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Abstract

Abstract

Incremental sheet forming (ISK)a promising flexible manufacturing process aad
drawn increasing attentian the past decade$he final shape of ISF formed part is
accumulated by localisedeformation under the forming todExtensive research has
shown that it is especially advantageous in manufacturing-&atalh and customised
sheet parts because of its distinctive features of flexibility, adaptability, applicability,
improved materialdrmability and associated benefits in energy efficiency and reduced
costs.Apart from metals, thermoplastiese also widely used engineering materials in
different fields as thepavegreatadvantages in resistance to impact, temperature and
load carryingcapability.As a result]|SF of thermoplastichkasbeennoticed in recent

years.

This thesis reports the findings of analytical and experimental investigations andSF

its application in thermoplastics.By revealing the mechanical behaviour of
thermopastics and the deformation mechanism of ISF, a new constitutive model for
thermoplasticsandnew analytical models for ISF foremd contact pressupeediction

are developed. Focus is also given to the experimental study of thermeipéessictISF

proces and the application in manufacture of customised craniakplate

A new phenomenological constitutive model is proposed to predict the mechanical
behaviour of thermoplastics. The new constitutive model and the method to determine
the parameters of the model are introduced. In the new model, a transition function is
propcsed to enable a smooth transition of the flow stress behaviours under both small
strain and largstrain conditions. In validating the model with testing data of Polyether
etherketone (PEEK) and Polycarbonate (PC), it is found that this new model i®able

predict different phases of the flow stress behaviour of thermoplastics in consideration
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of the effect of strain, strain rate and temperature. Although the basic trends of tensile
and compressive behaviours of PEEK and PC materials are different, ihe ne
constitutive model can be used to represent these behaviours effectively. In addition, the
results show that the new model gives a favourable prediction of the PC material at high
strain rate conditions. Compared with John€mok, Nasraoui et al., Dug®aigal
Greif-Zimmerman (DSGZ) and MullikeBoyce models, the new model presents an
improved level of accuracy on the mechanical behaviour of thermoplastics in a wide

range of deformation conditions.

A new analytical model for forming force prediction iretlfSF process is presented.
The modelling of contact region, thickness distribution and strain components are
carried out as the basis for the prediction of vertical and horizontal forces. The effect of
local contact behaviour, material deformation anctshing, as well as the less
investigated behaviours of global elastic bending, change of deformation mode and
contact condition change are considered in the derivation. The force prediction model
at both plane strain and biaxial tension condition aredeisloped based on the
differences in contact region and thickness distribution between these two different
deformation states. Validated by ISF tests for a truncated cone and pyramid part with
varying drawing angles, the prediction of force history cagstuvell the fluctuation of
different force components due to the change of deformation conditions and provides
an insight into the material deformation mechanisms and the correlation to forming
force characteristics of the whole ISF process. In a practisa, the developed model

is successfully applied to the force prediction in-l&Sed cranial plate manufacture.
The developed model is also validated by a series of ISF tests with different process
parameters. Compared with other models, the developalytigal model has the

capability to predict both peak and stabilised forces and is more accurate in most cases
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of the whole ISF process.

An analytical model is developed to predict tdomtact pressure distributiom ISF for
the first time Referring tathe contact mechanics of sheet indentatioesize of contact
area, maximum contact pressure and pressure distritanrgqredicted by the analytical
method based on the revealingtioé local toolsheet contact behaviour ISF. Point
based method igsed tomplement and visualise the analytical moddie validity of
thedeveloped analytical model é®nfirmedby comparison with FE simulation for ISF
of titanium grade 1TA1) sheet and heatssisted ISF of PEEK sheetifferent aspects
The effectof meshsize in FE simulation isanalysedto have an influence on the

discrepancy between analytical and simulation results.

