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Summary

Currently, the autonttve sector igxploring the feasibility of replacing metals with
composite materials for structural and rstructural applicationsThis is mainly
driven by thedemand for lighter anihcreasinglycomplex components, which will

be extremely difficult tcfabricate with the traditional metal formirapproacks

This prompted the need for exploritgxtile reinforced composite materiaighere

they stand outabouttheir ability to allow complex designs with high specific
strength and stiffnessVhich further helps to reduce mass and increase fuel
efficiency. However, a disadvantage right now isuke of composites is limited

by an inability to accurately analyse and predict these composite structures for its
mechanical performancerlhis thesis presentsnettpdology employing finite
element techniques for predictive modelling of textile reinforced composite
materials by considering the process simulatiding Building Block approach is
introduced andmplementedas a guidelingo efficiently substantiate thaurability

and performancef the component design sequentially

FEA simulation of a composite component was done using two composite
failure criterionsfor comparisonCrasurv(modified TsaiWu) and Hashin; after
completing a detailed materigharactegation and card fitting for creatinge
material. The results of the structural simulatioreye comparedagainst
experimental results, whicls keptas a benchmark for future comparisons and
review.

The next step was to conduct process simulations tiysenthe composite
forming process tmvestigae the locallyvaryingmicrostructure to account for the
anisotropic behavioun the composite part during its production that can alter the
structural integrity of the componen additive split betweersotropic, elasto
plasticmatrix and anisotropic hype@lasticfibers materialcardis usedn LS-Dyna
explicit solver for conducting process simulationsA detailed material
characterisatiorwas doneon the textile reinforced fabric and the composite
laminae at forming temperature to study iteigée shear, frictional and bending
properties. The process simulation helps to obtain reliable structural simulation
models by mapping.



This thesisaims to establish an accurate predictive model on a rational bas
by creatingan innovative methodology for the structural analysis of thermoplastic
composite componentmitegrating process simulation.h& final scope of the
research is to simplify the product development pHasegenerallightweight
automotiveparts made with thermoplastic composite materials.
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Thesis Outline

Chapter 1

Thesis Outline

The regarch attempts to create an accurate FE model for a thermoplastic
composite componeifdr structural analysis integrating process simulation results.
The process flow of the research done is displayed in Fig.1, detailing the four main
phases of the reseétc

The current chapter, Chapter 1 outlines the entire research done detailing the
work done in each chapter. Chapter 2 gives a detailed introduction on the present
state of the thermoplastic composites specifically in the automotive sector, the
prospects bthermoplastic composite formirand how the current research fits in.

Chapter3 reviews the literature and the core concepitsl thent serves as the
foundation of this researchThe existing éstate of the a@ primarily for
characterising the comptsslaminate/fabric at the process temperaisireviewed

Chapterd focusses on the characterisation metheqdicitly adoptedensile,
compression and shear for creating thaterial FE cards for the composite part.

The appropriate composite failurgiterions such as 1@surv and Hashin are
explained and its feasibilityis demonstratedn this section. The chapter also
includes a notablsectionon the card fittingdescribinghow the experimental
valuesare transformethto FE material card with theppropriate failure criterion.
Finally, the structural simulati@of the chosen composite componarg dondyy
comparing the different failurecriterions, and the associated material card
developed.

l|Page
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Bibliography:

‘State of the Art’
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Procomp:
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Methodology
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Thermoplastic Composite
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structures
L Process FEA —p Choosing Case
Simulations Study
PROCOMP
Experiment
[Four Point bending]
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Material . Process Simulations
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FEA Structural
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Mapping Results

FEA Structural
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Choosing Process Simulations
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DOUBLE FEA Structural

DOME [Four Point
Mapping bending] Results

FEA Structural
Process
[Four Point
bending]

Figure 1 Outline for the PhD research

Chapter 5 introduces process simulation by detailing tmecessary
characterisation tests required hgding state of the art test and modelling

methodologiesto determine the material properties specific to this research

efficiently. Emphasisvas kepton creating araccurate FE material card for the
material at its forming state. Two separate shearaestdonethe trellis frame and

bias extension test, self-validatethe results. Frictional and bending tests are done

to determine the frictional coefficients atite bending modulug increase the
accuracy of process simulations furth&n accurate process simulatiallowsto
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Thesis Outline

capture the forming operation of the composite lamiriatéla p pi ngo i s i ntr o«
and explained in detail where the process simulation idateansferredto the

structural FE model. The chapter concludes byaiag the FE structural simulation

and is compared with the old result obtained in Chapter

Laminate
Reinforcement

Component

Injection
Overmold

Figure 2 Procomp overmolded component considered for the research][

Fig 2 shows tle overmolded Compone(f®rocomp)consideredor the study
[2] as shown on the process flow diagram shown at the equha$e din Fig 1
The hybrid moulding process employed for this research constitutes a continuous
glassfiber reinforcement, consolidedl with a polymer layer as substrate The
laminate reinforcement was focusded the process simulatiorone in Chapter
5.

Chapter6 illustrates the summary of the whole research, highlighting the
methodologies implemented and the significant resolitined. Thesection
reiterates the entireesearchexplaining the significance of the research done and
someconclusiveremarks for future developments.

Lastly, Chapter7 validates the entire process with another composite
component discussing the saogtitation and the capability of the methodology
adopted.
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Introduction

Chapter 2

Introduction

As per the online statistics company Statista Inc., the automotive composite
materialmarket globally is anticipated to peak 15 Billion USD in 2018 and 30
Billion USD by 2026 (Fig 3 [3]). Although it looksexpensiveit only represents
less than % of the entirdightweightautomotive productiom 2018 The primary
reason why manufacturers are reluctant to use composite materials even after its
unique advantageis becase of itscomplicateddesign phase compared to the
quicker and cost effectiveesignprocess foaluminium or steel part§4].

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

© Statista 2017

Figure 3 Global automotive composites material market size from 2015 to 2026 (in
billion U.S. dollars) [3]

The uniqueability of composite materiglis to allowintricate designs to be
tailor-madefor its design flexibility to meet higkpecific strength and stiffness.
They consistof a compliant polymeric matrix material acting as a reinforcement
with low density to give struaral volume with additional reinforcing composite
fabric embedded inside it giving the required strengtlrigidity. The combination
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Introduction

providesexceptional stiffness amturability with a very low density making it an
ideal candidate for a variety of apgations including automotive structures like the
leaf Spring FigB andB-pillar Fig 4. Themostwidely used reinforcement fabric are
carbon, glass and aramid fibres, whadmein short, long and continuodgres
depending on the applicatiof]

Materid selection is amssentiatriterionfor early design state of a composite,
where the engineathoosedhe material based on the properties, which are most
relevant. Thecommonly useadtombinations ar@olyEther Ether Ketone (PEEK),
PolyPhenyleneSulphide (PPS) orPolyEther KetoneKetone(PEKK) with a glass
or carbon reinforcemelp6].

SPRING

&

ANTI-ROLL BAR

LOWER &
LONGITUDINAL
ARM

Figure 4 Functionally integrated CFRP leaf spring developed by the IEHV research
group, Politecnico di Torino [7]
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Introduction

2.1. Thermoplastic composite materials

Thermoplasc composite material usage has been growing steadily in the
lightweight automotive sector where a high specstrength, low density and
corrosion resistance is crucid, P-11]. Although composite materials have been
widely considered in the automogivfield [12, 13], they arestill not widely
implemented due to uncertainty and complexity involwedhe prediction of
durability in the design phas€ontrary to the aerospace industryg][Where the
final eficiency and robustness of the componemfiven morepriority with more
product development cycle time. Another limiting factsr as he design
complexity increasesthe modelling gets more complicated and requires
sophisticatedrinite ElementAnalysisFEA techniques and dependable standards
[15].

Up until recently, the composites industry did naonsider much about
manufacturing waste and end of life padsulting inmuch ofcomposite material
manufacturebasedon thermosetmaterials.[16] However, the limitations of
thermoset materialsish as thénability to re-melt, shorter shelf life, higher storage
costs and longer curing timasegradually openingpportunities for thermoplastic
composite materials. Another main reason being the new directive from the
European Unions end of life (i) dictates that 85% of the totahassof an
automobile should be recyclablel7]. This directive marks theability of
thermoplastic to renelt with minimal loss ofits material properties making it the
primary candidate when recyclabilitig considered One of the most recent
innovation being virtually unchanged material properties of the thermoplastic
composites even after recycling astlire PArCF30 thermoplastic composites as
demonstrated in the Tokyo Motor show, 2qE&Ry 5[18]).

For FE analysis of amposite components; on a theoretical level, various
analytical and sermanalytic approachesare proposed M, 20] but creating a
prediction model on a commerclalelis still uncertain The main issue is the lack
of a conventionaktandard methodologyr &knowledgesharing ofmethodsfor
material characterisation, FEA (Finite element Analysis) and validation.

To develop a functional thermoplastic component to sustain the reequained
crash load conditions such amormal loading, fatigue life cycle, durdliy,
vibrationsetc in different conditions suctasfrontal perpendicular, angulaide
collisionsrequirea completecharacterisatiof the componentThis involves an
extensive characterisation of the composite material, and the process
characterisatin, which influences the final strength of temponentThe process
in this context is the manufacturing method in which the composite laminate is
moulded to the 3D component (etgermoforming,compression mouldinggesin
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Introduction

transfermoulding. etc) and tle characterisation of the composite laminate at it
forming temperature is called as process characterisati@influence of process
on thestructuralintegrity of thecomponentlepends directly on itgeometry,i.e.
theeffectis higher for complex geoetry and vice versa.

