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Chapter 1
Introduction

Abstract

This chapter begins with a brief introduction of composites and thermostamping of com-
posites. It is followed by a discussion on a unique type of thermoplastic composite forming
process called as “Quilted Stratum Process” (QSP®) developed by CETIM, Centrale Nantes
and other partners in 2012. Unlike the conventional thermostamping process, a QSP® pre-
form stack consists of several prepreg patches. Due to the unique nature of this process,
the numerical process simulation of QSP® has some additional challenges compared to a
simulation of a standard thermostamping process which are discussed in detail. These chal-
lenges associated with QSP® and its numerical simulation serve as the motivation for the
developments done in this thesis.

1



1.1. Introduction

Contents
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Quilted Stratum Process: QSP® . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Benefits of QSP® . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.2 Sub-steps in QSP® . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2.3 Challenges in the numerical simulation of QSP® . . . . . . . . . . . 7
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1.1 Introduction

A composite is a type of material that consists of a blend of at least two constituents. The
benefit of a composite is that, it can leverage individual benefits of each constituent material
to optimize certain desirable functions and reduce the undesirable properties. Even though
composites such as wood can be naturally found, man-made engineering composites are
developed with the objective to optimize performance, efficiency and production cost.

The usage of composites parts in modern day industry has been increasing significantly
mainly due to their high strength to weight ratio which makes them good candidates for
structural components. This was one of the main driving factors in the increasing usage
of composite parts in the aeronautics domain where even a small weight reduction results
in a significant increase in the efficiency of an aircraft (Fig. 1.1a). With the development
of various new manufacturing processes that are suitable for mass production, composites
have started replacing various components in the automobile sector (Fig. 1.1b). Aerospace
domain has started taking advantage of using composites in various parts. Just recently in
February of 2021, NASA’s Perseverance rover landed on Mars. It has carried the helicopter
Ingenuity which has its blades made up of composites (Fig. 1.1c). Numerous other examples
of applications of composites in various industries can be found in [1].

One form of engineering polymer composites contains at least two main ingredients: fibres
and an organic matrix (Fig. 1.2a). Fibres are generally made up of glass, carbon, Kevlar or
vegetal whereas the matrix can be a thermoplastic or a thermoset polymer. Typical fibres
have a diameter of the order of several micrometers but have high tensile stiffness and
strength. Thus, they are basically the load carrying members in a composite and provide
strength. On the other hand, the polymer matrix acts as a binding agent for fibres. It
provides a resistance in compression and against chemical agents. Moreover, it provides a
good surface finish increasing the durability of the composite.

Thermosets are monomers with low viscosity which get converted into a three dimensional
cross linked structure using heat in a chemical process called as polymerization (also referred
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(a)

(b)

(c)

Figure 1.1: Applications of composites in various industries (a) Composite parts of a C-5 cargo aircraft [2] (b) Composite
parts being used in the automotive industry [3] (c) Composite blades of the Ingenuity helicopter which is part of NASA’s Mars
mission [4]

as curing). Even though a lower viscosity (before curing) can be helpful in the processing of
thermoset composites, thermoset polymers cannot be remolded by reheating. On the other
hand, thermoplastics contain long chains of polymers which are held together by weak
secondary bonds. Because of this, thermoplastics can be reheated and remolded with some
degree of degradation after each reheating-remolding cycle. Therefore, recyclability is one
of the important advantages that thermoplastic composite possess which has increased their
demand in the domains that involve mass production. Despite this advantage, thermoplastic
polymers pose some challenges in their processing because of the high viscosity and high
processing temperatures.

Fibre architecture of composites plays a key role both in the design of the composite parts
as well as in the processes that can be used for their manufacturing. Some examples of fibre
architectures such as unidirectional, braided, woven, non-crimp fabrics, chopped strand mat
and continuous filament mat are shown in Fig. 1.2b. An overview of various manufacturing
processes for both thermoset and thermoplastic composites can be found in [7]. The focus of
this work however is on a specific type of manufacturing process: thermoplastic composite
forming process.

Forming process for metals has been in practice for many years. The core idea behind
forming is to start with a two dimensional sheet of material and then with the application
of heat and/or pressure deform it to form a three dimensional shape. Forming process for
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(a) (b)

Figure 1.2: (a) An example of a typical polymer composite [5] (b) Various fibre architectures of polymer composites [6]

composites has been derived from the same principle as that of metal forming except here,
one uses a two dimensional stack of composite plies instead of metal sheets. Since it is
difficult to impregnate thermoplastic polymer in a final three dimensional complex shape
due to the high viscosity of the polymer, thermoplastic composite forming process often uses
prepregs which are basically sheets containing fibres and a pre-impregnated thermoplastic
(sometimes called organosheet).

Forming of ThermoPlastic Composites (TPC) is a process which is well suited for mass pro-
duction due to its short cycle time of the order of one minute, ease of recycling of thermo-
plastics and its ability to create components with complex shapes. An overview of various
aspects of composite forming can be found in [8, 9]. A typical thermoplastic composite
forming process begins with a heating stage (Fig. 1.3a) where the thermoplastic prepreg
stack is heated above the melting temperature of the polymer. It is then transferred to the
mold where it undergoes a forming stage (Fig. 1.3b) in which the stack deforms to take
the shape of the mold under the application of force from the punch. To be more compre-
hensive, one could also refer to the diaphragm forming process where the punch is actually
a membrane. Thus, in general the punch could be made up of a stiff material or a more
compliant material. This is then followed by a consolidation stage (Fig. 1.3c) where the
stack undergoes a through-thickness compressive loading due to the applied pressure on
the punch. This stage serves the purpose of healing interfaces between plies and removal
of porosities in the stack which is absolutely essential from the point of view of the quality
and performance of the component [10]. Finally, the component is cooled down and is then
removed from the mold in the demolding stage (Fig. 1.3d).

1.2 Quilted Stratum Process: QSP®

A modified version of the standard thermoplastic composite forming process called “Quilted
Stratum Process” (QSP®) [11] has been developed in 2012 by CETIM, Centrale Nantes
and other partners. The main idea behind this process is to use UD/woven thermoplastic
prepreg patches instead of using uniformly shaped prepreg stack as is the case with standard
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Figure 1.3: A schematic representation of various stages in a thermoplastic composite forming process (reproduced from [10])
(a) Heating stage (b) Forming stage (c) Consolidation stage (d) Demolding stage

thermostamping process. Thus, even components with complex geometries and curvatures
can be formed by using near-rectangular prepreg patches while still maintaining a short
cycle time of about a minute. A stack of such prepreg patches (Fig. 1.4a) can be formed and
then overmolded into the final component (Fig. 1.4b) using QSP®.

(a) (b)

Figure 1.4: (a) Flat two dimensional stack of prepregs before QSP® (b) Final formed part

1.2.1 Benefits of QSP®

The main advantage of QSP® over the classical thermostamping process is the use of near-
rectangular prepreg patches. A demonstrative example is shown in Fig. 1.5. Due to the
possibility to use smaller, near-rectangular patches in QSP®, one can use the material more
efficiently and produce more components compared to the classical composite forming pro-
cess. This reduction of material wastage not only decreases the production cost but also
reduces the environmental impact.

The core motivation behind QSP® is to start with the basic raw materials and then produce
a final product with maximum amount of automation and design freedom. Thus, despite
the complexity involving precise patch cutting and stacking, the total time taken for QSP®

is still of the order of about a minute. All the sub-steps of QSP® are structured in the form
of a production line. This makes the process highly desirable for industries that need mass
production.
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Figure 1.5: (a) Desired final component (b) Ply-cutting with classical approach (c) Ply-cutting with QSP®

The choice of the patch material, its shape and position are determined strategically based
on the loading to be experienced by the component. This therefore results in an optimum
performance of the part and also a further reduction of material cost. Besides these main
advantages, other highlights of QSP® consist of its ability to produce multi-material, multi-
thickness components and the possibility to perform one-shot assemblies.

Due to the numerous advantages of QSP®, the applications for QSP® are growing rapidly.
One such example is the SHERLOC QSP® project. Structural HEalth monitoring, manu-
facturing and Repair for Life management Of Composite fuselage (SHERLOC) is a part of
CLEAN SKY 2 initiative. Within this project, CETIM was selected to manufacture demonstra-
tors of aircraft window frame (Fig. 1.6a) using QSP®. Besides this, QSP® has demonstrated
its effectiveness with several other components such as low cost bumper beam (Fig. 1.6b)
and suspension arm (Fig. 1.6c).

(a) (b) (c)

Figure 1.6: Some examples of components made using QSP® (a) Aircraft window frame from SHERLOC QSP® project [12]
(b) A low cost composite bumper beam (c) A composite suspension arm [11]

1.2.2 Sub-steps in QSP®

The production line of QSP® built at CETIM’s Composites Technocampus in the city of
Nantes in France consists of several sub-steps which convert basic raw materials into a
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final component. A schematic representation of this production line is shown in Fig. 1.7.

Figure 1.7: A schematic representation of sub-steps in QSP® production line

The first stage of QSP® consists of a continuous pultrusion process generating a cost effec-
tive in-line supply of pultruded UD tapes. These are then fed into the patch cutting system,
where the prepreg patches of desired shapes and sizes are cut as per the design specifi-
cations. The cutting process occurs at a speed of about 600 mm/s. Also, based on the
requirements, patches of plies obtained from other material suppliers (UD/Woven) are cut.
After this, a two dimensional stack is created with the help of a robotic arm which places the
patches at pre-specified locations. During this, the prepreg patches are spot welded using
local heating. After this stage, the stack undergoes the standard process of heating, forming,
consolidation as shown in Fig. 1.3. These stages are often coupled with certain one-shot op-
erations such as adding metal inserts into the component [11] and an overmolding stage
before demolding in order to obtain a net-shape final part. Overmolding can also have a
structural and functional role to play in the overall design.

1.2.3 Challenges in the numerical simulation of QSP®

Numerical simulation plays a key role in a design of any manufacturing process by removing
the need to do experimental try-and-error tests. It therefore serves the purpose of shortening
the process design cycle both in terms of cost and time. Also, with the availability of realistic
simulation tools, process parameters can be optimized virtually, using a computer. Thus, a
good numerical simulation needs to be as close as possible to the real physics of the process.
At the same time, it should be fast enough to have low impact on overall process design
time. Thus, one needs to find a good balance between speed and accuracy while developing
a numerical solution.

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. An overview about the modeling of composite sheet forming can be
found in [13] and more recently in [14]. It is evident from Fig. 1.8 that a major focus of
the research in composite forming simulation has been on the modeling of in-plane shear
and tension in order to predict the changes in the fibre orientation during forming and the
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prediction of wrinkle formation.

Figure 1.8: Reproduced Fig. 3 from [14] demonstrating the overview of the literature in the field of simulation of composite
forming process upto the year 2018

In the case of numerical process simulation of QSP®, it has some inherent additional chal-
lenges compared to a simulation of a standard thermostamping process. They arise due to
the unique nature of the process and need consideration. They are as listed as follows:

• In case of standard composite forming process, the blank holders mainly serve the
purpose of keeping the plies together during forming and also help in controlling the
formation of wrinkles. However, the use of prepreg patches in case of QSP® makes it
impossible to use blank holders.

• In general, a thermoplastic composite forming process involves high temperatures.
In addition to that, QSP® involves an overmolding process at the end. Thus, during
forming and a majority of consolidation phase of QSP®, the polymer is in melt state
due to the high temperature of the process necessary to perform the overmolding
process later (Fig. 1.10).

• A resin-rich layer exists at the ply-ply interface (Fig. 1.9) which plays a key role in the
deformation of plies [17,18], interply slip. In case of QSP®, it can result in a possible
large sliding and/or rotation of prepreg patches [19].
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(a) (b)

Resin-Rich-Layer

Figure 1.9: Experimental evidence of existence of resin-rich layer (a) A resin-rich layer at the interface of a [0/90] laminate
[15] (b) Resin-rich layers at each interface of a specimen made of IMA-M21 [16]

• QSP® has the capability to create multi-material and multi-thickness components. This
however poses a challenges in terms of design of the stack (and patch positions) for
QSP®. Challenges associated with the design phase of QSP® known as the “Quilted
Stratum Design” (QSD®) are discussed in [20].

• The failure and damage mechanisms for the components manufactured using QSP®

need to be studied in order to design the prepreg stack for QSP® [21].

Figure 1.10: A schematic representation of a typical evolution of temperature during QSP® (Note: the image is not drawn to
scale)
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1.2.4 Mechanisms of interest

In order to design the actual component to be manufactured with QSP®, one needs to design
the two dimensional prepreg stack which after QSP® would produce the final component.
Therefore, a sufficiently good understanding of the mechanisms and physics occurring dur-
ing the process is needed to obtain the desired final component.

A typical configuration of the prepreg stack for QSP® can be represented by different layers
as shown in Fig. 1.11. A stack shown here consists of three plies. Each of these plies can
be further divided into two types of zones. The first type of zone is a composite layer which
consists of fibres (UD/Woven) along with a preimpregnated polymer. The second type is a
resin-rich layer which predominantly consists of the polymer.

In general the mechanisms discussed below can be classified as intra-ply or inter-ply, in-
plane or out-of-plane and more importantly as occurring during forming or consolidation.
A distinction between forming and consolidation can be made by an existence of a com-
pressive normal stress and/or reduction of thickness. Also to be noted is the fact that these
mechanisms are not necessarily independent of each other and some of them can occur
simultaneously.

Figure 1.11: A schematic representation of the prepreg stack

(a) (b) (d)(c)

Figure 1.12: Classical mechanisms of interest

• In-plane loading: This intra-ply phenomenon is the response of a composite layer un-
der the in-plane membrane type of loading. Therefore, this is important in both form-
ing and consolidation phase. This can be further classified into tension/compression/shear
(Fig. 1.12a and Fig. 1.12b). More discussion can be found in [8,9].

• Out of plane bending: This is an intra-ply phenomenon which mainly occurs during
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(a) (b)

Figure 1.13: (a) Demonstration of intra-ply slip for [0]10 laminate [22] (b) Demonstration of predominantly inter-ply slip for
a [0, 90,±45, 90, 0,±45, 02] laminate [22]

(a) (b) (c)

Figure 1.14: Mechanisms at interface which are specifically more important for QSP®(a) Sliding of patches (b) Rotation of
patches (c) Out-of-plane tension

the forming phase. However, due to the ply-ply interaction, the bending effects are
transferred from one ply to the next ply in the stack (Fig. 1.12c). More details about
its modeling and characterization can be found in [23–26].

• Intra/inter-ply slip: This deformation mode occurs due to transverse shear (Fig. 1.12d)
[22, 27]. An experimental evidence of this mechanism is demonstrated in Fig. 1.13.
Since QSP® typically involves a stack made up of thin plies, the interply slip plays a
bigger role compared to the intra-ply slip. This is further discussed in detail in Chapter
2.

• Sliding and rotation of prepreg patches: This is an interply phenomenon which
falls under the broad category of interply-slip (Fig. 1.14a and Fig. 1.14b). In QSP®

however, the melt state of the polymer at the interply interface, use of prepreg patches
and the inability to use blank holders can result in large sliding (maximum patch
sliding reported by [19] is 24.5 mm) and rotation of prepreg patches.

• Interply adhesion: This is an interply phenomenon which mainly occurs during the
forming phase. This is due to the tack of melt polymer at interface which provides
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(a) (b)

Figure 1.15: Schematic representation of a transverse squeeze flow for a single UD ply undergoing consolidation with free
lateral edges (a) side view (b) top view

Figure 1.16: (a) Deformed shape of a [0]4 laminate after consolidation where initial ply size is shown by green rectangle
(the initial fibre orientation is shown by yellow colored lines) (b) Deformation of a UD prepreg patch of a component after
QSP®(the initial fibre orientation is shown by yellow colored lines). Width measurements at various locations demonstrate
the deformation of this patch

a finite resistance for delamination of the plies in the stack. This is represented in
Fig. 1.14c. This deformation mode is discussed in more detail in Chapter 2.

• Squeeze flow: This is an intra-ply phenomenon which occurs during the consolida-
tion phase. 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 con-
vects the fibres with them (provided that there is a room for the material flow in the
plane) and modifies the fibre orientations [17, 18]. This is schematically represented
in Fig. 1.15. Evidence of this mechanism can be observed in Fig. 1.16 in case of an ex-
periment and also on a real component manufactured using QSP®. This deformation
mode is discussed in more detail in Chapter 4.

• Non uniform consolidation/squeeze: This mainly occurs due to the non-uniform
distribution of the consolidation pressure (and subsequently non-uniform squeeze
flow) which can deform both the composite layers as well as resin-rich layers (Fig. 1.17a).
This deformation can affect the final thickness distribution of the composite layer
subsequently affecting the final material configuration (Fig. 1.17b) and can result in
wrinkle formations during consolidation [28]. More discussion about this deformation
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(b)(a)

Figure 1.17: (a) Schematic representation of a non-uniform consolidation/squeeze (b) Experimental evidence of non-uniform
consolidation/squeeze [16]

mode can be found in Chapter 3-5.

Figure 1.18: Schematic representations of (a) In-plane transverse resin bleed (b) In-plane longitudinal resin bleed (c) Trans-
verse (out of plane) resin percolation

Apart from these primary mechanisms, there are other phenomena which could occur dur-
ing the consolidation. These phenomena can be clearly distinguished from the other con-
solidation mechanisms based on the fact that these involve a relative motion between fibres
and polymer whereas in case of a squeeze flow; both are treated as a single continuum
object generally modeled as anisotropic viscous fluid [29].

• In-plane resin bleed: This phenomenon can be defined by exiting of the polymer
from the ply (in the plane of ply) due to the applied consolidation pressure (Fig. 1.18
a and Fig. 1.18 b). The resin can bleed both from resin-rich layer as well as from
the impregnated fibrous layer. The direction and amount of resin bleed is dependent
on the viscosity of the polymer, permeability of impregnated fibrous layer and the
configuration of the ply. An experimental evidence of a longitudinal resin-bleed in
case of quasi-UD glass fabric [UDT400P]6 saturated with silicone oils during different
stages of the consolidation process can be found in [30].

• Transverse resin percolation: This phenomenon can be defined as the resin move-
ment out of the ply (normal to the plane of ply) due to the applied consolidation
pressure. It was hypothesized that this mechanism is probably responsible for the
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formation of the resin-rich layers between plies [31,32].

However, considering the fact that QSP® and other similar composite forming processes use
a highly viscous polymer along with high fibre volume fractions, the simulation of in-plane
resin bleed and transverse resin percolation are postulated to be of secondary importance.

In summary, for the standard thermoplastic composites, mechanisms such as in-plane shear
and tension are relatively well established in the literature both in terms of simulation as
well as their characterization. On the other hand, mechanisms such as interply adhesion,
transverse squeeze flow, simulation of consolidation are not yet standardized even though
their influence on the final deformed shape is evident.

As for the process simulation of QSP®, it shares many features with the standard composite
thermostamping process but at the same time there are some additional challenges both in
terms of actual forming process as well as its numerical modeling. Thus, in order to have a
full-scale industrial solution for numerical process simulation of QSP®, the mechanisms of
interply adhesion occurring during forming and transverse squeeze flow occurring during
consolidation need to be incorporated into the overall simulation framework.

1.3 Objectives of the thesis

The objective of the thesis originates from the goal of the numerical process simulation of
forming and consolidation phases of QSP®. The goal of the numerical process simulation
of QSP® is to predict the following quantities that are of interest from the design point of
view:

• Final positions and orientations of prepreg plies and patches

• Deformations of plies

• Fibre orientations within plies

To the best of our knowledge, currently there is no commercial software solution that is able
to tackle this problem of performing the numerical process simulation of both forming and
consolidation phases of QSP® in a unified manner using a shell element based approach.

Altair Radioss™ code is a highly suitable candidate for the full scale simulation of forming
and consolidation phases of QSP®. Altair Radioss™ is on top of the industrial FE codes which
are used for crash simulation as well as for fluid-structure interaction or stamping process
simulation. Due to the in-built rich database of constitutive material models, element for-
mulations, various contact algorithms, scalability, speed and its integration with other Altair
products such as Hypermesh; it serves as a good tool to build upon. Also, implementation
in the industrial code of Altair Radioss™ is a request made by our industrial partner CETIM.

The overall goal of this thesis is to develop the capabilities of the numerical process simula-
tion of forming and consolidation phases of QSP® in the commercial code of Altair Radioss™.
More specifically, the developments in this thesis are subdivided into the following tasks:
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• Forming phase:

– Development of a semi-empirical contact mechanism to model interply adhesion
in the contacts.

• Consolidation phase:

– Development and implementation of an extension of a classical shell element
with selective mass scaling in order to have a capability of a transverse normal
stress (σzz).

– Development of a constitutive model for nearly incompressible melt polymer that
is compatible with this modified shell.

• Unified simulation of forming and consolidation phases:

– Combining the developments in forming and consolidation phases in order to
perform a full scale numerical simulation of QSP® in a unified manner.

1.4 Outline of the thesis

The developments done in this thesis are subdivided into several chapters as follows:

Chapter 2 is focused on the forming phase of QSP® and discusses the importance of mod-
eling interply adhesion. A novel semi-empirical contact mechanism has been developed to
model this phenomenon that creates a finite adhesive strength for ply-ply interaction dur-
ing forming. Further, an experimental procedure to characterize this contact mechanism
has been proposed. The chapter concludes with a full-scale industrial validation case where
the final position, orientation of plies as well as fibre orientations at several locations were
compared with the experimental observations.

Chapter 3 is dedicated to the consolidation phase of QSP®. It discusses the development
of an extension of the hourglass-free full-integration QBAT shell element in Altair Radioss™

which is in turn is based on the Q4γ24 shell element discussed in [33, 34] in order to have
the capability of transverse normal stress for the shell. This is achieved by augmenting the
QBAT element with additional nodal degrees of freedom. This is then followed by several
developments in the contact mechanism to create compatibility with this modified shell
element. The chapter concludes with a development of a selective mass scaling technique
for this shell which makes it possible to use a much higher time-step for the simulation.

Chapter 4 focuses on the constitutive modeling of nearly incompressible melt polymer
which is an essential ingredient in modeling the mechanisms during consolidation such
as transverse squeeze flow and its influence on the changes of the fibre orientations in the
prepreg. This chapter contains a discussion on the development of an elasto-plastic consti-
tutive model that is compatible with the modified shell element. For a physical comparison
with respect to the consolidation process, a practical and economic characterization method

15



1.4. Outline of the thesis

is proposed. Finally, the consolidation test results on a [0◦/90◦]2 are compared with the sim-
ulation results.

Chapter 5 combines the developments from all the previous chapters in order to do a full-
scale numerical simulation of QSP® consisting of both forming and consolidation phases
in a unified manner using a shell element based approach. The chapter concludes with a
simulation on semi-industrial and industrial models where the results of the simulation are
compared with the experimental observations.

Finally, Chapter 6 provides a conclusion of the work done in this thesis along with a discus-
sion about possible scope of future work and perspectives.
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Chapter 2
Numerical modeling of interply
adhesion in composite forming of
viscous discontinuous thermoplastic
prepregs

Abstract

This chapter focuses on the development of a semi-empirical contact mechanism that has
been developed to model the phenomenon of interply adhesion during the forming phase of
QSP®. An experimental procedure to characterize this contact mechanism is also discussed.
Finally, a validation on a full-scale industrial test case is performed where both the ply
positions and fibre orientations are compared with those obtained from experiments.

This chapter has been reproduced from: PD Mulye, J Hemmer, L Morançay, C Binetruy, A Leygue, S Comas-
Cardona, P Pichon, and D Guillon. Numerical modeling of interply adhesion in composite forming of viscous
discontinuous thermoplastic prepregs. Composites Part B: Engineering, 191:107953, 2020
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2.1 Introduction

Interply adhesion arising due to polymer tack plays an important role in QSP® due to the
presence of resin-rich layer at the ply-ply interface, inability to use blank holders for prepreg
patches and high temperature of forming process where the polymer is in melt state. With-
out modeling interply adhesion in the numerical simulation of their forming, plies delami-
nate unrealistically without any resistance which in turn results in incorrect final positions
of the prepreg patches.
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2.1.1 Interply Adhesion and QSP®

Interply adhesion arises from the phenomenon known as Polymer Tack which occurs due to
the presence of molten polymer layer at the ply-ply interface. This phenomenon provides
a finite resistance to the interply delamination. The importance of modeling interply adhe-
sion is even more for a process like QSP® due to the absence of blank holder which would
otherwise help in keeping the plies together. It was observed that in the numerical simula-
tion of QSP®, if interply tack is not modeled, the stack of plies unrealistically delaminates
without any resistance (Fig. 2.16a, discussed in detail in Sec. 2.6.1). The phrase “unrealistic
delamination” has been used here since, our industrial partner CETIM did not observe such
delamination while the preform is formed. This in turn results in incorrect prediction of the
final positions of the prepreg patches.

Nomenclature wise, the cohesive and adhesive failure can be clearly defined when the sys-
tem consists of a substrate and an adhesive with a clearly distinguishable boundary between
the two. However, in the case of interface between composite plies, it is a little ambiguous
due to the presence of polymer in a continuous manner. At macro level, it can be called
as interply adhesive failure (between plies) even though on the micro level, it is a cohesive
failure (more details are given in Sec. 2.4.1).

2.1.2 Polymer Tack

The term tackiness is mainly defined in reference to adhesives in liquid state. When one
tries to transversely separate two solids connected by an adhesive in melt state, tackiness
is the resistance offered by the adhesive to the act of normal (orthogonal) separation [1].
The general theory of tackiness for polymers is discussed in [2, 3]. Even though adhesion
can originate from various mechanisms such as, mechanical, diffusion, electrostatic and
physical/chemical absorption, in regard to the polymer adhesives, the diffusion theory is
more relevant [4]. The core idea is that a polymer macromolecule attached to one surface
gets diffused into the second surface, creating adhesion between two surfaces.

As one tries to separate the adhesive joint, various mechanisms take place at the interfaces.
A detailed experimental analysis was conducted in [5, 6] to study these mechanisms for
Pressure Sensitive Adhesives (PSA). A typical stress-strain curve obtained in [5] is shown in
Fig. 2.1. Two main parameters quantifying the adhesion were considered, adhesive strength
(maximum adhesive stress) and adhesion energy. The debonding process of an adhesive
joint consists of several stages, that differs with the debonding rate applied to the sample,
as well detailed by Poivet et al. [7] for silicon oils. The rupture can be due to the polymer
flow and fingering (low debonding rate) or to cavitation (high debonding rate). The exper-
imental evidence of both has been shown in Fig. 2.9b and Fig. 2.9c. In both cases, there is
a maximal adhesive measurable force that the sample can handle.

In general, the polymer tack is characterized by measuring the adhesive force response
during the debonding phase. A measurement method for tack of polymers was proposed in
[8] which involved a layer of polymer deposited on a rigid plate. The flat end of a cylindrical
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Figure 2.1: A typical stress-strain curve obtained from a probe-tack test (reproduced here from the Fig. 6 in [5])

shaped probe made of stainless steel was first brought in contact with this polymer layer.
After that, as the probe was pulled in opposite direction (at a controlled debonding rate),
the force response was recorded. An ASTM standard for this type of test was proposed
in [9] known as the ‘Probe Tack Test’. This technique was used to study the low and high
debonding velocity regimes of adhesive failure [7]. It was also used in [10] to measure the
force-separation relationship for M21 epoxy resin which was used further to study the local
buckling of slit tape for Automated Fibre Placement technique. More recently, this was used
by [11] to study the dependence of tack on various parameters for Automated Tape Laying
(ATL) process.

A peel-type test was also proposed to measure the tack of prepregs for Automated Tape
Laying process in [12, 13]. This test was employed to study the dependence of tack on
different parameters in [14]. A floating roller peel test was employed in [15] to measure
the polymer tack against the level of cure (Fig. 2.2). Measurement using peel-type technique
is more challenging since it involves correct characterization of other material parameters
of prepreg such as bending rigidity which will have a strong influence on the debonding
force response.

Several studies have been carried out to measure the adhesion for thermosets (especially
on epoxy based) prepregs. The effect of aging and temperature on tack was studied in [16].
A viscoelastic model which requires 4 material parameters was proposed in [17] which
was then used to study the tack of epoxy/T-300 carbon fibre reinforced prepregs. For the
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Figure 2.2: Schematic of the floating roller peel test (reproduced here from Fig. 4 in [15])

case of UD-CF/epoxy based system, [18] used Design of Experiments (DOE) to study the
effect of impregnation temperature and pressure on tack. The influence of contact time,
contact force, temperature, debonding rate and aging on tack was studied in [19]. The
adhesion force variation with respect to displacement for the prepreg was compared with
the behavior of a pure polymer. It was discussed that the behavior difference is seen due to
the structural effects in case of prepregs, which mainly arise due to the presence of fibres
and non-uniform thickness of polymer. Various studies based on DOE were conducted to
study the dependency of prepreg tack on various parameters [20,21].

When it comes to tack of thermoplastic melt prepregs, there is no standard test reported in
the literature. As a consequence, the interply adhesion created during the QSP® forming
phase is not taken into account in QSP® numerical simulations of thermoplastic prepregs. It
is therefore of great interest to propose a novel approach that encompasses numerical and
experimental studies to evaluate the influence of the interply adhesion mechanisms on the
final spatial positions and orientations of prepreg plies in a full-scale industrial part.

2.2 Objectives and content of the study

The main objectives of the study are fourfold:

• Propose a simple semi-empirical model that reproduces the interply adhesion between
two molten prepreg plies that plays role during the forming phase of the QSP® process.

• Quantify experimentally the adhesive strength of a molten polymer to fuel the interply
adhesion model.

• Implement the proposed model coupled with experimental characterization in a full-
scale numerical simulation of QSP® to compute the prepreg patch spatial positions
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and orientations.

• Carry out an extensive comparison between the model’s predictions and measure-
ments on a representative industrial part.

After a general presentation of the full-scale simulation strategy, a novel semi-empirical
model for prepreg interply adhesion is detailed. Its intentional simplicity requires the char-
acterization of a single parameter which is named adhesive strength. Therefore, in a second
part, the experimental setup and methodology developed to quantify the adhesive strength
of a molten polymer is presented. Thus, the novel model combined with the experimen-
tal data are both integrated in the full-scale numerical simulation of QSP® using Altair
Radioss™. The macroscopic numerical results concerning the plies spatial positions and ori-
entations are compared to the experimental results obtained on a full-scale industrial part.

2.3 Numerical modeling of interply adhesion

Numerical simulation of thermoplastic composite forming process plays a key role in a de-
sign of the prepreg stack to be used for forming. A good simulation of a process can avoid
the experimental trial and error tests. It therefore has a potential of shortening the process
design cycle both in terms of cost and time. Also, with the availability of realistic simulation
tools, process parameters can be optimized virtually, using a computer. Thus, a good full
scale numerical simulation should be able to capture the physics of the process. At the same
time, it should be fast enough to have low impact on overall design time.

For the numerical simulation of composite forming process, a wide range of approaches
exist. A detailed review of these approaches can be found in [22]. Despite the inherent
multi-scale nature of the composites, a choice has been made in this work to remain within
the scale of macro-level. This choice is made because of the complexity of the components
involved in QSP® and computational performance. The main objective of the numerical
simulation of QSP® consists of predicting the final position of the discontinuous plies and
the fibre orientations in individual plies.

The focus of this work is on the forming stage of QSP®. In simulation, each individual ply is
modeled with shell elements at the mid-surface of the ply. The main idea in this work is to
replace the resin-rich layer at the interface with an equivalent contact law. This modeling
choice has been motivated by the following factors:

• The explicit modeling of resin-rich layer results in very expensive computation [23]
making it challenging to be used in full scale industrial models.

• Creating such an interface law instead of explicit modeling of the polymer would
benefit in capturing the possible large sliding/rotations of prepreg patches.

• During the forming stage, it can be considered that there is no significant consolida-
tion pressure. Thus, the mechanisms such as bleeding/percolation/squeeze-flow do
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not occur, keeping the resin-rich layer thickness nearly the same. A numerical model
dedicated towards the consolidation phase of the composite forming process is dis-
cussed in [24].

