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RESUME

Les thermoplastiques renforcés par des fibres présentent de bonnes propriétés mécaniques
et une bonne aptitude a la recyclabilité. Néanmoins, la mise en forme de pieces complexes
reste difficile. La mise en forme a chaud de ces matériaux est essentielle. La simulation
par éléments finis des procédés est indispensable mais nécessite une caractérisation précise
du matériau sous conditions réelles : chargement multiaxial avec grandes déformations,
conditions variées de température et de vitesse de déformation. Les essais uniaxiaux clas-
siques sont simples mais peuvent conduire a une caractérisation partielle du matériau sous
chargement multiaxial. Les essais de traction biaxiale plane sur éprouvettes cruciformes

permettent une caractérisation plus riche.

Ce travail vise a caractériser le comportement mécanique d’un polypropyléne renforcé
de fibres d e verre discontinues p our différentes te mpératures et vitesses de déformation.
Le modele modifié de G’Sell et Jonas, associé au critere anisotrope de Hill48, est calibré
a partir d’essais de traction uniaxiale pour diverses conditions de température (jusqu’a
120°C) et de vitesse de déformation (jusqu’a 10 s™1).

Les simulations numériques de l'essai biaxial, réalisées a partir d’'un modele de com-
portement calibré a partir des essais uniaxiaux, montrent un écart important avec les
résultats expérimentaux. Il est donc nécessaire d’intégrer les résultats biaxiaux dans la
procédure d’identification des parametres rhéologiques du matériau, a partir d’une procé-
dure d’analyse inverse. Finalement, les deux méthodes d’identification s ont é valuées a
partir de la prédiction des efforts de formage et de la forme finale d’une piece formée par

un procédé incrémental a chaud original.






ABSTRACT

Fiber reinforced thermoplastics offer good mechanical properties and the ability to be
recycled. However, shaping complex parts remains challenging. Hot forming of these ma-
terials is crucial. Finite element simulation of processes is essential, but it requires accurate
characterization of materials under real conditions: multiaxial loading with large deforma-
tions, varying temperature, and strain rates. Conventional uniaxial tests are simple but
may lead to partial material characterization under multiaxial loading. In-plane biaxial

tensile tests on cruciform specimens allow for a more comprehensive characterization.

This work aims to characterize the mechanical behavior of discontinuous glass fiber rein-
forced polypropylene at different temperatures and strain rates. The modified G’Sell and
Jonas model, coupled with the anisotropic Hill48 criterion, is calibrated based on uniaxial
tensile tests under various temperature conditions (up to 120°C) and deformation speeds
(up to 10 s71).

Numerical simulations of the biaxial test, carried out using a behavior model calibrated
from uniaxial tests, show a significant disagreement with the experimental results. There-
fore, it is necessary to integrate biaxial results into the material’s rheological parameter
identification procedure through an inverse analysis process. Finally, both identification
methods are evaluated based on the prediction of forming force and final geometry of a

part formed using an original heat assisted forming process.
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GENERAL INTRODUCTION

Fiber reinforced thermoplastics are widely recognized across various engineering applica-
tions, thanks to their good mechanical properties and recyclability. The challenge lies in
shaping these materials into complex parts. Heat assisted forming emerges as an inter-
esting approach to address this concern. As an attempt to minimize time-consuming and
costly trial and error processes, Finite Element (FE) simulations have emerged as essential
tools for analyzing the capabilities of sheet forming processes. To enhance the accuracy of
FE models, it is essential to characterize the material behavior under actual operational
conditions. In such scenarios, materials are typically subjected to biaxial loading states
and exhibit significant deformations. Consequently, the identification of material con-
stants associated with rheological models, particularly those accounting for temperature

and strain rate dependencies, has become fundamental for the material characterization.

Biaxial tensile states can be achieved through various testing methods. One promising
technique involves in-plane biaxial tensile tests using flat cruciform specimens. It involves
the direct application of loads along perpendicular arms of the specimen. This technique
offers several advantages. It is a frictionless test that doesn’t involve any contact between
the specimen and tools. Additionally, multiple strain paths can be followed, ranging from
uniaxial stretching to equi-biaxial stretching. By adjusting the displacement ratio between
the two perpendicular axes, various linear and nonlinear strain and stress states can be
generated in the central region of the specimen. Nevertheless, the design of the cruciform
specimen poses challenges. Over the years, there have been numerous efforts to enhance the
design of cruciform specimens mainly for metallic alloys. The design optimization can be
motivated by various applications, such as determining forming limit strains, calibrating

anisotropic plastic yield criteria, and identifying hardening behavior for large strains.

This work aims to propose a calibration method of a phenomenological constitutive model
to represent the temperature and strain rate dependent behavior of discontinuous glass
fiber reinforced polypropylene. To achieve this goal, an experimental database is estab-

lished, involving both conventional uniaxial tensile tests and in-plane equi-biaxial tensile
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tests conducted on flat cruciform specimens, for different temperatures and strain rates.
Based on the experimental database, various calibration strategies are evaluated and dis-
cussed. The purpose is to define the best calibration technique by simulating a forming
process using the identified model. The innovative Heat Assisted Incremental Sheet Form-
ing (HAISF) process is tested in this work to form a fiber reinforced thermoplastic part.
An experimental setup of the forming operation and a FE model are implemented to
examine the effect of the material model and temperature on the forming force of the

formed part.

The manuscript consists of four chapters, as outlined below:

Chapter 1 briefly discusses general characteristics and applications of fiber reinforced ther-
moplastic polymers. Main manufacturing techniques are also recalled. In addition, this
chapter provides a brief overview of material models, covering both physical and phe-
nomenological models, with particular emphasis on those that take into account the effect
of temperature and strain rate. To establish a comprehensive base, various characterisa-
tion techniques and experimental test methods are reviewed, including both conventional
and non-conventional approaches. The literature emphasises on the use of in-plane biaxial

tensile test on cruciform specimens designed for polymer composites.

Chapter 2 presents the results of the uniaxial tensile tests carried out at different strain
rates, quasi-static and intermediate (0.001/s, 1/s and 10/s). Each strain rate condition
is tested for three different temperatures: room temperature (20°C), 70°C and 120°C.
Anisotropy is examined by performing tests at room temperature along three orientations.
The G’Sell and Jonas model, originally designed to describe the viscoplastic behaviour of
semi-crystalline thermoplastics, is then adopted and modified on the basis of the empirical

stress-strain results obtained at different strain rates and temperatures.

In Chapter 3, the mechanical behaviour of the material is characterized by a non-
conventional testing technique involving in-plane biaxial tensile tests on a dedicated
cruciform specimen. The choice of this specimen geometry is based on a previous work
conducted by the team on metallic alloys. This chapter checks the applicability of the
material model identified in Chapter 2 (based on the uniaxial tensile tests database) by
simulating the in-plane biaxial tensile tests. Significant differences between experimental
and numerical results (temporal evolution of principal strains) require re-evaluation of the
material parameters. This involves incorporating the results of in-plane biaxial tests into

the identification process using the inverse analysis approach based on the Finite Element
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Model Update (FEMU) method.

Chapter 4 focuses on the practical application of the identified models in the simulation
of heat-assisted incremental forming of glass fiber reinforced polypropylene plate. The
forming operation is applied experimentally to form a truncated cone under specific oper-
ating conditions. For the numerical approach, a FE model is established for a parametric
study to investigate the effect of the constitutive behavior law and temperature on the
forming force, thickness variation and final geometry. Finally, the experimental results
are compared with the numerical results. This comparative analysis is used to discuss the
reliability of the phenomenological model. It is associated with the proposed identification
procedure to accurately predict the complex thermo-mechanical interactions that occur

during heat-assisted incremental sheet forming.
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CHAPTER 1

STATE OF THE ART

1.1 Introduction

The good mechanical properties of composite materials, in particular the strength-to-
weight ratio, have driven them into new fields. They offer a promising solution to address
the environmental and economic challenges associated with transportation (limitation of
greenhouse gas emissions and fuel efficiency). The aerospace industry has been progres-
sively incorporating composite materials into its designs. As an example, Figure 1.1 shows

the high content (more than 50%) of carbon fiber reinforced polymers used in Airbus A350

[1].

miscellaneous

CFRP:
@ Wings
Centre wing box and keel beam 53%
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Frames, stringers and doublers
Doors (passenger and cargo)

Figure 1.1: Distribution of materials in Airbus A350 XWB [1]
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Additional characteristics, including effective vibration absorption, durability against fa-
tigue, capacity to withstand extreme temperatures, corrosion resistance, and resilience
against wear, are particularly valuable within industrial environments. These attributes

significantly contribute to the reduction of product life cycle expenses [2].

What sets composites apart from traditional materials is their composition, which con-
sists of two distinct components: reinforcements and a matrix material. When these com-
ponents are combined, they create a new material. Importantly, the properties of the
resulting composite cannot be predicted by summing up the properties of its individual
components [2]. Composites exhibit anisotropic properties in which reinforcements can
be adapted in specific orientations to provide the best mechanical properties along the

loading direction.

1.2 Types of composite materials

Composite materials may be classified according to the matrix material or the reinforce-
ment (Figure 1.2). The matrix can be polymeric, ceramic or metal ([3], [4]). Its role is to
bind the reinforcements, give the composite its shape and guarantee its surface quality.
Fibers are the most common type of reinforcements which enhance the overall mechanical
characteristics of the matrix [4]. They usually come in two main forms: discontinuous or
continuous, while their distribution can be different according to the desired application-
randomly oriented discontinuous fibers, randomly oriented continuous fibers, unidirec-

tional continuous fibers and bi-directional fabric [5].

Composites
Matrix based |« > REiISLDrE?aT:c;m

v v v

‘ Metal ‘ ‘ Polymer ‘ ‘ Ceramic ‘

v

Thermoplastic

‘ Continuous ‘

Discontinuous

‘ Thermoset ‘

Figure 1.2: Types of composite materials

Polymer matrix composites (PMCs) are the most common in the market since lightweight

is an important feature of polymers. These materials are nowadays introduced into many
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sectors such as automotive, aerospace, marine, mechanical structures, sports, construc-
tion, military equipment and many more [6]. PMCs consist of thermoplastic (polyamide,
polypropylene, polysulfone, polyimide...) or thermoset (polyester, vinyl ester, polybuta-
diene, epoxy, amino, phenol...) polymers as a matrix with fiber reinforcements, such as

carbon, glass, kevlar, polymeric or natural fibers ([4], [6]).

1.2.1 Thermoset composites

Thermoset composites are nowadays considered as alternatives for traditional metallic
materials. They are primarily employed in aircrafts, wind turbines, as well as in military
and defense [7]. They primarily include epoxies, polyurethanes, silicones, and polyesters.
Epoxy-based composites are considered as high-performance engineering materials [7].
Polyester composites on the other hand, are known for their wide distribution but are

attributed to lower or limited performance applications compared to epoxies ([8], [9]).

Thermoset composites can be thermally or chemically hardened. The resin is initially
soft and mobile until cured with a cross-linking reaction (polymerisation) [4]. The result-
ing composite is characterized by its high rigidity and elevated strength to weight ratio.
However, such material is known to be extremely brittle with low impact-toughness [10].
Moreover, the curing phase is irreversible which means that the composite cannot be
remolded or reshaped. Consequently, the recyclability of this type of material is very diffi-
cult, which doesn’t align with the latest environmental regulations. These limitations can

potentially be avoided by substituting the thermoset resin with a thermoplastic matrix.

1.2.2 Thermoplastic composites

Contrarily to thermosets, thermoplastic composites are known to become flexible at high
temperatures and solid upon cooling [11]. Additionally, no further chemical reactions are
necessary to achieve the full mechanical properties of the polymer. The part becomes
consolidated by simply heating, melting and cooling the material under a certain degree
of contact pressure enough to achieve crystallinity. Thermoplastic composites have a rel-
atively good strength to weight ratio. They are also known for their good chemical and
impact resistance. They offer greater design flexibility where it is possible to reprocess
failures within the composite part by repeat moulding procedures making the composite
material fully recyclable ([12], [13]). The reduction in production cycle times also favours

thermoplastic composites over thermosets.
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While thermoset composites continue to hold a dominant position in various sectors
(automotive, aerospace, transportation, construction...), there’s a rapid expansion
of applications involving thermoplastic composites. These emerging applications are
providing new solutions to the previously mentioned limitations associated with the
use of thermoset composites. The aircraft industry is currently undergoing a transition,
shifting from the use of metal components to reinforced plastics, and from employing
thermoset materials to utilizing thermoplastic matrices [14]. The leading edges of Airbus
wings are constructed using glass fiber reinforced polyphenylene sulfide (PPS) materials.
This innovation was initially introduced on the A340 series. Subsequently, on the A380,
the entire wingspan leading edges transitioned to PPS, replacing what used to be a
riveted aluminum component. This shift represents a significant change, especially
considering that it is a critical and load-bearing component. The "Verified Market
Research" determined growth factors for thermoplastic composites which is expected to
grow at a Compound Annual Growth Rate (CAGR) of 7.7% from 2022 to 2030 [15].
This means that the market demands for thermoplastic composites is increasing over the

years and is rapidly growing compared to thermosets.

1.3 Discontinuous fiber reinforced thermoplastic

polymers

The challenge in producing continuous fiber reinforced thermoplastics comes from the
notably high viscosity of liquid thermoplastics. In contrast, continuous fibers are typically
integrated into thermoset polymers while the polymers are in a low-viscosity state, which
subsequently solidifies through a chemical reaction. Liquid thermoplastics, on the other
hand, possess viscosities that are several orders of magnitude higher than those of liquid
thermosets. This high viscosity makes it difficult to impregnate the fiber bundles and en-
sure proper wetting of the fibers. As a result, the use of randomly dispersed discontinuous
fibers in thermoplastics is common, as they can be processed using conventional injection

molding techniques.

The mechanical properties of discontinuous fiber reinforced thermoplastics are indeed in-
ferior to those of continuous fiber reinforced thermoplastics (lower strength and modulus).

However, they are still sufficiently robust for a wide range of applications. In the automo-
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tive sector for instance, the application of these composites is found in the seat structures
of the car, door modules, dashboard carriers, front end modules and bumper beams ([5],
[16]).

Generally, the matrix material significantly influences the overall performance of a ther-
moplastic composite. Subsequently, the following sections offer a brief overview of the fun-
damental characteristics of thermoplastic polymers, discuss the factors influencing their
behavior, and examine how these factors affect the behavior of the resulting compos-
ites. Additionally, some of the techniques used in the manufacturing of these types of

composites are addressed.

1.3.1 General characteristics of thermoplastic polymers

When heat is applied to thermoplastic polymers, they soften or melt and they can be
processed whether they are in a heat-softened state (thermoforming) or in a melted
state (injection molding). Contrary to thermosets, new products can be processed by
means of heat application and recycling. However, repeatedly recycling thermoplastic
parts causes some of the mechanical properties to deteriorate. Thermoplastic polymers
can be classified in terms of performance in a “polymer performance pyramid” as com-
modity, engineering and high performance thermoplastics, with the latter being on top of
the pyramid shown in Figure 1.3. Two categories are shown in this pyramid: amorphous
(ABS, polystyrene, polycarbonate...) and semi-crystalline (Polypropylene, High density
polyethylene...). Semi-crystalline materials possess a well-organized molecular structure
characterized by distinct melting points. Unlike materials that gradually soften with ris-
ing temperatures, they maintain their solid state until they absorb a specific amount of
heat, at which point they swiftly transition into a low-viscosity liquid. These materials
exhibit anisotropic flow behavior, contracting less along the direction of flow compared
to the transverse direction. Moreover, they demonstrate remarkable resistance to chem-
ical degradation. When reinforced, semi-crystalline materials maintain noteworthy levels
of strength and stiffness well beyond their glass transition temperature (7}) ([17], [18]).
On the other hand, amorphous polymers possess a molecular structure that lacks or-
dered patterns, and they do not exhibit a distinct melting point. Instead, they undergo a
gradual softening process as temperature increases. They experience a rapid decrease in
strength once they exceed their T}, [17]. When heated, these materials undergo a change
in viscosity, but they generally do not flow as easily as semi-crystalline materials. They

display isotropic flow behavior, meaning they uniformly shrink both in the direction of

31



Chapter 1 — State of the art

flow and transverse to it. Consequently, amorphous materials typically experience reduced
mold shrinkage and demonstrate a lower tendency to warp compared to semi-crystalline

counterparts [18].
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Figure 1.3: Performance pyramid of thermoplastic polymers [19]

1.3.2 Factors affecting the behavior of thermoplastic polymers

and their corresponding composites

In general, the behavior of a polymer, particularly a thermoplastic, is primarily influ-
enced by temperature and strain rate. Additionally, several other factors can play a role
in controlling the material’s response. These factors include the type of loading (tension,
compression, shear...), the thermomechanical conditions to which it was exposed during
the fabrication process, and environmental variables like humidity, which can be especially
relevant for hydrophilic polymers [20]. It’s noteworthy that thermoplastic polymers may
not be sensible to all of these factors in the same proportions. However, this polymer sen-
sitivity to the aforementioned factors will undoubtedly manifest in the overall behavior of
the corresponding fiber reinforced thermoplastic ([21], [22]). Atmani et al. [22] performed
an experimental and numerical study to describe the behavior of an unreinforced thermo-

plastic polymer (high impact polystyrene HIPS) during plug-assisted thermoforming. In
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the experimental part of their study, they investigated the elastic properties by performing
uniaxial tensile tests at different temperatures, from 80°C to 140°C, and at three different
strain rates: 0.0167s71, 0.033s7!, and 0.167s~!. They noticed that the elastic modulus and
the yield strength increased by 67% and 50%, respectively, as the strain rate increased
by a factor of 10. Moreover, a temperature increment of 20°C at the lowest strain rate,
caused a decrease in the values of Young’s modulus and yield strength by 67% and 54%,
respectively. Furthermore, Wang et al. [23], studied the effect of temperature (ranging
from 21°C to 100°C) and strain rate (0.05 min=t, 0.5 min=', 5 min~') on the mechanical
behavior of short glass fiber reinforced polyamide-6. They concluded that increasing the
strain rate by a factor of 100 at a temperature of 21°C, induces an increase of 16% and
18% for both Young’s modulus and tensile strength, respectively. Whereas, an elevation
of temperature from 21°C to 100°C causes a decrease of 75% in Young’s modulus and 43%
in the tensile strength. Duan et al. [24], investigated the effect of uniaxial strain rate on
the mechanical properties of glass fiber reinforced polypropylene at RT. They showed that

! increases the ultimate tensile strength

increasing the strain rate from 0.001s7! to 50s~
by 84% while having a negligible effect on Young’s modulus. Similarly, Cui et al. [25],
studied the tensile behavior of long glass fiber reinforced polypropylene at RT for strain
rates ranging between 0.001s~! and 400s~!. Results showed that the ultimate strength,
fracture strain, and Young’s modulus increase with the strain rate. The study of Yu and
Ma [26] investigated the influence of loading rate and temperature on the static flexural
modulus and strength of discontinuous glass fiber reinforced polypropylene composite.
The authors performed three-point bending tests for unreinforced polypropylene as well
as for the composite. Results showed that whether considering polypropylene alone or
polypropylene composite, the flexural modulus and strength tend to rise as the loading
rate increases from 0.1 mm/min to 10 mm/min. Conversely, these properties tend to

decrease as the experimental temperature is raised from 25°C to 100°C.

Another important factor that has an impact on the mechanical behavior of discontinuous
fiber reinforced polymers is the properties of fibers (concentration, length, orientation).
Thomason [27] examined the performance and mechanical characteristics of injection-
molded polypropylene reinforced with long glass fibers with fiber content ranging from
0% to 73% by weight. The results revealed that the composite modulus experienced a
linear rise in correlation with the fiber volume fraction throughout the entire range under
investigation. However, the behaviors of strength and impact performance displayed non-

linear relationships with the fiber content.
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1.3.3 Manufacturing techniques of FRPs

Various methods exist for the production of PMCs. The choice of the processing technique
depends on the material’s properties and intended applications. Figure 1.4 presents differ-
ent manufacturing techniques applied for both thermosetting and thermoplastic matrix
composites. Some techniques are suitable for one category (thermoset comosites) but may
not be very well adapted for the other (thermoplastic composites). Processing thermo-
plastic composites can take place in a matter of seconds and is considered as an entirely

physical operation since no chemical reaction is involved as in the case of thermosets.

Composites
Processing
1 1
Thermoset Composites Thermoplastic Composites
Processing Processing
I | V—]—I
Short-F ibor Continuous+ibar Shaort-Fibar Continuousibar
Composites Composites Compaosiles Composites
Ingection Maolding Lay-Up Injection Molding Lay-Up
Compression Molding Filament Winding Compression Molding Thermolorming
Liquid Molding Liquid Molding Compression Molding
Spray-Up Pultrusion

Figure 1.4: Common manufacturing techniques of composites [28]

The predominant thermoplastic manufacturing techniques include injection molding, com-
pression molding, and thermoforming. In the following subsections, the well known man-

ufacturing techniques will be briefly discussed.

1.3.3.1 Injection molding

Injection molding is very common manufacturing technique used to form thermoplastics
and fiber reinforced thermoplastics. The initial composite used in this process comes in
the form of pellets or granules. Generally, glass fibers are used with various thermoplastic
matrices such as Polypropylene, Polyamide-6, Polyethylene therephtalate... Pellets with
carbon and Kevlar fibers are also available. The basic principle of injection molded is
represented in Figure 1.5. The melted material is pressurized and pushed towards the
mold via a screw. When the part is cooled down to below glass transition temperature
(for amorphous polymers) or melt temperature (for semi-crystalline polymers), the mold
opens and the product is removed. Cycle times can range from 10 to 100s and are mainly

controlled by the cooling time [29], [30]. Usually, minimal post-production work is neces-
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Figure 1.5: Processing of injection molding for thermoplastic composites [29]

sary because parts typically have a highly finished appearance once they are ejected from
the mold. Injection molding is used to manufacture a wide range of fiber reinforced parts
with good physical and mechanical properties, in large quantities for diverse applications
across industries. These include the aerospace industry, automotive sector (for components
like air intake manifolds, rocker covers, and cooling modules), electrical and electronic in-
dustries (especially for connectors), medical and dental product manufacturing (including
components for blood analyzer equipment, heart pump parts, and orthopedic devices), as

well as household appliances [30].

