay-up (HLU) and automated fiber placement (AFP) which was
carried out at the National Composite Center (NCC, UK).

Some of the panels were partially cured to visualize the
residual void content at a semicured state. The cure cycle of
the individual panels was interrupted at the points of the cure
cycle highlighted in Figure 5a. The dynamic viscosity evolution
of the M56 neat epoxy resin across the cure cycle is shown in
Figure 5b. The minimum viscosity level of nmin = 10Pa‘s is
obtained after point t,. The degree-of-cure a through the cure
cycle is also plotted for comparison purposes. Point t; was
placed at the beginning of the first dwell to allow the resin
viscosity to decrease, thus providing the necessary resin
mobility to allow pore evacuation. Points t, and t; were
selected according to the dynamic resin viscosity profile to
study laminate microstructure during the period in which the
resin viscosity remains at minimum value, called processing
window. Lastly, point t4 was selected at the end of the second
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heating ramp to study the transition from low to high viscosity.
A vacuum release to 0.5bar was applied at t,.
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Figure 5. a) Cure cycle for IM7/M56 prepreg supplied by Hexcel. The
points (1, t2, ts and t4) corresponding to the semicured panels b)
Dynamic viscosity n(t) of the neat epoxy resin across the cure cycle.

The main disadvantage of this procedure was that the
sequentially cured laminates study had to be carried out using
different panels. To better understand the porosity evolution
and the transport mechanism in the CFRP laminate during the
consolidation process an in-situ device was developed. For the
design of the in-situ tomography curing system it was
considered that the coupon should be processed under the
same conditions than the large laminate, i.e. following the
same temperature profile. In addition, the system should allow
sample rotation to acquire the projections necessary for
tomographic reconstruction and the furnace container should
be transparent enough to avoid excessive X-ray absorption.

The samples for the in-situ experiments were fabricated by
stacking unidirectional OoA standard and reinforced prepregs
produced by HLU and AFP. Different stacking sequences were
used to study their influence as well as the laminate thickness,
and prepreg orientation with respect to the vacuum port.

The dimensions of each specimen were 10mm width by 20mm
height and thicknesses from 1mm up to 6mm (depending on
the lay-up configuration). Then, the miniaturized samples were
bagged in a vacuum bag with a piece of breather tissue placed
between the sample and the vacuum connection and cured
following the specified cure cycle. The post curing (second
dwell) was removed since the high resin viscosity prevent its
flow after the second dwell. During curing a set of 10 to 20
tomograms were acquired for each coupon during the cure
cycle. Figure 6 shows the sample configuration for the in-situ
experiments and the 3D design of the crucible.

AY__WE- 8
led—»

Vacuum bag sealed

Figure 6. a) Sample bag configuration for in situ curing experiments.
b) 3D design of the crucible with the sample and the vacuum port.
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The in-situ system should be portable to take it and install it in
any appropriate synchrotron beamline. Figure 7 shows a
schematic representation of the design and its requirements.
The system installed in the tomograph is shown in Figure 8.

Thermoelectric
resistance

Air line in — Out of hot air
Sample

It is subjected to
vacuum pressure

Vacuum line

Figure 7. Schematic representation of the in-situ system.
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Figure 8. In situ curing system installed in the lab tomograph.

Several experiments were carried out in lab tomography and in
Synchrotron X-ray Tomography (SXCT) lines: TOMCAT
beamline [8] of the Swiss Light Source (SLS), P05 beamline [9]
of PETRA Il at DESY and EDDI beamline [10] at BESSY Il in
Helmholtz-Zentrum Berlin.

3 Results

3.1 Sequential curing of O0A laminates

The coupons extracted from the center of the panels were
inspected by XCT. The qualitative visualization of the evolution
of the intraply and interply voids through the entire cure cycle,
fresh, ti, tp, t3, t4 and fully cured conditions, in the HLU and
AFP laminates is shown in Figure 9. Initially, most of the
porosity was classified as intraply corresponding to the air
evacuation channels. This porosity disappeared during the
impregnation phase in the first dwell of the cure cycle up to
point to. The air path closure process was slightly more efficient
in the case of the AFP laminates than HLU ones. In HLU,
some voids were still present in the evacuation channels for t,
while in AFP laminates, they were completely filled by resin. As
mentioned previously, the volume fraction of air paths was
slightly lower in the AFP laminates than HLU and this could be
possibly the reason for this effectiveness.

The evolution of the laminate porosity through the entire cure
cycle in the HLU and AFP laminates is presented in Figure 10,
including the interply, intraply and total porosity. Interply void
removal in AFP laminates was highly effective and almost all
voids disappeared after t;. In the case of HLU, interply void
evolution was notably similar to the previous case but diverges
in amplitude after the point t; of the second heating ramp. This
effect was previously attributed to a combination of
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temperature increase in the second ramp with a vacuum
pressure partial release that may allow expansion of entrapped
pores. In both cases, the final porosity after the cure cycle was
not the minimum recorded which was located in the final first
dwell t,.

Intraply Voids  Interply Voids Intraply Voids Interply Voids
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Figure 9. Sequential tomograms of the 20x20mm? specimens
extracted from IM7/M56 [+45/0/-45/90]ss HLU and AFP at different

stages.
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Figure 10. Interply, intraply and total void content evolution during the
cure cycle obtained from XCT tomograms: a) HLU, b) AFP

Regarding the reinforced prepregs, the intratow void removal
was also very effective in laminates with particles and
evacuation channels were completely filled after point t;.
However, the high value of the porosity detected by XCT is
attributed to the high content of voids arrested by the presence
of the particles that remained from the initial state and were not
guided to the evacuation channels. In addition, the initial
interply porosity in laminates interleaved with veils was higher
than the laminate with particles and this effect was attributed to
the open fiber network structure of the veil that is able to
accommodate more air entrapments. However, after
consolidation, all these values were considerably lower.