There have been several different approaches in the literature aimed at numerical modeling
of interply adhesion. One possibility of using cohesive zone elements was discussed in [25].
However, the possible large sliding/rotations make this approach not suitable for QSP®

simulation. Interface adhesion limited by a deactivation distance was considered in [26].
In their work, an educated guess has been used to assign the values for the adhesion strength
(0.1 MPa) and the deactivation distance (2.0 mm) where the ply thickness was 0.14 mm.
This was done due to the lack of availability of a standardized test for characterization of
adhesion for thermoplastic melt prepregs.

Dörr et al. [27, 28] modeled interply adhesion with adhesive stiffness and the interply ad-
hesive forces are applied as long as the normal separation between the plies is less than a
certain value. The calibration method and the values used for adhesive strength and the
deactivation distance are not specified in this work.

Based on the literature review, an interface mechanism providing adhesive strength while
permitting large sliding/rotations of plies does not exist. Also, a clear and precise method
to characterize such adhesive interface models is needed. Thus, a penalty based, semi-
empirical contact model for interply adhesion has been developed and implemented in the
industrial finite element code of Altair Radioss™ which is discussed in the next section.

2.3.1 Contact mechanism for interply adhesion in normal direction

Before getting into the details of the development of the contact mechanism capable of
adhesion, it is essential to state the requirements of such a mechanism for it to be suitable
for QSP®.

• The model should require the least number of parameters which need characteriza-
tion. This would make it more suitable for an industry. At the same time, it should
have sufficient parameters to capture the physics of the mechanism as closely as pos-
sible.

• The model should allow large sliding/rotation of plies while retaining adhesion which
is essential for QSP®.

• The model should provide a finite adhesive strength and an ability to delaminate if
the normal stress exceeds this value. It should be able to automatically recreate the
adhesive bonds if the separated plies come in contact again in future.

• From a point of view of computational performance, the mechanism should be scal-
able and should work with both Shared Memory Processors (SMP) and domain de-
composition with Message Passing Interface (MPI).
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As discussed before, the adhesive strength in general depends on many parameters which
include, contact time, contact pressure during contact time, debonding rate, temperature,
surface characteristics, thickness and nature of the adhesive. However, it is discussed in [29]
that as the contact time and contact pressure increase, the adhesive strength becomes almost
independent of these parameters. A similar observation was made for debonding rate.
When it increases, the adhesive strength asymptotically approaches a constant value. In
another work, it was discussed that the effect of surface roughness diminishes as the contact
forces in bonding become high [30]. Based on these observations, a contact algorithm
characterized solely by the adhesive strength (σadh) and linearly increasing force-separation
relationship is proposed here.

The modeling strategy for QSP® in Altair Radioss™ is to model each individual ply in a
prepreg stack (Fig. 2.3a) with shell elements created at the mid-surface of the solid and to
define a standard penalty based node-to-surface contact between the plies (Fig. 2.3b). As
an example, a zoomed in view of the actual component model in Altair Radioss™ consisting
of 9 plies is shown in Fig. 2.3c.

(a) (b)

Ply 1

Ply 2 Ply 3

Ply 1

Ply 2 Ply 3

Composite Layer (Fibres + Resin)
Resin Rich Layer (Resin)

Contact Law Contact Law

(c)

Figure 2.3: (a) Schematic representation of prepreg stack (b) Modeling strategy for prepreg stack for QSP® in Altair
Radioss™(c) Zoomed in view of the actual component with 9 plies modeled in Altair Radioss™

In the penalty based contact algorithm defined for the interaction between plies (Fig. 2.5a),
a penetration resistive spring is added whenever the secondary node enters the penetration
zone. The thickness of penetration zone is given by,

Gap = L = 0.5× (tmain + tsecondary) (2.1)

where tmain and tsecondary are the thicknesses of main surface and secondary node respec-
tively. The representation of the case without penetration and the case with penetration
is shown in Fig. 2.4. This standard penalty based contact formulation is modified to have
an additional zone of thickness L which extends beyond the penetration zone, called as
adhesion zone (Fig. 2.5b).

The core idea is that, as soon as the secondary node touches/enters into the penetration
zone, an adhesive spring is created. This spring has no effect in the penetration zone. Thus,
the mechanism behaves the same as that of the standard contact algorithm inside pene-
tration zone. However, as the secondary node tries to move away from the main segment
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Figure 2.4: Schematic representation of a case with (a) no penetration (b) penetration (denoted by P )

Figure 2.5: (a) Standard contact mechanism (b) Modified contact mechanism with transverse adhesion

and comes in the adhesion zone, adhesive spring (whose base is connected at the interface
of adhesion and penetration zone) exerts adhesive forces pulling main and secondary pair
towards each other. A simple linear force-displacement relationship is used which is given
by Eq. 2.2,

Fadhesion =
σadhA

L
(L− P ) (2.2)

Where, σadh is the adhesive strength, A is the contact area, P is the normal distance mea-
sured with reference to the outer boundary of the adhesion zone. As the node is further
pulled and it reaches the outer boundary of adhesion zone, adhesion spring ruptures rep-
resenting delamination. The adhesive spring is recreated in case the secondary node enters
the penetration zone again.

2.3.2 Mechanism verification with a simple test case

Before using this adhesion mechanism on full scale industrial scenarios, it is tested on a sim-
pler simulation scenario consisting of two flat plates each of thickness 0.5 mm. The plates
are modeled with 4-node shell elements created at their respective mid-surfaces (Fig. 2.6a).
The bottom plate (Main) is fixed in all degrees of freedom whereas the top plate (Sec-
ondary) is subjected to imposed time varying displacement in the normal (z) direction such
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that the normal interply distance is given by the curve shown in Fig. 2.6b. The correspond-
ing responses of contact force and contact energy obtained from the simulation are shown
in Fig. 2.7. Note that the values of adhesive strength used in this plot are not real values. In
reality, the adhesive stiffness is several orders less compared to the penalty stiffness. Also it
is to be noted that this contact mechanism does not require the main and secondary nodes
to be co-incident, the contact is of type node-to-surface where the penetration on the sec-
ondary node is calculated based on its projection onto the main surface details of which can
be found in [31].
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Figure 2.6: (a) Flat plates geometry and setup (b) Imposed normal interply distance

Figure 2.7: Interply contact force and contact energy obtained from simulation (a negative force signifies penetration resistive
force whereas a positive force signifies adhesive force)

During the path A-B, the plates experience penetration, generating a penetration resistive
penalty force which tries to separate the main segment and the secondary node. During this,
since the secondary node has entered the penetration zone, adhesion spring is created which
creates adhesive forces as the secondary node enters into adhesion zone (after point B).
During path B-C-D-E-F, this adhesion spring undergoes cycles of stretching and relaxation.
The adhesive force which tries to pull main and secondary towards one another, possesses
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an opposite sign as that of penetration resistive forces which can be observed in Fig. 2.7.
At point G, the adhesion spring is fully stretched (exhibiting maximum adhesion force) and
beyond that, it breaks. It is important to note that after point H, even though the top plate
enters adhesion zone, the adhesive spring is not recreated until it reaches the penetration
zone again (point I). Path J-K demonstrates the second cycle of increasing adhesion and
a rupture at the end. The dissipation resulting from each rupture of the adhesion spring
is stored irreversibly in the contact energy which gets accumulated with every cycle of
adhesion-rupture.

2.3.3 Interply contact mechanism in tangential direction

For the full scale implementation, a complete representation of the interface mechanisms is
needed. Therefore, in addition to the transverse interply adhesion, a model for tangential
interaction between the plies is needed. During the forming phase of QSP®, the plies do not
experience a significant consolidation pressure. Thus for the interply contact behavior in
tangential direction, a viscous slip law discussed in [32] was chosen over the Stribeck curve
based approach discussed in [33]. Therefore, a tangential force is applied which acts in the
opposite direction of the relative sliding velocity of the secondary node with respect to the
main surface. This tangential force is applied irrespective of the zone where a secondary
node is lying. The magnitude of this force is given by Eq. 2.3,

FT = S
η A

L
(Vrel) (2.3)

Where, η being the viscosity of melt thermoplastic polymer, A is the contact area and Vrel is
the tangential relative speed of the secondary node with respect to its main surface. In many
full scale industrial models consisting of multiple plies with different ply architectures and
fibre orientations, it is difficult to measure the exact thickness (and variation of thickness)
of resin-rich layer. Therefore, a normalized length L is used in Eq. 2.3. However, a scaling
factor S is provided which can be used to scale-up/scale-down the tangential viscous forces
based on the available information about the resin-rich layer thickness.

Overall, this mechanism satisfies all the needed requirements described in Sec. 2.3.1. How-
ever, the mechanism modeled here takes certain computational liberties which were done
mainly in order to reduce the characterization needed for modeling the interply adhesion
mechanism. They are:

• The post-peak softening behavior of the force-separation behavior is not modeled.

• The thermal effects are not modeled.

• The adhesion zone is assumed to be extending up to a normal distance of L.

The assumption of adhesion zone thickness to be L is done for two reasons. First, it reduces
the needed characterization and in general it is difficult to measure the thickness of this
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resin-rich zone which can vary throughout the specimen as shown in Fig. 2.8 (reproduced
from Fig. 4.12 in [34]).

Figure 2.8: A microscopic image of a test specimen showing the irregularity of the thickness of the resin-rich zone (reproduced
from Fig. 4.12 in [34])

Second, if the adhesion zone thickness is very small, it will increase contact stiffness signif-
icantly (defined by kadh = σmaxA

L ) which needs to be taken into account for the stability of
the time-step calculation. Therefore, this would result in a very small time-step (which is
inversely proportional to the stiffness) for the explicit solver, increasing the computational
cost significantly.

2.4 Experimental determination of the interply adhesion strength

From the characterization point of view, the adhesion model proposed here needs only one
main parameter, the adhesive strength (σadh). After a detailed literature review on polymer
rupture, this section describes the developed experimental setup and methodology used to
determine the adhesive strength (σadh) of melt thermoplastic polymer PA-66.

2.4.1 Literature review

Cohesive or adhesive rupture

A resin-rich layer usually exists at the interface between two plies of prepreg [35] and the
rupture occurring when the transverse stress exceeds the transverse maximal strength ad-
hesion σmax may be adhesive (rupture at the interface between the fibrous reinforcement
and the polymer) or cohesive (rupture in the resin bulk). Bastien et al. [36] investigated
the fusion between two graphite/PEEK prepreg plies at molten state using a thin amor-
phous polyetherimide (PEI) film. Authors highlighted that for a contact time tc between
both components higher than the PEI reptation time τrept (which sets the self-diffusion rate
of the polymer [37]), the transverse rupture occurs in the bulk of the PEI polymer. Experi-
ments conducted on highly entangled polymers lead to similar conclusions [38]. According
to molecular dynamics simulations [39], if tc < τrept, the polymer entanglement density

The experimental part i.e. the sections 2.4.1-2.4.3 were undertaken by Dr. J. Hemmer as a part of the
post-doctoral research conducted at Centrale Nantes
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remains low and leads to chain pull-out (adhesive rupture); in contrast, if tc > τrept, the
polymer entanglement density is maximal and the cohesive rupture is due to chain scission.

For PA-66, a conventional polymer used to make thermoplastic prepreg, τrept ≈ 10−5 s
(obtained following Doi Tube theory [37] and using molecular data from [40]). Before
the forming process, the prepreg plies remain stacked at melt temperature during much
longer time. Therefore, the transverse rupture between two prepreg plies is expected to be
cohesive, i.e in the bulk of the molten polymer.

Fluid-like or solid-like rupture

The molten polymer rupture depends on the applied strain rate ε̇ [41, 42]. A low strain
rate induces a fluid-like rupture (ductile) whereas a high strain rate induces a solid-like
rupture (elastic). When the product ε̇τrept is higher than 1, the polymer macromolecules do
not have enough time to reorganize following the imposed strain and the induced rupture
is elastic [43, 44]. Schach et al. [38] consider that the transition between fluid-like and
solid-like rupture occurs for ε̇τrept varying from 0.8 to 7.

During the forming process, the strain rate ε̇ ∈ [1 − 1000] s−1 and again, τrept ≈ 10−5 s for
PA-66. The cohesive rupture is therefore expected to be fluid-like between two prepreg plies
at molten state.

Following the conclusions raised by the present literature review, the adhesive strength
between two melt thermoplastic prepreg plies will be investigated through the tensile me-
chanical behavior of the corresponding molten polymer.

2.4.2 Experimental methods and setup

Fig. 2.9 presents the setup developed to measure the transverse tensile mechanical behavior
of a molten PA-66 following the methods employed for silicon oils [7]. A Dynamic Mechani-
cal Analysis device (DMA 150+ from Metravib) whose specifications are detailed in Tab. 2.1
is used as a tensile machine where jaws are two parallel steel platens. A PA-66 sample from
Solvay (melting temperature Tm=280◦C and melt viscosity 70 Pa.s) is placed on the bottom
fixed platen, located in a furnace.

The initial thickness of the molten polymer is set by imposing a compressive constant force
(-0.5 N) on calibrated shim plates during 1 minute. Once this bonding step achieved, a
constant tensile force rate is imposed and both force and displacement are recorded. The
setpoints applied during each step are detailed in Tab. 2.2. The sample volume remains
constant during the experimental campaign (diameter of 33 mm and thickness of 0.5 mm)
and each test is repeated twice at a given force rate.
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Min. Max. Resolution

Force (N) 0.002 150 0.000024
Displacement (µm) 1 6000 0.003

Temperature (◦C) TRoom 450 0.1

Table 2.1: Specifications of the force, displacement and temperature cells for the DMA Metravib 150+
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Figure 2.9: (a) Global view of the setup designed to measure the tensile mechanical behavior of molten PA-66 (b) Experimen-
tal evidence of the fingering and cavitation effects occurring respectively at low and high debonding velocities: cross-section
views, (c) Top views extracted from [7]

2.4.3 Experimental results

Qualitative results obtained on molten PA-66 (Fig. 2.9b) are in good agreement with the
one obtained on silicon oils (Fig. 2.9c, extracted from [7]). At low debonding velocity, a
radially convergent flow is observed (fingering effect) whereas cavitation occurs at high
debonding velocity. In QSP®, the debonding rates of plies are quite high (discussed in detail
in Section 2.4.4) which indicates that the mechanism consisting of extensional separation
is more important compared to the mechanism creating radially convergent flow.

Barroso et al. [41] distinguished the failure (loss of adhesion) happening when the force

Step Force Temperature

Melting 0 N 10◦C/min to Tm

Bonding -0.5 N Tm

Tensile Constant rate from 0.001 to 1 N/s Tm

Table 2.2: Experimental protocol steps with the corresponding imposed force and temperature
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2.4. Experimental determination of the interply adhesion strength

reaches a maximal peak and the rupture (no polymer threads remain between the two
platens) occurring after the failure. This force peak is believed to represent the instability
and transition from homogeneous stretching to necking [45] and the use of the Considère
criterion to predict it for molten polymer and polymer solutions is still discussed [46, 47].
For the present study, the maximal force is found to be as a good indicator to quantify σmax.

Even if test repeatability is difficult to ensure, the molten PA-66 tensile behavior significantly
depends on the imposed force rate (Fig. 2.10). The transverse extension is measured using
∆h
h0

where ∆h is the change of thickness with referece to the initial thickness h0. The sample
rupture, not represented here, occurs right after the force peak at high force rate and long
after the force peak at low force rate. The force rate significantly impacts the maximal
strength adhesion value (σmax in Fig. 2.11a). Equivalent conclusions are drawn for silicon
oils [7]. However, the material viscosity (102 to 103 Pa.s in [7]) does not influence the force
peak value. Therefore, the obtained trend curve (Fig. 2.11a) can be used to determine the
maximal adhesive strength for a more viscous PA-66 molten polymer.
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Figure 2.10: Quantitative results showing the raw force and displacement recorded for several force rates

2.4.4 Choice of adhesive strength value for simulation

As discussed in [19], the non-uniformity of interfacial resin layer thickness in case of
prepregs affects the post-peak behavior of the force-separation curve, however, the linear
nature of the pre-peak behavior is still retained. Since, the focus of this work is on pre-peak
linear behavior, the adhesion tests conducted on pure polymer can be used to model the
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2.4. Experimental determination of the interply adhesion strength

Debonding rate (1/s) Adhesive Strength (MPa)

2.00E-04 7.72E-04
6.00E-04 1.40E-03
5.00E-03 2.31E-03
1.50E-02 4.28E-03
4.00E-02 5.75E-03

Table 2.3: Experimentally obtained values of adhesive strength of PA-66 at high temperature for different debonding rates

interply adhesion for thermoplastic prepregs.

As observed from the experiments, the value of the adhesive strength varies with the
debonding rate (Tab. 2.3). The debonding rate was calculated using ∆h

h0∆t and the adhe-
sive strength was calculated with Fmax

S0
where S0 is the original contact area of the sample.

However, it was observed by [6, 29] that at higher debonding rates, the adhesive strength
becomes less dependent on the debonding rate. Inspired from this observation, a curve fit-
ting of the form y = a(1−exp−bx)+c was performed (Fig. 2.11a). The parameters obtained
from the curve fitting exercise were a = 0.0052, b = 67.86 and c = 0.001 which produced
an R2 = 0.9921. With higher debonding rates, the value of adhesive strength approaches
asymptotically to a value of 0.0062 MPa.
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Figure 2.11: (a) Curve fitting for adhesive strength experimental values (b) Histogram of local debonding rates from simula-
tion

A simulation based study was conducted for an industrial case (model geometry, mesh,
loading and boundary conditions are described in detail in Sec. 2.6 and Fig. 2.15) to observe
the local instantaneous debonding rate throughout the simulation.

The value of local debonding rate was calculated for each node, each contact interface after
every 1000 cycles in simulation which resulted in a database of about 2 million data points.
A histogram plot (Fig. 2.11b) for these values shows that the majority of the values occur
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2.5. Implementation aspects of interply adhesion in Altair Radioss™

around the debonding rate of 100.225 = 1.68 (1/s) for which the adhesive strength can be
safely considered to be 0.0062 MPa. This justifies the use of a constant adhesive strength
value = 0.0062 MPa in the simulation. The sensitivity analysis of adhesive strength has
been performed and is discussed in Sec. 2.6.2.

2.5 Implementation aspects of interply adhesion in Altair Radioss™

Interfaces solve the contact and impact conditions between two parts of a model. There
are several types of contacts in Altair Radioss™ such as node-to-surface with nonlinear con-
tact stiffness (Type-7), node-to-surface with a constant contact stiffness (Type-25), bonded
contact (Type-2), edge-to-edge contact (Type-11) etc. each of which has been designed for
a specific purpose and use. The focus of this work is on the Type-25 contact which is a
node-to-surface penalty type of contact with a constant penalty stiffness.

2.5.1 Global overview of contact algorithm

Fig. 2.12 shows a global flowchart of the Altair Radioss™ explicit solver. Altair Radioss™

being a commercial solver, the actual architecture is significantly more complicated. In-
dividual steps in this flowchart are discussed in detail in Sec. 3.5.1 in Chapter 3. In this
Chapter, the discussion has been restricted to the contacts and specifically Type-25 contact
interface.

The block Radioss Starter reads the input file containing all the details about the model:
nodal coordinates, element connectivity, different elements, contacts, loads, boundary con-
ditions and so on. This block was modified in order to read the additional information
related to the interply adhesion, creation of adhesion zones and other related data struc-
tures. The block corresponding to the Allocation and initialization was appended in order to
allocate and initialize adhesion related data structures and incorporate specific treatments
such as the one for excessive initial penetrations.

The main modifications have been done in the block that calculates the contact forces. This
has been updated in order to calculate the adhesion related contact forces in the normal
direction F adhesion

contact and the viscous sliding forces in the tangential direction F tangential
contact .
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Start

Radioss Starter

Radioss Engine

Allocation and Initialization
t = 0

Calculate Fext

Calculate Fext = Fext + Fcontact

Calculate Fint

Calculate ∆t

Calculate acceleration Ü

Kinematic constraints

Calculate velocity (U̇)
Calculate displacements (U)

Write outputs

Check if tn+1 ≤ tfinal

Stop

Reading adhesion information

Allocation and Initialization
of adhesion data

Calculate
F adhesion

contact and F tangential
contact

Figure 2.12: Overview of the explicit solver flowchart (green colored boxes show the implemented and/or modified frame-
work for the developments in this Chapter)
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Calculate FN

Tangent direction

Calculate FT

Calculate
Viscous sliding force

Calculate
Fsecondary and Fmain

Assemble Fcontact

Figure 2.13: Overview of the contact algorithm flowchart (green colored boxes show the implemented and/or modified
framework for the developments in this Chapter)

Fig. 2.13 shows a simplified flowchart of the contact algorithm. The initial steps in a typ-
ical contact algorithm consist of contact sorting and then contact searching which are not
discussed in this work (Refer to [31] for more details). Then the normal projection of a
secondary node on a main segment is calculated (discussed in Sec. 2.5.2). Based on this
normal distance and the ‘Gap’, it is identified if the secondary node is penetrating the main
segment or not. If it is penetrating, then there are two types of forces that need to be
calculated, (a) normal force (b) tangential force.

In the standard penalty type of contact, the normal force is directly calculated based on the
penetration and contact stiffness. In our case however, the normal force could arise from
(a) adhesion or (b) penetration. Thus, it needs to be determined if the secondary node
resides in the adhesion or penetration zone and if the adhesive spring exists for that node
before we can calculate the normal force.

In case of the tangential direction, depending on the type of law used (such as Coulomb
friction, Renard law, Darmstad law etc.), the tangential force is calculated. A block has
been added to incorporate the tangential viscous sliding law discussed in this Chapter.

Once the normal and tangential forces are calculated, they are applied on the secondary
node and the corresponding nodes of the main segment considering the appropriate direc-
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tions. Finally, the global assembly of the contact force is performed in order to obtain the
global contact force vector Fcontact.

2.5.2 Calculation of the secondary node projection and penetration

In order to calculate a penetration, it is necessary to calculate the normal distance between
the main segment and the secondary node. For this, the projection of the secondary node
onto the main segment needs to be calculated.

Figure 2.14: Calculation of the projection of the secondary node on the main segment

This is shown in Fig. 2.14 for the case of a quadrilateral main segment. The objective is to
find the corresponding projection P of the secondary node Q on the main segment ‘ABCD’.
A, B, C and D are the position vectors (in the global coordinate system) of the nodes
forming the quadrilateral main segment. Using the isoparameteric coordinates ξ and η and
the bilinear shape functions N1-N4 (Refer to Tab. 3.2); a system of equations is obtained as
follows,

P = N1A+N2B +N3C +N4D (2.4)

s = (1− η)AB + (1 + η)DC (2.5)

t = (1− ξ)DA+ (1 + ξ)BC (2.6)

n =
s× t
|s× t| (2.7)

PQ = an (2.8)

where n is the unit normal to the mid-surface at P and a is the projection distance. Solving
this system of equations; one obtains the position of point P and the normal distance a.
Then the penetration is calculated using,

Pene = max(0, 2 Gap− a) (2.9)

where ‘Gap’ is calculated based on the thickness of the main and secondary as per Eq. 2.1
and Fig. 2.5b. With this, the corresponding penetration force or adhesion force is calculated.
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2.6. Full scale numerical simulation of QSP® using Altair Radioss™

2.5.3 Distribution of penalty forces on main segment

Knowing the unit normal at the point of projection, the contact force on the secondary node
is applied directly. However, in case of the main segment, it is necessary to distribute the
contact force at the projection onto the nodes of the main segment.

The contact forces F1, F2, F3 and F4 are applied on the nodes at A, B, C and D respec-
tively in the opposite direction as that of the secondary node, such that:

F1 + F2 + F3 + F4 = −Fsecondary (2.10)

The forces are a function of the position of the point P = (ξP , ηP ) with respect to the nodes
of the main segment,

Fi = −Ni(ξP , ηP )Fsecondary (2.11)

where Ni(ξP , ηP ) represents the bilinear shape function i evaluated at the projection point
P = (ξP , ηP ) which signifies that the main segment node closer to the projection point will
experience a higher contact force and similarly, the main segment node farthest from the
projection point will have the smallest contribution towards the overall contact force.

2.6 Full scale numerical simulation of QSP® using Altair Radioss™

This section discusses a numerical simulation of QSP® for an industrial component per-
formed using Altair Radioss™.

2.6.1 Model description and setup

The considered industrial model (Fig. 2.15a) has a prepreg stack consisting of 9 plies of
different shapes, fibre architectures (UD/woven) and fibre orientations (Fig. 2.15b). This
component has been designed by CETIM after doing several initial design iterations. The
woven prepreg plies are TEPEX® dynalite 101-RG600(x) (Supplier: BONDLAMINATES).
The UD ply tapes are Celestran® CFR-TP PA-66 GF60-02 (Supplier: TICONA).

The punch and die are modeled with rigid elements. Each ply is meshed with 4-node
shell elements (created at the mid-surfaces of plies) with hourglass free full integration
elements [48]. Since, a prepreg ply consists of both fibres and the polymer, each ply is
modeled by overlapping two sets of shell elements with co-incident nodes. One set of shell
elements obeys a fabric constitutive model and the other set obeys the polymer constitutive
model. The mesh size of 4 mm was used which generated a total 29,653 nodes consisting
of 48,404 quadrilateral elements.

Constitutive model for fabric behavior has been implemented in material Law-58 of Altair
Radioss™ which models the fabric as an anisotropic membrane material. On the other hand,
the polymer behavior is modeled with a constitutive model corresponding to Mooney-Rivlin
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(a)

(b)

Ply 1 Ply 2 Ply 3 Ply 4 Ply 5 Ply 6 Ply 7 Ply 8 Ply 9

UD 90o UD 0o UD 45o

0.5 mm 0.5 mm 0.5 mm 0.5 mm 0.3 mm 0.3 mm 0.3 mm 0.3 mm 0.3 mm

Figure 2.15: (a) Industrial model geometry and simulation setup (b) Prepreg stack configuration (Ply 1 to 9: from bottom to
top in the stack)

material which is a particular case of material Law-42 of Altair Radioss™. More details
about these constitutive models can be found in [31]. The material parameters used in
the simulation are listed in Tab. 2.4 which have been obtained from the experimental and
characterization campaigns [49, 50]. The value of viscosity has been obtained from the
specifications provided by the prepreg supplier.

The ply-ply interaction is modeled with a penalty-based contact (Type 25) formulation in
Altair Radioss™ which has been modified to incorporate interply adhesion developed in
this work. Also, specially defined rigid to deformable contacts are defined between the
die/punch and plies. The interply adhesion parameters used for the simulation are listed in
Tab. 2.5.

Woven (Law-58) UD (Law-58) Polymer (Law-42)

ρ 1.8E-9 t/mm3 ρ 1.8E-9 t/mm3 ρ 1.13E-9 t/mm3

E1 10,000 MPa E1 25,000 MPa ν 0.495
E2 10,000 MPa E2 10 MPa µ1 2.0
G0 0.069 MPa G0 0 MPa µ2 -1.0
GT 3.0 MPa GT 3.0 MPa α1 2.0
αlock 55◦ αlock 85◦ α2 -2.0

Table 2.4: List of parameters for each constitutive model used in simulation where ρ is the density, E1 and E2 are the Young’s
modulii of fibres for warp and weft directions, G0 is the initial shear modulus, GT is the tangent shear modulus at locking
angle αlock. For resin, ν is the Poisson’s ratio, µ1, µ2, α1 and α2 are material parameters for the Ogden material law.
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Parameter Symbol Value

Viscosity of melt polymer (280◦ C) η 275 Pa.s
Adhesive strength σadh 0.0062 MPa

Viscous scaling factor S 1.0

Table 2.5: List of interply adhesion parameters used in simulation

The simulation was run on a Intel(R) Xeon(R) CPU E3-1545M v5 @ 2.90GHz (x86_64)
machine with SPMD=1 and OMP=24 type of parallel environment. The simulation was
run with the natural time-step of the model (approximately 3.0E-7 seconds) and in total
113,458 cycles were completed for the total time of 0.034 seconds. The CPU time used
in the simulation was found to be 75,350 seconds whereas the actual time taken for the
simulation to complete was found to be 3,198 seconds.

For a qualitative validation, the ply positions at an intermediate time step were compared for
the case without interply adhesion mechanism against the case with interply adhesion mech-
anism. A resistance free delamination of plies was observed when interply adhesion was
not modeled (Fig. 2.16a). On the other hand, with the added interply adhesion model, the
prepreg plies stick together (Fig. 2.16b). This in turn affects the final position of discontinu-

(a) (b)

Figure 2.16: (a) Without interply adhesion: resistance free delamination (b) With adhesion: no delamination

ous plies. The positions predicted by the simulation without interply adhesion (Fig. 2.17a)
are significantly different from those predicted by the simulation with interply adhesion
(Fig. 2.17b).

The quantitative validation was done by comparing the simulation with the experiments.
This was done in two parts (a) Comparison of the final position of a prepreg patch (b)
Comparison of fibre orientations for all plies at several locations.
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(a) (b)

Figure 2.17: Comparison of the final position of plies (a) Without interply adhesion model (b) With interply adhesion model

2.6.2 Comparison of the final position of a prepreg patch

The vertical displacement of a corner (Point P shown in Fig. 2.18) was measured from the
experiments and it was compared with values obtained from the simulation. The experimen-
tally obtained value was 6 mm (Fig. 2.18a). The simulation without the interply adhesion
mechanism predicted this value to be 31.7 mm (Fig. 2.18b) which is significantly different
from the real value. On the other hand, adding interply adhesion mechanism improved this
value to 6.6 mm (Fig. 2.18c) which is much closer to the experimentally observed value.

(a) (b) (c)

P

P

P

Figure 2.18: Vertical displacement of a patch corner (a) Experiment: 6 mm (b) Simulation without interply adhesion:
31.7 mm (c) Simulation with interply adhesion: 6.6 mm

Another comparison was made with reference to the angle made by the patch with respect
to the horizontal (∠ABC shown in Fig. 2.19). Experimental measurements showed that
this angle was 60◦ (Fig. 2.19a). Note that this change of angle results from the sliding of
discontinuous patch and not from in-plane shearing of the prepreg. The simulation without
the interply adhesion model predicted it to be 27.9◦ (Fig. 2.19b) whereas the simulation
with interply adhesion mechanism gave a much closer prediction of 64.4◦ (Fig. 2.19c).

Therefore, it can be concluded that with added interply adhesion contact mechanism, there
is a significant improvement in the prediction of the final ply positions.

A sensitivity analysis was performed on the adhesive strength parameter. The final positions
of 6 nodes situated at the corners of Ply 9 (Fig. 2.20) were recorded by post-processing the
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(a) (b) (c)
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Figure 2.19: Comparison of the angle made by top ply with horizontal (a) Experiment: 60◦ (b) Simulation without interply
adhesion: 27.9◦ (c) Simulation with interply adhesion: 64.4◦

simulation results. The simulations were performed by varying σadh from its reference value
of 0.0062 MPa. The variation was performed from σadh = 0.0012 MPa (reference value -
80%) to σadh = 0.012 MPa (reference value +80%). Tab. 2.6 shows the variation of the
final position (magnitude) of these nodes in mm with respect to the reference case (σadh =
0.0062 MPa). In general, σadh can be thought of as an entity that opposes the separation
forces experienced during the forming process. Thus, as long as σadh exceeds the local
separation stress experienced by the plies, the final position of plies remains more of less
the same, indicated by the almost similar values of relative distance for positive variation of
σadh in Tab. 2.6. On the other hand, if σadh is less than the local separation stress, there will
be local delamination which can eventually create significant variation in the final position
of the plies. This indeed was observed as σadh value was reduced from its reference value, at
the value of 0.0012 MPa, the maximum final position variation was found to be 21.63 mm.

4

1

2

3

56

Figure 2.20: Position measurement locations on Ply 9 for sensitivity study

2.6.3 Comparison of fibre orientations for individual plies

After forming this component using QSP®, the fibre orientations at various locations were
experimentally measured for each ply. In order to perform these measurements, the poly-
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σadh (MPa) 0.0012 0.0037 0.005 0.0056 0.0068 0.0074 0.0087 0.0112
-80% -40% -20% -10% +10% +20% +40% +80%

Node 1 21.63 5.86 4.29 3.57 2.72 1.14 1.14 1.14
Node 2 2.43 0.61 0.18 0.32 0.07 0.12 0.12 0.12
Node 3 2.66 0.66 0.27 0.27 0.07 0.27 0.27 0.27
Node 4 2.37 0.43 0.55 0.24 0.48 1.16 1.16 1.16
Node 5 0.51 0.38 0.67 0.71 0.32 0.11 0.11 0.11
Node 6 4.07 2.03 1.92 0.72 0.44 0.72 0.72 0.72

Average 5.61 1.66 1.32 0.97 0.68 0.59 0.59 0.59
Maximum 21.63 5.86 4.29 3.57 2.72 1.16 1.16 1.16

Table 2.6: Sensitivity of adhesive strength

mer was burned off to unstack the laminate. These measurements were verified at several
locations using X-ray tomography scanning technique.

