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Bouguenais, France

The main idea behind “Quilted Stratum Process” (QSP R©) is to create a flat blank
made of unidirectional/woven thermoplastic prepreg patches instead of using
uniformly shaped prepreg stack as is the case with standard thermostamping
process. Thus, using QSP R©; one can manufacture components with complex
geometries by using nearly rectangular patches while still maintaining a short
cycle time similar to the standard thermostamping process. The use of near-
rectangular patches results in a significant material saving which is a necessity
for a sustainable product development. During standard thermostamping and/or
QSP R©; the consolidation phase plays a key role in the strength and quality of the
final product. This becomes even more important in the case of unidirectional
thermoplastic prepregs where mechanisms such as transverse squeeze flow
can impact not only the in-plane dimensions of the prepreg but also the fibre
orientations within the prepreg. This work presents a unified modeling approach
that combines a novel pinching shell element, a new elasto-plastic constitutive
model for pinching shell in order to provide a unified solution to simulate
both forming and consolidation-flow using a shell-based approach. This unique
unified approach of simulating forming and consolidation provides a set of
additional outputs such as the through-thickness stress, final deformed shape of
the plies including the squeeze flow effect and the changes in the orientation of
fibres within the plies during and after the process. This work finally demonstrates
how this information can help the manufacturers to design better tooling based
on the outcomes of the numerical process simulation in order to achieve a
desired product quality. Additionally, one can also steer the final fibre orientation
which results from the initial position of the patch, its forming and squeeze flow.

KEYWORDS

process simulation, forming, consolidation, shell element, prepregs

1 Introduction

The classical thermostamping process for manufacturing composite parts has been
around for many years. A modified version of this process called “Quilted Stratum Process”
(QSP R©) (Guillon et al., 2016) has been developed in 2012 by CETIM, Centrale Nantes
and other partners. The motivation behind this advanced manufacturing technology is to
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strategically optimize a component’s performance while reducing
material wastage without compromising the production process
efficiency.

QSP R© shares several features with the standard composite
thermostamping process. However, the main idea behind this
process is to use unidirectional (UD) or woven thermoplastic
prepreg patches instead of using uniformly shaped prepreg stack
as is the case with standard thermostamping process. By using
smaller and near-rectangular patches; the flat prepreg geometry
can be optimally subdivided so as to fit maximum number of
patches within a given size of the prepreg sheet at the prepreg
cutting phase (Figure 1) which reduces the material wastage. This
reduction in material wastage not only decreases the production
cost but also reduces the environmental impact, thereby creating a
more sustainable solution compared to the classical thermostamping
process. In addition, by choosing the specific prepreg patches for
specific locations, one provides an additional degree of freedom
in the design of the part using QSP R© (Irisarri et al., 2019). It
is true that some material overlap might be required in case of
QSP R© (Figure 1). However, in case of classical thermostamping;
the material corresponding to the areas that inside the circular
shapes in (Figure 1) is wasted.This wastage, in general much bigger
than the extra material needed for the overlap can be avoided
by using QSP R©. Further, by using specific patches at specific
locations on the part, one can create local strengthening of the
part [refer to Figure 6 from Guillon et al. (2016) to see an example
of a local strengthening of a component]. On the other hand,
in case of a classical thermostamping process, this kind of local
strengthening may not be easy to obtain and it would have to be a
global strengthening (usingmultiple plies everywhere instead of just
specific locations) which would require much more material.

In order to embrace the idea of “one-shot-manufacturing”;
it is important to consider all the major features of a given
manufacturing process and their impact on the final product. Thus
numerical simulation of a process and its inclusion into the product
design pipeline is very important. Driven by the anisotropic nature
of fabric coupled with its interaction with the polymer in case of
prepregs, numerical simulation of a standard composite forming
process itself poses several challenges. However for QSP R©, there are
some additional challenges in the physical process and its numerical
modeling because of the usage of prepreg patches: the inability to use
a blank holder, the possible long distance sliding of prepreg patches
during forming (Schell et al., 2016) and the transverse squeeze flow
occurring during consolidation especially for UD prepregs.

The overview of the modeling of a classical composite forming
process can be found in (Lim and Ramakrishna, 2002; Dörr et al.,
2017a) the latter addresses the available industrial solutions for
simulation of UDs. For an even more recent review about the
advances in composite forming, one can refer to (Boisse et al., 2022).
In 2018, it has been showed in the review article (Bussetta and
Correia, 2018) that the major focus of the research in composite
forming simulation has been on the forming phase of the process
andmore specifically, on themodeling of in-plane shear and tension
to predict changes in fibre orientations and prediction of wrinkles.

However, during standard thermostamping and/or QSP R©;
the forming stage is almost always followed by a consolidation
stage which is relatively less explored. Consolidation stage helps
in removal of porosities, healing ply-ply interfaces, improving

the surface quality and controlling the thermo-mechanical
transformations of the material at the onset of the cooling phase.
Thus, the consolidation phase plays a key role in the strength and
quality of the final product.

During the consolidation process of thermoplastic prepregs,
there exists a through-thickness normal (transverse) stress also
referred to as “Pinching Stress” (Soulat et al., 2006) which in
fact is the main driving mechanism of the consolidation phase.
The modeling of the consolidation phase becomes even more
important in the case of unidirectional thermoplastic prepregs
where mechanisms such as transverse squeeze flow can impact
not only the in-plane dimensions of the prepreg but also the fibre
orientations within the prepreg (Sorba et al., 2017). The mechanism
of the transverse squeeze flow is schematically shown in Figure 2.
In this mechanism, due to the consolidation pressure, the thickness
of the composite layer reduces, creating a resin movement within
the ply which in turn convects the fibres with it (provided there
is a room for the material to flow in-plane) and modifies the fibre
orientations. It is to be noted that the resin-rich layer exists at the ply-
ply interface in almost all types of layups as discussed in (Sorba et al.,
2017). This resin-rich layer facilitates the movement of the fibres in
the adjacent layers even in the case of multidirectional layups which
has been demonstrated in their work on a stack configuration of
[0°/90°]6.

The experimental evidence of the transverse squeeze flow and
its influence on the final component is demonstrated in Figure 3.
Figure 3A shows the initial and final deformed shape of a UD
stack of [0°]5 after undergoing a 25% consolidation. Due to the
inextensibility of the fibres, the major deformations occur along
the direction orthogonal to the fibres. This transverse stretching
can be very high (in this case the final width was 1.5 times the
original width). Figure 3B shows an industrial scale component
manufactured by CETIM which has a UD patch at the top in its
stacking configuration. It can be seen that the initial width of 78 mm
can increase by as much as 30% at several locations due to the
transverse squeeze flow. In summary, the mechanisms such as in-
plane shear and tension are relativelywell established in the literature
both in terms of simulation as well as their characterization. On
the other hand, the mechanisms such as the squeeze flow and
simulation of consolidation are not yet standardized, even though
their influence on the final deformed shape is obvious.

In order to incorporate both forming and consolidation phases
into the process simulation, a natural strategy could be to use a
two-step approach to simulate forming and consolidation phases
serially one after the other. This is motivated by the fact that
the primary mechanisms occurring in forming and consolidation
phases are quite different. However, this strategy poses several
practical challenges from a numerical simulation point of view.

Without the pinching shell element, the two-step approach
would be: 1) perform the forming simulation using classical shell
elements 2) export the deformed mesh and other data after the
forming phase 3) add a hexahedral elements layer (to model
through thickness compressive behavior during consolidation) in
between the plies modeled with classical shell elements 4) perform
consolidation phase simulation.

This two-step approach was tested on an industrial model
and the practical challenges that were observed were as follows
[discussed in more detail in (Mulye, 2021)]:
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FIGURE 1
A schematic representation of a full workflow of a thermostamping process for a classical process as well as QSP R© for a demonstrator of an aircraft
window frame from a SHERLOC QSP R© project (Thomas J and Charlotte, 2019) (a part of CLEAN SKY 2 initiative).

FIGURE 2
A schematic representation of a transverse squeeze flow mechanism for a single unidirectional ply (without any lateral constraints) during the
consolidation phase of the thermostamping process.

