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Abstract

Modeling the consolidation of fiber-reinforced thermoplastic composites at the part

level presents a formidable computational challenge due to the multi-scale nature

of the process. In this article, a method to bypass the multi-scale problem by

homogenizing the micro scale and describing the medium with characteristic

parameters is described. The model is intended for press molding of hybrid textiles

and considers a free-form plate with non-uniform thickness and can describe con-

solidation in three dimensions with some restrictions. 2D implementation in FEM

shows how in-plane matrix pressure gradients can arise in parts and cause fiber dis-

orientation. Experimental verification demonstrates that fiber disorientation arises

at the predicted location, and that defect size is proportional to matrix pressure gra-

dient. This novel consolidation model provides new insights, enables part and pro-

cess optimization, and paves the way for high-quality composite part production.

Highlights

• A consolidation model for press molding of hybrid textiles is presented.

• A method to extend consolidation models for complex geometry is presented.

• The origin of defect formation in complex geometries is explained.

KEYWORD S

consolidation, defects, fiber-reinforced thermoplastic, finite element analysis (FEA), press
molding

1 | INTRODUCTION

Hybrid textiles are intermediate materials used in the
production of fiber-reinforced thermoplastics. In these
materials, continuous reinforcing fibers and polymer
are mingled mesoscopically at the textile level. In the
case of side-by-side hybrid textiles, the reinforcing fiber
plies and thermoplastic plies are alternatively stacked

as shown in Figure 1. Hybrid textiles can be consoli-
dated with processes such as press molding or rapid
isothermal stamp forming. Recently, Reynolds et al.1

reported that stamp forming of hybrid textiles could
produce structural parts within a cycle time of only
330 s. If flexible thermoplastic plies such as veils are
used, the drapeability of the textile enables the produc-
tion of semi-complex parts.
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One of the key advantages of hybrid textiles is their
high design flexibility. Many parameters can be easily or
locally changed, including the orientation or textile archi-
tecture of each layer, the thickness of the thermoplastic
ply to influence the fiber volume fraction, and the addi-
tion of material in local areas. This allows the composite
properties to be tailored for specific applications, making
it possible to combine high performance with geometrical
complexity. In addition, using appropriate processes such
as rapid isothermal press molding could also keep the
cycle times competitive.

Despite these compelling advantages, the current lack
of a three-dimensional consolidation model has been a

major obstacle to their successful development and imple-
mentation. Defects, such as porosities caused by incomplete
impregnation or fiber disorientation resulting from in-plane
matrix flow, cannot yet be predicted. A three-dimensional
consolidation model would not only allow to predict of the
occurrence of such defects but also enable design or process
optimization in order to produce high-quality, defect-free
parts as shown in Figure 2.

The consolidation of fiber-reinforced composites
involves several physical phenomena occurring at the
micro, meso, and macro levels, such as matrix flow, ply
compaction, and bubble formation or collapse.2–4 All of
these phenomena have been extensively studied and are

FIGURE 1 Schematic

representation of a hybrid side-by-side

textile with a veil as thermoplastic ply.

(A)

(B)

FIGURE 2 (A) Representation of state-of-the art consolidation of hybrid textiles. For complex shapes defects such as depicted on the

right might occur. The consolidation model presented in this study enables the prediction of such defects. (B) Representation of an

optimized consolidation process where appropriate selection of the design and process parameters prevents defect formation.
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currently well understood.5–11 Several models have been
proposed for each phenomenon, usually these are valid
for specific materials and processes as these heavily influ-
ence the underlying effects. This implies that the validity
range of a consolidation model will be subjected to the
same limitations of the models describing the underlying
effects upon which it is built.

Regarding fiber movement, for instance, Schuler and
Advani12 found that the fiber-matrix continuum in unidi-
rectional plies behaves as a fluid transversally to the fibers.
If the flow field is not homogeneous, fiber-matrix flow can
cause fiber disorientation and waviness, which can signifi-
cantly alter the mechanical properties.13 Several authors
subsequently proposed models for fiber-matrix flow based
on the work of Schuler and Advani.14–17 However, the
fiber-matrix continuum does not behave as a fluid in the
fiber direction because the fibers restrict flow in that direc-
tion. Therefore, for woven textiles where fibers are ori-
ented in different directions along which they restrict
flow, the fiber-continuum cannot be described as a fluid in
any direction.12 Recent investigations by Hautefeuille
et al.18,19 suggest that for woven textiles there is a thresh-
old in matrix pressure gradient below which percolation
regime takes place and above which fiber-matrix flow
causing fiber disorientation occurs. Yet, models able to
predict fiber disorientation and its extent are still lacking.

Void formation is another material-dependent phenom-
enon: in thermosets composites volatiles are emitted as a
result of curing, which leads to the formation of bubbles.
Porosities can also result from incomplete impregnation or
from matrix shrinkage upon curing. Different models were
proposed to describe bubble formation and collapse in ther-
mosets, and are well established.10,11,20 In thermoplastic
composites voids can be created by entrapped air or by crys-
tallization shrinkage.21–24

Developing a three-dimensional consolidation model
is challenging, as the different effects influence each
other and the volume is not conserved as voids get filled
during impregnation. Therefore, simply adding the
models for the different phenomena taking place during
consolidation is not possible. Developing a full-scale sim-
ulation is also difficult due to the multi-scale nature of
the process, which represents a formidable computa-
tional challenge. Moreover, the complex interactions
between textile, matrix, and air at both the micro and
macro levels make their description difficult. While sev-
eral authors presented three-phase models either for
composite processing25,26 or earth science,27,28 these are
single-scale flow models that cannot consider the impreg-
nation of fiber bundles nor its influence on the matrix
pressure. Models that consider dual scale flow29,30 on the
other hand typically do not consider textile compaction
or the change of volume due to impregnation of fiber
bundles. Few authors proposed three-dimensional

consolidation models that took into account all of these
effects. Wysocki et al. attempted to model consolidation
with a two-phase continuum framework and entropy
inequality,2,3,31 a similar approach was followed by Rouhi
et al.32–34 In both cases, the difficulty to determine the
values of variables related to the entropy inequality equa-
tion make their implementation challenging in practice.

When it comes to models at the level of a unit cell,
however, a large body of work is available in the litera-
ture. These analytical models can be described as zero-
dimensional, in the sense that variations of properties or
parameters such as pressure or impregnation degree in
any direction cannot be considered. Therefore, potential
phenomena arising during consolidation and especially
for complex shapes, such as in-plane and through-
thickness material flow, are typically missing. Moreover,
the change of volume due to impregnation and the result-
ing textile deformation and compaction is usually disre-
garded in available consolidation models. Most of the
consolidation models at the level of a unit cell presented
so far focus on modeling matrix flow in fiber bundles to
predict impregnation degree and porosity.35–40 Jespersen
et al.41 a proposed one-dimensional consolidation model
in the through-thickness direction that can account for
matrix flow based on the work of Michaud et al.6,7,42,43

and Sommer and Mortensen,44 which model the impreg-
nation of a compressible fiber mat.