The measurement locations are shown in Fig. 2.21b along with the local coordinate systems
used for each face (Fig. 2.21a). For a quadrilateral face, the measurement locations lie on
the diagonals and are 25 mm away from the intersection of diagonals. For a triangular
face, the measurement location lies on the angle bisector of the top angle and is located at
one third distance from the base of the triangle. In terms of nomenclature for Fig. 2.21b,
a generic location is globally identified with two numbers I.J, where I indicates the face
and J indicates the location on Ith face. For a woven fabric prepreg, the orientation of both
the fibre families was recorded. This in total resulted in 186 data points. These values are
compared with the fibre orientations at the same locations for the simulation with added
interply adhesion contact model (σadh = 0.0062 MPa).

(a) (b)

(c)

(d)

1.11.2
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1.3
1.4

5

3.4

3.3

3.1

3.22.4

2.12.3
2.2

4.4
4.1
4.2
4.3

Figure 2.21: Fibre orientation comparison information (a) Local coordinate systems (b) Measurement locations (c) Simulation
with adhesion: Fibre direction 1 (d) Simulation with adhesion: Fibre direction 2
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The fibre orientations measured from the experiments at these locations were compared
with the values obtained from the simulation. Details of this information can be found in
Tab. 2.7 and Tab. 2.8 for fibre orientation measurement from experiments and simulation
respectively.

The nomenclature for the tables is as follows: A point (at which fibre orientation is mea-
sured) is identified as PiDj where i denotes the ply number and j denotes the family of
fibres (1 or 2). The column Loc contains the identifier for the measurement location of plies
(Refer to Fig. 2.21)

Loc P1D1 P1D2 P2D1 P2D2 P3D1 P3D2 P4D1 P4D2 P5D1 P6D1 P7D1 P8D1 P9D1

1.2 -1.0 93.7 -3.0 91.5 0.5 92.5 94.0 3.3 98.0 15.7 15.7 106.7 147.0
1.3 3.7 93.3 -1.5 92.5 1.5 91.5 92.3 1.0 94.7 4.0 4.0 101.3 147.0
1.4 6.3 92.0 2.0 94.0 0.0 96.5 99.3 -1.7 94.7 5.3 5.3 98.3 140.3

2.1 3.0 92.0 7.5 93.5 17.5 95.5 92.3 16.3 88.0 2.7
2.2 1.7 89.3 15.5 88.5 14.0 86.0 80.3 15.7 81.7 1.3
2.3 0.3 91.0 -10.0 92.5 -10.0 93.5 92.3 -11.7 85.3 1.7
2.4 7.3 93.0 12.5 91.5 13.5 93.5 94.0 14.3 89.3 2.3

3.1 11.7 100.7 13.5 102.5 24.0 104.5 104.7 28.3 96.3 16.3
3.2 14.7 98.3 18.5 91.5 29.5 87.5 90.0 30.3 90.0 16.7
3.3 14.7 97.3 18.5 100.5 24.5 102.0 96.3 32.7 92.3 17.0
3.4 11.0 105.7 21.0 107.5 26.5 106.0 103.3 29.3 105.3 17.3

4.1 167.7 84.0 161.0 85.0 152.0 84.5 87.0 152.0 83.3 158.3 158.3
4.2 170.0 83.3 163.0 84.0 160.0 81.0 76.3 158.0 75.7 162.7 162.7
4.3 166.3 78.3 164.0 57.5 154.0 59.0 63.7 152.7 65.3 155.3 155.3
4.4 165.7 81.0 163.0 78.0 153.0 75.5 76.3 151.7 77.0 155.7 155.7

5 128.0 72.5 130.5 66.0 135.5 66.5 69.5 136.5 75.0 135.5

6 71.5 127.0 64.5 120.0 59.0 128.0 129.0 54.5 133.0 62.5 62.5 135.0 23.0

Table 2.7: Fibre orientations (in degrees) measured from experiments

The results summarized with respect to each face are presented in Tab. 2.9. It can be seen
that for Faces 1, 4, 5 and 6, almost all values from simulation are in quite a good agreement
with the experimental observations. For Face 2, even though the overall predictions are in
good agreement, there are some locations where some difference can be observed. For Face
3, all values are in good agreement with an exception of just one location (Location 3.4 in
Tab. 2.7 and Tab. 2.8) where the simulation differs significantly from the experiments. This
in turn has increased the average of absolute difference for this face. Overall, the fibre ori-
entations predicted by the simulation were on an average 5.9◦ away from the experiments.

However, it is to be noted that in the current simulation only the forming phase of QSP® is
simulated. It is known that the mechanisms occurring during consolidation such as squeeze
flow can play a key role on this face as shown in [23]. Thus, it is necessary to develop
the capabilities for the simulation of the consolidation phase in order to investigate this
further. This is the subject of the developments done in Chapters 3 and 4. This model will
be revisited in Chapter 5 in which the developments of this chapter along with those in
Chapters 3 and 4 are coupled to build a unified solution for both forming and consolidation
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Loc P1D1 P1D2 P2D1 P2D2 P3D1 P3D2 P4D1 P4D2 P5D1 P6D1 P7D1 P8D1 P9D1

1.2 1.9 100.0 2.6 99.4 3.1 100.0 100.0 3.3 100.1 6.6 9.1 106.2 147.5
1.3 4.1 96.4 4.8 96.5 5.6 97.0 97.6 6.7 98.7 10.4 11.3 99.7 134.4
1.4 3.7 95.1 2.1 95.3 1.4 95.7 95.9 1.4 95.9 -3.8 6.2 97.9 140.3

2.1 8.8 97.3 3.9 95.8 22.0 97.5 96.5 16.9 97.0 -13.8
2.2 -2.8 88.0 22.3 85.2 -2.0 84.3 85.0 11.7 84.9 1.2
2.3 4.1 87.8 3.1 87.7 3.2 88.2 88.4 2.2 88.5 -1.2
2.4 6.5 92.9 6.1 93.2 5.6 93.3 93.7 4.9 94.5 7.3

3.1 25.5 96.1 25.4 96.0 25.8 95.8 95.8 26.8 96.3 26.7
3.2 23.5 99.2 26.1 98.0 26.3 97.3 96.7 26.7 96.1 27.9
3.3 27.2 102.1 26.5 103.2 27.2 103.3 104.3 27.6 104.3 27.1
3.4 25.7 137.6 25.6 137.4 26.5 138.0 138.1 26.9 136.9 27.1

4.1 157.5 79.8 157.7 80.2 154.6 78.8 82.4 155.4 79.7 157.6 157.0
4.2 167.8 78.5 166.2 82.5 163.0 79.6 76.3 161.5 79.7 161.2 161.3
4.3 157.9 50.5 158.0 50.7 157.2 49.5 49.1 158.0 48.3 158.7 159.1
4.4 153.7 72.2 153.5 68.2 153.5 68.1 67.8 153.3 69.9 152.5 154.3

5 136.3 69.8 135.9 70.2 135.9 70.6 70.9 135.8 70.4 135.9

6 66.1 132.2 64.7 131.7 64.7 131.8 131.9 64.1 132.0 62.3 61.8 133.4 5.2

Table 2.8: Fibre orientations (in degrees) measured from simulation

phase of QSP®.

Face Data Points Average of absolute difference (degrees)

1 39 3.9
2 40 5.1
3 40 9.8
4 44 5.6
5 10 3.2
6 13 5.1

Table 2.9: Summary of fibre orientation comparison for each face

2.7 Conclusion

In this work, the importance of modeling interply adhesion for QSP® has been demon-
strated. It is worth to recall the peculiarities of this process that make the usual models
not suitable: (a) usage of discontinuous prepreg patches (b) inability to use a blank holder
(c) long distance sliding of patches during the forming phase. Thus, a novel semi-empirical
contact mechanism involving an adhesive mechanism in the normal direction and a viscous
sliding mechanism in the tangential direction has been developed. The normal adhesive
mechanism creates a finite adhesive strength for ply-ply contact. At the same time, it allows
sliding of plies along with automatic recreation of adhesion if the plies come in contact
again. In terms of computational performance, the model has been implemented for shared
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memory processors (SMP) as well as for domain decomposition with MPI in Altair Radioss™

showing its scalability.

In terms of characterization, the interply adhesion numerical model proposed here just re-
quires the values of adhesive strength and viscosity of melt polymer. This makes it highly
suitable for industrial applications where an extensive characterization campaign is often
a challenge in terms of cost and time. A detailed experimental procedure has been devel-
oped to quantify the interply adhesive strength of molten thermoplastic polymer. Also, the
sensitivity study showed that a very precise determination of the adhesive strength is not
required for this model as long as the adhesive strength lies within a range that is above a
threshold value.

Finally, it has been shown that, using this novel numerical model of interply adhesion cou-
pled with adapted experimental data, the prediction of final positions of the plies has im-
proved significantly. Also, the fibre orientation predictions are shown to be in good agree-
ment with the experimental observations made on full-scale industrial QSP® parts. Thus to
conclude, this numerical model of interply adhesion has improved the numerical simulation
of composite forming of viscous discontinuous thermoplastic prepregs.

49



BIBLIOGRAPHY

Bibliography

[1] JJ Bikerman. The fundamentals of tackiness and adhesion. Journal of colloid science,
2(1):163–175, 1947.

[2] C Gay. Some fundamentals of adhesion in synthetic adhesives. Biofouling, 19(S1):53–
57, 2003.

[3] C Gay. Stickiness - some fundamentals of adhesion. Integrative and comparative biol-
ogy, 42(6):1123–1126, 2002.

[4] KW Allen. Adhesion and adhesives - some fundamentals. Studies in Conservation,
29(sup1):5–12, 1984.

[5] H Lakrout, P Sergot, and C Creton. Direct observation of cavitation and fibrillation in
a probe tack experiment on model acrylic pressure-sensitive-adhesives. The Journal of
Adhesion, 69(3-4):307–359, 1999.

[6] B Lestriez, H Lakrout, A Chiche, A Roos, and C Creton. Probe tack tests as a char-
acterization tool in pressure-sensitive-adhesives. In Proceedings of the PSTC Technical
Seminar TECH XXIV, pages 2–4, Orlando, FL, USA, 2001.

[7] S Poivet, F Nallet, C Gay, J Teisseire, and P Fabre. Force response of a viscous liquid in
a probe-tack geometry: Fingering versus cavitation. The European physical journal E,
15(2):97–116, 2004.

[8] A Zosel. Adhesion and tack of polymers: Influence of mechanical properties and
surface tensions. Colloid and Polymer Science, 263(7):541–553, 1985.

[9] ASTM. Standard test method for pressure-sensitive tack of adhesives using an inverted
probe machine. ASTM D2979–01, 2009.

[10] A Beakou, M Cano, JB Le Cam, and V Verney. Modelling slit tape buckling during auto-
mated prepreg manufacturing: A local approach. Composite structures, 93(10):2628–
2635, 2011.

50



Bibliography

[11] D Budelmann, H Detampel, C Schmidt, and D Meiners. Interaction of process param-
eters and material properties with regard to prepreg tack in automated lay-up and
draping processes. Composites Part A: Applied Science and Manufacturing, 117:308–
316, 2019.

[12] RJ Crossley, PJ Schubel, and NA Warrior. The experimental characterisation of prepreg
tack. In The 17th International Conference on Composite Materials (ICCM-17), 2009.

[13] RJ Crossley, PJ Schubel, and NA Warrior. Experimental determination and control
of prepreg tack for automated manufacture. Plastics, Rubber and Composites, 40(6-
7):363–368, 2011.

[14] A Endruweit, G-YH Choong, S Ghose, BA Johnson, DR Younkin, NA Warrior, and D-
SA De Focatiis. Characterisation of tack for uni-directional prepreg tape employing a
continuous application-and-peel test method. Composites Part A: Applied Science and
Manufacturing, 114:295–306, 2018.

[15] R Banks, AP Mouritz, S John, F Coman, and R Paton. Development of a new struc-
tural prepreg: characterisation of handling, drape and tack properties. Composite
Structures, 66(1-4):169–174, 2004.

[16] KJ Ahn, L Peterson, JC Seferis, D Nowacki, and HG Zachmann. Prepreg aging in
relation to tack. Journal of applied polymer science, 45(3):399–406, 1992.

[17] KJ Ahn, JC Seferis, T Pelton, and M Wilhelm. Analysis and characterization of prepreg
tack. Polymer Composites, 13(3):197–206, 1992.

[18] Brian S Hayes, James C Seferis, and Judy S Chen. Development and hot-melt impreg-
nation of a model controlled flow prepreg system. Polymer composites, 17(5):730–742,
1996.

[19] O Dubois, JB Le Cam, and A Beakou. Experimental analysis of prepreg tack. Experi-
mental Mechanics, 50(5):599–606, 2010.

[20] JW Putnam, JC Seferis, T Pelton, and M Wilhelm. Perceptions of prepreg tack for
manufacturability in relation to experimental measures. Science and Engineering of
Composite Materials, 4(3):143–154, 1995.

[21] C Wohl, FL Palmieri, A Forghani, C Hickmott, H Bedayat, B Coxon, A Poursartip, and
B Grimsley. Tack measurements of prepreg tape at variable temperature and humidity.
In Proceedings of Composites and Advanced Materials Expo (CAMX 2017), Orlando, FL;
United States, 2017.

[22] P Bussetta and N Correia. Numerical forming of continuous fibre reinforced composite
material: A review. Composites Part A: Applied Science and Manufacturing, 113:12–31,
2018.

[23] G Sorba, C Binetruy, A Leygue, and S Comas-Cardona. Squeeze flow in heterogeneous
unidirectional discontinuous viscous prepreg laminates: Experimental measurement

51



Bibliography

and 3d modeling. Composites Part A: Applied Science and Manufacturing, 103:196–
207, 2017.

[24] H Xiong, N Hamila, and P Boisse. Consolidation modeling during thermoforming of
thermoplastic composite prepregs. Materials, 12(18):2853, 2019.

[25] Q Chen, P Boisse, CH Park, A Saouab, and J Bréard. Intra/inter-ply shear behaviors
of continuous fiber reinforced thermoplastic composites in thermoforming processes.
Composite Structures, 93(7):1692–1703, 2011.

[26] S Haanappel. Forming of UD fibre reinforced thermoplastics. PhD thesis, University of
Twente, Netherlands, 2013.

[27] D Dörr, F Henning, and L Kärger. Nonlinear hyperviscoelastic modelling of intra-ply
deformation behaviour in finite element forming simulation of continuously fibre-
reinforced thermoplastics. Composites Part A: Applied Science and Manufacturing,
109:585–596, 2018.

[28] D Dörr, M Faisst, T Joppich, C Poppe, F Henning, and L Kärger. Modelling approach
for anisotropic inter-ply slippage in finite element forming simulation of thermoplastic
ud-tapes. In AIP Conference Proceedings, volume 1960, page 020005. AIP Publishing,
2018.

[29] AM Gillanders, S Kerr, and TJ Martin. Determination of prepreg tack. International
Journal of Adhesion and Adhesives, 1(3):125–134, 1981.

[30] A Zosel. The effect of bond formation on the tack of polymers. Journal of adhesion
Science and technology, 11(11):1447–1457, 1997.

[31] Altair Engineering. Radioss Theory Manual. 2018.

[32] EAD Lamers. Shape distortions in fabric reinforced composite products due to processing
induced fibre reorientation. PhD thesis, University of Twente, Netherlands, 2004.

[33] U Sachs, R Akkerman, K Fetfatsidis, E Vidal-Sallé, J Schumacher, G Ziegmann, S Al-
laoui, G Hivet, B Maron, K Vanclooster, et al. Characterization of the dynamic friction
of woven fabrics: experimental methods and benchmark results. Composites Part A:
Applied Science and Manufacturing, 67:289–298, 2014.

[34] U Sachs. Friction and bending in thermoplasctic composites forming processes. PhD
thesis, 2014.

[35] JP-H Belnoue, OJ Nixon-Pearson, D Ivanov, and SR Hallett. A novel hyper-viscoelastic
model for consolidation of toughened prepregs under processing conditions. Mechan-
ics of Materials, 97:118–134, 2016.

[36] LJ Bastien and JW Gillespie Jr. A non-isothermal healing model for strength and
toughness of fusion bonded joints of amorphous thermoplastics. Polymer Engineering
& Science, 31(24):1720–1730, 1991.

52



Bibliography

[37] M Doi and SF Edwards. The theory of polymer dynamics, volume 73. oxford university
press, 1988.

[38] R Schach and C Creton. Adhesion at interfaces between highly entangled polymer
melts. Journal of Rheology, 52(3):749–767, 2008.

[39] T Ge, F Pierce, D Perahia, GS Grest, and MO Robbins. Molecular dynamics simulations
of polymer welding: Strength from interfacial entanglements. Physical review letters,
110(9):098301, 2013.

[40] JE Mark. Physical properties of polymers handbook, volume 1076. Springer, 2007.

[41] VC Barroso, RJ Andrade, and JM Maia. An experimental study on the criteria for
failure of polymer melts in uniaxial extension: The test case of a polyisobutylene melt
in different deformation regimes. Journal of Rheology, 54(3):605–618, 2010.

[42] A Ya Malkin and CJS Petrie. Some conditions for rupture of polymer liquids in exten-
sion. Journal of Rheology, 41(1):1–25, 1997.

[43] Y Wang, P Boukany, SQ Wang, and X Wang. Elastic breakup in uniaxial extension of
entangled polymer melts. Physical review letters, 99(23):237801, 2007.

[44] Q Huang, NJ Alvarez, A Shabbir, and O Hassager. Multiple cracks propagate simulta-
neously in polymer liquids in tension. Physical review letters, 117(8):087801, 2016.

[45] A Ya Malkin, A Arinstein, and VG Kulichikhin. Polymer extension flows and instabili-
ties. Progress in Polymer Science, 39(5):959–978, 2014.

[46] C-JS Petrie. Considère reconsidered: Necking of polymeric liquids. Chemical Engineer-
ing Science, 64(22):4693–4700, 2009.

[47] MH Wagner and VH Rolón-Garrido. Constant force elongational flow of polymer
melts: Experiment and modelling. Journal of Rheology, 56(5):1279, 2012.

[48] EN Dvorkin and KJ Bathe. A continuum mechanics based four-node shell element for
general non-linear analysis. Engineering computations, 1(1):77–88, 1984.

[49] C Dile. Apprehension et simulation de la mise en forme de preformes nappees discretes
par thermocompression. Master’s thesis, Ecole Centrale de Nantes and CETIM, France,
2014.

[50] A Marroquin. Variabilité dans la simulation de thermoformage. Master’s thesis, Ecole
Centrale de Nantes and CETIM, France, 2016.

53



Bibliography

54



Chapter 3
Development of a full-integration shell
with transverse normal stress and
selective mass scaling (QBATP)

Abstract

During the consolidation process of thermoplastic prepregs, there exists a through-thickness
normal (transverse) stress also referred to as ‘Pinching Stress’. This implies that the prepregs
are in a three-dimensional state of stress. As the classical 5-parameter Mindlin shells are
built with a plane stress assumption; they cannot be used for the numerical simulation of
such a process. To overcome this, this chapter focuses on developing an extension to the
existing hourglass-free full-integration shell element in Altair Radioss™ (known as QBAT) in
order to add a functionality of pinching stress. This is achieved by augmenting the QBAT
element with additional nodal degrees of freedom that can simulate the pinching behavior.
A selective mass scaling scheme has been added for this element which increases its critical
time-step significantly. This element is referred to as ‘QBATP’ element in this work. With
the added capability to capture pinching stress along with a higher time-step; the QBATP
element is a suitable candidate to simulate the consolidation process. This element serves as
a first step towards a unified full-scale simulation of both forming and consolidation phases
in a generic composite forming process as well as a more specific one such as QSP®.
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3.1 Introduction

Modeling of consolidation is an important and necessary step in the full numerical pro-
cess simulation of a thermoplastic composite forming process. This is because in case of
QSP® and also for a typical thermoplastic composite forming process, the forming stage
is almost always followed by a consolidation stage. This through-thickness compression
happening during the consolidation process is essential to ensure a proper consolidation
of multi-layered thermoplastic composites. The consolidation phase serves several other
important benefits such as removal of porosities, healing of ply-ply interfaces, obtaining
net-shape parts and improvement of the surface quality to name a few.

3.1.1 Numerical modeling of a consolidation process

The through-thickness compressive force that is applied during the consolidation of compos-
ite prepregs is the driving force for various mechanisms such as squeeze flow [1], in-plane
resin bleed [2] and transverse resin percolation [3, 4]. Thus, during consolidation the ma-
terial is in a three-dimensional state of stress which is an important aspect to model in the
numerical simulation of a consolidation process.

In the literature, there have been three main directions for modeling approaches of a con-
solidation process from the point of view of the finite element used in the simulation: (1)
Solid (Hexahedral) element based approach (2) Solid-shell element based approach (3)
Shell element based approach. Each of these approaches has some unique advantages and
limitations. An overview of each of these approaches is given in the next sections.

3.1.2 Solid based approach

The main idea behind the usage of a solid (Hexahedral) element to model consolidation
is that this type of element can readily capture a three-dimensional state of stress without
requiring any changes in the existing element formulations. Also, unlike the classical shells,
a modification of the constitutive models is not required for solids. This means it is rela-
tively easier to develop more complicated constitutive models in the existing framework of
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constitutive models. Such a framework for the constitutive models for solids almost always
exists in the in-house or the commercial Finite Element codes.

Numerical modeling of a consolidation process conducted by Belnoue et al. in [5] is per-
formed on a relatively simple (flat) geometry consisting of multiple plies. In this work, each
individual ply was modeled using a Hexahedral element (C3D8 element of ABAQUS). This
work was further continued on a relatively more complex part in [6] where the simulations
were carried out in ABAQUS/Standard with the addition of specific user material models.

An Hexahedral element with 27 nodes with a mixed formulation for velocity, pressure (to
model incompressibility) and fibre tension (to model the inextensibility in the fibre direc-
tion) was used in [1,7]. The focus of this work was to demonstrate the transverse squeeze
flow effect and the importance of modeling a resin-rich layer. This was based on the work
of [8] to model the squeeze flow behavior of unidirectional prepregs by treating it as an
transversely isotropic viscous fluid.

There are however, several important limitations of a solid element. First, the computational
cost. In case of explicit solvers, when a solid element is used to model a thin structure; the
time-step is usually governed by the thickness. As the consolidation proceeds, it reduces the
thickness further; the time-step reduces as well making this approach computationally very
expensive. Even in the case of steady-state implicit approaches such as [1], a geometry of
size 5 mm × 5 mm × 5 mm when meshed with 24 × 24 × 49 elements (resulting in about
750,000 DoFs to solve) required 3 hours to solve using 16 cores of two Opteron 6328 @
3.2 GHz and 350 GB of memory. Secondly, the solid elements are too stiff/rigid in bending
mode because of transverse shear locking problems thus not suitable for bending without
making some changes in their formulation. Thus, if one wants to develop a unified solution
for both forming and consolidation phases for models of industrial scale such as in QSP®,
this approach is not viable.

One approach of using shells for forming phase and then later replacing them with the
solid elements for consolidation phase is theoretically possible. However this approach has
several challenges which are discussed in detail in Chapter 5 making it unusable in real-life
industrial level applications.

3.1.3 Solid-shell based approach

The main advantage of solid-shells is that they only have translational DoFs and no ro-
tational DoFs as is the case with shells. This therefore results in a simplified kinematic
description of the element. Compared to solids, a solid-shell element is able to overcome
the limitation of the shear locking and thus can be used for bending.

A new prismatic solid-shell element with 7 nodes referred to as SB7γ19 was developed
in [9–11]. The 7th node is located at the center of the element with only one displacement
DoF along the thickness direction and allows for a quadratic interpolation for through-
thickness displacement field. This was then coupled with a viscoelastic constitutive model
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based on Maxwell approach for compaction in [12] in order to simulate the consolidation
process. An indicator for measuring a degree of consolidation (degree of intimate contact)
was also proposed. This work provided a unified approach for modeling the simulation of
forming and consolidation based on a solid-shell element. The 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 called SB9 was proposed in [13] in order to have the
capability of pinching stress. It has an additional 9th node at the volume center. Unlike
the other 8 nodes, this node has only one DoF which is in the thickness direction. With
this extra node, a quadratic interpolation of the through-thickness displacement is possible
thereby avoiding the Poisson thickness locking problem as well as allowing the use of a full
three-dimensional form of the constitutive model. This element has been implemented in a
static and implicit solver of the software ‘Code Aster’ developed by the company EDF.

Another 8 node hexahedral solid-shell element derived from the work of [14] was extended
and implemented in ABAQUS [15] for isotropic material and later extended for anisotropic
material model in [16]. Even though the through-thickness behavior was not specifically
investigated in these works; investigation was more focused on the avoiding various types
of element locking for solid-shell elements followed by a comparison with various solid and
shell elements from the ABAQUS element library.

A solid-shell element approach overcomes several important limitations of a solid element
approach. If this could be coupled with the selective mass scaling, it has the potential
to model both the forming and consolidation phases of a typical thermoplastic composite
forming process. Even though the elements in this category have shown a great potential in
modeling the numerical simulation on relatively simpler components; a demonstration on
a full-scale industrial model with many plies and patches (in case of QSP®) is not available
yet.

3.1.4 Shell based approach

Historically, the shell elements were specifically designed with a purpose to model thin
structures using a three-dimensional surface that can be parametrized using two curvilin-
ear coordinates. In general, shells are fast, easier to mesh with and are therefore used
extensively in the design and analysis of various real-life structures.

There have been numerous contributions in the developments of shell elements (Refer to
[17,18] for more details about the history of research in the field of shell elements). In this
section, only a brief overview is given to introduce the main theories for modeling of shells.

The simplest form of classical shells (3 parameter shells) are based on what is known as the
Kirchhoff-Love assumptions [19,20] (representation shown in Fig. 3.1a) which makes three
assumptions :

1. the shell is in a plane state of stress i.e. σzz = 0

59



3.1. Introduction

2. the shell cannot have a transverse shear i.e. γxz = γyz = 0

3. no extensible director i.e. εzz = 0. However, a usual practice is to calculate εzz by
solving the equation σzz = 0 within the constitutive models. This implies that the
thickness of the shell technically can increase/decrease but it has to come from the
in-plane compression/tension respectively. One cannot directly modify thickness by
applying a through-thickness loading.

Since, (1) and (3) are contradictory conditions; this type of shell requires modification of
the constitutive model and a direct three-dimensional constitutive model cannot be used for
this type of shell.

The condition related to the transverse shear was relaxed later with an updated model with
5 parameters commonly known as the Reissner-Mindlin theory [21, 22] (representation
shown in Fig. 3.1b). Thus, with this theory, one can have a nonzero transverse shear γxz 6= 0,
γyz 6= 0. However, the other two assumptions: plane stress (σzz = 0) and inextensibility of
the director (εzz = 0) still remain, which still require the modification of the constitutive
model. Some early works relating to the development of three-dimensional shells based
on this theory can be found in [23, 24]. QBAT element in Altair Radioss™ is an hourglass-
free full-integration 4-node shell element that falls within this category. It is based on the
Q4γ24 element discussed in [25] which in turn is based on the MITC4 element discussed
in [26,27].

A 6-parameter shell was later proposed in [28] that added a possibility of a stretching of
the director vector (representation shown in Fig. 3.1c). This assumed a linear displacement
field along thickness resulting in a constant εzz. Thus, with this type of shell; it is possible
to have σzz 6= 0 and εzz 6= 0 and the plane stress assumption is no longer necessary thereby
adding a capability of a three-dimensional state of stress for the shell. However, it is not
possible to directly use the three-dimensional constitutive model for this type of shell due to
the Poisson thickness locking. The option to resolve this locking is either by decoupling the
transverse normal stress with the bending strains [29] or to use a quadratic interpolation
of displacement along the thickness [30,31]. The first use of this type of shell in composite
process modeling community is attributed to [29] where this type of shell was used to
qualitatively demonstrate the importance of capturing the transverse normal stress (σzz).
Its effect on porosities and subsequently the quality of consolidation in various regions was
discussed.

A 7-parameter shell was first proposed in [32, 33] which uses a quadratic displacement
field along thickness direction (and therefore a linear εzz and σzz). Despite the complexity
involved in its formulation; this by far is the most comprehensive shell formulation for which
a full three-dimensional constitutive model can be used directly without any modifications.
A further discussions about this shell can be found in [34–36].

To summarize, a general comparison of various different shell theories is shown in Tab. 3.1
which highlights their advantages and limitations.
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Figure 3.1: Representation of various shell theories: (a) Kirchhoff-Love theory (b) Reissner-Mindlin theory (c) 6 or 7 param-
eter shells

Shell Theory Parameters σzz σxz, σyz Full constitutive model

Kirchhoff-Love 3 No No No
Reissner-Mindlin 5 No Yes No

Simo-Rifai 6 Yes Yes Yes (modified)
Buchter-Ramm 7 Yes Yes Yes

Table 3.1: A broad overview of different shell theories

3.1.5 On the choice of the approach

In conclusion, based on the literature review discussed here; the challenge of numerical
process modeling of consolidation of thermoplastic prepregs can be addressed with three
main approaches. It is evident that Solid element based approach cannot be used due to its
computational cost and challenges in its ability to simulate the forming phase of the process.
The Solid-shell elements definitely look quite promising but a demonstration on a full scale
industrial model with many plies and patches (in case of QSP®) is not available yet. With
these observations, a Shell element based approach was chosen for this work.

Clearly the 3-parameter and 5-parameter shell cannot be used for consolidation as they lack
a three dimensional representation of stress. The 7-parameter shell was not chosen due
to its complexity as well as the additional computational cost (compared to a 6 parameter
shell). Thus, based on this and based on the elements available in the current element
library of Altair Radioss™, a modeling choice was made to extend the QBAT element of
Altair Radioss™ into a 6-parameter shell referred to as ‘QBATP’ element in this work.

3.2 Objectives and content of the study

The overall goal of this work is to develop a full-integration shell element with transverse
normal stress (QBATP) and selective mass scaling. The objectives of this work are to:

• Extend the formulation of the existing full-integration shell element (QBAT) in Altair
Radioss™ in order to add the capability of transverse normal stress.
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3.3. Full-integration shell element with transverse stress (QBATP)

• Add a selective mass scaling mechanism for this element in order to increase its critical
time-step giving an advantage in the computational performance.

• Carry out validation tests for this element.

• Implement the interaction of QBATP element with a contact interface and perform
validation.

• Demonstrate the capabilities of QBATP element on a semi-industrial part designed by
CETIM with the aim to propose a unified simulation of both forming and consolidation
phases.

3.3 Full-integration shell element with transverse stress (QBATP)

This section discusses the development of the QBATP shell element. The name ‘QBATP’
stands for a ‘Quadrilateral BAToz element with Pinching’. Starting with the discussion about
the idea behind the pinching and transverse stress; the geometry and kinematics of this shell
element are described next. This is then followed by the calculation of various B matrices
in order to calculate strain-rates and strains, followed by a discussion about the constitutive
model. Finally, the system of dynamic equations and the explicit time integration technique
are discussed.

3.3.1 Concept of transverse normal stress and pinching

Figure 3.2: (a) QBAT shell geometry and nodal fiber representation (b) QBAT element representation

The geometry of a general shell element can be represented as shown in Fig. 3.2a where it
is represented 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 (3.1)
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3.3. Full-integration shell element with transverse stress (QBATP)

where ξ, η and ζ are the parametric coordinates.

In general, the nodal fiber direction ζ may not correspond to the mid-surface normal n but
the QBAT shell element is built with a postulate that they are equivalent as was the case
with the Q4γ24 developed in [25]. This remains true for the case with a uniform thickness
within an element or in case of a mild-taper conditions as discussed in [18]. 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 Fig. 3.2b.