• At the end of the forming stage, the shell components (plies) are
already in a 3D deformed configuration and often there could
be regions with a very small gap between the plies. This results
in a very small thickness of hexahedral elements that are added
in such regions.This in turn results in a very small time-step for
consolidation.
• Because the nature of the Type-25 contact in Altair
Radioss™(constant penalty stiffness) that is added between
the plies (during forming); often the midsurfaces of the plies
can themselves interpenetrate making it impossible to add a
hexahedral layer in such locations.
• A user intervention is needed to make a decision about the
resolution of the above two points. This makes it challenging to
make the whole process automated which can be a big hurdle
from an industrial point of view.

Besides, it has been shown in (Soulat et al., 2006) that porosities
in some regions can get removed during forming phase itself
indicating a possibility of a local consolidation even during the
forming phase. Thus, creating a global split of the forming and
consolidation phases may not be possible. This has motivated us
to develop a unified modeling strategy that can be used for both
forming and consolidation phases without the need to explicitly
separate them.

In the literature, the forming phase is predominantly modeled
using shell elements whereas there have been three main directions
for modeling consolidation process from the point of view of

the finite element used in the numerical simulation: 1) solid
(hexahedral) element based approach 2) solid-shell element based
approach 3) shell element based approach.

The solid elements can readily capture a 3D stress state without
requiring any changes in the existing element formulations or
modifications in the constitutive models. The numerical modeling
of consolidation process conducted in (Belnoue et al., 2016; 2018)
used C3D8 solid elements of ABAQUS/Standard to model each
individual ply with a specific user material model. A solid element
with 27 nodes with a mixed formulation for velocity, pressure and
fibre tension was used in (Sorba et al., 2017) to model transverse
squeeze flowbymodeling theUDprepregs as a transversely isotropic
viscous fluid (Rogers, 1989). Solid elements face challengewhen they
are thin (the thickness of a prepreg is usually small compared to its
in-plane dimensions) suffer from a small time-step in the case of
an explicit solver and are too stiff/rigid in bending mode due to the
transverse shear locking phenomenon.

A solid-shell element has a 3D stress state and is able to overcome
the limitation of the transverse shear locking and therefore can
also be used for bending modes. A novel prismatic solid-shell
element with seven nodes (SB7γ19) was developed in (Xiong, 2017;
Xiong et al., 2018; 2019) to model forming and consolidation in a
unified manner, however effects such as transverse squeeze flow
were not modeled as the focus was more on the woven prepregs
instead of UD. A new hexahedral solid-shell element capable of
pinching (SB9) was developed in (Dia et al., 2020) also to perform
a unified simulation of forming and consolidation. Based on the
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FIGURE 3
Experimental evidence of the transverse squeeze flow mechanism. (A) Final deformed shape of a flat [0°]5 stack after consolidation (the initial shape is
shown in green color and the initial fibre orientations are shown in yellow color); (B) Final deformed shape of a unidirectional patch of an industrial
component manufactured using QSP R© by CETIM (the fibre orientations are shown in yellow color and the final width measurements at various
locations are shown).

work of (Schwarze and Reese, 2011), a new user element was
implemented and extended in (Schäfer et al., 2020; Schäfer et al.,
2021) with a major focus on the investigation of various locking
mechanisms. Overall, the solid-shell elements show a good potential
and when coupled with a selective mass scaling, they can be used to
simulate forming and consolidation on an industrial scale. However,
a demonstration on a full-scale industrialmodel withmany plies and
prepreg patches (QSP R©) is not available in the literature yet.

Even though the shell elements have shown tremendous
potential for forming phase simulation which involves large
deformations, large bending, large rotations; the classical 3-
parameter (Kirchhoff-Love theory) or 5-parameter (Reissner-
Mindlin theory) shells cannot be used for modeling consolidation
as they are based on a plane stress assumption (i.e., σzz = 0). So
they cannot have a pinching stress. However, a 6-parameter shell
proposed in (Simo et al., 1990) has a possibility of stretching of the
director vector with a linear displacement field along the thickness
direction. Thus, it can have a σzz ≠ 0 and ϵzz ≠ 0; however it suffers
from a Poisson thickness locking which can be resolved either by
decoupling pinching stress and bending strains (Soulat et al., 2006)
or by using a quadratic interpolation of displacement along the
thickness (Parisch, 1991; Sansour and Bufler, 1992). Further, a 7-
parameter shell (Büchter and Ramm, 1992; Büchter et al., 1994)
which is by far the most comprehensive shell formulation can also
have a pinching stress. further discussion about this type of shell can
be found in (Bischoff and Ramm, 1997; 2000; Brank et al., 2002).

In conclusion, developing a purely shell element based approach
for modeling consolidation can be impactful as the current typical
simulation workflow involves shell elements for modeling forming.
Thus, having a shell element that can be used for both forming
and consolidation phases in a unified manner can be beneficial as
it would require no or very little change to the current workflow
in the industries. To the best of our knowledge, there is no
unique numerical solution that is able to address both forming
and consolidation phases (with or without long distance sliding of

prepreg patches) together in a unifiedmanner that is solely based on
the shell approach.

This work presents such a shell-based unified modeling
approach that combines a novel pinching shell element, elasto-
plastic constitutive model for pinching shell and the interply
adhesion model (Mulye et al., 2020) in order to provide a unified
solution tomodel both forming and consolidation-flow.This unique
unified approach of simulating forming and consolidation provides
a set of additional outputs such as the through-thickness stress,
the final deformed shape of the plies including the squeeze flow
effect and the changes in the orientation of fibres within the plies
during and after the process. This information is useful as it helps in
identifying the regions which will have a good consolidation quality
versus the regions with poor consolidation quality. Also, assuming
good consolidation is achieved, by observing the changes in the
fibre orientations caused by the squeeze flow, one can determine
whether the componentmeets or not the required quality in terms of
strength. Using this information, and by performing several design
and process simulation iterations; one is able to obtain a better
final design of the mold and/or stack itself that incorporates all the
necessary ingredients of the full manufacturing process.

2 Objectives and content of the study

Themain objectives of this study are fourfold:

• Develop a new shell element (QBATP) by extending the
hourglass-free full-integration 4-node QBAT shell element of
Altair Radioss™ so as to include a transverse normal (pinching)
stress
• Propose a novel elasto-plastic constitutive model for the
QBATP shell tomodel the behavior of the nearly incompressible
melt polymer during the consolidation phase and propose a
practical method for its characterization
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• Create and validate a modeling strategy using the above two
points in order to provide a unified approach of process
modeling of forming and consolidation
• Demonstrate the use of this strategy to improve themold design
for thermoplastic composites

3 A full-integration pinching shell
(QBATP)

As discussed above, the three-dimensional stress state cannot
be modeled with the classical 5-parameter Mindlin shells which are
built with a plane-stress assumption (σzz = 0). To overcome this,
a new 4-noded 6-parameter shell element (referred to as QBATP
which stands for “Quadrilateral BAToz Pinching shell element”)
has been developed by extending the existing hourglass-free full-
integration 5 parameter shell element in Altair Radioss™ known
as QBAT (Altair Engineering, 2018). The QBAT element is based
in the Q4γ24 element discussed in Batoz and Dhatt (1992) which
in turn is based on the MITC4 element discussed in Bathe et al.
(1975), Dvorkin and Bathe (1984).The functionality of the pinching
stress has been added by introducing additional nodal degrees
of freedom to the existing QBAT formulation, discussed in this
section.

In this work, a 6-parameter shell element (linear displacement
interpolation through thickness) was chosen and the Poisson
thickness locking was avoided by decoupling the normal pinching
stress and the bending (discussed further in Section 3.3). The
7-parameter shell (quadratic displacement interpolation through
thickness) would have readily solved the Poisson thickness locking
problem without any modifications to the constitutive model.
However, the choice of 6-parameter shell over a 7-parameter shell
in this work was mainly driven by the associated computational
cost which would be lower in case of a 6-parameter shell because
of lesser degrees of freedom per node compared to a 7-parameter
shell.