Most of the authors assumed that air could freely
escape the tow. Others, such as Bernet et al.5 in their
model about the consolidation of commingled yarns, intro-
duced a threshold during impregnation after which the air
gets entrapped. Rozant et al.36 considered that air was
trapped in the tows during the whole process in their
model about the consolidation of knits, but did not con-
sider dissolution. Several studies highlighted the difficulty
in obtaining full consolidation in fibrous reinforcement
due to internal voids.23,45 The experimental validation of
consolidation models presented by many authors shows
poor accuracy in predicting the voids of fully consolidated
composites. Yet, correct prediction of the final void con-
tent is relevant in composite production as it is detrimental
to mechanical properties.22,46

Recently, Werlen et al.47 proposed and validated a
model for the consolidation of hybrid textiles in which air
entrapment and dissolution within the tow is considered,
and demonstrated that it significantly influences consoli-
dation. The approach proved to be able to accurately pre-
dict porosity content, even in fully consolidated
composites with low void content. Yet, the model com-
plexity remains zero-dimensional and a three-dimensional
extension is desirable in order to simulate the consolida-
tion of complex-shaped parts.

In this article, the consolidation model recently pro-
posed by Werlen et al.47 is extended and implemented

WERLEN ET AL. 3
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three-dimensionally in a way suitable for finite-element
implementation and experimentally verified. The model
considers a free-form plate with changing thickness and
constant through-thickness properties and neglects any
textile deformation. Since draping usually takes place
before consolidation, the consolidation model presented
here could be used in combination with existing models
such as the one presented in.48–50

The consolidation model can predict parameters such
as fiber volume and porosity content locally in a three-
dimensional manner and takes into account in-plane
matrix flow, as opposed to most of the current models for
the consolidation of hybrid textiles. Additionally, the novel
homogenization approach allows to consider a change of
volume as a result of in-plane matrix flow and impregna-
tion. Compared to existing three-dimensional models, the
model has the advantage that parameters can be easily
identified through material characterization. The proposed
consolidation model can identify areas with elevated matrix
pressure gradients that are prone to defect formation. The
study demonstrates that matrix pressure and impregnation
degree in three-dimensional parts are non-uniform and
that pressure gradients can cause fiber disorientation, lead-
ing to defects whose magnitude is proportional to the maxi-
mum matrix pressure gradient during consolidation.

2 | APPROACH

In order to derive the constitutive equations for the three-
dimensional consolidation of thermoplastic composites, a
homogenization method based on a unit cell approach and
a consolidation model were adopted. While the consolida-
tion model proposed by Werlen et al.47 was selected for this
study, the methodology presented here is intended to be
more general and applicable to other models as well. This
homogenization method avoids the need for numerically
expensive full-scale simulations at both the macro and

micro levels. Instead, finite element analysis is performed
only on the homogenized medium at the macro level.
Despite this simplification, the state of the homogenized
medium remains well described by a set of descriptors, such
as the impregnation degree or the fiber volume fraction.

During consolidation, the medium at hand is a three-
phase mixture constituted of the liquid matrix, the solid
fibers, and air. At the beginning of consolidation, the
tows are dry and surrounded by completely molten poly-
mer which fills the inter-tow space. In the tows, an initial
quantity n0 of air is entrapped. The initial conditions and
assumptions regarding consolidation are the same as in
the consolidation model of Werlen et al.,47 where these
are stated in greater detail.

A free-form plate with non-uniform thickness, as
shown in Figure 3, is considered. It is assumed that all the
properties of the plate at the micro and mesoscopic scale,
such as fiber volume fraction, tow shape, or impregnation
degree are constant through thickness at a given time.

It is assumed that the tows are incompressible and
that there is no fiber disorientation during consolidation
while shearing of the textile plies is neglected. While the
model is strictly speaking not valid for consolidation with
fiber disorientation, the effect is local so it is safe to
assume that the effects on the consolidation at the part
level can be neglected. In addition, the three-phase mix-
ture is assumed to be deformable only in the normal
direction to the textile plane orientation. In a standard
press molding process the mold is closed only in one
direction, perpendicular to the overall in-plane direction
which is neither extended nor compressed.

A unit cell is considered here, which will be used to
derive the equations for the homogenized medium. The
unit cell is obtained by discretizing the free-form plate in
both in-plane directions to obtain trapezoids containing
the three-phase mixture with a number of portions of
tow as shown in Figure 3. The trapezoid has a width Δx,
a depth Δy, and a height h spanning the whole local

FIGURE 3 Example of a free-form plate with non-uniform thickness and constant through-thickness properties, which corresponds to

the geometrical complexity addressed by the model in this study. The part is discretized into unit cells that have a trapezoidal shape as

represented on the right, which contains a three-phase mixture consisting of air, fibers, and matrix. The inter-tow space is completely filled

with molten polymer, while the intra-tow space is occupied by matrix and air.

4 WERLEN ET AL.
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thickness of the plate since the plate is not discretized
through-thickness. Since the unit cell is a trapezoid,
h depends linearly on x and y in order to be able to capture
variations in thickness. The unit cell is constructed around
the reinforcing textile, and the z direction of either the unit
or homogenized medium is always normal to the local
plane formed by the textile. The unit cell has fixed width
Δx and depth Δy while the four edge heights can vary
according to the aforementioned assumptions. In-plane
matrix flow is allowed across the boundaries to reflect in-
plane matrix flow resulting from pressure gradient. How-
ever, no fiber crosses the boundaries as the unit cell is
centred around it.

3 | CONSTITUTIVE EQUATIONS

3.1 | Medium descriptors

The consolidation model is written based on volume frac-
tions formulation since a continuum formulation is sought.
The fiber volume fraction νf is defined as the ratio of the
volume of a given entity over the total volume. While the
matrix, gas and meso fiber volume fractions νm, νg, and νf
are defined over the unit cell volume, the tow fiber volume
fraction νf,tow is defined over the tow volume as expressed
through Equation (1). Thereby, the unit cell volume V, den-
sity ρ and massM are related through Equation (2):

νm ¼Vm

V
νg ¼Vg

V
νf ¼Vf

V
νf ,tow ¼ Vf

Vtow
ð1Þ

Mm ¼ ρmVm Mf ¼ ρf V f ð2Þ

where the subscripts f, m and g indicate that the property
is related to respectively fiber, matrix, or gas, and Vtow is
the space occupied by the tows, which includes the inter-
stitial space between the fibers. The different volumes
such as Vtow and Vg, refer to the sum of the volume of all
the portions of tows inside the unit cell and not a single
particular tow. The sum of the volumes of the different
phases add up to the total volume and it therefore holds,
by inserting Equation (1):