With this description, the displacements for the general point xq are given by,

uq = xt0+∆t
q − xt0q (3.2)

= xt0+∆t
p +

ζ

2
ht0+∆t nt0+∆t − xt0p −

ζ

2
ht0 nt0 (3.3)

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

uq = xt0+∆t
p − xt0p︸ ︷︷ ︸

Term 1

+
ζ

2
ht0 (nt0+∆t − nt0)︸ ︷︷ ︸

Term 2

+
ζ

2
(ht0+∆t − ht0) nt0︸ ︷︷ ︸

Term 3

(3.4)

The Term 1 in Eq. 3.4 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 the thickness. This phenomenon is neglected in case of the classic shell
theories; as the fiber (not to be confused with the fibres that provide reinforcements for the
composites) is assumed to be inextensible [37]. This results in the consideration of only
first two terms for the classical shells.

However, the Term 3 is not neglected for the 6 or 7 parameter shells. This term is the
basis of creating an additional nodal degree of freedom locally referred to as the ‘Pinching
degree of freedom’. The word ‘pinching’ refers to the action of applying a force/pressure
through-thickness in this work. Taking into account the Term 3 in the shell formulation, it
is possible to have a non-zero transverse normal stress σzz.

3.3.2 Shell element description

As discussed before, the QBATP element developed and discussed in this work is basically an
extension of the existing element QBAT in the Altair Radioss™ element library. The geometry
of this shell is shown in Fig. 3.3 which consists of 4 nodes on the mid-surface of the shell.
The nodal fiber and the mid-surface normals are coincident as shown.

The corresponding reference element in the isoparametric space along with the local node
numbering convention is shown in Fig 3.3b. Bilinear shape functions and their derivatives
are used for the interpolation of a nodal degree of freedom say ui within the element as
listed in Tab. 3.2.

u =

4∑
i=1

Niui (3.5)
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Figure 3.3: QBATP element (a) Geometry (b) Reference element (c) Nodal orthogonal coordinate systems (d) Covariant basis

Node i Ni
∂Ni

∂ξ

∂Ni

∂η

1 0.25(1− ξ)(1− η) 0.25(η − 1) 0.25(ξ − 1)
2 0.25(1 + ξ)(1− η) 0.25(1− η) 0.25(−ξ − 1)
3 0.25(1 + ξ)(1 + η) 0.25(1 + η) 0.25(ξ + 1)
4 0.25(1− ξ)(1 + η) 0.25(−1− η) 0.25(1− ξ)

Table 3.2: QBATP element: Shape functions and their derivatives

This being a full-integration shell element; 2 × 2 Gauss points on the mid-surface are used
for integrations as indicated by the ‘×’ symbol in Fig. 3.3b. The coordinates and integration
weights for the Gauss points are given in Tab. 3.3.

Point ξ η Weight

1 −1/
√

3 −1/
√

3 1
2 +1/

√
3 −1/

√
3 1

3 +1/
√

3 +1/
√

3 1
4 −1/

√
3 +1/

√
3 1

Table 3.3: QBATP element: Gauss points and weights
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3.3. Full-integration shell element with transverse stress (QBATP)

Within the element, each node (i) has 6 local degrees of freedom; 3 for standard mid-
surface displacements (U1i, U2i, U3i), 2 for rotations (θ1i, θ2i) and additionally 1 for the
pinching displacement (Upi ) as follows:

[Ui]
(6×1)

=
[
U1i U2i U3i θ1i θ2i Upi

]T (3.6)

Thus, the nodal velocity vector for the full element is,

[V ]
(24×1)

=
[
... V1i V2i V3i ω1i ω2i V p

i ...
]T (3.7)

which are defined with respect to the orthonormal coordinate system (t1i, t2i and ni)
defined at each node as shown in Fig. 3.3c. Additionally, one must define the covariant
basis vectors (a1 and a2) as shown in Fig. 3.3d, which are not necessarily orthogonal to
each other. More discussion about their derivation can be found in Appendix A of this
chapter.

The additional nodal degrees of freedom for pinching 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 convention needs 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. This is shown in Fig. 3.4.

Figure 3.4: QBATP element pinching DoF sign convention

Besides the postulates used for QBAT element discussed before, some additional computa-
tional liberties were taken in this work as follows:

• The integrations were performed with respect to an average thickness (h) within an
element. This is justified by the assumption of the so-called ‘mild-taper’ condition de-
scribed in [18] which signifies that the spatial changes of thickness within the element
are not significantly big. Even though this is an approximation; the areas with a high
gradient of thickness variation could be simulated with a basic local mesh refinement.

• The influence of the pinching on the transverse shear which was considered in [29] is
not modeled in this work. This is mainly because the main idea here is to use a shell
component for each individual ply of the prepreg stack and considering the aspect
ratio of a single prepreg ply; it is fair to assume that there will not be a significant
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3.3. Full-integration shell element with transverse stress (QBATP)

transverse shear within a thin ply. It is to be noted that only the pinching contribu-
tion to the transverse shear is neglected, the classical contributions coming from the
bending are retained.

3.3.3 Calculation of strain rates and strain

With the displacements and velocities defined, the next step is to define the ‘strain-displacement’
or ‘strain rate-velocity’ matrices commonly known as the B matrices. The strain rates are
calculated based on the rate of deformation tensor,

ε̇ij = Dij =
1

2

(
∂vi
∂xj

+
∂vj
∂xi

)
=

1

2

(
L+LT

)
(3.8)

The calculation of strain rates is split into four 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 Appendix B of this chapter.

[Bm] matrix for Membrane

The membrane strain-rate is calculated as follows:ε̇xxε̇xx
ε̇xy

 = [Bm]
(3×24)

[V ]
(24×1)

(3.9)

Where the [Bm] matrix is given by:

[Bm]
(3×24)

=

[
Bm1
(3×6)

Bm2
(3×6)

Bm3
(3×6)

Bm4
(3×6)

]
(3.10)

Bmi
(3×6)

=

 t
T
1 Ni,x 0 0 0

t
T
2 Ni,y 0 0 0

t
T
1 Ni,y + t

T
2 Ni,x 0 0 0

 (3.11)

[Bb] matrix for Bending

The curvatures are calculated as follows:χ̇xxχ̇yy
χ̇xy

 = [Bb]
(3×24)

[V ]
(24×1)

(3.12)
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3.3. Full-integration shell element with transverse stress (QBATP)

Where the [Bb] matrix is given by:

[Bb]
(3×24)

=

[
Bb1
(3×6)

Bb2
(3×6)

Bb3
(3×6)

Bb4
(3×6)

]
(3.13)

Bbi
(3×6)

=

 t
T
1 Nbc1i s1iNi,x 0

t
T
2 Nbc2i s2iNi,y 0

t
T
1 Nbc2i + t

T
2 Nbc1i s1iNi,y + s2iNi,x 0

 (3.14)

[Bp] matrix for Pinching

The pinching strain-rate is calculated as follows:[
ε̇zz
]

= [Bp]
(1×24)

[V ]
(24×1)

(3.15)

Where the [Bp] matrix is given by:

[Bp]
(1×24)

=

[
Bp1
(1×6)

Bp2
(1×6)

Bp3
(1×6)

Bp4
(1×6)

]
(3.16)

Bpi
(1×6)

=
[
0 0 0 0 0 2Ni

h̄

]
(3.17)

[Bts] matrix for Transverse shear

While considering the behavior of transverse shear, it is important to consider the phe-
nomenon 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, results in numerical stiffening in bending creating a
poor convergence.

There are several solutions discussed in the literature to avoid this type of locking. The
methods such as reduced integration of the transverse shear as discussed in [18], usage
of C1 elements as discussed in [37], ‘Enhanced Assumed Strain’ (EAS) method proposed
in [38] and the ‘Assumed Natural Strain’ (ANS) method first proposed in [39] can be used.
This idea of ‘Assumed Natural Strain’ (ANS) method has been discussed in [26] and further
used for Q4γ24 element in [25]. In this work, the same approach has been used for the
QBATP elements. The method interpolates the transverse shear strain from the values of
the covariant components of the transverse shear strains at 4 edge mid-points as follows
(Fig. 3.5),

γξ =
1− η

2
γA1
ξ +

1 + η

2
γA2
ξ (3.18)

γη =
1− ξ

2
γB1
η +

1 + ξ

2
γB2
η (3.19)
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3.3. Full-integration shell element with transverse stress (QBATP)

Figure 3.5: QBATP element: Transverse shear evaluation (reproduced from [25])

With this, the transverse shear strain-rate is calculated as follows:[
˙εxz
˙εyz

]
= [C0]T

(2×2)

[Bts]
(2×24)

[V ]
(24×1)

(3.20)

Where the [C0] is the local basis at z = 0 (Refer to Appendix A) and the [Bts] matrix is
given by:

[Bts]
(2×24)

=

[
B1

ts
(2×6)

B2
ts

(2×6)

B3
ts

(2×6)

B4
ts

(2×6)

]
(3.21)

[B1
ts] =

[
−nA1T +AS1TA1 0
−nB1T +AS1TB1 0

]
[B2

ts] =

[
+nA1T +AS2TA1 0
−nB2T +AS1TB2 0

]
(3.22)

[B3
ts] =

[
+nA2T +AS2TA2 0
+nB2T +AS2TB2 0

]
[B4

ts] =

[
−nA2T +AS1TA2 0
+nB1T +AS2TB1 0

]
(3.23)

3.3.4 Constitutive model

The incremental form of the elastic constitutive model discussed in [29] was used in this
work as a first step. The membrane and bending contributions to the stress which use the
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corotational framework are as follows:

∆σxx
∆σyy
∆σzz
∆σxy
∆σyz
∆σxz

 =



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)





∆εxx
∆εyy
∆εzz
∆εxy
∆εyz
∆εxz


(3.24)

+



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 E
2(1+ν) 0 0 0

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





z∆χxx
z∆χyy
z∆χxy

0
0
0

 (3.25)

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

• The membrane stiffness matrix for QBATP element does not use the plane stress as-
sumption. Therefore, it resembles the full three-dimensional stiffness matrix for elas-
ticity.

• 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 in more detail in [29].

In general, the strains and stresses are numerically evaluated at several through-thickness
integration points at each Gauss point on the mid-surface and then the stress resultants and
stress couples are evaluated by performing a numerical summation. However, in this work,
an alternate approach has been followed which involves performing the through-thickness
integrations explicitly and then calculating the stress resultants and couples directly. This
approach is known as ‘global approach’ as it does not use any points of integration in thick-
ness direction. This approach can not be considered to be very generic as it requires calcu-
lation of stress resultants and couples explicitly; but it is adopted here as the constitutive
model used in this work requires a different treatment for membrane versus bending in
order to avoid locking.

However, the benefit of this approach is its speed; as the calculations are performed only on
the Gauss quadrature points (4 locations) on the mid-surface. On the other hand, in case
of a general approach the calculations will have to be performed at each integration point
along thickness for every Gauss point on the mid-surface. If we use 5 points of integration
along thickness, this would result in a total of 20 locations.
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3.3.5 Stress internal force relationship

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

F elem
int =

∫
elem

BTσdV (3.26)

This three-dimensional integration is then split into a through-thickness integration and sub-
sequently a surface integration over the element’s mid-surface. Using the global approach,
the through-thickness integrations result in the explicit calculation of the stress resultants
and stress couples. 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 (3.27)

Nxy =

h/2∫
−h/2

σxydz, Nyz =

h/2∫
−h/2

σyzdz, Nxz =

h/2∫
−h/2

σxzdz (3.28)

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 (3.29)

This results into a Fint for the element as follows,

[Fint]
(24×1)

=
[
... F1i F2i F3i M1i M2i F pi ...

]T (3.30)

These are then assembled after performing necessary coordinate transformations into sepa-
rate global vectors for Forces (Fint), Moments (Mint) and Pinching force (F p

int).

3.3.6 External force and pinching pressure

In order to impose an external load for pinching the element, a surface type of loading for
pinching was developed. It is referred to as ‘Pinching pressure’ in this work. This involves
application of an equal and opposite surface load on the top and bottom side of the shell
(as shown in Fig. 3.6). Based on the sign convention for pinching (Refer to Fig. 3.4), the
external pinching force on each node (i) of the element is calculated as,

F p
ext(i) =

1

4
(2P )An (3.31)

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

The above formulation makes certain assumptions as follows:
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Figure 3.6: F p
ext : Development of pinching pressure type of loading

• The normal n is calculated at the center of the element and on the mid-surface of the
shell. Even though this is not perfect as one should ideally consider the normals on
the top and bottom surface of the shell instead of the normals to the mid-surface. This
is not a strong assumption in case of thin shells where the gradient of thickness within
the element is assumed to be not very significant.

• Dividing the pinching force equally among the 4 nodes of the element is again not
perfect especially for a distorted element but it is done here for simplicity.

3.3.7 Dynamic system of equations

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

M Ü = Fext − Fint (3.32)

I θ̈p = Mext −Mint (3.33)

Mp Üp = F p
ext − F p

int (3.34)

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 Newark family
scheme with α = 1/2 and β = 0 is used in Altair Radioss™ [40]. With this scheme, the above
dynamic system of equations is solved by first calculating the accelerations at tn as:

Ü(tn) = [M ]−1 (Fext(t
n)− Fint(tn)) (3.35)

θ̈(tn) = [I(tn)]−1 (Mext(t
n)−Mint(t

n)) (3.36)

Üp(tn) = [Mp(tn)]−1 (F p
ext(t

n)− F p
int(t

n)) (3.37)
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Once the accelerations are known; the velocities are calculated as follows:

U̇(tn+ 1
2 ) = U̇(tn−

1
2 ) +

dt1 + dt2
2

Ü(tn) (3.38)

θ̇(tn+ 1
2 ) = θ̇(tn−

1
2 ) +

dt1 + dt2
2

θ̈(tn) (3.39)

U̇p(tn+ 1
2 ) = U̇p(tn−

1
2 ) +

dt1 + dt2
2

Üp(tn) (3.40)

And once the velocities are calculated; the displacements can be calculated as follows:

U(tn+1) = U(tn) + dt2 U̇(tn+ 1
2 ) (3.41)

θ(tn+1) = θ(tn) + dt2 θ̇(tn+ 1
2 ) (3.42)

Up(tn+1) = Up(tn) + dt2 U̇p(tn+ 1
2 ) (3.43)

Note that this solution scheme is written for a general case with the use of two time-steps
dt1 = tn − tn−1 and dt2 = tn+1 − tn. This is because in general the time-step is not constant
and changes from one cycle to the next.

This completes the discussion about the development of the QBATP shell and now the focus
of the next section is to increase the critical time-step of this element in order to improve its
computational performance.

3.4 Selective mass scaling for QBATP element

In general, the idea behind any of the mass scaling techniques is to use a higher time-step
for the simulation as this would mean a lesser computational cost. Mass scaling is in general
very effective in the cases where the high frequency effects are not significant and can be
neglected such as forming [37]. Starting with a discussion about the stability and time-
step, this section then discusses various mass scaling techniques and finally discussion how
a specific selective mass scaling technique was developed and used within this work for
QBATP element.

3.4.1 Stability and time-step

The benefit of using an explicit scheme is that the explicit time integration is quite robust; if
compared to its counterpart - implicit scheme. An implicit scheme can fail to converge and
subsequently stop due to the failure of the numerical algorithm which can occur quite often
in case of a nonlinear simulation involving contacts.

But the limitation of the explicit time integration is that it is only conditionally stable. For
stability, the model should satisfy the Courant condition (also known as the CFL condition).
This condition imposes a limit on the maximum time-step that can be used in case of an
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explicit time integration with a central difference integration scheme for it to be stable. It is
given as follows,

∆t = α∆tcrit ∆tcrit =
2

ωmax
≤ min

1≤I≤Nel

2

ωI
= min

1≤I≤Nel

LcI
cI

(3.44)

Where tcrit is the critical time-step. The parameter α is a reduction factor, a typical choice of
0.8 ≤ α ≤ 0.98 is used in the numerical simulation [37]. In Altair Radioss™, the parameter α
can be chosen by the user but conventionally α = 0.9 is used. In the above expression, ωmax
is the maximum eigenfrequency of the assembled mesh whereas ωI , LcI and cI correspond
to the eigenfrequency, characteristic length and the speed of sound in an element I in the
mesh.

Figure 3.7: Characteristic length (a) Solid or Solid-shell element (b) Shell element

The characteristic length of an element is defined as the smallest geometric dimension of
the element. For solids or solid-shells (Fig. 3.7a), it is given as the ratio of the element
volume to the highest surface side surface area, which basically is equivalent to the smallest
distance between two opposite faces [40]. Thus, this would be of the order of the thickness
(h) of the element.

Lcsolid =
Vol

Largest Area
(3.45)

On the other hand, for the classic shells, as there is no momentum balance solved across
the thickness, the characteristic length for the classic shells (Fig. 3.7b) is calculated as,

L1 =
Area

max(AC,BD)
(3.46)

L2 = min(AB,BC,CD,AD,AC,BD) (3.47)

Lcshell = min(L1, L2) (3.48)

Thus, for a classic shell, the time-step depends solely on the mid-surface dimensions and
it does not depend on the thickness. In case of pinching shell (QBATP), with the inclu-
sion of additional pinching DoFs, the time-step of QBATP element resembles the BRICK8
(solid) element rather than the QBAT element (classic shell element). This is because now
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with QBATP element, additional momentum balance equations are written across thickness
thereby imposing a limit in the CFL condition just like in the case of solids or solid-shells.

When the stack of prepreg is modeled on a ply-by-ply basis, naturally the thickness of an
element is much less compared to the in-plane dimensions. This leads to a high transverse
normal stiffness compared to the in-plane stiffness and the overall time-step of the model
is governed by the highest stiffness (or smallest Lc) which is usually the thickness. This
implies that by default (if mass scaling is not used) the time-step of the QBATP element
would be similar to the BRICK8 element. The goal of the selective mass scaling technique
discussed in this work is to increase the time-step of the QBATP element so that it is closer to
the QBAT element time-step and much higher than the BRICK8 element. To the best of our
knowledge, four different mass scaling techniques exist in the literature which are discussed
next.

3.4.2 Method A: Uniform mass scaling

This is the simplest mass scaling technique that consists of increasing the density of the
smallest k elements in order to meet the target time-step which is higher than the critical
time-step of these elements. This decreases the speed of sound c in these element as c ∝
1/
√
ρ. This therefore increases the critical time-step of these k elements. However, as

demonstrated in [41] this type of mass scaling affects all deformation modes (and therefore
all eigenfrequencies) of these k elements and can result in incorrect deformations. This
would also result in a lack of conservation of rigid body translational momentum.

Thus, a better mass scaling technique is the one that can selectively affect only the higher
eigenfrequencies and keep the lower eigenfrequencies unchanged (or have a very less effect
on them). This category of mass scaling techniques is called “Selective Mass Scaling”.

3.4.3 Method B: Selective mass scaling based on stiffness matrix

One such method discussed in [42] corresponds to adding an extra mass to the original
mass (M) using the stiffness matrix (K) to get a new scaled mass M scaled as follows,

M scaled = M + γK (3.49)

Where γ ≥ 0 is a scaling parameter. The benefit of this strategy is that, since K Ürigid = 0,
the translational rigid body behavior (Ürigid) does not change due to this type of mass
scaling. The eigenfrequencies of this new system with selective mass scaling become,

ωscaled
i =

ω2
i

1 + γ ω2
i

(3.50)

Where ωi corresponds to the eigenfrequency of ith DoF of the original system. This shows
that with this type of mass scaling; the higher eigenfrequencies will be impacted more
(depending on the magnitude of γ) than the lower eigenfrequencies. However, there are
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3.4. Selective mass scaling for QBATP element

two limitations of this approach. First, in a normal scenario without mass scaling; it is a
standard practice to use a lumped mass matrix (M) as this avoids the matrix inversion in
the system of equations. However, with the added mass γK; the mass matrix is no longer
diagonal. Thus, a matrix inversion becomes necessary. Second, as the added mass depends
on K, which changes during the simulation in case of a nonlinear analysis, one would have
to invert the matrix at every time-step which will be computationally very expensive and
not practical.

3.4.4 Method C: Selective mass scaling based on local mass matrix

To overcome the limitations of the Method B, a second method of selective mass scaling
was proposed in [42] with the idea that the added mass should not depend on K. Thus,
for the case of a BRICK8 element; where the standard (lumped) mass matrix was given as,

M
(24×24)

=

m 0 0
0 m 0
0 0 m

 where m
(8×8)

=
me

8


1 0 · · · 0
0 1
...

. . .
0 1

 (3.51)

In this case, the idea that was proposed was to use an added mass matrix as follows:

Ma

(24×24)
=

ma 0 0
0 ma 0
0 0 ma

 where ma

(8×8)
= β

me

56


7 −1 · · · −1
−1 7
...

. . .
−1 7

 (3.52)

Where β ≥ 0 is the scaling factor and me is the mass of a given element. The benefit of this
method is that it still ensures Ma Ürigid = 0 without depending on K. Thus, one can invert
the new mass matrix M scaled = M +Ma only once.

It was shown in [42] that even though the method with stiffness matrix based mass scal-
ing (Method B) gave better results; this technique of redistribution of added mass is more
practical and computationally less expensive. Of course, in case of deletion of elements and
mesh refinement; one has to invert the mass matrix M scaled again adding to the computa-
tional as well as storage cost. One solution to this limitation was discussed in [43] where it
was discussed that an iterative scheme based on conjugate gradient method could be used
at each time-step to invert mass matrix M scaled.

3.4.5 Method D: Selective mass scaling based on acceleration filtering

This technique was proposed in [44] which was specifically targeting the selective mass
scaling for a thin walled structure made up of solid (Hexahedral) elements. The key idea
was to group the nodes of the mesh that are less than a chosen distance (d) from each
other. For a thin walled structure this would mean grouping the nodes along the thickness
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direction. With this one can then define the individual node’s acceleration (ai) as the sum
of the group acceleration (ag) and the relative acceleration of the node with respect to the
group acceleration (ar),

ai = ag + ar where ag =
fg
mg

and ar =
fi
mi
− ag (3.53)

With these, one can recast the equation for ai in order to have a selective mass scaling as
follows,

ai = εg ag + εr ar (3.54)

With εg = 1 and εr ≤ 1 which would signify that one reduces the speed of sound selectively
for the relative degrees of freedom. The biggest advantage of this method is that, there is
no need to invert the mass matrix (it remains diagonal) however the method requires the
filtering of nodes based on the distance between them and modifying the overall system
of equations in the case of solid (Hexahedral) elements. Another limitation of this work is
about the choice of the scaling parameter εr (and possible changes in its value during the
simulation) which is not obvious to calculate in advance.

3.4.6 Selective mass scaling for QBATP element

In case of solid-shell elements, a technique similar to the acceleration filtering can be di-
rectly used to perform selective mass scaling along the thickness direction of the element.
This was discussed in [45] where this strategy was developed and also a method for esti-
mating the critical time-step for a parallelepiped element was discussed. This is helpful in
estimating the scaling parameters for selective mass scaling techniques. This technique was
discussed for a single layer solid-shell elements.

In the case of the pinching shell element (QBATP); since the added pinching degrees of
freedom are relative to the mid-surface; a similar approach can be used. Thus it is possible
to selectively increase the mass corresponding only to the pinching DoFs (Mp) without
changing the mass for the mid-surface DoFs (M) as follows,[

M 0
0 Mp

] [
Ü

Üp

]
=

[
F ext − F int

F ext
p − F int

p

]
(3.55)

This mass scaling technique shall impact only the higher eigenfrequencies (dynamic behav-
ior along thickness) of the model without impacting the low eigenfrequencies (dynamic
behavior of mid-surface). To summarize, the advantages of this mass scaling approach are:

• This method falls under the category of the selective mass scaling, thereby avoiding
the limitation of Method A.

• The time-step depends on the in-plane dimensions of the QBATP element and does
not depend on its thickness.
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• There is neither a construction of the mass matrix nor its inversion. This overcomes
the limitations of the Method B and Method C.

• The method proposed here calculates (and updates) the mass scaling factor for pinch-
ing DoFs automatically during the simulation requiring no input from the user. This
overcomes the limitation of Method D.

3.4.7 Mass scaling algorithm for QBATP element

Altair Radioss™ has two possible ways to calculate the time step (1) Element based approach
(2) Node based approach. The element based approach consists of calculating the critical
time-step for each element as shown in Eq. 3.44, whereas nodal time-step is calculated
based on the calculation of the maximum eigenfrequency by solving the global system,

det
(
K∗ − ω2M

)
= 0 (3.56)

Of course, it is computationally and memory wise expensive to (a) calculate the full stiffness
matrix K∗ and (b) solve Eq. 3.56.

Thus, the strategy employed in Altair Radioss™ for estimating the maximum eigenfrequency
(and subsequently calculating the time-step) is to compute the nodal stiffness for each ele-
ment and assemble it into a global diagonal matrix K. This, along with the nodal mass, is
then used to calculate the maximum eigenfrequency and thereby the time-step.

A similar strategy was used for the pinching shell along with the equivalence of mass scaling
to the geometric thickness scaling discussed in [46] for a solid-shell element. Thus, the time-
step calculations remain the same as in case of the classical shell (QBAT) and the pinching
mass is scaled accordingly in order to have the same maximum eigenfrequency as QBAT
shell at every time-step.

Algorithm 1 Mass scaling for QBATP element

1: Calculate nodal stiffness for each element Kel based on the QBAT elemental stiffness
matrix

∫
BTσ dV [37,40]

2: Calculate nodal pinching stiffness for each element Kel
p =

L2
c

h2
Kel

3: Assemble nodal stiffness K ← Kel and Kp ← Kel
p

4: Calculate the global time-step ∆t = min

√
2M(i)

K(i)

5: Calculate the scaling for pinching mass Mp(i) =
1

2
Kel
p (i)(∆t)2

6: Calculate the pinching acceleration with ap(i) =
F ext
p (i)− F int

p (i)

Mp(i)
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3.5 Implementation aspects

This section discussed the overview of the implemented framework in the industrial code of
Altair Radioss™ for the implementation of the QBATP element with selective mass scaling.
This is further divided into three subsections which discuss a global overview, implemen-
tation framework for the internal forces and then the implementation of the constitutive
models.

3.5.1 Global framework

Fig. 3.8 shows a global flowchart of the Altair Radioss™ explicit solver. Altair Radioss™ being
a commercial solver, the actual architecture is significantly more complicated. However, this
flowchart is presented here just to provide a simplified global overview of the implementa-
tions done in this Chapter.

The block Radioss Starter reads the input file containing all the details about the model:
nodal coordinates, element connectivity, different elements, contacts, loads, boundary con-
ditions and so on. This block was modified in order to read the additional information
related to the pinching shell (QBATP) element and related functionalities. The block Ra-
dioss Engine reads the input file for the solver and various parameters such as time-step,
start and end time, specific output requests and writing frequency etc. After the Allocation
and initialization block, the explicit time-stepping algorithm begins.

It starts with the calculation of the external forces Fext which was appended to incorpo-
rate external pinching forces F p

ext coming from the pinching pressure load (discussed in
Sec. 3.3.6). After this step, the contact forces Fcontact are calculated. The interaction of
contact and pinching in Type-25 contact interface (will be discussed in Sec. 3.7) was added
here resulting in a calculation of the pinching contact forces F p

contact.

This is then followed by the calculation of the internal forces Fint. The calculation of internal
pinching forces F p

int and their interaction with the classical internal forces was implemented
here. After this step, the next time step ∆t is evaluated which is where the subroutines
related to the selective mass scaling for pinching (discussed in Sec. 3.4) were added.

This is then followed by the calculation of the classic accelerations Ü and pinching accel-
erations Üp. Since, no kinematic constraints were implemented for the QBATP shell, the
block related to the Kinematic constraints block remains as it is. After this, the classic veloc-
ities U̇ and displacements U along with their pinching analogs U̇p and Up are calculated.
Depending on the chosen output frequency; outputs are written in the output files.

This completes one time-step of the solver after which the solver continues with the subse-
quent cycles until a final time tfinal is reached.
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Start

Radioss Starter

Radioss Engine

Allocation and Initialization
t = 0

Calculate Fext

Calculate Fext = Fext + Fcontact

Calculate Fint

Calculate ∆t

Calculate acceleration Ü

Kinematic constraints

Calculate velocity (U̇)
Calculate displacements (U)

Write outputs

Check if tn+1 ≤ tfinal

Stop

Reading pinching information

Pinching output requests

Allocation and Initial-
ization of pinching data

t = 0

Calculate F p
ext

Calculate F p
ext = F p

ext + F p
contact

Calculate F p
int

Interact with Fint

Selective mass scaling

Calculate pinch-
ing acceleration Üp

Calculate pinch-
ing velocity (U̇p)
Calculate pinching
displacements (Up)

Write pinching outputs

Figure 3.8: Overview of the explicit solver flowchart (green colored boxes show the implemented and/or modified framework
in this work)
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3.5.2 Internal forces framework for QBATP element

Fig. 3.9 shows a flowchart for internal force calculation for both classic Fint and pinching
F p

int.

Loop over elements

QBAT
geometrical calculations

QBATP
geometrical calculations

Loop over Gauss points

QBAT: B matrix

QBATP: Bp matrix

QBAT: strains ∆ε

QBATP: strains ∆εzz

Constitutive Model Framework

QBAT: Internal forces Fint

QBATP: Internal forces F p
int

QBAT: time-step
∆t, nodal stiffness K

QBATP: nodal stiffness Kp

QBAT: Assemble Fint, K

QBATP: Assemble F p
int, K

p

Figure 3.9: Overview of the Fint and F p
int calculation (green colored boxes show the implemented framework in this work)

The calculation begins with a loop over all QBATP elements and various elemental level
calculations are performed which involve, but are not limited to, the calculation of the
various coordinate systems within the element, calculation of the characteristic lengths and
other preliminary calculations related to the constitutive models.

This is then followed by a loop over Gauss points of the mid-surface and both B matrix of
the classic QBAT element along with the Bp matrix for QBATP element are evaluated. With
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this, the various strains are calculated next. The subroutines specific to QBATP element
have been added to calculate the through-thickness normal strain εzz.

This information is then passed to the constitutive model framework where the stress resul-
tants and stress couples are evaluated as discussed in Sec. 3.3.4. This is then followed by the
calculation of the internal forces both classic Fint and pinching F p

int which are subsequently
assembled into a global vector after necessary local to global coordinate transformations.
Also, elemental time-steps are calculated and for the purpose of the nodal time-step calcu-
lations, the nodal stiffness are calculated and assembled into a vector.

3.5.3 Constitutive models and their framework

The architectural framework for the most commonly used constitutive models in Altair
Radioss™ is divided into two groups, one for solid elements and other for shell elements.
However, the current development of the QBATP element cannot fit into either of these
frameworks because of the following challenges:

• For QBATP elements, the full three dimensional constitutive model cannot be used di-
rectly without any modifications due to locking issues discussed in Sec. 3.3.4. There-
fore, direct use of the constitutive model framework of the solid elements is not pos-
sible.

• The classic shell elements are based on the plane-stress assumption, thus both their ar-
chitecture and the constitutive model itself is different compared to the QBATP shells.
Therefore, even the shell element framework of constitutive models cannot be used
for QBATP elements.

Thus, a new framework was built for this category of shells as shown in Fig. 3.10. The
developments discussed in this chapter are limited to the elastic material behavior and
therefore, an elastic type of constitutive model (Law-1) has been added in this framework.
In the next chapter, an elasto-plastic constitutive model (Law-91) is discussed which has
been added in this same pinching shell framework. This implemented framework serves
as a platform for a future development of various constitutive models for this type of shell
element.

Figure 3.10: Framework of constitutive models inside Altair Radioss™(green colored boxes show the implemented framework
in this work)

This completes the discussion regarding the development and the implementation of the
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QBATP shell element with selective mass scaling inside Altair Radioss™. The next section
discusses various validation tests performed on this new element.

3.6 Validation Tests

In this section, several numerical tests are performed in order to validate the QBATP el-
ement. Selective mass scaling is enabled by default for all the test cases discussed here
onwards. First, several single element tests are performed in order to assess the transverse
normal behavior (Test 3.1), coupling of pinching and membrane loading (Test 3.2) and a
case involving both pinching and in-plane shear loading (Test 3.3). For these cases, the
results are compared with BRICK8 element of Altair Radioss™.