3.1 Concept of pinching and shell element
description

A typical geometry of a general shell element can be represented
as shown in Figure 4A by a three-dimensional mid-surface xp(ξ,η)
representing the points located on the mid-surface. With this, the
position of a general point xq(ξ,η,ζ) within the shell can be written
as follows,

xq (ξ,η,ζ) = xp (ξ,η) + z (ζ) n (ξ,η) where z = 1
2
ζh (1)

and ξ, η and ζ are the parametric coordinates and h is the thickness of
the shell. In general, the nodal fiber direction ζmay not correspond
to themid-surface normal n but theQBAT shell element is built with
a postulate that they are equivalent as was the case with the Q4γ24
developed in (Batoz and Dhatt, 1992).This remains true for the case
with a uniform thickness within an element or in case of amild-taper
conditions as discussed in (Oñate, 2013). Also, it is considered that
the mid-surface represented by the vector xp is continuous however
the normals could be discontinuous across elements as shown in

Figure 4B. With this description, the displacements for the general
point xq are given by,

uq = xq
t0+Δt − xq

t0 = xp
t0+Δt +

ζ
2
ht0+Δt nt0+Δt − xp

t0 −
ζ
2
ht0 nt0 (2)

Using the first order approximation of Taylor series for ht0+Δt and
nt0+Δt we get,

uq = xp
t0+Δt − xp

t0⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
Term 1

+
ζ
2
ht0 (nt0+Δt − nt0)
⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

Term 2

+
ζ
2
(ht0+Δt − ht0) nt0
⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

Term 3

(3)

The Term 1 in Eq. 3 corresponds to the displacement DoFs
of the mid-surface of the shell. The Term 2 corresponds to the
rotation DoFs of the mid-surface. The Term 3 corresponds to the
change in thickness. This phenomenon is neglected in the case of
classic shell theories; as the fiber (not to be confused with the fibres
that provide reinforcements for the composites) is assumed to be
inextensible (Belytschko et al., 2013). As a result, only the first two
terms are considered for the classical shells. However, the Term 3
is not neglected for the six or seven parameter shells. This term is
the basis of creating an additional nodal degree of freedom locally
referred to as the “Pinching degree of freedom.” Taking into account
the Term 3 in the shell formulation, it is possible to have a non-zero
transverse normal stress σzz .

The geometry of QBATP shell is shown in Figure 4C which
consists of four nodes on the mid-surface of the shell. The
corresponding reference element in the isoparametric space along
with the local node numbering convention is shown in Figure 4E.
Classical bilinear shape functions and their derivatives are used to
interpolate a nodal degree of freedom. Within the element, each
node (i) has six local degrees of freedom; three for standard mid-
surface displacements (U1i, U2i, U3i), two for rotations (θ1i, θ2i) and
additionally one for the pinching displacement (Up

i ) as follows:

[U i]
(6×1)
= [U1i U2i U3i θ1i θ2i Up

i ]
T (4)

which are defined with respect to the orthonormal coordinate
system (t1i, t2i and ni) defined at each node as shown in Figure 4F.
Additionally, one must define the covariant basis vectors (a1 and a2)
(which will be used in the calculating strains in the next section) as
shown in Figure 4D, which are not necessarily orthogonal to each
other. Further discussion about their derivation can be found in the
Supplementary Material (Section 1) of this article.

The pinching DoFs are defined with respect to the mid-surface.
The pinching displacement Up corresponds to the displacement of
the artificial nodes located at the top and bottom surface of the shell.
This being a relative degree of freedom, a sign conventionneeds to be
defined. The increase of thickness is considered positive, i.e., Up > 0
whereas a reduction of the thickness is considered to be negative, i.e.,
Up < 0.

3.2 Calculation of strain-rates and strain

Strain rates are calculated based on the rate of deformation
tensor. The calculation of the strain rates is split into four
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FIGURE 4
QBATP shell element: (A) Formulation and representation of the nodal fiber; (B) Representation of QBATP shell element; (C) Representation of the
geometry of the element; (D) Covariant basis for the shell; (E) Reference element in isoparametric space; (F) Nodal orthogonal coordinate systems.

strain interpolation matrices 1) Membrane [Bm] 2) Curvatures
[Bb] 3) Pinching [Bp] and 4) Transverse shear [Bts]. The details
for the individual strain rate matrices can be found in the
Supplementary Material (Section 2) of this article.

The membrane strain-rate is calculated as follows:

[[[

[

̇ϵxx
̇ϵxx
̇ϵxy

]]]

]

= [Bm]
(3×24)
[V]
(24×1)

(5)

Where the [Bm]matrix is given by:

[Bm]
(3×24)
= [Bm1
(3×6)

Bm2
(3×6)

Bm3
(3×6)

Bm4
(3×6)
]

Bmi
(3×6)
=
[[[

[

t1
TNi,x 0 0 0

t2
TNi,y 0 0 0

t1
TNi,y + t2

TNi,x 0 0 0

]]]

]

(6)

The rates of curvature are calculated as follows:

[[[

[

χ̇xx
χ̇yy
χ̇xy

]]]

]

= [Bb]
(3×24)
[V]
(24×1)

(7)

Where the [Bb]matrix is given by:

[Bb]
(3×24)
= [Bb1
(3×6)

Bb2
(3×6)

Bb3
(3×6)

Bb4
(3×6)
]

Bbi
(3×6)
=
[[[

[

t1
TNbc1i s1i Ni,x 0

t2
TNbc2i s2i Ni,y 0

t1
TNbc2i + t2

TNbc1i s1i Ni,y + s2i Ni,x 0

]]]

]

(8)

The pinching strain-rate is calculated as follows:

[ ̇ϵzz] = [Bp]
(1×24)
[V]
(24×1)

(9)

Where the [Bp]matrix is given by:

[Bp]
(1×24)
= [Bp1
(1×6)

Bp2
(1×6)

Bp3
(1×6)

Bp4
(1×6)
]

Bpi
(1×6)
= [0 0 0 0 0 2Ni

h̄
]

(10)

While considering the transverse shear behavior, it is important
to consider the phenomenon of “Transverse Shear Locking.” This
occurs mainly because of the inability of the C0 shell finite elements
to reproduce a pure bending behavior. The coupling between the
normal and shear strains for linear elements results in a parasitic
transverse shear strains in case of pure bending.This therefore, leads
to numerical stiffening in bending creating a poor convergence.
There are several solutions discussed in the literature to avoid
this type of locking. Methods such as reduced integration of the
transverse shear as discussed in (Oñate, 2013), usage of C1 elements
as discussed in (Belytschko et al., 2013), the “Enhanced Assumed
Strain” (EAS) method proposed in (Simo and Rifai, 1990) and the
“Assumed Natural Strain” (ANS) method first proposed in (Hughes
and Tezduyar, 1981) can be used. This idea of “Assumed Natural
Strain” (ANS) method has been discussed in (Dvorkin and Bathe,
1984) and further used for Q4γ24 element in (Batoz and Dhatt,
1992). In this work, the same approach has been used for theQBATP
elements. The method interpolates the transverse shear strain from
the values of the covariant components of the transverse shear
strains at four edgemid-points (A1,A2,B1,B2) as followsFigure 4E,

γξ =
1− η
2

γA1ξ +
1+ η
2

γA2ξ

γη =
1− ξ
2

γB1η +
1+ ξ
2

γB2η
(11)

With this, the transverse shear strain-rate is calculated as follows:

[
̇ϵxz
̇ϵyz
] = [C0]T
(2×2)
[Bts]
(2×24)
[V]
(24×1)

(12)
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Where the [C0] is the local basis at z = 0 (Refer to Section 1 in
Supplementary Material) and the [Bts]matrix is given by:

[Bts]
(2×24)
= [ B

1
ts
(2×6)

B2
ts
(2×6)

B3
ts
(2×6)

B4
ts
(2×6)
] (13)

[B1
ts] = [
−nA1T +AS1A1T 0
−nB1T +AS1B1T 0

] (14)

[B2
ts] = [
+nA1T +AS2A1T 0
−nB2T +AS1B2T 0

] (15)

[B3
ts] = [
+nA2T +AS2A2T 0
+nB2T +AS2B2T 0

] (16)

[B4
ts] = [
−nA2T +AS1A2T 0
+nB1T +AS2B1T 0

] (17)

3.3 Elastic constitutive model

The incremental form of the elastic constitutivemodel discussed
in Soulat et al. (2006) was used in this work as a first step. It is to be
noted here that the final modeling strategy is as follows: each ply
in a multi-layer composite stack is modeled individually. Each of
these plies consists of two shell element components with shared
coincident nodes (discussed later in more detail in Section 4 of
this work). In brief, one shell component would represent fibres
using an anisotropic elastic material model, whereas the other
shell components would represent the melt polymer using an
elasto-plastic constitutive model developed and discussed later in
Section 4. Developing an elastic constitutivemodel serves as the first
step in order to validate the shell element itself before continuing
with the next developments.