Figure 5 Recycled carbonfiberus ed i n Gordon Murray Designds CF
iStream Carbon chassis 18]

2.2 Thermoforming of thermoplastic composite materials

Thermoforming of composite materials dae definedas a high deforation
rate process in which composite materais deformedby heating above its glass
transition temperature. The typical stepgolve pre-consolidation which consists
of stacking of uniform or variable textile reinforced pliegating forming and
solidification. A hot blankis pressedhetween the male and fematmldstool after
preheating Fig 6) forming the blank with the required consolidation pressure. A
subsequent trimming process is done to discharge excess materials.

\

YRR N \ 5 i
J \

\ VL
4R 4PN LA
t

\
[
Heating to Process Temp

Forming setup Final Product

Figure 6 The thermoforming process
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Introduction

Focusing on theéhermoplasticpolymers at its formingstate it consistsof
polymer chains with a high molecular weight interacting with each other via
physical bonds namely entanglements and van der Waals forces. These physical
bondsareovercomeby addition of thermal energffhermoplastic composi&an
be shaped in its viscous state (drop in stiffnestsits glass transition temperature
(Tg) or its melting temperature (Tm) depending on being amorphous or semi
crystalline thermoplastifFig 7). [21]

Melt Temperature Glass Transition
(Tm) Temperature (Tg)
1
i
Heating Consolidation ! Cooling
|

Temperature (t)

Time

Figure 7 Typical thermoplastic composite process cycle [adapted froil]

To process thermoplastic composites requires working atteigperature &
pressurevith robust& complex tooling anédditionalenergy for their processing.
Some thermplastics commonly used areeported in Table 1 giving an
understanding of the glass transition, melting and processing tempgrature
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Introduction

Table 1 Process temperatures ofttermoplastic compositematerials [adapted from 21]

Matrix Tg(°C) Tm(°C) T Process(°C)
PEKK 156 306 340
PPS 89 307 327
PEI 217 -- 330
PEEK 143 343 390
PP -20 176 190
PA-12 52 176 224
PA-6 48 219 245
PBT 56 223 250

2.3 The Building Block Approach

A building block approach has been set as a guideline and implemented for
this research, developed by NASA for their Advanced Composite Technology
(ACT) and HighSpeed Research Prograr@?] to efficiently substantiate the
durability and performance of the component design sequentially as illustrated in
Fig 8[23].

Both cost and performance objectiaes mewith the building block approach
by characterising the material by testing on some less expensive specinfigatas a
step; evaluating technology risk early and progressively building a knowledge
database at various structural complexity levels ofgeeimeri24].

The building block approach involves

Level 1 characterising the material experimentally and validatirfegsy,
Level 2 progressing on to component validation experimentally and by

FEA,

Level 3 moving on to component optimisation to examine the change in the
component behaviour during the manufacturing process;
Level 4 integrating the model into complicatedl fscale components.
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(e

*Image for representation only, not part of the research.

Methodology integrated into any
subsystem modelling.

Level 3: Component
optimisation (Process Ar
simulations)

> —a
e Optimised predictive model
- integrating design and the
. =\ process.
N L e ) o . o .
P iy Ly Validating material
E : data on the component
A el ed

= = Generic Specimen
charecterisation and
validation for

Level 2: Component
validation

Level 1:
Specimen

Figure 8 Building Block approach used for the research [Adapted fron23]

database creation

Exp Validation

Traditionally, product design involves a detailed conceptual and embodiment
design followed by detailed prototype manufacture and testing. This trial and erro
procedure gives an acceptaldetput but is repetitive, expensive and time
consuming with additional labour costs, machine tame manyscrap products
from repetitive testinglssues such as tool modifications to overcdhngeforming
problens in the teting phase will result in expensive replacements of the entire
tooling setup. To minimise these product development costs and to save time
exponentially a robust modelling protocol wighreliableFEA tool needs to be
employed to predict the product devaheent stages including its early design
phase. These predictive capabilities in the thermoplastic composite industry
examinedn this thesis.

To summarisethe objectives of thithesisare

1. To experimentallycharacteriseontinuous fibre and shoribfe composite
materias for FE material card generation.

2. Structural FEA analysisn the chosen composite overmolded component
using appropriate composite failure criterion.

3. Comparisorof experimentabnd FEAresuls.

4. To investigate theossibilityof increasing the accuracy of the FE structural
model to better match the experimental results by integrating process
simulations.
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5. To charactese the material for process simulation focussing on tensile,
intra-ply shear, toably friction, ply-ply friction ard bendng.

6. To as=ss the predictive capability of forming simulations.

7. Toexplorethe scope of mapping the process simulation results on the FEA
model to create an alhclusive predictive model.

The research findingsim to createan explicit industrial protocol to be
implemented in the product design procdss a thermoplastic composite
componentn its early stageyhich iscurrently lacking in the industry.

2.4 State of the art and previous research.

The principal reason that initiated the &t in the composite materials in the
1950s, was the demand for the lighter parts with high stiffness in the automotive
and aerospace industry. Despite the advantages and years of research, industries
have not fully achieved the ability/knowledge/skilts firedict the behaviour of
composite parts under loading conditigi2&] This is primarily due to the complex
behaviour of composite structures that is dependent on various parameters which
includes the failure modes associated with composite damagdamdfécts of
manufacturing process. Composite failure can happen due to its complex geometry,
loading conditions, the material layup, the material properties itself and the
manufacturing process. The effects can vary from fibre failure and matrix cracking
to delamination and buckling in extreme cases.

2.4.1Composite material characterisation

The material properties of the chosen composite material determine the
primary failure limits. The experimental procedure for determining the material
propertiescan be adopted from the accepted international standards such as the
ASTM (American Society for Testing and Materjaland ISO (International
Standards Organisations). These standards however are limited to the strength
parameters of the chosen materiald ahe failure properties are not entirely
determined. [25]. A DOF multi axial testing methodology was developed to
identify more than one material parameters on each loading conditions. [26]
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2.4.2Composite Failure Criterions

The failure criterios for composite materials are classified under failure
criteria associated with failure modes and not associated with failure modes. The
ideal failure criterion can predict fibore and matrix failure under different loading
conditions (normal and shear) asrelamination initiation and growth under tension
or compression.

For a basic analysis, a maximum strength/ strain criterion from the limits
obtained from material tests could be usedr accurate failure analysis many
researchers have come up witiore detailed criterions. A quadratic interaet
criterion has been developed by Hashin for the fibre failure considering the inplane
shear 27] and by Hashin and Rotefor matrix failure R8]. Chang and Chang
upgraded the quadratic failure criterion imgluding nonlinear shear behaviour.

[29] Puck and Schirmann used the maximum strain criterion by including a stress
magnification factor on the transverse normal stre3@. |A fully interactive
criterion was developed by Tsai and Wu in which individphés are not
considered and failure of the amtiply thickness is considerd®1]. As the
interactive criterion is developed from metals, it is often criticised slmammonly

used when the total ply thickness is smaller and when the accuracy post ifail

not critical 32). Pinho developed a set of failure criteria namedLaRC04,
considering each failure modes and the nonlinear matrix shear behavior. It has a set
of six relations which can be implemented directly for a range of load combinations.
[33]

Advanced modelling can be possible by predicting initiation and
propagation of the delamination. The traditional failure approaches can be used for
delamination modelling, using the tensile/ shear parameters along the thickness of
the individual plies, with quadratic criterions. All the detailed delamination
criterions consider the strain energy release rate and compare it with the threshold
strain in mode I, mode Il and mode I[B4]. The delamination criterions for
prediction are listed in refences [35 to 39]. Damage mechanics can be further
modeled which shows the effects of damage on the material definition. [40]

For an accurate analysis of composite structures by FEA, it is necessary to
understand the load conditions and the comeasttucture. For example, for a
composite part with multiple plies, for predicting damage in different failure modes,
LaRCO04 could be used and for a simple part with less plies a Hashin failure criterion
could give sufficiently accurate results.
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2.4.3Composite Process simulations

A composite thermoforming process involves woven textile fabric
impregnated with resin heated to its melting / forming temperature, then draped to
the required geometry and finally cooled to obtain the desired part. As the
composite fabric is completely anisotropic and due to resonystallization the
resultant part maybe distorted and may have residual stresses in it. This makes it
necessary to do composite process simulations to predict all aspects of the final part.
[41]. The drapability of composite laminates mainly depends on the composite
fabric reinforcement used. The formability of thermoplastic composite laminates
was investigated by de Luca et al [42], experimentally and by FEA using a double
dome geometry. A compaon study was done between woven composite fabric
with unidirectional fabric demonstrating the occurrence of wrinkles. The
comparison was repeated by Haanappel [43] using a similar geometry. A series of
study was done by Haanappel to quantify the defoamdehaviour of composite
laminates and fabric [44 to 46] to prove that the deformation mechanism of a
composite fabric is dependent on the ixbyr, intra ply, friction and bending
rigidity of the laminate. The literature specifically related to prec@sulation is
limited but the tendency of the composite laminate to have process induced defects
during the manufacturing process makes it necessary to predict for complimenting
the structural FE analysis. Although there are a lot of commercial togsdoess
simulations with varying levels of accuracy, the challenge lies in mapping the
results of the process simulation to the FE structural model.

2.4.4Previous research at the IEHV research group

This thesis isa continuation ofwo PhD researctiesisfocused on two main
aspects of thermoplastmompositematerials,performed inthe IEHV research
group DIMEAS (Dipartimento di Ingegneria Meccanica e Aerospal}jale
Politecncico di TorinoThe main research goal for the team is to create a kngevled
base in all aspects of thermoplastic composite materials.

