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Influence of prepreg parameters
on the interlaminar consolidation
of fiber reinforced thermoplastic
laminates manufactured by
vacuum-bag-only process
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To better understand the influence of the prepreg parameters such as surface
roughness, fibres/matrix distribution (e.g. presence or absence of pure matrix
layer on the prepreg surface) and initial matrix crystallinity, two different carbon
fibres/Poly-Ether-Ketone-Ketone prepregs are used to fabricate unidirectional
laminate by Vacuum-Bag-Only (VBO) process. By an in-situ monitoring set-up,
the laminate thickness and the temperature difference along the thickness
direction are measured throughout the consolidation cycle. The quality of
laminate is assessed in terms of interlaminar shear strength and void
content. A finite element model has been developed to describe the
intimate contact establishment by the deformation of surface roughness
between the glass transition temperature and the melting temperature of
the matrix. In particular, the model takes into account the real profilometer
data and the variable Young's modulus of matrix in terms of temperature and
crystallinity. Finally, the high influence of the matrix crystallinity degree and the
surface roughness on the intimate contact phenomenon is highlighted.

KEYWORDS

intimate contact, thermoplastic composite, VBO, crystallinity, prepreg roughness,
interlaminar consolidation

1 Introduction

In the aeronautic sector, the use of thermoplastic composites for aircraft design is
constantly growing. In addition to their good mechanical properties such as toughness
and impact resistance, their short manufacturing cycle and the possibility of melt welding
give them a lead on their thermoset counterparts such as carbon/epoxy composites
(Stewart, 2011; Costa et al., 2012; Marsh, 2014; McIlhagger et al., 2015; Soutis et al., 2020).
All these properties represent major advantages to face up the rising production volume in
the aircraft sector. Moreover, high performance thermoplastic polymers are required for
the composites adopted by the aeronautic industry, such as Poly-Ether-Ether-Ketone

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmats.2022.1035427/full
https://www.frontiersin.org/articles/10.3389/fmats.2022.1035427/full
https://www.frontiersin.org/articles/10.3389/fmats.2022.1035427/full
https://www.frontiersin.org/articles/10.3389/fmats.2022.1035427/full
https://www.frontiersin.org/articles/10.3389/fmats.2022.1035427/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2022.1035427&domain=pdf&date_stamp=2022-11-23
mailto:florence.saffar@onera.fr
https://doi.org/10.3389/fmats.2022.1035427
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2022.1035427

Saffar et al.

(PEEK) or Poly-Phenyl-Sulphide (PPS) which offer higher
environmental resistance (Schuhler et al, 2018), (Dubary
et al, 2017). In this context, Poly-Ether-Ketone-Ketone
(PEKK) is attracting great interest as a promising alternative
to PEEK, because it offers a better temperature resistance owing
to a higher glass transition temperature, while it has a similar
manufacturing condition because of the same range of melting
temperature as that of PEEK (Hsiao et al., 1991; Gardner et al.,
1992; Krishnaswamy and Kalika, 1996; Wypych and Wypych,
2016; Choupin, 2017; Tadini et al., 2017; Choupin et al., 2018; Li
and Strachan, 2019; Judovits, 2020).

with these the
manufacturing methods should also be improved to respond

In parallel material developments,
to the economic and technical challenges of the aeronautic sector.
For the present, the autoclave process is still the principal
manufacturing route to produce aeronautic composite
structures with high fibre volume fraction and low void
content (Lystrup and Andersen, 1998), (Patou et al., 2019).
However, this manufacturing method is expensive and
extremely energy consuming, especially due to the high
pressure required for the consolidation process. Besides, the
maximum product size is limited by the autoclave size which
determines the equipment purchase and maintenance costs. For
all these reasons, new consolidation ways such as thermoforming
(Sadighi et al, 2008; Chen et al, 2011; Wang et al,, 2013;
Akkerman et al., 2015; Guzman-Maldonado et al., 2016;
Margossian et al., 2016), overmoulding (Akkerman et al,
2020), (Liebsch et al, 2019) automated tape placement with
in-situ consolidation (Qureshi et al., 2014; Stokes-Griffin and
Compston, 2015; Bandaru et al,, 2019; Engelhardt et al., 2019),
tape winding (Tannous et al., 2016), vacuum-bag-only (VBO) or
out-of-autoclave (OoA) process (Ijaz et al., 2007), (Saffar et al.,
2020) have been developed and investigated.