VmþVf þVg ¼V νmþνf þνg ¼ 1 ð3Þ

The tow impregnation degree is defined as the vol-
ume of impregnated tow Vtow,impr. divided by the volume
occupied by the tow Vtow:

ξ¼Vtow,impr:

Vtow
ð4Þ

It is assumed that void consists solely of the space
between the fibers of the unimpregnated tow, where air is
entrapped. Therefore, porosity and gas volume fraction are
equivalent and one can establish a relation for Vg and
describe νg by inserting Equations (4) and (1) as following:

Vg ¼ Vtow�Vtow,impr
� �

1�νf ,tow
� �

νg ¼ νf 1� ξð Þ 1�νf ,tow
� �

νf ,tow

ð5Þ

3.2 | Constitutive equations

Mass conservation is applied to the unit cell, shown in
Figure 3, to derive equations for the continuum. Consid-
ering that the fibers remain in the unit cell and have con-
stant density, one can write, using Equation (2):

∂Mf

∂t
¼ 0

∂ρf
∂t

¼ 0
∂Vf

∂t
¼ 0 ð6Þ

For the mass conservation of matrix the flux needs to
be taken into account, with constant matrix density ρm
and with Equation (2) it holds:

∂Mm

∂t
¼ ∂Vmρm

∂t
¼ ρm

∂Vm

∂t
ð7Þ

Equations (1), (3), (5), and (6) can be combined to
yield, as detailed in Appendix A:

∂νf
∂t

¼�νf
V

∂Vm

∂t
þν2f

1�νf ,tow
νf ,tow

∂ξ

∂t
ð8Þ

∂νg
∂t

¼ νg�1
� �

νf
1�νf ,tow
νf ,tow

∂ξ

∂t

� �
�νg
V

∂Vm

∂t
ð9Þ

To resolve the temporal change of matrix volume,
which is directly linked to the in-plane matrix flow,
Darcy's law51 is applied and the unit cell and discretized as
detailed in Appendix B. Inserting the result back in the
equations yields:

∂νf
∂t

¼ ν2f
1�νf ,tow
νf ,tow

∂ξ

∂t
�νf

η
=
!
K=

!
Pmþ=

!
hTK=

!
Pm

h

 !
ð10Þ

∂νg
∂t

¼ νg�1
� �

νf
1�νf ,tow
νf ,tow

∂ξ

∂t

� �

�νg
η

=
!
K=

!
Pmþ=

!
hTK=

!
Pm

h

 ! ð11Þ
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whereas K is a second order diagonal tensor with perme-
ability Kx and Ky in x and y direction, which depends on
the fiber volume fraction.4,52,53

K ¼ Kx 0

0 Ky

� �
ð12Þ

ξ¼R2
eq� r2

R2
eq

ð13Þ

3.3 | Consolidation model

In the following, the consolidation model proposed by Wer-
len et al.47 is implemented to resolve the temporal change of
impregnation degree ∂ξ

∂t. This model describes the impreg-
nation of an elliptical tow with semi major and minor axis
lw and lh by considering an equivalent round tow with
radius Reqv, radius to the flow front r as shown in Figure 4,
and similar impregnation kinetics. Because of the assump-
tions of homogeneous variables in the through-thickness
direction, all the tows inside an unit cell and their impreg-
nation kinetics are identical, therefore considerations about
a single tow can be extended to the whole unit cell. For
instance, the tow impregnation degree can be related to the
equivalent radius following47:

In the consolidation model proposed by Werlen
et al.47 the flow front behavior is described by resolving
Equation (14). Expressing ∂ξ

∂t on the basis of Equation (13)
and combining it with Equation (14) allows to obtain
Equation (15), as detailed in Appendix C:

r � ln r
Req

� �
∂r
∂t

¼Ktow PmþPc�Pg
� �
η 1�νf ,tow
� � ð14Þ

∂ξ

∂t
¼ �2Ktow PmþPc�Pg

� �
R2
eqη 1�νf ,tow
� �

ln
ffiffiffiffiffiffiffiffiffiffi
1� ξ

p� � ð15Þ

In this equation, Ktow is the tow permeability and Pm,
Pc, and Pg are respectively the matrix, capillary, and gas
pressure. All the assumptions, considerations and equa-
tions of the consolidation model, including those to

obtain Pm and Pg are described in detail in.47 In that pub-
lication, the capillary pressure Pc was considered small in
comparison with the elevated matrix pressure and
neglected, which is also the approach adopted here. The
tow fiber volume fraction is assumed to remain constant
here as it was found in other articles to have a weak
dependence on applied pressure.4,47 Since Equation (15)
results in an infinite rate of impregnation at ξ¼ 0, an
appropriately chosen small value ϵ has to be selected as
initial condition for numerical stability.

The tow permeability Ktow is largely influenced by the
tow fiber volume fraction, which depends on the applied
pressure. Therefore, one can model the tow permeability
as a function of the applied pressure despite the assump-
tion of a constant tow fiber volume fraction. By describ-
ing Ktow as a function of the applied pressure through the
function Atow �log10(Papp) + Btow and inserting it into
the model of Gebart53 for the permeability of unidirec-
tional reinforcements one obtains Equation (16), where
Rf is the fiber radius. More detailed informations are pro-
vided in Werlen et al.47

Ktow ¼ 16

9π
ffiffiffi
6

p R2
f �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π

2
ffiffiffi
3

p
Atow � log Papp

� �þBtow
� �s

�1

0@ 1A5
2

ð16Þ

The gas pressure of the entrapped gas is obtained on
the basis of the ideal gas law in Equation (17), thereby
the initial amount of entrapped gas n0λ is given by
Equation (18) and the variation of the amount of
entrapped gas _nλ is described through Equation (19).

Pg ¼ nλ �R �T
Atow � 1�νf ,tow

� � � 1� ξð Þ ð17Þ

n0λ ¼
Patm �Atow � 1�νf ,0 �νf ,tow

� �
R �T0 �νf ,0 ð18Þ

_nλ ¼�2 �π � r �G �D � Cs�C∞ð Þ � 1þ 1ffiffiffiffiffiffiffiffiffiffiffiffi
πDGt

p
� �

ð19Þ

lw
lh

Req r FIGURE 4 Schematic

representation of the equivalent

geometry. Reproduced with permission

from.47
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where Atow is the cross-sectional area of the tow, R the
ideal gas constant, T the temperature, n0λ the initial
amount of entrapped gas per unit depth in each tow, Patm
the atmospheric pressure, νf,0 the fiber volume fraction of
the textile stack at rest, T0 the temperature at the beginning
of consolidation, D the diffusion of air in molten polymer,
G the correction factor for diffusion in fibrous medium, Cs

the saturation concentration at the air-polymer interface,
and C∞ the saturation concentration at atmospheric pres-
sure. These three equations are taken from Werlen et al.,47

where they are described in greater detail.