1.3.3.2 Compression molding

Compression molding is a manufacturing process used to shape thermoplastic or ther-
mosetting materials into specific forms using heat and pressure. In the context of fiber
reinforced thermoplastic polymers, this method involves placing the composite material
between two heated mold halves. The mold is then closed, and pressure and heat are
applied to consolidate the material. The heat causes the thermoplastic polymer to melt
and bond with the reinforcing fibers, resulting in a solid and strong composite part [31].
Figure 1.6 shows a schematic of the compression molding process. Cycle times typically
range from 30 to 60s. The Key points about compression molding are: i) high-pressure

process, ii) the material is typically heated above the melting point of the thermoplastic
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Figure 1.6: Schematic of compression molding [31]

matrix, and iii) the final part tends to have good mechanical properties. However, inter-
mediate surface finish is obtained (imperfections such as pits and wrinkles). Furthermore,
due to the high viscosity of the polymer, a typical fiber volume fraction between 20% and
30% is used. This technique is for high production rates and is used in the industry to
manufacture structural thermoplastic composite parts such as bumper beams, dashboards

and other automotive structural components [29].

1.3.3.3 Thermoforming/ Thermostamping

The main difference between compression molding and thermoforming of fiber reinforced
thermoplastic polymers lies in the process itself. As compression molding involves melting
the thermoplastic and consolidating it under high pressure , thermoforming, on the other
hand, relies on heating the material below its melting point and using vacuum or pressure.
Figure 1.7 shows the principle of thermostamping which consists in applying pressure to
force the flat plate into the die to shape it. This technique is more suitable for larger
and less structurally demanding parts. The fibers in the preform can be discontinuous or
continuous, in a random orientation, aligned in one direction, or in a structured textile.
Both thermoset and thermoplastic can be used as matrices. However, thermostamping is
generally better suited for thermoplastic composites due to their ability to be reprocessed

and molded with relative ease.

Relatively complex shapes can be achieved by such a thermoforming process, as demon-
strated by the stiffener ribs manufactured for a wing leading edge designed and built
by Fokker Aerostructures, thanks to the good drapeability of the woven structure of the

reinforcing glass fibres [33].
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Figure 1.7: Thermostamping process [32]

1.3.3.4 Innovative processes

In the context of fiber reinforced polymers, it’s worth noting that innovative manufactur-
ing techniques are still in the early stages of research and have yet to achieve widespread
adoption. Among these emerging techniques, one that deserves special attention, which
is Incremental Sheet Forming (ISF). It is a dieless manufacturing process characterized
by the tool’s controlled movement along a predetermined path. Using a CNC technology,
the tool shapes the part through localized deformation, layer by layer. The principle of

this process is illustrated in Figure 1.8. This approach relies on computer-aided design

Load cell —
Blank holder
Forming tool Undeformed
plate
_ [
Formed B_“ki"g
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Figure 1.8: Incremental Sheet Forming principle [34]

models and CNC codes to shape a variety of parts with diverse geometries. The ISF not
only conserves energy but can also be interesting for the manufacturing of complex parts
in small quantities, as in the domain of prototyping. This technique can also involve the
application of heat in conjunction with incremental sheet forming processes. By providing

controlled heat, this method seeks to enhance material formability, potentially offering
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a new dimension to the manufacturing possibilities for fiber-reinforced polymers. How-
ever, due to its complex nature, more investigation and validation are needed to check its

practical viability and potential advantages.

1.4 Modeling and mechanical characterization of

thermoplastic composites

It is essential to optimize the previously-described manufacturing techniques of fiber re-
inforced thermoplastics. This necessitates the establishment of predictive models and nu-
merical tools that align with the specific process conditions (particularly temperature and
strain rate). Modeling serves the purpose of describing the mechanical behavior of these
materials, enabling the development of predictive models and providing essential inputs
to simulation codes. In the following sections, the focus will be on the material models

and characterization techniques that can be employed to assess the behavior of FRPs.

1.4.1 Material models

Material models used to predict the mechanical behavior of fiber reinforced composites
must include material-related mechanical characteristics, such as non linear visco-elasticity

and plasticity along with strain rate and temperature dependency.

Material modeling can generally be divided into physical (micro-mechanical) and phe-
nomenological approaches. The choice between both approaches depends on the specific
goals of the analysis, the level of detail required, the availability of data, and the computa-
tional resources available. Using physical modeling, individual fiber behavior and matrix
properties along with their fractional physical composition are assessed in order to pre-
dict the overall performance of a composite from a micro-mechanical level. Sometimes,
the physical methods are unable to fully capture, for example, complex fiber interactions
and fiber-matrix interface properties. This makes such models idealized versions of the
actual mechanical characteristics. On the other hand, phenomenological approaches can
describe the overall composite behavior without specifically examining the constituents.
Generally, using such approaches makes it more practical to model the mechanical behav-

ior of a heterogeneous material over a wide range of temperatures and strain rates.

The following sections review some physical as well as phenomenological material models
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used to predict the mechanical behavior of fiber reinforced polymer composites.

1.4.1.1 Physical models

As mentioned previously, the behavior of composites can be predicted using physical mod-
els which offer fundamental understanding of deformation mechanisms at the micro-scale
level. This approach doesn’t require extensive experimental testing to characterize the
behavior at the macro-scale (overall composite behavior). However, it requires deep un-
derstanding of the properties for each of the constituents i.e. characteristics of the matrix;
orientation, distribution and length of fibers; volume fractions; fibers/matrix interface;
void content...[35]. The majority of models developed by researchers are based on analyt-

ical homogenization approaches. Some of them will be shortly reviewed.

Rule of mixture (ROM) The most straightforward homogenization technique is the
ROM, wherein the homogenized property of the material, P (equation 1.1) , is formulated
as a weighted sum of the associated properties (Young’s modulus, Poisson’s ratio, shear
modulus, Bulk modulus, ultimate tensile strength, mass density, thermal conductivity...)

of the constituents comprising the material. i.e. matrix and fibers [36].
P =V,P, + VP (1.1)

Here, the indices m and f refer to the matrix and reinforcement components of the
polymer, and V represents the corresponding volume fraction. The inverse of this rule

(IROM) can also be applied as: v v

F PR P; (1.2)
Researchers have employed the ROM principle in their proposed models to predict the
elastic properties of fiber reinforced polymer composites. In the study of Joseph et
al.[37], the authors predicted the tensile properties of discontinuous sisal fiber reinforced
polypropylene composite using ROM based models. After comparing the predicted prop-
erties with the experimental results, they found that the prediction was accurate at lower

fiber volume fractions but not at higher fibre volume fractions.

Halpin Tsai model The Halpin-Tsai equations [38][39] are extensively used for pre-

dicting the elastic properties of discontinuous short fiber composites, more precisely those
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characterized by an ideal fiber alignment. The property P of the composite can be repre-
sented by the following equation:

P 1 V P:/P,) —1

I /i34 neVy with n = —( /Em) (1.3)

Pn  1—=nV; (Pr/Pn) + ¢
with ¢ being a parameter that depends on the geometry of the reinforcement. The model
can be modified to accommodate for the randomly oriented discontinuous fiber reinforced
composites. The equations are detailed in [40]. For instance, Osaka et al.[41] modified the
Halpin-Tsai model to predict the elastic modulus of a randomly oriented short natural

fiber reinforced thermoset (polyester and epoxy) composites.

Mori-Tanaka-Benveniste model Bevenist [42] relied on the Mori-Tanaka formula-
tion [43] to predict the effective elastic modulus, denoted as C, for a composite featuring

randomly dispersed linear fibers. The formulation of C' is defined as:
C = (VuCh + ViCpA) (Vid + V(A (1.4)

Where [ represents the fourth-order identity tensor. The Mori-Tanaka strain-

concentration tensor (A) is defined as follows:

1

(A) = [T+ 5(Cn) " (Cy = C)| (1.5)

Where S stands for the Eshelby tensor [44].

Additional details on the equations and derivations can also be found in [45]. Many studies
investigated the micro-mechanical behavior of fiber reinforced polymers while relying on
the Mori-Tanaka approach. Nachtane et al. [46] included the Mori-Tanaka scheme in their
modeling approach to predict the flexural stress and stiffness of discontinuous randomly
oriented glass fiber Polyamide-6. The experimental results agreed well with the predicted

values.

Bridging model The bridging model [47], [48] was designed to predict the behavior
of continuous fiber reinforced composites. It’s simple and straightforward to implement,
especially for composites subjected to planar loading conditions, and requires no iteration.

The model consists in defining a relation between each of the fiber and matrix stress
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tensors by means of a fourth-order bridging tensor (A;;x) as follows:

<0§}”)> = Aiji <0;(€{)> (1.6)

The effective elastic tensor is computed based on the Mori-Tanaka approach; as defined
earlier. The model’s potential applications include estimating a range of mechanical prop-
erties for both unidirectional and multi-directional laminates. These include aspects such
as thermo-elastic behavior, ultimate strength, inelastic response, elevated temperature
strength, strength envelope, fatigue life, and S-N curve. The bridging model was extended
to predict the non-linear matrix plasticity induced behavior of a short fiber reinforced
composite (considering a representative volume element RVE) [49]. Four composite ma-
terials were investigated: Silion carbide (SiC) particles reinforced Aluminium (AL), short
SiC fibers reinforced Al, short glass fibers (GF) reinforced Polypropylene (PP), and short
GF reinforced Polyamide (PA). Factors like the matrix plasticity, the matrix stress concen-
tration factors (stress concentration occurring at the fiber ends) and the fiber orientation
on the nonlinear response are considered. The model assumes an elastic behavior for
the fibers along with non-linear elasto-plastic behavior for the matrix. Good agreement
was shown when comparing the theoretical stress-strain curves with experimental results

gathered from the literature.

Carman and Reifsnider model The Carman and Reifsnider model was originally
designed to predict the mechanical properties of discontinuous fiber reinforced composites
[50]. Their work consisted in adapting a configuration of concentric circular cylinders to
model the composite as a distributed representative element (the inner cylinder represents
the fiber, while the outer cylinder is the matrix). A linear elastic response was attributed
to the composite and the corresponding elastic properties were determined. The composite
can involve diverse fiber orientations, varying fiber lengths, and a range of fiber types.
The composite’s stiffness tensor is determined through a global averaging process, where
the approximate stresses within the representative fibers and matrix embedded within the
composite are taken into account. Meddad et al.[51] developed a micro-mechanical model
based on the Carman and Reifsnider approach. Their work consisted in generalizing the
model to a 3D configuration. The model predicted the elastic properties of a discontinuous
short carbon fiber reinforced epoxy composite, while taking into account the effect of fibers
distribution, length and orientation. The elastic properties obtained analytically showed

good agreement with experimental data found in the literature.
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1.4.1.2 Phenomenological models

While physical models can provide highly accurate predictions of composite behavior,
this accuracy comes at the cost of increased complexity and computational demands.
Phenomenological models offer a trade-off between accuracy and simplicity, by selecting
an appropriate level of complexity based on the application’s requirements. In addition
to the aforementioned reason, computational efficiency, limited data requirements, and
general applicability on various materials justify the employment of phenomenological

approaches to predict complex behaviors of composite materials.

Over the years, several studies have been carried on polymers as well as their correspond-
ing composites as an attempt to identify or develop phenomenological material models
capable of describing the temperature/strain rate dependent response of such materials.
Some researchers relied on conventional material models that were originally designed for
metals. They proposed modifications to adapt the model for polymeric behavior. Other
researchers developed constitutive laws specifically designed for amorphous and semi-
crystalline polymers. Those models are adjusted to fit the performance of fiber reinforced
polymers, since the temperature and strain rate sensitivity is mainly a characteristic of
the matrix material. This section reviews some of the common phenomenological laws

applied to predict the behavior of polymers and FRPs.

Viscoelastic models

Maxwell model Viscoelastic material models can also be applied to model the be-
havior of polymers and their corresponding composites. The generalized Maxwell model
presented in Figure 1.9 is one of the simplest viscoelastic models which is able to describe
the stress relaxation of a polymer and is included in a large number of studies. In some
investigations, viscoelastic models were applied to predict the thermoforming behavior of
polymers or their corresponding composites ([52], [53]). In this case, it is important to note
that the viscoelastic model typically focuses on the deformation of the polymeric sheet
during the heating and shaping stages, including its viscoelastic response to temperature,
strain, and strain rate. The removal of the formed part from the mold is generally not
included in these models. Factors such as the thickness distribution of the formed part
can be investigated ([52], [53]).

The study of Peng et al.[53], presents a phenomenological thermo-mechanical viscoelastic
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Figure 1.9: Generalized Maxwell model [54]

constitutive model for polypropylene wood composites. The specimens are compressed at
quasi-static strain rates and at temperatures of 90°C, 130°C, and 170°C. Relying on the
Maxwell viscoelastic approach, a nonlinear thermo-mechanical viscoelastic constitutive
model is developed for the polypropylene wood composite by decoupling the effect of
temperature with that of the strain rate. The parameters of the model are calibrated
based on the experimental stress-strain curves of the thermo-compression tests. The model
was implemented in the FE simulations. The simulated stress-strain curves were in good
correlation with the experimental curves. The constitutive law equation is presented as:

t—1T1

5(6,6.7) = Boe + | " BU(T)E(r) exp (- > (1)) dr (1.7)

o(¢,&,T) represents the equivalent stress that depends on the equivalent strain & and
strain rate £ as well as on the temperature 7. 6; represents the stress relaxation time of
the Maxwell element. The elastic parameters E, and n responsible for the wood fibers
behavior are assumed to be independent of T and &, whereas the equivalent Young’s
modulus of the polypropylene matrix F; depends of 7. The model was then used to
simulate the thermoforming of car interior part (made of polypropylene wood composite)

and investigate the effect of temperature on the thickness distribution.

Chang et al.[55] investigated the uniaxial tensile responses of Poly-ether-ether-ketone

(PEEK) prior to necking at strain rates ranging from 1075 s to 107! s7! and tempera-
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tures ranging from -60°C to 140°C. The tensile responses exhibit nonlinear characteristics
and dependence of temperature and strain rate. Based on the uniaxial tensile results, a
phenomenological nonlinear viscoelastic constitutive model is proposed to characterize the
stress-strain response of PEEK considering temperature and strain rate dependence. The
viscoelastic model is composed of a parallel arrangement of a cubic nonlinear spring and
a linear Maxwell element. The equation representing the constitutive model is as follows:

t—T

ﬂaé]ﬁ:Z%@UE+CNTEQ+C%Tﬁ3+EﬂTxgéhympC—91(Tﬁdr (1.8)

Where FEy, C;, and C5 denote the rate-independent elastic constants of the nonlinear
spring. F; and 6 represent the elastic coefficient and the stress relaxation time of the
Maxwell element, respectively (all parameters are functions of temperature). The results
indicate that the proposed constitutive model can accurately predict the nonlinear tensile
stress-strain responses of PEEK over a wide range of temperatures under quasi-static

loading.

Reis model The study of Reis et al.[56] consisted in modelling the tensile behavior of
High density polyethylene (HDPE) by a one-dimensional viscoelastic model that takes
into account the strain rate and temperature sensitivity. The authors also proposed a for-
mulation of the model that takes damage into consideration. Tensile tests were performed

1

at strain rates ranging from 7.25 x 107° s7! to 7.25 x 107® s7! and temperatures of

25°C, 50°C, 75°C and 100°C. The temperature and strain rate dependent stress-strain

behavior, without damage consideration, is modeled as follows:
7(£,&,T) = [a(g, T)[1 — exp(—b(T)£)]] (1.9)
Where a(z,T) and b(T) are defined as:
a(e,T) = (anT — ag)e™ (1.10)

(T = b, T — b (1.11)

The same authors applied this model to predict the tensile behavior of glass fiber rein-
forced polyurethane under strain rate ranging from 2 x 107° s7! to x 1072 s7! at room
temperature (no temperature consideration) [57]. Compared to experimental data, the

model predicted very well the modulus of elasticity and the ultimate strength at different
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strain rates.

Hyperelastic models

Mooney-Rivlin Moony-Rivlin is a hyperelastic model formulated by Mooney [58] and
Rivlin [59], suitable for large elastic deformation. In general, hyperelastic models are
characterized by a strain energy density function W that depends on different magnitudes

associated to the strain field and material constants,

W:{ Wl I, Iy) } (1.12)
W (A1, A, As)

where I1,15,13 are the invariants of Cauchy-Green strain deformation tensors and A;, Ao,
A3 are principle stretches. The stress-strain relations are then derived by differentiating
the strain energy density function with respect to the invariants or the principle stretches.
The Moony-Rivlin model is known for its accuracy in predicting the response of hypere-

lastic materials. The equation of strain energy function W defined by Mooney is:

W (I, I, J) = i Ci; (I = 3)' (I = 3) + D(J — 1)? (1.13)

Where
L= (M) + (M) + (Ns)? (1.14)
I = (Ma) 62 + (Aads)” + (Ashy)? (1.15)

J = MAo)s (1.16)

C;; represents Rivlin’s coefficients and D refers to the incompressibility of the material
(For incompressible materials the term D(J — 1)? is eliminated).

Pham et al. [60] predicted the strain rate and temperature dependent stretching behavior
of a thermoplastic polymer (polyethylene therephtalate PET) using a visco-hyperelastic
model. The Mooney-Rivlin scheme was included in the modeling process to represent
the elastic part of the behavior whose parameters were determined by means of a
non-linear curve fitting based on data obtained from a biaxial characterization technique.
Afterwards, the model was applied to simulate the stretch blow molding of PET which

was successfully validated experimentally.
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In another study, Pham et al. [61] investigated the stretching behavior (large deforma-
tion) of a glass mat thermoplastic (polypropylene PP). They performed in-plane biaxial
stretching tests for three different temperatures (160, 170 and 180 °C) at 0.5s~! while
considering three stretch ratios. The authors proposed a transversely isotropic hyperelas-
tic model and calibrated the parameters based on the experimental results of stress as a
function of stretch ratio. The model was later on applied to predict (FE simulation) the

thickness of a thermoformed part made of glass mat polypropylene.

Viscoplastic models

Cowper-Symonds model Cowper-Symonds [62] is a typical strain rate-dependent
model, originally designed for metals, that scales the hardening law by a strain factor and
a strain rate factor. The equation of the model is:

1

)?] (1.17)

7(Ep, &) = [o0(&p)][1 + (

Ql o

Where 0¢(&,) represents the hardening law (Ludwik, Voce, Swift...) at the predefined
reference strain rate which depends on the equivalent plastic strain ¢,. C and P are the
material parameters representing the effect of strain rate.

Although this model was designed for metals, it was remarkably applied to predict the
behavior of fiber reinforced composite materials. Wang et al.[63] studied the mechani-
cal properties and fracture behaviors of polypropylene and short basalt fiber reinforced
polypropylene composites at varying strain rates (0.001 up to 10 s7!). The authors defined
the initial hardening law by relying on Ludwik [64] and Voce models [65]. Compared to
the experimental stress-strain results, the established model gave good prediction of the
strain rate dependent behavior at the studied strain rate range.

Likewise, Duan et al. [24] investigated the influence of strain rate (ranging from 0.001 s~!
to 50 s71) on mechanical properties of long glass fiber reinforced polypropylene composite
(LGFRP) by both experimental tests and numerical simulations for its application on
automobile structural components. The study found that the mechanical properties of
LGFRP composite were significantly affected by strain rates. Cowper-Symonds model
was calibrated based on experimental tensile tests. The FE simulation results of the
strain countours agreed well with the experimental results obtained by Digital Image

Correlation.
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Gates and Sun model Gates and Sun [66] presented a constitutive model to describe
the elasto-viscoplastic behavior of fiber-reinforced thermoplastic composites (unidirec-
tional continuous AS4 graphite fibers reinforced polyether ether ketone (PEEK)) under
plane stress conditions. This modeling approach is suitable to predict the behavior of ma-
terials under different loading conditions, especially when materials exhibit behaviors such
as creep (time-dependent deformation under a constant load), stress relaxation (decrease
in stress over time under constant deformation), and other time-dependent phenomena.
Anisotropy considerations (orthotropic plasticity) proposed by Sun and Chen [67] were
included in the model. Considering uniaxial loading where the applied load isn’t aligned
with the fiber direction (off-axis), an orthotropic elastic/viscoplastic fiber-reinforced com-
posite to predict the uniaxial flow rate is given in the equation below:

£ = [ IhE) O (zlg)/m (0, — o)™ (1.18)
Details of the parameters h(6), K, o and m can be found in [67].

DSGZ The DSGZ (named after the authors: Duan, Saigal, Greif, Zimmerman) stands
as a viscoplastic phenomenological model created specifically for glassy or semi-crystalline
polymers [68]. In addition to temperature and strain rate consideration, this incorporates

softening and hardening effects. The constitutive law describing the stress o is given by:

1—— €.
&,T .e C3-h(&,T)

5(5,6T) =4 f(2) + — f(a)| - emlsEn=C)e L pz 7y (1.19)

Cs-h(z,T)
Where
F@) = (e +8%) (1-e ) (1.20)
h(e,T) = (&)™eT (1.21)

and g(,T) is the dimensionless form of h(g,T).
Achour et al.[69] extended the phenomenological viscoplastic DSGZ model developed for
glassy or semi-crystalline polymers to an implicit formulation. The behavior of polypropy-

lene was investigated at strain rate ranging from 0.92 to 258 s~ !

and temperature rang-
ing from 20°C to 60°C. The material parameters were calibrated based on the tensile
stress-strain curves. The model was then validated with additional experimental results

at different strain rates and temperatures.
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Deng et al.[70] proposed a hybrid lamination model that relied on the DSGZ approach
to simulate the solid state thermo-stamping of a woven fabric reinforced thermoplastic
polymer (carbon fiber reinforced PEEK). The deformation behavior of the thermoplastic,
which exhibits visco-elasto-plastic characteristics, is described by the DSGZ phenomeno-
logical model. Meanwhile, the anisotropic mechanical properties of the textile reinforce-
ment under significant deformation are defined by a separate anisotropic model following a
hypo-elastic law. The process of parameter identification for the hybrid lamination model
is conducted independently for each of these components. The simulated outcomes, in-
cluding the distribution and profile of shear angles, align closely with the experimental
findings obtained from the uniaxial bias extension tests. Experimental and simulation
results underscore that temperature plays a remarkable role in influencing the forming

process.