After that, several benchmark cases from the literature are compared with the results ob-
tained with the QBATP element (Test 3.4 - Test 3.8). This set of tests also includes a test
case comparing the performance of the QBATP element with the BRICK8 element (Test 3.5)
demonstrating the advantage of selective mass scaling.

3.6.1 Test 3.1: Pure pinching pressure driven loading

Objective

The objective of this single element test is to verify the response of QBATP element with the
BRICK8 element of Altair Radioss™ when it experiences normal transverse (pinching) type
of loading. So in this case, σzz < 0 whereas σxx ≈ 0 and σyy ≈ 0.

Setup

A single element of dimensions 10 mm × 10 mm with a thickness of 2 mm is considered.
An increasing pinching pressure (through-thickness compression) is applied on this element
that starts at 0 MPa and then reaching a maximum magnitude of 40,000 MPa (using a
smoothed curve). The Young’s modulus (E) was set to 100,000 MPa and a Poisson’s ratio
(ν) of 0.3 was used. The side view of the element is shown in Fig. 3.11.

Figure 3.11: Test 3.1: Geometry, setup and loading (side view (left) and top view (right))
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Discussion

The test being symmetric in terms of X and Y directions, the displacements fields are iden-
tical in both X and Y. The evolution of the displacement field in Y direction is shown in
Fig. 3.12 where it showed a good match between the results obtained with QBATP element
with that of BRICK8 element. For a local quantitative comparison, the resulting nodal dis-

Figure 3.12: Test 3.1: Global comparison of Y displacement (mm) field for QBATP (bottom) and BRICK8 element (top) at
various time instants (a) t = 0.000 s (b) t = 0.005 s (c) t = 0.010 s

placements of (N3 of QBATP element) in X, Y and Z (pinching) direction were compared
(Fig. 3.13) to the corresponding node of BRICK8 element (same X and Y coordinate but on
the top surface of the BRICK8 element) and it showed a good correlation between the two
elements. It is obvious to expect a good match for the evolution of thickness (Fig. 3.14)
once the pinching (Z) displacements (Fig. 3.13c) are known to be the same. The thickness
starting at the initial value of 2 mm, reduces to a final value of 1.34 mm which is 33% re-
duction of thickness. In general for QSP®, the % reduction of thickness during consolidation
phase is about 15-25 %. The through-thickness pinching stress (σzz) of QBATP and BRICK8
is compared in Fig. 3.15a which shows a good match. Also, this being a nearly quasi-steady
case, the curves match with the applied pressure as well.

The advantage of selective mass scaling becomes evident when one compares the evolution
of time-steps for both elements (Fig. 3.15b). As discussed before, as the thickness decreases,
the time-step for the hexahedral element keeps falling as it is governed by the thickness
which can be seen for the BRICK8 element in this plot.

However, for QBATP element with selective mass scaling, the time-step does not depend on
the thickness and is governed by the in-plane dimensions. Thus, we can see a much higher
time-step in case of the QBATP shell when compared to the BRICK8 element. An interesting
point to note is that as one reduces thickness; the in-plane dimensions increase due to
Poisson’s ratio which means the time-step actually increases with consolidation (Tab. 3.4).
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Figure 3.13: Test 3.1: Comparison of evolution of nodal displacements for Node N3 for QBATP element and BRICK8 element
(a) X displacement (mm) (b) Y displacement (mm) (c) Z displacement (mm)

Start (t=0.00s) End (t=0.01s)

BRICK8 2.17E-7 1.46E-7
QBATP 1.38E-6 1.51E-6

Table 3.4: Test 3.1: Comparison of time-steps (in seconds) for QBATP and BRICK8 element

In total, the simulation with hexahedral element took 56,838 cycles to complete whereas
the simulation with pinching shell was completed in just 6,913 cycles.
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Figure 3.14: Test 3.1: Comparison of QBATP and BRICK8 element: Evolution of thickness

Figure 3.15: Test 3.1: Comparison of QBATP and BRICK8 element (a) Evolution of the through-thickness normal (Pinching)
stress (MPa) (b) Evolution of the time-step
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3.6.2 Test 3.2: Coupled pinching pressure and membrane force loading

Objective

The objective of this test is to test a multi-axial type of loading where both pinching pressure
and membrane tension act simultaneously. In this case, σxx 6= 0, and σzz 6= 0.

Setup

The geometry consists of a single element of dimensions 10 mm × 10 mm with a thickness
of 2 mm. The material parameters were set to the same values as for the Test 3.1 i.e. E =
100,000 MPa and ν = 0.3. A linearly increasing pinching pressure that starts at 0 MPa and
reaches a maximum of 40,000 MPa was applied. Along with this, a linearly increasing nodal
force stretching the element in X direction is applied. It reaches a peak value of 50,000 N.
The side view of the element is shown in Fig. 3.16.

Figure 3.16: Test 3.2: Geometry, setup and loading (side view)

Discussion

The displacement fields (Fig. 3.17), nodal displacements (Fig. 3.18a) and normal stresses
(Fig. 3.18b) showed a good correlation between the BRICK8 element and QBATP element
for this test case of simultaneous transverse and membrane loading.

3.6.3 Test 3.3: Coupled pinching pressure and in-plane shear loading

Objective

A typical loading scenario that might appear at certain locations during forming is when an
element in a state of stress where it experiences both pinching forces as well as in-plane
shearing. Thus, the goal of this test is to compare the behavior of the QBATP element with
BRICK8 element when it undergoes in-plane shear and pinching simultaneously.
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Figure 3.17: Test 3.2: Displacement field comparison between BRICK8 element and QBATP element (a) Displacement X (mm)
for BRICK8 (b) Displacement X (mm) for QBATP (c) Displacement Y (mm) for BRICK8 (d) Displacement Y (mm) for QBATP

Setup

The geometry consists of a single element of dimensions 10 mm × 10 mm with a thickness
of 2 mm. The material parameters were set to the same values as for the Test 3.1 i.e. E
= 100,000 MPa and ν = 0.3. A linearly increasing pinching pressure that starts at 0 MPa
and reaches a maximum of 40,000 MPa was applied. In order to create in-plane shearing,
a displacement of 10 mm was applied along X and Y direction at node N3 whereas node N1
was fixed in both X and Y directions. This is shown in the setup (Fig. 3.19).

Discussion

For the purpose of visualization, the initial (shown in wireframe mode) and deformed
shapes (shown in grey color) for both QBATP and BRICK8 elements are shown in Fig. 3.20.
For a quantitative comparison, the nodal displacements are node N2 for QBATP (and cor-
responding node in BRICK8 element) were compared (Fig. 3.21) and a good match was
observed between the two elements. Similarly it was found that both the in-plane shear
stress and pinching stress predicted by the QBATP element are in alignment with those
obtained from BRICK8 element (Fig. 3.22a). The same observation can be made for the
evolution of the thickness (Fig. 3.22b).
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Figure 3.18: Test 3.2: Global comparison of QBATP and BRICK8 element (a) Nodal displacements X/Y/Z (mm) at N3 (b)
Normal stresses σxx, σyy and σzz (MPa)

Figure 3.19: Test 3.3: Geometry, setup and loading (side view (left) and top view (right))

Figure 3.20: Test 3.3: Comparison of deformed shape (a) BRICK8 element (b) QBATP element (The black wireframe shows
the initial configuration)
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Figure 3.21: Test 3.3: Comparison between BRICK8 element and QBATP element nodal displacements at N2(a) Displacement
X (mm) (b) Pinching displacement Z (mm) for QBATP

Figure 3.22: Test 3.3: Comparison of QBATP and BRICK8 element (a) In-plane shear stress (σxy) and pinching stress (σzz)
in MPa (b) Evolution of thickness (mm)
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3.6.4 Test 3.4: Crushing under pressure

Objective

The goal of this test is to compare BRICK8 elements versus QBATP elements (with selective
mass scaling) under uniform pinching pressure and compare the results with the values
reported by Soulat et al. [29].

Setup

The geometrical dimensions are 50 mm × 50 mm × 4 mm. The material properties are: E
= 120 GPa and ν = 0.3. The setup is shown in Fig. 3.23. This is a quarter model; therefore
symmetry conditions are applied along left (Edge AD) and bottom (Edge AB) edges (QBATP)
/faces (BRICK8). The geometry is meshed with an element size of 10 mm and for BRICK8
element only one element was used along the thickness direction. A linearly increasing
pinching pressure of peak magnitude 10,000 MPa was applied on all elements and then
once the maximum value was reached, the pinching pressure was linearly reduced to 0
MPa.

Figure 3.23: Test 3.4: Geometry, setup and loading (top view)

Discussion

The position of node located at point C with respect to point A in X direction (Refer to
Fig. 3.23) is tracked during the simulation. This quantity was compared with the solution
reported by [29] and also with the simulation using BRICK8 elements. This comparison is
shown in Fig. 3.24a. The maximum value of this quantity occurs in the middle of the sim-
ulation i.e. when the pinching pressure is at its maximum value. The comparison of these
values is listed in Tab. 3.5 which shows a good match. Similarly, thickness obtained from
the simulation using QBATP element was compared with the one using BRICK8 element and
also with the one reported by [29] (Fig. 3.24b). The minimum thickness reported by [29]
was 3.680 mm which was found to be exactly the same obtained using BRICK8 as well as
QBATP elements.
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Figure 3.24: Test 3.4: Comparison of solution using QBATP elements, using BRICK8 elements and from Soulat-2006 (a)
Relative position in X direction (in mm) of point C with respect to point A (b) Evolution of thickness (in mm)

Soulat-2006 BRICK8 QBATP

51.260 51.267 51.266

Table 3.5: Test 3.4: Comparison of the maximal relative position in X direction (in mm) of point C with respect to point A

3.6.5 Test 3.5: Performance of QBATP element (crushing under pressure)

Objective

The goal of this test is to compare the performance of the QBATP element with respect to
the BRICK8 element in order to check the impact of the selective mass scaling implemented
for the QBATP element.

Setup

The setup of this test is qualitatively identical to the Test 3.4. Same material properties,
loading and boundary conditions are used in this test. The only change is in the dimensions
of the geometry. The dimensions considered for this case are 800 mm × 800 mm × 4 mm
and it was meshed with an element size of 10 mm. The reason to have a much bigger plate
is to have a large number of elements for benchmarking without changing the aspect ratio
of an element. For a fair comparison, only one element along the thickness was used for
the simulation with BRICK8 elements. Thus, in total there are 6400 elements in each of
the simulation. The zoomed view of the mesh for BRICK8 and QBATP cases is shown in
Fig. 3.25. The simulations were run on a single thread configuration on a local personal
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computer: Intel(R) Xeon(R) CPU E3-1545M v5 @ 2.90GHz (x86_64).

Figure 3.25: Test 3.5: Zoomed view of the mesh with (a) BRICK8 elements (b) QBATP elements

Discussion

The plot of displacement in X direction (mm) is shown in Fig. 3.26. The summary of the
performance of both the cases is tabulated in Tab. 3.6. As discussed before, due to the
selective mass scaling, the time-step of the QBATP element is higher than that of the BRICK8
element, thereby reducing the total number of cycles needed for the computation. This
coupled with the speedup resulting from the global integration approach, the total speedup
was found to be 7.7X which demonstrates the benefit of using the QBATP element from the
point of view of the computational cost.

Figure 3.26: Test 3.5: Comparison of displacement field X (mm) (a) BRICK8 element (b) QBATP element

It is important to note that for the solid model, only a half model was considered along the
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BRICK8 QBATP

Elements 6400 6400
DoFs 39366 39366

Cycles 30,974 9,201
Time (s) 995 129
Speedup 1 7.7

Table 3.6: Test 3.5: Performance comparison of BRICK8 vs QBATP element

thickness (to provide some numerical stability) making its actual thickness to be 2 mm (in-
stead of the full thickness of 4 mm). Thus for a fair comparison (as discussed in Sec. 3.4.1),
the real speedup here could be conservatively considered as 7.7/2 = 3.85X which is still
significant. This is considering the aspect ratio of in-plane length to thickness L/h was 2.5.
The speedup would be higher with a higher ratio of (L/h). Also, this speedup can be further
increased as there is a scope for optimization in the subroutines written for QBATP element.

3.6.6 Test 3.6: Clamped square plate

Objective

This test is performed in order to check if the QBATP element is able to avoid the locking. For
this test, two simulations are compared; one with the classic shell (QBAT) and the second
with the pinching shell with selective mass scaling (QBATP).

Setup

A geometry consists of a square plate of dimension 1000 mm × 1000 mm × 2 mm that is
clamped (i.e. all displacements and rotations are restricted) on all four edges (AB, BC, CD
and AD) as shown in Fig. 3.27. The material properties are: E = 200 GPa and ν = 0.3.
The geometry is meshed with 16 elements in each direction. A uniform pressure linearly
increasing from 0 Pa up to 800 Pa is applied on all the elements. Two comparisons are to be
made as follows:

• The pressure vs deflection curve which is to be compared with the literature

• The deflection of the central node is to be compared with the reference value when
the pressure reaches 500 Pa.

Discussion

This being a very thin plate and in the absence of a specific pinching load, the QBATP
element should be able to reproduce the behavior of the standard shell (QBAT) without
demonstrating locking. The magnitude of the displacement when pressure reaches 800 Pa
is shown in Fig. 3.28 where it can be seen that the maximum magnitude of displacement
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Figure 3.27: Test 3.6: Geometry, setup, mesh and loading

shown by QBAT element was 3.149 mm whereas the one obtained using QBATP element
was 3.146 mm which are in close agreement with each other. Also, the evolution of the

Figure 3.28: Test 3.6: Comparison of magnitude of displacement (a) QBAT element (b) QBATP element

displacement Z (mm) of the central node shown in Fig. 3.29a shows a good match between
the QBAT and QBATP element. Since a perfect steady-state is difficult to achieve in a dy-
namic explicit code; some local oscillations with high frequencies can be expected as seen
in Fig. 3.29a.

Fig. 3.29b shows the plot of applied pressure versus the deflection of the central node for
three cases: (1) Way solution obtained from [23] in [29], (2) Soulat-2006 pinching shell
solution [29] and (3) QBATP solution discussed in this work. The solution of QBAT element
is not shown in this plot, since it has already been shown that it follows QBATP solution
quite closely in Fig. 3.29a. The comparison of the deflection of the central node when
pressure reaches 500 Pa (at t=0.625 s) with the reference from the literature [23, 29] is
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Figure 3.29: Test 3.6: (a) Evolution of Z displacement of the central node for QBAT and QBATP element simulations (b)
Applied pressure versus observed deflection of the central node for QBATP element case and referecnes from the literature
[23,29]

Hughes-1981 QBAT QBATP

2.5 2.4895 2.4880

Table 3.7: Test 3.6: Comparison of the deflection (in mm) of the central node

summarized in Tab. 3.7. It demonstrates a good agreement of the QBATP solution with the
reference and also with QBAT solution.

3.6.7 Test 3.7: Large bending of cantilever

Objective

The goal of this test was to check if the locking is avoided for a large deflection case, similar
to the test done in [29]. The large bending type of loading can and does occur in a typical
forming scenario.

Setup

The setup is shown in Fig. 3.30a. It consists of a cantilever beam of dimensions 400 mm ×
20 mm × 20 mm was fixed at one end (edge AB) and a force of 250 N was applied progres-
sively over 1 s on the other end (edge CD). The material properties are: E = 1000 MPa, ν =
0.3.
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Figure 3.30: Test 3.7: Geometry, setup, mesh and loading (a) 3D view (b) Side view of the deformed shape

Discussion

Due to the applied load, the cantilever undergoes large bending as depicted in Fig. 3.30b
showing its deformed shape as the loading increases. The final deformed shape with the
plot of displacement field in Z direction is shown in Fig. 3.31 which shows a good match
between QBAT and QBATP elements.

Figure 3.31: Test 3.7: Comparison of the Z displacement field for (a) QBAT element (b) QBATP element

The evolution of displacement of the tip in Z and X direction using the QBATP element is
compared with the QBAT element in Fig. 3.32a and Fig. 3.32b. It shows a good match
between the two curves demonstrating that the locking has been avoided even for the large
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Figure 3.32: Test 3.7: Evolution of displacements at the tip for QBAT and QBATP element (a) Displacement Z (mm) (b)
Displacement X (mm)

Bisshopp-1945 QBAT QBATP

224 229.95 230.36

Table 3.8: Test 3.7: Comparison of the Z displacement (in mm) of the tip

deflection scenario for the QBATP element. The comparison of the final deflection (in Z)
of the tip was compared with the values reported in the literature [29, 47]. The summary
of this comparison is tabulated in Tab. 3.8. It demonstrates that the results of the QBATP
element are comparable with the one obtained using QBAT element and also the reference
solution.

3.6.8 Test 3.8: Non-uniform pinching pressure

Objective

The goal of this test was to compare the behavior of the QBATP elements with the BRICK8
ones when only a part of the mesh experiences the pinching pressure. This case will often
occur in a typical consolidation process where there would always be some regions which
undergo higher consolidation than other regions creating a non-uniform pinching pressure
distribution.
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Setup

The setup is shown in Fig. 3.33 for both BRICK8 and QBATP meshes. The geometrical
dimensions are 50 mm × 50 mm × 4 mm. The material properties are: E = 120 GPa and
ν = 0.3. This is a quarter model; therefore symmetry conditions are applied as discussed
in Test 3.4. A linearly increasing pinching pressure of peak magnitude 10,000 MPa was
applied but only on the elements highlighted in red color in Fig. 3.33. There is no pinching
pressure on other elements.

Figure 3.33: Test 3.8: Geometry, setup, mesh and loading for (a) BRICK8 and (b) QBAT elements

Discussion

The displacement field in Y (mm) for both BRICK8 mesh (Fig. 3.34a) and QBATP mesh
(Fig. 3.34b) show a good match. The deformed shape has been scaled by a factor of 10X
for a better visual representation. Pinching displacements (Z) for nodes N1, N2, N3 and

Figure 3.34: Test 3.8: Deformed shape (10X) and Y displacement (mm) field comparison for (a) BRICK8 elements (b) QBATP
elements

N4 (Refer to Fig. 3.33 for their locations) are plotted for BRICK8 mesh (Fig. 3.35a) and
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QBATP mesh (Fig. 3.35b) which also show a good correlation. The slight difference between
the displacements arises due to the difference of mid-surface normals (which are used for
applying the pinching pressure load for QBATP elements) and the top-surface normals (used
for applying the pressure load for BRICK8 elements). Comparable results were observed for

Figure 3.35: Test 3.8: Comparison of the Z displacement (in mm) field for (a) BRICK8 element (b) QBATP element

normal stress field σxx (Fig. 3.36) demonstrating that the QBATP mesh is able to reproduce
the results of a BRICK8 mesh even for a non-uniform pinching load case discussed here.

3.7 QBATP element and contacts

In order to use the QBATP element for the simulation of consolidation and/or forming; it is
necessary to add the capability of pinching within the contact interface. In this work, this
functionality has been added for the contact interface Type-25 in Altair Radioss™. A typical
main segment of type-25 will have the secondary nodes impacting from both the top (in the
direction of the normal of the segment) and bottom (opposite sense of the normal) side of
the segment.
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Figure 3.36: Test 3.8: σxx comparison for (a) BRICK8 elements (b) QBATP elements

100



3.7. QBATP element and contacts

3.7.1 A system under equilibrium

The free body diagram of such a system under equilibrium is shown in Fig. 3.37a. Imagine
that two equal and opposite compressive forces of magnitude |F | are applied on a system
consisting of two secondary nodes S1, S2 and a main segment MM’. The equilibrium for
secondary nodes is established as the secondary nodes penetrate into the gap thereby gen-
erating a contact force |Fc| that opposes the applied load and equal in magnitude (Fig. 3.37b
and Fig. 3.37d). The main segment MM’ experiences a reaction contact force |Fc| due to
penetration. This contact force is the cause of the pinching force |Fp|. Thus, the main seg-
ment is under a through-thickness compressive state experiencing a force of |Fc| from both
sides (Fig. 3.37c).

Now in case of classic shells (without pinching DoFs); these two opposing forces shall cancel
each other out as one calculates the summation of the contributions from the top and bottom
side of the main segment. However, in case of pinching shells (or for solids) this cannot be
done, as these forces would build a through-thickness compressive stress (pinching stress)
which in turn would create an in-plane stretching of the segment. This demonstrates the
difference between the contacts for the classic shells versus the pinching shells.

Figure 3.37: Free body diagram (FBD) for an interface under equilibrium (a) Representation of the interface (b) FBD of
secondary node S1 (c) FBD of the main segment MM’ (d) FBD of the secondary node S2

3.7.2 General state of contact and pinching

In a general scenario, the main segment will experience unequal normal forces from top
(|F1|) and bottom (|F2|) as shown in Fig. 3.38a. Without the loss of generality, lets say
|F1| > |F2|. The contact forces on top (|Fupper|) and bottom (|Flower|) then can be split into
two modes as follows,
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|Fupper| = |F1| = +
1

2
(|F1| − |F2|)︸ ︷︷ ︸

Mode 1

+
1

2
(|F1|+ |F2|)︸ ︷︷ ︸

Mode 2

(3.57)

|Flower| = |F2| = −
1

2
(|F1| − |F2|)︸ ︷︷ ︸

Mode 1

+
1

2
(|F1|+ |F2|)︸ ︷︷ ︸

Mode 2

(3.58)

Figure 3.38: Free body diagram for the main segment under unequal contact forces from top and bottom (a) Representation
of the interface (b) Forces on the main segment (c) Contact forces in case of a standard shell (d) Additional contact forces in
case of a pinching shell

Note that the convention followed here is that |Fupper| is oriented downwards (towards main
segment) and |Flower| is oriented upwards (towards main segment). This is also depicted in
Fig. 3.38b. Now when the modes are summed up with the appropriate direction, two forces
are obtained: first the classic contact force |Fcontact| (Fig. 3.38c) and additionally a second
one for pinching mode |F pcontact| (Fig. 3.38d). This is the underlying concept for adding
the contribution of pinching in the interfaces. This idea when generalized, results in the
following global assembly of contact forces for a given main segment:

Fcontact =
∑

Fupper +
∑

Flower (3.59)

F p
contact =

∑
Fn

upper −
∑

Fn
lower (3.60)

where Fn are the forces projected on the local normal vector n to the contact surface.

With respect to the above equations, note that:

• The forces Fupper and Flower are written in the global coordinate system resulting in a
positive sign in the expression of Fcontact and a negative sign for F p

contact.

• Only the normal components of the contact forces are considered for pinching contact
force.
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• The case consisting of a system under equilibrium i.e. Fupper = −Flower is a special
case of the above relationship where there would be no net Fcontact on the segment
but a non-zero F p

contact.

• The case with no pinching would occur when the main segment moves as a rigid body
in the normal direction i.e. Fupper = Flower for which F p

contact would become zero.

With the modified contact interface mechanisms that incorporates the additional contribu-
tions of the pinching forces; a validation test was performed which is discussed in the next
section.

3.7.3 Test 3.9: Validation of pinching and contacts

Objective

The goal of this test was to compare the behavior of the QBATP elements with the BRICK8
elements when the consolidation pressure is transmitted via contact interfaces.

Setup

The setup consists of three flat plates as shown in Fig. 3.39. Three different models were
built. One consisting of BRICK8 elements, the next made up of QBAT elements and the third
made up of QBATP elements. The main idea here is to compress the plate in the middle by
exerting a pressure on the top plate while the bottom plate remains fixed in all degrees of
freedom. This qualitatively mimics the type of loading experienced during consolidation
where the pressure applied on the punch generates a through-thickness compression of the
prepreg stack.

The top and bottom plates are assigned a very stiff material: E = 2100 GPa, ν = 0.3. On the
other hand, the middle plate has been given a relatively softer material in order to observe
the in-plane stretching. The material properties used for the middle plate are: E = 4 GPa
and ν = 0.495. The initial thickness of the middle plate is 4 mm whereas the in-plane
dimensions are 37.5 mm × 37.5 mm. It is meshed with 8 × 8 elements.

A linearly increasing pressure is applied on the top-plate with a maximum magnitude of
800 MPa and it is held constant at this value once it reaches this maximum value. The
Type-25 contact is given between the top-middle-bottom plies with a fixed contact stiffness
of 500,000 N/mm. Coulomb type of friction with CoF = 0.1 was used. With this setup, all
three simulations were run and the results were compared.

Discussion

A first necessary check was to compare the normal contact force in the interface. As expected
this matched for all three models (Fig. 3.40). Then the in-plane displacement (X) was
compared for all three models. Naturally, in the absence of the pinching DoFs, it is not
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Figure 3.39: Test 3.9: Geometry, setup, mesh and loading for BRICK8, QBAT and QBATP elements (from left to right)

possible for the standard QBAT shell to generate in-plane deformations as a consequence of
transverse loading. So no in-plane deformations were observed (Fig. 3.41b). On the other
hand, the QBATP element (Fig. 3.41c) demonstrated a good correlation with the BRICK8
model (Fig. 3.41a) for the X displacement field. This indicates that the forces transmitted
through the thickness via contacts for QBATP element were able to generate a correct in-
plane deformations.

Figure 3.40: Test 3.9: Evolution of normal contact force (N)

However, a further investigation was conducted in order to compare the gap between the
top and bottom plates vs the thickness of the middle plate. Ideally, one expects that the
gap between the top and bottom plates should not be very different from the thickness of
the middle plate considering a relatively high contact stiffness was used here (the small
difference coming because of penetrations). The comparison of this distance between the
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Figure 3.41: Test 3.9: Comparison of displacement X (mm) for (a) BRICK8 (b) QBAT (c) QBATP elements

top and bottom plate (called here as d) is shown in Fig. 3.42a whereas the evolution of the
thickness (called here as h) is shown in Fig. 3.42b.

In case of BRICK8 element, a good match was observed between d and h. Due to lack of
pinching DoFs, for QBAT the thickness cannot decrease but the normal contact force would
be transmitted via a penetration. For QBATP element, even though the evolution of h was
quite similar to that of a BRICK8 model, the evolution of d did not match with the BRICK8.
In fact, it was found to match with the QBAT element.

The reason behind this inconsistency is that, the penetration is calculated with respect to
the Gap defined in the interface (Fig. 3.43a). The functionality to update the gap with
respect to the change in thickness does not exist in the architecture of the Type-25 interface
in Altair Radioss™. Thus, the penetration (Pene) is always measured with respect to the
initial thickness.

For the classic shells, this feature is not required as (a) the thickness reduction is usually not
very big (b) they are not designed for the cases with transverse stress. However, in case of
consolidation; this functionality is crucial. Thus, a framework was built inside the Type-25
interface to update the contact gap with the change in thickness dynamically. With this, the
penetration would be correctly measured (Fig. 3.43b).

With this framework implemented, the same test was repeated and compared with the
results obtained before. This change should not result in a change in the in-plane displace-
ment field as shown in Fig. 3.44a when compared to the BRICK8 (Fig. 3.44a) as well as the
case without dynamic gap update (Fig. 3.44b).

The evolution plot comparing the d and h was then revisited with the new framework
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Figure 3.42: Test 3.9: Comparison of three elements: BRICK8, QBAT and QBATP with respect to (a) evolution of the gap
between the top and bottom plates (b) evolution of thickness

Figure 3.43: Test 3.9: Representation of the inconsistent behavior and resolution strategy (a) Gap does not get updated with
thickness (b) Gap gets updated with thickness

(Fig. 3.45). The flag Ithk=0 indicates that there is no dynamic gap update whereas Ithk=1
indicates that the gap is updated dynamically. It was found that the results with the dy-
namic gap update are now in alignment with the BRICK8 element and both the d and h are
correctly calculated.
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Figure 3.44: Test 3.9: Comparison of displacement X (mm) for (a) BRICK8 (b) QBATP without dynamic gap update (c)
QBATP with dynamic gap update

Figure 3.45: Test 3.9: Comparison of (a) distance reduction and (b) thickness evolution for BRICK8, QBATP without gap
dynamic gap update and QBATP with dynamic gap update
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3.8 Towards a unified simulation of forming and consolidation

Based on the observations made in the numerical validation tests (Test 3.1 - Test 3.9)
performed in previous sections, the QBATP element can be considered to be validated. The
next step would be to investigate its usage in an industrial or semi-industrial case.

With the developments conducted in this work, it is evident that the QBATP element with
selective mass scaling that has been proposed here has a potential to perform numerical
simulation of both forming and consolidation phases in a unified manner. This strategy is
discussed in detail in Chapter 5. However, with the developments in this Chapter, one can
already perform a qualitative comparison between the QBAT element (Classic shell) and the
QBATP element (Pinching shell with selective mass scaling).

3.8.1 Forming and consolidation of a semi-industrial model

For the purpose of the demonstration of the unified simulation of forming and consolidation,
a semi-industrial model has been chosen. This mold has been developed by CETIM and will
be revisited again in subsequent chapters.

Figure 3.46: Forming and consolidation of a semi-industrial model: (a) Geometry, setup and mesh (b) Actual mold and setup
installed at Centrale Nantes (c) Imposed punch displacement (mm)

The geometry consists of a single sheet of dimensions 400 mm × 120 mm and a thickness
of 1 mm. The setup used for the numerical simulation is shown in Fig. 3.46a whereas the
real mold geometry and setup is shown in Fig. 3.46b. The mesh consists of elements of size
4 mm. The die and the punch are modeled with rigid elements. The punch was imposed a
velocity in Y direction and thereby the distance traveled by the punch is shown in Fig. 3.46c.
On the other hand, the die is fixed in all DoFs throughout the simulation. The sheet was
modeled with a one shell component representing fibres (Law-58 of Altair Radioss™) (UD
fibres oriented along X direction) modeled using QBAT elements. This component was
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overlapped with the pinching shell QBATP developed in this work which was given elastic
material properties with E = 100 MPa and ν = 0.4. It is to be noted that these material
properties are used here only for demonstrative purpose. The usage of elastic constitutive
model is a limitation which will be addressed in Chapter 4. But overall, this represents a
very basic attempt at building a modeling strategy for the unified simulation of forming and
consolidation phases.

Two simulations were conducted: one using the QBAT element and the other with the
QBATP element and the results were compared. The final deformed shape at the end of
the consolidation phase is shown in Fig. 3.47. After comparing the width measurements at
various locations shown for both QBAT and QBATP simulations; it is evident that there is
no increase in the width for the case with QBAT element Fig. 3.47a which is expected as it
does not have the capability to transfer the pinching loads to the in-plane directions. On
the other hand, the width increments can be observed for the QBATP simulation Fig. 3.47b.

Figure 3.47: Forming and consolidation of a semi-industrial model: Comparison of displacement Z (mm) for (a) QBAT
simulation (b) QBATP simulation

To justify that there is a through-thickness consolidation force acting on the sheet; a nor-
mal reaction force plot is shown for both QBAT and QBATP simulations in Fig. 3.48a and
Fig. 3.48b respectively.

The advantage of using the shell with the capability of transverse stress can then be clearly
seen in Fig. 3.49 where it can be seen that obviously the σzz is zero for the QBAT element
(Fig. 3.49a). On the other hand, a non-zero negative value (indicative of a compressive σzz)
was observed for the QBATP simulation (Fig. 3.49b).

The advantage of using a selective mass scaling approach for the QBATP element can be
observed in Fig. 3.50 where it can be noticed that the critical time-step of the QBATP shell
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Figure 3.48: Forming and consolidation of a semi-industrial model: Demonstration of the overall distribution of the normal
reaction force for: (a) QBAT simulation (b) QBATP simulation

Figure 3.49: Forming and consolidation of a semi-industrial model: Comparison of though thickness normal stress (local σzz)
for: (a) QBAT simulation (b) QBATP simulation

is quite similar of that of the classical QBAT shell.

Figure 3.50: Forming and consolidation of a semi-industrial model: Evolution of the model time-step for QBAT and QBATP
simulations
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3.9 Conclusion

To conclude, in this chapter the existing formulation of QBAT element of Altair Radioss™ was
extended in order to have a functionality of transverse normal (pinching) stress. This im-
plies that the resulting shell element (QBATP) can be in a three dimensional state of stress
unlike the classical shells which are under plane-stress condition. The element was vali-
dated with various tests and further its interaction with a contact interface was developed,
implemented and subsequently validated.