3.4 | Boundary conditions

For the boundary conditions an infinitely stiff guided
mold is considered with an exact control system such that
the cavity height or applied pressure perfectly corre-
sponds to the prescribed one. This implies that the
change of cavity height hcav is the same everywhere in
the mold and the closing speed vclose is defined as:

vclose ¼ ∂hcav
∂t

ð20Þ

The closure rate of the mold will translate to the com-
posite and act as a boundary condition, but only if both
are in contact. Therefore, the local rate v at which the
composite thickness h changes reads:

v¼ ∂h
∂t

¼ vclose h¼ hcav
0 h< hcav

�
ð21Þ

The composite thickness h and cavity height hcav are
schematically represented in Figure 5A. The local change
of composite thickness is related to in-plane matrix flow

and impregnation, which results in the composite taking
up less space as the volume occupied by the gas phase is
reduced. In the unit cell, whose width Δx and depth Δy
are constant, simple geometrical considerations allow to
relate the change of volume and thickness as following:

V ¼Δx �Δy �h ∂V
∂t

¼Δx �Δy � ∂h
∂t

ð22Þ

Combining these equations as described in Appendix D
transforms Equation (21) into:

v
h
¼=

!
K=

!
Pm

η
þ

=
!
h

� 	T
K=

!
Pm

h �η �νf
1�νf ,tow
νf ,tow

∂ξ

∂t
ð23Þ

Within industrial manufacture mostly an applied
force Fapp is prescribed to the press and acts as boundary
condition. Equation (23) always holds true with the
aforementioned assumptions, therefore the closing speed
which will require the prescribed amount of applied force
is sought:

vclose j
Z Z

PmþPc�Pgð Þdxdy¼
Z Z

Pappdxdy¼Fapp

ð24Þ

Thereby, the mechanical equilibrium between applied
pressure Papp, matrix pressure Pm and textile stress
response σtex as described in Werlen et al.47 applies:

Pm ¼ Papp�σtex ð25Þ

In this article, no direct formulation to solve
Equation (24) is proposed. Instead, iterative optimization

FIGURE 5 Schematic representation of the mold containing an insert to produce a plate with changing thickness with dimensions in

mm (A, B) represents, respectively, the unconsolidated and fully impregnated state. (A) The meso structure of the hybrid textile already

collapsed and matrix completely fills the inter-tow space, as per the assumptions of the consolidation model. Because the void volume per

unit area is larger in the thicker part of the mold, at the beginning of consolidation only the thick part is in contact with the mold. The tows

are here shown schematically and the scale is not respected, as in the case study and in the experiments there are more layers of the glass

textile fabric.
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methods are used to find the value of vclose satisfying the
boundary condition.

Another boundary condition has to be defined at the
edge of the composite, where contact with the tool pro-
hibits any in-plane flow. Thus, the boundary condition at
the edges reads, assuming a perfectly sealed mold:

∂Pm

∂n
¼ 0 ð26Þ

Thereby, n is a vector perpendicular to the local
tool wall.

3.5 | Initial conditions

It is considered that the local amount of fibers and matrix
are known, and that at the beginning of consolidation
the tows are completely dry. The mold is manufactured
to match the geometry of the fully consolidated plate,
neglecting any in-plane matrix flow. The local height of
the composite can be formulated with Equations (27), as
detailed in Appendix E:

h¼N �MA
m

ρm
þN �MA

f

ρf
1þ 1�ξð Þ � 1�νf ,tow

νf ,tow

� �
ð27Þ

Where MA
M and MA

f are the local areal weight in a sin-
gle layer of respectively the matrix and the fibers, N is the
number of hybrid textile layers, and an impregnation
degree ξ of 0 and 1 is inserted to obtain respectively the
initial and final local plate thickness hstart and hend. The
initial fiber, matrix and volume fraction νstartf ,νstartm , and
νstartg at the beginning of impregnation read, as described
in Appendix D and assuming an impregnation degree ξ
of 0 at the beginning of consolidation:

νstartf ¼ N �MA
f

ρm �hstart
νstartm ¼ N �MA

m

ρm �hstart
νstartg ¼ N �MA

f

ρf �hstart
1�νf ,tow
νf ,tow

ð28Þ

4 | MATERIALS AND MATERIAL
CHARACTERIZATION

In this study, a quasi-unidirectional (UD) Leno glass fiber
woven fabric with an areal weight of 931 g/m2 provided by
Tissa Glasweberei AG and polypropylene (PP) BJ100HP

from Borealis were used. The PP was received in the form
of granulates and processed to 0.15 mm thick foils with a
Collin extruder to form a model material for investiga-
tions. The material properties are summarized in Table 1,
with values taken from Werlen et al.,47 where an extensive
material characterization is presented. Additionally, the
values of Henry's constant and the diffusion coefficient for
PP were taken from Sato et al.54 The areal weight of a
matrix ply was measured by weighting polymer foils of
known dimensions with a precision scale. The in-plane
textile permeability transverse to fiber direction Kxx was
measured with a custom setup. For the measurements the
textile was cut to dimension with a CNC cutter machine,
then placed in a cavity with adjustable height which is
defined with spacers. Judicious selection of both the num-
ber of textile layers and cavity height allows to tailor the
fiber volume fraction. During the measurement, a pressur-
ized vessel let silicone oil flow in-plane through the textile
which was then collected in a recipient whose weight was
continuously measured. Several pressure sensors placed
throughout the cavity allowed to measure the pressure
and infer the pressure gradient. Finally, the permeability
can be measured from the mass flow, density, pressure
gradient, cavity height, and width as detailed elsewhere.55

Permeability was measured at fiber volume fractions of
0.37 and 0.49 with three repeats and a virgin sample for
each new measurement, then the permeability in function
of the fiber volume fraction was fitted to the function:

K ¼Kc �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
νmax
f

νf
�1

r
νmax
f

νf
þ1

3

ð29Þ

based on the modified Carman–Kozeny equation pro-
posed by Gutowski et al.4,52 Here, Kc is a fitting constant
and νf ,max the maximal hexagonal packing. The variables
used for the simulation are listed in Table 1, where Atex

and Btex are fitted constants used to describe the quasi-
static textile stress response σtex, which takes the form
Atex � eBtex�νf as detailed in Werlen et al.47

5 | CASE STUDY

A case study was conducted to numerically validate the
model and examine phenomena on geometries that are
more complex than a flat plate. Specifically, a flat plate
with a stepwise thickness change was selected, whereas
four plies of hybrid textile were placed in the thinner part
of the plate and twice as many plies in the thicker part. It
was considered that the part was pressed in a mold
designed to match the thickness of the fully consolidated

8 WERLEN ET AL.
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plate in its molten state, which was respectively 3 and
6 mm. In this study, the desired mold geometry was
obtained by placing an insert in a custom 170 � 85 mm
mold originally meant to produce flat plates, as repre-
sented in Figure 5. In the following, the coordinate sys-
tem defined in Figure 5 is used when describing the
position along the plate. Accordingly, the thick part of
the plate is located between 0 and 85 mm.