Experimental studys carried outo test the feasibility ofSF of PEEK andpolymethyl
methacrylate PMMA) sheets at elevated temperatuteatassisted ISF setuporce

and temperature measurement systara developed and testedrwestigatehe effect

of spindle speed, feed rate and geometry on temperature distribution, forming force
variation, thicknessistribution, formed geometry and formabilitResults show that
spindle speed has the most significant influence on temperature distribution and forming
accuracy in ISF of PEEK and PMM#&or ISF of PEEK, preheating temperature of 130
~Cand spindle speed @00 rpmis recommendedompared to 1000 rpmvhile for ISF

of PMMA, 100 C and 100 rpm can baseful.Based on the experimental tests, 1SF
basednanufacture oPEEK and PMMAcranial plateis presented ancegared as an
effective alternativao cranial reconstructionApart from experimental observations,

the fracture mechanism, geometnaccuracyand twist behaviour are discussed and

considered as challenging issues in ISF of thermoplastics
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Chapter 1

Chapter 1 Introduction

1.1 Overview of incremental sheet forming(ISF) and its application in

thermoplastics

1.1.1 Overview ofiISF

Incremental sheet forming (ISF) is a relatively new flexigheetforming process

which has drawn increasing attention in recent yeassshown in Figre 1.1, its
principal concept is to progressively enable localized deformations by moving a
hemisphericatool along a tool path tgradually deform the blank sheet to its designed
shape In the early stage of ISF research, researamestly focused on singl@oint
incremental forming (SPIF, one commonly used type of ISF), during which the flange
of the sheet is clamped without further support and the sheet is maintained at a fixed
position. In most cases, the sheet is deformed from the outside to the insidbea

centre of sheet is moved downwards gradually.

Initial sheet

Blank I\qolder

Lo

7 Workpiece

. N\
Final shape “N=Ziijziic?

Figurel.1 The basic principle of ISF.

In the past decade, variants of ISF have been developed from SPIF includipgirivo
incremental forming (TPIF)rad double side incremental forming (DSIF), as shown in
Fig. 2. During the process of TPIF, the sheet is supported by a partial die or a full die at

1
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the other side and is deformed from the inside to outside with the flange moving
downwards. During the prose of DSIF, a second tool is used on the other side, serving
as local support for the forming tool. The sheet is deformed under the cooperative effect

of the forming tool and the supporting tool.

a . b o Forming tool
(a) ' Forming tool — (b) Workpiece C%mlng 00
Workpiece 9
Full die
Blank holder Blank holder |
7] [/J Y,
NN Y R
Partial die ' ' |
) Forming tool

G2

i
|
|
|

Workpiece

Il Supporting tool

Figurel.2 Different variants of the ISF process. (a) TPIF with a partial die, (b) TPIF
with a full die and (c) DSIF.

Comparing with traditional sheet forming processes, ISF is especially advantageous in
manufacturing smalbatch and estomised sheet parts because of its distinctive features
of flexibility, adaptability, applicability[1], improved material formability2] and
associated beefits in energy efficiency and reduced c¢8jsit has shown the potential

in practical applications in aerospaf4], automotive industrie$5] and medical
engineering6]. Therefore, 8F has been studied and tested to shape metal sheet parts
since its inceptionMost studiesabout ISFare focused on the deformation and fracture
mechanism, formability improvement, different variants of ISF and their applicability
to different metallic megerialssuch assteel,aluminium,andtitanium alloys, as well as

some thermoplastics
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1.1.2 Overview of ISF of thermoplastics

The early research works are mainly focused on ISF in metallic systela Le et al.

[7] andFranzen et a[8], for the first time, attempted use ISRo form thermoplaste

Since then, ISF of thermoplastic materials has attracteeasingattention forpossible
applications mainly because bfh e ma adeantageslinsldding good resistance to
impact and to temperature and bearing cap@tit9]. In recent years, many researchers
extend the scope to investigate the use of ISF to process different kinds of thermoplastics
suchaspolypropylene (PP)polyoxymethylene (POM)polyamide (PA)polycarbonate
(PC),polyvinylchloride (PVClandpolyethylene terephthalate (PE[L)-13], as shown

in Figure 1.3 Yonan et al[14] compared the main thermoplastic materials processing
technologes from the technical and economic aspects. From their summarisation, the
benefits of using ISF process to form thermoplastics appear to include low cost, low
production rate, rapidrototype ,and smakbatch production, compared wittaditional

moulding and forming technologies.