3.2 In-situ curing of O0A laminates

For the HLU IM7/M56 samples, the in-situ inspections were
carried on samples with different stacking sequence, namely
[90/90/90/90], [0/90/90/0Q], [+45/0/-45/90]s and [+45/0/-45/90]ss.
Figure 11 shows cross sections of a thick laminate HLU
IM7/M56 laminate with [+45/0/-45/90]ss stacking sequence,
and the 90° direction is perpendicular to the image. The
tomogram was acquired at the TOMCAT beamline. It shows
that the dry tows do not begin to close until the first dwell and
get fully infiltrated until the end of the second ramp. Even
more, some microporosity remains in the tow. Interply porosity
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undergo the same evacuation mechanism as described before
and some movement artifacts are observed during the first
dwell when the resin viscosity is at its minimum values. The
tows were the last to close, providing the necessary
evacuation channels for the interply porosity. This indicates
that the prepreg system and the kinetics of the resin are
adequate, as well as the level of pre-impregnation in the
prepreg.

Figure 11. Tomographic (SXCT) cross sections through the 90°
direction of HLU laminate IM7/M56 [+45/0/-45/90]ss at different stages.

The projections of four plies and its interply porosity through-
the-thickness direction and from the side of the same laminate
is shown in Figure 12. Most changes of voids shape occur
during the second half of the first ramp. The spread pores
become more elongated following the directions of the tows
and they were extracted during the first dwell and part of the
second ramp. Figure 12 also suggests that largest pores are
the more difficult to be evacuated. Additionally, it is also
evident that the interply pores do not move at a constant speed
within the laminate during the curing process even in the case
that the resin viscosity is relatively constant during the dwell

m}s13, T=1504¢

Figure 12. Projections of a HLU laminate IM7/M56 [+45/0/-45/90]zs at
different stages trough-the-thickness direction including four plies.

The total evacuated porosity value (defined as the percentage
of pores evacuated with respect to the initial state) obtained by
integration of the curves is shown in Figure 13.
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Figure 13. Intraply and interply porosity distribution along the relative
thickness position in the HLU laminate IM7/M56 [+45/0/-45/90]3s at
different points during the cure cycle

In reinforced AFP laminates, the particles, however, act as a
bridge in the interface and preclude that the applied vacuum
pressure reduces the pore volume. Even more, rather than
migrating, the pores remain in their original position as the
particles block their path and higher pressures are necessary
to make them move in the interface. Pore movement towards
the evacuation channels was hardly observed (Figure 14).
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Figure 14. Projections of an AFP laminate IM7/M56P [+45/0/-45/90]ss
at different stages trough-the-thickness direction including the two plies
(90°/45°),

Since the veil system only have the interleaves at the surface,
the infiltration mechanism of the dry tow is more similar to the
material without interleaves. The interface between two plies,
however, behave more similar to the system with particles. The
veil located at the interface increase the sample surface
thickness and form and interconnected network of non-straight
fibers as it is shown in Figure 15. Due to the veil, the prepreg
interface contain certain roughness which preclude stacking
the material avoiding leaving porosity at the interfaces, even if
it is done using AFP systems.

Figure 15. Segmentation of the interply voids and veil in one interface
of an AFP laminate IM7/M56V [+45/0/-45/90]zs at different stages.

4 Conclusions

The analysis of void evolution using XCT of semicured
laminates helped to understand the different mechanisms
competition and provide very good estimations of the porosity
evolution during the cure cycle. However, tracking individual
voids was not permitted as the analysis was carried out
between different samples cured at different stages of the
cycle. To overcome these limitations and track the evolution of
individual voids, a novel experimental device was designed
and fabricated. This helped to investigate the in-situ evolution
of voids during the consolidation of laminates processed by
VBO using XCT. The applicability of the in-situ measurement
system has been validated at the laboratory scale tomography
and also by using synchrotron x-ray radiation working perfectly
in both cases providing very valuable results. The mechanisms
of void transport was totally consistent with the previous
observations using semicured specimens. For the very first
time, tracking the evolution of void transport was carried out in
OO0A prepregs, although the technique can be extrapolated
easily to other ranges of temperatures and cure cycles.

Two different lay-up processes were used, hand lay-up (HLU)
and Automated Fiber Placement (AFP). Porosity in cured HLU
laminates was mainly interply very dependent on the layup
configuration, debulking procedure and cure cycle. Cured
specimens had low overall porosity value (= 2%), but strongly
fluctuating at the local level. The evolution of the porosity
observed in semicured samples was consistent with results
found in the literature. Also, the thermal characterization of
materials, prepregs and neat resin, was consistent with the
cure cycle definition.

AFP laminates presented excellent final quality although the
initial population of voids was significantly different which was
attributed to tow slitting process during fiber deposition. The
pathways in reinforced laminates worked perfectly, since the
intratow porosity was completely removed after consolidation
and the evacuation channels were almost closed at the end of
the first dwell. However, AFP laminates containing
thermoplastic particles presented high content of both, interply
and intertow voids in the final cured stage.

In-situ experiments of curing process, the developed technical
equipment and the methodology developed in this work is an
excellent tool for the evaluation of new material systems were
only small amount of material is necessary to study the curing
process.
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