In particular, vacuum-bag-only process offers many
advantages in terms of usage, design and adaptability. In this
manufacturing route, composite laminates are consolidated at
very low pressures (<1 bar). Even if a good consolidation quality
can be obtained by this process (Saffar et al., 2020), the influence
of a reduced pressure on the interlaminar consolidation
phenomena (intimate contact (Loos and Dara, 1987; WooLee
and Springer, 1987; Cassidy and Monaghan, 1994; Butler et al,,
1998; Yang and Pitchumani, 2001; Khan et al.,, 2010; Levy et al,,
2013; Schaefer et al., 2017; Celik et al., 2020), autohesion or
healing (WooLee and Springer, 1987), (De Gennes and Georges,
1981; Mantell and Springer, 1992; Laméthe et al., 2005; Régnier
et al., 2005; Mulye et al., 2020), melt flow (Barnes and Cogswell,
1989; Groves and Stocks, 1991; Stanley and Mallon, 2006; Picher-
Martel et al., 2017), crystallisation (Ijaz et al., 2007), (Guan and
Pitchumani, 2004a; Guan and Pitchumani, 2004b; Tierney and
Gillespie, 2004; Dorr et al., 2019; Martineau et al., 2019)) is still
not fully understood.

In this context, industrial prepreg materials for OoA
processes have been developed in order to ensure good
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TABLE 1 Characteristic temperatures of PEKK matrix.

Tg (C) 155
Tm ('C) 335
Tee ('C) 180-230
Tc (C) 250-310

Tg: Glass transition temperature.
Tm: Melting temperature.

Tcc: Cold crystallisation temperature.
Tc: Crystallisation temperature.

mechanical properties of a final laminate in spite of the weak
consolidation pressure. Some particular features for such
thermoset prepregs are the presence of voids evacuation paths
(Kratz and Hubert, 2013; Kourkoutsaki et al., 2015; Levy et al,,
2015), a sudden decrease of the matrix viscosity above a precise
temperature (Kim et al., 2014), a high transverse permeability in
the through thickness direction (Grunenfelder et al., 2017;
Schechter et al.,, 2018; Schechter et al., 2020) and the use of
partially polymerised matrix (Shin et al., 2019). Contrary to the
development of these thermoset prepreg materials, the criteria for
Oo0A thermoplastic prepreg that ensure a good interlaminar
consolidation under low pressure have not been totally identified.

The objective of this work is to investigate the influence of
prepreg parameters such as prepreg surface roughness and
the
phenomena during low pressure consolidation processes such

matrix  crystallinity on interlaminar  consolidation
as VBO or OoA processes. In this work, two different carbon
fibres/PEKK prepreg materials that are designed for autoclave
consolidation processes are compared. So far, the intimate
contact establishment has been predicted by analytical models
assuming the surface roughness as a rectangular shape, in the
literature (Loos and Dara, 1987; WooLee and Springer, 1987;
Butler et al, 1998). The shape of the real prepreg surface
roughness is, however, far from being rectangular. This
oversimplification may be one of the reasons for the
the the

experimental data. In this work, the real profile of surface

discrepancy  between model prediction and
roughness is used in the finite element modelling of intimate
contact using the material properties depending on the

temperature and the crystallinity degree.