G’Sell and Jonas A widespread viscoplastic model, G’Sell and Jonas, was initially
designed for modeling the mechanical behavior of semi-crystalline polymers [71]. The
main advantage of this model is its ability to integrate the effects of viscoelasticity and

viscoplasticity in a single formulation as stated below (equation 2.1).
5(£,€) = K - exp (he?) (1 — exp(~We)) - " (1.22)

m (strain rate sensitivity), K (scaling factor), h, and W are material parameters. Low
strain levels are described by the term (1 — exp(—W¢)). The term exp (h&?) describes the
plastic strain hardening which takes place at high strain levels as in the case of glassy
unreinforced polymers [22]. In the work of Schossig et al. [72], the influence of strain
rate and fibers concentration on the mechanical behavior of glass fiber reinforced ther-
moplastic (polypropylene) was experimentally investigated. G’Sell and Jonas model was
used to describe the strain rate dependent behavior of the materials. Additionally, this
model was used to represent the deformation behavior during thermoforming applica-
tions. Atmani et al. [22] have also modeled the thermoforming of a yogurt container by
the elasto-viscoplastic G’Sell and Jonas model with thermal considerations. Trufasu et
al.[73] conducted a study on the mechanical behavior of polyether-ether-ketone (PEEK)
composites. The parameters of the mechanical behavior law were identified using experi-
mental data of the compression tests. The study shows that the mechanical behavior law

can accurately describe the mechanical behavior of PEEK composites.
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1.4.1.3 Modeling of anisotropy

This section briefly discusses possible approaches for modeling anisotropy in fiber re-
inforced thermoplastic polymers. In some cases, anisotropy can be described within an
elastic framework, which requires determining elastic constants in various directions. The
planar orthotropic elasticity [74] is an example of such approaches. Holmstrom et al.[75] in-
vestigated the elastic anisotropic tensile behavior of discontinuous glass fiber polyamide-6
for different fiber weight fractions. The values of Young’s modulus, in-plane and out-of-
plane Poisson’s ratio, ultimate tensile strength and fracture strain predicted with the
orthotropic elasticity agreed well with the experimental values. A similar study [76] was
conducted on discontinuous glass fiber reinforced polypropylene. The orthotropic elas-
ticity was combined with a progressive damage model to predict the anisotropic elastic
behaviour of the reinforced thermoplastic. Anisotropy is often disregarded in some studies
where the thermoforming (prior to the removal of the part from the mold) behavior of ther-
moplastics (e.g.acrylonitrile butadiene styrene [52]) or fiber reinforced thermoplastics (e.g.
wood fiber reinforced polypropylene [53]) is represented with viscoelastic models. In other
cases, where the material undergoes large permanent plastic deformation, anisotropy can
be modeled during plastic flow and therefore, described by plasticity criteria. Several at-
tempts to examine the strength and yield characteristics, relying on homogenized material
properties, introduced yield criteria such as: the Tsai-Hill [77], Azzi-Tsai [78], Tsai-Wu
[79], Hofmann [80], and Hill48[81]. Tsai-Hill criterion (apply Hill’s anisotropic plasticity to
the failure of homogenous, anisotropic materials) for instance, was applied by Mortazavian
et al.[82] to investigate the effect of anisotropy and fiber orientation of the tensile strength
and elastic modulus of discontinuous glass fiber reinforced thermoplastics (polybutylene
terephthalate and polyamide-6). On the other hand, Hill48 criterion, which was initially
developed to describe the yielding and plastic flow of anisotropic metallic material, found
application in the field of fiber reinforced polymers. This criterion is widely recognized in
calculation codes for its applicability, simplicity, frequency of use and reduced number of
parameters. Choi et al.[83] associated the Hill48 yield criterion with the flow stress (Ram-
berg-Osgood) to evaluate the anisotropic behavior induced by the fibers orientation of
two discontinuous carbon fiber reinforced thermoplastics (polypropylene and polyamide-
6). In the study of Erice et al.[84], the authors predicted the compressive strain rate
dependent plasticity of unidirectional carbon fiber reinforced epoxy with three different
approaches. Hill48 criterion succeeded to give good simulation results when compared to

the experimental stress-strain curves.
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To conclude, this section briefly reviewed some of the approaches applied to model the
material behavior of fiber reinforced polymers and even possible anisotropy. The following
section discusses the mechanical characterization techniques generally applied to calibrate

the material parameters of the mentioned models.

1.4.2 Mechanical characterization

Mechanical characterization tests play a crucial role in understanding the behavior of any
material in general. Conventional tests, such as uniaxial tensile, shear and flexural tests,
provide essential data on the material’s basic mechanical properties. On the other hand,
non-conventional tests like Nakazima, combined axial/torsion on tubular specimens, and
in-plane biaxial tests offer insights into more complex mechanical responses, which is
particularly important for applications involving varied loading and process conditions.
Conventional tests are typically homogeneous and standardized tests regulated by norms
that allow for the direct calculation of stresses and deformations. Non-conventional tests,
on the other hand, involve heterogeneous tests with complex deformation fields, requiring
supplementary tools and experimental devices to measure these fields. The combination
of these conventional and non-conventional tests can provide a comprehensive under-
standing of the mechanical properties of reinforced polymers, aiding in their design and

optimization for specific engineering applications.

1.4.2.1 Conventional tests

In this section, a concise overview of the standard testing methods that are frequently
employed to examine the mechanical properties of polymers and reinforced polymeric
materials across varying temperatures and strain rates. These tests involve the uniaxial

tensile test, simple shear test and three-point /four-point bending tests.

1.4.2.1.1 Uniaxial tensile test Uniaxial tensile tests (ASTM D3039) are widely
used mechanical characterization techniques to assess the tensile behavior of various ma-
terials, including metals, polymers, composites. It involves applying an axial force along
the longitudinal axis of a specimen to measure its response (Figure 1.10a).

These tests can provide valuable information such as elastic constants and anisotropic
coefficients. For the case of discontinuous fiber reinforced polymers, the behavior is influ-

enced by factors such as fiber orientation, fiber length, fiber content, and the distribu-
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Figure 1.10: Unixial tensile test setup

tion of fibers within the matrix. The mechanical properties of these materials are often
anisotropic, meaning they vary with the direction of the applied load due to the random
orientation of fibers. For this reason, for an accurate characterization of the behavior,
several tests should be conducted using specimens milled out from the plate material
in different angles relative to the flow direction, as shown in Figure 1.10b. From these
characterization techniques, one can derive experimental true stress-true strain curves for
different conditions (strain rates, temperature, ...). This testing technique was applied to
investigate the stress-strain response of discontinuous glass fiber reinforced polybutylene

terephthalate and glass fiber reinforced polypropylene in [86] and [24], respectively.

1.4.2.1.2 Shear test Over the years, shear testing of fiber reinforced materials has
been conducted using methods ranging from very simple to complex techniques. The

testing methods are generally grouped according to the geometry of the specimen.

V-notched rail or Iosipescu test A common in-plane shear test applied on flat
specimens is known as V-notched rail or losipescu shear method (ASTM D7078). This
testing technique involves assessing the shear properties of isotropic as well as anisotropic
material such as fiber reinforced polymers ([87]). It is achieved by clamping the ends of a
V-notched specimen between two sets of loading rails. When subjected to tension, these
rails introduce shear forces into the specimen via its faces. The schematic diagram of
the test setup is illustrated in Figure 1.11 The study of Selezneva et al. [88] considered

this technique to determine the shear modulus and strength of discontinuous carbon fiber
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reinforced polyether—ether—ketone. The shear properties of unidirectional (two directions
were considered: 0° and 90°) carbon fiber reinforced polyether—ether—ketone and epoxy

and glass fiber reinforced polyester were also investigated using the losipescu technique.
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Figure 1.11: Schematic of V-Notched rail shear test [89]

Thin-walled tubes The shear (torsional) testing of a thin-walled tube is a common
and universal approach to obtain shear modulus and shear strength of a material. It
is known to induce a relatively pure and consistent shear stress state. This is due to
geometry of the tests specimen, where the magnitude of shear strain linearly changes from
the center axis of rotation, the variation across the thin tube wall remains minimal. For
composite materials, unidirectional fiber reinforced composites are the preferred specimens
(easier to manufacture) [90]. Figure 1.12 illustrates an experimental setup of the thin-
walled tube testing technique along with the geometry of the specimen. In the study of
Weber et al.[91], the authors measured the shear properties of unidirectional-orientated
flax and glass fiber reinforced polymer (epoxy). Tarnopol’skii et al.[90] also investigated
the shear properties of glass fiber/epoxy composites with (£45)lay-up, using different
shear testing techniques. Amongst all, the thin-walled tube test induced the highest value
of shear strength. This technique is generally preferable for thermoset composites since

the common manufacturing technique for the thin-walled tubes is filament winding which
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is usually recommended for thermosets.
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Figure 1.12: Schematic of Thin-walled tube shear test ([92] [90])

bias-extension test 'This bias-extension test is typically applied to measure the shear
properties of woven-fabric composites [93]. This method considers a specimen charac-
terized by a rectangular gauge section and fibers oriented at 45° and -45° angles rela-
tive to the loading direction, as illustrated in Figure 1.13 showing the undeformed and
deformed specimen [94]. The tested specimen is cut or prepared in a way that the ex-
tension force will be applied at an angle other than the principal axis. A conventional
uniaxial tensile machine can be adapted to perform this test [93]. Brands et al.[94] used
the bias-extension technique to characterize the shear properties of two unidirectional
(woven) fiber reinforced thermoplastics (carbon/low-melt polyaryletherketone and car-
bon/polyetherketoneketone). In the study of Wang et al.[93], the authors investigated
the shear behavior of two woven thermoplastis composites: carbon/polyphenylene sul-
phide and carbon/polyetheretherketone. Based on the load-displacement data obtained
from the bias-extension tests, the shear moment versus in-plane shear angle curves were

derived for both tested materials.

1.4.2.1.3 Flexural test on beams Both three-point and four-point bending (Figure
1.14) tests are used to determine the flexural properties of materials. Different shapes
of specimens can be adopted such as beams, plates, rods and other structural elements
subjected to bending loads. Nakashima et al.[95] determined the flexural modulus of
discontinuous carbon fiber reinforced polyamide-6, using both three-point and four-point
bending tests, while varying the specimen thickness and support span. They concluded

that for the elastic modulus, there were very small differences between test data of both
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Figure 1.13: Schematic of bias-extension test [94]

tests. Yu and Ma|26] investigated the temperature and loading rate dependent flexural
properties (modulus and strength) of discontinuous glass fiber reinforced polypropylene

by conducting three-point bending tests on beam specimens.

(a) Three-point bending (b) Four-point bending
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Figure 1.14: Schematic of three-point and four-point bending principles [96]

1.4.2.2 Non-conventional tests

Non-conventional tests, such as Nakazima, combined loading tests, and in-plane biaxial
test on cruciform specimens, offer distinct advantages over conventional tests in certain

situations and for specific material characterization objectives.
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1.4.2.2.1 Nakazima Test The Nakazima test (Figure 1.15) is a specialized biax-
ial test that applies proportional loading along two orthogonal axes while maintaining
a constant biaxial stress ratio. The specimen is subjected to simultaneous tensile and
compressive loads in different directions, allowing for the study of complex stress states.
This testing technique is very close to deep-drawing processes and is usually applied to
construct forming limit diagram for metallic materials. In the study of Rohrig et al.[86],
the Nakazima test was applied to investigate the mechanical properties of glass fiber rein-
forced polybuthylene thereftalte (PBT). During the experiment, digital image correlation
was applied to evaluate the strain information over the whole surface. The force was

measured by a load sensor.

a) Schematic of Nakazima principle @H

ANNANNANY s
/770007 SANRNNNN

loaded specimen

hemispherical punch

P —
7 uspecimengeomeny

b

Figure 1.15: Nakazima test schematic diagram [86]

1.4.2.2.2 Combined axial loading with simple torsion on tubular specimen
This method has been used to investigate the biaxial behavior of metals in 1940’s and
then composites in 1960’s. This technique subjects the material to both axial (tensile
or compressive) and torsional (shearing) loads simultaneously. When the specimen is
subjected to axial and torsional loads at a 45° angle to the cylinder axis, it results in
two perpendicular normal stresses along the principal directions. Figure 1.16 shows a
schematic diagram of the test apparatus.

In the study of Andriss et al.[97] the authors subjected tubular specimens to combined
axial and torsional loading. This approach was employed to characterize the non-linear
mechanical behavior of a continuous carbon fiber-reinforced polycarbonate material with

unidirectional plies under quasi-static, multiaxial loading conditions.
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Figure 1.16: a) Apparatus of combined axial/torsion on tubular specimen [98]; b) geometry
of specimen [99]

1.4.2.2.3 In-plane biaxial loading

Biaxial stretching of rectangular sheets A Biaxial Stretching mechanism [100] is
commonly used for the mechanical characterization of materials, particularly polymers,
films, and sheets. It is capable of producing biaxially oriented polymer sheets and has
enabled a fundamental study to be made of the parameters that influence the properties
of biaxially oriented polymer products. The principle of biaxial stretching of rectangular
sheets is illustrated in Figure 1.17

Briickner KARO IV is a biaxial stretching machine (Figure 1.18) developed in a Ger-
man laboratory. This machine was primarly used to characterize the biaxial behavior of
polymeric material. Pham et al.[60] characterized the temperature and strain rate depen-
dent behavior of polyethylene terephthalate PET using the Bruckner biaxial stretcher.
The same characterization technique was applied by Ouchiar et al.[102] to investigate
the stretching behavior of Polylactide (PLA) and PLA-Talc nanocomposites. The biaxial

stretching was carried at two different drawing temperatures.
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Figure 1.17: Principle of in-plane biaxial stretching of rectangular sheets [101]

Figure 1.18: Bruckner biaxial stretching machine [60]

Flat Cruciform specimens The biaxial test using cruciform specimens is a specific
type of in-plane biaxial testing method used to evaluate the mechanical behavior of mate-
rials under biaxial stress states. This test involves the use of cruciform shaped specimens
comprising two perpendicular arms, and it is typically performed with a servo-hydraulic
testing machine capable of applying loads along two perpendicular directions.

In the following, section A will be dedicated to briefly state the testing machines used for
this type of testing. Section B gives a concise overview on the types of cruciform specimens
found in the literature.

A. In-plane biaxial testing machines

One option to apply tensile forces along the two perpendicular arms of the cruciform
specimen, consists in developing and adding link mechanism attachments to conventional
uniaxial testing machines, as proposed by Ferron and Makinde [103] (Figure 1.19). The

authors applied this testing technique to characterize the biaxial behavior of Aluminum-
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1050. This approach is cost-effective but it does not allow for the adjustment of load

4

Figure 1.19: Link mechanism attached to a conventional uniaxial tensile test machine
[103]

ratios during tests. Additionally, this type of machine is not suitable for dynamic testing.
Consequently, stand-alone machines appear to be better suited for such tests. These test-
ing devices are equipped with four independent actuators along both directions, enabling
the realization of various linear and nonlinear load paths. Typically, these machines are
equipped with a closed-loop control system to maintain load balance among the four arms
and to make necessary adjustments to keep the specimen centered during the test. Boehler
et al. [104] designed an in-plane biaxial testing apparatus (Figure 1.20a) to perform exper-
imental investigations on anisotropic materials, such as composite plates or rolled sheet
metals. Likewise, Makinde et al.[105] designed a biaxial testing machine (Figure 1.20b)
suitable for the investigation of the behavior of sheet metals and composite materials sub-
jected to monotonic and cyclic biaxial loads. Chen et al. [106] recently developed an in-
plane biaxial apparatus (Figure 1.20c) designed for the characterization of heat-resistant
composites and sheet metal subjected to high temperatures (up to 2500 °C') and complex
loads (tension—tension, tension—compression, and compression—compression). The authors

characterized the behavior of a carbon matrix reinforced with continuous carbon fibers.
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Figure 1.20: Stand-alone in-plane biaxial testing machines

B. Types of cruciform specimens
As previously mentioned, the machine is designed for conducting tests on flat cruciform
specimens made of both isotropic or anisotropic materials. The main challenge for this kind

of in-plane biaxial testing is to develop a specimen design that effectively facilitates biaxial
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(a) Cut type (b) Reduced section type (c) Strips and slots type

Figure 1.21: Cruciform specimen geometries proposed by Ohtake et al. [108]

tests under conditions of significant deformation, considering factors related to initial
anisotropy (e.g., composite materials, rolled metals) as well as anisotropy induced by
deformation. Depending on the requirements and objectives of the test (i.e. Identification
of hardening law, forming limits, fatigue strength, yield surface...), the standard shape
of the cruciform specimen can be modified and adjusted. Generally, the requirements for
an ideal in-plane biaxial tensile tests using flat cruciform specimens are: i) homogeneous
stress-strain distribution in the gauge central region; ii) the highest stress level should be
attained in the gauge section where initial yielding occurs; iii) No stress concentration
outside this area [104], [107]. Traditionally, to meet these requirements, the designed
specimen typically incorporates one or a combination of the following configurations: a)
Implementing curved fillets between the arms, b) Introducing thickness reduction in the
central zone, ¢) Adding slits [108], as shown in Figure 1.21.

The International Organization for Standardization (ISO) proposed a cruciform shape
with seven slits in each arm (ISO 16842 [109]) shown in Figure 1.22. According to ISO,
this shape is easy to manufacture, no thickness variation is required, and the yield point
can be achieved with no need for additional numerical simulations. The drawback is that
the maximum deformation at the central zone is not satisfying [110].

Zidane et al.[111] proposed a cruciform specimen configuration (Figure 1.23), featuring
slits in the arms and a two-step reduction in thickness within the circular central region.
This geometry was optimized through numerical simulation and verified through in-plane
biaxial tensile testing on aluminum AA5086. The results led to the conclusion that em-
ploying the designed cruciform specimen in a single biaxial tensile test is adequate for

characterizing both the material’s forming limit diagram and its rheological properties.

60



1.4. Modeling and mechanical characterization of thermoplastic composites

R=(0,0034~0,1)B

B/8

- B -

Figure 1.22: In-plane biaxial cruciform specimen standardized by ISO 16842 [109]

Song et al. [112] conducted additional research into the forming limit curve at fracture
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Figure 1.23: Cruciform specimen proposed by Zidane et al. [111]

(FLCF) for steel DP600. The optimized geometry of the cruciform specimen is presented
in Figure 1.24. Based on the experimental FLCF data obtained, the fracture yield criteria
was identified through numerical simulation. This criteria was then employed to predict
the FLCF for various strain paths.

The aim of a study conducted by Xiao et al.[113] was to predict the forming limits of TA1

titanium at both room and elevated temperatures. They proposed a design for cruciform
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Figure 1.24: Cruciform specimen proposed by Song et al.[112]

specimen dedicated for the in-plane biaxial tensile tests (Figure 1.25). Results proved that
the proposed semi-spherical thickness reduction induced localized necking and fracture in
the central zone.

Nasdala et al.[110] proposed a cruciform specimen to determine the yield surface of alu-
minium 5754 alloy. The geometry is presented in Figure 1.26. In their configuration, the
authors modified the standard specimen proposed by ISO 16842 (Figure 1.22) by includ-
ing wider slits in the arms to avoid stress concentration as well as further thinning of the
gauge area.

Deng et al.[114] designed a cruciform specimen geometry for constitutive model identifi-
cation, considering 1018 steel and 2090-T3 aluminum. The proposed specimen comprises
a gauge section with reduced dimensions, arms featuring slots, and extremely sharp geo-
metric features in between, as shown in Figure 1.27. This designed specimen induced large
strains in the gauge section before failure. Liu et al.[115], [116] conducted a study to in-
vestigate the hardening behavior of metallic sheets under conditions involving significant
strains. They proposed an optimized specimen design for this purpose, which is presented
in Figure 1.28. This specimen features a central area with reduced thickness, slots in each
arm, and a notch positioned between two arms. Using this particular specimen shape en-

sured large equivalent plastic strains, up to 30%, within the central zone when subjected
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Figure 1.25: Cruciform specimen proposed by Xiao et al. [113]

C=20 L=40

Figure 1.26: cruciform specimen proposed by Nasdala et al.[110]

to equi-biaxial tensile loads under both quasi-static and dynamic conditions.

Welsh and Adams [117] proposed a cruciform specimen to determine the biaxial strength of
any given stress ratio for a carbon/epoxy laminated composite. The optimization involved
varying: the size of the milled central area; the shape of central zone (circular or square);

the size of the fillet radius between the loaded arms. Based on the obtained stress results,
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Figure 1.28: Optimized cruciform geometry proposed by Liu et al.( [115], [116])

the authors selected the specimen geometry that featured a large corner fillet and a small
squared gauge area (Figure 1.29).
It’s important to note that there exists geometries that can be applied for both metallic

and composite materials. Makinde et al.[105] introduced two distinct cruciform specimen
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Figure 1.29: Cruciform specimen proposed by Welsh and Adams [117]

geometries for the examination of the mechanical properties of sheet metals and composite
materials under both monotonic and cyclic biaxial loading conditions, as depicted in
Figure 1.30. One design featured a central zone with reduced thickness in a circular shape,
while the other had a central zone with reduced thickness in a rectangular shape and
included slits in each arm. The authors stated that in experiments where small strains are
involved, like those studying fatigue crack initiation and propagation (or testing composite
materials), cruciform specimens with a smaller circular central section are recommended.
An illustrative example of this geometry is displayed in Figure 1.30a. In contrast, larger
strains are attained with cruciform specimens with a rectangular central section and slots
in the arms, as shown in Figure 1.30b. These slots are designed to reduce the rigidity of the
arms. Without this modification, the arms might restrict the maximum attainable strain
at the center of the specimen and the extent of the region with uniform stress and strain
fields. The second geometry was adopted in another study [118] but a thickness reduction
was introduced in the central zone. This design was chosen to achieve the highest strain
levels in the central region of an aluminium alloy. Additionally, they incorporated seven
parallel slots in each arm of the cruciform specimen to help maintain uniform deformation
in the gauge section. During testing, these cruciform specimens were subjected to biaxial

stretching, reaching equivalent strains of approximately 15% in the stretching zone.