The computational performance of the QBATP element was then augmented with the addi-
tion of selective mass scaling that affects specifically the higher frequencies without impact-
ing the lower ones. The increase in the performance was demonstrated with an example
which showed about 3.8X speedup when compared to the BRICK8 elements of the same
mesh size for an aspect ratio of 2.5.

Finally, it has been shown that the QBATP element serves as a first step towards a uni-
fied full-scale simulation of both forming and consolidation phases in a generic composite
forming process as well as a more specific one such as QSP®.

There is however one important limitation concerning the usage of an elastic constitutive
model which is debatable both for metal as well as thermoplastic composite forming appli-
cations. This serves as a motivation for the next chapter where an elasto-plastic constitutive
model compatible with QBATP element is developed.
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3.10 Appendix A : Geometrical calculations for QBATP

This section discusses calculations of various geometrical and physical quantities needed for
the shell element. The quantities involve the calculations of various co-ordinate systems,
evaluation of certain quantities at specific points within the element etc. Calculation of
these quantities is essential and is used in the calculation of the B matrices discussed in
Appendix B.

Mapping of mid-surface into the iso-parametric space is given by,

dxp
(3×1)

=

dXdY
dZ

 =
[
a1 a2

]
(3×2)

[
dξ
dη

]
(2×1)

(3.61)

Where the covariant basis vectors a1 and a2 are given by,

a1 =
dxp
dξ

=

4∑
i=1

∂Ni

∂ξ
xi a2 =

dxp
dη

=

4∑
i=1

∂Ni

∂η
xi (3.62)

xi being the nodal coordinate vectors. The normal to the mid-surface which is a unit vector
orthogonal to both the covariant vectors then can be defined as,

n =
a1 × a2

|a1 × a2|
(3.63)

This then creates a mapping [F0] for z = 0,

[F0] =
[
a1 a2 n

]
(3.64)

Using this, a general basis at a general location z is then given by,

[Fz] = [F0] + z[Fn] (3.65)

Where the [Fz] mapping is,

dxq
(3×1)

=

dXdY
dZ

 = [Fz]
(3×3)

dξdη
dζ


(3×1)

(3.66)

And [Fn] is given by,

[Fn] =
[
n,ξ n,η 0

]
(3.67)

Where the derivatives n,ξ and n,η are calculated as,

n,ξ =
dn

dξ
=

4∑
i=1

∂Ni

∂ξ
ni n,η =

dn

dη
=

4∑
i=1

∂Ni

∂η
ni (3.68)
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ni being the normal vectors at node i of the element. In order to calculate the inverse
mapping [F0]−1, first a metric tensor [a] is defined,

[a]
(2×2)

=

[
a11 a12

a21 a22

]
=

[
a1 · a1 a1 · a2

a2 · a1 a2 · a2

]
(3.69)

Secondly, the contravariant vectors a1 and a2 are such that:

a1 · a1 = 1, a2 · a2 = 1, a1 · a2 = 0, a2 · a1 = 0 (3.70)

Using this, the inverse of the matrix [F0] becomes,

[F0]−T =
[
a1 a2 n

]
(3.71)

Using eq.(3.70) and using, [
a1 a2

]
=
[
a1 a2

]
[a]−1 (3.72)

the contravariant vectors can be calculated as,

a1 =
1

det[a]
(a22a1 − a12a2), a2 =

1

det[a]
(−a21a1 + a11a2) (3.73)

With this, the inverse mapping can be written as,

[
dξ
dη

]
(2×1)

=

[
(a1)T

(a2)T

]
(2×3)

dXdY
dZ

 (3.74)

The relationship between the global coordinates X, Y and Z and the local coordinate system
x, y and z is given by the transformation matrix [Q],dXdY

dZ

 = [Q]
(3×3)

dxdy
dz

 (3.75)

where [Q] is given by,

[Q] =
[
t1 t2 n

]
(3.76)

Combining eq.(3.74) and eq.(3.76), one can build a mapping between the isoparametric
coordinates (ξ, η) and the local coordinates (x, y) as,[

dξ
dη

]
= [C0]

(2×2)

[
dx
dy

]
(3.77)
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where,

[C0] =

[
C0

11 C0
12

C0
21 C0

22

]
=

[
a1 · t1 a1 · t2
a2 · t1 a2 · t2

]
(3.78)

The local basis at a point xq (in the shell element but not necessarily on the mid-surface of
the shell) can be rewritten as,

[Fz] = [F0] + z[Fn] (3.79)

= [F0] ([I] + z[bn]) (3.80)

where,

[bn] = [F0]−1 [Fn] =

a1 · n,ξ a1 · n,η 0
a2 · n,ξ a2 · n,η 0

0 0 0

 (3.81)

With this, the inverse mapping can then be written as,

[Fz]−1 = ([F0] ([I] + z[bn]))−1 (3.82)

=
1

µ(z)

1 0 0
0 1 0
0 0 µ

+ z

 b22
n −b12

n 0
−b21

n b11
n 0

0 0 0

 (3.83)

where µ(z) = 1− 2 z H + z2K, 2H = −(b22
n + b11

n ) and J = det[Fz] = µ(z)J0. For the QBAT
as well as for QBATP elements, a linearized version of this relationship is used in order to
calculate the strain-rates and strains. Using this relation, another quantity [bc] is defined as,

[bc] =

[
bc11 bc12

bc21 bc22

]
=

[
b22
n −b12

n

−b21
n b11

n

]
[C0] (3.84)

3.11 Appendix B : Construction of strain-rate matrices for QBATP

This section shows the details about the construction of various [B] matrices.

B matrix for Membrane

The membrane strain-rate is calculated as follows:ε̇xxε̇xx
ε̇xy

 =

t1 0
0 t2
t2 t1

 [C0]T
[
V,ξ
V,η

]
= [Bm]

(3×24)

[V ]
(24×1)

(3.85)
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Where the [Bm] matrix is given by:

[Bm]
(3×24)

=

[
Bm1
(3×6)

Bm2
(3×6)

Bm3
(3×6)

Bm4
(3×6)

]
(3.86)

Bmi
(3×6)

=

 t
T
1 Ni,x 0 0 0

t
T
2 Ni,y 0 0 0

t
T
1 Ni,y + t

T
2 Ni,x 0 0 0

 (3.87)

where Ni,x and Ni,y are given by,

Ni,x = Ni,ξC
0
11 +Ni,ηC

0
21 (3.88)

Ni,y = Ni,ξC
0
12 +Ni,ηC

0
22 (3.89)

B matrix for Bending

The curvatures are calculated as follows:χ̇xxχ̇yy
χ̇xy

 =

t1 0
0 t2
t2 t1


[bc]T

[
V,ξ
V,η

]
+ [C0]T

[
β,ξ
β,η

] = [Bb]
(3×24)

[V ]
(24×1)

(3.90)

Where the [Bb] matrix is given by:

[Bb]
(3×24)

=

[
Bb1
(3×6)

Bb2
(3×6)

Bb3
(3×6)

Bb4
(3×6)

]
(3.91)

Bbi
(3×6)

=

 t
T
1 Nbc1i s1iNi,x 0

t
T
2 Nbc2i s2iNi,y 0

t
T
1 Nbc2i + t

T
2 Nbc1i s1iNi,y + s2iNi,x 0

 (3.92)

where Nbc1i and Nbc2i are given by,

Nbc1i = Ni,ξbc11 +Ni,ηbc21 (3.93)

Nbc2i = Ni,ξbc12 +Ni,ηbc22 (3.94)

and s1i and s2i are given by,

s1i =
[
−t1 · t2i t1 · t1i

]
(3.95)

s2i =
[
−t2 · t2i t2 · t1i

]
(3.96)

119



3.11. Appendix B : Construction of strain-rate matrices for QBATP

B matrix for Transverse shear

As discussed in the content of this Chapter, the transverse shear strain-rate is calculated as
follows: [

˙εxz
˙εyz

]
= [C0]T

(2×2)

[Bts]
(2×24)

[V ]
(24×1)

(3.97)

where the [C0] is the local basis at z = 0 and the [Bts] matrix is given by:

[Bts]
(2×24)

=

[
B1

ts
(2×6)

B2
ts

(2×6)

B3
ts

(2×6)

B4
ts

(2×6)

]
(3.98)

[B1
ts] =

[
−nA1T +AS1TA1 0
−nB1T +AS1TB1 0

]
[B2

ts] =

[
+nA1T +AS2TA1 0
−nB2T +AS1TB2 0

]
[B3

ts] =

[
+nA2T +AS2TA2 0
+nB2T +AS2TB2 0

]
[B4

ts] =

[
−nA2T +AS1TA2 0
+nB1T +AS2TB1 0

] (3.99)

Transverse shear strain-rates at the edge mid-points are given by (Fig. 3.51),

Figure 3.51: QBATP element: Transverse shear evaluation (reproduced from [25])

γ̇ξ =
1− η

2
γ̇A1
ξ +

1 + η

2
γ̇A2
ξ (3.100)

γ̇η =
1− ξ

2
γ̇B1
η +

1 + ξ

2
γ̇B2
η (3.101)

γ̇A1
ξ =

(
a1 · β + n · V ,ξ

)
ξ=0,η=1

γ̇A2
ξ =

(
a1 · β + n · V ,ξ

)
ξ=0,η=1

(3.102)

γ̇B1
η =

(
a2 · β + n · V ,η

)
ξ=−1,η=0

γ̇B2
η =

(
a2 · β + n · V ,η

)
ξ=1,η=0

(3.103)
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where, β and V are the nodal variables corresponding to the rotational velocities and trans-
lational velocities. β is the rotational velocity vector defined as,

β = ω × n = β1t1 + β2t2 = ω2t1 − ω1t2 (3.104)

The vectors nA1, nA2, nB1 and nB2 in eq.(3.99) are given by,

nA1 =
1− η

4
nA1 , nA2 =

1 + η

4
nA2 , nB1 =

1− ξ
4
nB1 , nB2 =

1 + ξ

4
nB2

(3.105)

where nA1, nA2, nB1 and nB2 are the unit normal vectors at edge mid-points A1, A2, B1
and B2 respectively. These mid-point unit normals are calculated by taking the average
of the normals at the edge end-points. As an example for the point B1 which lies at the
midpoint of nodes N1 and N4, the unit normal nB1 is given by,

nB1 =
J

|J | , where J =
1

2
(n1 + n4) (3.106)

The quantities AS1A1 to AS2Ab in eq.(3.99) are given by,

AS1A1 =
1− η

4

[
−aA1 · t21 aA1 · t11

]
, AS2A1 =

1− η
4

[
−aA1 · t22 aA1 · t12

]
(3.107)

AS1A2 =
1 + η

4

[
−aA2 · t24 aA2 · t14

]
, AS2A2 =

1 + η

4

[
−aA2 · t23 aA2 · t13

]
(3.108)

AS1B1 =
1− ξ

4

[
−aB1 · t21 aB1 · t11

]
, AS2B1 =

1− ξ
4

[
−aB1 · t24 aB1 · t14

]
(3.109)

AS1B2 =
1 + ξ

4

[
−aB2 · t22 aB2 · t12

]
, AS2B2 =

1 + ξ

4

[
−aB2 · t23 aB2 · t13

]
(3.110)

where, t1i and t2i correspond to t1 and t2 at node i.

aA1 =
1

2

(
X2 −X1

)
, aA2 =

1

2

(
X3 −X4

)
(3.111)

aB1 =
1

2

(
X4 −X1

)
, aB2 =

1

2

(
X3 −X2

)
(3.112)
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Chapter 4
An elasto-plastic constitutive model for
pinching shell (QBATP) element for
numerical simulation of consolidation
of UD prepregs

Abstract

This chapter focuses on the development of a constitutive model for the nearly incompress-
ible thermoplastic melt polymer which is a key ingredient in the numerical modeling of
consolidation process. It becomes even more important in case of unidirectional (UD) ther-
moplastic prepregs where the mechanisms such as the transverse squeeze flow can impact
not only the in-plane dimensions of the prepreg but also the fibre orientations within the
prepreg. Thus, based on the global plasticity approach, an elasto-plastic constitutive model
compatible with the pinching shell element (QBATP) is developed which can model the be-
havior of the melt polymer and the three dimensional state of stress experienced during
consolidation process. The numerical part of the constitutive model is validated by com-
parison with the solid element in Altair Radioss™ and also using several benchmark tests
from the literature. For a physical comparison with respect to the consolidation process, a
practical and economic characterization method is proposed. Finally, the consolidation test
results on a [0◦/90◦]2 are compared with the simulations results.
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4.1. Introduction

4.1 Introduction

Through-thickness compression is required to ensure proper consolidation of multi-layered
thermoplastic composites. Through-thickness compression force applied during the consol-
idation of composite prepregs is the driving force for various mechanisms such as squeeze
flow [1], in-plane resin bleed [2] and transverse resin percolation [3,4]. As a consequence,
several defects can arise during consolidation such as in-plane fibre orientation changes,
out of plane fibre waviness [5, 6], changes in the in-plane dimensions of a prepreg, all of
which have an impact on the performance of the manufactured component [7].

During consolidation, the melt thermoplastic polymer plays an important role because of
its near incompressible nature and its ability to flow in the melt state. Because of the
incompressibility, as one applies a consolidation pressure transversely on the prepreg stack;
in-plane deformations occur. As a result of the deformations and the movement of the
thermoplastic polymer coupled with its high viscosity; the fibres are dragged along with
it. This phenomenon is known in the literature as the “transverse squeeze flow” [8]. This
not only affects the in-plane dimensions of the prepreg as a whole but also affects the
spatial field of fibre orientations within the prepreg. The influence of the squeeze flow
effect becomes even more important in case of thermoplastic unidirectinoal (UD) prepregs
since the in-plane transverse behavior is predominantly governed by the melt polymer. A
schematic representation of the transverse squeeze flow phenomenon is shown in Fig. 4.1
for the case of a single UD prepreg undergoing consolidation. This is further discussed in
the following sections.

(a)

y

z

x
y

z

x

(b)

Figure 4.1: Schematic representation of a transverse squeeze flow for a single UD ply undergoing consolidation (a) side view
(b) top view

4.1.1 Influence of squeeze flow on in-plane deformations

Depending on the amount of squeeze flow, the in-plane dimensions of the prepreg could
experience a significant change. Fig. 4.2a shows the final deformed shape for a UD stack
of configuration [0◦]5 where the initial undeformed shape is indicated by the green colored
rectangular outline. Due to the inextensibility of fibres along X direction and the absence of
fibres along Y direction; the major deformations occur along the width of the sample (mea-
sured along Y). The initial stack width was 60 mm. After undergoing a 25% consolidation,
it was found to have become more than 90 mm which is 1.5 times of the original width.
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Even on components manufactured on an industrial scale, the impact of squeeze flow can
be seen in Fig. 4.2b. It shows a part manufactured using QSP® that has a UD patch at
the top in its stacking configuration. The fibre directions are schematically indicated by
yellow colored lines. The widths are measured at several locations by following curvilinear
paths orthogonal to the fibres. The initial width of 7.8 cm was found to have increased
significantly at several locations by almost 30% as shown in Fig. 4.2b.

Therefore, it is evident that the influence of transverse squeeze flow on the in-plane defor-
mations of the prepregs especially for unidirectional plies is not negligible and hence needs
consideration in the numerical simulation of consolidation process modeling.

Also, forming of thermoplastic prepregs on doubly-curved parts often induces thickness
changes in various zones within prepregs. This implies that thicker zones would experi-
ence more consolidation compared to other areas as this change of thickness is usually not
anticipated in the mold by adapting the cavity thickness.

Figure 4.2: Impact of transverse squeeze flow: (a) In-plane deformed shape of a [0◦]5 laminate after consolidation (initial
geometry is shown by green rectangle and the initial fibre orientation is shown by yellow colored lines) (b) Width measure-
ments for a UD prepreg patch of a component manufactured using QSP® (the fibre orientation is shown by yellow colored
lines). (c) Changes in the fibre orientations for a stack [0◦/90◦]6 (reproduced Fig. 5 from [1])

4.1.2 Influence of squeeze flow on fibre orientations

The changes in the fibre orientations occurring because of the squeeze flow is important
as it influences the mechanical strength and performance of the component. The so called
“barrel” shaped deformation pattern resulting from the transverse squeeze flow for a UD
(Fig. 4.1) and its influence on the fibre orientations has also been observed and discussed
in [9].

In order to investigate the squeeze flow phenomenon further, a consolidation test was con-
ducted on a specimen of a configuration [0◦/90◦]6 in [1]. The resulting change in the fibre
orientations within the prepreg stack can be clearly seen in Fig. 4.2c. For quantifying the
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changes in fibre orientations, several copper wires of a very small diameter were placed be-
tween the plies that formed the stack of configurations [0◦/20◦/0◦] and [0◦/80◦/0◦] in [10].
Changes in the orientations of these copper wires were used as a way to investigate the fibre
orientations after consolidation. It was found using micro-tomography that changes in the
fibre orientation at certain locations could be as high as 21.5◦. Another experimental investi-
gation conducted in [11] also demonstrated the changes in the fibre-orientations occurring
during compression of a prepreg stack. Also the influence of adding interply resin-rich lay-
ers on the fibre orientations was investigated. For some configurations, the changes in fibre
orientations in plies observed in this work was as high as 22.5◦.

Based on these observations, it can be concluded that in order to correctly simulate the
underlying physics of the consolidation process; it is essential to consider the contribution of
the near incompressible thermoplastic melt polymer and its interaction with fibres resulting
from the squeeze flow behavior.

4.2 Constitutive modeling of melt polymer during consolidation

As stated in [12], a thermoplastic polymer behaves as a visco-elastic material at room tem-
perature and visco-plastic at higher temperature. In order to model the behavior of the
incompressible thermoplastic melt polymer, various attempts have been made previously.
These can be subdivided into two broad categories; one type of approach is followed in the
research conducted by the composite forming community whereas a different approach is
followed by the consolidation and the rheology community.

4.2.1 Constitutive modeling of melt polymer during forming

An isotropic-viscoelastic constitutive model was used in [13] 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; [14] used a consti-
tutive model for prepregs which was based on the viscosity of matrix, weave pattern and
initial spacing between fibres. This was compared with results obtained from picture frame
tests performed on two prepregs: glass fibre with polypropylene matrix and carbon fibre
with epoxy matrix.

Polypropylene polymer was modeled using a Maxwell model in [15] and the dependence
of viscosity on strain rate was modeled using a power law. This coupled with a finite el-
ement model for fabric was then used to perform various numerical simulations on the
Double Dome Benchmark in order to study the influence of material parameters on final
deformations and punch force. It was observed that simulation test with viscosity (maxi-
mum observed shear angle: 31.88o) and without viscosity (maximum observed shear angle:
32.08o) resulted in a very minute difference in terms of deformation. The variation in punch
force for the two scenarios was found to be 5.1%. Based on this observation the simulation
performed in [16] did not consider matrix viscosity.
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In the study of thermoset prepreg compression molding done in [17], two sets of over-
lapping membrane elements with coincident nodes were used where one type of element
represents fabric and the other type represents polymer. Neglecting viscous effects, an elas-
tic type of constitutive model was used and the simulations were performed by varying the
Young’s modulus of polymer and the shear rigidity of fabric.

In [18], the thermoplastic prepreg was modeled as an anisotropic hyperelastic model where
the strain energy density function was written as the sum of contributions from fibres, poly-
mer and their interaction. The constitutive model used for polymer was an incompressible
Mooney-Rivlin model and no viscous effects were modeled. Since it is difficult to conduct
tests on the melt matrix alone; they used the data of bias extension test performed on the
prepreg itself to characterize the polymer behavior. It was postulated that the polymer can
be considered as the major contributor to the prepreg’s shear stiffness upto a moderate de-
formation (a strain of about 1.5%) mainly due to the fibre undulations present in the fabric.
This approach was extended in [19], where the polymer was modeled with a neo-hookean
constitutive model along with temperature dependence. Even in this work, the viscosity of
melt thermoplastic polymer was neglected.

To summarize, in this broad category of modeling the behavior of melt 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.

4.2.2 Constitutive modeling of prepregs during consolidation

The consolidation behavior of toughened uncured prepregs was investigated in [20]. These
types of prepregs exhibit both types of behavior: they tend to experience squeeze flow
(like thermoplastics) and also resin bleed (like thermosets). A hyper-viscoelastic model
was proposed in order to model their behavior using a UMAT subroutine in ABAQUS. The
experimental work for the same can be found in [21]. The compaction behavior of a woven
prepreg (carbon fibre 2×2 twill and PA-66 matrix) was simulated in [22] using a viscoelastic
constitutive behavior based on a generalized Maxwell approach where a prismatic solid-
shell element was used to represent a prepreg.

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.

4.2.3 Constitutive modeling of UD prepregs and squeeze flow

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 Trans-
versely Isotropic Fluid (TIF) model. The origin of this modeling strategy is in the theory
of transversely isotropic fluids proposed by Ericksen [23] in 1960 and the theory for the
incompressible and inextensible materials proposed by Pipkin [24] and later formalized by
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Spencer in [25,26]. These two ideas were combined in [27] to model the squeeze flow be-
havior of unidirectional prepregs by modeling it as an incompressible and inextensible (in
the fibre direction a) transversely isotropic viscous fluid. This modeling approach is known
as the ‘Ideal Fibre Reinforced fluid Model’ (IFRM) approach. The finite element analysis
using this technique was performed for with plane stress assumption resulting in a 2D sce-
nario in [28]. Simulations on a full three dimensional model were performed in [1, 29]
along with the explicit modeling of the resin-rich layer. Following the indicial notation, this
constitutive model is given by,

σij = −Pδij + Taiaj + 2µTdij + 2(µL − µT )(aiakdkj + ajakdki) (4.1)

where P (pressure) and T (tension in the fibre direction) are the terms arising due to the
constraints of incompressibility and inextensibility in the fibre direction respectively. dij
is the strain rate tensor and δij is Kronecker delta. The material parameters are µT and
µL which are known as transverse and longitudinal viscosity which need characterization.
Computational cost and obtaining the values for transverse and longitudinal viscosities are
two main challenges with this IFRM approach. In order to obtain these values, a semi-
empirical relationship from Christensen [30] was used in [1] whereas ηL = ηT was used
in [31].

4.2.4 On the choice of constitutive modeling strategy

Based on the literature review, various constitutive models have been used to simulate the
behavior of melt polymer. However, there appears to be no standardized approach in its
modeling probably due to the complexities and challenges involved in its characterization.
Keeping this in mind, several modeling choices are made in this work that not only simplify
the numerical aspects of the modeling but also reduce the complexities in the characteriza-
tion procedure. They are discussed below:

• Following the approach used predominantly by composite forming community; vis-
cous effects are not modeled within the prepreg. A plasticity-based approach is chosen
in order to emulate the flow of melt polymer.

• The core idea of modeling the squeeze flow based on the IFRM model is to model the
prepreg as an equivalent single continuum without differentiating between polymer
and fibres. This automatically incorporates the coupling between the two phases.
In this work, this interaction is achieved by overlapping two shell elements (one for
polymer and the other for fibres) with shared and coincident nodes.

The modeling strategy of this work is schematically represented in Fig. 4.3 for a general
stack consisting of 4 plies. Each ply contains two shell element components with shared
coincident nodes. One of these two components represents fibres whereas the other rep-
resents polymer. The shell for fibres is modeled using a full integration standard shell ele-
ment (QBAT) of Altair Radioss™ and uses an anisotropic material model (Law 58). On the
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4.2. Constitutive modeling of melt polymer during consolidation

other hand, the shell for polymer is modeled using the full integration pinching shell ele-
ment (QBATP) developed in the previous chapter and shall use an elasto-plastic constitutive
model (referred to as Law 91) that will be discussed in this work.

Ply 1

Ply 3 Ply 4

Fibre : 
Resin : 

: QBAT   + Law58 
: QBATP + Law91   

Ply 2

Contact Law Contact Law

Contact Law

Figure 4.3: Schematic representation of the modeling strategy in this work

There are several advantages of following this approach over the other approaches previ-
ously discussed in the literature. They are as follows:

• Due to the use of the QBATP element, a full three dimensional state of stress can be
simulated while still remaining in the shell element framework. Thus, one can model
a through-thickness stress which is the main driving force for the consolidation. This
is not possible with the standard shells which are built with a plane stress assumption
resulting in a 2D model which cannot capture the squeeze flow behavior correctly [1].

• The approach to use hexahedral elements with IFRM approach is computationally
very expensive [29] and is difficult to use for industrial full-scale models involving
complex geometries and curvatures. This becomes even more challenging in the case
where prepreg patches are used in the stack such as QSP® process.

• By following the plasticity based approach, the challenging task of determining trans-
verse and longitudinal viscosities in case of an IFRM approach is avoided. This elim-
inates the need to rely on the semi-empirical relations [1] or to make assumptions
about the longitudinal and transverse shear viscosities [31].

• Even though this means the characterization of the material parameters for the plas-
ticity model, as will be discussed in Sec. 4.6, this can be achieved directly using flat
areas of the actual mold by conducting a consolidation test on a single UD ply. This
avoids the need of a dedicated test setup for the material parameter characterization
thereby speeding up the overall design workflow in a typical industrial setting.

• This approach serves as a crucial step in moving towards a unified solution method-
ology for both forming and consolidation without the need to model both of these
processes separately. This aspect is discussed in more detail in Chapter 5.
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4.3 Objectives and content of the study

The overall goal of this work is to basically develop a strategy to simulate the process of
consolidation using a pinching shell (QBATP). With reference to the postulates stated above,
the objectives for this work are to:

• Propose an elasto-plastic constitutive model compatible with the pinching shell (QBATP).

• Perform a numerical validation for this constitutive model by comparing with solid
element (BRICK8) and also with several other benchmarks in the literature.

• Characterize this model using a consolidation test on a thermoplastic UD prepreg.

• Carry out validation of this model using experiments.

4.4 An elasto-plastic constitutive model for QBATP element

A standard mechanism for plasticity in shells involves a through-thickness calculation of
stress resultants using several integration points, storing plastic strain at each of them. The
other approach is to perform this through-thickness integration analytically and calculate
stress resultants directly. This second approach is called as ‘global plasticity’.

Since only one point (on the mid-surface) is used to represent the through-thickness state of
the element, the usage of global plasticity would mean a faster computation and a reduced
memory storage. But it also possesses a drawback that it is not possible to simulate a
propagation of plasticity through thickness using global plasticity.

In case of a consolidation process involving a stack of prepregs, the inability of global plas-
ticity algorithm to capture a through-thickness spread of plasticity could be an important
phenomenon to capture if the full stack is modeled by just one layer of shell elements
across thickness. However, the modeling strategy used in this work differs from this ap-
proach. Here, each ply in the prepreg stack is modeled separately as a shell layer and an
appropriate contact mechanism is added to model the interaction of plies with one another.
Therefore, in this approach, even though the through-thickness spread of plasticity cannot
be captured for an individual ply, it can be captured from the point of view of the stack.

4.4.1 Global plasticity for a standard shell

One of the earlier attempts of writing the plastic yield criterion for a shell using directly the
stress resultants was proposed in 1948 by Ilyushin [32]. It was written for perfectly plastic
thin shells. Thus, neither hardening nor transverse shear stresses were considered in their
work. The yield criterion used was,

f = N2
eq +

1√
3α

NM eq +
1

α2
M2
Eq − (σ0

y)
2 = 0 (4.2)
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Where σ0
y is the yield stress; Neq, Meq are the equivalent stress resultants expressed in

the form of Von-Mises stress and NM eq is the contribution associated with the coupling
between membrane and bending, and α is a modeling parameter. Hardening was included
later in the work by Shapiro [33]. The limitation of this stress resultant based approach
was that the material yields instantaneously along the thickness. However, in case of a
bending induced plasticity, the material on the outer layer of shell crosses the yield stress
first and then the plastic zone extends through the layers towards the mid-surface when
loaded further. Therefore, there exists a hardening effect before the entire section goes into
plastic region. To address this, a pseudo-hardening effect was introduced by [34] by adding
another parameter γ defined as a function of equivalent plastic curvature. This work was
further extended by [35–38] but is limited to the case of standard shells.

The development of the pinching shell discussed in [39] is limited to the elastic constitutive
model and to the best of our knowledge, there has not been any attempt of modeling global
plasticity for the pinching shell which was proposed in [39].

4.4.2 Global plasticity for a pinching shell

The elasto-plastic constitutive model developed in this work has 4 material parameters:
Young’s modulus (E), Poisson’s ratio (ν), Yield stress (σy) and linear isotropic hardening
modulus (HM). This constitutive model (referred to as Law 91 in Altair Radioss™ material
model library) has been developed uniquely for the pinching shell (QBATP). For this shell,
the stress resultants are Nx, Ny, Nz, Nxy, Nyz and Nxz whereas the stress couples are Mx,
My and Mxy. For generalizing one can define,

Ñi =
Ni

h
=

1

h

h/2∫
−h/2

σidz M̃i =
Mi

h2
=

1

h2

h/2∫
−h/2

σizdz (4.3)

Thus, the term Ñi can be interpreted as a through-thickness average of stress σi. This
strategy of generalization of stress resultants has been followed in [36] for standard shells
and has also been used in the software architecture of Altair Radioss™ [40].

For the sake of simplicity, the following assumptions are made in the development of this
model.

• For the criterion, the coupling term of the membrane and bending part is not consid-
ered. For the locations that are undergoing consolidation, it is a justifiable to assume
that they would be predominantly under a membrane (non-bending) state of stress
rather than a bending state of stress 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 [38] that the results
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obtained by considering elastic response for transverse shear showed no significant
difference when plasticity was considered for transverse shear.

With these assumptions, the yield criterion for the global plasticity has been modified so as
to be usable for the pinching shell. Before considering the criterion for the pinching shell,
it is worth to revisit the origin of the global plasticity criterion for standard shells. For the
case of J2 (Von-Mises) plasticity for a standard shell, the yield surface is given by the Von
Mises equivalent stress given by its standard definition in terms of the principal stresses σ1,
σ2 and σ3,

σ2
v = 3J2 =

(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2

2
(4.4)

Calculation of the Von Mises stress for the membrane and bending part of the stress sepa-
rately before adding them would reproduce the uncoupled version of eq. 4.2 with α = 0.25.

Owing to the possible 3D state of stress that can occur in the case of QBATP element, σzz = 0
is not imposed. Thus, the eigenvalues of the membrane (non-bending) part are calculated
considering the 3D state of stress and using the stress resultants,

Standard Shell

det

Ñx − λ Ñxy 0

Ñxy Ñy − λ 0
0 0 0

 = 0

Pinching Shell

det

Ñx − λ Ñxy 0

Ñxy Ñy − λ 0

0 0 Ñz − λ

 = 0

This makes the definition of the Von-Mises stress as,

Standard Shell : Ñ2
x + Ñ2

y − ÑxÑy + 3Ñ2
xy (4.5)

Pinching Shell : Ñ2
x + Ñ2

y + Ñ2
z − ÑxÑy − ÑyÑz − ÑzÑx + 3Ñ2

xy (4.6)

4.4.3 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 + Ñn
yy + Ñn

zz) {Ñn
dev} =


Ñdev
x

Ñdev
y

Ñdev
z

 =


Ñn
x + Pn

Ñn
y + Pn

Ñn
z + Pn

 (4.7)

2. Calculate a trial deviatoric stress resultant {Ñ t
dev} assuming elastic response (G is the

elastic shear modulus).