To simulate the consolidation process, the set of equa-
tions was implemented in the PDE module of COMSOL
Multiphysics® 5.4. The problem was reduced to a 2D
problem since the consolidation is homogeneous along
the plate width. The set of equation was implemented on
a 1D domain only, as the change of thickness (second
dimension) was implicitly defined in the set of equations.
The closing speed in function of time was optimized to
satisfy the boundary condition expressed in Equation (24).
A mean applied pressure of 1 MPa was selected as the
boundary condition, which corresponds to an applied

force of 14.5 kN, and consolidation is simulated for
10 min. The model had 104 elements with mesh refine-
ment close to the thickness change, and was solved with
a direct and fully coupled solver with a 0.1 s timestep.

The results indicated that none of the variables were
homogeneous, confirming that unit cell models are not
sufficient for complex shapes. Figure 6 shows the value
distribution of several variables along the plate after a
consolidation time of 60 s. The most significant changes
in variable values occurred in the middle of the plate
where the thickness changes. The thicker part of the
plate was subjected to a higher pressure, which led to a
more elevated impregnation degree, which resulted in
a lower void volume fraction and somewhat higher fiber
volume fraction in agreement with Equations (5)
and (10).

The evolution of the mean values of the impregnation
degree ξ, the fiber volume content νf and the porosity νg as
a function of time is shown in Figure 7. The impregnation

TABLE 1 List of the variables that were used in this study and corresponding values.

Variable Description Value Unit

Atex First fitted constant for textile stress response 0.03 N/m2

Atow Tow cross-sectional surface area 1.14 � 10�6 m2

Aνf
tow

First fitted constant for tow fiber volume fraction 8.23 � 10�3 –

Btex Second fitted constant for textile stress response 24.2 –

Bνf
tow

Second fitted constant for tow fiber volume
fraction

0.6244 –

D Diffusion coefficient 5 � 10�9 m2/s

Fapp Applied force 14.45 kN

G Diffusion correction factor 2.3 � 10�4 –

H Henry's constant 3.6 � 10�5 mol/Pa�m3

Kc Fitted constant for in-plane textile 1.3 � 10�9 m2

Kx In-plane textile permeability 5 � 10�11 m2

MA
f Areal weight of a textile ply 0.931 kg/m2

MA
m Areal weight of a matrix ply 0.287 kg/m2

N1 Number of plies in the thin part of the plate 4 –

N2 Number of plies in the thick part of the plate 8 –

Req Equivalent radius 4.47 � 10�4 m

Rf Fiber radius 9 μm

T Processing temperature 463.15 K

η Molten polymer viscosity 495 Pa s

νf ,0 Textile fiber volume fraction at rest 0.4378 –

νf ,max Maximal hexagonal packing π
2√3

–

νf ,tow Tow fiber volume fraction 0.75 –

ρm Density of molten polymer 763 kg/m3

ρf Density of the textile 2524 kg/m3

WERLEN ET AL. 9
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degree rapidly increased at the beginning of consolidation,
after which the curve flattened out. The model also pre-
dicted a fast closure speed of 1.1 � 10�4 m/s at the begin-
ning of consolidation, which then sharply decreases to
5.5 � 10�9 m/s after 10 min. This behavior is explained by
the dependence of the mold closure speed on the impreg-
nation degree expressed in Equation (23). The mean
matrix pressure was equal to the applied pressure defined
as the boundary condition due to mechanical equilibrium

since the textile stress response was predicted to be negligi-
ble. All these observations correspond to an expected
behavior, very similar to the results described by Werlen
et al.47 for the 0D case of a homogeneous flat plate.

Figure 8 presents the evolution of the pressure distri-
bution in the plate as a function of time. The composite
thickness change is dependent on the impregnation
degree and proportional to the number of textile layers,
as expressed through Equation (27). Because the change
of thickness resulting from impregnation is greater in the
thicker part of the step plate, and because the mold fits
the fully impregnated plate, at beginning of consolidation
only the thicker part of the step plate will be in contact
with the mold and under pressure.

A considerable matrix pressure gradient arises in the
middle of the plate, as a result of this pressure distribution
imbalance. This significant pressure gradient creates an in-
plane flow, which can cause fiber disorientation if the tows
are dragged along. With progressing impregnation the thick-
ness decreases because voids gets filled as represented in
Figure 9. Hence, at some point the thinner part of the plate
also comes in contact with the mold and pressure starts to
build up there. In Figure 8, this can be observed after 12 s.
Overall, the pressure gradient results in an in-plane flow
which counteracts the pressure imbalance, as a result the
maximal pressure gradient rapidly decreases over time from
4.4 � 108 MPa m�1. at the beginning to 107 MPa m�1. after
10 min. Simulation performed with other applied consolida-
tion force—resulting in different mean applied pressure—
show that the initial maximum pressure gradient is propor-
tional to the closure speed and applied pressure.
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FIGURE 6 Model prediction on the impregnation degree ξ,

fiber volume fraction νf, void volume fraction νg and matrix

pressure Pm in function of the position in the mold after 60 s. of

consolidation under a mean consolidation pressure of 1 MPa. The

dotted line indicates the location of the thickness change.

FIGURE 7 Model prediction on the mean impregnation

degree ξ, fiber volume fraction νf, gas volume fraction νg in MPa in

function of the consolidation time t.
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FIGURE 8 Predicted matrix pressure Pm distribution in the

mold in function of the consolidation time t. The dotted line

indicates the location of the thickness change.
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6 | EXPERIMENTAL
VERIFICATION

Step plates were pressed at different pressures, then pos-
sible defects were measured and quantified. As the vali-
dation of impregnation was already carried out in Werlen
et al.,47 the focus of the experimental verification was laid
on effects taking place only in complex geometries. The
following points, ensuing from the case study, were
sought to be demonstrated:

1. In complex geometries in-plane matrix pressure and
flow arise and can potentially create defect by altering
the textile architecture and disorienting the fibers.

2. During the consolidation of step plates, the highest
matrix pressure gradient takes place where the thick-
ness changes, in the middle of the plate. Therefore,
this is where the defects should arise.

3. The maximal pressure gradient is proportional to the
applied force, therefore higher applied pressures
should result in larger defects.