The PhD research of Andrea Airale, IEHV research group, focused on material
characterisatiorand experimentalesting including aging UV cell,limate and
corrosive on composite materials withMDA analysis, ATR, light and electron
microscopy.[48]. The PhD thesis of Alessandro FerraliSHV research group
focuses on the developindgightweightthermoplastic composite automotive part
by optimising the NVH performance, by considering the cas®ysif alightweight
automotive door pan¢#t7]. A range of design, testing and FEA has been done for
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the development of a damped door using interlaminar composite materials. A good
correlation has been achieved between the FEM and physical damping tests.
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Chapter 3

Literature review

3.1 Thermoplastic composite part

A stateof-the-art overmolded composite componenwtis made for this
research Fig 1. In the fastevolving thermoplastic composite technology, the latest
trend in the automotive sectisrthe use of hybrid composites structures where the
mechanical properties of multiple composite materials give the structural feature to
a single componentl| 22, 49, 50]. The desigrflexibility combining the ease of
tailoring highstrength and stiffness components withelevated functional
integration includingcrack propagation resistances]], better acoustic and
damping properties, enhanced protection against collapse in a 52hsimd cost
savings with its hybrid proces§3 makes this an enablinigchnology $4]. The
obvioussignificantbendits are the decreased cycle time and the ability to realise
complex prdiles and to contrive the reinforcements with a continufbhse
prepreg. This combination of the moldability of shfikire composite matials
with the high strength afontinuoudibre composites to a single componepéns
many new possibilities for thermoplastic composites. The only drawback for a
hybrid overmouldingprocess is its difculty in anticipating the combined strength
and ond quality of the componer&).

The focus of recent academic and industrial researchers is to recognise
completelythe process parameters associated with composite materials during
manufactures such as -jilane fabric deformationsfibre direction charg
thickness variations and the tendency to develop internal stresses and strains during
production[56-59].

The desired shape of the reinforcement for the composite laminates is obtained
by using a punch and die setup to deform the continfidme prereg (e.g.,
compression moulding) or composite fabrics to its required shéfje The
component under reviews shown in Fig 1lt is thermoformedo the required
geometry and the shdibre reinforced polymer compound is oveoulded with a
single stepprocess. The substrate being TERERynalite 104RG600(2)/47%

[61] (Bond-Laminates), a continuousber twill 2/2 E-glass impregnated with
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polypropylene and thevermould is XmodE GD301FE p2] (Borealis), a 30%
glassfiberpolypropylene compound intendéat injection moulding.

Further detailed studwas donespecificallyon the substrate by characterising the
continuousfibre twill 2/2 Eglass fabric separately as a part of the process
characterisation. (WVR 600T supplied by Crystex composite madditals

3.2 Material properties of Anisotropic Composite
materials

To characteris@n anisotropic composit@ateriala series of testseedto be
done to study its tensileD{ and 90), shear and bending propertidsitially,
material testing shouldedonein quasistatic strain rates in the range of*t0 10
3 s1. The materialshould then be tested under dynamic loading using a Split
Hopkinson Pressure Bar or drop tower testing machineédti-strainrate results
for crash simulations. However, rfthis research, the results from the dynamic
loading is not included, as it does not contribute to the static load tests and the
forming simulations considered.

The available literature for the characterisation of composite matisriaisl|
establisheavith standardasdetailed in Fig 9which provides consistent resulis.
the first part of the researchcamplete material characterisatiemdoneon two
materias chosen.

a: Tensile Test v PO / :
ASTM D 3039 (a7 o ‘
c: Bending Test d: Shear Test
ISO 14125:1998 ISO 14129: 1997

Figure 9 The characterisation tests employed for composite laminate§4, 65, 66, 23, 1,

67]
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3.3 Card fitting for creating material model

The experimental resultge further usetbr developing the FE material cards
model by a method called card fitting 23, 1]. Thisis done to convert the principal
values obtained byhysica characterisation tests to structural response and
formation of damage of the material during impact in FE simulation. The response
of composite material under load in FE analysistzadividednto two stages, the
first being the fitheamageomesibet amgc ddh earmid anmnm
[68]. Choosing the right composite failure criterion is the critical step twere
replicate the material properties exactly
Currently,all the composite failure criterion falls into two categotlest will
be expained in the following.

3.3.1. Failure criteria not associated with failure modes.

This group uses a single mathematical expression, a polynomial and tensorial
criteria, to represent the composite failure surface as a function of the material
strength. Al the failure criterions in this section is a derivative of Tsai Wu failure
criteria [69], in which the damage occurs when the following condition is satisfied.

& &K & &KKK p 1)

Where the Fcare lamina strength in the principal directions

Crasuryv failure criterion , [70] an improved version of the Ts@lu, is one of
the adopted failuresriteria for this research. An orthotropic plastic hardening
criterion, which folows a linear elastic behaviour until the yield stress value
followed by a plastic behaviouPlastichardenings denoteds a function oplastic
work with strain rate dependency. It also allows the possibility to define plastic
work for each directionrépresenting the absorbed energy of the composite).

“O B “O (b ” B “O (b ” C“O (b ” ” k) (2)
Where

0O, p, elastic state

0, p, Plastic admissible state

0O, p, Plagically inadmissible stresses
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Ow , (3
"0 o — 88— (4)
0 ® -0 ® 0 & , (5)
Where
i . P QW p a — (6)
., P e p W (7)

Fi, Fii, Fj are coefficients describing elastic/plastic transition envelope

W is the global plastic work
a8, is the hitial tension and compression yield stresses in direction i

bS,n"S arethe hardening coefficient and exponent

During an event oéxceedingyield stress, stresses are plastic inadmissiblesand

projectedon to the yield surface as in Fig I01].

Figure 10 The yield surface for Crasurv formulation [72]
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3.3.2. Failure criteria associated with failure modes.

The failure criterons associated with failure modetirectly considers the
material strength and the ndlomogeneousature of composites leadg to
different failure modes such dibre fracture, transverse matrix cracking, shear
matrix cracking. Thenajorcriterions coming under this category include maximum
strain criterion, maximum stress criterion, Hashin criterion, Puck E3t [

Hashin Criterion [74] is considered from this group, ac@ndetermine different
failure modes separately, considering the material stresses as shogdin Fi

ren —7. < =5
(a) (b)
t12(c) (d) -

Figure 11 Failure modes distinguished in Hashin criterion 3] (a) tensile fibre failure,
(b) compressive fibre failure, (c) tensile matrix failure and (d) compressive matrix failure

Fibre failure in tensionds O:

- - p or n ” (8)

Fibre failure in compressiaim O:
” ” (9)

Matrix failure in tension{+ 0s) O:
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- P (10

Matrix failure in compressiorniig+ Cs) O:

— P P (11)

The FE material models shoule createdwvith failure criterions,specially
made for composite materials, strain rdégpendentnonlinear, orthotropic, and
have options foadvancednaterial damage and failure. Once the material models
are chosena $ell ora solidfinite element model is created using #etected~E
tool.

Figure 12 Samplesolid FE model of shortfiber composite tensile testq5]

The FE model tries to simulate all the experiment done on the specimen with
the same dimensions, withthe direct inputs from the experimental results.
Variationswere checkedor after thetest which is then adjusted to create an
accurate material model. Fig 12 shows the FE specimen model made for card fitting
done by Helgat al.[75].
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3.3 Composite Fdrics and pre-impregnated composite
laminates (©rgano sheets)

The forming process of composite laminate involves deforming the laminate to
the required 3D shape at the exact forming temperature and cooling it back to the
room temperature to let it retaime deformed stateCompositeparts, while
production can lead to shape distortions which can alter the material properties,
characterised such as spring back, distorted/altered fibre distribution, wrirgténg,

[60, 76, 77, 78]. This mainly depends on thgeometry of the part, process
temperature, material property and frictidm efficiently determine and optimise
the manufacturability a separate study on all the associated deformation
mechanismss done asdisplayed inTable 2.

Table 2 Different composite deformation modes during forming [9, 76, 78]

Deformation Description

Intra- ply tensileloading = Tension parallel to the yarn direction
HHr = Primary source of energy dissipitation

Intra-ply shear — = Rotation between warp and weft at tow
Crossovers
= Key deformation mode

r~
—
Inter-ply and tool-ply friction = Friction between the adjoint plys and tools
g during forming
Ply bending = Bending of composite layers

The fabric is heavily bentduring draping, and theintra-ply or inter-ply
deformation is restricted and leads to out of plane bucKfi@p Bucklingis due to
in-plane compresve stresses and measuregber unit width of the sample in-n
plane compression. Wrinkling can ocqastbucklingphenomenon, whicis then
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triggeredfrom the moment a critical compression force or stimireachedThe
shear strain and elongationastrcan be classified as timeicroscopic deformation
mechanisms[79], were as he deformatios including fibre bending, resin
percolation and transversibre flow can be identified as deformations on
mesoscopideformation mechanism#édditional deformatns such as thebre
redistributionand thelaminatethicknessvariations can be tagged asonoscopic
deformation mechanismeegardingply bending, iaplane and inteply shear.
Forming behavior is determined by the combination of resistance tineslé
deformation mechanisnjg9, 6].

Ideally, for an accurate predictiomter-ply slippage in-plane), plybending,
and intra-ply shear (interface) need to be found out to determine the global
deformation of a composite laminate under forming condit@msiscribed in
Table 3 The resistance against these deformations determines the formidability of
a composite material at forming stafés].