65



Chapter 1 — State of the art

— -

= Delot

SECTION A-4 SECTION A-A
(a) Circular central section/reduced thickness (b) Slots on the arms

Figure 1.30: Geometries of cruciform specimen proposed by Makinde et al. [105] for both
metals and composites

Smits et al.[119] conducted a comparative study to investigate the influence of differ-
ent cruciform specimen geometries on the biaxial failure strain of glass fiber reinforced
epoxy laminates ([(£45/0°)4/£45°r). Their work aimed to identify a suitable specimen
geometry for conducting biaxial tests on fiber-reinforced composites at room tempera-
ture, providing valuable insights into the testing methodology for these materials. The
authors optimized the shape of the corner fillets between the arms along with the size
of the milled central area by testing four different geometries. Figure 1.31 shows the op-
timal geometry that induced the best strain distribution causing failure to occur in the
central zone. While the literature often suggests employing thickness thinning methods,
an alternative approach proposes maintaining a constant thickness across the specimen
to be tested. Some authors propose reinforcing both the arms of the specimen and the
regions near the corners between the arms using tabs, typically made from composite
material or aluminum. This approach minimizes the need for machining the material in

the gauge zone, as only the outer contour of the specimen requires machining, leaving
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Figure 1.31: Geometries of the cruciform specimens along with the first principle strain
results obtained by Digital image Correlation.

the central areas of the tabs accessible for measurements. Hopgood et al.[120] applied
this sandwiching method to design the cruciform specimen. The purpose of the study was
to obtain the failure envelope of open-holes carbon fiber reinforced epoxy by conducting
in-plane biaxial tensile tests at different biaxial strain ratios. Figure 1.32 illustrates the
designed specimen. The configuration involves a 2mm thick carbon fiber epoxy test ma-
terial that is sandwiched between glass fiber composite tabs. In the center of this setup,
there is a circular cut-out, exposing the carbon fiber test region for investigation. Kobeissi
et al.[121] also used the sandwiching technique to design the in-plane biaxial cruciform
specimen. However, the authors promoted the use of aluminum tabs over composite tabs
for several reasons. They highlighted the ease of machining metal, the reduced risk of
delamination associated with composite tabs, and the metal’s ability to withstand larger
strains, primarily due to its plasticity. Additionally, the authors supported their design
choice through numerical simulations based on Finite Element Method (FEM). These
simulations took into account factors such as the specific aluminum alloy chosen for the
tabbing material, the thickness of the tabs, and the configuration of the thickness tran-
sition. The results of the numerical study were experimentally validated through tests

conducted under varying stress states. The designed specimen is presented in Figure 1.33.

In conclusion, non-conventional tests such as in-plane biaxial tensile tests on cruciform
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Figure 1.32: Cruciform specimen proposed by Hopgood et al. [120]
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Figure 1.33: Cruciform specimen proposed by Kobeissi et al.[121]

specimens offer advantages over conventional tests when it comes to understanding ma-
terial behavior under complex loading conditions and for characterizing anisotropic or

nonlinear materials.
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1.5 Conclusion

To summarize, this chapter discussed the modeling and characterization of composite
materials, with a specific focus on the field of discontinuous fiber reinforced thermoplastic
polymers.

The combination of various factors influencing the behavior of these composites, such
as temperature and strain rate, has been examined. This investigation underscores the
complex relationships between external conditions and the material’s response, thereby
emphasizing the necessity for a careful approach in design and application.

The exploration of manufacturing techniques has revealed the versatile nature of creating
these composite structures. The manufacturing landscape offers a diverse array of options,
each with its unique advantages and challenges.

A discussion about the modeling approaches was performed to predict the behavior of fiber
reinforced thermoplastic polymers. Micro-mechanical models provide a glimpse into the
material’s internal interactions, while phenomenological models offer a broader perspective
on overall behavior. Each modeling approach has its advantages and limitations.

The overview on testing techniques, covering both conventional and non-conventional
methods, shows a dedication to accurate material characterization. Specifically, there’s a
focus on in-plane biaxial testing with cruciform specimens. This approach offers insights
into the material’s behavior under complex loading scenarios, linking practical situations
with lab testing.

Given the advantages and increasing demand for fiber reinforced thermoplastics, it is
relevant to examine their mechanical behavior within the scope of this study. This inves-
tigation contributes to a better understanding of their suitability for different applications.
The next Chapter will investigate the thermo-mechanical behavior of a discontinuous glass
fiber reinforced polypropylene. In a first step, conventional uniaxial tensile tests will be

used as characterization tools at given ranges of temperature and strain rate.

69






CHAPTER 2

UNIAXIAL MECHANICAL
CHARACTERIZATION

2.1 Introduction

Uniaxial mechanical characterization of fiber-reinforced polymers (FRPs) plays a vital
role in understanding and evaluating the mechanical behavior of these composite mate-
rials. By analyzing the resulting stress-strain response, the main mechanical properties
e.g. tensile strength, elastic parameters, and strain at failure can be determined. Uniaxial
tensile testing is a conventional characterization technique frequently applied for calibrat-
ing material models to be implemented in FE simulations. This procedure enhances the
predictive accuracy of these models for various engineering applications.

Thermoplastic composites generally exhibit a high sensitivity to temperature as well as
strain rate. Anisotropy due to fibers orientation/distribution is also a factor that renders
the overall behavior of these material very complex. During manufacturing processes,
more precisely heat assisted forming techniques, the material is likely to be subjected
to severe conditions such as intermediate to moderate strain rates, high temperatures
and/or complex strain paths. Therefore, it is essential to identify material models ca-
pable of predicting the complex response of fiber reinforced polymers corresponding to
conditions encountered in manufacturing processes. The first step in this work consists
in conducting conventional uniaxial tensile tests on glass fiber reinforced polypropylene
samples at strain rates of 0.001, 1 and 10 s~! and temperatures of 20, 70 and 120°C. The
anisotropy is evaluated by conducting tensile tests with different material orientations. A
phenomenological constitutive behavior law is chosen to describe the overall behavior of
the thermoplastic composite. The parameters of this model are calibrated based on the

experimental results of the uniaxial tensile tests.
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2.2 Uniaxial tensile tests

2.2.1 Material and experimental setup

The composite material used in this work is a 40% discontinuous long glass fiber reinforced
polypropylene thermoplastic. Injected molded plates of 510x300x2 mm? are supplied by
SABIC company (Stamax, 40YM240). Uniaxial tensile specimens are extracted by means
of a water-jet cutting machine along the 0°, 90° and 45° directions, where the 0° direc-
tion represents the length of the plate as illustrated in Figure 2.1. Figure 2.2 shows the

dimensions of the uniaxial tensile specimen.

LH//

Figure 2.1: Schematic of the injected molded plate showing the orientation of the speci-
mens and their location with respect to the injection port
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Figure 2.2: Dimensions of uniaxial tensile specimen (in mm)

Uniaxial tensile tests are performed on a hydraulic tensile machine, equipped with a
heating system [122]. Load velocities of 0.5, 50 and 500 mm/s are tested, corresponding
to initial strain rate values of 0.001, 1 and 10 s~!, respectively. Experiments are carried
out at three different temperatures: 20°C (Room temperature RT), 70°C and 120°C. The
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selected temperature and strain rate ranges for the characterization are directly linked to
the conditions of heat forming processes [123], [124]. For the case of polypropylene which
is the tested material in this work, the melt temperature is between 165 and 175°C.

When conducting tests at elevated temperatures, the specimen is positioned inside an oven
and heated until the target temperature is attained. Once this temperature is achieved,
the specimen remains in the oven for 10 minutes before starting the test. This ensures

that the temperature within the sample is uniformly distributed throughout.

2.2.2 Digital Image Correlation

Strain measurements can be achieved by various conventional techniques such as strain
gauges and extensometers. Digital image correlation is an optical full-field measurement
technique which is becoming very popular to obtain reliable 2D displacement and strain
fields from images of a loaded part. It is applicable not only for metals, but also for
polymers such as polymethyl methacrylate (PMMA)[125] as well as for fiber reinforced
polymers e.g., Basalt fiber reinforced polypropylene and glass fiber reinforced polypropy-
lene[24], [63]. The images are captured with high-resolution/speed cameras. Image pro-
cessing is usually achieved by DIC software that use subset-based algorithms (gray-value
correlation). It involves dividing the images into smaller subsets and comparing the gray
values of each subset before and after deformation in order to determine the displace-
ment. The strain is then calculated by taking the derivative of the displacement field.
To perform DIC in this work, a speckle pattern (gray scale) is applied to the surface of
the specimen (a white layer is first applied and then sprayed with random black dots). A
high-speed /resolution camera (PHOTRON FASTCAM NOVA S9) is fixed perpendicular
to the specimen surface along with a proper lighting system ensuring that no surface heat-
ing is caused by the light. As mentioned earlier, for high temperature tests, the specimen
is placed in the heating chamber. The test is then filmed through a glass door. There-
fore, the filming resolution is adjusted for a better quality of the images. GOM Correlate
software is used for the correlation procedure. Relying on a DIC guideline [126], a facet
size of 21x21 pixels and a point distance of 7 pixels (0.12mm /pixel) are applied. A virtual
extensometer is employed to calculate the length change in the region of interest, i.e. cal-
culating the average deformation of the specimen’s gauge length as illustrated in Figure
2.3. The use of the virtual extensometer to calculate the average deformation makes the

results less sensitive to the correlation parameters.
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Figure 2.3: Strain measurement using virtual extensometer in DIC Correlate for the uni-
axial tensile test at RT and 0.001 s*

2.2.3 Experimental results

Relying on the uniaxial tensile tests performed in this work, the effect of specimen ori-
entation, strain rate and temperature will be studied. An example of recorded force and
strain as a function of time is presented in Figure 2.4, corresponding to the test of a 0°
specimen, at RT and quasi-static strain rate of 0.001 s~!. At 42 seconds, failure of the
specimen occurs with a resulting force and strain of 1700 N and 1.9%, respectively. The
engineering stress-strain curves are then plotted based on these experimental results note:
it was verified that there is no difference between the true and the engineering stress-strain
curves i.e. negligible difference. Therefore the engineering stress-strain curves will be pre-
sented in this work). The repeatability of the results is verified with three tests conducted
at each condition. An example is illustrated in Figure 2.5 showing the repeatability of
the stress-strain curves resulting from three tests performed at the same experimental
conditions (at RT and quasi-static strain rate of 0.001 s7'). All specimens are extracted
from the same position relative to the injection port as illustrated in the figure. The error
bars represent the standard deviation calculated from the three tests. Repeatability is

achieved for all the tested conditions.
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Figure 2.4: Uniaxial force vs. time and longitudinal strain vs. time curves obtained exper-
imentally at RT and quasi-static loading velocity
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Figure 2.5: Repeatability tests conducted at RT and 0.001s~*

2.2.3.1 Effect of specimen orientation

The stress-strain curves of discontinuous glass fiber reinforced polypropylene are plotted,
at RT and quasi-static strain rate of 0.001 s~!, for specimens extracted from three different
orientations: i) along the length of the plate 0°, ii) along the transverse direction 90° and
iii) with an angle of 45°, as shown in Figure 2.6. Figure 2.6 shows a clear influence of
the material orientation. The stiffness of the specimen along the transverse direction, i.e

90°, is the lowest one, corresponding to the lower curve. The stiffness of the specimen
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at 45° is located between the longitudinal and transverse direction specimen stiffness.
Moreover, the ultimate strength decreases with the increase of the specimen orientation
angle. The maximum strength accounts for the longitudinal direction for a value of 91
MPa. On the other hand, the elongation at failure increases when the angle increases; it
reaches a value of 2.3% for the transverse direction specimen, i.e for 90° direction. This
behavior is thought to be related to the manufacturing of the part and the induced fibers
orientation/distribution, given that the plates are rectangular and the injection port is
located in the middle. The discontinuous fibers are more likely to be oriented in a certain
direction. In this case, it is along the length of the plate i.e. 0° direction in which the
velocity of the material flow is higher during the injection process. Table 2.1 summarises
the tensile properties (Young’s modulus F, the ultimate tensile strength o,,;; and the strain
at failure ;) determined at RT and 0.001s™! for three different material orientations. Note
that all these properties are determined according to ISO-527 [127], e.g. Young’s modulus
is evaluated within the strain range of 0.05% to 0.25%. The value of E is then determined
as the slope of the linear regression line fitted to the stress-strain relationship within this

specific strain interval.

Table 2.1: Tensile properties at three different material orientations

Orientation r=20
E(M Pa) out(M Pa) e7(%)
0° 7428 91 1.94
45° 5686 64 2.09
90° 4122 52 2.3

2.2.3.2 Effect of position with respect to injection port

In order to check the effect of the fibers distribution in the plate, different specimens were
selected from different positions relative to the injection port along the transverse (90 °)
direction as shown in Figure 2.7. The same effect is monitored along the 45° direction as
illustrated in Figure 2.8, but this time only a specimen located the furthest away from the
injection port is selected to be compared with the nearest two. The results show that the
stress-strain response of the material is affected by the position of the tested specimen
with respect the the injection port. This is related to the fact that the distribution of
the fibers may not be homogeneous throughout the plate i.e. the fibers would be more

concentrated in regions that are the closest to the injection port.
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Figure 2.6: Uniaxial stress-strain curves at room temperature and quasi-static strain rate
for three different orientations 0°, 45° and 90°
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Figure 2.7: Effect of specimen location with respect to injection port for the tests con-
ducted at RT and 0.001s~!, along the transverse 90° direction

According to the results, it is evident that the orientation and position of the specimen
within the plate have an influence on the stress-strain behavior. To accurately identify
the effects of temperature and deformation rate (in the following sections), the specimens

are taken from the same location, as indicated previously in Figure 2.5.
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Figure 2.8: Effect of specimen location with respect to injection port for the tests con-
ducted at RT and 0.001s7!, along the 45° direction

2.2.3.3 Effect of strain rate

The investigation of the strain rate effect is performed using specimens extracted from
the longitudinal direction. Figure 2.9 shows the resulting stress-strain curves at different
temperatures: T =20°C , T = 70°C and T = 120°C in Figures 2.9a, 2.9b and 2.9c,
respectively. For each tested temperature, three different deformation rates are considered:
0.001, 1, and 10 s~!. Results showed that Young’s modulus and the ultimate strength
increase with the strain rate, for all temperature conditions. Inspecting Figure 2.9a, it is
clear that when considering 0.001s~! as a reference strain rate , o,y increases by 16% and
43% if the value of the reference rate is multiplied by a factor of 10* and 10%, respectively.
The resultant highest ultimate strength is then 130 MPa while the strength corresponding
to 0.001s7! is 91 MPa. However, the strain at failure and Young’s modulus. Compared
to the lowest strain rate, a small increase of 7% and 14% is noticed in the elongation at
failure €4 and Young’s modulus F, respectively, at the highest strain rate. Note that for
all stress-strain curves presented in this work, the end point of each curve corresponds to
the failure of the specimen.

For the temperatures T = 70°C and T = 120°C (Figure 2.9b and Figure 2.9¢), respec-
tively, the strength and the stiffness increase also with the velocity. However, despite the

and 1s7!, the curves

clear difference between the curves corresponding to the 0.001s™
corresponding to 1571 and 10s™! are relatively close. This shows that the sensitivity of

the tested thermoplastic material to the strain rate becomes low at high temperatures.

78



2.2. Uniazial tensile tests

140 T T 140 T T
o &=0.001/s o 2=0.001/s
*—é=1/s —%—e=1/s
120 F £=10/s 3 120 £=10/s 7
100 8 100 - 8

I 80 8 8

=¥

=

~—

o 60 J J
40 - 8 8
20 ¥ q 4

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
e()) e(/)
[e] [e]
(a) T = 20°C (b) T = 70°C
140 T T
—o—2=0.001/s
——e=1/s
120 é=10/s =
100 7
<
& 80 §
=
'
<]
60 8

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

e(/)
(c) T = 120°C

Figure 2.9: Effect of strain rate on the behavior for three different temperatures

Note that for a strain rate of 0.001s7!, high elongations at failure of 4.1% and 4.7% are
obtained for T = 70°C and T = 120°C, respectively.

Table 2.2 summarizes the different values of the tensile properties as a function of the
strain rate for the three tested temperatures such as the ultimate stress, the elongation

at failure and Young’s modulus.
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Table 2.2: Effect of strain rate and temperature on the tensile properties

£(s71) E(MPa) our (MPa) er (%)
T =20°C
0.001 7428 91 1.94
1 8140 107 1.96
10 9188 130 2.08
T ="70°C
0.001 3454 41 4.06
1 5507 75 2.9
10 5946 84 3.09
T =120°C
0.001 2515 25 4.85
1 4215 45 3.6
10 4166 43.5 4.17

2.2.3.4 Effect of temperature

It is important to study the effect of temperature on the mechanical behavior of the tested
reinforced thermoplastic material. The uniaxial tests already performed in the previous
section are presented in this section as a function of the temperature. Figure 2.10a, Figure
2.10b and Figure 2.10c show the stress-strain curves corresponding to deformation rates
of 0.001, 1 and 10 s}, respectively. On these curves, the effect of temperature is clearly
seen.

For a quasi-static uniaxial test (0.001s7!), the ultimate strength decreases from 91 to 30
MPa while the elongation at failure increases from 2% to 4.8%. Also, when increasing the
temperature, the stiffness decreases, for the three tested strain rates. This shows the clear
effect of the temperature on the behavior of the glass fiber reinforced polypropylene.
Finally, Figure 2.11 illustrates the combined effect of both temperature and strain rate
on the tensile mechanical properties.

Figure 2.11a shows the combined effect on Young’s modulus F in the longitudinal di-
rection. The stiffness increases with the velocity but decreases when the temperature
increases. On the other hand, the ultimate tensile strength o,; decreases also when the
temperature increases; while it remains almost constant at high temperature (70 and
120°C) and high strain rates (1 and 10 mm/s), as shown in Figure 2.11b. In Figure 2.11c,
the elongation at failure increases clearly with the temperature. This elongation presents

lower values for a strain rate of 1 s7! | at temperatures of 70 and 120°C.
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Figure 2.10: Effect of temperature for three different strain rates

2.3 Identification of phenomenological material

model

2.3.1 Constitutive model

The experimental investigations underlined the significant effect of strain rate and tem-

perature on the mechanical behavior of discontinuous glass fiber reinforced polypropylene.
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Figure 2.11: Effect of temperature and strain rate on the tensile properties

In this section, the phenomenological constitutive model of G’Sell and Jonas [71], [128]
is selected to describe the behavior of the studied material. This model was originally
designed to describe the behavior of semi-crystalline polymers. In this work, a modifi-
cation of the constitutive equation is proposed for a better description of the observed
experimental behavior. In a first step, the material parameters of the model are initially
calibrated based on the uniaxial tensile test results performed on specimens along the
0° orientation. The anisotropy is integrated, in the following section, once the model is
validated for the longitudinal direction. The original constitutive equation of the model

is stated in equation 2.1 as:

5(8,€) = K - exp (he?) (1 — exp(—We)) - &™ (2.1)
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2.8. Identification of phenomenological material model

Behavior at low strain levels is represented by the term (1 — exp(—We)). The term
exp (hé?) represents the stiffening of the material at large deformations [22]. This last
term is neglected (h = 0) in this work due to the low level of deformation at failure
observed from the experimental results. Additionally, the effect of the temperature can
be incorporated in the model by performing a temperature sensitivity analysis for the
material parameters and expressing them as a function of temperature. Therefore, the

constitutive equation considered in this work becomes (equation 2.2):
5(,6,T) = K(T) - (1 — exp(=W(T) - &)) - &™) (2.2)

As proposed in many studies ([22], [129]-[132]), the equation of the model can be modified
to clearly separate the linear and non-linear behaviors. Consequently, in this work, the

constitutive equation of the model is modified as stated in equation 2.3:

|

The approach adopted to identify the initial yield strength o, and the equivalent plastic

<Y

(6,6, T)=FE((ET) -z for ¢ < o,

_ - - o B (2.3)
(£p,8,T) =0, (5,T) + K(T) - (1 —exp (-=W(T).5,)) ™D for ¢ > o,

Qi

deformation &, is presented in section 2.3.1.1.

According to equation 2.3, there are 5 parameters to be determined for the material model
defined in equation 2.3: E(g,T), 0,(,T), m(T) K(T), and W(T). The values of E(&,T)
were determined previously and detailed in Table 2.2. The remaining parameters will be

determined in the following sections.

2.3.1.1 Determining the initial yield stress o,

Given F, ¢ and o for each temperature and strain rate condition, the equivalent plastic

deformation is calculated as:

Ep=¢€— (2.4)

ST

Relying on equation 2.4, it is assumed that o, corresponds to the point at which g,
becomes greater than zero. In other words, it’s the point on the stress-strain curve where
the material starts to exhibit permanent deformation. Table 2.3 summarizes the values of
o, at different strain rates and temperatures. As expected, the values of this parameter
exhibit a decrease as temperature rises for a given initial strain rate. Conversely, they show

an increase with higher strain rate for a certain temperature condition. For instance, an
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increase in the temperature from RT to 120°C causes a 70% decrease in o,,, for an initial
strain rate of 0.001s™!. Also, at RT, o, increases by 30% when raising the initial strain
rate from 0.001s™! to 10s™.

Table 2.3: o, determined for all the tested conditions

g(s71) o, (MPa)
RT(T = 20°C)

0.001 29.4
1 33
10 38.1

T ="70°C

0.001 13
1 20
10 22.3

T =120°C

0.001 8.65
1 13
10 14.6

2.3.1.2 Determining the strain rate sensitivity m

The strain rate sensitivity m is determined in the non-linear region (equation 2.5) as the
slope of the plot In(5(,,&,T) — 0,(£,T)) vs. In&, at a given temperature T' and a plastic

strain level £,, as stated in equation (2.6).
550 2,T) — 0y(&,T) = K(T) (1 — exp (~IW(T)z,)) 2" 2.5)

0l (5(5,,8,T) - 0,(5,T))
N Olnée

m (2.6)
Epr
The value of the strain rate sensitivity parameter m is assumed constant for all strain
levels and an average value of m can be considered as suggested by ([71], [128]). In this
work, four different strain levels are selected:

o 25% of total &,

« 50% of total &,,

o 75% of total &,

« 95% of total &,.
An example for determining m at RT is shown in Figure 2.12. The strain rate sensitivity

for each strain level corresponds to the line slopes. The average of these values represents
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2.8. Identification of phenomenological material model

the overall strain rate sensitivity m at the given temperature. In the same manner, the
obtained values of m at T=70°C and T=120 °C' are 0.074 and 0.07, respectively. The val-
ues obtained for m show that for elevated temperatures (70°C and 120°C), the sensitivity
to strain rate becomes similar which clearly shown in the stress-strain curves presented

in Figure 2.9.
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Figure 2.12: Determining the value of the strain rate sensitivity m at RT

2.3.1.3 Determining K and W

After determining o, and m analytically, K and W are identified using a nonlinear opti-

mization function. The cost function to be minimized is defined by the error ¢ as follows,

n
0 = min Z (Umodel — Oexperimental )2 (27)
i=1

Where n is the total number of data points, ,,,.4e; is the predicted stress stated in equation
2.5, and Ocgperimentar 15 the stress measured experimentally. The values of K and W for

each temperature are summarized in Table 2.4.