{Ñ t
dev} = {Ñn

dev}+ 2G{∆εdev} (4.8)
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3. Calculate other trial stress resultants (Ñ t
xy) and trial stress couples (M t

x, M t
y, M

t
xy)

same as in 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) (4.9)

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

σy = σ0
y + HM εeqp (4.10)

6. Calculate the modified yield criterion calculated in eq. 4.6 which can be rewritten
for the non-bending part using the deviatoric components of the stress resultants as
follows,

f =

√
16
(
M̃ t
eq

)2
+
(
Ñ t
eq

)2
− σy (4.11)

M̃2
eq = M̃2

x + M̃2
y − M̃xM̃y + 3M̃2

xy (4.12)

Ñ2
eq =

3

2

[(
Ñdev
x

)2
+
(
Ñdev
y

)2
+
(
Ñdev
z

)2
+ 2

(
Ñxy

)2
]

(4.13)

7. If f ≤ 0, it implies that the material is not undergoing plastic loading signifying
ε̇eqp = 0.

{Ñn+1
dev } = {Ñ t

dev} (4.14)

{Ñn+1} = {Ñn+1
dev − Pn+1} (4.15)

Ñn+1
xy = Ñ t

xy (4.16)

{M̃n+1} = {M̃ t} (4.17)

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

R =
σy√

16
(
M̃ t
eq

)2
+
(
Ñ t
eq

)2
(4.18)

{Ñn+1} = {Ñ t
dev}R− Pn+1 (4.19)

Ñn+1
xy = Ñ t

xyR (4.20)

{M̃n+1} = {M̃ t}R (4.21)

∆εeqp = f/(E + HM) (4.22)
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4.5 Validation tests

With this algorithm of the elasto-plastic constitutive model for the pinching shell, several
numerical tests are performed in order to validate the model. First, several single element
tests are performed in order to assess both the in-plane (Test 4.1) and out-of-plane (pinch-
ing) behavior (Test 4.2). A case involving simultaneous pinching and membrane loading
is discussed after that (Test 4.3). The results are compared with the BRICK8 element of
Altair Radioss™. Then, several benchmark cases from the literature are compared with the
results obtained with the developments of this work (Test 4.4 - 4.7). Each test is further
subdivided into three sub sections which specify the objective of the test, setup of the test
finally providing a discussion on the obtained results.

4.5.1 Test 4.1: Displacement driven membrane loading

Objective

The objective of this test is to verify the elasto-plastic response of QBATP element by com-
paring it with BRICK8 element of Altair Radioss™ when it undergoes displacement driven
membrane loading. In this case, σzz ≈ 0 whereas σxx 6= 0.

Setup

A single element of dimensions 10× 10× 0.5 mm is stretched along X axis using linearly
increasing imposed displacement (Fig. 4.4). The Young’s modulus (E) was set to 2000 MPa
and a Poisson’s ratio (ν) of 0.3 was used. The yield stress (σy) is set to 100 MPa. Three sim-
ulations were performed by varying the hardening modulus (HM) as 0, 500 and 1000 MPa.
From Altair Radioss™ element library, BRICK8 element with an appropriate elasto-plastic
model was used as a reference. The resulting nodal displacements (N3 of QBATP element)
in Y and Z (pinching) direction were compared. Also, a comparison was made for the stress
in X direction and the evolution of equivalent plastic strain εeqp .

N1 N2

N3N4

x

y

Figure 4.4: Test 4.1: Geometry, setup and loading
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Discussion

It can be seen that a good match was observed between the BRICK8 and QBATP ele-
ment both in pre-yielding as well as post-yielding phases in terms of membrane stress σxx
(Fig. 4.5a) and the equivalent plastic strain (Fig. 4.5b) for all three tests. Also, the compar-
ison of nodal displacement for N3 demonstrated a good match for both Y (Fig. 4.6a) and Z
(pinching) direction (Fig. 4.6b).

Figure 4.5: Test 4.1: Comparison of QBATP and BRICK8 element for various values of hardening modulus (HM: 0, 500 and
1000 MPa) (a) Evolution of σxx (MPa) (b) Evolution of equivalent plastic strain εeqp

Figure 4.6: Test 4.1: Comparison of QBATP and BRICK8 element for various values of hardening modulus (HM: 0, 500 and
1000 MPa) (a) Displacement Y of N3 (mm) (b) Pinching displacement Z of N3 (mm)
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4.5.2 Test 4.2: Pure pinching pressure driven loading

Objective

The objective of this single element test is to verify the response of QBATP element with
the BRICK8 element of Altair Radioss™ when it experiences normal transverse (pinching)
type of loading beyond the yield stress of the material. So in this case, |σzz| > σy whereas
σxx ≈ 0 and σyy ≈ 0.

Setup

The same element from Test 4.1 was used in this case with same material properties. This
being a load driven test instead of a displacement driven one; the case with perfect plasticity
(HM= 0) couldn’t be simulated as it would have resulted in an instability. The values of
hardening modulus (HM) used were 200, 500 and 1000 MPa. A linearly increasing pinching
pressure that starts at 0 MPa and reaches a maximum value of 200 MPa was applied. This
is more than the yield stress (σy) of the material which was set at 100 MPa. The side view
of the element is shown in Fig. 4.7).

N3N4
x

z

N1 N2

Pinching pressure

Pinching pressure

Figure 4.7: Test 4.2: Geometry, setup and loading

Discussion

The test being symmetric in terms of X and Y directions, the displacements fields are iden-
tical in both X and Y. The displacements in membrane directions predicted by the QBATP
element perfectly matched with those obtained from BRICK8 element (Fig. 4.8a). Similar
observation could be made about the pinching displacements of the QBATP element both
before and after yielding (Fig. 4.8b).

This test being similar to a uniaxial (σxx ≈ 0, σyy ≈ 0) compression test, the slopes of the
linear hardening curves in the pinching stress (σzz) vs pinching strain (εzz) plot (Fig. 4.9a)
were found to be equal to E·HM

E+HM as expected. Also the predictions of equivalent plastic strain
(εeqp ) obtained using QBATP matched correctly with those obtained from BRICK8 (Fig. 4.9b).
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Figure 4.8: Test 4.2: Comparison of QBATP and BRICK8 element for various values of hardening modulus (HM: 200, 500 and
1000 MPa) (a) Evolution of Displacement X/Y of N3 (mm) (b) Pinching displacement Z of N3 (mm)

Figure 4.9: Test 4.2: Comparison of QBATP and BRICK8 element for various values of hardening modulus (HM: 200, 500 and
1000 MPa) (a) Pinching stress σzz vs pinching strain εzz (b) Evolution of equivalent plastic strain εeqp
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4.5.3 Test 4.3: Coupled pinching pressure and membrane force driven load-
ing

Objective

The objective of this test is to test a multi-axial type of loading where both the pinching
pressure and membrane tension act simultaneously creating a multi-axial state of stress
within the element.

Setup

The geometry of the element was set to 10× 10× 1.0 mm and E = 2000 MPa, ν = 0.3, σy
= 100 MPa with HM = 1000 MPa were used as material parameters. A linearly increasing
pinching pressure that starts at 0 MPa and reaches a maximum value of 500 MPa was applied
along with a linearly increasing nodal force of 200 N. The side view of the element is shown
in Fig. 4.10).

N3N4
x

z

N1 N2

Pinching pressure

Pinching pressure

Nodal forceNodal force

Figure 4.10: Test 4.3: Geometry, setup and loading

Figure 4.11: Test 4.3: Comparison of X displacement (mm) field for QBATP (bottom) and BRICK8 element (top) at various
timesteps (a) t = 0.002 s (b) t = 0.004 s (c) t = 0.006 s (d) t = 0.008 s (e) t = 0.010 s
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Discussion

The displacements fields (Fig. 4.11), nodal displacements (Fig. 4.12a), normal stresses
(Fig. 4.12b) and equivalent plastic strain (Fig. 4.13) showed a good correlation between
the QBATP element and BRICK8 element for this test case of simultaneous transverse and
membrane loading.

Figure 4.12: Test 4.3: Comparison of QBATP and BRICK8 element (a) Evolution of Displacements X/Y/Z of N3 (mm) (b)
Evolution of normal stresses σxx, σyy and σzz (MPa)

Figure 4.13: Test 4.3: Comparison of equivalent plastic strain εeqp for QBATP and BRICK8 element
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4.5.4 Test 4.4: Perforated plate under in-plane tensile loading

Objective

The objective of this test is to perform uniaxial in-plane stretching of a rectangular plate
with a circular hole in the center. This test is inspired from a similar test from the literature
discussed in [37,38].

Setup

The rectangular plate is of size l = 36 mm, b = 20 mm with a circular perforation of radius
r = 5 mm at its center. Different simulations were performed by varying thickness of the
plate (h = 0.1, 0.5, 1.0 and 1.5 mm) for both QBAT and QBATP elements. E = 70 MPa, ν
= 0.0, σy = 0.243 MPa with HM = 0.2 MPa were used as material parameters. Only one
quarter of the plate was modeled due to symmetry and subsequently appropriate symmetry
boundary conditions were applied on edges AB and DE (shown in Fig. 4.14a). An imposed
velocity in Y direction was applied along edge CD and reaction force (Y) vs displacement (Y)
curves were compared for these simulations (Fig. 4.14b).

Discussion

In this case, since σzz ≈ 0, it is expected that the QBATP element should give almost identical
results as that of QBAT which can be seen in Fig. 4.14b and also with the field of σyy shown
in Fig. 4.15. Besides, the force needed for yielding calculated using Fyield = σy(b− 2r)h is
also plotted which was found to be matching with the instant at which yielding begins.

A B

CD

E

(a) (b)

Fyield (h = 0.1) 

Fyield (h = 0.5) 

Fyield (h = 1.0) 

Fyield (h = 1.5) 

Figure 4.14: Test 4.4: (a) Geometry, setup and loading (b) Comparison of QBAT and QBATP element : Force vs displacement
behavior for plates with different thicknesses
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Figure 4.15: Test 4.4: Comparison of σyy for QBAT and QBATP element (h = 0.1 mm)

4.5.5 Test 4.5: Cook’s membrane

Objective

The objective is to perform the benchmark test popularly known as the Cook’s membrane
test which is designed to investigate the volumetric locking phenomenon. It has been used in
the literature for plane-strain shells [41] as well as solid-shells [42] and hexahedral (solid)
elements [43–45] with some modifications. Here it is used to demonstrate the influence
of performing selective reduced integration on the solution convergence in case of a near
incompressible material.

Setup

The geometry consists of a tapered plate of thickness 1 mm (Fig. 4.16a). Edge AD is fixed in
all DoFs whereas edge BC is subjected to a force in Y direction. The material properties used
are: E= 200 MPa and the Poisson’s ratio is varied from a case of typical elasticity (ν=0.3)
to the cases of near incompressibility (ν=0.495). Simulations are performed with mapped
meshes as: 2×2, 4×4, 6×6, 8×8, 12×12, 16×16, 24×24 and finally 32×32. Two sets of
simulations were performed; one using the selective reduced integration (abbreviated here
as SRI) and other without SRI.

Discussion

The deformed shape for the case of ν=0.495 is depicted in Fig. 4.16b. To investigate the
convergence behavior of the model and formulations; vertical displacement (Y) of point C
was plotted against the number of elements per side and the curves of without and with SRI
are compared as ν approaches 0.5 (full incompressibility).
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(48,44)

(48,60)

B

C

D

A

(a) (b)

(0,0)

(0,44)

Figure 4.16: Test 4.5: (a) Geometry, mesh (32×32), setup and loading (b) Deformed shape (ν=0.495) (Undeformed shape
indicated by the wireframe)

Figure 4.17: Test 4.5: (a) Geometry, setup and loading (b) Deformed shape

Fig. 4.17a demonstrates a typical case of elasticity with ν=0.3. It can be seen that perform-
ing a selective reduced integration (with SRI) didn’t improve the convergence behavior very
significantly compared to the full-integration of spherical component of stress (without SRI).
However, as the material becomes nearly incompressible (ν → 0.5) the convergence behav-
ior of the case without SRI gets worse due to volumetric locking. On the other hand, the
convergence of the case with selective reduced integration can be seen to be much better.
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4.5.6 Test 4.6: Cylinder under shear loading

Objective

The objective of this test is to reproduce a benchmark test from [38] consisting of a hollow
cylindrical object with elastic perfectly plastic material properties undergoing a large shear.

Setup

In this test, a hollow cylinder of radius r = 285 mm, height H = 850 mm and thickness h
= 5 mm undergoes shear loading (Fig. 4.18a). The bottom 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. All other DoFs on this edge were constrained. The
material properties were set to: E = 210000 MPa, ν = 0.3, σy = 240 MPa and hardening
modulus (HM) was set to 0 making it a case of perfectly plasticity.

(a) (b)

Figure 4.18: Test 4.6: (a) Geometry, mesh (64 x 36 QBATP elements) and loading (b) Comparison of reaction force Y (N)
vs displacement Y (mm) for (1) QBATP element (2) Reference solution from [38] (3) ABAQUS reference solution obtained
from [38]

Discussion

Reaction force in Y direction obtained from the simulation was plotted against the Y dis-
placement of the top edge (Fig. 4.18b). It was found that the response of QBATP element
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was quite close to the response obtained by [38]. It was also found to be very similar in
response to the ABAQUS result involving S4R elements (curve reproduced from [38]).

Figure 4.19: Test 4.6: Final deformed shape (a) Isometric view (b) Visualization of shear (c) Equivalent plastic strain field
(εeqp )

Figure 4.20: Test 4.6: Final deformed shape (reproduced from Fig.25 of [38]) (a) ABAQUS reference solution obtained
from [38] (b) Reference solution from [38]
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4.5.7 Test 4.7: Pinched cylinder with isotropic hardening

Objective

The objective is to test QBATP element with the present constitutive model for the bench-
mark case of a pinched cylinder with linear isotropic hardening. This was proposed in
[35,46] and later used in [38].

Setup

The geometry consists of a hollow cylinder with a length of 600 cm, radius of 300 cm and a
thickness of 3 cm (Fig. 4.21a). The material properties assigned to the cylinder were: E =
3000 kN/cm2, ν = 0.3, σy = 24.3 kN/cm2 and the linear isotropic hardening modulus (HM)
was set to 300 kN/cm2. Both ends of the cylinder are constrained by a rigid diaphragm.
Hence, a boundary condition that restricts ux, uy and rz was applied at the ends of the
cylinder. Two opposing point forces (radial direction) were applied at locations A and B
creating a pinching action. The displacement of point B was measured and plotted against
the applied load (Fig. 4.21b).

(a) (b)

A

B

Figure 4.21: Test 4.7: (a) Geometry, mesh and loading (b) Comparison of load (KN) vs displacement (cm) for node B (1)
QBATP element (2) Reference solution from [38]

146



4.5. Validation tests

Discussion

The results obtained using QBATP element with the present constitutive model were sim-
ilar to the ones obtained in [38] which is evident from the Fig. 4.21b. Some deviation is
observed when the displacement exceeds 250 cm, but this could have been caused by the
snap-through behavior observed by Dujc in [38].

(a) (b) (c)

(d) (e) (f)

Figure 4.22: Test 4.7: Deformed shape comparison (a) QBATP (uy=150 cm) (b) QBATP (uy=200 cm) (c) QBATP
(uy=250 cm) (d) Dujc-2012 (uy=150 cm) (e) Dujc-2012 (uy=200 cm) (f) Dujc-2012 (uy=250 cm)

It is worth noting that this case involves very large deformations and the displacement of
point B reaches almost equal to the radius of cylinder. The deformed shapes at various
stages of the simulation are shown in Fig. 4.22. Only half of the cylinder is shown in this
plot. It can be seen from Fig. 4.22 that the results of the present work are quite comparable
to those obtained by [38].

Based on the observations made in the numerical tests (Test 4.1 - Test 4.7) performed in
this section, the constitutive model proposed in this work has been validated.
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4.6 Characterization of the constitutive model

In order to use the constitutive model proposed in the present work for the simulation of
squeeze flow behavior of UD plies, the material parameters of the model (E, ν, σy and
HM) need characterization. Due to the high temperature of the process, melt state of the
polymer and absence of fibres in the in-plane transverse direction; the characterization
poses additional challenges. Due to the very low stiffness of the melt polymer, the classic
uniaxial tensile test could not be used. Therefore, an alternate approach was considered that
involves the usage of Tait equation, incompressibility of melt polymer and an experimental
campaign based on a UD consolidation test.

The overview of the characterization methodology used in this work is shown in Fig. 4.23.
The Tait equation coupled with the incompressible nature of the melt polymer was used to
obtain the Young’s modulus (E) and the Poisson’s ratio (ν) (Discussed in Sec. 4.6.2). An
experimental campaign was conducted on a UD prepreg stack in order to obtain the other
two material parameters i.e. Yield stress (σy) and Hardening modulus (HM) (Discussed in
Sec. 4.6.3).

Figure 4.23: Representation of the characterization procedure for the elasto-plastic constitutive model proposed in this work

4.6.1 Materials

The characterization in this work is done solely on UD plies. The UD ply tapes used in this
work consist of Glass fibres impregnated with PA-66 polymer. The specification for the same
is given by Celestran® CFR-TP PA-66 GF60-02 (Supplier: TICONA).

4.6.2 Obtaining Young’s modulus and Poisson’s ratio

To obtain these parameters, first the bulk modulus of the PA-66 polymer was estimated
using the Tait equation which is given by,

Vp(T, P ) = Vp(T, 0) [1− C(T )] ln

[
1 +

P

B(T )

]
(4.23)
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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 I of [47] 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 temper-
ature 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.

4.6.3 Obtaining Yield stress and Hardening modulus

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®. 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 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 approach 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, the
markings were spread thereby making it impossible to study local deformations with this
approach.

The workflow for the characterization procedure is shown in Fig. 4.24. The stack of UD
prepregs C© undergoes the consolidation in the flat sections of the mold B©. A schematic
representation of the temperature and loading cycles is shown in A©. After the completion
of the consolidation experiment, one can measure the final average thickness D© and final
maximum width F© using the deformed shape of the prepreg.

Due to the use of the industrial hydraulic press, this is representative of industrial con-
ditions. 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.
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Figure 4.24: Representation of the characterization workflow

Experimental procedure

The experimental campaign on a stack of UD prepregs with a configuration [0◦]5 made up
of the material specified in Sec. 4.6.1 and dimensions 60 × 60. The total initial thickness
was measured to be 1.55 mm. The experiments were conducted using the Omega mold
provided by CETIM which was installed in Centrale Nantes. The setup of the installed mold
is shown in Fig. 4.25 where the flat sections of the mold that were used for the experiments
are highlighted by blue color.
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Figure 4.25: Experimental setup for characterization of material parameters

The Scamex machine of 750 kN capacity was used to conduct the experiments. 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.

Determining Yield stress and Hardening modulus

Referring back to Fig. 4.24, the value of the final average thickness D© serves as an input
to the simulation. Also, the material parameters obtained using Tait equation and incom-
pressibility condition (E and ν) are input to the simulation G©. Using these inputs, a set of
simulations E© were performed by varying the values for σy and HM for the material H©. The
final maximum width obtained from the simulation (Wsim) I© was compared with the final
maximum width obtained from the experiments (Wexp) F© in the block J©. This difference
(Wsim −Wexp) served as a quantitative measure in order to perform the simulations with
the next guess of σy and HM H©. This feedback loop is indicated by the red colored arrows
in Fig. 4.24. A set of simulations consisting of 25 simulations with a range of values for
the parameters σy =[0.05, 0.1, 0.25, 0.5, 1] MPa and HM = [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.
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.
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4.6.4 Summary of obtained material parameters

To summarize, by making the use of Tait equation, incompressibility and an experimental
campaign based on consolidation UD prepregs; the material parameters needed for the
constitutive model proposed in this work were obtained. The obtained parameters are
tabulated in Tab. 4.1.

Parameter Symbol Value Units

Young’s modulus E 6.8 MPa
Poisson’s ratio ν 0.495

Yield stress σy 0.100 MPa
Hardening modulus HM 0.105 MPa

Table 4.1: Material model parameters for melt PA-66 obtained from characterization

4.7 Consolidation process modeling of thermoplastic UD prepregs

In this section, various test cases of consolidation of UD thermoplastic prepregs are dis-
cussed. Following the modeling strategy discussed in Sec. 4.2.4, this section aims to demon-
strates the capabilities of using the elasto-plastic constitutive model developed in this work
with the QBATP element in order to do consolidation process modeling.

This section begins with a brief discussion about the flat [0◦]5 case. Even though the char-
acterization of constitutive model was done 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. This is then followed by a validation test on a flat [0◦/90◦]2 sample that uses
the characterized constitutive model. The simulation predictions are compared with the
deformations obtained from the conducted experiment.

4.7.1 Flat [0]5 Case

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 molds. The punch and die are given elastic material prop-
erties. As per the modeling strategy discussed in Sec. 4.2.4, the prepreg ply is modeled as
two overlapping shell element components, one modeling the UD fibres and the other mod-
eling the melt polymer. The initial fibre orientation is along X axis as shown in Fig. 4.26a.
Overall, the model consists of 3450 4-node shell elements with a total of 10,445 nodes. The
summary of the material properties used for this simulation is given in Tab. 4.2.

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 consol-
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Die/Punch (Law-1) UD (Law-58) Polymer (Law-91)

ρ 7.85E-9 t/mm3 ρ 1.8E-9 t/mm3 ρ 1.13E-9 t/mm3

E 210,000 MPa E1 25,000 MPa E 6.8 MPa
ν 0.3 E2 0.1 MPa ν 0.495

G0 0 MPa σy 0.1 MPa
GT 3.0 MPa HM 0.105 MPa
αlock 85◦

Table 4.2: List of parameters for each constitutive model used in simulation where ρ is the density, E1 and E2 are the Young’s
modulii of fibres for warp and weft directions, G0 is the initial shear modulus, GT is the tangent shear modulus at locking
angle αlock. E is the Young’s modulus, ν is the Poisson’s ratio, σy is the yield stress and HM is the hardening modulus.

idation of 25.1%. This being a comparatively small model with less contacts and a much
shorter distance to travel for the punch, the simulation took about 3-4 minutes to run on a
local personal computer. The displacement field along direction Z at various stages of the
consolidation is shown in Fig. 4.26b to Fig. 4.26f.

(a) (b) (c) (d) (e) (f)

Figure 4.26: Flat UD [0◦]5 case: (a) Initial geometry and mesh (b) Displacement Z (mm) at 5% consolidation (c) Displacement
Z (mm) at 10% consolidation (d) Displacement Z (mm) at 15% consolidation (e) Displacement Z (mm) at 20% consolidation
(f) Displacement Z (mm) at 25.1% consolidation

The final deformed shape obtained from the simulation is compared to the experiment in
Fig. 4.27. 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.
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Figure 4.27: Flat UD [0◦]5 case: (a) Deformed shape from experiment (b) Deformed shape from simulation

4.7.2 Flat [0◦/90◦]2 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 [29]. Starting with an initial average stack thick-
ness of 1.225 mm; a consolidation operation was performed until the final average stack
thickness of 1.187 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). This simulation consisting of 4800 4-node shell elements with a total of 11,213
nodes also took about 4-5 minutes time to run on a local personal computer.

(a) (b) (c)

63.668.866.1

65.2

70.4

64.8

63.364.263.4

65.0

65.9

64.5
A

B
C

D

E

Figure 4.28: Flat [0◦/90◦]2 case: (a) Measurements on the final deformed shape from experiment (b) Measurements on the
final deformed shape from simulation (c) Field of the magnitude of displacement from simulation

The in-plane deformations observed from the simulations are compared with those obtained
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from the experiments in Fig. 4.28. The width predictions at the corners (locations A©, C©
and E© in Fig. 4.28) 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 B© and D© Fig. 4.28) is less than what has been observed in
the experiments. There are several possible hypotheses that might explain this difference as
follows:

• Since the simulation is performed with the assumption of an isothermal process, the
ply-mold interaction and specifically the heat transfer happening at their interface is
not modeled in the simulation.

• In the current experimental setup, a uniform temperature distribution at all points on
the mold surfaces could not be ensured due to the existing design limitations. This
can result in a temperature inhomogeneity that can impact the squeeze flow behavior
observed in the experiments.

• In this work, the Stribeck theory for modeling the tangential viscous friction [48] is
not considered. Therefore, the influence of the normal pressure on the tangential
sliding behavior is not taken into account here.

• The physics resulting from the phase changes (crystallization) in polymer is not mod-
eled in this work.

Thus, even though the overall in-plane deformations of the prepreg stack were captured
both qualitatively and quantitatively, 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.

4.8 Conclusion

In this work, an elasto-plastic constitutive model based on the global plasticity approach
has been developed in order to model the behavior of the thermoplastic polymer during
the consolidation process. It is designed to be compatible with the pinching shell element
(QBATP) so that together they provide a shell based modeling solution for the consolidation
process modeling of thermoplastic prepregs which has not been done before.

Additionally, a methodology for the characterization of this constitutive model has been
proposed that uses the flat sections of the actual mold thereby avoiding the need to have
a dedicated test setup. This makes it highly suitable for full-scale industrial applications
where design cycle time is a very critical factor to be considered.

Finally, the characterized constitutive model was used to simulate a relatively simple yet
essential stack configuration of [0◦/90◦]2. Overall, the results obtained from the simulation
showed a good correlation with the experimental observations for this prepreg stack after
undergoing a consolidation process.
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Chapter 5
Numerical modeling of forming and
consolidation of thermoplastic
composites with prepreg patches using
a shell based unified approach

Abstract

The objective of this chapter is to demonstrate how the developments done in the previous
chapters (interply adhesion, QBATP shell element and elasto-plastic constitutive model for
QBATP shell) when brought together can provide a unified solution for a full-scale numerical
simulation of QSP® consisting of both forming and consolidation phases in a unified manner
using a shell based approach.
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5.1 Introduction

A relatively recent review conducted by Bussetta et al. in 2018 has summarized the state of
the art for numerical methods for composite forming simulation [1]. Referring to Fig. 5.1
(reproduced from their work); it can be seen that the main focus of research in composite
forming simulation is focused on the mechanisms occurring during the forming phase. How-
ever, for QSP® and also for a typical thermoplastic composite forming process, the forming
stage is almost always followed by a consolidation stage.

Consolidation is an integral part of the overall process as it helps in the following aspects:

• Removal of porosities

• Healing of ply-ply interfaces

• Improvement of surface quality

• Controlling the thermo-mechanical transformations of the material at the onset of the
cooling phase
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• Filling small gaps between the forming prepregs and the mold-walls/edges.

Therefore, it plays an important role in the overall final quality and performance of the
component. Also, consolidation has an influence on the spring-back of components in the
demoulding stage indicating the importance of including the numerical modeling of consol-
idation in the process simulation of thermoplastic composite forming.

Figure 5.1: An overview of the literature up to 2018 in the field of simulation of composite forming process (Reproduced
Fig.3 from [1])

The state of the art of process modeling of thermoplastic composite forming from an indus-
trial point of view has been presented in [2]. Various features and capabilities of different
industrial solutions such as PAM-Form, AniForm, LS-Dyna and ABAQUS were discussed.
However, it can be observed that the main focus of various industrial simulation software is
related to the development of new capabilities and improving existing ones predominantly
for the forming phase of the process.

The research work of Soulat et al. [3] did address the need to have a unified solution
using a shell based approach that comprises of both forming and consolidation phases. The
pinching shell element developed in their work was implemented in the commercial code of
PAM-Form software. However, only the elastic material model was discussed in their work
which cannot be used readily for the simulation of prepregs.

On the other hand, the numerical modeling of consolidation process conducted in [4] is
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performed on a relatively simple (flat) geometry and not on an industrial model. A relatively
more complex part involving multiple plies was used in [5] where the simulations were
carried out in ABAQUS/Standard with the addition of specific user material models. In
both of these works, each individual ply was modeled using a Hexahedral element (C3D8
element of ABAQUS).

A potential approach for providing a unified solution is proposed in [6–9] with the use of a
prismatic solid-shell element. However, to the best of our knowledge, there exists no unique
numerical solution that is able to address both the forming and consolidation phases (with
or without long distance sliding of prepreg patches) together in a unified manner that is
solely based on shell elements. This is the main focus of this Chapter.

5.2 Objectives and content of the study

The overall goal of this Chapter is to demonstrate the strategy that combines the use of
interply adhesion, QBATP element and elasto-plastic constitutive model for melt polymer to
provide an unified solution for both forming and consolidation phases of QSP®. The main
objectives of this chapter are to:

• Discuss the two-step approach where the simulation of the forming and consolidation
phases is achieved sequentially.

• Discuss and demonstrate the challenges associated with the two-step approach.

• Discuss the strategy for a unified solution purely based on shells and its advantages
over the two-step approach.

• Perform a full-scale numerical simulation on an industrial component developed by
CETIM.

5.3 Two-step approach

5.3.1 Principle

One of the ways to address the simulation of both forming and consolidation phases is
the two-step approach. This two-step procedure is motivated by the fact that the primary
mechanisms for forming phase and consolidation phase are quite different. Thus the core
idea of a two-step procedure of simulation of thermoplastic composite forming is to perform
the simulation of forming phase and consolidation phase separately in a serial manner. The
flowchart for this type of procedure is shown in Fig. 5.2.
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Step 1: Forming Step 2: Consolidation

2D Prepreg 
Stack

Forming Phase
Simulation

Export 
Deformed Shape 
and other Data

Import 
Deformed Shape 
and other Data

Consolidation Phase
Simulation

Final Product

Add a HEX 
elements layer

Figure 5.2: Flowchart of a two-step procedure for thermoplastic composite forming simulation

The sub-steps for each of the forming and consolidation phases are given as follows:

• Forming Phase
Forming phase setup starts with a setup of a 2D prepreg stack where each ply is
modeled as a shell element component with an appropriate contact model between
them. The setup phase is complete after assigning other geometrical, material, bound-
ary conditions and the process parameters. After that, the actual simulation for the
forming phase begins where the stack is deformed under the forming force exerted
by the punch. The stack is deformed until it takes the shape of the mold. The next sub-
step is to Export deformed shape of all elements into a mesh format. This exported
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mesh serves as the input to the consolidation phase.

• Consolidation Phase
The setup for the consolidation phase begins by importing the deformed shape in-
formation generated by the forming phase. In order to simulate a through-thickness
compressive behavior, it is essential to add a HEX elements layer between two shell
components representing the melt polymer. After this, the setup needs to be modified
based on this updated geometry and mesh. This involves redefining the contact algo-
rithms, boundary conditions, process parameters and material parameters. Once this
step is complete, the simulation of the consolidation phase can be performed.

5.3.2 Challenges with the two-step Strategy

The main advantage of a two-step approach is that, it can use the existing solvers for form-
ing and consolidation phases as long as one is able to write converters to read and write
data in a desired format. This methods works well for academic or relatively simple cases.
However, when it comes to industrial or even semi-industrial models (such as the one shown
in Fig. 5.3), there are several challenges associated with this two-step approach.

Figure 5.3: An example of a typical double curvature industrial model (Courtery of Dallara)

Mesh quality of HEX layer

At the end of the forming stage, the shell components are already in a 3D deformed config-
uration. Therefore, it is already challenging to introduce a HEX elements layer in between
the two shell layers. In an ideal scenario shown in Fig. 5.4a, one can expect a more or less
uniform gap between two shell components. However, in reality, certain regions with a very
small gap were observed. This is schematically represented in Fig. 5.4b. This is often the
case with the industrial components which have more complex geometry and curvatures.

This process of adding an HEX elements layer was attempted for the industrial model from
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company Dallara shown in Fig. 5.3. Despite using the advanced meshing capabilities of
Hypermesh; the mesh quality is not good enough in several regions. One such region is
shown in Fig. 5.4c where the green colored surface shown the top shell layer and yellow
colored HEX elements are the ones created using the deformed mesh of top and bottom shell
components. Clearly, the small gaps resulting from the deformations of top and bottom shell
components cause very small thicknesses of the HEX elements at these locations.

(a) (b) (c)

Very small gaps

Figure 5.4: Challenges in ensuring a good mesh quality of HEX layer (a) Ideal deformed shape after forming phase (b) Real
deformed shape after forming phase (c) Example of small gaps and bad mesh quality for an industrial model

When the consolidation simulation was performed with this mesh, it resulted in a very small
time-step and eventually stopped due to excessive deformations at certain locations.

Possibility of intersections

During forming phase, Type25 contact law is used to model ply-ply interaction. For this
contact mechanism, the penalty stiffness is constant (i.e. it does not depend on the pene-
tration) [10]. Thus, with the use of Type25 contact law, it is possible to get intersections
which are defined when the mid-surface of a shell crosses the mid-surface of other shell.
Despite the mid-surface crossing the other mid-surface, there are penalty forces which are
oriented based on the direction from which the penetration/intersection has occurred. This
is schematically represented in Fig. 5.5 showing the difference between a penetration and
intersections.

Figure 5.5: (a) Penetration (b) Intersection
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High Penetrations would result in a very small thicknesses of the HEX elements between
the shell components; whereas an intersection would mean that it is not even possible to
create the HEX element layer at that location. If the intersecting nodes are far away form
the region of interest and are very few in number, these nodes can be moved to remove
intersections but keeping high penetrations. However, this is very subjective to where and
how many intersections are observed and hence cannot be considered as a robust solution
to the problem.