3.4 Experimental Composite Fabric and composite
laminate characterisation (at forming temperature)

Although the actal thermoforming process takes place under-unaiform
deformation rates, currently the characterisatiests are done at aconstant
temperature and speed/angular velocity. The results obtainddrasmthermal
materialpropertiesand validation doneybcomparing the experimental results with
FEM (whichis detailedin chapter4).

As previously stated, for a macro scale model, any deformation in the entire
composite laminate is assumed homogeneous. The dominant deformation
mechanism of fabric deformat is inplane shear76, 80] and tensile properties,
especially with composite fabric with thegh stiffness of yarns on the tensile
direction and much lesser stiffness on the shear. Bending stiffness is also considered
and has been known to influence thccurrence of wrinkles associating with shear
properties. §1]. Friction between the adjaceplies and between th#ool and the
laminateplies is also a critical factor contributing to the final structure of the
composite part which needslie addresskwith specially designed testing setups.
[79,78, 82, 83
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Table 3 Basic principle values required for composite forming simulations

Composite Fabric Composite Laminate
= Tensile modulus = Shear modulus
= Shear modulus = Bending modulus
= Shear angle = Frictional Coefficient (Staticand Dynamic)
= Thickness = Tool-ply
= Ply-ply
= Shear angle

3.5. Process FEA Simulation approaches

Even with all the advantages of composite materialsnantioned before, a
composite part is only as good as its designutilise all the unique properties of
a composite materigit mustbe made sure that there are no wrinkles and excessive
thinning on the part. The final fibre orientation shobélaligredwith respect to
the distribution of the load. Currently thermoforming and RTM (Resin Transfer
Molding) havebeen identifiedas the production technology suitable for mass
production of composite materia®4].

(Composite structures]
L Non-linear nature J

Material non-linearity Geometric non-linearity Boundary non-linearity
[e.g. modulli, [e.g. residual stresses, [e.g. contact friction,
plasticity] buckling| impact]

Figure 13 Classification of nortlinear problems [adapted from85]

Conducting process simulations for thermoforming of -tirmensional
composite laminates into &reedimensional product is considered a very
complicated process mainly due to the anisotropic nature of the blank. The quality
of any process simulation depends on the mechanical propertiesooh@osite
fabric that needs tbe characteriseds explained in the previous sections. Other
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important factors that influence the simulation are temperature, binder pressure,
punch velocitypunchpressuregtc.

Thermoforming of gahermoplasticcomposite part is complex and can induce
various defects on the finphrt While someflaws canbe toleratedike thinning
on nonstructural areas of theart critical defectswill lead to discardig or worse,
unexpected failure during load conditior®4]l As shown in Fig 13, process
simulation checks for geometric ndinearity and boundary nelnearity to an
extent.Critical evaluation of the integrity of the part by checking for errors and
defomations is the primary purpose or process simulation. With this approach,
adjustments can be mageickly to theparton a geometric level to get an optimum
design for thepart and the tools canbe madeaccordingly. This effectively
eliminates the traditinal, expensive and tir@nsuming trial and error approach.
[86].

¢. Out of plane wrinkling d. Interply fibre wrinkling

Figure 14 Defects in Composite Laminate Profiles during thermoforming operation
[adapted from 87, 88, 89

Fig 14 showsthe common defects in composite laminate profiles originating
during the thermoforming operation. All tldefectsneedto be addresseth the
processsimulation,and the deciding factor is the ability éfficiently mapthese
results toa standaranesh for further load or crash simulations.
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3.6 Mapping

After forming commsite components, the accumulated plastic strain may
increase or decrease the yield for further loading depends on the load direction.
Also, for aregularload and crash simulations, a constant thickness along the surface
of the part is assumed which istnesually the case as thickness variations or
thinning may occur during the forming operation. The noosical criteria that
affectthe simulation igvidentlythe reorientation of the fibre in the composite part
postforming. All the mentionedtritical aspect@aremissing from usual crash/ load
simulations leading tceasonablynaccurate results

Mapping is done to transfer simulation data between the results from the
process simulation resslhaving differentdiscretisation element types, material
modelsetc to the crash modeTlhis efficiently transfersthe resultant stresses &
strains developed in the modklringproduction and more importantly the change
in the fibre orientations during forming including any associated thickness change
on to tre actual model71].

Mapped Plastic Strains Physical Test S1 - FE Results without S2 - FE Results with

on the Crash Component Results forming effects forming effects

Figure 15 Effectiveness of using mapping on a metal component [adapted frori]

Fig 15 shows mapping done on an isotropic metal component, based on a case
study done by Altair{1], demonstrating thapparentnatch between the physil
test and the FE model with and without the process simulation results mapped on
to it. The effect of residual stresdessan evidenimpactof the model as per the
set of images, showing the importance of mapping for structural simulation
accuracy.

Mapping is studiedin detail in chapter4, for composite fibre reinforced
thermoplastic components.
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Chapter 4

Experimental characterisation and
structural analysis

The primary case study for the research thesis, as shdigare 2, is anover
moldedpart constitutinga continuous glassber reinforcement consolidated with
a polymer layer as aubstrateovermoldedwith shortfibre reinforced polymer
compound. Theontinuousfiber reinforcement used is TEPEXDynalite 104
RG600(2)/47% supplied bgond Laminateqd 61] andthe shortfiber impregnated
polypropyleneovermold used is Xmo& GD301FEprovidedby Borealis[62].
The two materials were chosen because the base resin for both the composite
material is polypropylenhich will result ingoodinter-material bonding.

4.1. Characterisation tests

The mechanicatharacterisatioof the two materialsTEPEX® Dynalite 104
RG600(2)/47% & Xmo# GD301FEwasdone separatelgonsidering them as
orthotropicelastic until rupture and nonlinear afterwards. Aafaensile tests ©
and 96 Direction), shear and compressiof &hd 90 Direction) testavere done
on the specimen. An additional bending t@as doneon thespecimerfor further
validation of tensile, compression and shear properties obtained.

The sandards used for eatdstare mentioneth Table 4 Five specimens were
tested for each tesind thedetailed specimen description including the dimensions
is givenin Appendix1.
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Table 4 Basic principle values required for conposite forming simulations[64, 65, 66,

67]

Tests Standard Description

Tensile tests ASTM D 3039 Standard Test Method for Tensile Properties of Polymer Matrix
Composite Material

Compression ISO 14126:1999 Fibre-reinforced plastic composites -- Determination of

compressive properties in the in-plane direction
tests p prop p

Shear tests ISO 14129:1997 Determination of the in-plane shear stress/shear strain
response, including the in-plane shear modulus and strength. by
the plus or minus 45 degree tension test method

Bending tests | SO 14125:1998 Fibre-reinforced plastic composites -- Determination of flexural
properties

All the experimentsvere doneusingan Instron Model 880inachinewith a
maximum load of 10&N. For eactspecimenthe forcedisplacement curves and
stressstrainwere calculatea@long with elastic modulus, atimum stress, strain at
break and maximuntoad using the data obtained directly. An extensometer
capable of recordinpngitudinal deformatiomup to25 mm and transversgp tol
mm per sideor a strain gaugattached t@ach specimefHBM LY -48-3/350 Olm)
was attachedto eachspecimento sample the strain measurements. For further
elaboration of the experimental results, a dedicated Matlabatlmieedto obtain
mean value curves and the standard deviatiotaltiulateghe ideal stressstrain
curves fa further FEA analysis and filtering out any noise on the cutlienthe
stressstrain curvesutput curves arebtainedaccordingly for further curve fitting.

Fig 16a to Fig 16d shows the raw data from experimental results for the
continuous fibre lanmate (EPEX® Dynalite 104RG600(2)/47%)showing its
vital material properties. Athe laminate is balanced, tpeopertiesare assumed
the same for both°Gand 90. The properties are summarized in Table 5.
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Figure 16.a Experimental results for the continuous fibre laminate Tensile tests
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Figure 16.b Experimental results for the continuous fibre laminate Compression tests
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Figure 16.c Experimental results for the continuous fibre laminate Shear tests
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Figure 16.d Experimental results for the continuous fibre laminate bending tests

29|Page



Experimental characterisation ard structural analysis

Table 5 Properties for continuous fibre Laminate

Fig 17a to Fig 17eshows the raw data from experimental results for the
continuous fibre laminat&XmodE GD301FE)showing itskeymaterial properties.
The properties are summarized in Table 6.
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Figure 17.a Experimental results for the short fibre composite Tensile test 0
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Figure 17.b Experimental results for the short fibre composite Tensile test90°
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Figurel7.d Experimental results for the short fibre composite compressiontest °
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Figure 17.e Experimental results for the short fibre composite compressiontest 90°
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Figure 17.f Experimental results for the short fibre composite bending test

From the material properties obtained, the next step is to make the associated
FE material cards for it, whidk detailedn the next section.

Table 6 Properties for short fibre composite
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4.2. Card fitting

An extensive card fitting study h&®en conducteds reported in Fig 18, 19
and20, aiming to match its tensile, compression, shear and flexural properties, as
closely as possible to the FE card. Card fitting is lartigie used to create a precise
FEA characterisation of the material by keeping the characteristic properties as its
design variablegp match the FE simulation results to the experimental data.