82mm 73.5mm

Figurel.3 Formed thermoplastic parts by IEH].

Most researchers vestigated ISF of thermoplastics with consideration of the basic
process mechanisf@, 14-19], while considerable interest has been made especially for
such as customised cranial implant applicatif2@s24]. Centencet al.[20, 22] put
forward a methodology to manufacture cranial implants by using ISF ohdpaistic

shees as the ISFbased cranioplasty implant processing gives an excellent
demonstration of the aforementioned advantages in manufacturing customised parts for

medical applicationsFollowing the similar approachBagudanch et al[25, 26]
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achieved the manufacture of cranial plates with biocompatible thermoplastics,

polycaprolactone (PCL) and ultrahigh molecular weight polyethylene (UHMWPE).

From the above overviewf can be summarised th#te advantages of botiSF
processing technology and thermoplastic materials promatetmbination andthere
is an increaing interest of transferring the research fotmdSF of thermoplastici

recent yearbecause of the extensive application prospects
1.2 Research chllenges

Although advances have been made in the process design and implementation of ISF of
metals and thermoplastics, the deformation behaviour in the ISF process is still less
understood, especially the localised interaction between the forming todhaet!
material. This leads to the current PhD research project to investigate the local tool
sheet contact behaviour and deformation mechanism in ISF of metals and thermoplastics.

The research challenges can be given from the following three aspects.
1.21 Material constitutive modelling

The complexity of constitutive response of thermoplastic materials has been
acknowledgedFive phases can be usually foundtime deformation process: linear
elasticity, norlinear elasticity, yield, strain softening and hardeni2g], while the
strain rate and temperature alsve an influence on the stress evolutibnis makes

the material flow of thermoplastic in ISRuchmore difficult to describe and predict
than metals. To overcome this challengeigorousconstitutve model imeeded to be

developed for thase infurther analytical modelling arfthite element EE) simulation.
1.2.2 Process analytical modelling

The appropriate solutienof modelling for different aspects can promote the
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understanding of the deformation and fracture mechanism in ISF. Although some
studies have been dof@lowing the framework of membrane analysis developed by
Silva et al.[28], the processmodeling focusedon the localdeformation andctontact
regionisless irvolved As challenging aspects to the research community, the analytical
modelling of forming force and contact pressure distribution candeiplop more in
depthunderstandingf the deformation behaviour and the interaction between forming

tool and shet material.
1.2.3Forming and testingmethod

Different from metals, ISF of thermoplastics may be conducted at elevated temperatures
with the use of external heating source and forming tool rotafibis. leads to the
complexity of the ISF testing and measurenssitip which involves the ISF fixture,

the force measuremesystem, the temperature measurement and recording system.
Besides,it also would be a challenge for hessisted ISF of thermoécs to
determire proper process parametéos successfly forming ofthermoplastis without
obvious defectswhichis essential to the further applicatswf ISF-based manufacture

of thermoplastics.
1.3Aim and objectives

The core aim of this PhD pr@ct is toinvestigate the deformation mechanism and
localised contact behaviour in ISF of metals and thermopla&jcsooking into the
insight of material deformation and testheet contact, theoretical analysis is carried out
and analytical modelsare aveloped to predict the material constitutive response,
forming force history, contact pressure distribution in ISF of polyettieer ketone
(PEEK) and other materials. This PhD research study also aims to test the feasibility of

heatassisted ISF on PEEK amblymethyl methacrylate (PMMA, acrylic), and to
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investigate some challenging issues in ISF of PEEK and PMMA such as forming
inaccuracyfracture and twist.The following objectivesire supportivéo achieve these

aims

(1) A constitutive modeis aimed to baleveloped and validated predictthe stres$
strain relationshipof PEEK and other thermoplastied elevated temperatures and

different strain rates.

(2) A new analytical model is aimed to be develogrd validatedio predict the forming
force history by looking into the material deformatiamd local contact behaviour

ISF.

(3) A new analytical model is aimed to be developedvalidatedto predict the contact

area and pressure distribution under local-si@et contact.