2.3.1.4 Temperature and strain rate sensitivity analysis of E

The temperature and strain rate sensitivity of the linear part represented by o = E(&,T)-&

in equation 2.3 is addressed by two different approaches. The first consists in describing
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Table 2.4: Parameters K and W determined at temperatures T=20°C', T=70°C, and
T=120°C

T(°C) K[M Pal Wi/
20 80 419.5
70 01.3 290.7
120 27.3 212.9

the strain rate sensitivity independently from the one defined for the non-linear part.
The second approach consists in considering the same strain rate sensitivity with the
parameter m determined for the non-linear part. In both approaches the temperature

variation is modeled using the physical Arrhenius relation proposed by [22].

E(T) = By - exp [AE <1 _ 1)1 (2.8)

T T,
Where £, and Ap are material constants, T the temperature and T}, the glass transition
temperature. The latter is known to be around -10°C (according to [26], [133], [134] the

glass transition region of glass fiber reinforced polypropylene is between -25 to 10°C).

A. Approach 1 to determine E(z,T)

First, the temperature sensitivity of E is studied. The parameters Ey and Ag of equation
2.8 are calibrated based on the experimental values obtained for each tested strain rate,
i.e., 0.001, 1 and 10s~!. Therefore, three sets of £y and Ap are obtained as listed in Table
2.5. For each strain rate, the variation of E with respect to temperature is plotted in

Figure 2.13 illustrating the experimental and calculated values.

Table 2.5: Temperature sensitivity parameters determined in approach 1

e(s™h) Eo(MPa) Ag

0.001 11605 1266.5
1 12226 900
10 12710 875

Variations of the parameters Fy and A (listed in Table 2.5) are approximated by means of
power function with respect to £, as shown in Figure 2.14. Consequently, the strain rate

and temperature sensitivity of Young’s modulus F is modeled as follows:

EGET) = (B &) - exp [(AE, &) (; _ ;)] (2.9)

g
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Table 2.6 provides a comparison between the experimental and calculated values of E

using equation 2.9, showing the relative percent error for each condition.

Table 2.6: Comparison between experimental and calculated values of Young’s modulus
in Approach 1

g(s™h) T(°C) E<*P(Mpa) E™edel (M Pa) Error (%)
20 7428 7105 4.4
0.001 70 3454 3808 10.26
120 2515 2392 4.88
20 8140 8579 5.4
1 70 9507 5388 2.15
120 4215 3809 9.62
20 9188 9068 1.3
10 70 5946 5947 0.026
120 4166 4342 4.24

B. Approach 2 to determine F(z,T)

The second approach consists in assuming that the strain rate sensitivity for the linear
part is the same than for the non-linear part, i.e. the parameter m representing the strain
rate sensitivity will be introduced in the linear part. The same Arrhenius equation defined
previously is adopted in this second approach. Therefore, the model to be calibrated based

on the experimental values of Young’s modulus is defined as stated in equation 2.10,
E(,T) = Eo(T) - ™) (2.10)

At each temperature (20, 70 and 120°C), the parameter Ej is calibrated. The values are

presented in Table 2.7. The temperature sensitivity of the parameter Ej is approximated

Table 2.7: Parameter Ey(M Pa) for each temperature

T(°C) m Ey(MPa)
20 0.0347 8621
70 0.074 5390
120 0.07 3901

by the physical Arrhenius equation as follows,

Eo(T) = Ey - exp lAE (T - T)] (2.11)
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Figure 2.15: Temperature sensitivity of parameter Ej: calibration of E; and Ag

Where E; and Apg are constants to be calibrated based on the experimental values as
shown in Figure 2.15. Consequently, the overall equation representing the strain rate and

temperature sensitivity of Young’s modulus using Approach 2 is stated below,

: 11 :
E(ET)=F) -exp <AE (T — T)) - gm(@) (2.12)
g

Table 2.8 provides a comparison between the experimental values of Young’s modulus and

the values calculated using equation 2.12 proposed in Approach 2.

Table 2.8: Comparison between experimental and calculated values of Young’s modulus
for Approach 2

e(s™h) T(°C) E“*P(M Pa) E™edel (M Pa) Error(%)
20 7428 6753 9
0.001 70 3454 3265 5.45
120 2515 2391 4.92
20 8140 8583 5.44
1 70 5507 5444 1.13
120 4215 3878 8
20 9188 9297 1.18
10 70 5946 6456 8.58
120 4166 4556 9.37

Both approaches give good approximations for Young’s modulus. Approach 2 will be
selected in this work to represent the temperature and strain rate sensitivity of E. This
approach showed that the strain rate sensitivity that was already determined for the non-

linear part can also give good prediction of the strain rate sensitivity related to the small
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linear part involved.
Following the same principle of approach 2, the sensitivity of the yield stress o, to strain

rate and temperature is determined as follows,
0,(8,T) = 0y (T) - g™ (2.13)

oy, (T') (values listed in Table 2.9) is calibrated based on equation 2.14. The correlation
of this parameter (values in Table 2.9) with equation 2.14 is presented in Figure 2.16.

Table 2.9: Parameter o, at each temperature

T(°C) m oyo(M Pa)
20 0.0347 35
70 0.074 20.3
120 0.07 13.5

0,0(T) = 041 - exp (Aay (; _ T1>> (2.14)

9
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Figure 2.16: Temperature sensitivity of parameter o: calibration of o,; and A,,

The overall equation that defines the strain rate and temperature sensitivity of the yield

stress o, (¢,T) becomes:

_ 1 1 o
0,(&,T) = 041 - exp <Ao.y (T — Tg>> . gm(@) (2.15)
Table 2.10 provides a comparison between the experimental and calculated values of the
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yield stress using equation 2.15, showing the relative percent error for each condition.

Table 2.10: Comparison between experimental and calculated values of the yield stress in
Approach 2

£(s71) T(°C) 0,°P(M Pa) o, (M Pa) Error(%)
20 29.37 27.5 6.36
0.001 70 12.97 12.17 6.17
120 8.65 8.34 3.58
20 33 35 6.06
1 70 20.9 20.3 2.87
120 14.5 13.5 6.8
20 38.1 37.9 0.52
10 70 22.3 24 7.6
120 14.6 15.9 8.9

The parameters W and K, their temperature sensitivity can be approximated following

the same evolution adopted for E as given in equations 2.16 and 2.17, respectively.

W(T) = Wy - exp :AW (7{ _ é)] (2.16)
K(T) = Ko - exp :AK (; _ 7{9)1 (2.17)

Figures 2.17a, 2.17b present the comparison between experimental and calculated values
of W and K, respectively.

The temperature sensitivity of the parameters W and K can also be approximated by a
linear variation as shown in Figures 2.18a, 2.18b.

Keeping the same trend for the temperature variation, equations 2.16 and 2.17 will be
adopted for W and K in the generalized form of the constitutive equation. The latter is

then written as:

o(£,,T) = F, - exp( (7_7)) . gm(T) for o < oy
66,8, T) = oy - oxp (Agy (3 — 7)) - €D+
Ky - exp (AK (T — T%)) . (1 — exp( Wo - exp (AW (% — T%)) ~§p)) e for g > oy
(2.18)
Where the constants Ey, Ag, 041, Asy, Ko, Ak, Wy and Ay are listed in Table 2.11. Equa-

tion 2.18 will be used in the FE simulations to take into account the effect of temperature
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Figure 2.18: Temperature sensitivity of W and K represented by the linear variations

stated in the figures

and strain rate of the material.

Table 2.11: Temperature dependent model constants of the constitutive law determined

from the uniaxial tensile tests

E1 AE Uyl Agy

Ko

Ak W Aw

12255 915 53.6 1094

134

1223 571.5 778
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2.3.2 Accounting for anisotropy

It is demonstrated from the stress-strain curves (Figure 2.6) obtained from the uniaxial
tensile tests at 0°, 45° and 90° that the anisotropy of the material cannot be neglected.
As suggested by [135]-[140], the equivalent stress can be described by the conventional
Hill 48 yield criterion [81] (equation 2.19):

Y (0y5) = \/ F (o9 — 033)2 + G (033 — 011)2 + H (011 — 022)2 +2(Lo3; + Mo, + Noi,)
(2.19)

In the case of plane stress the equation reduces to:

w (Uij) = \/ (G + H)0'112 + (H + F)0222 — 2H0'110'22 —|— 2N0122 (220)

With the assumption G+ H = 1, the parameters F', G, H, and N are determined from the
yield stress ratio R(f) at a given orientation ¢ with respect to the 0° direction (equation

2.21):

1 _ 0y<9)

R(Q)Z - o
\/F~sin29+G‘00829+H+(2N—F—G—4H)sin29(:os26 7y(0°)

(2.21)
The yield stress ratios calculated based on the yield stresses identified at three orientations
are presented in Table 2.12. Hill’s parameters (F, G, H and N) can then be determined

from equation that represent the anisotropy of the studied material.

Table 2.12: Yield stress ratios

0(°) ay(MPa) R(0)
0 29.4 1
45 20.8 0.7
90 16.5 0.56

Table 2.13: Hill parameters

F G H N
2.7 0.53 0.47 2.38
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Hill anisotropy is defined in ABAQUS through the plastic potentials calculated as follows:

1 I 1 3
/== R == Ry == R = | =, Rig = Rz =1 (222
fin \/G+7H o \/; Hss \/; Pz =gy s = Fos =1 (222)

2.4 Numerical validation of the model

By applying the same uniaxial experimental conditions (homogeneous temperature and
velocity), the calibrated model is numerically validated by performing finite element sim-
ulations of the uniaxial tensile tests on the commercial FE software ABAQUS. The model
is implemented by FORTRAN code as a user subroutine UHARD. Only the gauge region
of the specimen is modeled. Due to the homogeneous strain field, the model is not sensi-
tive to the element size, number and type. Figure 2.19 shows the stress-strain variations
obtained experimentally for 0° orientation at three different temperatures when compared
with the simulation results. As shown in the figures, the experimental and numerical re-
sults are in good agreement. The mean relative error between experimental and simulation
stress-strain curves is indicated in the figures.

On the other hand, the anisotropy is numerically validated by performing finite element
simulation using Hill’s yield criterion while integrating the parameters determined in the
previous section. The three directions (0°, 45° and 90°) are then numerically simulated
and compared to the uniaxial experimental results, in Figure 2.20. It shows that Hill’s
anisotropic criterion associated to the identified numerical model agrees well with the
uniaxial experimental results.

For the remaining conditions of temperature and strain rate, the anisotropy criterion is

assumed to be the same.

2.5 Conclusion

In this chapter, the mechanical behavior of glass fiber reinforced polypropylene is investi-
gated focusing on the combined effect strain rate/temperature on the material’s response.
A series of uniaxial tensile tests are performed at room temperature up to 120°C, for
strain rates ranging from quasi-static conditions to 10 s~

As suspected, tensile properties are sensitive to temperature and strain rate. A temper-
ature increase causes a decrease in Young’s modulus, yield strength and ultimate tensile

strength but increases the strain at failure. Whereas, the increase in the strain rate rises
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Figure 2.19: Comparison between experimental and numerical simulation of stress-strain

curves

Young’s modulus, yield strength and ultimate tensile strength without showing a clear ef-

fect on the strain at failure. Also, at higher temperatures, the effect of strain rate becomes

less important.

The phenomenological constitutive behavior law inspired by the G’Sell and Jonas model

is identified as potentially well-suited to faithfully reproduce the behavior of glass fiber

reinforced polypropylene. The original equation is adapted to account for the effects of

temperature and strain rate in the ranges concerned in this study. The five model pa-

rameters are then calibrated from the full experimental database. Moreover, in order to
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Figure 2.20: Comparison between experimental and simulation results for the three ori-
entations 0°, 45° and 90° taking into account the anisotropy of the material

take into account the anisotropy, the effect of the material’s orientation is examined by
performing uniaxial tests at 0°, 45° and 90° with respect to the length of the plate. The
influence of the orientation is detectable on the stress-strain variations and the tensile
properties. Consequently, the experimental results are used to calibrate the parameters
of Hill’s criterion. The model is then implemented in Abaqus to numerically simulate
the uniaxial tensile tests. Good agreement is shown between experimental and numerical
stress-strain results.

In Chapter 3, the thermo-mechanical behavior of the material will be characterized using
the non-conventional technique of in-plane biaxial tensile tests with a dedicated cruciform
specimen. The applicability of the identified model in the simulation of the biaxial test

will be inspected.
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CHAPTER 3

IN-PLANE BIAXIAL MECHANICAL
CHARACTERIZATION

3.1 Introduction

In the previous chapter, a conventional (classic) characterization technique was employed
to predict the stress-strain response of discontinuous glass fiber reinforced polypropylene.
It relied on straightforward uniaxial tensile tests to calibrate the model parameters.
However, a relevant question arises concerning the adequacy of this approach in
representing complex strain states (found during forming applications for instance).
Therefore, there may be potential advantages in considering a multiaxial characteri-
zation of the material’s behavior. In-plane biaxial tensile test conducted on cruciform
specimens enables testing diverse strain states and allows for the achievement of higher

strain levels compared to those obtained through conventional uniaxial testing techniques.

The objective of this chapter is to asses the contribution of an in-plane biaxial tensile test
in the thermo-mechanical characterization of a reinforced thermoplastic.

Initially, equi-biaxial tensile tests are conducted on cruciform specimens. Varying loading
conditions, involving different temperatures (from RT to 140°C) and strain rates (quasi-
static and intermediate) are tested. Then, a finite element model of the biaxial tensile
tests is proposed. The modified G’Sell and Jonas model presented in Chapter 2, is re-
calibrated based on the experimental results of the in-plane biaxial tensile tests using
the Finite Element Model Update (FEMU) approach. Various strategies for parameter
optimization are examined, including calibration using databases from both uniaxial and

in-plane biaxial tensile tests, as well as calibration exclusively using biaxial test data.
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3.2 Experimental biaxial tensile tests

As already discussed in Chapter 1, in-plane biaxial tensile testing on cruciform specimens
is becoming more and more common to investigate complex behaviors of materials like
metals [115], [116], [141] and even composites [106], [121], [142]. This section presents
the cruciform specimen design adopted for the in-plane biaxial characterization. Then,
the entire experimental setup and operating conditions are explained. Finally, the main

results are presented and discussed.

3.2.1 Cruciform specimen

Generally, the design of the cruciform specimen depends on the intended applications. In
the frame of the in-plane biaxial tests, Liu et al. [115] optimized the shape of a cruciform
specimen to identify the hardening behavior of metallic sheets subjected to different load
conditions. This particular cruciform shape accommodated high levels of equivalent strain
within the central region and created a relative homogeneity of strain fields.

In this work, the heterogeneous material under investigation is anticipated to undergo
relatively moderate levels of deformation. The achievement of a relatively uniform strain
distribution and the attenuation of unfavourable localization effects is mandatory. Also,
reaching higher levels of equivalent strains is beneficial in this study as it highlights the
distinct contrast between in-plane biaxial characterization and the conventional uniaxial
tensile testing technique.

Relying on the aforementioned factors, the cruciform specimen proposed by Liu et al. [115]
is considered in this study. The design and dimensions of the specimen are presented in
Figure 3.1. The samples are extracted by water-jet cutting from the same plates used for
the uniaxial tests. Figure 3.2 illustrates the position of the extracted cruciform specimens
relative to the injection port. From a 2mm initial thickness, a thinning of the central zone
is achieved by milling (up to a final thickness of 0.625 mm) to ensure failure in this zone.

The x-axis corresponds to the length of the plate.

3.2.2 Experimental setup

A specialized quasi-static/dynamic biaxial tensile device developed by Zidane et al.[111]
is used in this work to perform the in-plane biaxial tensile tests on a dedicated cruciform

specimen. The schematic diagram is shown in Figure 3.3.
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Figure 3.1: Dimensions (in mm) of the cruciform specimen designed by [115]
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Figure 3.2: Schematic of the plate showing the position of the specimen and an actual
image of the specimen extracted from 40%GF /PP plate

300 mm

This device has been used in different studies for applications that include: (i) calibrating
yield criteria, (ii) identifying hardening laws at large strains, and (iii) determining form-
ing limit curves of metallic sheets. Liu et al.[115] investigated the characteristics of the
forming limit curve (FLC) of sheet metal using this machine. Liang et al.[144] relied on
this machine to perform in-plane biaxial testing on metallic alloys and characterize their
temperature and strain rate-dependent behavior. Apart from metals, this apparatus was

also used for composite materials in the work of Kobeissi et al.[121] to characterize the
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Figure 3.3: Schematic view of the in-plane biaxial tensile testing machine [143]

behavior of glass/epoxy plain weave composite under different biaxial loading ratios.
The apparatus comprises two orthogonal axes in a horizontal configuration. It is equipped
with four independent hydraulic cylinders and four accumulators, with two of each per
axis. Each axis has a maximum load capacity of 50KN, and each cylinder can achieve a
maximum tensile speed of 2m/s, enabling both quasi-static and dynamic testing. By ap-
plying varying tensile velocities in different directions, various strain paths can be imposed
at the central zone of the cruciform specimen.

For tests conducted at elevated temperatures, a heating system is added to the apparatus.
It comprises an airflow generator and an insulated box. The entire setup (machine +
heating system) is presented in Figure 3.4. Hot air is generated and directed into the
insulated box via an inlet pipe, subsequently circulating back to the airflow generator
through an outlet pipe. To maintain a specified set-point temperature, a remote probe
located inside the insulating chamber measures and regulates the temperature of the hot
air provided by the airflow generator. The specimen’s temperature is monitored using
thermocouples positioned inside the insulated box. The allowable temperature range for
the airflow generator varies from -75°C to 200°C. A close up into the insulated box shows
the grip/clamping system to secure the specimen. Two load sensors, which connect the
grip system and the sliding bar are placed to measure the forces along both perpendicular

directions.
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Figure 3.4: Biaxial tensile testing machine

The in-plane strain fields are measured using the Digital Image Correlation technique.
A random black and white speckle pattern is created on the flat side of the specimen
(Figure 3.5). Here, it’s important to note that the image recording is centered on the
specimen’s flat surface, rather than the opposite face with the reduced thickness, which
would require the use of a second camera (to film the curved thickness transition zone).
As shown in the setup, only one camera is utilized, which accounts for the filming of the
specimen’s flat surface that aligns perpendicularly to the camera’s axis. Also, the filmed
flat area has a better surface finish compared to the machined area, making the DIC
analysis more efficient. Therefore, for better visualization, the circular thickness-reduced
zone is represented as illustrated in Figure 3.5, highlighting the inner and outer circles of
the central zone. The inner circle of 7.25mm diameter corresponds to the inner constant
thickness region. The 10mm diameter circle includes the thickness-transition zone.

A high-speed camera (PHOTRON FASTCAM NOVA S9) is positioned along the central
vertical axis of the biaxial bench to capture sequential images of the specimen while it
undergoes the in-plane tensile testing. For tests at elevated temperatures, the images are
filmed through the glass pane located on the top of the insulated box. The specimen is
illuminated from the exterior through the glass window. The lighting is adjusted towards
the central region of the specimen, in a manner to obtain good image resolution despite the
presence of the glass pane. The DIC parameters applied in GOM Correlate are presented
in Table 3.1.

101



Chapter 3 — In-plane biaxial mechanical characterization

Figure 3.5: Speckle pattern and central zone positioning.

Table 3.1: DIC parameters

Resolution Facet size point distance magnification factor
( pizel x pixel) (pizel x pizel) (pizel) (mm/pixel)
528 21 7 0.06

In order to standardize the selected region of interest for all tests, the equivalent strain &
is averaged on three different regions: the total central circular zone of 10mm diameter,
the inner constant thickness zone of 7.25mm in diameter and a zone of 15mm diameter,
outside the thickness-reduced area. Note that ¢ is calculated in GOM Correlate as stated

in equation 3.1,

€= % \/2 [(81 — 52)2 + (62 — 83)2 + (83 — 81)2] (31)

With ¢; and &5 being the major and minor in-plane principal strains, respectively. e3
represents the principal strain along the thickness direction. This parameter is calculated
by GOM Correlate based on the volume constancy.

The variations of £ with respect to time is presented in Figure 3.6 . It is evident that higher
deformation levels are achieved in the thickness-reduced central zone. The maximum
average equivalent deformation prior to rupture is 2.2% in the 15mm diameter zone. A
higher value is attained in the central zone with the thickness reduction. Between the

inner and outer circles, the difference is not of significant importance, but the maximum
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3.2. Experimental biaxial tensile tests

value of € in the inner circle (3.2%) is slightly higher than the one reached in the outer
circle (3%). For the remaining tests, the circular zone with the constant thickness, i.e.
inner circle of 7.25mm diameter, will be adopted as the region of interest for calculating

the average in-plane strains.
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Figure 3.6: Averaging the equivalent strain in the central circular zones of the specimen
(test conducted at quasi-static velocity and RT)

Details of the experimental conditions are provided in Table 3.2. Initially, in-plane biaxial
tensile tests are performed at tensile velocities of 0.1mm/s and 10mm/s on all 4 arms of
the specimens. Each velocity is tested at same temperatures as those tested for uniaxial
characterizations i.e. RT (20°C), 70°C and 120°C.

Seeking a quasi-static strain rate, comparable to the strain rate tested in the uniaxial
tests (initial strain rate of 0.001s7!), a loading velocity of 0.1mm/s is imposed on both
perpendicular arms of the specimen. The experimental value of the equivalent strain rate

£ is calculated as follows:

€ (tigm) — € (i) when ¢ — li+titm

2
tiym — 2 (32)

£(t) =

Where m is the time interval.