This step is more challenging for fibre composites, dulkdip &nisotropic and
their inhomogeneous naturéhe aim is to match FEA stress/strain curves to the
experimental stress/strain curves obtained for all its defining material property
separately like its tensile, compressive, she#&r, The accuracy of théinite
element analysis done on the actual parts depends on how closely theacarves
matched

(a) Compression test

(b) Shear test

(c) Tensile test

(d) Flexion test validation

Figure 18 FE specimen for the continuous fibre laminate

As detailed in Section 3.8f the literature reviemtwo failure criterions are
implemened in tid reseach. Crasurv (failure criterion not associated with failure
modes) and Hashin (Failure criterion associated with failure modes)

The FE material card Law 25 integrating @msuv failure criterionin Radioss
Hyperworks 1] was used for curve fitig as displayed in Fig 19. [Appendé
The red curvesdenotethe FE results from the Crasucriterion andthe results
appearto be satisfactory with a good fit for the curves. A problem, wilch
anticipatedwith the Crasunwcriterion,is that it does at distinguish between the
different failure modes$eadingto inconsistencies the result The curveshow
perfectfit for the tensile, compression and shear, wittomprehensiveatch for
flexion validation.
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An additional, separate material cavds dso developedthe Law 58 in Ls
Dyna solver integrating a modified Hashin Criterté®,[74] [Appendix 5] was
implementedseparately. As visible from the curves, the direct input of the
experimental curves leads to a good fit for the tensile and the caveres
properties of theardFig 19.a & FHg 19.b, but the fit is lacking for the shear and the
bending validation as ifrig 19.c & Fig 19.d although furtheroptimisationis
requiredfor that.
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Figure 19.a FE material card for the continuous fibre laminate, Tensile test:first result
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Figure 19.b FE material card for the continuous fibre laminate, Shear test:first result
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Figure 19.c FE material card for the continuous fibre laminate, Compression testfirst
result
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Figure 12.d FE material card for the continuous fibre laminate,Bending Test:first
result

The FE material card associated with Hashin criteisdarther optimisedor
a better curve fit by implementing different breaking pdkield point fromthe
experimermal curves Fig 16.a to Fig 16.ad}) point of failure on theardfor each of
the principal properties as shown in Fig 20to Fig 20.d The shear strength has
been adjusted slightly as well for a better curve fit with the experahemé
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Figure 20.a FE material card for the continuous fibre laminate, Tensile Test:optimised
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Figure 20.b FE material card for the continuous fibre laminate, Shear Test:optimised
result
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Figure 20.c FE material card for the continuous fibre laminate, Compression Test:
optimised result
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Figure 20.d FE material card for the continuous fibre laminate,Bending Test:optimised
result

The credibility of the acquired FE material cards (thexsGry and the
optimised Hashir) are all tested and demonstrated in theustural simulation
(detailedin chapterd.4).

The Card fitting forthe shortfiber composite partg2] is included in the
[Appendix 2], as the focus of research from now on will be on contindiines
laminate.
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4.4. FEA Structural simulations and comparison with
experimental results.

A four-point bending tests usedfor the experimental validation of the FEA.
Specifically, the ISO 14125:1998] for testing the flexural properties of the chosen
laminate reinforcement for the overmoldsxmponen{Fig 2). Bending test is quite
simple toperform,but the state of stresses and the associated failure modes is very
complicated The tensile and the compressive strength of fikemforced
composites can be contrasting and is fibre direction dependent a3 mezikfore,
for bending test of a composite part, it undergoes both compressive stress (at the
top) and tensile stress (at the bottom) of the composite part.

Oncecard fitting creates the matrial databade FE model of the component
is madewith this material data using appropriate properties. Interfaces and
constraints ardesignedo match the actual physidalur-pointbending tests to get
a goodcomparability of the result&lexural strength and stiffness are the combined
effects of anateriaés tensile, compressive and shear properties.

The specimens loadedin the horizontal positignwhich results in the
application of compressive force on the upper side and tdostieon the lower
side. There are two load points at equal distafroes thesupport points for the
four-point bendingest,and thegapis keptl/3 of the250mmspan

4.4.1. Fourpoint bending experimental tests

The Laminate reinforcemergart shown in Fig 8was subjectedo load with
appropriate foupoint bending fixtures usgnan Instron testing machine. The four
point bending fixture wasustomisedo minimisethe shear stress deformation and
to limit interlaminar shear failure, whicis doneby making the support span
considerably longer than the specimen thicknglss.speimen will be deflected at
a constant rate o2 mm/min until it fractures.The machines equippedwith
automatic hydraulic grips that allogubstantialcontact with the specimen and
ensuring their grip without sliding. The force and displacement wereiradqu
directly from the testing machine.
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Figure 21 Compositecomponent structural four -point bending test

Although the componenwas testedn various orientations, only the results
whennormallytestedo thecomponenas inFig 21were consideretbr this thesis.

A set of five specimens were tested giving an average maximum force of 600 N at
its breaking point with a displacement of 7.7 mm. @lieragdorce-displacement
curveis plottedon fig 23. Because of the curved nature of the laminate pathand
slightly angularbase, it was made sure thererefour points of contact when the

test was started to avoid erratic results.

The machine displacement is assumed to correspond thdispcement
suffered by the sample at the contact poinigally, there were somaoubts about
the reliability of thedisplacementecorded by cross head displacement for bending
tests with no external device such as an extensometecrd$sheadisplacement
suffers some noises, including the effect of machine gaiance, which may
amplify the reading, depending on the sample compliance. This deabt
eliminated by doing some physical tes comparing the recorded crosshead
displacement to the actual crosshead displacement by obtairsegquanceof
photographs ifixed shortinterval proving the assumption correct. More details on
the test donés includedin Appendix3.

4.4.2.Four-point bending tess by FEA

After the extensivecard fitting donefour-point bending FE tests were done to
simulate and compasegith the experimentalesults.The element size was kept as
2mm, the same as during the card fitting of the material. The component was
subjected to imposed displacement with the two cylinders to replicate the four point
bending test with no additional bowargt conditions.
Flexural strength and stiffness are the combined efigcssmat er i al 6s t ensi
compressive and shear properties. The laminate FE specimen is subjected to pure
flexion with two cylinders with the exact specifications of the phydmat-point
bending tests dores shown irFig 22

39|Page



Experimental characterisation aml structural analysis

As explained in the card fitting, two composite failure criteritiase been
exhaustively studied for the composite laminate substrate. The two cards are
implemented separately, compared against each atidewith the experimental
results.

Figure 22 Composite part, structural FE Four-point bending simulation model
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Figure 23 Composite part, four-point bending results comparisonamong experimental,
FEA Crasurv and FEA Hashin

Fig 23shows the FiEnateral card implemented from theitial resultspresentedh
Fig 19, comparing theCrasurv criterion and Hashincriterion against the
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experimental curveThis was doneto find the ideal failure criterion that can be
implemented efficientlyn to a compositegot under review. From thaurvesit is
evident that both the failure criterions hold good for its eldsitaviourbut the
curve withCrasurvcriteriondiverges upwards in th@agic strain zone compared
to Hashincriterion At this stage,it is consjcuous from the comparison that the
Hashinfailure criterion would be better suited for this application.
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Figure 24 Composite part, four-point bending results for experimental, Hashin and
Hashin optimised

The Hashin failure criteriare further optingedin Fig 24 as per the FE card
developed in Fig 20. After theptimisation the force-displacementcurve
converges downwards underestimating the strength of the component; making it
the most accurate result so far.

4.4.3. Results and discussion

The resilts obtainedwith the Crasuncriterion were notvery satisfactory as
shown with thefour-point bending test of the laminate component compared with
the experimental resglasshownin Fig 23. The problem being the criterion does
not distinguish betweedifferent modes of failure.

This drawback for the TsaWu/ Crasurv criterion habeen studiedy John
Hart, [91] where demonstrates the compressive stress states of a submarine hull
could be increasedby decreasing the transverse strength on the samaatani
which of course is physically incorrect. Therefore,¢beclusions when multiple
failuresoccuron a part at the same time as in ther-point bending,the results
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may not be accurate in the plastic zomke results after implementing Hashin
criterion is much better as shown in g showinga massive improvement from
the Crasurcriterion

To conclude, the Crasurmriterion which considers isotropic nature of the
composite materials is not very accurate for the compaoasidered in this tises
undergoing multiple failure modes at the same tikvhile the Hashin criteria
which consider the nehomogeneous nature of the composites is visibly more
accurateThe final result of Hashikriterion gives anunderestimatedtrength of
the component tich is acceptedn the IndustryHowever,the aim isto increase
furtherthe accuracy of the resplthichis furtherstudiedin thefollowing chapters.
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Chapter 5
Process Simulations

By concluding chapter 4, the maximum possible accuracy of thelmade
reachedoy considering only the material ndinearity, as detailed in the building
block in Fig 6. Additionally, to increase thefficiency of the model boundary and
geometricnonlinearity of the model need$o be consideredConsideringthe
incluson of residual thermal stresses, change in fibre orientation while forming,
stiffness degradatiomodels, and delamination failyretc. For thecomposite
laminatepart under reviewas detailed in Fig ,8the effect of delamination and
degradation is liméd as there are only twplies, sofibre orientation change and
residual thermal stressese further investigateavhich is the results from the
process simulations.

Process simulation for thermoforming involves shaping the thermoplastic
prepregby heatimg it above its glass transition temperature to form it intioree
dimensionalpart. It involves heating the material first to its glass transition
temperature for shaping, then transferred to the press where it is hot pE&gsed [
The formed part is #n cooled under the same pressure to ensure dimensional
stability and then removeddowever, for forming simulationsto reanimate or
predict theprocessa complete material characterisation needs to be done at all the
temperatures the blank wibe expoed to. The results greatlgependon the
property of the resirconcerningtemperature, so a multipemperature strain
dependency input cunfer the resin determines how close the output will be to the
actual scenaricd, 93].