For the experiments, textile plies were cut to the dimen-
sions of the mold with a CNC cutting machine while the
thermoplastic foils were cut by hand with a cutter and a
stencil. The plies were then placed into the custom plate
mold equipped with the insert and temperature sensor,
thereby great care was taken not to disturb the textile archi-
tecture, which was ensured by visual inspection. The mold
containing the plies was placed in a press heated to 200�C
with a spacer to avoid applying pressure during heating up,
which was then removed when the composite reached pro-
cessing temperature. This ensured the consolidation process
to be identical and comparable to the simulation. The mold
was then placed in a cold press and cooled down under the
same pressure. Plates were produced with the following
pressures, which were kept constant during consolidation:
0.07/0.14/0.5/1/3.5 MPa. The consolidation experiments
were performed with two different presses, because a single
one could not have covered the whole range of pressures.
At low consolidation pressures up 0.5 MPa, an APV Meyer
press was used while at higher pressures experiments were
performed with a two-stage Vogt press.

A visual inspection revealed fiber disorientation in
some of the produced plates. In the plate consolidated at
the lowest pressure, hardly any defect could be observed.
However, irregularities were then more pronounced with
increasing consolidation pressure. The biggest defects
were located in the middle of the plate where the thick-
ness changes, in addition zones where the textile is either
stretched or compressed could be observed. This is illus-
trated in Figure 10, where a close-up of the plates pro-
duced at the lowest and highest pressure is shown.

The plates were then analyzed and the defects measured.
The deviation from average tow spacing was selected as a
method to quantify the defects, because in an ideal plate all
the tows of the textile would be perfectly straight and equi-
distant. To this end, the face of the plate without step was
photographed in high resolution with a Nikon D810 camera,
together with a scale for reference. The position of the tows
were manually measured with the software ImageJ by pin-
pointing the left and right edge of each tow along a virtual
line parallel to the plate in the x direction. The position of
each tow was then inferred as the mean value of the two
points, subsequently the distance between two tows d and
the average distance between the tows d were measured.
The deviation from mean spacing Δd is defined in
Equation (30):

Δd¼ d�d ð30Þ

The measurements were repeated along three different
lines separating the plate in equidistant parts. The defect
size fΔd was finally measured as the seven-point mean mov-
ing average of the defects, to reduce the noise in the single
measurement points and identify trends. In all the plates
produced, the largest measured defects were located in the
middle of the plate where the thickness changes as expected,
confirming that the largest pressure gradients arise at this
location. Exemplary results for the plates produced with a
consolidation pressure of 0.07 and 3.5MPa are shown in
Figure 11A,B. Thereby, the defects were measured along
three different lines as mentioned earlier and as represented
in Figure 10A.

Measuring the defects of the plate produced at the
lowest pressure in Figure 11A confirms that the plate is

FIGURE 9 Schematical representation of the change of thickness during consolidation. The initial state is shown in the left, the fully

impregnated state in the middle and the final state after cooling on the right. The light beige shade indicates molten polymer while the

darker shade indicates a solidification. Reproduced with permission from Werlen et al.47
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nearly defect free and indicates a measurement precision
of 1 � 10�4 m, therefore it cannot be excluded that the
very small measured defect size are measurement inaccu-
racies. The single defect points are in the range of
0 ± 2 � 10�4 m, which indicates the measurement accu-
racy of single points. The defect size along the plate

confirms that applying a moving average helps to reduce
noise, as its value remains very close to zero.

Figure 11B is very different and illustrates the pres-
ence of fiber displacement. The largest defects are located
in the middle of the plate, and the zones where the aver-
age defects are positive and negative indicates

FIGURE 10 Picture of the backside of the plate pressed at 3.5 MPa in (A), whereas the vertical dashed line indicates the location of the

step change and the defects were measured along the three horizontal dashed lines. Close up pictures of the backside, in the region of the

thickness change, of the plates produced with a consolidation pressure of 0.07 MPa in (B) and 3.5 MPa in (C). The defect is indicated in

(C) with a red arrow while almost undisturbed textile geometry can be observed in (B). Additional Pictures can be seen in Appendix F,

Figure F1.
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FIGURE 11 Measured defects of the plates pressed at 0.07 MPa in (A) and 3.5 MPa in (B). Δd is the deviation between tow spacing and

mean tow spacing, measured along three different lines. fΔd is the moving average of the single measurement points, which is defined in this

study as the defect size. The dotted lines indicate the thickness change in the middle of the plate.
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respectively stretching and compression, in line with the
observations made with the naked eye. The moving aver-
age of the defects along single measurement lines are
very close to each other, which is expected as all parame-
ters should remain constant along fiber direction.

Figure 12 shows the maximal measured defect size
in function of the consolidation pressure. Since larger
defects are caused by higher pressure gradient, these
observations are therefore in line with the model
which predicted maximal matrix pressure gradients
proportional to the consolidation pressure. In addition,
the largest defects systematically occur as predicted
where the plate thickness change, demonstrating the
ability of the model to capture the relevant phenomena dur-
ing consolidation. One can see in Figure 12 that for the vir-
tually defect-free plate pressed at 0.7 bar the defect size is
below the detection threshold, while the in plate pressed at
1.4 bar the measured defect is already significant. This indi-
cates a defect formation threshold at a consolidation pres-
sure around 1 bar, which corresponds to a pressure
gradient of 45 MPa m�1.

7 | DISCUSSION

The model developed in this study can predict consolidation
of free form plates with changing thickness and constant
through-thickness properties. The model was implemented
in 2D in order to perform experimental verification. Com-
plex phenomena arising in three-dimensional geometries

could be successfully identified and explained. To our best
knowledge, fiber disorientation resulting from thickness
change during press molding of hybrid textiles has not been
documented so far. This work is an intermediate step
towards a fully three-dimensional consolidation model, in
which the assumption of constant through-thickness prop-
erties will be overcome. The 2D implementation in FEM is
intended to demonstrate the feasibility and meaningfulness
of the approach and for verification purposes. Full FEM
implementation of the consolidation model in three-
dimension is foreseen as future step, for which is it thought
that a dedicated solver is necessary. Since most of the
parameters such as impregnation degree are not homoge-
neous throughout complex parts, the proposed consolida-
tion model can be used in the design phase already to
identify critical areas and optimize both design and process.

During consolidation trials on step plates, lower pres-
sures were found to result in smaller defects, however
within industrial production this is not a reasonable solu-
tion to produce a defect-free part as it also results in sig-
nificantly larger cycle times. Another solution to
minimize defect size would be for example to change the
textile orientation. The textile architecture most probably
has an influence too, which is however unclear at the
moment. It would be useful to develop, in future research,
a model predicting the defect size in function of the textile
architecture and pressure gradient. Hautefeuille et al.18

reported a threshold for fiber disorientation for in-plane
flow, which depends on the viscosity and flow rate. In this
study, consolidating step plates below 1 bar of pressure
resulted in defect-free parts and it was found that the
threshold of matrix pressure gradient above which fiber dis-
orientation takes place is 45 MPa m�1.