2 Materials and methods
2.1 Two kinds of prepregs

2.1.1 General presentation

Two unidirectional continuous carbon fibres/Poly-
Ether-Ketone-Ketone (PEKK) prepreg materials (denoted
as Prepreg A and Prepreg B without denoting the grade
and the supplier for confidentiality reasons) from two
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FIGURE 1

Microscopic observations of prepregs ((A) Prepreg A (B) Prepreg B) and 16 plies UD laminate ((C) Prepreg A (D) Prepreg B) cross sections.
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FIGURE 2
Profilometric study of both prepregs (A) Prepreg A (B) Prepreg B.
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different suppliers were used. These prepreg materials are
different and
crystallinity of matrix, which are described in the

in terms of surface roughness initial
subsequent sections. The thermal properties of PEKK are
summarised in Table 1. Both of these prepregs have the same
matrix mass fraction (34%) and the same fibre areal weight
(145 gsm). A microscopic observation of the cross section of
these prepreg sheets are presented in Figure 1 which

underlines different fibres distribution, surface roughness
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and void content. No porosity was observed microscopically
in Prepreg A. On the other hand, the void content (i.e. void
area fraction on the prepreg cross section) of Prepreg B that
was evaluated by a thresholding method on Image] (https://
imagej.nih.gov/ij/), was around 7% (£3.2%). Moreover, in
the case of Prepreg B, a pure matrix layer without fibres is
found at each surface of the prepreg, while carbon fibres are
uniformly distributed along the cross section (even on the
surface) of Prepreg A.
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TABLE 2 Crystallinity degrees of three different prepreg samples.

Samples Crystallinity degree (evaluated
by DSC)

a (%): Quasi-amorphous prepreg 3

b: Initial prepreg 13

c: High-crystalline prepreg 31

2.1.2 Surface roughness
The surface roughness of the prepreg was analysed by a
(Mahr ~ MarSurf M400). The

measurement speed was 0.50 mm/s and the measurement

contact  profilometer
distance step was 0.4 um. The measurement was made in
the transverse direction to the fibres. The roughness of
both surfaces of each prepreg was measured and no
difference between the top and bottom surfaces was
observed. The prepreg roughness profiles are presented in
Figure 2. A periodic shape of roughness profile can be
observed for Prepreg A whereas such periodic shape is not
shown for Prepreg B. Moreover, there is a big difference in
terms of roughness height between the two prepreg materials.
The mean height of the surface roughness for Prepreg A is
around 3.5 um which corresponds to the radius of carbon
fibre. The mean surface roughness for Prepreg B is more than
twice greater i.e. about 7.5 pm. In particular, a pure matrix
layer without carbon fibres is present on the top and bottom
surfaces of Prepreg B, whereas carbon fibres are uniformly
distributed on the cross section of Prepreg A (see Figure 2).

2.1.3 Initial crystallinity of matrix

As the initial crystallinity degree of both prepreg materials
was similar around 13%, heat treatment was applied on the
prepregs to obtain different prepreg samples with three
(@),

intermediate crystallinity degree material (ie. initial as-

crystallinity ~ degrees:  quasi-amorphous  material
received prepreg without heat treatment) (b) and high-
crystalline material (c). The quasi-amorphous prepreg samples
were obtained by melting the initial Prepreg B at 360°C (around
Tm+25°C) during 15 min to erase the thermal history and to melt
crystallized forms. Then, they were quenched. The high-
crystalline prepreg samples were obtained by heating the intial
Prepreg B at 5K/min until 215°C that is in the range of the cold
crystallization temperature and keeping it at this temperature for
60 min. The crystallinity degree of all these samples was
evaluated by differential scanning calorimetry analysis. Table 2
summarizes the crystallinity degrees of these three samples.
The matrix crystallinity degree has a high influence on the
mechanical properties of the material (Xu et al., 2001; Blond
et al., 2014; Batista et al., 2016; Talbott et al., 2016; Armagan,
2020), and in particular its influence on the Young’s modulus was

studied by Choupin (Choupin, 2017) in the case of PEKK matrix.
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The Young’s modulus of PEKK rises with increasing crystallinity
degree at room temperature as well as at 180°C (around Tg +
25°C) as shown in Figure 3.