The commercially availablsoftwarefor thermoforming of composites are1.S
Dyna (MAT_249 model) 90, Abaqus (Fabric Material modelp4], Radioss
(Mat_58) P5], Aniform [96] and PAMFORM (Mat 140) §7]. A table comparing
the different features of all the FE codes are shown bieTa The comparison
study wasdone partlybased on a benchmark study donerbgearcherdrom
various companies including AUDI, Volkswagen and BASE.[
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Table 7 Process simulation results compared with the actual part (partially adapted

from [99])

Feature PAM- AniForm LS-Dyna Abaqus Radioss

Form
Defining bending behaviour seperately | Yes Yes No Yes: user defined | No
Implimenting charectersitc curves Yes No Yes No Yes
Deformation described by constitutive | No Yes No Yes: user defined | No
models
Rate dependent bending behaviour Yes Yes No Yes: user defined | No
Rate-dependent Yes Yes Yes Yes: user defined | No
interface mechanisms
Thermo-mechanical Yes Yes Yes No No
Modeling
Maodeling of grippers / Yes Yes Yes Yes: user defined | Yes
clamp holders
Tailoring determination Yes Yes: user defined | Yes: user defined | Yes: user defined | No
Export fiber orientation Yes Yes: user defined | Yes: user defined | Yes: user defined | Yes

The comparative study explores all #ssentiahndimportantcapabilities that
areexpected to be fulfilled by FEA. Although the FE codesralativdy similar,
the central aspect to consider is the availability of theoficiency on how to
implementthem, alsohow credible and repeatable the results are. Anatfueral
deciding factor is the operability of the FE codes, which includes howfniesealy
the FE code is, howvme-consumingt can be and how easy it is to make changes
on the simulations.

For the current researcinjtially, all the simulations were run in Radioss and
were later changed to L®yna. This was because thRadiossdoes not have a
specific material model yet for composite forming and is currently combining two
material modelgo obtain the required results. (Law 58 fabric card and Law 59
cohesive elememfard) [B]. LS-Dyna waganore accessiblith more robust results
with their new material model Mat 249 for thermoplastic composite forming
[Appendix6]. Aniform was initially tried givingreasonablgood results, as part of
the research as well and is now kept for future trials due to the current time
restrictions.

The deciding factor was the ability to map the process simulations resalts to
standardmesh for further load ocrash simulationWith Ls-Dyna the linkage of
multiple commercial tools for mappinipe process simulation results could be
avoided, as the mapping code could be directly implemented as detailed in the
Chapter 4.

44|Page



Process Simulations

5.1. Experimental characterisation for process simulation

The material characterisation tests are done based on the literature review to
complete the chosen FE material cérdw 249 in LSDyna).

5.1.1. Tensile Characterisation

Tensile tests are done only on dry composite fabric and not on itiygosde
laminate (fabric+ resin) because material parameters such as teYisileg's
modulus are fibre dominant aedhibitlimited changewith respect taemperature.
Thisis basedn the study done by Melo and Radfoed][

During tensile tests, two t@mation modes cahe observeavhen the fabric
is testedaxially as shown irFig 25. The first deformation mod&ig 26) appears
when the yarngareundiluted leading to the tightening of tigarnsin the pulling
direction. The seconchodeinitiates afteithe full extension of thgarnsleading to
axial stretching of thgarns When defining the tensile curvefabricit is necessary
these to deformation modes which is critical for further study and FEA simulations.

P -L.-——-..-IF!’ =

Figure 25 Tensile Fabric specimen
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Figure 26 Typical tensile test result of a dry composite fabric as per ASTM D5035 (E
Glass twill fabric) [100]

Theprimarychallenge is the difficulty in handling the fabric specimen and the
requirement ofpowerful clamping force as the tensile load isually incredibly
high for composite fabrics. The fabric tensile tests doneat room temperature
and the specimen following ASTM D503%00]. Exceptionallysteepstiffness
curvesare usually observedr tensile curves for composite fabrics.
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Figure 27 Tensile Fabric stress vsstrain

The associatestressstraincurves from the tensile testgeas shown irkFig 27.
From the experimentalurvesthe card fitting is done to obtain the FE curvEse
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card fitting displayed in Fi@8 shows an accurati for both force displacement
andstressstrainconfirmingan excellentensile match.
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Figure 28 Tensile Fabriccard fitting Force-Displacement & StressStrain.

5.1.2. Shear characterisation

Intra-ply shearis considered the primary deformation rhanism during the
thermoforming of composite It occurs when the fibre orientation changes when
the yarnsare rotatecht their crossovers. This change in fibre orientasatenoted
by shear angle, which starts at zero and increases or decreases whrgléhe
between the warp and the weft yarn changes. A typical shear compliance curve for
a composite fabric is as shown in 2@ whichis dividedinto four regions.

During low shear angles denotedthe pure shear zonthe force required is
meagelis aimost parallel to th&-axiswhich is mainly due to the friction between
warp and weft yarns undergoing rigid body rotatidiQ1] 102. The shear angle
keeps on increasing till the yarns cannot rotate freely leading to compression of the
yarns in contact hich leads to a rapid increase in the shear stiffn&g4].[This
pointis denotedas shear lockingngle,and theshear locking zones the transition
area of the shear zone of the fabilibe wrinkling post shear locking zone region
shown in Fig 29 is Were the shear angkereachedor the entire shear area leading
to out of plane deformations such as stretching and wrinkling. All the load applied
post shear locking is a combination of predominantly tensile, then yarn compression
at the shear lockingdges and some shear as well.
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Figure 29 Typical shear curve for dry composite fabric

A benchmark study hdakeen don¢o characteris¢hein-planeshear behaviour
of composite fabricsg0]. Although theravasslight variability in the resulidased
on the extensive tests conductesome critical best practice methods and
recommendations can be observeach as the importance of the preparation of
specimen in the right way, avoiding preload on sphecimenetc. Based on ftis
study two methods are useddetermine the shear behaviour, so that the results can
validate each other. Thmethodsare Biasextension test and Trellis frame test,
whichis detailedn the following subsections.

Bias Extension tests (Fabric)

For Bias extension tests rectangulpecmens of 200 x 100 nfm(with
additional gauge area e6f50 x 100 forclamping) werdested as shown in tleg
30 b. The warp and the weft of the specinae initially orientedat +4% to the
applied force in the tensile direction. The speed of thewvas fixed at 20nm/min.
The grippers were custom made as well to accommoeigliess composite fabric
and gauge area width of at least 1Ho@.

During the testing, the measured force from the bias extension test is not pure
shear deformation but a combtion of partial shear and full shear forcas.the
specimens extendecdachfibre yarnis assumedo beinextensibleandthecrossing
actsasa possiblerotationpoint developingthreedistinctregionsasdenotedn Fig
30(a). During the test,aroundthe areaof pure sheardeformation the shearangle
increasegraduallyuntil it reachesa critical angleknown as shearlocking angle
leadingto out-of-planedeformationpossiblyleadingto wrinkles. For the ease of
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normalisation, the kinematics on the sjpgen undergoing bias extension are

described using three different region® andc. Fig 31.[103 104. The shear in

the zone 6 ai® expectedt o undergo pure shear, wher ea
approximated to have half shear and the region ¢ does reahgshear; remaining

un-deformed during the test. This assumption of kinemattdsvalid for the test

specimen undergoing tensilerce until the specimens deformed leading to an

intra-fibre slip and secondary crossover slip. This error is estimeqedl|to +2°

from the calculated resultgith a50° shear anglgl05. However, this kinematic

normalisation is necessary for isolating the slséass further analysis.

.‘A /4 .
Intra-ply "§N
slipping

= vl

Crosshead tensile
displacment

Uniform Shear k
zone

Figure 30 a) Sample specimen shear force distributionb) Bias extension test sep

Although from the initial analysis, Wwas provedhat it is difficult to perform
the test on the chosen material specimen; multisiswere conducted to obtait
leastfive good resultsThe difficultywas mainly involved in handling tlepecimen
as during the bias extension testgpecimerns only supportedn two sides leading
to easy intreply slippageThisagain is due to the specific nature of the chosen glass
fibre fabric with its slipperyatureand thicker yarn size.

The shear angle anshear forceare calculated based on the relationships
developeds a function of fabric size and displacement.
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Figure 31 Bias Extension test setup
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Figure 32 Bias Extension specimen representation for kinematic analysis
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From thekinematicanalysisof the biasextension samplghownin theFig 32,
the shear angld canbe deducedis a function of the displaceméntand the
specimen siz10§ through the equation:

— T cAT ¢ = (12)

Where, H is the tensile length of the specimen and \wheswidth. For
normalsing the shear force for bias extension, the energy required to déferm
three deformation zoneare consideredor the specimen. The relationship
derived based on the assumption of pure shear kinematics on the fabric specimen.

o — (13

- (14

& (15)

Based on the normalisation steps done with the equations, the average result
obtained showing the sheatress,and shear anglare presentedin Fig 33.
Additionally, the experimental results obtainackfitted on the FE material card
fitted with MAT_249 LsDyna material card as shown in F34. The curves fit is
notaccuratgost 35 mm displacement of the specinéris may be because as the
shear force is calculated analytically by the energy method, the mesylhot be
accurate post the shear locking of the fabric. Although this is a point of concern,
this is ignored for now to try a different shear test to compare the shear reg8qlts [
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Figure 33 Bias Extension: Normalised shear force's. Shear Angle
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Figure 34 Bias Extension: Card fitting FEA vs. Experimental results

The loss of accuacy for experimental curves is due tomtreeply slippage which
makes the results unreliable post shear 35 mm.