Since pressure gradient is predicted to be maximum
at the beginning and then rapidly decrease, another pos-
sibility to reduce defect size that should be investigated is
to apply first very low pressure and then to gradually
increase it. This way of doing could allow to strike a bal-
ance between defect minimization and cycle time in
order to keep the process relevant for the industry. One
last possibility would be to optimize the geometry, for
example by smoothing the transition between zones with
different thicknesses with ply drop-off.

Since the model can predict a set of properties at each
location throughout the part such as porosity and fiber
volume fraction, it could be used during the design phase
for optimization purposes. In this study, the hybrid textile
properties were homogeneous in the plate. Yet, the model
can be used on complex shaped with different textiles,
textile orientations and areal weights at different loca-
tions in the part.

In this study, the model complexity was limited by
the assumption that the composite properties are
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Consolidation pressure [Pa] 106
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Data Points
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FIGURE 12 Measured maximal defects in step plates

produced at different consolidation pressures. The defect size in

function of the pressure gradient follow similar trends, since

consolidation pressure and pressure gradient are proportional.
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constant through-thickness. In future work, the model
will be fully extended to three dimensions, so that inho-
mogeneous hybrid textile layups and through-thickness
effects can be considered. Through-thickness effects can
arise if there is an imbalance of textile stress response for
example, as described for example in Studer et al.56 or
Michaud et al.6,7

In future work, it is planned to validate the model
with the high-performance hybrid textile shown in
Figure 1 and to measure a set of parameters such as
matrix pressure and porosity throughout the part to com-
pare it against model predictions. After fully implementing
the model in three dimensions, it should also be validated
for more complex geometries and lay-up. It is thought that
a dedicated solver is necessary to implement the model fully
numerically in three dimensions, in addition further bound-
ary conditions should be implemented. While in this study
it was assumed that the mold is rigid, in reality steel is elas-
tic and this should be embedded in the simulation, as this is
relevant for high pressure consolidation.

In order to be able to simulate the whole consolida-
tion process, it would be furthermore necessary to imple-
ment a thermal simulation in the model and include
matrix phase transitions. During a variothermal press
cycle and especially for thick parts, the temperature is
not homogeneously distributed throughout the part.
Since several parameters such as viscosity and solubility
of gases in molten polymer have a very strong depen-
dence on temperature, accurately modeling it is of prime
importance. Implementing the matrix phase transition
such as vitrification and crystallization would allow to
properly predict the fiber volume content in solidified
state, which differs from the molten state since the matrix
density and thus total volume are different as pictured in
Figure 6. During cooling down, solidification could also
result in pressure gradient and defect formation and this
should be investigated in future studies.

The consolidation model proposed in this study
allows to determine a variety of parameters in complex
shaped composites, and can be used to identifying porosi-
ties or zones with potential fiber disorientation during
the design phase already. The information about fiber
volume fraction and porosity provided by the model
could be used as a basis to determine the mechanical
properties. Therefore, all the necessary variables to
enable optimization of complex-shaped composites are
available.

8 | CONCLUSION

In this article, we propose and experimentally verify a
three-dimensional consolidation model for hybrid textile.

By adopting a homogenization method, the multi-scale
nature of the problem can be bypassed and computa-
tional power requirements significantly reduced when
compared to a full scale simulation. The model is based
on the consolidation model proposed by Werlen et al.,47

however the method is applicable to other consolidation
models as well. The consolidation model can predict the
properties of the part at each location through a set of
characteristic parameters such as fiber volume fraction,
impregnation degree and porosity.

The model successfully predicted the emergence of
matrix pressure gradients in three-dimensional geome-
tries, which can lead to fiber disorientation. Experimental
verification confirmed the model predictions, and new
mechanisms for the emergence of matrix pressure gra-
dients and defect formation were unveiled and
explained. However, model validation with comparison
between predicted and measured values, for matrix
pressure for instance, remains to be performed in
future work.

Current model limitations are the assumptions that
the properties are assumed constant through-thickness,
however this issue will be addressed in future work.
Phase change for the matrix will be introduced, so that
consolidation can be predicted in full three-dimensional
complexity over the whole production cycle. This will
allow to verify model predictions on local characteristic
parameters. Finally, the consolidation model presented
in this study enables design and process optimization,
which shall be investigated in future work.
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APPENDIX A: DERIVATION OF FIBER VOLUME
FRACTIONS

The fiber and gas volume fraction temporal change reads,
based on Equations (1) and (6):

∂νf
∂t

¼ ∂

∂t
V f

V
¼�Vf

1
V 2

∂V
∂t

ðA1Þ

∂νg
∂t

¼ ∂

∂t
Vg

V
¼ 1
V

∂Vg

∂t
�Vg

1
V2

∂V
∂t

ðA2Þ

The temporal volume change reads, using Equa-
tions (3) and (6):

∂V
∂t

¼ ∂Vf

∂t
þ ∂Vm

∂t
þ ∂Vg

∂t
¼ ∂Vm

∂t
þ ∂Vg

∂t
ðA3Þ

The variation of the gas volume over time can be
described on the basis of Equation (5) by inserting
Equations (1), (4), and (6), and neglecting changes in tow
fiber volume fraction νf,tow since the tow is assumed
incompressible:

∂Vg

∂t
¼ ∂

∂t
V tow�Vtow,impr:
� �

1�νf ,tow
� �

¼ ∂

∂t
V tow� ξVtowð Þ 1�νf ,tow

� �
¼ ∂

∂t
1�ξð Þ Vf

νf ,tow

� �
1�νf ,tow
� �

¼Vf
1�νf ,tow
νf ,tow

∂

∂t
1� ξð Þ

¼�Vf
1�νf ,tow
νf ,tow

∂ξ

∂t

ðA4Þ

Inserting this result into the previous equation yields:

∂V
∂t

¼ ∂Vm

∂t
�Vf

1�νf ,tow
νf ,tow

∂ξ

∂t
ðA5Þ
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Inserting it back into Equation (A1) together with
Equation (1) yields:

∂νf
∂t

¼�Vf
1
V2

∂V
∂t

¼�νf
V
∂Vm

∂t
þν2f

1�νf ,tow
νf ,tow

∂ξ

∂t

ðA6Þ

For the gas volume fraction inserting Equations (A5),
(A4), and (1) into Equation (A2) yields:

∂νg
∂t

¼ 1
V
∂Vg

∂t
�νg
V

∂Vm

∂t
þ ∂Vg

∂t


 �
¼ νg�1
� �

νf
1�νf ,tow
νf ,tow

∂ξ

∂t

� �
�νg
V
∂Vm

∂t

ðA7Þ

APPENDIX B: MATRIX VOLUME CHANGE

We consider the infinitesimal trapezoid as shown in
Figure B1 with dimensions Δx, Δy in the x and
y directions, height h(x,y) linearly depending on x and
y in the z direction and volume V. In the following, the
height of the corners are referred to as h1, h2, h3, and h4,
the mid side heights in function of either x or y as h12(x),
h13(y), h34(x). and h24(y), their average value hij and the
average height of the trapezoid h.