2.2 Manufacturing and monitoring
methods

2.2.1VBO consolidation with a one sided heating
plate

The laminates consolidation was performed by VBO
manufacturing. The chosen lay-up was a hand lay-up of
16 unidirectional layers. The prepreg stack was set under
vacuum bag which allowed to apply —995 mbar pressure
throughout the consolidation cycle. The heating set-up was
a heating plate monitored by Eurotherm apparatus and the
laminate was only heated by the bottom side. Currently, this
kind of one sided heating tool is employed in the aeronautic
industry to manufacture large structures to avoid the part size
limitation in the case of autoclave or heat oven heating
processes. For an industrial manufacturing of thick
structures, however, such a system may be adapted by
adding a superior heat source (as IR heat). Moreover, in
this this

monitoring described below. The applied temperature cycle

work, set-up allowed to ease the process
was a 5 K/min heating rate up to a temperature plateau at
360 °C. This plateau was maintained for 15 min and followed
by a free cooling.

2.2.2 Monitoring set-up

In order to monitor the consolidation phenomena, an
experimental set-up as described by Saffar et al. (Saffar et al,
2020) was used (see Figure 4). K-type thermocouples were placed
on the top and bottom sides of the laminates to measure
temperature difference through the laminate thickness during
the consolidation cycle. Digital image correlation (DIC) was
performed on the top surface of the laminate to monitor the
variation of the laminate thickness.

2.3 Assessment of laminate quality by
interlaminar shear strength (ILSS)

The interlaminar consolidation quality was assessed by
interlaminar shear strength which was evaluated by short
beam shear test. The mechanical tests were conducted on
Zwick/Roell Z010 with a load cell of 10 kN. The rectangular
sample dimensions were around 25 mm x 12mm with a
thickness of 2.35 mm. The radius of the two supporting
pins was 2mm and the radius of the loading pin was
5mm. The distance between the two supporting pins was
12mm. The displacement speed of the loading pin was
0.5 mm/min.

frontiersin.org
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FIGURE 4
Monitoring set-up.

2.4 Finite element modelling of intimate
contact

2.4.1 General presentation

The of
crystallinity degree on the interlaminar consolidation

influence surface roughness and matrix

phenomena was modelled by two dimensional finite
the
Comsol Multiphysics. The intimate contact establishment

element simulations using commercial software
between two adjacent prepreg sheets below the melting
temperature was simulated as a contact between an

extremely rigid flat plate and a deformable material with a
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Under the the
deformation of rough surface was calculated and the

rough surface. compacting pressure,
increase of contact surface was obtained. The challenge of
this the

contact points which led to a difficulty in the numerical

numerical  simulation  was multiple
convergence.

In order to simplify the model, only the mechanical
properties of the material were considered as a function of
temperature, whereas the heat conduction simulation was
not performed and the experimental temperature data
was implemented as the input data in the numerical

simulation.

2.4.2 Geometry and material properties

The numerical geometry of the model for both prepreg
materials are presented in Figure 5. The surface roughness
profiles of the prepreg in the numerical model corresponded
to the experimental data obtained by profilometric study (see the
aforementioned Section 2.1.2). Young’s modulus values of PEKK
were taken from the Choupin’s study for the three crystallinity
degrees: 3%, 13% and 31%. A step evolution of the Young’s
modulus between room temperature value and 160°C value in a
function of time (hence in a function of temperature, as the
temperature was changed with time according to the
consolidation cycle) was selected (see Table 3 and Figure 3).
This modulus evolution follows a sigmoid function with a 800 s-
transition zone.

2.4.3 Boundary conditions

Different boundary conditions were applied on the model
system (i.e. rigid plate and prepreg sheet). A roller condition
was applied on the bottom side of the prepreg and a
symmetry condition was imposed on the left side of the

frontiersin.org
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TABLE 3 Young's modulus for different temperatures and crystallinity degrees.

Young’s modulus value
under Tg (GPa)

Young’s modulus value
above Tg (MPa)

A: Quasi-amorphous material 3.35 8.00
B: Initial material 3.40 25.00
C: High-crystalline material 4.00 23.80
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FIGURE 6
Temperature gradient evolution during the consolidation cycle (A) Prepreg A (B) Prepreg B.

whole system. Symmetric conditions were also applied to
consider a prepreg half-thickness. Contact pair was created
between the rough surface of the prepreg and the bottom side

of the rigid plate.
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To reproduce the vacuum pressure condition, 1 bar pressure
was applied on the top side of the rigid plate. To achieve a model
convergence this load was applied according to a step evolution

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1035427

Saffar et al.