The membrane and bending contributions to the stress which
use the corotational framework are as follows:

[[[[[[[

[

Δσxx
Δσyy
Δσzz
Δσxy
Δσyz
Δσxz

]]]]]]]

]

=

[[[[[[[[[[[[[[[[[[

[

E (1− ν)
(1+ ν) (1− 2ν)

Eν
(1+ ν) (1− 2ν)

Eν
(1+ ν) (1− 2ν) 0 0 0

Eν
(1+ ν) (1− 2ν)

E (1− ν)
(1+ ν) (1− 2ν)

Eν
(1+ ν) (1− 2ν) 0 0 0

Eν
(1+ ν) (1− 2ν)

Eν
(1+ ν) (1− 2ν)

E (1− ν)
(1+ ν) (1− 2ν) 0 0 0

0 0 0 E
2 (1+ ν) 0 0

0 0 0 0 E
2 (1+ ν) 0

0 0 0 0 0 E
2 (1+ ν)

]]]]]]]]]]]]]]]]]]

]

×

[[[[[[[

[

Δϵxx
Δϵyy
Δϵzz
Δϵxy
Δϵyz
Δϵxz

]]]]]]]

]

+

[[[[[[[[[[[[[[

[

E
1− ν2

Eν
1− ν2

0 0 0 0

Eν
1− ν2

E
1− ν2

0 0 0 0

0 0 0 0 0 0

0 0 0 E
2 (1+ ν) 0 0

0 0 0 0 0 0
0 0 0 0 0 0

]]]]]]]]]]]]]]

]

×

[[[[[[[

[

zΔχxx
zΔχyy
0

zΔχxy
0
0

]]]]]]]

]

(18)

where the Δϵij correspond to the change of membrane strains
whereas the Δχij correspond to the change of curvatures.

Compared to the classic QBAT shell, the modifications are as
follows:

• Themembrane stiffnessmatrix for theQBATP element does not
use the plane stress assumption.Therefore, it is similar to the full
three-dimensional stiffness matrix for elasticity.
• QBATP element has an additional stress compared to QBAT
shell, i.e., the transverse normal stress σzz .
• σzz has been decoupled from the bending DoFs in order
to avoid pinching locking (or Poisson thickness locking) as
discussed inmore detail in Soulat et al. (2006).This assumption
of decoupling can and will result in errors such as the
underestimation of the total strain energy. However, we believe
that in composite applications; it is rare to find a material
point that is undergoing forming and consolidation at the same
time (which is where one will expect the most errors because
of this assumptions). Each material point in a ply can switch
from forming to consolidation at a different time during the
entire process, but the material point is either undergoing
forming (i.e., bending) or consolidation (i.e., transverse normal
compression) at a given instant.

In this work, the through-thickness integrations are calculated
explicitly without at each gauss points performing numerical
integration. This approach is referred to as a “global approach” as
it does not use any integration points in the thickness direction.

3.4 Stress internal force relationship

The internal force vector (Fint) for the element is then calculated
as,

Felem
int = ∫

elem

BTσdV (19)

This three-dimensional integration is then split into a through-
thickness integration and subsequently a surface integration over the
element’s mid-surface.The stress resultants are calculated as follows:

Nx =
h/2

∫

−h/2

σxxdz, Ny =
h/2

∫

−h/2

σyydz, Nz =
h/2

∫

−h/2

σzzdz

Nxy =
h/2

∫

−h/2

σxydz, Nyz =
h/2

∫

−h/2

σyzdz, Nxz =
h/2

∫

−h/2

σxzdz

(20)

And the stress couples are calculated as follows:

Mx =
h/2

∫

−h/2

σxxzdz, My =
h/2

∫

−h/2

σyyzdz, Mxy =
h/2

∫

−h/2

σxyzdz (21)

This results into a Fint vector for the element as follows,

[F int]
(24×1)
= [… F1i F2i F3i M1i M2i Fpi …]

T (22)

These are then assembled after performing necessary coordinate
transformations into separate vectors for global Forces (Fg

int), global
Moments (Mg

int) and global Pinching force (Fgp
int) as discussed in

Soulat et al. (2006).
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3.5 External force and pinching pressure

In order to apply an external load for pinching the element, a
surface type of loading for pinching has been developed. It is referred
to as ‘Pinching pressure’ in this work.This involves application of an
equal and opposite surface pressure load (P) on the top and bottom
sides of the shell. The external pinching force at each node (i) of the
element is calculated as,

Fp
ext (i) =

1
4
(2P) A n (23)

Where A is the area of the element and n is the normal to the mid-
surface at the center of the element.

It is to be noted here that the development of the pinching
pressure type of loading is purely done to test the shell element
under external pinching load. It serves as a checkpoint before
beginning the development of the interaction between the contact
forces and the pinching degrees of freedom. In thermostamping
applications, one cannot actually apply a pinching load directly.
Pinching/consolidation will occur through contact forces, and it will
get transmitted from one ply to the other through contact forces.
This physics of contacts and their interaction with pinching degrees
of freedomhas been implemented inAltair Radioss™ details of which
can be found in Mulye (2021).

3.6 Dynamic system of equations

The assembly of internal and external forces, moments and
pinching forces results in the following global dynamic system
of equations (Eq. 24). It consists of three sets of equations
each corresponding to displacements, rotations and pinching
displacements respectively.

M Ü = Fext − F int

I θ̈p =Mext −Mint

Mp Üp = Fp
ext − F

p
int

(24)

Where M and Mp are lumped mass matrices corresponding to
the displacements and pinching displacements respectively. I is the
diagonal moment of inertia. An explicit central difference scheme
that falls under the broad category of Newmark family schemes with
α = 1/2 and β = 0 is used in Altair Radioss™ (Altair Engineering,
2018) to solve this system of equations in order to obtain the
velocities and displacements at each time-step.

Further, selective mass scaling has been added for this element
to increase its critical time-step. In the case of QBATP element; an
approach inspired from the technique of the acceleration filtering
for solid elements (Olovsson et al., 2004) was used. This approach
is similar to the selective mass scaling for solid-shell elements
discussed in Cocchetti et al. (2013). This allowed one to selectively
increase the mass corresponding only to the pinching DoFs (Mp)
without changing the mass for the classical DoFs (M). A detailed
discussion about selectivemass scaling for QBATP shell element can
be found in Section 3.4 of Mulye (2021). With the implementation
of the selective mass scaling, the time-step of the QBATP shell
element does not depend on its thickness. This comes at a price that
the dynamic effects along the thickness can no longer be modeled.

However forming and consolidation can be considered to be quasi-
steady processes for which it is a fair assumption to neglect the
dynamic effects along the thickness direction.

Additionally, in order to use QBATP shell element for the
simulation of forming and consolidation; it is necessary to add
the capability of pinching within the contact interface. This
capability has been added for the Type-25 contact interface in Altair
RadiossTMand has been validated with a test case discussed inMulye
(2021).

It is important to mention here all the code developed in this
work can be accessed within the GitHub repository of OpenRadioss
(Altair Engineering, 2022).

3.7 Validation

Before performing any full-scale unified simulation using the
QBATP shells, it is necessary to validate the shell element itself which
is done using various numerical tests. Even though only three of
the numerical validations tests are discussed in this section, other
numerical tests can be found inMulye (2021) and the corresponding
simulation input files can be found in the Supplementary Material
(Section 5) of this article.

3.7.1 Uniform crushing under pressure test
The objective of this numerical test is to compare the QBATP

element (with selective mass scaling) with the BRICK8 element
of Altair Radioss™ under a uniform pinching pressure and also
compare the results with the values reported in Soulat et al. (2006).
The geometry consists of flat plate of size 50 mm × 50 mm with an
initial thickness of 4 mm which was meshed with an element size
of 10 mm. The material properties of E = 120 GPa and ν = 0.3 were
used. This being a quarter model; appropriate symmetry conditions
were applied as shown in the test setup (Figure 5A). All elements
were loaded and then unloaded with a peak pinching pressure of
10,000 MPa.The position of the node located at point Cwith respect
to point A in X direction (Figure 5B) and the evolution of the
thickness (Figure 5C) were compared with the reference solutions
which showed a good match.