For a test conducted at RT and a velocity of 0.lmm/s, the & calculated in the central
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Table 3.2: Experimental conditions of biaxial tensile tests

Conditions Camera Applied Load
Velocity Temperature Acquisition Resolution Load sensor
(mm/s) (°C) (Hz) (pizel x pixel) (Hz)

RT 60 640 x 640 60
0.1 70 60 640 x 640 60
120 60 640 x 640 60
RT 3000 640 x 640 3000
10 70 3000 640 x 640 3000
120 3000 640 x 640 3000

zone (inner radius) show a monotonic increase throughout the test while remaining in the

quasi-static strain rate range, as shown in Figure 3.7. Therefore, the deformation results

0.012

0.01 4

0.008

0.006

0.004

Equivalent strain rate & (s 1)

0.002

Time (s)

Figure 3.7: Average equivalent strain rate evolution at central zone of quasi-static test at
RT

obtained from this loading velocity can be evaluated in comparison to the results of the
quasi-static uniaxial tensile tests. At the same loading velocity, two additional tests are
conducted at 70°C and 120°C. Likewise, the velocity of 10mm/s induced an equivalent
strain rate evolution with a range comparable to the strain rate tested during uniaxial

tensile tests (an initial value of 1 s71).
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3.2. Experimental biaxial tensile tests

3.2.3 Experimental results

The temporal evolution of the load (Fx and Fy along length 0° and width 90° directions
of the plate, respectively) as well as €1, €5 and £, resulting from the in-plane biaxial tensile

tests are discussed.

3.2.3.1 In-plane biaxial tensile test at V=0.1lmm/s and RT

Figure 3.8a shows the force and strain curves resulting from the in-plane biaxial tensile
test at RT and quasi-static velocity of 0.1mm/s. As shown in the figure, maximum forces
of Fix = 1400 N and Fy = 1100 N are obtained at failure. The difference between both
curves can be attributed with the potential material anisotropy. The influence is also
visible on the curves showing the temporal evolution of €; and 5. The maximum level
of strain reached just before failure is e;1= 1% and epo= 2%, respectively (the subscript
f designates the value at failure). € is found to have a maximum value of £;=3.2% at
failure. This level is relatively higher than the strain at failure obtained with the uniaxial
tensile test equivalent to 2%, for similar conditions of temperature and strain rate. As
predicted, fracture occurs in the central zone of the specimen, as shown in Figure 3.8b.

This is the case for all tested conditions.
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Figure 3.8: In-plane biaxial tensile test at RT and V=0.1mm/s

The repeatability of the tests is ensured by repeating each test at a given condition two or

three times. For instance, the test conducted at RT and quasi-static velocity is repeated
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three times. The measured forces along the longitudinal and transverse direction are shown

in Figures 3.9a and 3.9b, respectively. The force evolution with time is clearly consistent

for these three identical tests.
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Figure 3.9: Repeatability of in-plane biaxial tensile test at RT and quasi-static velocity

3.2.3.2 In-plane biaxial tensile test at V=0.1mm/s for T=70°C and T=120°C

The quasi-static tests at higher temperatures of 70°C and 120°C are presented in Figures
3.10a and 3.10b, respectively. The force curves show that the maximum value attained
before rupture decrease significantly with the temperature increase, whereas, the value
of £; increases with higher temperatures to reach 15.8% at T=120°C (approximately five

times its value at RT).

3.2.3.3 In-plane biaxial tensile test at V=10mm/s for RT, T=70°C and
T=120°C

In order to investigate the combined effect of temperature with a higher strain rate on the
biaxial forces and strains, tests are also performed at a higher loading velocity of 10mm/s
(intermediate strain rate of approximately 1s7!). Figure 3.11 shows the temporal evolution
of Fx, Fy, €1, €5 and € at RT, 70 and 120°C.

Table 3.3 summarizes the maximum values (at failure) of forces and strains obtained for
the in-plane biaxial tensile tests at 0.lmm/s and 10mm/s, at RT, 70 and 120°C. It is
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Figure 3.10: Experimental load and deformation curves at a loading velocity of 0.1mm/s
for RT, 70°C and 120°C

obvious that for each temperature, the increase in the loading rate, from quasi-static to

intermediate, causes an increase in the force but leads to a decrease in the strain level.

Table 3.3: Force and deformation values at different temperatures and loading rates

T Velocity FXf Fyf E1f Eaf é:f
(°C) (mm/s) (V) (V) (70) (70) (%)
20 0.1 1400 1100 2 1 3.1
10 1750 1370 1.3 0.9 2.1

0 0.1 913 747 2.98 1.94 4.6
10 1119 753 1.87 1.26 2.67
120 0.1 410 380 10.46 4.85 15.8
10 555 435 5.7 1.65 7.5

As an attempt to have an approximate comparison between the uniaxial and in-plane
biaxial tensile tests, the values of £; at both quasi-static and intermediate loading rates
are compared in Table 3.4. Considering quasi-static loading, the strain levels reached
during uniaxial tensile tests at RT, 70°C and 120°C are lower than the values obtained
when an equi-biaxial solicitation is applied at the same temperatures. Particularly, at high
temperatures such as 120°C, &y for the equi-biaxial condition (15.8%) is approximately
three times higher than the maximum value of strain attained for uniaxial conditions
(4.8%). For intermediate loading rates, the increase in £¢ is not important, even at 120°C,

where a maximum value of 7.5% is reached.
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Figure 3.11: Experimental load and deformation curves at a loading velocity of 10mm/s
for RT, 70°C and 120°C

From Table 3.3 and Table 3.4, two conclusions can be stated: In-plane biaxial tests induce
equivalent strains higher than the those generated by uniaxial tensile tests, specially at
elevated temperatures. Also, for the case of the in-plane biaxial tests, equivalent strain
levels obtained with a load velocity of 10mm/s are not high relative to those obtained at
quasi-static speed. In other words, the formability of the material will be better at the

highest possible temperatures and at a quasi-static strain rate.
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Table 3.4: Comparison between uniaxial and in-plane equi-biaxial tensile tests

Operating condition Uniaxial test Biaxial tests

. T \% g \% g
Strain rate state (°C) (mm/s) ((7];) (mm/s) ((%)
RT 1.94 3.1
Quasi-static 70 0.05 4 0.1 4.6
120 4.8 15.8
RT 1.96 2.1
Intermediate 70 50 2.9 10 2.8
120 3.6 7.5

3.2.3.4 In-plane biaxial tensile test at V=0.1mm /s and a higher temperature

range

According to the latest conclusion, and for a better understanding of the temperature
influence on the in-plane biaxial behavior of the material, additional tests are carried out
at a quasi-static speed of 0.1mm/s and elevated temperatures (higher than 120 °C) of 130,
135 and 140°C. A test at 100°C is also performed in order to obtain a clearer vision of the
temperature effect. The evolution of forces and deformations at the mentioned conditions
are shown in Figure 3.12. It can be noted that the higher the temperature, the lower the
force. Contrary to the deformation which increases with temperatures. The effect is clearly
pronounced at the highest temperatures. Even a 5°C gap causes a significant increase in
the maximum deformation level, i.e. £ increases by 50% when the temperature increases
from 135 to 140 °C.

To illustrate the influence of temperature on the biaxial force and equivalent deformation,
an average value of Fxy and Fy  is considered, denoted as F},q,. The temperature sensi-
tivity is also investigated for £;. Figure 3.13 shows the evolution of these parameters with
respect to temperature ranging from RT to 140°C, at the quasi-static speed. As illustrated
in the figure, the behavior is tested in a range excluding the glass transition and melting
regions of glass fiber reinforced polypropylene (According to ([26], [133], [134]) the glass
transition region of glass fiber reinforced polypropylene is between -25 to 10°C, and the
melting temperature according to ([145], [146]) is above 160°C). The evolution of &; is
similar to an exponential trend, where in the restricted temperature range, from 120°C
and above, a sharp increase in the level of deformation becomes remarkable, reaching 33%
at 140°C. On the other hand, F},,, decreases in approximately a linear trend, down to a

value of around 200N. The values are also summarized in Table 3.5.
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Figure 3.12: Experimental loads and deformation curves at temperatures ranging from
100 to 140°C

Table 3.5: Temperature sensitivity of maximum biaxial force and equivalent deformation

T(°C) RT 70 100 120 130 135 140
(/) 3.1 158 5.6 15.6 17 22 33
Fraz(N) 1140 833 654 364 314 200 185

3.2.3.5 Experimental in-plane strain fields

The principal strain fields are evaluated in GOM Correlate. In the case of the quasi-static

test at a T= 135°C, the images captured just before the material ruptures correspond to a
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total time of 18 seconds. Figures 3.14, shows the entire filmed area of the specimen. To get
a clear vision of the strain field distribution within the gauge area, a bigger calculation zone
of 17 mm diameter is considered for measuring the equivalent strain field. The thickness-
reduced central zone is represented by the red and blue circles for the inner and outer
radii, respectively. At 7s before failure, a concentrated strain field is observed within the
inner circular zone. Figure 3.15 shows a clearer illustration of the equivalent strain field
of £ at three different instants before failure: t = 11s, t= 14s and t= 17s. At 1s just
before failure (t=17s), the equivalent strain reaches a maximum value of approximately
25% within the inner circular zone.

For the quasi-static test at a T= 120°C, the recorded images correspond to a total time
of t= 14.5s. Similarly, a 17mm diameter zone is defined for the calculation of strain fields,
as illustrated in Figure 3.16. Likewise, the equivalent strain field begins to concentrate
within the inner circular zone a while before reaching failure. The strain fields of € at three
instants before rupture (t= 11.5s, t=12.5s and t=13.5s) are presented in Figure 3.17. At
1s before failure occurs (t=13.5s), € reaches a maximum value of 14% in the inner circular
zone.

For both conditions, as well as for all the others, failure occurs exactly in thickness-
reduced central zone of the specimen with concentrated and nearly homogeneous strain
distribution. It can be concluded that the selected cruciform design, originally designed

for metals, can relatively be suitable for heterogeneous materials such as fiber reinforced
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thermoplastics.

Figure 3.14: Equivalent strain fields at 0.1lmm/s and T=135°C T7s before failure
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Figure 3.15: Equivalent strain fields at 0.1mm/s and T=135°C at three instants before

failure

Figure 3.16: Equivalent strain fields at 0.1mm/s and T=120°C 3s before failure
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Figure 3.17: Equivalent strain fields at 0.1mm/s and T=120°C at three instants before
failure

3.3 Numerical approach

This section concerns the numerical modeling of the in-plane biaxial tensile tests. First,
a FE model of the test is proposed using the specimen defined in Figure 3.1. Then, based
on this model and the G’Sell and Jonas law identified in Chapter 2, equivalent strains are
predicted and compared to the experimental ones. Due to large discrepancies observed,
an inverse analysis approach based on the Finite Element Model Updating (FEMU) is
carried out to calibrate the G’Sell and Jonas model parameters from the biaxial tensile

database.

3.3.1 FE model of the in-plane biaxial test

The FE model is established in the environment of Abaqus software (implicit solver).
For reducing computational times, only one-quarter of the specimen is modeled due to
symmetry considerations, as shown in Figure 3.18. The boundary conditions and element
mesh have been configured to closely align with the experimental test conditions. The
cruciform specimen is meshed with 3D elements and discretized through 8-node brick
elements (C3D8R). Since the central zone is the area of primary interest in the in-plane
biaxial tensile state, the element size is refined to 0.1 mm and three elements are arranged
along the thickness direction. As for the boundary conditions, symmetry is imposed on
sides 1 and 2. The temporal evolution of forces Fx/2 and Fy /2 obtained experimentally
are applied along both perpendicular directions. Half of the experimental force is applied
due to symmetry. Applying the forces obtained experimentally as boundary conditions

makes it possible to accurately reproduce the experimental conditions.
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Q

Figure 3.18: FE model of the cruciform specimen used to simulate the in-plane biaxial
tensile test

3.3.2 Prediction of in-plane biaxial strain field

The modified G’Sell and Jonas law identified from the uniaxial tensile tests in Chapter 2, is
used to simulate the in-plane biaxial tensile test conducted at RT and quasi-static velocity.
To check for the reliability of the model equation, the numerical and experimental results
are compared. The numerical results involve the temporal evolution of the equivalent
strain (£°™) at the central point of the specimen (flat surface), while the experimental
data include the temporal evolution of the equivalent strain strain 7 determined using
the DIC technique (the superscripts "sim" and "exp" are now added the expression of the
strains to differentiate the numerical and simulated results).

Note that ™ is calculated with the same expression previously applied to calculate
the experimental values (equation 3.1). Figure 3.19 shows the poor agreement between
the experimental and simulated result. 5% (3.1%) is 61% higher than 7™ (1.2%). This
difference shows that the behavior law identified from the uniaxial tensile tests is not
suitable describing the behavior of the material subjected to in-plane biaxial state. This
model clearly leads to an overestimation of the material’s rigidity when simulating the
in-plane biaxial test.

Recognizing the limitations of the previous calibration strategy, a different approach is
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Figure 3.19: Comparison between experimental and simulated equivalent strain at RT and
quasi-static loading using the model identified from uniaxial characterization

proposed which consists in calibrating the model parameters through inverse analysis by
incorporating the in-plane biaxial test results.

In the following, two possible strategies will be introduced to calibrate the parameters of
the behavior law:

The first strategy consists in finding a set of model parameters that can reasonably capture
material behavior under both uniaxial and biaxial loading conditions, effectively seeking
a compromise between both behaviors. The second strategy focuses on calibrating the
model to precisely match the behavior of the material when subjected to biaxial loading
conditions. Here, the parameters are adjusted specifically to align with the results of the

in-plane biaxial tensile tests.

3.3.3 Re-calibration of the G’Sell and Jonas law using the
FEMU method

In the case of the mechanical characterization from uniaxial tensile tests, the stresses and
strains can be directly computed. However, when in-plane biaxial tests are concerned,
direct calculation of stresses and strains is not possible. Therefore, an inverse analysis

procedure is essential for the identification of the parameters.
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Chapter 3 — In-plane biaxial mechanical characterization

Among the various approaches available for parameter identification based on full-field
measurements, one feasible option is the FEMU. This method involves minimizing the
gap between the output of finite element simulations and experimental observations by

optimizing the material parameters.

This approach is suggested to identify the parameters of the modified G’Sell and Jonas

model defined in Chapter 2 and recalled in this section:

|

Figure 3.20 presents a flowchart of FEMU approach. Note that for each condition, the ex-

(,6,T)=E(ET) ¢ for & < oy
(5,,,T) =0, (5,T) + K(T) - (1 —exp (-W(T).5,)) ™D for ¢ > o,

Qi

(3.3)

Qi

perimental temporal evolution of forces and strains are smoothed before being integrated

in the optimization scheme. The multi-disciplinary and multi-objective optimization plat-
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Figure 3.20: Flowchart of FEMU for parameters identification

form of modeFRONTIER is considered in this work. This software enables the integration
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of FE simulation codes, such as Abaqus, with optimization algorithms. Two of the most
commonly used algorithms are applied in this work: MOGA (Multi-objectives Genetic
Algorithm) and SIMPLEX. A brief description of each will be given later.

3.3.3.1 Calibration of parameters based on uniaxial and biaxial results

For this strategy, the model parameters will be calibrated based on the biaxial and uniaxial
results obtained from the tensile tests conducted at quasi-static loading and temperatures
RT, 70 and 120° C. Two cost functions (biaxial and uniaxial) are to be minimized; the
first one denoted by f; is related to the biaxial results. It minimizes the relative root mean
squared error equation (equation 3.4) between the experimental and simulated equivalent

strain computed as stated in equation 3.1.

P J LS (e (ty) — (1)’ 5

57 (Ee(t;))?
Where n corresponds to time increments during the experiment and simulation. The sec-
ond cost function f, (equation 3.5) consists in minimizing the relative root mean squared
error between the experimental (%) and analytical (™™ ) equivalent uniaxial stress for
p calculation points. These cost functions are introduced in a Matlab script that links

between the experimental data and the simulation results (updated after each iteration).

. J S ) .

SF (590 (t;))?

For this identification strategy, MOGA is chosen as the optimization algorithm. Genetic
algorithms are stochastic optimization methods that introduce a certain degree of
randomness in the search process to make the latter less sensitive to modeling errors
and escape any local optima to eventually converge to a global optimum. The opti-
mization with a genetic algorithm is an iterative process: it starts from a population
of randomly generated individuals and, as the search evolves, the subsequent popu-
lations include fitter and fitter solutions. Genetic algorithms offer several advantages,
including effective global exploration of the design space, applicability across problem
dimensions, high robustness, tolerance to mnoisy objective functions, and suitability
for multi-objective robust design optimization. However, it’s important to note that

they may exhibit a lower convergence rate when high accuracy is required in optimization.
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Since two objective functions are to be minimized in the present approach, MOGA comes
as a suitable option for this optimization. The concept of Pareto Front can be regarded
subsequently.

Out of five parameters, three are considered as the variables: o,, K and W. Young’s
modulus F is assumed to follow the same evolution with respect to temperature that was
defined from the uniaxial tensile tests. The strain rate sensitivity m determined from the
uniaxial tests at each temperature is presumed to be unchanged for the biaxial behavior.
i.e. at each temperature condition, m and E are predefined and the remaining parameters
are the variables to be optimised.

The initial values of the variables are those calibrated from the uniaxial tests in Chapter
2. Figure 3.21 shows the optimization workflow to determine the material parameters
while including both uniaxial and in-plane biaxial test databases. The parameter sets are

optimized for each tested temperature.

Variable parameters
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Figure 3.21: Workflow to determine the material parameters from the uniaxial and in-
plane biaxial tensile test databases

Pareto Front

In the context of multi-objective optimization, a fundamental concept revolves around
Pareto optimality and the associated term of Pareto dominance. Achieving a perfect

solution when considering multiple objectives is often an unattainable goal. Instead, the
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approach is to explore a set of solutions that represent equally favorable compromises.

The principle of Pareto front is presented in Figure 3.22. A Pareto optimal set, also

Pareto front O Feasible solutions

@® Non-dominated solutions
@ Optimal solution

=V

Figure 3.22: Principle of Pareto Front [147]

known as a Pareto front, constitutes a collection of solutions where none dominates the
others. In other words, it’s impossible to enhance any design objective without negatively
affecting another. This implies that as one transitions from one Pareto solution to another,
there’s always a trade-off involved, where improvements in certain objectives come at the
expense of others. From a mathematical perspective, each Pareto optimal point holds
equal significance in addressing a multi-objective optimization problem. In practical terms,
decision-makers often prefer Pareto optimal solution sets over single solutions, as their
choices inherently involve trade-offs based on personal or objective preferences.

In this work, based on both objective functions f; and fo, MOGA gives different sets of
parameters i.e. different solutions. Plots showing the evolution of f; with respect to f, for
three temperatures is presented in Figure 3.23. From this, the Pareto Front of the error can
be verified showing that no solution can be improved in one objective without sacrificing
performance in the other. This helps in identifying the best trade-off solution among these
two conflicting objectives. Table 3.6 gives the parameter sets at each temperature for three
different behaviors: 1) close to biaxial behavior i.e, lower fi, ii)close to uniaxial behavior
i.e., lower fy, iii) compromise between uniaxial and biaxial i.e., f; and f, are almost
similar (same percent error between experimental and numerical results). The choice of

the parameter set can then be selected based on the desired application or type of loading
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that the material is going to experience.
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Figure 3.23: Pareto Front showing the uniaxial and biaxial cost functions

In certain scenarios such as forming applications, the type of loading is definitely biaxial
in which the material is more likely to encounter a biaxial stress state. Therefore, for a
higher calibration accuracy, it can be interesting to calibrate the rheological parameters
when considering only the in-plane biaxial test results (excluding the uniaxial tensile test

results from the optimization scheme). This is discussed in the next section.
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Table 3.6: Parameter sets (defined in Figure 3.23) obtained by inverse analysis along with
the percent error of the biaxial results with respect to the error of the uniaxial results

T(°C) Set K (M Pa) W(/) oy(MPa) fi fo

i 86 173 29 3.2% 36%

RT ii 82 104 35 23.3% 23.1%
iii 88 237 34 55% 3. 7%
i 34 123 28 8% 12%

70 ii 34 97 30 10.7% 11.3%
iii 27 161 29 37% 6.7%
i 30 48 7 8.9% 35%

120 i 29 93 5 28.3% 28.6%
iii 26 111 13 76% 2.78%

3.3.3.2 Calibration of parameters based on biaxial tests

For this identification, only the temporal evolutions of the experimental equivalent strain
obtained from the in-plane biaxial tensile tests (DIC measurements) are used to calibrated
the modified G’Sell and Jonas model.

SIMPLEX is applied as the optimization algorithm. It is a valuable tool for solving non-
linear single-objective optimization problems. This algorithm uses the concept of a poly-
hedron comprising N+1 vertices within an N-dimensional space (where N signifies the
number of input variables). It operates by systematically assessing the objective function’s
values at these N+1 vertices and progressively manipulating the polyhedron toward the
optimal point. A Simplex run ends when it either reaches the maximum allowable number
of evaluations or attains the desired termination accuracy, whichever occurs first. Simplex
is sensitive to the lower and upper bound as well as the initial values of the parameters. It
is more adapted for shorter parameter ranges. Contrary to MOGA, a faster convergence
is achieved with SIMPLEX.

For this calibration strategy, the in-plane biaxial tests at quasi-static velocity of 0.1mm/s
and a wider temperature range up to 140 °C are concerned. The optimization loop is il-
lustrated in Figure 3.24. For temperature conditions of 100, 130, 135 and 140°C, Young’s
modulus is predicted according to equation 2.10, derived in Chapter 2 (the temperature
effect on F is assumed to be the same whatever the strain state). Whereas for the strain
rate sensitivity m, a value of 0.07 is considered. This assumption is based on the observa-
tions of the uniaxial tensile tests which showed that the effect of strain rate is negligible
at elevated temperatures. The initial values of the variables K, W and o, along with the
lower and upper bounds applied in the SIMPLEX algorithm are listed in Table 3.7.
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Figure 3.24: Optimization workflow to determine the material parameters from the in-
plane biaxial test database

Table 3.7: SIMPLEX initial conditions

T(°C) Parameter Initial value Lower bound Upper bound
o, (Mpa) 30 20 40
RT K (Mpa) 80 30 100
W (/) 130 50 200
7, (Mpa) 13 10 35
70 K (Mpa) 51.3 20 70
W (/) 200 30 300
o, (Mpa) 20 10 30
100 K (Mpa) 37 30 50
W (/) 55 50 170
o, (Mpa) 13 9 20
120 K (Mpa) 27.3 15 40
W (/) 35 40 60
o, (Mpa) 7 5 15
130 K (Mpa) 25 20 30
W (/) 30 10 55
o, (Mpa) 7 5 10
135 K (Mpa) 25 10 30
W (/) 30 10 40
o, (Mpa) 7 5 10
140 K (Mpa) 20 10 30
W (/) 10 3 20
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The new optimized parameters of the modified G’Sell and Jonas model are summarized
in Table 3.8. The temporal evolution of the simulated principal and equivalent strains for

different conditions are compared with the experimental plots, as shown in Figure 3.25.