A 30 ’ 400
: BA—— o
29 : / 350 o
IR 4 300 3
B i =5 ,’/ 3 £
£ AR \ 250 £
E 27}t 3
8 iy : 200 £
¥ 26 / : & s
£ : \ 150 g
215 |l : 5
/ A:/\»"”'”/:\wvw N N 100 %
241~ : \\\ ey ®
i Tg +Tm
2.3 ' e ==
) 50 100 150 200 250
Time (min)
FIGURE 7

10.3389/fmats.2022.1035427

B 3o - 400
gy 1 5
2.9 \ /. 350
\ I S
g VAl \ 300 &
2 8
. | of K.
€ i, \ 250 €
E 27t oA Y 2
8 t|/ | 2008
S 26fifli N 2
2 7\ q \ =
£ /,:/ \/‘/\:\\\ \\ 150 o
2.5 Y BN N} 2
s ; \ . 100 ®
/i ; ]
/ Readl =
241 ) Megrrzrsead e 50 §
/ Tg ™ ~
2.3
0 50 100 150 200 750
Time (min)

Thickness evolution during the consolidation cycle (A) Prepreg A (B) Prepreg B.

3 Experimental results
3.1 Influence of surface roughness

It should be noted that the average temperature gradient was
obtained by dividing the temperature difference between the top
and bottom surfaces by the laminate thickness. Figure 6 shows a
similar thermal behaviour for both prepreg materials: a
significant decrease of the average temperature gradient at Tg
and a small drop at Tm. These two phenomena are respectively
associated to intimate contact phenomenon and to the flow of
molten composite (Saffar et al., 2020). The higher value of the
temperature gradient at Tg for Prepreg B can be explained by its
greater surface roughness and the corresponding greater empty
area between the neighbouring prepreg layers. The thermal
contact resistance at the interfaces between two adjacent
layers is more important for Prepreg B. Figure 7 presents the
laminate thickness evolution during the consolidation cycle for
both prepreg materials. At Tg a very different behaviour can be
observed for the two prepreg materials. In the case of Prepreg A,
the laminate thickness still increased above the Tg, while in the
case of Prepreg B the laminate thickness highly decreased by
around 12.5%. Until Tm the laminate thickness evolution of
Prepreg A was in agreement with the transverse thermal
expansion of the prepreg as described by Saffar et al. (Saffar
et al., 2020).

According to the profilometric study of Prepreg B, the mean
roughness height was 7.5um and the maximum roughness
height was 25 um which respectively represent around 8% and
28% of the prepreg half-thickness, respectively. On the other
hand, the mean and the maximum roughness height values of
Prepreg A represent around 4.5% and 7%, respectively. This great
difference of surface roughness between the two prepreg
materials and the presence of pure matrix layer on the surface
of Prepreg B can explain this opposite behaviour of the two
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prepreg materials at Tg. These hypotheses will be discussed in the
subsequent sections of modelling results and discussion.