It is to be noted that such a high value of applied pressure
(10,000 MPa) has been chosen for two reasons: 1) In order to
compress a material of high stiffness (E = 120 GPa) to about 8%
compaction; we need to apply a high pressure. For composites, the
through thickness Young’s modulus would not be so high and so the
actual compaction pressure needed would be much lesser. 2) This
test was conducted in order to reproduce the work of Soulat et al.
(2006) so it was necessary to keep the exact same numerical test
conditions including the applied pressure.

3.7.2 Large bending of cantilever test
The objective of this numerical test is to check if the locking

[due to the addition of pinching as demonstrated in Soulat et al.
(2006)] is avoided for a large deflection case, which is very common
in a typical forming scenario. It is to be noted that this test has
been performed on a linear elastic material and not on a composite
material as the main objective of this test is to ensure that there
is no numerical locking. The geometry consists of a cantilever
beam of size 400 mm × 20 mm × 20 mm and a force of 250 N was
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FIGURE 5
QBATP validation test: uniform crushing under pressure: a comparison of solutions obtained using QBATP shells, BRICK8 elements and from
Soulat et al. (2006). (A) Geometry (top view) and setup of the test; (B) Comparison of the evolution of the relative position in X direction (in mm) of
point C with respect to point A; (C) Comparison of the evolution of the thickness (mm).

progressively applied on one end of the beam whereas the other end
was fixed (Figure 6A). The material properties of E = 1,000 MPa,
ν = 0.3 were used. The large deflection due to this load (Scale 1:1)
can be seen in Figure 6B. The evolution of displacement of point
C in Z direction (Figure 6C) and X direction (Figure 6D) using
the QBATP element showed a good match with the ones obtained
using QBAT element thereby demonstrating that the locking due to
pinching has been avoided for QBATP elements. For a quantitative
comparison with the values reported in the literature, the final
Z displacement value (Bisshopp and Drucker, 1945) was 224 mm
(reduced integration shell element), the one obtained using QBAT
elements (full integration without pinching) was 229.95 mm while
the one obtained using QBATP elements was measured to be
230.36 mm.

3.7.3 Non-uniform pinching pressure test
In a typical consolidation process, it can often occur that

some regions undergo much higher consolidation than others. The
objective of this test is to simulate this scenario which has been
done by applying the pinching pressure only on one part of the

model and the results are compared with the BRICK8 element. The
model under consideration is exactly the same as in Section 3.7.1,
i.e., the uniform crushing under pressure test, except the application
of the pinching pressure. In this test, a linearly increasing pinching
pressure (from 0 and up to 10,000 MPa) was applied only on the
elements highlighted in red color (Figure 7A). The displacement
field in Y (mm) for both BRICK8 and QBATP meshes shows a
good match (Figure 7B). Furthermore, the evolution of pinching
displacements (Z) for nodes N1-N4 (refer to Figure 7A for their
locations) was compared with the BRICK8 model (Figure 7C)
which show a good correlation. The slight difference between the
displacements is due to the difference between the mid-surface
normals (used to apply the pinching pressure load for QBATP
elements) and the top-surface normals (used for applying the
pressure load for BRICK8 elements).

Based on the tests discussed in this section along with
several other tests discussed in Mulye (2021) and in the
Supplementary Material (Section 5) of this article, it can be
concluded that the QBATP element can be considered as a suitable
candidate to model forming and consolidation in a unified manner.
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FIGURE 6
QBATP validation test: large bending of a cantilever: a comparison of solutions obtained using QBATP shells, QBAT elements and from Bisshopp and
Drucker (1945), Soulat et al. (2006). (A) Geometry and setup of the test; (B) Side view of the evolution of the deformed shape of the cantilever; (C)
Comparison of the evolution of the Z displacement (mm) of point C; (D) Comparison of the evolution of the X displacement (mm) of point C.

4 Elasto-plastic constitutive model
compatible with the pinching shell

This section focuses on the development of a constitutive model
for the nearly incompressible thermoplastic melt polymer which is a
key ingredient in the numericalmodeling of the consolidation phase.

The transverse squeeze flow behavior occurring during
the consolidation is predominantly governed by the nearly
incompressible melt polymer. As stated in Bussetta and Correia
(2018), a thermoplastic polymer behaves as a visco-elastic material
at room temperature and as a visco-plastic material at higher
temperature. Various modeling strategies for the behavior of
polymer described in the literature can be classified into two main
categories; one is followed by the composite forming community
whereas a different approach is followed by the consolidation and
rheology community.

An isotropic-viscoelastic constitutive model was used in
Cherouat and Billoët (2001) to model the behavior of the polymer
where a membrane element was used for its modeling. Using a
micro-mechanical approach and without explicitly modeling fibres
and matrix separately (Harrison et al., 2002); used a constitutive
model for prepregs which was based on the viscosity of matrix,
weave pattern and initial spacing between fibres. Polypropylene
polymer was modeled using a Maxwell model in Willems et al.
(2006) and the dependence of viscosity on strain rate was modeled

using a power law. Itwas observed that simulation testswith viscosity
and without viscosity resulted in a very small difference in terms of
deformation. Based on this observation the simulation performed
in Vanclooster et al. (2009) did not consider the matrix viscosity.
Similarly, viscous effects were not considered in Khan et al. (2015),
Gong et al. (2016), Gong et al. (2018) even though they used elastic,
anisotropic hyperelastic and neo-hookean constitutive models for
the polymer respectively. In this broad category of modeling the
behavior ofmelt polymer for forming applications,many researchers
have demonstrated that the viscous effects of the matrix can be
neglected in the simulation without significantly impacting the final
results. On the contrary, several works have been published where
the viscous effectsweremodeled and their influencewas investigated
for shear (Haanappel et al., 2014; Machado et al., 2016) and bending
(Alshahrani and Hojjati, 2017; Dörr et al., 2017b).

Even though there have been several attempts at modeling
the consolidation behavior for a woven prepreg, the literature for
the UD prepregs is predominantly focused on the modeling of
squeeze flow phenomenon. The research focused on the modeling
of transverse squeeze flow relies on the idea that a thermoplastic
UD prepreg behaves as a continuum that can be modeled with
a Transversely Isotropic Fluid (TIF) model (Rogers, 1989). This
modeling approach is known as the “Ideal Fibre Reinforced
fluid Model” (IFRM) approach. Finite element analysis using this
technique was performed with the assumption of plane stress
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FIGURE 7
QBATP validation test: nonuniform pinching pressure: a comparison of solutions obtained using QBATP shells and BRICK8 elements. (A) Geometry,
mesh and setup of the test; (B) Comparison of the final deformed shape (scaled 10X) and Y displacement field (mm); (C) Comparison of the Z (pinching
direction) displacement field (mm) at nodes N1–N4.

resulting in a 2D scenario in O’Bradaigh and Pipes (1991).
Simulations on a full three dimensional model were performed in
Sorba et al. (2017) along with the explicit modeling of the interfacial
resin-rich layer.

Based on the literature review, it appears that there is no
standardized approach to its modeling probably due to the
complexities and challenges involved in its characterization. With
this inmind, severalmodeling choices aremade in this work that not
only simplify the numerical aspects of the modeling but also reduce

the complexity in the characterization procedure.They are discussed
below:

• Following the approach predominantly used by composite
forming community; viscous effects are not modeled within
the prepreg. A plasticity-based approach is chosen in order to
emulate the flow of melt polymer. For processes like QSP R©,
modeling the irreversibility with large deformation along with a
failure criteria (which could be developed in the future) is more
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important than modeling the viscous effects. This is because if
the UD patches experience any kind of severe loading along
the direction orthogonal to fibres, they can fail. Thus plasticity
has been given a preference in terms of modeling compared to
viscous effects.The viscous effects could be further added to this
model in the future.
• The core idea of modeling the squeeze flow based on the
IFRM model is to model the prepreg as an equivalent single
continuumwithout differentiating between polymer and fibres,
which automatically includes the coupling between the two
phases. In this work, this interaction is achieved by overlapping
two shell elements (one for polymer and one for fibres) with
shared and coincident nodes.