Table 3.8: Identified parameters based on the experimental equi-biaxial tensile tests

TCC) K (Mpa) o, (Mpa) W) 7 (%)
20 78.9 25 134.4 5.23
70 36.15 29.3 117.93 7.6
100 30.33 23.87 72.8 6.6
120 24.29 10.4 44.02 2.6
130 22.56 8.93 28.75 6.7
135 19.9 5.61 11.23 5.26
140 17.46 6.03 7.07 2.56

It can be noted that the identified model based on the in-plane biaxial tensile tests gives
a well description of the temporal principal strains evolution in the tested temperature
range. The prediction of € is very accurate for all conditions. This is expected since the

cost function was calculated based on this parameter. However, the correlation of 5™
sim

and €5 is relatively acceptable, even though these parameters are not directly targeted

in the cost function.

Temperature sensitivity of the parameters

Figures 3.26a, 3.26b and 3.26¢ show the evolution of the identified parameters K, W and
oy, respectively, with respect to temperature, ranging from 70 to 140°C. It is obvious from
the plots that the identified parameters exhibit an approximately linear decrease. Based
on this observation, a linear trend is proposed to characterize the temperature sensitivity
of these parameters.This may not be an optimal description but such an approximation
offers a compromise between the number of parameters involved and the precision of the
results.

As mentioned earlier, the temperature sensitivity of Young’s modulus is modeled based

on equation 2.10. A generalized equation of G’Sell and Jonas model is then given as:

5(5,;,T):E1-exp(AE(%—Tig>)~§m~§ for o < oy
5(2p,8,T) = [(CiT + Cy) + (C3T + Cy) - (1 — exp(— (C5T + Cs) - 5,))] - &™  for & > o,
(3.6)

Where the constants Fy, Ag, C, Cs, C3, Cy, Cs and Cy are listed in Table 3.9.
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Figure 3.25: Comparison of experimental and numerical deformation curves at tempera-
tures ranging from RT to 140°C

Table 3.9: Temperature dependent model constants

Ey Agp Cy Cy Cs Cy Cs Cs
12255 915 -0.37 97.5 -0.26 5.7 -1.57 229

Verification of the negligible strain rate sensitivity

As an attempt to check for the negligible strain rate effect at high temperatures, the new
model equation is implemented to simulate an in-plane biaxial tensile test performed at
T=120°C and a test velocity of 10mm/s (intermediate strain rate). Figure 3.27 shows
the comparison between the simulated and experimental principal strains. The results
indicate that the model calibrated from the quasi-static tests (velocity of 0.lmm/s) is
capable of predicting the principle strains at a higher velocity (intermediate strain rate).
In other words, the assumption of considering the strain rate sensitivity parameter m as

a constant for tests at elevated temperature is verified.

3.4 Conclusion

The ability of a model identified from the conventional uniaxial tensile tests to accurately
represent the behavior of the material subjected to multiaxial stress state can be question-

able. Therefore, non-conventional mechanical characterization techniques such as biaxial
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Figure 3.26: Temperature sensitivity of model parameters K, W and o,

tensile tests might be applied for an accurate modeling of the material’s behavior.

In this chapter, in-plane biaxial tensile tests on a dedicated cruciform specimen were
performed at different loading conditions (two load velocities 0.1mm/s and 10mm/s are
tested at RT, 70 and 120°C). Experimental temporal evolution of principal strains ob-
tained at these conditions showed that the temperature increase at a quasi-static load
rate induces higher deformation levels than an intermediate load rate. This has lead to
the conclusion that the formability of the material will be better at higher temperatures

and at quasi-static strain rate.
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Figure 3.27: T=120°C and V=10mm/s

Consequently, additional quasi-static tests are conducted at higher temperatures reaching
140°C. The latter induced an equivalent deformation level up to failure of 33%. This pa-
rameter increased exponentially with temperature increase, whereas, the maximal biaxial
average load attained decreases linearly with temperature.

On the other hand, the material model calibrated from the uniaxial tensile tests in Chap-
ter 2 is applied to simulate the in-plane biaxial tensile test. The poor agreement between
the numerical and experimental principal strains was as expected. Therefore, it was pro-
posed to re-calibrate the model parameters according to the biaxial tensile tests database
using the FEMU approach. Two different optimization strategies were considered. The
first one consisted in including both uniaxial and biaxial test results in the optimization
scheme. The second relied on the biaxial results only. The first strategy introduced the
Pareto Front concept which, in this case, can serve as a tool to select the model parameters
based on the expected material behavior, i.e. uniaxial, biaxial or a compromise between
both.

For cases where the material is certainly subjected to a biaxial stress state (e.g. during
forming), calibrating the parameters with the second strategy gives more accurate de-
scription of the behavior. The temperature evolution of the identified parameters issued
from this calibration strategy, was evaluated . A generalized formulation of the model was
then generated for other simulation purposes.

In the next chapter, the effect of the material characterization technique i.e. the parameter

calibration strategy will be evaluated by simulating a hot forming process.
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CHAPTER 4

INVESTIGATIONS ON THE HEAT ASSISTED
INCREMENTAL SHEET FORMING

4.1 Introduction

In the preceding chapters, identifications of the thermo-mechanical behavior of a reinforced
thermoplastic were carried out, making certain simplifying assumptions regarding the
formulation of the behavior law. The model was calibrated based on two experimental
databases: uniaxial and in-plane biaxial tensile tests using cruciform specimens.

The objective of this chapter is to explore the influence of the identified constitutive
equations on the simulation of a forming process (in particular the forming forces and
shaped profile). In other words, check which material characterization technique (uniaxial
or biaxial) is more adapted for this application. An innovative technique for the forming
process is adopted, which is Heat Assisted Incremental Sheet Forming (HAISF). This
method is still under research and development, especially for thermoplastic polymers and
fiber reinforced thermoplastics. In this work, a HAISF device is developed and tests are
conducted at specified conditions that align with the ones of the material characterization.
A truncated cone is formed. Then, the experimental and numerical results in terms of
forming force and the final shape of the piece are compared to evaluate their consistency.
The chapter begins with a concise overview on HAISF, its working principle, application,
heating techniques... After that, the experimental set-up used to carry out the HAISF of
a fiber reinforced polypropylene cone is detailed. Then, the numerical approach of this
topic is addressed. It starts with a parametric study performed on a simplified FE model
(forming 1/4 of the plate), where the effect of the behavior law and forming temperature is
addressed. Thereafter, a simulation of the forming process is carried out, with conditions
comparable to those applied during the experimental forming operation. The experimental
and numerical results are subsequently compared. This verifies the reliability of the iden-

tified phenomenological model in accurately predicting the previously-mentioned forming
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outcomes of glass fiber reinforced polypropylene.

4.2 Incremental sheet forming (ISF)

Incremental sheet forming (ISF) is an innovative, non-traditional sheet forming process
that uses relatively simple, non-expensive tools [148]. ISF can be an interesting technique
for prototyping and low-volume production of complex shapes ([149], [150]). Common
concerns of this process are the relatively high production times involved and the
dimensional accuracy of the formed part. The springback after unclamping the formed
part is also debatable in this type of sheet forming ([151][152]). The primary principle of
ISF involves moving a generic shaped tool along a defined path to progressively shape
the entire part through localised deformations. There are three primary categories of
ISF processes [153]: single-point, two-points, and double-sided ISF. The first relies on a
single generic tool for the forming process. For the second, an additional partial or full
die is required. The last involves the use of two generic tools, with one of them serving
as a kinematic support on the lower side of the sheet. The choice between the three
depends on the specific requirements of the part being formed, such as its geometry,
depth, and material properties. Figure 4.1 illustrates the ISF (single-point) principle,

which will be regarded in this work. Various trajectories can be applied to shape
Tool-path Blank holder

Az  Punch

/ Backing plate

Figure 4.1: Principle of Incremental Sheet Forming [154]

-«

Sheet

the desired form, including truncated cones or pyramids, which are often considered
as reference geometries. Computer aided manufacturing (CAM) software is generally
used to generate the trajectories. For instance, in the case of cone shaping, the most

frequently used trajectories for the tool along Zaxis (depth direction) are (see Figure 4.2):
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a)Helical: The tool head follows a continuous path that defines the geometry. A helix
pattern is created in the formed part as the tool moves along the X, Y, and Z axes.

b)Stepped: The transition of the tool from one level to the next begins by moving in the
XY plane first, then stepping down along Z axis (with a constant depth increment Ay).

a)- Helical trajectory

v @ L?:

b)- Stepped trajectory

Figure 4.2: Common strategies applied in ISF

Traditionally, incremental sheet forming involved modifying a CNC machine to accommo-
date the punch or forming tool [155]. On the other hand, advancements in robotics have
enabled the utilization of robots as programmable tools for incremental forming. This
can be accomplished by attaching the punch to the robot’s end, enabling it to draw the
desired shape ([156],[157]). Figure 4.3 shows both setups for possible ISF configurations.
Research efforts in the domain of ISF have been centered on metals ([156], [160], [161]). For

example, Fratini et al. [160] investigated the formability of three steel grades undergoing

Six-axis joint A C Tool holder
robot

Forming tool

External
auxiliary
device

a) CNC milling machine for ISF b) Robot assisted ISF

Figure 4.3: CNC milling machine [158] and robot assisted ISF [159]
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ISF. Trzepiecinski et al. [161] reviewed the recent developments and future challenges in
the ISF of aluminium alloy sheets. Moreover, this process has also started to make its
way towards the automotive sector. Amino Corp. [162] employed the incremental sheet
forming process to fabricate the hood of the Honda S800. Also, this technique has been
recently introduced in the biomedical field. It presented an interesting option for producing
single-use, customised parts like skull implants or ankle brackets [163].

Apart from metals, there is an expanding scope for ISF application to other materials.
Franzani et al.[164] were among the first to conduct incremental forming for polymers
(PVC sheets). Their study aimed to provide a thorough exploration of characterizing and
assessing the formability limits of the process. This investigation considered variables such
as the type of polymer and key operational parameters as factors influencing the outcomes.
Zhu et al.[165] reviewed recent research on thermoplastic-focused ISF processes.

It’s worth noting that traditional incremental sheet forming might not be the optimal
choice for materials with poor overall ductility at room temperature, such as fiber re-
inforced polymers (FRP). Consequently, researchers have developed various methods of
HAISF with the intention of enhancing the formability of such materials [166].

4.3 Heat assisted incremental sheet forming
(HASIF)

By introducing heat during the ISF forming process of fiber reinforced thermoplastics, the
matrix material softens, allowing for easier deformation and shaping. This can be bene-
ficial for creating complex geometries and achieving tight radii while minimizing shape
inaccuracies. However, it’s crucial to keep in mind that for thermoplastics, careful control
of temperature and heating duration is essential to prevent thermal degradation of the
matrix. Researchers ([166], [167]) have reviewed the latest advancements in incremental
sheet forming, including potential effective heating methods. Among the existing heating

techniques, electric, hot air, optical and friction stir are briefly discussed.

Electric heating - Joule heat This type of local heating allows good control of the
heat, which ensures a constant temperature on the lower surface of the sheet. The heating
system employs an electric resistance element as its heat source. Within this system, a
thermally insulated chamber is constructed to retain the sheet material. Subsequently,

the electrical resistance generates thermal energy, warming the air within the chamber to
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4.8. Heat assisted incremental sheet forming (HASIF')

facilitate heat transfer between the air and the thermoplastic material. To monitor and
regulate the temperature of the sheet’s upper surface, a thermal camera and a control unit

are utilized. Figure 4.4 shows a schematic diagram of an electric heating system. Conte et
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Figure 4.4: Schematic of an Electric HAISF ([168], [169])

al.[169] and Ambrogio et al.[168] designed this heating system to form a sheet made of a
short glass fiber reinforced polyamide-6 sheet. Forming temperatures of 150°C and 200°C

are tested.

Hot air heating - Convection The hot air heating system includes an isolation cham-
ber and comprises a hot air blower positioned alongside the clamping device. The resis-
tance heaters coupled with the air blower provide hot air to the holding fixture. Hot air
heating is considered as a global heating technique. The temperature is controlled by an
analog controller linked to a thermocouple.

The setup shown in Figure 4.5 was used by Al-Obaidi et al. [170] to form a hybrid
laminated composite made of basalt fiber reinforced polyamide-6 combined with aluminum
sheets. The same authors [171] also applied this technique to form glass fiber reinforced
polyamide-6. The hot air temperature was regulated to maintain the formed part at a

temperature around 150°C.

Optical heating - Radiation This method is a local heating technique that uses halo-
gen lamps to heat the sheet in a reciprocating motion of the forming tool. The halogen
lamp is located on the same axis as the tool but on the opposite side of the sheet. Ac-
cording to the review conducted by Liu [166], a maximum temperature of 300°C can be
achieved with the halogen lamp optical heating technique. A schematic of this heating
method is shown in Figure 4.6. This setup was developed by Okada et al.[172] to perform
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Figure 4.5: Schematic of a hot air HAISF [170]

HAISF of discontinuous carbon fiber reinforced polyamide-6. The sheet reached a forming

temperature of approximately 200°C.
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Figure 4.6: Schematic of a Optical HAISF [172]

Friction stir heating - Friction Friction stir is the simplest heating technique ap-
plied in HAISF (Figure 4.7) which is known for the lowest cost of hardware configuration.
This method consists in softening the material with the localized heat generated from
the friction at the interface between the rotating tool and the workpiece. The amount of
friction-induced heat is mainly related to the tool rotation speed ([173],[174]). However,
the challenge in controlling the temperature, the poor surface finish and severe tool wear
are factors that limit the use of this technique [166]. The concept of frictional heating was

investigated by Lozano-Sanchez et al.[175] to shape a conic geometry made of Carbon
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Figure 4.7: Schematic of friction stir incremental forming [166]

Nanotube polypropylene composite. The authors compared two different forming scenar-
ios. In the first case, forming was conducted without any heating, which means there was
no tool rotation (0 rpm). In the second scenario, a tool rotation speed of 2000 rpm was
applied.

This technique can be combined with the previously mentioned heating methods. In a
study conducted on a thermoplastic polymer (polymethyl methacrylate), Conte et al.[176]
formed the part using the electric heating setup discussed earlier combined with a fric-
tional heating achieved with the rotating tool (speed range: 100-6000 RPM). The initial
temperature range imposed by the electric heating was ranging from 80°C to 100°C. They
concluded that the impact of external electric heating, responsible for attaining the form-
ing temperature, has a more significant effect on product quality compared to the internal
friction heating generated from the rotating forming tool.

It can be concluded that any of these techniques can be used for thermoplastics and
fiber reinforced thermoplastics, as long as the right forming temperature required for the
tested thermoplastic is attained. The choice of the heating method depends mainly on
the material as well as the overall forming set-up used.

In this study, the incremental forming of a 40% glass fiber reinforced polypropylene plate
takes place after heating the part with hot air until reaching the desired forming tem-
perature. More details on the forming process and test apparatus will be provided in the

subsequent sections.
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4.4 Experimental testing of HAISF

This section focuses on the experimental forming operation. It begins with details on the
tested material, as well as the chosen geometry and theoretical tool path. It then discusses
the heating phase prior to forming. Next, it presents the forming stage, with a description
of the experimental set-up. Finally, the section concludes by discussing the experimental

results.

4.5 Material, geometry and methodology

In this work, it is intended to apply HAISF for shaping a flat 40%GF /PP sheet with
thickness of 2mm into a 45° cone, as shown in Figure 4.8. This geometry has been in-
vestigated in a previous study [156]. As mentioned earlier, the conical shape serves as a

reference geometry often used in ISF. The sheet is securely clamped onto a rigid backing
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Figure 4.8: Geometry of formed cone (Dimensions in mm)

fixture, which holds the sheet in place while enabling the required tool movement. The
clamping system comprises a cylindrical frame and clamp, both made of steel (Figure
4.9). During ISF, a helix trajectory of the tool can be better than a stepped trajectory.
The gradual and continuous motion of the helix trajectory can result in improved surface

finish of the formed part. This is particularly important when working with delicate sheet

136



4.5. Material, geometry and methodology

Insulation
box cover
': Lmn

Plate
40% GF/PP

Backing
fixture

Insulation
box cover

Figure 4.9: Clamping and insulation system

surfaces such as fiber reinforced polymers. Also, the material flow is thought to be more
uniform, preventing localized thinning or wrinkling of the material. The part of the tra-
jectory applied experimentally down until the end of forming (maximum depth attained

before fracture occurs) is shown in Figure 4.10.

Z{rmm)

Figure 4.10: Helix trajectory applied in the experimental setup

The tool used in this HAISF process is a hemispherical-ended punch with a diameter of
15 mm. This shape facilitates effective localized deformation of the sheet by concentrating

the force at a specific point. The tool is made of a high-strength material to withstand the
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Chapter 4 — Investigations on the heat assisted incremental sheet forming

mechanical loading and thermal fluctuations encountered throughout the forming process.
The tool is mounted on a robust and adjustable support system to ensure stability and
precise control of the forming operation. This support system allows for controlled tool
motion and provides the necessary force for the incremental forming.

The hot air heating system used to heat the plate up to the desired forming temperature

is described in the following section.

4.5.1 Heating stage

Prior to forming, the plate undergoes a heating phase, as illustrated in the schematic
diagram presented in Figure 4.11. The heating device consists of a hot air generator
that can provide a temperature range of -75°C to 200°C. Heated air flows through an
inlet pipe connected to the lower part of the set-up (plate+clamping system). The upper
part is closed with the outlet pipe where the air returns to the generator. This forms a
closed heating loop resulting in an efficient, faster and global heating of the plate. Two
Thermocouples fixed to the upper and lower surfaces of the plate are employed to monitor
the temperature of these surfaces. Additionally, a probe situated inside the insulated box
(at the entrance of the hot air) measures the temperature within it. This probe is used

for temperature regulation.

p— y M Heated Plate
Hot air nsulation mm 40%GF/PP

outlet
box

Thermocouple 1: upper surface
Thermocouple 2: lower surface
Probe: inside insulation box

Figure 4.11: Heating system prior to forming

Based on the thermal properties of glass fiber reinforced polypropylene, particularly the
material’s melt temperature, as well as taking into account the equivalent strain levels
achieved during the in-plane characterization (discussed in Chapter 3), a decision is made
to conduct the forming process of the plate at a temperature around 140°C. At this point,
the tested material becomes sufficiently malleable without reaching the melt temperature,

which would have damaging effects on the material.
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4.5. Material, geometry and methodology

Heating trials are conducted to check for the temperature required inside the insulated box
which enables the plate to reach the desired temperature. It was found that maintaining
the insulated box at 155°C (measured with the probe) guarantees that the plate reaches an
upper and lower surface temperatures of 135°C and 140°C (measured with thermocouples),
respectively. The evolution of the measured temperatures with respect to heating time are
presented in Figure 4.12. The target temperature of the insulated box is approximately
reached after 80 min of heating. 15 min later, the lower and upper surfaces of the plate
achieve a desired temperature range. Heating is then held for an additional 25 min. In
spite of this, the temperature gradient of 5°C remains apparent between the lower and

upper surfaces.
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Figure 4.12: Heating temperature variation before forming process

4.5.2 Forming stage

The HAISF operation is carried out on the robot-assisted experimental setup shown in
Figure 4.13. The schematic diagram of whole experimental setup is presented in Figure
4.14 for a better visualization. At the end of the heating stage, the outlet pipe of the hot
air is removed, uncovering the circular opening at the top of the insulation box. Then, the
robot arm hovers over this opening to bring the tool into the initial forming position. It’s
important to note that the tool is not preheated before the forming operation; however,
it does experience moderate heating during the test. This occurs as soon as the tool gets

exposed to the hot air coming from the opening at the top of the insulation box. The
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Figure 4.14: Schematic diagram of HAISF experimental setup in formage stage

clamping system is designed to sustain a continuous flow of hot air in a way that ensures
the upper surface of the plate remains heated, even after the outlet pipe has been removed.
A lubrication layer is applied to the contact surface between the plate and the forming
tool. This reduces friction and facilitates smoother deformation.

The conical workpiece is deformed according to the test parameters listed in Table 4.1.
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4.5. Material, geometry and methodology

The tool is at room temperature at the beginning of the forming.

Table 4.1: Parameters applied in the experimental tests of the HASIF

Shape Hemispherical
Tool Diameter (mm) 15
Velocity (mm/s) 10
Dimensions (mm) 200 x 200
Sheet Thickness (mm) 2
Material 40% GF/PP

The force applied by the tool to the plate is measured by a load cell positioned between
the forming tool and the robot arm. This sensor has a load capacity of + 9000 N along
the axial direction, £ 3600 N along the radial direction and + 700 Nm for measuring
moments with a resolution of + 3 N along the axial direction, + 1.5 N along the radial
directions and £ 0.2 Nm for the moments. The force is recorded at a frequency of 40 Hz
with acquisition cards coupled to LabView software.

The shaped profile obtained before unclamping the formed plate is measured using a 3D
(laser) scan technique which consists in projecting a laser beam onto the surface of the
plate. The laser reflects off the surface, and the scanner captures the reflected light to
create a point cloud representation of the surface. Each point in the cloud is defined by
XYZ coordinates.

4.5.3 Results and discussion

The following section presents the results of the robot-executed HAISF. These results
include the forming forces measured on the tool along with the obtained deformed profiles.

The experimental data will be compared with the FE simulation results in section 4.6.5.

4.5.3.1 Forming forces

The axial and radial forces, F; and Fr applied by the tool are with respect to the axial
tool displacement Z are presented in Figures 4.15a and 4.15b, respectively. The axial
force Iy reaches a maximum of 135N, whereas the radial force increases to 45N. The
sudden drop in F; along with the constant Fg after 200s, indicates the end of forming or
beginning of rupture within the plate. This forming time of 200s (approximately 3min) is

equivalent to an axial tool displacement of 9mm along 7 axis.
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Figure 4.15: Axial and radial tool forces measured experimentally with respect to Z.

4.5.3.2 Profiles of the shaped part

The formed part is presented in Figure 4.16a. As mentioned earlier, the profiles in X7
and Y Z planes are obtained using the 3D scanning technique. Figure 4.16b shows the
depth (along Z) of the cone with respect to the diameter (along X or Y). A maximum
forming depth of approximately 9mm is achieved. When this value is exceeded, it causes
the formation of a crack that propagates along the Y Z plane. The profile measurements
along this plane exhibit scattering, primarily due to the fracture’s location, which extends
along a 30mm radius in the Y direction. This scattering contributes to the observed
deviation between both profiles.