Trellis Frame tests (Fabric)

A trellis frame sheatest haseen additionally donfer validation,and the setufs
shownin Fig 35. The specimeis cutto have at least 108 pure shear zone in
the centrelnitially, the test is donenly on thecompositefabric to obtairits shear
characteristics
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SKF Bushing: PCMF 101212 E bushing
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(10 X M4 X 0.5R screws for each arm)
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The Specimen

Small Shaft +
SKF Bushing: PCMF 101212 E bushing

Figure 35 Trellis Frame setup

Extra precautionsvere takerwhile cutting the specimen to confirm and validate
the number of yarns and its orientation. Additionally, fy@onswere removed to
isolate the shear zone in the trellis specimen as shown B6Fig make sure the
specimenundergoes uniform shear a sensitivity study was done to minimise the
applied compressive and tensile force on gpecimen just enough to keep the
element in placel0§. A high precision screw gauge was employed to do it as
shown in Fig 37. Tow buckling due to the edge effects at the point of contact
between the fixture and specimisralso minimisedy doing the sensitivity study.

Figure 36 Trellis Frame fabric specimen setup
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Compression load of 0.§ Minimum load:
. stop at the sign of Use 2 s¢rews for
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Figure 37 Trellis Frame specimen setup for good results

Yarn rotation isthe predominantdeformationfor fabric when conforming to
final geometry This rotationis denotedas the shear angle whichinitially set at
zerowhenthe fibers(the warp and the wefyarng are pependicular. The shear
angle from the trellis frame is obtained trigonometrically using the relat@®):[

— - ¢cAT 0= —— (16)

Where Luameis the frame length and d is the displacement ofrdrae

The shearforce, K, can be calculated from the measured pulling force F and
the globalkshear anglel09:

o o 17

To avoid consideringhe inertiaand weightof thetrellis frame t he O6net 6
shearforce Fis obtainedy deductingan offset valué& 6 fthe manhineecorded
val uduring thétest The of fisabthinedoyatésting juskthe trellis
without a specimerwhich records the weight and the inertia of the fixture including
the inertia of thdixture.

54|Page



Process Simulations

Based on the normalisation stegiee result obtained showing the shetaess,
and shear angis presentedn Fig 3.
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Figure 38 Trellis Frame Fabric Experiment: Normalised shear forcevs. Shear angle

Additionally, the experimental results obtainedfitted on the FE material card
fitted with MAT_249 LsDyna material card as shown in Fi§. 3he modelwas
madeas shown in the FigOto simulate the trellis frame for curve fitting
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Figure 49 Trellis Frame fabric: card fitting curves FEA vs. Experimental
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Figure 40 Trellis Frame FE specimen setup

Trellis Frame tests (Laminate)

After the trellis tests on the fabric, the trellis test on the entire laminate was
done insidea thermal chamber, to simulate the properties of the laminate at its
forming tempeature(Fig 41). The only difference being the trellis laminate is the
combination of shear properties of the fabric and the properties of the matrix, while
the trellis fabric influenced only by the shear properties ofdbec. The properties
of the martix were obtainecdby comparing both theesults ofthe ongoing FE
analysis.
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Figure 41 Trellis Frame laminate specimen setup

The specimen wasut with the same dimension of the trellis frame fabric to
enable a shear zone of 19@. Theforcewasmadeto make sure thepecimeris
orientedat +45° to the force direction. Similar to the trellis frame: fabréc
sensitivity study was done to obtain the minimum compressive force required to
achievethe ideal shear characteristic curve. The experimentdt msained from
the trellis frame laminate is shown in Fig. 4
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Figure 42 Trellis Frame Laminate Experiment: Shear Forcevs. Shear angle
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Figure 43 Trellis Frame Laminate: Initial matrix behaviour card fitting

Theresultwith the closestnatch attaineds shownin fig 43 to represent the
matrix behavioutin the laminate during forming-heinitial behaviourof the curve
is intentionally keptinderestimated to compensate for the initiattia ofthe trellis
fixture.

Shear results

After fitting the shear curves in the bias extension and the trellis fixture, the
result carbe validatedby comparing the results after normalising sinearforce
obtained. The idea being, since both the tests were dowbtain the shear
characteristics of thcurve, matching results will selflidate thesheardata[107].
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Figure 44 Bias Extensionand Trellis frame test results comparison
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FigdMds hows t he normalised results from the
extension compared giving identicabudts. The shear stressas calculatedrom
the calculated shear force, shear angle and the specimen dimensions a3kbown
shear curves further modifiedto normalised shear stregs shear angle in both
positive and negative axis as a direct inpptesenting shear characteristics for the
material card Mat_249 in EByna for accurateesultsFig 45.

Normalised Shear Stress (GPa) (E-03)

Shear Angle (°)

Figure 45 Shear Curve inputfor FE material card

Trellis frame test is recommended for further trials as the intra ply slippage
dominant during tl bias extension test can result in unreliable results and a lot
more tests required to obtained usable data. Trellis frame test is relatively simple if
a proper proceduris implemented giving repeatable results.

5.1.3. Friction characterisation of wowen fabric and laminate

Another significant deformation due to thdraction of continuous fibre
reinforcedcomposites inter-ply slippage and tool ply slippagéd, 110.
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transverse bundle matrix longitudinal bundle

Figure 46 Schematic crosssection of a 2x2 Twill ply on a tool surfacéadapted from
[78])
Fig 46 shows acrosssectionof the composite laminate in contact with the tool
surface where a hydrodynamic lubricatisnexpectedon the interface between

adjacenpliesand between the tool and the ply.
Fig 47 shows the representation of tgmy friction and plyply friction setups.

L /

a. Tool- Ply Friction b. Ply- Ply Friction

Figure 57 Friction testing experiment setup representation(adapted from [79])

The required output is the nominal force required to pull the specimen gripped
with a fixedforcemeasumg the frictional coefficient. Although there is an absence
of a test standard to build a setup, a benchmark study had been conducted by
different research groups to develop a testing rig to evaluate the friction tests under
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nominally equal conditions oimé¢ same test materiald]. Thetesting setupused

for the thesisvas designed and fabricatedterreviewingthebenchmark research.
The required design characteristics of an ideal friction testing rig for optimum

results includes avoiding a larger fian area tgreventthe influence of the edge

effects, uniform pressure and homogeneous temperature distribution. Another

critical design requirement is the importance of a very robust test setup

configuration withstrictconstraints on the test specim&hisis done to make sure

the sliding interface haweonsistentontact with the frictional interface and should

not detach or rotate.rAimportantconstrainthere is that the polymer matrix may

be influenced by thedegradation at high temperature in @&ygenrich

environment, so effort should be taken to minimise the operatior] iibig

Figure 68 Friction testing experiment setup

Fig 48 shows the frictiortesting rig setup developed fonghthesisresearch.
The gripping érce formalload) required to hold the specimen is supplied using
the fourhigh-temperaturecylindrical collar screws along the four corners of the
dnternalBlockk t hat goes all the way through
The gripping force isrecorded using digh-temperaturepiezoelectric sensor
sandwi c h e cxtenal tBlwade na InternaldBlocld . A tensile
applied tathe specimen using an Instron testing machine, enabling it to slide out of
the friction testing setup. Thepecmenis madeby two composite laminate sheets
(Fig 49) that iscut and stuck on to the metal plate vhigh-temperaturedhesive.
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Steel plate

70

2 x Composite laminate sheet
stuck on the steel plate

with high temperature
adhesive.

170

Figure 49 Friction testing specimen setup

The testis conductednside a thermal chamber kept at 4B80epresenting the
forming (process) temperature of polypropylene composite, and it starts to degrade
above that temperature. The sliding velogtieptat 100 mm/mm, with a constant
contact surface area 5600 mn?. Two thermocouples are placed very close to the
specimento make sure a uniform temperatuveas achievedthroughout the
specimenAn extremely sensitive torque wrench of the rangeMfriito 5SNm was
employed to achieve the required normal gripping force of\8fi¥ both the tests.

The maximum frictional forcd= when theplies are slidingwith respect to
another ply or toobr whenin limiting equilibrium isthe product ofts frictional
coefficientandthe normakeaction force

3 HA (18)

Where mis thefrictional coefficientand R is thenormalreactionforce.

Tool - Ply test setup and coefficient.

For the toolply setup, the specimes in direct contact with the metal part of
the fixture, representing the tool. The assembly is placed inside the thermal chamber
to achieve the required temperature of’l800nce theecessaryemperaturevas
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reachedthe tests initiated and a tensiléorce is induced on the specimernrtduce
friction between the laminate and the metal surface.

The curve displayed dfg 50 shows the frictional coefficients plotted against
the displacement for the teply friction test showing the initial static dieient
and the latesteadystatecoefficient representing dynamic frictional coefficients.

0.4 - Static Frictional
coefficient= 0.35

=
w

Dynamic
Frictional
coefficient= 0.3
(Steady-State)

Coefficient of Friction(p)

0 10 20 30 40 50
Displacment (mm)

Figure 50 Frictional coefficients vs. displacement for tootply

The result®btainedand theestimatedrictional coefficients are agportedn
Table8 summarising the entire toglly process.

Table 8 Tool-ply test setup andcoefficients

Ply- Ply test setup and coefficients.