The modeling strategy followed in this work is as follows: each
ply contains two shell element components with shared coincident
nodes. One of these two components represents fibres whereas the
other represents polymer. The shell for fibres is modeled using a full
integration standard shell element (QBAT) of Altair Radioss™ and
uses an anisotropic elastic material model (Law-58). On the other
hand, the shell for polymer is modeled using the full integration
pinching shell element (QBATP) developed in the previous section
and shall use an elasto-plastic constitutive model (referred to as
Law-91) that will be discussed next.

4.1 Global plasticity for a pinching shell

In order to model the behavior of the nearly incompressible
melt polymer during consolidation; a new elasto-plastic constitutive
model has been developed that is compatible with the QBATP shell
element. This is inspired from the global plasticity model proposed
by Ilyushin (Ilyushin, 1948) for classical shells. The Von-Mises yield
criterion ( f) is defined directly in terms of deviatoric stress resultants
(Ñdev) and stress couples (M̃) as follows,

f = √16(M̃t
eq)

2 + (Ñt
eq)

2 − σy

M̃2
eq = M̃

2
x + M̃

2
y − M̃xM̃y + 3M̃

2
xy

Ñ2
eq =

3
2
[(Ñdev

x )
2 + (Ñdev

y )
2 + (Ñdev

z )
2 + 2(Ñxy)

2]

(25)

Themodel uses linear isotropic hardeningwith radial return and
a linear equation of state is used to correlate pressure, specific volume
andbulkmodulus. Selective reduced integration is performed for the
spherical part of stress in order to avoid volumetric locking.

Also note that, the following assumptions are made (for the sake
of simplicity) in the development of this model.

• For the criterion, the coupling term of the membrane and
bending part is not considered. For the locations that are
undergoing consolidation, it is reasonable to assume that they
would be predominantly under a membrane (non-bending)
stress state rather than a bending stress state thereby justifying
the choice of neglecting the coupling term.
• The contribution of transverse shear is also not considered
in the criterion. Thus, the resultants Nyz and Nxz are always
updated assuming elastic behavior. This is not a strong
assumption, since for thin shells it has been shown in Dujc

and Brank (2012) that the results obtained by considering
the elastic response for transverse shear showed no significant
difference when plasticity was considered for transverse
shear.

4.2 Algorithm

Using the modified yield criterion for pinching shell, the step by
step algorithm is given below:

1. Calculate the deviatoric part of resultant of normal stresses {Ñn}
using,

Pn = 1
3
(Ñn

xx + Ñ
n
yy + Ñ

n
zz)

{Ñn
dev} =
{{{
{{{
{

Ñdev
x

Ñdev
y

Ñdev
z

}}}
}}}
}

=
{{{
{{{
{

Ñn
x + Pn

Ñn
y + Pn

Ñn
z + Pn

}}}
}}}
}

(26)

2. Calculate a trial deviatoric stress resultant {Ñt
dev} assuming elastic

response (G is the elastic shear modulus).

{Ñt
dev} = {Ñ

n
dev} + 2G{Δϵdev} (27)

3. Calculate other trial stress resultants (Ñt
xy) and trial stress couples

(Mt
x,M

t
y,M

t
xy) as in the case of the elastic constitutive model.

4. Calculate Pn+1 assuming a linear equation of state (g) and
performing a selective reduced integration to avoid volumetric
locking (K is the bulk modulus).

Pn+1 = g(K,ρn+1,ρ0) (28)

5. Calculate the updated yield stress based on the equivalent plastic
strain and hardening modulus (HM) as,

σy = σ0y +HM ϵeqp (29)

6. Calculate the modified yield criterion calculated in Eq. 25.
7. If f ≤ 0, it implies that the material is not undergoing plastic

loading signifying ̇ϵeqp = 0.

{Ñn+1
dev } = {Ñ

t
dev}

{Ñn+1} = {Ñn+1
dev − P

n+1}

Ñn+1
xy = Ñ

t
xy

{M̃n+1} = {M̃t}

(30)

8. If f > 0, it means that the material is undergoing plastic loading.
Thus, a factor for radial return (R) needs to be calculated with
subsequent updates in the stress resultants, stress couples and
equivalent plastic strain.

R =
σy

√16(M̃t
eq)

2 + (Ñt
eq)

2

{Ñn+1} = {Ñt
dev}R− P

n+1

Ñn+1
xy = Ñ

t
xyR

{M̃n+1} = {M̃t}R

Δϵeqp = f/(E+HM)

(31)
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FIGURE 8
QBATP element with elasto-plastic constitutive model validation test: cylinder under shear loading: a comparison of solutions obtained using QBATP
shells, ABAQUS and from Dujc and Brank (2012). (A) Geometry, mesh and setup of the test; (B) Visualization of the deformation and the equivalent
plastic strain field (ϵeqp ) for QBATP shells; (C) Comparison of the reaction force in Y direction (N) vs. displacement in Y direction (mm).

4.3 Validation

Even though only one of the numerical validations tests is
discussed in this section, other numerical tests can be found in
Mulye (2021).

The objective of this test is to replicate a benchmark test
from Dujc and Brank (2012) consisting of a hollow cylinder with
elastic perfectly plastic material properties undergoing large shear.
In this test, a hollow cylinder of radius r = 285 mm, height H
= 850 mm and thickness h = 5 mm undergoes shear loading
(Figure 8A). The lower edge was fixed in all degrees of freedom
and an imposed velocity was applied on the top edge in Y direction
until a displacement of 100 mm is reached (Figure 8B). All other

DoFs on this edge were constrained. The material properties were
set to: E = 210,000 MPa, ν = 0.3, σy = 240 MPa and hardening
modulus (HM) was set to 0 making it a case of perfectly plasticity.
Reaction force in the Y direction obtained from the simulation was
plotted against the Y displacement of the top edge (Figure 8C).
It was found that the response of QBATP element was fairly
close to the response obtained by Dujc and Brank (2012). It was
also found to be very similar in response to the ABAQUS result
involving S4R elements [curve reproduced from Dujc and Brank
(2012)].

With this validation test along with the several other tests
described in Mulye (2021), it was considered that the constitutive
model has been validated.
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FIGURE 9
A schematic representation of the characterization strategy for the four material parameters of the elasto-plastic constitutive model.

4.4 Characterization of the constitutive
model

This constitutive model requires four parameters: Young’s
modulus (E), Poisson’s ratio (ν), Yield stress (σy) and isotropic
hardening modulus (HM). Due to the very low stiffness of the
melt polymer and the absence of fibres in the in-plane transverse
direction; the classic uniaxial tensile test could not be used.
Therefore, an alternative approach was considered. The parameters
E and ν were obtained using the Tait equation,

Vp (T,P) = Vp (T,0) [1−C (T)] ln[1+
P

B (T)
] (32)

where Vp is the specific volume of polymer, T is the temperature,
P is the pressure and other variables (B(T) and C(T)) are
material parameters. The material parameters for PA-66 polymer
tabulated in Table 1 in Wang et al. (1992) were used. The
parameters are: C(T) = 0.0894, Vp(T,0) = 0.7657e0.00066T and
B(T) = 3226e−0.00504E−3T . Further, by assuming a linear equation
of state and assuming an isothermal process; the bulk modulus
of the polymer (K) was found to be 226.46 MPa. In future work,
these assumptions can be resolved by implementing a specific and
temperature dependent equation of state. The incompressibility of
melt polymer is the motivating factor to use Poisson’s ratio (ν) as

0.495. Using, the bulk modulus and Poisson’s ratio, the Young’s
modulus was calculated using E = 3K(1− 2ν) and it was found to be
6.8 MPa.

To obtain the remaining two material parameters yield stress
(σy) and hardening modulus (HM), a UD consolidation test is
proposed here in which the UD stack is squeezed in a flat mold
at a high temperature equivalent to QSP R©. The final deformed
shape obtained from the process is used to characterize these two
parameters. The key idea here is to use the flat sections of the
actual mold to characterize the constitutive model avoiding the
need for a dedicated setup for characterization. This point makes it
highly suitable for industrial use where a dedicated characterization
campaign is often difficult to conduct as it can impact the design
cycle time and cost significantly.

It is worth mentioning that an attempt was made to use a
Digital Image Correlation technique was attempted by marking an
initial grid on the specimen so that the local deformations could be
studied. However, due to the squeeze flow occurring at such a high
temperature, themarkingswere spread therebymaking it impossible
to study local deformations with this approach.