(4) The possibility and feasibility of ISF in forming higierformance PEEK and brittle
PMMA sheets at elevated temperataral the application in cranial plate manufacture

are aimed to be tested.

(5) Theoretical analysis igimed to becarried outand validatedo reveal the forming

accuracy, fracture and twist behaviour in ISF of PEEK and PMMA.
1.4 Research methodology

The following tasks are planned to achieve the research aim and objectives:

(1) A new constitutivemodel is developedith phenomenological methdd predict

the constitutive response of PEEK and other thermoplastibsconsideration of the
linear elastic, ni-linear elastic, yield, strain softening, hardening behaviours, the effect
of temperature and strain rafeensile and compressive behaviours of serystalline

(such asPEEK) and glassy thermoplasticsu¢h aspolycarbonate, PCare used to

6
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validate the new modeA comparison is made between the new model and some other
modelsfrom literature The constitutive model is fundamental for the development of
analytical models of forming force predictionTask (2) contact pressure prediction

Task (3)and themechanisndiscussion of challenging issues in hassisted ISEests

of thermoplastics iasks (4) and (5)

(2) A new force prediction mode$ developed with analytical method to predict the
forming force history inSF by considerindgocalised shear and indentation, material
thinning, instant elastic recovery and global elastic bendinthe modelling process,

the constitutive model developed in Task (1) is used to calculatxgthealentof the

sheet materialThe analytical modeils implemented and visualised in MATLAB
Experimental validations are conducted to test the prediction results of the analytical
model at different deformation conditiomeluding heatassisted ISF of PEEK in Task

(4). The analytical model for force prediction is the key to the modelling of contact
pressure distribution in Task (3) and thechanism understandingthe experimentally

observed fracture and twist in TagKk$ and (5)

(3) A new contact pressure prediction modelpiposedwith analytical method by
considering the locainteraction between the forming tool and sheet matefiae

contact theory in elastic plastic regime is adopted to develop the anatydidal in ISF.

In the modelling process, the constitutive model developed in Task (1) and force
prediction model developed in Task (2) are used to calculate the maximum contact
pressure and derive the pressure distribution equalibe. implementation and
visualisation are accomplished in MATLABA thermomechanical coupled FE
simulation method for heatssisted ISF is developed, and the results is used to validate
the analytically predicted size of contact area, maximum contact pressure and pressure

distribution. The analytical model for contact pressure distributisnused in the

7
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evaluationof fracture behaviour in heatsisted ISF tests of thermoplastics in Tasks (4)

and (5).

(4) The heatassisted ISF of PEEK and PMM#& set up, and the force and temperature
measurement systemredeveloped The ISF tests with different process parameters,
such as spindle speed, feed rate and geometric shape, are carried out to investigate their
effecton the forming temperature, forngirforce, geometri@accuracy,and thickness
distribution.From the tests, proper set of process parameters is obtained and used for
ISF-based manufacture of PEEK and PMMA cranial plakbes.experimental results in

this task lead to the observation of bdaging issues including insufficient forming
accuracy, fracture and twist in hesgsisted ISF of thermoplastics, which are analysed

in Task (5)In addition, the forming force measurement in keesgtisted ISF of PEEK is

used to validate the analyticaboiel and FE simulation for force prediction in Tasks (3)

and (4).

(5) Based on thexperimentabbservations of formed parts by heasisted ISk Task

(4), atheoreticaimodelis developed andalidatedfor forming accuracy predictioby
considering the global bending and elastic springback behaviouhe modelling
process, the constitutive model developed in Task (1) is used to calculate the equivalent
stress of sheet material in bending and springlfatalytical modelf stress triaxiality

and equivalent strain distribution are developedisacussthe fracture mechanism in
ISF.In the modelling of stress triaxiality distributiohgtanalytical models for forming
force prediction in Task (2and contact pressure predictian Task (3) are usedy
considering the torqueshear strain energgnd twist accumulation along tool path
theoretical analysiss developed and validatefdr predicion of the twist behaviour
during ISF procesd he equivalent stress in the modelling process is calculated by the

constitutive model developed in Task (1), while the torque is calculated based on the

8
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analytical model for force prediction in Task (2he modelling and evaluation of
resultsin this taskhelp toexplain andunderstandhe forming inaccuracy, fracture and
twist, which are observed from experiments of fessisted ISF of PEEK and PMMA

in Task (4)

1.5 Thesis contributions

The contributions ofthe PhD thesis can be concluded as follows:

(1) A piecewise based method is proposedcf@rstruction of constitutive modeThe
use of a transition function enables a smaifting of the flow stress behaviours under

small and large straiconditions.