The same forming operation is repeated under identical operational conditions in order

to check for repeatability. The measured forming forces and profiles remains consistent.

4.6 Finite element modeling of HAISF

In this section, a FE model of the ISF process is developed with the primary purpose
of conducting a parametric study to investigate the influence of parameters such as tem-
perature and behavior law on the forming forces and final form of the workpiece. This is
beneficial to optimize the operating conditions. Also, one can have a good prediction of the

maximum forming force which in turn, serves for the dimensioning of the robot, i.e. choos-
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Figure 4.16: Profile of the formed part obtained from the incremental sheet forming of
the 40%GF /PP plate

ing an appropriate capacity and evaluating precision by analysing its elastic response. For
the parametric study, a simple FE model of the incremental sheet forming is established
using ABAQUS software (static-implicit solver), based on the commonly employed as-
sumptions found in the literature. These assumptions involve considering shell elements
and clamped sheet edges as boundary conditions ([156], [177], [178]). In a subsequent step,

the simulation of the process with the previous conditions will be proposed.

4.6.1 Tool trajectory and Boundary conditions

In order to simplify and reduce the computational time, the parametric study is carried
out using a quarter of the model. The stepped tool path shown in Figure 4.17 is considered.
Such trajectory enables the modelling of only 1/4 of the plate, making it easy to input
the transition between the tool’s withdrawal and entry points. In each cycle, the tool
maintains a maximum axial or radial depth of increment of 1mm.

Fixed edges are usually applied in the literature. In reality, local bending or sliding can
occur at the junction between the sheet and the clamping system and reduce the pre-
dicted force level. Belchior [156] modelled the clamping system by considering two distinct
boundary conditions. The first approach defined fixed conditions at the sheet boundaries.
The second approach utilized a uniform pressure field applied to the contact between the
sheet and the clamping device.

Upon comparing the simulated tool reaction forces (axial and radial) to experimental ones,
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Figure 4.17: Desired Trajectory / Tool trajectory with successive circular contours (con-
stant A,)

Belchior found that up to a forming depth of 20mm, there was a relatively minor difference
in simulation force levels between both boundary condition models. However, for greater
forming depths (>20mm), a relatively larger disparity emerged, with the results of the
second boundary condition model closer to experimental values compared to the fixed
conditions.

Additionally, their study assessed the impact of defining a friction condition between the
tool and the sheet. Comparing a frictionless model to a model with a specified friction
coefficient, shows no significant differences in the radial forces [156].

Considering the maximum forming depth expected for the material examined in this work
(less than 20mm), and given the lower rigidity of the tested material compared to metals
like aluminum (as seen in the case of Belchior [156]), the chosen boundary conditions will
likely have a low impact on the overall behavior. Therefore, in the present study, fixed

sheet edges and a frictionless tool-sheet contact condition are chosen.

4.6.2 Elements and mesh

The hemispherical punch is discretized using discrete rigid elements R3D4 (4-node 3-D
bilinear rigid quadrilateral). In the work of Belchior [156], different simulation parameters
were evaluated to enhance the accuracy of predicting the forming force in metal processing.
The force levels achieved in a model meshed with shell elements, were compared to those
in a model meshed with 3D elements. In relation to the experimental axial and radial
forces, the shell model consistently overestimated the force levels to a greater extent than

the 3D model. This overestimation became more pronounced for depths exceeding 20mm.
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4.6. Finite element modeling of HAISF

Below this value, the disparity between the shell and 3D models was not significant.
In this study, building upon the behavior investigations of fiber-reinforced polypropylene
conducted in previous chapters, it is anticipated that lower forming depths will be achieved
(significantly less than 20mm). Accordingly, the sheet is discretized using S4R elements
(4-node doubly curved thin or thick shell, reduced integration, hourglass control, finite
membrane strains). A total of 1109 shell elements are employed for a quarter of the sheet
(See Figure 4.18).

Initial position of tool

Initial position of tool

Mesh
Shell elements

Refining the mesh

Figure 4.18: Representation of the the FE mesh

4.6.3 Material model

As mentioned earlier, one of the purposes of this chapter is to assess the pertinence of
the material model in relation to the level of forming force, final profile and thickness
variation. The FE simulations for heat-assisted incremental sheet forming are executed
using the material models identified in Chapter 2 (equation 2.18) and Chapter 3 (equa-
tion 3.6). Based on these models, simulations are carried out at various temperatures
to investigate the impact of temperature on the tool force, thickness variation and final
profile. It’s important to note that the temperature will be incorporated in the material
model equation (temperature variation of model parameters), meaning that the simula-
tion is conducted with a static general analysis (no thermal analysis involved i.e., coupled

temperature-displacement).
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4.6.4 Results and discussion

The simulated results presented in this section are the axial and radial tool reaction
forces, the thickness variation, as well as the deformed profile of the cone. The effect of

temperature and behavior law on the mentioned parameters are investigated.

4.6.4.1 Representation of tool reaction force

The simulated force shows a cyclic response of the tool. Each cycle corresponds to 1/4
pass at a constant depth Ay, starting from the indentation till the withdrawal of the tool.
For a better reading, the original evolution is replaced by a smoothed evolution (staircase
signal) as presented in Figure 4.19. This representation will be applied to all simulation

forces presented in this section. The force along the tool axis (Z) is defined by F. The
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Figure 4.19: Smoothed simulated force signal

magnitude of the radial forces Fg is defined as:

Fp=/F%+ F2 (4.1)

4.6.4.2 Effect of behavior law

The influence of the material behavior law on the tool axial force is clearly shown in Figure
4.20. For T=70°C (Figure 4.20a), The difference between the simulated maximum axial

force using the law identified from uniaxial tests and the one from in-plane biaxial tests
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is 3% relative to the maximum force obtained using the law from in-plane biaxial tests.
For a higher temperature of T=120°C (Figure 4.20b) the difference in the maximum force
level is 11%. For T=130°C (Figure 4.20c) the difference in the maximum force level is
21.7%. A similar difference of 22% is obtained at a temperature of 140°C (Figure 4.20d).
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Figure 4.20: Effect of behavior law on the tool reaction forces Fz for different test tem-

peratures

The results show that the behavior law effect on the tool force is clearly more pronounced

at higher temperatures. This is also the case for the thickness variation as it can be seen

in Figure 4.21. The disparities are the greatest at higher temperatures, especially near
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the central zone of the formed plate i.e. zones subjected to strong deformations, far from

the fixed edges.
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Figure 4.21: Effect of behavior law on the thickness variation for different test tempera-

tures

Contrarily, the behavior law has a negligible effect on the simulated final shape for all

tested temperatures as shown in Figure 4.22.
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Figure 4.22: Effect of behavior law on the profile for different test temperatures.

4.6.4.3 Effect of anisotropy

In this work, Hill’s criterion is selected to represent the anisotropic behavior of the material
(Chapter 2, section (2.3.2)). In order to check the effect of this criterion to represent the
forming behavior of the material, a FE simulation is conducted using the G’Sell and
Jonas hardening law identified from the biaxial tensile tests with the isotropic von Mises
criterion. The results of the latter are compared to those obtained using anisotropic Hill’s

plasticity criterion. Figure 4.23 shows the clear difference between the tool axial force Fz
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for both Hill and von Mises criteria simulated at a temperature of 120°C. The difference
between maximum force levels at the end of forming is 200N which is a deviation of
50% relative to the maximum force level obtained with Hill’s criterion. This shows that
applying G’Sell and Jonas law as an isotropic model with a von Mises plasticity criterion

causes a significant increase in the tool reaction force.
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Figure 4.23: Effect of the plasticity criterion (Hill or von Mises) on the tool reaction force
Fz at T=120°C.

4.6.4.4 Effect of Temperature

In this section, the G’Sell and Jonas model identified from the biaxial tensile tests com-
bined with Hill’s plasticity criterion is applied. Simulations at different temperatures, e.g.
70, 120, 130 and 140 °C are performed. Figure 4.24a and 4.24b show the clear effect of
the temperature on the axial and radial forces, respectively. Obviously, as temperature
increases, the maximum force level at the end of forming decreases down to the lowest
value of approximately 200N for axial force and 75N for radial force, at T=140°C. The
impact of temperature is also visible on the thickness variation along the radius of the
plate, especially far from the fixed edge, as shown in Figure 4.25a. On the other hand,
the formed shape of the plate is not affected by the temperature (Figure 4.25b).
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Figure 4.24: Effect of temperature on the tool reaction forces Fy and Fr
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Figure 4.25: Effect of temperature on the thickness variation and final form of the part

In conclusion, the parametric study on a quarter of the model indicates that the simulation
forming outcomes, particularly forming forces and thickness variation, are significantly
influenced by temperature and the choice of the behavior law or calibration strategy
for model parameters. However, these factors do not impact the final shape of the part.
Additionally, taking anisotropy into account notably affects the forming force.

The next section consists in performing a numerical simulation of the forming operation
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and comparing the simulation outcomes with the experimental data.

4.6.5 Comparison with experimental results

In this section, the experimental spiral trajectory (Figure 4.10) is implemented in the
numerical simulations to predict the forces required to form the entire sheet. The FE model
of the plate is presented in Figure 4.26. The plate is clamped at the edges and the tool
trajectory is attributed to the reference point located at the center of the hemispherical
tool. The latter is considered as a rigid element, whereas the plate is meshed with 4061
linear quadrilateral elements of S4R type. Concerning the material model, the behavior
law identified in Chapter 3 from the in-plane biaxial tensile tests (combined with Hill

anisotropic criterion) is kept.

Initial iti f tool
nitial position of tool Mesh

Shell element

Figure 4.26: FE model of the experimental HAISF forming operation

4.6.5.1 Forces

As a reminder, the experimental forming operation took place when the plate reached
a temperature of approximately 135-140°C. For the purpose of comparison between the
simulated and experimental results, three constant temperatures are selected for the FE
simulations: T=130°C, T=135°C and T=140°C. Figure 4.27 shows the evolution (with
respect to time and tool displacement) of the axial force obtained from the simulations at
the three mentioned temperatures. The experimental curve is represented by the starred
line. The latter is located within the simulated force curves at T=130°C' and T=135°C"
The simulation at T=140°C" obviously underestimates the rigidity of the material. A
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4.6. Finite element modeling of HAISF

potential drop in the surface temperatures may have occurred at the sudden removal
of the outlet hot air pipe, followed by the contact with the tool which was clearly at
a lower temperature than the initial one of the plate. Moreover, the experimental force
curve exhibits a noticeable drop in force towards the end of the forming process, which
corresponds to fracture of the material. In contrast, the numerical simulations, which lacks
a damage criterion, displays a progressive increase in force.

Relying on the parametric study conducted earlier, applying an isotropic von Mises crite-
rion will overestimate the force and increase the gap between experimental and numerical
forces. This makes the choice of Hill48 as a plasticity criterion a relatively good repre-
sentation for the anisotropic behavior of the material. Also, a simulation at the same
temperature but in conjunction with the behavior law identified from the uniaxial tensile
tests will not give good prediction of the forming force. The law identified from the in-
plane biaxial tensile test results is more adapted in this case since similar strain states are
encountered in both applications. Therefore, the G’Sell and Jonas model calibrated from
in-plane biaxial tensile test database coupled with Hill48 anisotropy can fairly predict the
forming force. Incorporating a damage model into the FE simulations contributes to more

accurate representation of the actual forming forces.
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Figure 4.27: Axial tool force: Comparison between experimental and simulations per-
formed at different temperatures (130, 135 and 140 °C)
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4.6.5.2 Profiles

It was shown earlier that the simulated profile is not affected by neither the temperature
nor the behavior law. Therefore, the simulation result for T=135°C using the model
calibrated from the in-plane biaxial tests database (coupled with Hill48) is considered for
the comparison with the experimental measurements. Figure 4.28 shows the simulated and
experimental profiles. A small discrepancy is observed where the diameter of the simulated
cone is slightly larger than the measured one, for each depth increment. For instance, at a
forming depth of -5mm, a gap of (11%) is calculated, relative to the experimental profiles.
The discrepancy can be attributed to many potential factors. Inaccurate modeling of the
springback in the simulation is considered as a principle cause. In the present case, the
simulation results overestimates the final geometry and dimensions of the formed part.

Moreover, the possibility of uneven heating across the part usually affects the formability
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Figure 4.28: Comparison between the final shape obtained experimentally and the one
obtained from simulation at T=135°C

of the part resulting in unexpected outcomes in terms of the final shape and depth. This
factor is not regarded in the simulation, leading to the inconsistency between the results.
Additionally, the real friction between the tool and the part, as well as lubrication, is
not perfectly addressed in the simulation conditions. Also, tolerances and precision of
the robot arm may introduce slight variations in the final shape. However, it can be
noted that the disparities observed are relatively minor. These differences are considered

acceptable, especially considering the use of a simplified FE model and an experimental
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4.7. Conclusion

setup, which represents a preliminary attempt in the incremental hot forming of this

particular material.

4.6.5.3 Forming limits

Considering the simulation results at a temperature of T=135°C, Figures 4.29a and 4.29b
illustrates the displacement and the thickness variation fields. Based on the simulation, the
thickness of the formed cone varies between a minimum value of 1.86mm and a maximum
of 2mm. However, in the scope of this study, experimental measurements of this particular
parameter were not conducted.

Figure 4.29c and Figure 4.29d display the distribution of the maximum principle strain,
equivalent plastic strain at the end of forming (step time t=200 s), respectively. At a depth
of approximately 9 mm, the maximum principal strain reaches a value of 19%, whereas
the equivalent plastic strain achieves 26%. The strain levels achieved at the end of the
forming process closely align with those obtained in the in-plane biaxial tensile tests on
cruciform specimens at T=135°C (refering to the results of Chapter 3). This similarity
is attributed to the biaxial loading conditions experienced in both scenarios. The strain
states and levels obtained during the forming process are comparable to those reached in

the central zone of the cruciform specimen.

4.7 Conclusion

In conclusion, this chapter focused on the subject of HAISF of a 40% glass fiber reinforced
polypropylene plate, building upon the phenomenological constitutive material behavior
model established in the preceding chapters.

A parametric study was performed numerically (FE simulations on 1/4 of a forming
model) to explore the impact of both the behavior law and temperature on the forming
behavior. Notably, the material exhibited remarkable sensitivity to alterations in the
behavior law and temperature, which was clearly demonstrated through clear changes in
forming force and thickness variation.

Finally a FE model was established and configured to obtain a relatively close represen-
tation of the experimental setup including considerations for the entire plate rather than
just a quarter. The investigation extended to a range of temperatures, allowing for a care-
ful assessment of the degree of alignment between the simulated results and the empirical

findings. The simulated results at T=135°C showed a fair correlation with the experimen-
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Figure 4.29: Displacement, maximum principle strain and equivalent plastic strain fields
at T=135°C.

tal measurements, knowing that the unaccurate modeling of springback, the absence of a
damage criterion, along with other simplifying assumptions caused the observed deviation
in the results.

From another point of view, it was clear that the behavior law derived from in-plane biaxial
tensile tests offered a more accurate representation of the forming behavior, outperforming
the behavior law derived from uniaxial tests. This can be attributed to the similarity in

the strain states and levels experienced by the material during both scenarios.
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CONCLUSION AND PERSPECTIVES

The main objective of this work was to conduct a comprehensive investigation of the
mechanical behavior of glass fiber reinforced polypropylene under various conditions of
temperatures and strain rates, resulting in the evaluation of its performance in heat-
assisted incremental sheet forming.

The main contributions of this work are summarized as follows:

o The tensile properties of the studied material are sensitive to temperature and
strain rate. The strain rate effect becomes less pronounced at high tempera-
tures. The G’Sell and Jonas model, adapted to account for temperature and
strain rate effects within the scope of this study, succeeded in predicting the
mechanical behavior of glass fiber reinforced polypropylene. The calibration of the
model parameters was performed using the experimental database, alongside the

examination of material anisotropy through uniaxial tests along various orientations.

o By using a dedicated cruciform specimen, the biaxial testing machine equipped
with an air flow generator successfully measured the tensile forces and strain fields
within the central region of the specimen at various temperatures, ranging from
20°C to 140°C, and tensile velocities of 0.1lmm/s and 10mm/s (corresponding to

strain rates ranging between quasi-static up to 1/s).

o Apart from the identification of the parameters from the uniaxial tensile tests, two
optimization strategies were tested: either a calibration based on both uniaxial and
biaxial test results or a calibration that regards the biaxial results only. Depending
on the strategy chosen, simulating the process with different parameters affects the

forming outcomes.

o Building upon the established phenomenological constitutive model, FE simulations
are employed to gain insights into the forming process. The HAISF was imple-
mented experimentally to form a truncated cone from a flat glass fiber reinforced

polypropylene sheet. A hot air heating system was included in the setup to heat
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the sheet prior to forming up to an approximate forming temperature of 135-140
°C. Instead of a traditional CNC machine, the forming tool was operated by a
robot arm. This forming operation provided the basis for numerical validation,
highlighting the dependence of the process to the temperature and material
modeling strategy. Simulated results (forming force and final form), aligned with
the behavior law derived from biaxial tensile tests, offer a more accurate rep-

resentation of the forming process than the behavior law derived from uniaxial tests.

Future perspectives are suggested as follows:

o The selected cruciform specimen, originally designed for metallic materials, may
not be optimal for discontinuous fiber reinforced thermoplastics. This consideration
arises due to the critical nature of material removal or milling in the central zone
of the specimen for such materials. For this reason, other designs can be tested, for

instance, those that does not require material removal.

o In the material model identified in this study, the representation of springback was
not accurately captured. The model assumed a linear elastic unloading behavior
for springback. However, it’s important to note that the actual springback behavior
for the studied material may differ from this assumption. Furthermore, it’s worth
noting that the model did not account for material damage as well, which explains
the observed increase in the gap between the experimentally obtained forming force
and the simulation results at the end of the forming stage. This gap is attributed to
the reduction in force levels towards the end of forming due to potential material
failure or damage, a factor that was not considered in the model.

Modeling these factors can induce better prediction of the forming force and final

geometry prediction during HAISF.

e In this study, a basic setup of Heat Assisted Incremental Sheet Forming was
established as an initial approach to form glass fiber reinforced polypropylene.
This forming technique shows promise and it could be interesting to contribute in
the enhancement of this innovative process. The improvement involves addressing
various aspects. Regarding heating, the method can be optimized to obtain more
efficient and uniform heating throughout the part. For example, testing other

techniques or even combining different heating systems as well as pre-heating the
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tool. Optimizing the heating time and improving temperature control during the

process to maintain consistent temperatures are also important factors to consider.

The present work was conducted on a synthetic fiber reinforced thermoplastic which
is widely spread and has a moderate level of complexity compared to other mate-
rials. Bio-sourced material (ease of recycling) on the other hand can be interesting
for this present investigation. These material exhibit more complex behaviors than
synthetic materials. However, the in-plane biaxial test on cruciform specimen is a
comprehensive technique capable of accurately characterizing challenging materials
whose complexity might require a more advanced experimental database. With the
in-plane biaxial tensile test on cruciform specimens, various strain paths can be im-
posed by varying the applied displacement ratios. This allows for a more extensive

examination of the material’s response to different loading scenarios.
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Résumé : Les thermoplastiques renforcés par des
fibres présentent de bonnes propriétés mécaniques
et une bonne aptitude a la recyclabilité. Néanmoins, la
mise en forme de piéces complexes reste difficile. La
mise en forme a chaud de ces matériaux est essen-
tielle. La simulation par éléments finis des procédes
est indispensable mais nécessite une caractérisation
précise du matériau sous conditions réelles : char-
gement multiaxial avec grandes déformations, condi-
tions variées de température et de vitesse de défor-
mation. Les essais uniaxiaux classiques sont simples
mais peuvent conduire & une caractérisation partielle
du matériau sous chargement multiaxial. Les essais
de traction biaxiale plane sur éprouvettes cruciformes
permettent une caractérisation plus riche. Ce travail
vise a caractériser le comportement mécanique d’'un
polypropyléne renforcé de fibres de verre disconti-

nues pour différentes températures et vitesses de dé-
formation. Le modeéle modifié de G’Sell et Jonas, as-
socié au critere anisotrope de Hill48, est calibré a par-
tir d’'essais de traction uniaxiale pour diverses condi-
tions de température (jusqu’a 120°C) et de vitesse de
déformation (jusqu’a 10 s=!). Les simulations numé-
riques de I'essai biaxial, réalisées a partir d’'un mo-
déle de comportement calibré a partir des essais uni-
axiaux, montrent un écart important avec les résul-
tats expérimentaux. Il est donc nécessaire d’intégrer
les résultats biaxiaux dans la procédure d’identifica-
tion des paramétres rhéologiques du matériau, a par-
tir d’'une procédure d’analyse inverse. Finalement, les
deux méthodes d’identification sont évaluées a partir
de la prédiction des efforts de formage et de la forme
finale d’'une piéce formée par un procédé incrémental
a chaud original.

Title: Characterization of the thermo-viscoplastic behavior of a reinforced thermoplastic subjected to in-plane
biaxial loading: application to heat assisted incremental forming

Keywords: Reinforced thermoplastics, in-plane biaxial loading, temperature and strain rate dependence,

numerical modeling, experimental characterization, heat assisted forming

Abstract: Fiber reinforced thermoplastics offer good
mechanical properties and the ability to be recycled.
However, shaping complex parts remains challeng-
ing. Hot forming of these materials is crucial. Finite
element simulation of processes is essential, but it
requires accurate characterisation of materials under
real conditions: multiaxial loading with large deforma-
tions, varying temperature, and strain rates. Conven-
tional uniaxial tests are simple but may lead to partial
material characterization under multiaxial loading. In-
plane biaxial tensile tests on cruciform specimens al-
low for a more comprehensive characterization. This
work aims to characterize the mechanical behavior of
discontinuous glass fiber reinforced polypropylene at
different temperatures and strain rates. The modified

G’Sell and Jonas model, coupled with the anisotropic
Hill48 criterion, is calibrated based on uniaxial ten-
sile tests under various temperature conditions (up to
120°C) and deformation speeds (up to 10 s~!). Nu-
merical simulations of the biaxial test, carried out us-
ing a behavior model calibrated from uniaxial tests,
show a significant disagreement with the experimen-
tal results. Therefore, it is necessary to integrate bi-
axial results into the material’s rheological parameter
identification procedure through an inverse analysis
process. Finally, both identification methods are eval-
uated based on the prediction of forming force and
final geometry of a part formed using an original heat
assisted forming process.
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