The workflow for the characterization procedure is shown in
Figure 9. The stack of UD prepregs undergoes consolidation in
the flat sections of the mold. A schematic representation of the
temperature and loading cycles is shown in. After the completion
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FIGURE 10
Deformation of a flat [0°]5 stack undergoing various degrees of consolidation (5%–25.1%).

of the consolidation experiment, one can measure the final average
thickness and finalmaximumwidth using the deformed shape of the
sample.

Due to the use of the industrial hydraulic press, this is
representative of industrial conditions. Thus neither the accurate
compaction force nor the punch displacement can be controlled
during the test. This also is a typical situation in the industrial
setups where these quantities cannot be controlled or measured
very precisely.Thus, the characterization strategy was planned solely
based on the final deformed shape after consolidation.

The final deformed shape can be subdivided into two quantities:
out of plane deformation (thickness reduction) and in-plane
deformation (increase of width and length due to the transverse
squeeze flow). These two are the only outputs needed for the
characterization method proposed here.

4.5 Experimental procedure

The characterization in this work is carried out on UD plies.The
UD ply tapes used in this work consist of Glass fibres impregnated
with PA-66 polymer (Vf = 60{%}). The specification for the same is
given by Celestran R© CFR-TP PA-66 GF60-02 (Supplier: TICONA).
The experimental campaign on a stack of UD prepregs with a
configuration [0°]5 and dimensions 60 mm × 60 mm. The total
initial thickness wasmeasured to be 1.55 mm.The experiments were
conducted using the Omega mold shown in Figure 9, mounted on
a hydraulic press of 750 kN capacity. Only one sample was tested for
this campaign. Metal spacers of appropriate thicknesses were used
as a way to restrict the maximum amount of consolidation.

Referring back to Figure 9, the value of the final average
thickness serves as an input to the simulation. Also, the material
parameters obtained using Tait equation and incompressibility
condition (E and ν) are input to the simulation. Using these inputs,
a set of simulations were performed by varying the values for σy
and HM for the material. The final maximum width obtained from

the simulation (Wsim)was compared with the final maximumwidth
obtained from the experiments (Wexp) in the block. This difference
(Wsim −Wexp) served as a quantitative measure in order to perform
the simulations with the next guess of σy and HM. This feedback
loop is indicated by the red colored arrows in Figure 9. A set of
simulations consisting of 25 simulations with a range of values for
the parametersσy = [0.05, 0.1, 0.25, 0.5, 1]MPa andHM= [0.05, 0.1,
0.25, 0.5, 1] MPa were performed. Based on the obtained results and
comparing the quantity (Wsim −Wexp), a further refinement in the
material properties was performed.Thus, the set of values for which
the difference (Wsim −Wexp) was minimum were chosen as the
material parameters.They were σy = 0.1 MPa andHM= 0.105 MPa.
In future, a dedicated optimization framework can be used in order
to obtain more precise values of the material parameters and also
multiple experimental repetitions should be done in order to identify
the sensitivity of the experiments and thereby the variation of the
Wexp.

4.6 Consolidation process modeling of
thermoplastic UD prepregs

In this section, various test cases of consolidation of UD
thermoplastic prepregs are discussed with the aim to demonstrate
the capabilities of using the elasto-plastic constitutive model
developed in this work along with the QBATP element in order to
do consolidation process modeling.

4.6.1 Flat [0°]5 case
Even though the characterization of constitutive model

was carried out using this prepreg stack configuration; only
the maximum final width of the specimen was used for the
characterization. Thus, it is interesting to observe the overall final
shape and to compare that with the experimental observations.

For the simulation, a flat UD ply of dimensions 60 mm ×
60 mm and a thickness of 1.55 mm was modeled between two flat
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FIGURE 11
Comparison of the numerical simulation and experimental observations for (A) a flat unidirectional [0°]5 stack; (B) a flat [0°/90°]2 stack (numbers
indicate the dimensions measured at various locations of the stack).

molds. The punch and die are given elastic material properties.
The summary of the material properties used for this simulation
is given in the Supplementary Material (Section 3). An imposed
displacement is applied on the flat punch which induces a transverse
squeeze flow in the prepreg stack whereas the die is fixed in all
DoFs. The simulation is run until a final average thickness of
1.161 mm was obtained which corresponds to a total consolidation
of 25.1%. The displacement field along direction Z at various stages
of the consolidation is shown in Figure 10. The final deformed
shape obtained from the simulation is compared to the experiment
in Figure 11A. Fibres being nearly inextensible, the displacements
along X are very small as indicated by the measurements at various
locations. It can be observed that even though some curvature is seen
in the simulation depicting the barreling effect, it does not match
exactly with the experiment. This difference could have come from
the ply-mold interaction and the heat transfer happening at their
interface which is not modeled in the simulation.

4.6.2 Flat [0°/90°]5 case
Another consolidation experimental test is conducted with a

stack of the configuration [0°/90°]2 where each ply is of the size
60 mm × 60 mm × 0.31 mm.This is motivated by a similar previous
work discussed in Sorba (2017). Starting with an initial average stack
thickness of 1.225 mm; a consolidation operation was performed
until the final average stack thickness of 1.19 mm was achieved.The
loading and boundary conditions are exactly the same as that of

the [0°]5 case. Also, the material properties are same (except the
direction of the fibres).

The in-plane deformations observed from the simulations are
compared with those obtained from the experiments in Figure 11B.
The width predictions at the corners (locations, and are predicted
quite well from the simulation (with a difference of less than 1 mm).
Also, the deformation patterns at the corners are predicted with
a good accuracy. However, the amount of widening predicted by
the simulation at the midpoints of sides of the stack (locations
and) is less than what has been observed in the experiments. A
further investigations both from the point of view of numerical
and experimental work can be helpful in identifying and resolving
the differences observed in the results of the simulation and the
experiment. As discussed in Sorba et al. (2017), the presence of a
thin polymer layer at the interface in cross-ply stacks enhances layer
spreading.

5 Unified numerical process modeling
of forming and consolidation

With all the above ingredients (i.e., QBATP shell element and
elasto-plastc constitutive model for melt polymer) implemented
and validated, one can attempt to perform a unified numerical
process simulation of forming and consolidation. In addition to
the modeling strategy discussed already, the ply-ply interaction is
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modeled with Type-25 contact law in Altair RadiossTM with interply
adhesion as discussed in Mulye et al. (2020).

5.1 Unified approach testing and validation

The objective of this section is to use all the novel pinching shell
element, elasto-plastic constitutive model for pinching shell coupled
with the interply adhesion in order to test the unified approach to
model both forming and consolidation flow. This has been done for
the following two cases.

5.1.1 Revisiting the industrial model from CETIM
In this section, the industrial model from CETIM discussed

previously in Mulye et al. (2020) is revisited but with the updated
modeling strategy that consists of using theQBATP elementwith the
elasto-plastic constitutive model. Note that in Mulye et al. (2020),
only the forming phase was simulated using the classical shell
elements.

The considered industrial model (Figure 12) has a prepreg
stack consisting of 9 plies of different shapes, fibre architectures
(UD/woven) and fibre orientations. The woven prepreg plies are
TEPEX R© dynalite 101-RG600(x) (Supplier: BONDLAMINATES).
TheUDply tapes are Celestran R© CFR-TPPA-66GF60-02 (Supplier:
TICONA). A mesh size of 4 mm was used which generated a
total 29,653 nodes consisting of 48,404 quadrilateral elements. The
material parameters and parameters related to the interply adhesion
are taken from Mulye et al. (2020). In terms of computational time
for simulating this model, it took about 2 h with 4 threads with
shared memory processing on a local computer [Intel(R) Xeon(R)
CPU E3-1545M v5 @ 2.90GHz (x86_64)] with the natural time-step
of the model.

Overall, with reference to the final deformed shape, the results
of simulation with unified approach were found to be comparable
with the ones obtained from the experiment (refer to the Section 6
in Supplementary Material to see a qualitative comparison between
the two). However, now with this new unified approach, one now
has access to additional information such as the through-thickness
normal stress.