For the plyply setup, the laminate part of the specimen is in contact with
l ami nat e f ilmtema Blackd © e dia Bighld andie FElg 52, to
enable theinterfacebetween twoplies After loading the specimen, the entire
assembly is placed inside the thermal chamber to achieve the required temperature
of 18@ C. The test is initiatethen,and a tensile force is indad on the specimen
to inducefriction between the laminate sheets.

The curve displayed drfg 53 shows the frictional coefficients plotted against
the displacement for the pply friction test showing the initial statapefficient
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Ply-Ply

specimen

Figure 51 Ply-Ply specimen

_

Specimen cut to attach to the

internal Block and the L
/ Block for tool ply tests.

L Block with the specimen

Internal  block attached with high temperature
with specimen adhesive.

attached with
high temperature
adhesive.

]
1

-

Figure 51 Ply-Ply specimen setup
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Figure 53 Frictional coefficients vs. displacement forply-ply

The resultobtained,and theestimatedrictional coefficients are as described
in Table9 summarising the entire toply process.

Table 9 Ply-ply test setup and coefficients

Friction tests conclusion

Tool-ply and plyply friction test had been done to obtain the static and dynamic
coefficients for composite forming simulations supplementing the Mat 249
material card in Lsdynd he hydralynamic lubricated friction can be represented
accurately using the Stribeck curvesit there is no current provision to make it
usable in the FE tool adoptetilP].

5.1.4. Bending test

The bending behaviour is anothessentialdeformation mechanism that
influences the thermoplastic part during the thermoforming. Traditionally for
composite laminate characterisation, the bending characteristics of a thermoplastic
composite laminatbavebeen neglected owing the bending characteristics to the
intra-ply shear andnter-ply friction. Any literatureon the generadtudyon bending
characteristic®f a composite laminate at melting temperature is limited, up until
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recently by P. Boisse and the bending fixture developedabirsp8d3, 113. This
research examingle possibility of designing and fabricating a bending setup for
composite laminate in thermoforming conditions that can be operated with relative
ease to obtain accurate measurements.cbheentional three point or four point
bending tests are impraciicdue to the very low bending stiffness @ahdmolten
stateof the specimemaking it impossible to handle.

The primaryrequirement here is that the specimen shouldadtghtly fixed
in the fixture and the supports should only act as a guide to aliding and to
avoid forced bending of thepecimeras shown in the Figds Thespecimershould
be restedbetween the fixtures enabling free movement along the circular path to
avoid tensional or compressional strains. The image showsp#emensliding
whenthefixture is rotated, avoiding any imposed torque ongpecimerkeeping
the bending nature of thepecimensimilar to the traditionathreepoint or four-
pointbending tests. Some otheatal requirements are well controlled and sensitive
deformdion rate, theuniform temperature along the specimen, provision for
accurate measurement and short test period to avoid thermal degradation.
importantconstraint here is thexidising effect of the polymer matrix gorolonged
exposure to high temperag) because of this effort should be made to limit the test
time to a minimum111].

Based on the study done, a bending testivag developeds a part of the
current research. The setup daneasily mountethsidea commerciarheometer
exploiting itscapabilitiesequipped with an electric coil heater to heat the specimen
up to its process temperature. The fixtisedivided into two main parts, one
stationary holder and one movable holder as described in5Figh® rectangular
specimens measure®5 x 25 mnt is bentby rotating theportableholder with
precise control. Heat resistant polyimide tapes are stuck on to the edge of the
specimen to avoid the molten resin sticking to the holders at its process temperature
as detailed in Fig 56.
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Specimen not clamped: specimen free
to slide to provide lateral movement
and facilitate free bending

fixture mounted onto the rotating shaft
of a theometer.

Thermal tapes used to avoid specimen
sticking

Figure 54 Schematic representation of the bending setp

Once the specimes loadedthe temperature, thtaeometeis closedand the
temperature is raised to 1°8Dto heat thepecimenThe thermocouple placed close
to thespecimerconfirms thetemperature ofhe specimerand the tesis initiated
The applied torquis plottedagainst the rotation angle for teetireduration of the
test which serves as the output.

Based on the tests, the FE model of the bending seaspdevelopedor
validating the bendm nature of the laminate. Although for the FE material card
there is no provision for a direct input of the bending modulus of the material, the
ideal bending natur@as fixedby varying the integration points along the thickness
of the laminate. dntegraton point position variation meth&d where a
*Integration_shell card was ustacontrol betterand optimise the position of the
integration points to get the bekdsign behaviour of the laminate.
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Figure 55 Schematic representation of the bendinged-up showing the initial and the
final position
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Figure 56 Bending curveswith and without the polyimide tape around the specimen
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Figure 57 Bending FEA

Figure 58 Bending FEA with the adopted integration point positiondistribution

Based orthe bending tests dorsong with the corresponding FE te¢ksg
57), the number of integration poingse currently kept at six as per thenterval
shownin Fig 58. A general study is currently done to utilize the thickness point
variation method for dpnmum spacing of the integration points as shown in Fig. 58.
The integration pointoncentration at the centre could increase the accuracy,
althoughfurthertesting andevaluationsare necessary faccuratelyalidatingthe
bending characterisation

5.2. Forming simulation setup and results

The process simulations are done to provide a basic understanding, to capture
relevant parameters like shear locking leading to wrinkling, fibre direction change,
etc [114 115 116. The process simulations veedone in LsDyna by using a
single action draw with an imposed displacement keeping the die and punch as rigid
bodies.The blank incorporates two plies modelled with the Mat_249 material card,
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with a Typel6 fully integrated composite shell elements defsee anisotropic
layered individual shells.

Additional steps to improve the simulation accuracy include:

1 The shear input includes both the positive and negative shear angles plotted
against the shear force for simulation accuracy.
i Static and dynamic fritonal coefficients are given separately for the tool
ply interfaceandthe ply-ply interface.
1 Six equally spaced integration pointgge givenfor certain bending
behaviour, based on the bending testswere mp |l oyi ng t he O6i nt e
point variationre t hod 6 .

The punch moves vertically downwards with an imposed displacement deforming
the blank keeping the die fix¢Big 59 and Fig0). A binder was used to locate the
blank in position and to avoid abnormal behaviour oftifak leading to a failed
simulation. Contact is defined between all the interfaces using
*Forming_oneway_surface_to_surface card and an additional contact eaddo
self-intersectiorwhile formingis givenby usinga*Automatic_single_surfaceard.
Althoughglobaldampingwas giveninitially, it was later avoideds it was making

the simulation unstable.

Figure 59 Schematic representation of the bending seip
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Figure 60 Different stages of forming simulation
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5.2.1. ResultsDiscussion

Based on the Forming FEimulations done, the ressiltvhich directly
influences the strength of the componamdiscussed here, such as the fibre path/
directions, wrinkles, thickness variations, Etc

Contour Plot v
Fibre Rotation(Scalar
Simple Average
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— 1.917E+
— 1.533E+01

1.150E+01
7.667E+00
3.833E+00

0.000E+00

Figure 61 Local fibre rotation comparison

Fibre path/directions: The analsis of the mechanical performance of a
composite paris doneby assuming the fibre path as constant and uniform. Fig 6
shows that theourseof the fibre changes during the process, further validéted
apparent local shift in the fabric direction charcarbe realiseatlose to35°.

Wrinkles due to excess implane shear: one main reason for developing
wrinkles on fabric reinforced composite parts are due to excess shear leading to
shear locking or excess pressure distribution on a plane. FB#e process
simulation was validatedin the component by locating the wrinkle pattern
developed on the part as in lEgon areas of the excess shear in the FEA].
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Contour Plot
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Figure 62 Local wrinkles compared with the FE results

Shell thickness variations: The layerthickness of a composite part may vary
due to unequal distribution of pressure by the tool leading to consolidation
problems. Identifying this parameter would allow optimising the die mould further
to facilitate even pressure throughout the blank duriagdahming operation.

Fig 63 demonstratesomparablecompatibility in the change of the thickness
of the laminate Although it was difficult to determine the thickness variation
physically on the laminate precisely, a crgsstion of the laminate shows an
evident noruniform thickness patternthe contour plot shows the percentage
thinning demonstrating how much tpéy thickness vary compared to its actual
output.A general quantitative comparison is currently dmneonfirm the presence
of in-plane thickess variationsand local thickness variations with detailed
qualitative study isn ongoing study, although not part of this thesis.
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Figure 63 Thicknessvariation trend compared with the actual component

Residual stresses

Residual stressesccur in a continuous fibre reinforced thermoplastic
composite part during its forming/ processing and successive cooling to the room

temperatureTheyare intrinsically present in all thermoplastic compogégs,and
it influences its structural integrityl19. Due to this reason, it isnportantto

include the residual stresses in the analytical modelling of thermoplastic

components. The residual stresses can aaiiiwee mechanical levelegarding
its origin [118 119, 120:

a.

Micro-mechanical level/ constitaelevel.

Due to the variant coefficient of thermal expansion between the matrix and

the composite fabric during thermoforming.
Macro-mechanical level/ lamination level.

Due to the variant coefficient of thermal expansion between adjacent

compposite laminate sheets during thermoforming.
Global level

Due to the variant coefficient of thermal expansion along the entire
thickness of the part during thermoforming.
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Although the three levelsre separately statethe residual stresses deveddp
on a globakcaleis considered here for analysis. B4 shows the global residual
stresghatis developedlong the surface thickness of the part.

Figure 64 Global principal residual stresses developed on the part

All the manufacturing processaameter results shown here wifluence the
structural integrity of thermoplastic compogirts,and it is critical all these values
are included in the FEM model for accuracy.
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