The interlaminar shear strength of both prepreg laminates
was compared. For the same manufacturing condition, the
interlaminar shear strength of the laminate from Prepreg B
was around 17% lower than that from Prepreg A. The
microscopic images of the cross section of the consolidated
laminate (Figure 1-c-d) exhibit very different microstructures
between materials A and B. In the first case (i.e. Prepreg A), no
interface is visible between the adjacent layers on the lower
part (i.e. close to the heating plate) of the laminate. In the 12th
layers from the top, the void volume fraction was inferior to
2% and it reached 5% in the four top layers. Most of the voids
were located at the interface between adjacent layers. The
laminate from Prepreg B had a very different microstructure.
Pure matrix layers without carbon fibres separated the
neighbouring prepreg layers. Because carbon fibres were
unevenly distributed in Prepreg B, the clusters (i.e. like
tows) of fibres could be identified. Most of voids were
found among the fibres, whereas the void volume fraction
was almost the same value of around 4% through the thickness
direction in the laminate. This void volume fraction in the
final consolidated laminate is lower than that of the initial
prepreg before manufacturing. This implies that internal voids
can be removed during the OoA consolidation. Assuming that
the difference of ILSS values between the two materials
depends only on the voids, the ILSS value decreases by
around 4% for each increase of 1% of void volume fraction.
This order of magnitude is in agreement with the literature
results about the influence of void on the ILSS for thermoset
laminates (Olivier et al., 1995; Wisnom et al., 1996; Liu et al.,
2006; Liu and Chen, 2016). Nevertheless, the influence of pure
matrix layers at the prepreg surfaces on the interlaminar
consolidation quality should be investigated further in a
future work.
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3.2 Influence of initial crystallinity degree

The monitoring set-up followed the evolutions of the
laminate thickness and of the temperature gradient through
the thickness during the consolidation cycle of 16 UD layer of
quasi-amorphous, initial and high-crystalline Prepreg B
the
evolution for these three crystallinity degrees. The more
amorphous the matrix, the greater the variation of the
laminate thickness. The decrease of laminate thickness at

samples. Figure 8A presents laminate thickness

Tg was greater than 20% in the case of the quasi-
amorphous material. Moreover, for the medium-crystalline
(i.e. initial prepreg material without heat treatment) and the
quasi-amorphous prepreg, the laminate thickness variation
was much higher at Tg than at Tm. The influence of matrix
melt flow was smaller than the surface roughness flattening
during the intimate contact establishment.

Figure 8B presents the average temperature gradient
evolution for these materials. In the case of the high-
crystalline material, no temperature gradient decrease was
observed at Tg whereas significant change of the temperature
gradient was observed for medium-crystalline and quasi-
amorphous materials. At Tm, however, all three materials
exhibited a similar behaviour. The temperature gradient
decreased because the molten matrix filled the remaining gaps
at the interlaminar interface, which increased the contact surface
and decreased the thermal resistance. The higher value of the
temperature gradient at Tg of quasi-amorphous prepreg than
that of the medium-crystalline prepreg can be explained by the
slight surface roughness distortion during the quench step. The
interlocking of quasi-amorphous prepreg layers during the hand
lay-up was more restricted than that of initial prepreg stack.

The absence of the temperature gradient drop in the case of
the high-crystalline prepreg implies that there was no
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Influence of initial crystallinity degree on ILSS of final
laminates.

improvement of the thermal conductivity at the interfaces
Thus,
intimate contact was not established at Tg.

between the adjacent layers. for high-crystalline
materials,
Therefore, we can conclude that the surface roughness was
not flattened due to the high elastic modulus of crystalline
material or only amorphous molecules took part in
autohesion or healing process while migrating across the
interfaces.

The ILSS test results (see Figure 9) for these three laminates
revealed a similar interlaminar consolidation quality. This result
implies that the intimate contact can be completed by the molten
matrix flow above the melting temperature even if the intimate
contact is partial between the glass transition temperature and

the melting temperature. This result could be predicted by
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temperature gradient evolution which was the same for the three
prepreg materials above the melting temperature.

4 Modelling results and discussion

By taking into account the real profile of the surface
roughness of each prepreg, the 2D finite element model
computed the and the
corresponding change of the laminate thickness under a
compaction pressure of 1bar. It should be emphasized that
the intimate contact establishment has been modelled by the
viscous material flow of surface roughness above the melting

surface roughness deformation
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temperature in the literature. Nevertheless, it has been observed
in our previous work (Saffar et al., 2020) that the intimate contact
is built up between the glass transition temperature and the
melting temperature where the viscosity is too great to induce the
material flow. Hence, in this numerical simulation, the material
was regarded as a solid material whose stiffness was represented
by its Young’s modulus which depends on the temperature and
the crystallinity, and the deformation of surface roughness was
computed by finite element simulation. Hence, this numerical
model considered only the material deformation at Tg.