Challenges in automation

Because both high penetrations and intersections need a user intervention to decide about
their resolution, it is a challenging task to make the whole process automated. From an
industrial point of view, this is a big hurdle where the goal is to provide a one-click solution
with maximum amount of automation and minimum human intervention. Also, the adding
of an HEX element layer between two deformed shell components is a tedious task whose
complexity will increase as the number of plies increase.

Possibility of local consolidation even during forming phase

There is however, one more challenge associated with this two-step approach which is about
deciding when the forming phase is complete and when the consolidation phase shall begin.
As it is possible that porosities in some regions are removed during the forming phase
indicating a possibility of a local consolidation even during the forming phase. Fig. 5.6
shows the result given in [3] of the micrograph at different locations of the same component
(Fig. 5.6b) at the end of the forming stage. It was observed that the porosities in the curved
part of the geometry (Fig. 5.6a) were removed during the forming phase itself whereas they
still exist in the flat vertical region of the geometry (Fig. 5.6c).

(a) (b) (c)

Figure 5.6: Micrograph of curved and flat region of a component at the end of the forming stage (reproduced from [3])

This serves as an evidence that certain regions of the component can begin undergoing
consolidation before other regions, therefore a global split of forming and consolidation
phase may not be possible.

In conclusion, based on these observed challenges and limitations; a unified approach is
more desirable compared to a two-step strategy.
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5.4 Towards a unified solution for a full scale simulation of QSP®

The idea behind a unified approach is to build a modeling strategy that can be used for
both forming as well as consolidation phases without the need to explicitly separate them.
A schematic representation for comparing the two-step approach with a unified approach
is shown in Fig. 5.7. The unified approach in general simplifies the overall workflow and
avoids the major limitations of a two-step workflow.

Unified Approach

2D Prepreg 
Stack

Forming 
and 

Consolidation
simulation

Final Product

Step 1: Forming Step 2: Consolidation

Two-Step Approach

2D Prepreg 
Stack

Forming Phase
Simulation

Export 
Deformed Shape 
and other Data

Import 
Deformed Shape 
and other Data

Consolidation Phase
Simulation

Final Product

Add a HEX 
elements layer

Figure 5.7: Schematic representation of two strategies for simulation of composite forming process: a two-step approach
versus a unified solution

5.4.1 Ingredients of the unified approach

The developments of the previous chapters can be combined to build this unified approach.
The global overview of how these individual developments serve as the building blocks of
the unified approach is depicted in Fig. 5.8.

To recall from Chapter 4, the modeling strategy is schematically represented in Fig. 5.9 for
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Contacts

Unified Approach

Chapter 2 Chapter 3 Chapter 4

Elements Materials

Interply 
Adhesion

Pinching Shell
(QBATP)

Elastoplastic 
Constitutive Model

(Law 91)

Figure 5.8: Ingredients of the unified approach

a general stack consisting of 4 plies. Each ply contains two shell element components with
shared coincident nodes. One of these two components represents fibres whereas the other
represents the polymer. The shell for fibres is modeled using a full integration standard shell
element (QBAT) of Altair Radioss™ and uses an anisotropic material model (Law 58). On
the other hand, the shell for the polymer is modeled using the QBATP element developed
in Chapter 3. The elasto-plastic constitutive model (Law 91) developed in Chapter 4 is
assigned to this polymer shell. The ply-ply interaction is modeled with Type 25 contact law
with interply adhesion as discussed in Chapter 2 and in [11].

Ply 1

Ply 3 Ply 4

Fibre : 

Resin : 

: QBAT   + Law58 

: QBATP + Law91   

Ply 2

Contact Law Contact Law

Contact Law

Figure 5.9: Schematic representation of the modeling strategy for unified approach

5.4.2 Benefits of the unified approach

The benefits of the unified approach over the two-step approach are as follows:

• One does not have to create the HEX layer mesh after forming stage at all. If the
elements used right from the beginning are capable of providing a through-thickness
stress such as QBATP element, they will be able to demonstrate a consolidation behav-
ior. This avoids the limitations that arise due to excessive penetration, intersections as
there is no more the need to build a HEX layer in between.
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• From user point of view, there is no intervention necessary at the intermediate steps
such as import/export of data, HEX mesh creation, resolving mesh quality related
issues and so on. This makes it a highly suitable solution from an industrial point of
view.

• With the unified approach, one does not have to make a decision to decide when the
forming phase ends and consolidation phase begins. Thus, this permits the possibility
to have a local consolidation in certain regions even when the stack is still undergoing
forming.

With the proposed modeling strategy and the unified approach, one can now perform full-
scale numerical simulations of a typical composite forming process and also for specialized
processes such as QSP®.

5.5 Revisiting the industrial model from CETIM

In this section, the industrial model from CETIM discussed previously in Chapter 2 is revis-
ited but with the updated modeling strategy that consists of using the QBATP element with
the elasto-plastic constitutive model.

5.5.1 Model description and setup

To recall, the considered industrial model (Fig. 5.10a) has a prepreg stack consisting of 9
plies of different shapes, fibre architectures (UD/woven) and fibre orientations (Fig. 5.10b).
The woven prepreg plies are TEPEX® dynalite 101-RG600(x) (Supplier: BONDLAMINATES).
The UD ply tapes are Celestran® CFR-TP PA-66 GF60-02 (Supplier: TICONA).

(a)

(b)

Ply 1 Ply 2 Ply 3 Ply 4 Ply 5 Ply 6 Ply 7 Ply 8 Ply 9

UD 90o UD 0o UD 45o

0.5 mm 0.5 mm 0.5 mm 0.5 mm 0.3 mm 0.3 mm 0.3 mm 0.3 mm 0.3 mm

Figure 5.10: (a) Industrial model geometry and simulation setup (b) Prepreg stack configuration (Ply 1 to 9: from bottom to
top in the stack)
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Woven (Law-58) UD (Law-58) Polymer (Law-91) Interply Adhesion

ρ 1.8E-9 t/mm3 ρ 1.8E-9 t/mm3 ρ 1.13E-9 t/mm3 η 275 Pa.s
E1 10,000 MPa E1 25,000 MPa E 6.8 MPa σadh 0.0062 MPa
E2 10,000 MPa E2 0.1 MPa ν 0.495
G0 0.069 MPa G0 0 MPa σy 0.1 MPa
GT 3.0 MPa GT 3.0 MPa HM 0.105 MPa
αlock 55◦ αlock 85◦

Table 5.1: List of parameters for each constitutive model used in simulation where ρ is the density, E1 and E2 are the Young’s
modulii of fibres for warp and weft directions, G0 is the initial shear modulus, GT is the tangent shear modulus at locking
angle αlock. For the polymer, E is the Young’s modulus, ν is the Poisson’s ratio, σy is the yield stress and HM is the hardening
modulus. For interply adhesion, η is the viscosity of the melt polymer and σadh is the adhesive strength

Similar to the discussion in the Chapter 2, 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 summarized in Tab. 5.1.

5.5.2 Results and discussion

Overall, with reference to the final deformed shape, the results of simulation with uni-
fied approach (Fig. 5.11b) are comparable with the ones obtained from the experiment
(Fig. 5.11a).

(a) (b)

Figure 5.11: Comparison of final deformed shape (a) Experiment (b) Simulation with a unified approach

However, now with this new unified approach, one has access to additional information such
as 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. Fig. 5.12 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
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σzz nor any contact force on the flat portions of the punch.

Figure 5.12: Before consolidation phase begins (a) Plot of through-thickness normal stress σzz (MPa) for all plies (b) Magni-
tude of contact force (N) on 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 Fig. 5.13. As the
consolidation phase continues further, the stress field intensifies and spreads into other re-
gions as more regions come in contact with the molds and begin experiencing consolidation
pressure. Finally, at the end of consolidation phase, Fig. 5.14 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).

It can be seen that the maximum 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 con-
solidation pressure. This can be qualitatively cross-verified with the observed contact force
plot.

173



5.5. Revisiting the industrial model from CETIM

Figure 5.13: During the consolidation phase (a) Plot of transverse normal stress σzz (MPa) for all plies (b) Magnitude of
contact force (N) on punch

Figure 5.14: Final stage after the consolidation phase (a) Plot of transverse normal stress σzz (MPa) for all plies (b) Magnitude
of contact force (N) on punch

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 identifying the regions which will
have a better consolidation and which regions will have a poorer 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.

The transverse normal pinching stress (σzz) at three locations on Ply-1 was tracked through-
out the simulation which are shown in Fig. 5.15a. One location was chosen at corner in-
dicated by marker A©, the second on the top face indicated by marker B© and third was
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chosen on the front face indicated by marker C©. The evolution of σzz at these locations is
shown in Fig. 5.15b. It can be seen that the consolidation at the corner started much before
the location on top and front face. This demonstrates the advantage of using the unified
approach where local consolidation occurs even during the forming stage can be simulated.

(a) (b)

B

C
A

Figure 5.15: Through-thickness pinching stress σzz (MPa) during simulation (a) Locations on Ply-1 where the stress is tracked
(b) Evolution of σzz (MPa) during simulation

5.5.3 Fibre orientation measurements

Figure 5.16: Fibre orientation comparison information (a) Local coordinate systems (b) Measurement locations

Similar to Chapter 2, the fibre orientations after the simulations using the unified approach
were compared at various locations as shown in Fig. 5.16 with those obtained from the
experiments. The fibre orientations obtained from the unified simulation approach are
listed in Tab. 5.2. To recall, the nomenclature for the table is as follows: A data-point (at
which fibre orientation is measured) is identified as PiDj where i denotes the ply number
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and j denotes the family of fibres (1 or 2). The column Loc contains the identifier for the
measurement location of plies (Refer to Fig. 5.16).

Loc P1D1 P1D2 P2D1 P2D2 P3D1 P3D2 P4D1 P4D2 P5D1 P6D1 P7D1 P8D1 P9D1

1.2 2.4 96.2 2.9 94.4 2.9 94.4 94.0 3.9 95.4 8.6 8.6 101.4 145.3
1.3 6.8 95.5 3.4 95.0 2.3 95.1 95.5 2.8 94.5 5.4 10.4 100.4 141.9
1.4 1.1 89.5 1.4 90.4 -1.3 93.1 94.4 -1.5 92.5 6.7 5.2 97.7 139.6

2.1 4.0 89.8 -1.1 90.5 11.6 89.3 89.8 -0.9 89.2 -0.5
2.2 -1.1 87.9 3.9 87.9 0.8 88.0 88.6 1.0 87.7 -1.7
2.3 -2.3 86.2 -0.1 87.4 1.5 87.5 87.9 -0.9 89.4 -0.8
2.4 4.4 90.4 -0.3 91.9 -1.0 91.6 92.2 0.3 90.2 0.9

3.1 11.5 91.5 12.5 91.3 12.9 90.7 90.1 13.0 91.0 13.2
3.2 15.1 90.8 16.7 89.5 16.8 89.9 89.1 17.1 89.9 16.5
3.3 16.0 94.9 17.0 95.9 16.3 97.2 97.3 16.6 100.2 14.6
3.4 15.2 119.1 15.9 120.3 12.7 120.1 119.2 15.2 114.8 13.4

4.1 162.7 83.9 165.4 87.2 160.8 86.1 88.1 160.8 78.9 169.6 166.8
4.2 169.0 88.1 167.3 83.5 165.0 82.9 81.7 164.1 85.5 164.8 166.3
4.3 161.6 46.6 161.3 46.6 161.7 46.4 41.9 161.6 42.2 158.3 160.2
4.4 159.3 60.2 159.2 76.1 158.2 76.3 77.7 158.7 73.3 160.3 158.9

5 123.2 64.1 124.1 63.0 135.1 64.8 62.9 131.8 69.9 140.3

6 66.8 126.6 67.0 126.4 67.5 128.0 127.7 67.2 128.8 62.8 63.8 132.3 27.0

Table 5.2: Fibre orientations (in degrees) measured from solution with the unified approach

It is worth comparing the fibre orientations of the unified approach with both the experi-
mental values as well as the values obtained from the simulation of a purely forming based
approach. Fig. 5.17 to Fig. 5.21 show the graphical comparison for each face in order to
compare these three data-sets: experiment, pure forming approach, unified approach.
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Figure 5.17: Comparison of fibre orientations on Face-1

Figure 5.18: Comparison of fibre orientations on Face-2
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Figure 5.19: Comparison of fibre orientations on Face-3

Figure 5.20: Comparison of fibre orientations on Face-4
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Figure 5.21: Comparison of fibre orientations on Face-5 and Face-6

Based on the comparisons, following observations can be made:

• Referring to Face-1 data (Fig. 5.17), overall there is no noticeable difference be-
tween the forming versus the unified approach. However at data-points 1.4-P9D1
and 1.3-P9D1 (which are the locations on the UD prepreg patches); the predictions of
the unified approach are closer to the experimental observations.

• Referring to Face-2 data (Fig. 5.18), again the results of the unified solution are almost
similar to purely forming case. But some observable improvement in the prediction
can be found at data-points 2.1-P6D1 and 2.1-P5D1. But also there are data-points
such as 2.2-P2D1, 2.2-P4D2, 2.4-P2D1 and 2.4-P3D1 (which are data-points on the
woven prepregs) where in fact the forming solution is closer to the experimental ob-
servation.

• For Face-3 data (Fig. 5.19), significant improvement is observed at location 3.4 where
the pure forming solution was quite different from the experimental observations. At
this location, even though the unified solution is still not within the bounds of the ex-
perimental observations; the predictions are much better compared to the pure form-
ing approach. Also, improvements can be observed at several other data-points on
this face, reducing the overall average error on this face to 7.1◦ compared to forming
approach where it was 9.8◦.

• For Face-4 (Fig. 5.20), with the exception for data-points 4.3-P2D2 and 4.4-P1D2
(which are the locations on the woven prepregs), the unified solution has provided a
similar solution as that of the forming solution.

• For faces 5 and 6 data (Fig. 5.21), a significant improvement is observed at data-point
6-P9D1 which is located on the topmost UD patch.
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Face Data Points Avg. Error Avg. Error
Forming Unified

1 39 3.9 2.7
2 40 5.1 5.7
3 40 9.8 7.1
4 44 5.6 6.6
5 10 3.2 4.6
6 13 5.1 3.8

Table 5.3: Summary of fibre orientation comparison for each face

The results summarized with respect to each face are presented in Tab. 5.3. The error in
this table is calculated by taking an average of the absolute difference between the values
from the simulation and the mean values from experimental measurements. 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).

To conclude, this section has demonstrated that the fibre orientations are still in alignment
with the experimental observations even with the unified approach. This verification is
essential since there have been several changes in the modeling approach for the forming
approach versus 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.

Even though there are less data points available for UD compared to the woven prepregs;
as a general trend, it has been observed that the predictions for the locations on the UD
prepregs seem to have improved. The locations where the error increased are predomi-
nantly located on the woven prepregs, which might indicate a need to further investigate
the applicability of the constitutive model for the polymer in case of a woven prepregs. It
is possible that there needs some further development and/or modification to the existing
constitutive model in order to correctly simulate the woven prepreg behavior.

It is perhaps expected that in this component, there is not much of a squeeze flow to be ob-
served because of mainly two reasons. First, the compressive loading predominantly passed
through a zone on the top face (Fig. 5.14). Second, due to the overall stack configuration,
there may 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.
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5.6 Numerical simulation of a UD ply

In order to demonstrate the impact of squeeze flow phenomenon on the overall deforma-
tion, the unified approach described in this chapter has been applied to a semi-industrial
Omega mold provided by CETIM.

5.6.1 Model setup

The geometry consists of a single UD ply of dimensions 400 mm × 120 mm and thickness
of 1 mm. The setup simulation is shown in Fig. 5.22a. The fibres are oriented along the X
direction. The UD ply was meshed with an element size of 4 mm. The punch undergoes
an imposed displacement as shown in Fig. 5.22b first performing the forming stage and
subsequently followed by the consolidation phase.

Figure 5.22: Unified simulation of a UD ply (a) Geometry, setup and mesh (b) Imposed punch displacement (mm)

5.6.2 Results and discussion

Fig. 5.23a to Fig. 5.23f show the deformed shape of the UD ply and the displacement in the
Z direction (along the width of the UD ply) at 6 instants during the unified simulation. Each
of the instants corresponds to each marker 1© to 6© shown in Fig. 5.22b. The Z displacement
has been chosen here to demonstrate the lateral spreading of UD plies due to squeezing.

The unified simulation starts with the initial position (Fig. 5.23a). As the punch begins to
move downwards 1© (in -Y direction), it starts deforming the UD ply (Fig. 5.23b). As the
distance between punch and die reduces further 2©- 3©, the forming continues (Fig. 5.23c).
As the gap between die-punch (after adjusting for their thicknesses) approaches the ply
thickness 4©; it can be seen that the UD ply has been deformed to take the shape of the
mold (Fig. 5.23d). After this instant, a further downward movement of the punch would
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(a) (b)

(c) (d)

(e) (f)

Figure 5.23: Unified simulation of a UD ply: Deformed shape and displacement Z (mm) at various instants (a) Initial position
(b)-(c) Forming phase (d) Beginning of consolidation phase (e)-(f) Consolidation phase

begin consolidation stage. It should be noted that there is no width increase up-to this
instant.

As the consolidation begins 5©; one starts observing the effects of squeeze flow which can
be seen by the increase of the width (Fig. 5.23e). As the punch travels even further 6©; the
width increases even more (Fig. 5.23f). In this case, the maximum width increase is about
14.3%.
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(a)

(b)

(c)

Figure 5.24: Unified simulation of a UD ply: Fibre orientations within the ply at various instants (a) Beginning of consolidation
phase (b) During consolidation phase (c) End of consolidation phase

The fibre orientations within the ply are shown in Fig. 5.24 which shows the top view of
the ply. This being a single UD ply along with the geometry and setup of Omega mold, it is
natural to see no significant changes of fibre orientations within the ply until the beginning
of the consolidation phase (Fig. 5.24a). This instant corresponds to the marker 4©. During
the consolidation phase; as the squeeze flow occurs 5©- 6©, the fibre orientations change in
the regions that undergo consolidation (Fig. 5.24b and Fig. 5.24c).

5.6.3 Consolidation in localized regions

An interesting observation can be made about the regions where squeeze flow phenomenon
was observed. It is evident from Fig. 5.23f; that it has occurred only in the flat regions
of Omega mold and almost no width increment was observed on the slant regions of the
Omega mold. This behavior can be understood when the reaction forces on the die and
punch are plotted which are shown in Fig. 5.25. They reveal that due to the geome-
try/design of the mold, there is almost no contact force in the slant regions and the load-path
almost entirely passes through the flat sections of the ply.

In fact, this information can be helpful to the designers as it helps in identifying the regions

183



5.6. Numerical simulation of a UD ply

Figure 5.25: Unified simulation of a UD ply: Reaction force distribution on punch and die during consolidation phase

which will have a good consolidation quality (flat regions) versus the regions with a bad
consolidation quality (slant regions). Also, by observing the changes in the fibre orientations
occurred due to the squeeze flow, one can determine if the component meets the required
quality in terms of strength. Using all this information, the designer can perform design
iterations of the mold to ensure that the load bearing regions of the component have good
consolidation quality.

5.6.4 Iterative design update process

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 discussed in Sec. 5.6.1 is referred to here as Design-1 shown in Fig. 5.26a. Recalling
that the consolidation was found to occur only in zones A©, C© and E©. On the other hand,
the zones B© and D© experienced no noticeable consolidation.

Based on this observation, the nodes on faces B© and D© 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 Fig. 5.26b. It showed the exact opposite trend as that of Design-1. The consolidation
was found to occur in zones B© and D© whereas the other zones A©, C© and E© showed no
significant consolidation. Again, this is evident from the reaction force distribution plot
(Fig. 5.26b). This provided an indication that for a good consolidation in all zones, the
geometry of the punch on should be somewhere in between Design-1 and Design-2.

Also, an important observation can be made with respect to the fibre orientation distribution
for various designs as shown in the top view in Fig. 5.27. By tuning the mold design and
thereby tweaking the amount of squeeze flow occurring in each zone, it was possible to
maintain 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
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changes in the fibre orientations.

Based on this conclusion, Design-3 was created this time by moving the nodes on faces B©
and D© 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 Fig. 5.26c. Note
that this iterative design procedure is discussed mainly for demonstrative purpose and it
can be continued further to tune the design.

(a) (b) (c)
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Figure 5.26: Unified simulation of a UD ply: Displacement Z and Reaction force distribution for: (a) Design-1 (b) Design-2
(c) Design-3

This simulation consisted of 6,000 deformable shell elements (total nodes ≈ 30,000 includ-
ing the nodes on die and punch). In terms of performance, it took ≈ 10 minutes 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.

5.6.5 Comparison with the experiment

In order to validate the results quantitatively; an experimental test was conducted on the
Omega mold discussed in the previous section. The material used was a UD ply stack [0]4
of dimensions 420 mm × 60 mm and thickness of 0.3025 mm each resulting in a total
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(a) (b) (c)

Figure 5.27: Unified simulation of a UD ply: Top view showing fibre orientations: (a) Design-1 (b) Design-2 (c) Design-3

stack thickness of 1.21 mm. The UD ply tapes used in this work consist of Glass fibres
impregnated with PA-66 polymer. The specification for the same is given by Celestran®

CFR-TP PA-66 GF60-02 (Supplier: TICONA).

The final deformed shape obtained from the experiments is shown in Fig. 5.28. It can be
seen that there is an overall warpage in the component obtained from the experiments. This
is caused by the developed fibre orientations in the component and could also be due to the
temperature inhomogeneity in the mold and subsequently in the prepreg.

Figure 5.28: Unified simulation of a UD ply on Omega mold: Final deformed shape from the experiments

In order to quantitatively compare the results of simulation with the experiments, the fi-
nal widths (in mm) were measured at various locations of the ply both in experiments
(Fig. 5.29a) and in simulation (Fig. 5.29b).

Based on the comparison, several observations can be made. With the exception of face E©,
all other faces have comparable results. Considering all faces, the average of absolute errors
in the widths calculated from simulation and obtained from the experiments was found to
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Figure 5.29: Unified simulation of a UD ply on Omega mold: Width comparison between experiments and simulation (mea-
surements are in mm) (initial width is shown with the white colored lines)

be 7.1 mm. Also, the maximum width predicted by the simulation is 105.7 mm (on face B©)
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
E© 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, this validation shows that the simulation using the unified approach are able
to simulate the squeeze flow behavior. It is also able to predict the final deformed shape
with a reasonable accuracy with the current modeling approach.

5.7 Conclusion

In this work, a unified approach to the modeling of both forming and consolidation phases
has been proposed. It not only simplifies the overall workflow from a user point of view but
also overcomes several major difficulties experienced by the two-step approach.

This approach was used in a full-scale numerical simulation of QSP® on an industrial part
developed by CETIM. It was found that the results obtained from the unified approach are
in agreement with the experimental observations when the fibre orientations are various
locations were compared. Additionally, with this unified approach, one has access to the
additional ply level information such as transverse normal stress σzz which can serve as a
tool to determine the locations with low level of consolidation and also help in the design
of the molds and/or the 2D stack itself.
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This approach was then used on a semi-industrial model consisting of a UD ply first to quali-
tatively demonstrate the impact of squeeze flow during consolidation on the final deformed
shape as well as fibre orientations. The final deformed shape predicted by the simulation
was then quantitatively validated against the experiments and it was observed that the sim-
ulation had correctly predicted the final deformed shape with a reasonable accuracy.
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Chapter 6
Conclusion and perspectives

6.1 Conclusion

The ‘Quilted Stratum Process’ (QSP®) shares several features with the standard composite
thermostamping process but at the same time there are some additional challenges both in
terms of actual physical process as well as its numerical modeling. These challenges mainly
come because of the usage of thermoplastic prepreg patches (both UD and woven), inability
to use a blank holder, possible long distance sliding of prepreg patches during forming and
the transverse squeeze flow occurring during consolidation especially for UD patches.

Thus, the overall goal of this thesis was to develop the capabilities of the numerical process
modeling of forming and consolidation phases of the QSP® process in the commercial code
of Altair Radioss™. This was achieved by developing and implementing new functionalities
in the code which have their origin in the capturing of different physical phenomena.

To provide a global overview, Chapter 2 focused on the numerical modeling of forming
phase of QSP® whereas Chapter 3 and Chapter 4 focused on the developments related
to the numerical simulation of consolidation. Finally, the intention of Chapter 5 was to
combine the developments from all the previous chapters and develop a unified simulation
approach for both forming and consolidation phases of QSP®.

In Chapter 2, a novel semi-empirical contact mechanism to model the phenomenon of the
interply adhesion is developed as the usual adhesion models cannot be used for QSP® due
to its specific nature. This model requires only the values of adhesive strength and viscosity
of melt polymer as inputs which makes it highly suitable for industrial applications where
an extensive characterization campaign is often a challenge in terms of cost and time. Using
this model of interply adhesion, it is shown that the prediction of final positions of the plies
has improved significantly. Also, the fibre orientation predictions are shown to be in good
agreement with the experimental observations made on a full-scale industrial QSP® part
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designed by CETIM.

In Chapter 3, the existing formulation of a full integration shell element of Altair Radioss™

(QBAT) is extended in order to have a functionality of transverse normal (pinching) stress.
Thus, the resulting shell element (QBATP) can be in a three dimensional state of stress
unlike the classical shells which are built with a plane-stress assumption. This makes it a
suitable candidate to model the consolidation process where the compressive force applied
in the through-thickness direction is the main driving mechanism for deformations. After
validating the element itself and its interaction with the contact interface, a further improve-
ment is made in terms of its computational performance. By adding a selective mass scaling
that specifically affects the higher frequencies without impacting the lower ones; the critical
time-step increased significantly. Overall, it is shown that this QBATP element serves as a
first step towards a unified full-scale simulation of both forming and consolidation phases
in a generic composite forming process as well as a more specific one such as QSP®.

Chapter 4 focused on the development of an elasto-plastic constitutive model based on the
global plasticity approach in order to model the behavior of the melt thermoplastic polymer
during the consolidation process. It is designed to be compatible with the pinching shell
element (QBATP). Additionally a methodology for the characterization of this constitutive
model is proposed which uses the flat sections of the actual mold thereby avoiding the
need to have a dedicated test setup. This makes it highly suitable for full-scale industrial
applications. The characterized constitutive model is then used to simulate a relatively sim-
ple yet essential stack configuration of [0◦/90◦]2. The results obtained from the simulation
showed a good correlation with the experimental observations for this prepreg stack after
undergoing a consolidation process.

Finally, Chapter 5 is dedicated to developing a unified approach to the modeling of both
forming and consolidation phases of QSP® by combining the developments done in all the
previous chapters. This unified approach not only simplifies the overall workflow from a
user point of view but also overcomes several major difficulties experienced by the two-
step approach. This approach was used in a full-scale numerical simulation of QSP® on an
industrial part developed by CETIM. It is found that the results obtained from the unified
approach are in agreement with the experimental observations when the fibre orientations
are various locations are compared. Additionally due to the use of pinching shell (QBATP)
in this approach; one has access to some additional ply level information such as trans-
verse normal stress σzz. This can serve as a tool to determine the locations with low level
of consolidation and also help in the design of the molds and/or the 2D stack itself. A
semi-industrial model consisting of a UD ply is simulated and it is found that the final de-
formed shape predicted by the simulation was in good agreement with the experimental
observations within a reasonable tolerance.
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6.2 Perspectives and future work

This work is a step towards a full-scale numerical process simulation of all the phases of
the QSP® process. This work was focused on the phases of forming and consolidation; but
there are several other sub-steps such as overmolding and demolding in QSP®, that need to
be considered. Following points could serve as interesting next steps in continuation of the
work done in this thesis.

• In terms of physics, effects such as the spring-back are known to impact the final
shape of the component. Thus, it would be interesting to investigate if and how this
phenomenon could be captured using the QBATP element.

• In terms of material modeling, development of a visco-plastic constitutive model (com-
patible with QBATP shell) is an essential ingredient for correctly simulating the behav-
ior of the melt polymer. Ideally, it would be interesting to have a single shell element
simulating both the fibre and the polymer instead of using two overlapping compo-
nents as was done in this work. This would require adding anisotropy and the specific
anisotropic constitutive models to the QBATP shell.

• In order to have even better representation of the actual process, a coupled thermo-
mechanical simulation approach could be considered. This along with advanced con-
stitutive models that can take into account the viscosity of the polymer, changes of
material parameters with temperature and the crystallinity of the thermoplastics could
improve the numerical process modeling of QSP® even further.

• It was found during the experimental campaign that an excessive squeeze flow can
literally separate the fibres resulting in some local through-thickness gaps. It could
be an interesting next step to build a failure criteria based on the plastic strain in the
constitutive model developed in this work to try and predict these local failures.

• In terms of capabilities of the QBATP shell element itself, it can be extended into a 7-
parameter shell which would make it possible to use all the existing three dimensional
constitutive models directly without any modifications even though this will require a
significant amount of work.
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Titre :  Modélisation numérique unifiée du formage et de la consolidation des composites 
thermoplastiques avec des patchs préimprégnés 
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Résumé : Le « Quilted Stratum Process » 
(QSP®) est un procédé qui utilise des patchs de 
préimprégné thermoplastique placés 
stratégiquement pour former une pièce 
composite. L'utilisation de patchs préimprégnés 
introduit des particularités par rapport au 
formage classique, comme l'impossibilité 
d'utiliser un cadre serre-flanc, la possibilité de 
grands déplacements des patchs préimprégnés 
pendant le formage et la présence d’écoulement 
de compression pendant la phase de 
consolidation, en particulier pour les patchs 
unidirectionnels. 
    Un nouveau modele  semi-empirique de 
contact est développé dans le code commercial 
d'Altair RadiossTM pour prendre en compte 
l'adhesion inter-pli. Il a permis une amélioration 
de la prédiction des positions des patchs et des 
orientations des fibres dans les plis. 

    Un nouvel élément de coque à intégration 
complète  est développé en modifiant l'élément 
de coque existant dans Altair RadiossTM base 
sur l’hypothèse de contraintes  planes.  Le 
nouvel élément permet de calculer les 
contraintes normales dans l’épaisseur. Il est 
enrichi par une méthode d’ajout artificiel et 
sélectif de masse pour réduire les temps de 
calcul.  
    Un modèle constitutif élasto-plastique de la 
nouvelle coque est développé afin de 
modéliser le comportement du polymère 
thermoplastique pendant la phase de la 
consolidation. Une méthode d’identification du 
modele est proposée. 
    Enfin, en utilisant l’ensemble de ces 
développements, une approche unifiée est 
proposée pour la modélisation numérique du 
formage et de la consolidation. Elle est validée 
sur une pièce industrielle. 

 

Title :  Unified Numerical Modeling of Forming and Consolidation of Thermoplastic 
Composites with Prepreg Patches 

Keywords : process simulation, interply adhesion, forming, consolidation, shell element, prepregs 

Abstract: ‘Quilted Stratum Process’ (QSP®) 
uses strategically placed thermoplastic prepreg 
patches in its stack to form a part. Thus, even 
though it shares several features with the 
standard composite thermostamping process; 
there are some additional challenges that arise 
due to the usage of prepreg patches, along with 
the inability to use a blank holder, possible long 
distance sliding of prepreg patches and the 
transverse squeeze flow occurring during 
consolidation especially for UD patches. 
    A novel semi-empirical contact mechanism to 
model the interply adhesion is developed in the 
commercial code of Altair RadiossTM which has 
improved the prediction of patch positions and 
fibre orientations significantly.  
    A new full-integration shell element with the 

capability of transverse normal stress and 
selective mass scaling is developed by 
modifying the shell element in Altair RadiossTM 
for the numerical modeling of consolidation 
where the classic shells cannot be used due to 
their plane-stress assumption. 
    An elasto-plastic constitutive model for the 
new shell element is developed in order to 
model the behavior of the melt thermoplastic 
polymer during consolidation. A practical 
method for its characterization is proposed.  
    Finally, using these developments, a unified 
approach is developed for the numerical 
modeling of forming and consolidation. It is 
validated on an industrial part and results are 
found to be in good agreement with the  
experimental observations. 
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