The maximum initial stack thickness is 3.5 mm. Thus, a rough
estimate can be made to predict that the consolidation phase
will begin when the distance between the punch and die reduces
to 3.5 mm (after adjusting for the thicknesses of die and punch
themselves). Based on this prediction, the transverse normal stress
for all plies was plotted along with the magnitude of contact force
experienced by the punch at various instants during the simulation.
Figure 13A is obtained when the punch-die distance is 4.78 mm
which is before the beginning of the consolidation as per estimate.
As expected, there is neither a noticeable σzz nor any contact force
on the flat portions of the punch. After the consolidation begins,
one should observe the development of a through-thickness stress
in the regions which undergo consolidation. As a consequence,
one should observe a reaction force on the punch in that region.
This was observed in the Figure 13B. As the consolidation phase
continues further, the stress field intensifies and spreads into other
regions as more regions come in contact with the molds and
begin experiencing consolidation pressure. Finally, at the end of
consolidation phase; Figure 13C shows the state of the stress and

reaction force. At this stage, the distance between the die and punch
is 3.22 mm (which amounts to ≈8% consolidation).

As expected, it can be seen that themaximum compressive stress
is on the flat section of the top face of the component. Whereas,
other regions are contributing less in the sharing of the consolidation
pressure. This can be qualitatively cross-verified with the observed
contact force plot. Ply-wise through-thickness normal stress is an
important information which can be used in the design of the mold
and/or stack.This helps in identifyingwhich regions will have a poor
quality of consolidation. The regions with lower consolidation are
likely to have higher porosities and therefore are possible sites of
weakness/failure for the component.Thus, based on the information
obtained from this type of simulation, one can either modify the
mold design or the stack itself, in order to have a better consolidation
behavior.

Similar to the exercise performed in Mulye et al. (2020), the
fibre orientations after the simulations using the unified approach
were compared at various locations with those obtained from
the experiments. The fibre orientations obtained from the unified
simulation approach are listed in the Supplementary Material
(Section 4). Even though a detailed analysis of the comparison can
be found in Mulye (2021); overall when compared for all faces, the
fibre orientations predicted by the unified simulation were on an
average 5.4° away from the experiments. This value is similar to
the value obtained with a pure forming solution (which was 5.9°
degrees).

This verification is essential since there are several changes in
the modeling approach for the forming approach compared to the
unified approach such as the usage of QBATP elements with elasto-
plastic constitutive model and other consequences of the pinching
behavior both within the components as well as at the interfaces.

It is perhaps expected that in this component, there is not much
of a squeeze flow to be observed because of mainly two reasons.
First, the compressive loading predominantly passed through a zone
on the top face (Figure 13C). Second, due to the overall stack
configuration, theremay not be enough room for the squeeze flow to
occur.This may not be the case with other components and stacking
sequences. An example designed to show the squeeze flow on a
semi-industrial component is discussed next.

5.1.2 Numerical simulation of a UD ply
To validate this unified approach, a semi-industrial model

designed by CETIMwas considered. It consists of a flat UD ply stack
[0°]4 of dimensions 420 mm × 60 mm and thickness of 0.31 mm
each resulting in a total stack thickness of 1.24 mm. The fibres are
oriented along the X direction (Figure 14A). The UD ply tapes
used in this work consist of Glass fibres impregnated with PA-66
polymer Celestran R© CFR-TP PA-66 GF60-02 (Supplier: TICONA).
The unified numerical simulation consisting of 6,000 deformable
shell elements took around 10 min on a local computer [Intel(R)
Xeon(R) CPU E3-1545M v5 @ 2.90GHz (x86_64)] using the natural
time-step of the model.

In order to quantitatively compare the results of the unified
forming and consolidation simulation with the experiments, the
final widths (in mm) were measured at various locations of the
ply in both experiments and simulation (Figure 14B). Ideally
it would have been interesting to compare the field of the
displacement/strains in the ply using Digital Image Correlation
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FIGURE 12
Numerical model of the industrial component designed by CETIM showing its geometry and the prepreg stack configuration (Ply 1 to 9: from bottom
to the top of the stack).

FIGURE 13
Results of the unified numerical simulation of the forming and consolidation for QSP R©: Field of the transverse normal stress σzz in MPa (top) and field
of the magnitude of the contact force in N on the punch (bottom): (A) Before consolidation phase begins; (B) During the consolidation phase; (C) After
the consolidation phase (final state).
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FIGURE 14
Experimental validation of the unified numerical simulation of a unidirectional ply on Omega mold: (A) Geometry, setup and mesh; (B) Width
comparison between experiments and the numerical simulation results (measurements are in mm and the initial width is shown with the white lines).

(DIC) technique. We tried to mark the grid on the initial ply before
it undergoes consolidation in order to perform a DIC during or
after consolidation. However, because of the squeeze-flow these
marked lines spread (turning into a patch of paint). So it becomes
nearly impossible to perform DIC on such a sample. Therefore,
we have chosen to measure dimensions at several locations and
compare them with the simulation. Since, the ply thickness is
what is controlled in the simulation (through the application of
imposed displacement on the punch), and because there is no
significant change in the dimensions along the fibre directions; only
the width measurements from the simulation at various locations
were compared to the experimental measurements.

Based on the comparison, several observations can be made.
With the exception of face, all other faces have better results.
Considering all faces, the average of absolute errors in the widths
calculated from simulation and obtained from the experiments
was found to be 7.1 mm. Also, the maximum width predicted
by the simulation is 105.7 mm (on face) which is close to the
experimentally observed value which is 103 mm.

There are several possible hypotheses that can explain the
difference of results on face such as, 1) thermal effects such as the
temperature inhomogeneity in the mold 2) geometrical effects such
as imperfect parallelism of the mold 3) process related effects such
as a possible local deformations (bending) of the mold itself.

In summary, the two validation tests presented above show
that the simulation using the unified approach are able to model

the squeeze flow behavior. It is also able to predict the final
deformed shape with a reasonable accuracy with this modeling
approach.

6 Application: improving the mold and
part design

This section demonstrates how the unified simulation strategy
for forming and consolidation (when included in the iterative
design pipeline) can help in improving the mold design for
thermoplastic composites. To show the iterative design process
for this demonstrative example, the geometry of punch was
locally modified by translating nodes normal to their plane using
Hypermesh. The modifications are done based on the observed
deformations from simulation. The original design (Section 5.1.2)
is referred to here as Design-1 shown in Figure 15A. Recalling
that the consolidation was found to occur only in zones, and.
On the other hand, the zones and experienced no noticeable
consolidation.

Based on this observation, the nodes on faces and of the punch
were moved inwards (orthogonally to the face) by a small distance
of about 0.6 mm (which was later found to be significant) to arrive
at Design-2. The simulation outcomes of Design-2 are shown in
Figure 15B. It showed the exact opposite trend as that of Design-
1. The consolidation was found to occur in zones and whereas the
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FIGURE 15
Iterative design change in the mold geometry with the use of a unified numerical process modeling of forming and consolidation: field of the Z
displacement in mm (top) and reaction force distribution (bottom) for: (A) Design-1; (B) Design-2; (C) Design-3.

other zones, and showed no significant consolidation. Again, this is
evident from the reaction force distribution plot (Figure 15B). This
provided an indication that for a good consolidation in all zones, the
geometry of the punch should be somewhere in between Design-1
andDesign-2.

Also, an important observation can be made with respect to the
fibre orientation distribution for various designs. By tuning themold
design and thereby tweaking the amount of squeeze flow occurring
in each zone, it was possible tomaintain the straightness of the fibres
in case of Design-3 which was not possible with the initial designs
Design-1 and Design-2 where the local barreling type effect made
significant changes in the fibre orientations.

Based on this conclusion, Design-3 was created this time
by moving the nodes on faces and by 0.1 mm with respect to
the Design-1. The simulation on this design, showed a relatively
uniform distribution of consolidation on all faces as shown in
Figure 15C.

This demonstrates how the unified solution proposed in this
work can help the manufacturers to design better tooling based on
the outcomes of the numerical process simulation that considers
forming, consolidation and potential transverse squeeze flow in
order to achieve a desired product quality and part design.

7 Conclusion

In summary, it has been shown that the simulation of forming
and consolidation phases of QSP R© can be performed using a
shell element based unified approach. With the use of the novel
pinching shell element (QBATP) and the elasto-plastic constitutive
model for the melt polymer (based on four parameters); one can
simulate and predict the squeeze flow behavior with a reasonable

accuracy. Additionally due to the use of pinching shell elements in
this approach; one has access to additional ply level information
such as transverse normal stress which can be used to design the
mold and/or the stack itself by incorporating the effects of the
consolidation phase together with the forming phase.
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