Figure 10 presents the comparison between the model
predictions and the experimental data of laminate thickness
variations at Tg of Prepreg B for three different crystallinity
degrees. The more amorphous the material, the more important
the thickness variation. These results underline that the greater
intimate contact at Tg can be explained by the low Young’s
modulus at the rubbery state for quasi-amorphous material.

For a crystallinity degree of 10%, the laminate thickness for
the two prepreg materials was predicted by the numerical
simulation. The result presented in Figure 11 show that the
deformation of Prepreg B was twice greater than that of Prepreg
A (see Figure 11). This result is in agreement with the
experimental data where a great thickness decrease happened
at Tg for Prepreg B while the laminate thickness increased for
Prepreg A. The model was able to predict that the surface
roughness deformation had a bigger impact on the laminate
thickness decrease for Prepreg B than for Prepreg A.
Nevertheless, the limits of the numerical model could also be
found by these results. Indeed, the model slightly underestimated
the thickness decrease for prepreg B by predicting a decrease of
8.2% while the experimental value was around 12.5%. This
difference could be caused by the presence of the matrix layer
at the surface of the prepreg. The material property was not taken
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on board by the model which could consequently consider a bi-
phase material to describe Prepreg B. Moreover, the thermal
expansion of the laminate should be taken into account by heat
transfer simulation. This model improvement would allow to
improve the thickness prediction. The numerical challenge is to
deal with many points of contact however, and to define the
mechanical and thermal properties of the interface between the
prepreg layers in a future work.

5 Conclusion and perspectives

This works focused on the influence of the prepreg

parameters such as surface roughness, fibre/matrix
distribution (i.e. existence or absence of pure matrix layer on
the prepreg surface) and initial crystallinity of matrix. The in-situ
monitoring of temperature difference and laminate thickness was
performed to obtain the experimental data of time-dependent
temperature gradient and laminate thickness.

It has been found that the surface roughness influences the
intimate contact phenomenon at Tg. In the case of very rough
prepreg surface, the intimate contact phenomenon of adjacent
layers can be detected by the laminate thickness variation while
for smooth surface prepreg the monitoring of the laminate
thickness will be insufficient to control the manufacturing
process. Only the temperature monitoring (temperature
difference or temperature gradient through the thickness)
permits the comprehensive understanding of the interlaminar
consolidation phenomena.

The influence of the initial crystallinity degree of matrix
was also examined. No temperature gradient decrease can be
observed at Tg for high-crystalline prepreg. Moreover, the
reduction of the laminate thickness at Tg becomes greater
with increasing amorphous parts in the matrix. These
experimental data and the proposed model highlight that
intimate contact phenomenon at Tg can only happen if the
material is amorphous enough. At this temperature the
intimate contact phenomenon is a consequence of the
deformation or flattening of the surface roughness
between adjacent layers owing to the matrix change from
its glassy state to rubbery state. Nevertheless, the final
interlaminar consolidation quality which was evaluated by
ILSS tests was similar for all the different crystallinity
degrees.

Owing to this analysis of the consolidation phenomenon,
optimal prepreg materials can be designed for OoA process, in
terms of the initial crystallinity degree of matrix. Indeed, this

parameter can be designed for triggering the intimate contact
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creation sooner or later. In this way, for high-crystalline prepreg
the intimate contact is delayed which allows to keep open
interlaminar channels where internal voids can be evacuated.
Many work perspectives can be considered. An
improvement of the intimate contact simulation can be
done by coupling a heat transfer simulation with the
mechanical deformation simulation which was presented
in this article. Moreover, a study of surface roughness
deformation linked to the crystallisation modelling would
improve the model predictions. The viscoelastic behaviour of
the matrix above Tg could be also considered whereas the
elastic model was adopted for the matrix property. Finally, a
study of internal porosity evacuation in a function of the
crystallinity degree and of the prepreg microstructure could
be helpful to select the optimal prepreg for vacuum-bag-only

applications.
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