To resolve the temporal change of matrix volume
Darcy's law51 is applied to the four sides of the trapezoid,
no matrix flowing through either the top or bottom sur-
face since the through-thickness parameters, including
matrix pressure, are assumed constant:

1
V

∂Vm

∂t
¼ 1
V

Z yþΔy

y

Z zþh13 yð Þ

z
�Kx

η

∂Pm

∂x
dzdy

�
Z yþΔy

y

Z zþh24 yð Þ

z
�Kx

η

∂Pm

∂x
dzdy

þ
Z xþΔx

x

Z zþh34 xð Þ

z
�Ky

η

∂Pm

∂y
dzdx

�
Z xþΔx

x

Z zþh12 xð Þ

z
�Ky

η

∂Pm

∂y
dzdx

266666666666664

377777777777775
ðB1Þ

For the continuum formulation we let Δx and Δy
tend to zero, which implies that Kx ,Ky,η, ∂P∂x and

∂P
∂y can be

considered constant in the volume and taken out of the
integral. This leaves only a surface integral which is
straightforward to solve, therefore the previous equation
becomes:

1
V

∂Vm

∂t
¼ 1
V

KxΔh24Δy
η

∂Pm xþΔxð Þ
∂x

�Kxh13Δy
η

∂Pm xð Þ
∂x

þKyh12Δy
η

∂Pm yþΔyð Þ
∂y

�Kxh34Δy
η

∂Pm yð Þ
∂y

26666666666664

37777777777775
ðB2Þ

Simple geometry considerations allow to write V as:

V ¼Δx �Δy �h ðB3Þ

In addition, the change of average height in x and
y directions Δhx and Δhy are expressed through
Equation (B4) and inserting it back yields Equation (B5):

h24 ¼ h13þΔhx h12 ¼ h34þΔhy
1
V
∂Vm

∂t
¼ Kxh13

xh
∂Pm xþΔxð Þ

∂x
� ∂Pm xð Þ

∂x

� �
 � ðB4Þ

ηΔ

þKxΔhx
ηΔxh

∂Pm xþΔxð Þ
∂x

þKyh34
ηΔyh

∂Pm yþΔyð Þ
∂y

� ∂Pm yð Þ
∂y

� �
þKyΔhy
ηΔy �h

∂Pm yþΔyð Þ
∂y

�
ðB5Þ

h4

Δy

x
z

y Δxh1

h

h3

h2

h12

h13

h34

h24

h12(x)

FIGURE B1 Representation of the trapezoid unit cell.

WERLEN ET AL. 17

 15480569, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.28139 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [04/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



As Δx and Δy tend to zero h13 and h34 tend towards h
and we can express the equations, based on the definition
of a derivative, as:

1
V
∂Vm

∂t
¼ Kx

η

∂2Pm

∂x2
þKx

ηh

∂h
∂x

∂Pm

∂x
þKy

η

∂2Pm

∂y2
þKy

ηh

∂h
∂y

∂Pm

∂y


 �

¼=
!
K=

!
Pm

η
þ=

!
hTK=

!
Pm

hη

ðB6Þ

APPENDIX C: DERIVATIVE OF
IMPREGNATION DEGREE

In Equation (C1), the derivative of ξ is expressed by
inserting Equation (13) and developing the expression
considering that Req is constant. Then, Equation (14) is
inserted to replace the term r ∂r

∂t and finally r
Req

is expressed
in terms of impregnation degree using Equation (13).

∂ξ

∂t
¼ ∂

∂t

R2
eq� r2

R2
eq

¼�2
R2
eq

r
∂r
∂t

¼�2
R2
eq

Kμ PmþPc�Pg
� �
η 1�νf ,tow
� � 1

ln
r
Req

� �
¼ �2Kμ PmþPc�Pg

� �
R2
eqη 1�νf ,tow
� �

ln
ffiffiffiffiffiffiffiffiffiffi
ξ�1

p� �

ðC1Þ

APPENDIX D: DERIVATIVE OF THICKNESS
The temporal change of height reads, combining Equa-
tions (22), (A.5), and based on the volume definition of
the trapezoidal unit cell, as:

∂h
∂t

¼ 1
Δx �Δy

∂V
∂t

¼ h
V
∂V
∂t

¼ h
V

∂Vm

∂t
�Vf

1�νf ,tow
νf ,tow

∂ξ

∂t


 � ðD1Þ

inserting Equations (21), (1), and (B6) yields:

v
h
¼ 1
V

∂Vm

∂t
�Vf

1�νf ,tow
νf ,tow

∂ξ

∂t


 �

¼=
!
K=

!
Pm

η
þ

=
!
h

� 	T
K=

!
Pm

h �η �νf
1�νf ,tow
νf ,tow

∂ξ

∂t

ðD2Þ

APPENDIX E: INITIAL CONDITIONS

To describe the height of the composite, Equation (22) is
first combined with Equation (3), then Equations (2) and
(5) are inserted. The final equation is obtained by insert-
ing the areal weight MA

mandM
A
f of the fibers and matrix

in a ply and the local number of plies N:

h¼ V
Δx �Δy¼

Vm

Δx �Δyþ
Vf

Δx �Δyþ
Vg

Δx �Δy
¼ Mm

Δx �Δy �ρm
þ Mf

Δx �Δy �ρf
þ Mf

Δx �Δy �ρf
1� ξð Þ1�νf ,tow

νf ,tow

¼N �MA
m

ρm
þN �MA

f

ρf
1þ 1�ξð Þ � 1�νf ,tow

νf ,tow

� �
ðE1Þ

The volume fractions of the matrix, fiber and gas are
obtained on the basis of Equation (1), the phase volumes
are then expressed in function of areal weight in a similar
fashion to Equation (E1):

νf ¼Vf

V
¼ Mf

ρf �h �Δx �Δy
¼N �MA

f

ρm �h

νm ¼Vm

V
¼ Mm

ρm �h �Δx �Δy¼
N �MA

m

ρm �h

νg ¼Vg

V
¼N �MA

f

ρf �h
� 1�ξð Þ � 1�νf ,tow

νf ,tow

ðE2Þ
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APPENDIX F: ADDITIONAL PICTURES

FIGURE F1 Close up pictures of

the backside, in the region of the

thickness change, of the plates pressed

at 0.07, 0.14, 0.5, 1, and 3.5 MPa in

(A–F).
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