(2) The new phenomenological model can be used to predict the complicated effect of
strain, strain rate and temperature on the flow stress. The new model is applicable for
both tensile and compressive behaviafrsrystalline and glassy thermlasticsin low

and high strain rate conditions.

(3) A localised coordinate system is proposed for the analytical modelling of the local
tool-sheet contact behaviouFor the first time,the local contact region, thickness

distribution and strain componerdre modelled in the proposed coordinate system.

(4) For the first time, an analytical model for force prediction in ISF is derived by
comprehensively considering the deformation condition, localised shear and indentation,
stretching, as well as the efts®©f instant elastic recovery, tesiheet friction, localised

and global bending.

(5) The prediction of force history captures well the forming force fluctuation due to the
change of deformation condition and provides an insight into the material daéarmat

conditions and its correlation to forming force characteristics of the whole ISF process.
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(6) For the first time, the developed analytical model for force prediction has the
capability to predict both peak and stabilised forces and is more accunaistinases

comparedvith other models

(7) For the first time, the contact pressure prediction model is developed fbaked
on the elastic plastic contact theofe size of contact area, maximum contact pressure
and pressure distribution is validdtby the FE simulation result¥his promotes the

understanding of local toaheet contact problem in ISF.

(8) The feasibility of using ISF to form higperformance PEEK and hato-form
PMMA by a heatassisted ISF setup with heating, force and temperature measurement

systensis confirmed by the study.

(9) The effect of process parameters on the forming temperature, force history,
geometric accuracy and thickness distribution is revedlee.studyresultsguidethe

achievement ofSFbased manufacture of PEEK and PMMvanial plates

(10) Better understanding is made in terms of the forming accuracy, fracture mechanism
and twist behaviourThe forming inaccuracynay becaused by the global banding
springback behaviowand thermal distortiarThe stress triaxiality and equivalent strain
distributioninfluencethe fracture position. The twisiehaviourmay be analysedavith

consideration of the torqushear strain energagnd twist accumulation along tool path

1.6 Thesis structure

Seven chapters are included in the thesis as follows:

Chapter 1 gives a introduction of the thesis. The overviekISFand the application
in thermoplastics are introduced firstly. This letmshe research challenges, the aims

and objectives of the thesi&ccordingly, the methodologys introduced,and thesis

10
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contributionsare given.

Chapter 2 reviews theconcurrent researclprogresson the emerging trend of
thermoplastics focused ISF processes. Attention is given to the processing cgnditions
the deformation mechanism and failure behavidbisleads to detailed discussions on

the formability, effect of different process parametamsl the forming quality. A
comparison of important similarities and differences between ISF of thermoplastic and
metallic materials is madd@ brief discussion is provided on the technical challenges

and research directions for ISF of thermoplastic mdsenahe future.

Chapter 3 proposed a new phenomenological constitutive model to predict the
mechanical behaviour of thermoplastics. The new constitutive model and the method to
determine the parameters of the model are introduced. Piecewise and ftransitio
functions are proposed to enable a smooth transition of the flow stress behaviours under
both smallstrain and largetrain conditions. The new model is validateddsysile and
compressive behaviours of PEEK and PC in low and high strain rate condaions
comparison between the new model and other others is given to present the improved

level of prediction accuracy.

Chapter 4 presents a new analytical model for the prediction of forming fducieg

the ISF procesby looking intoaninsight of deformabn mechanism and local teol
sheet contact behaviaurhe modelling of contact region, thickness distribution and
strain components are carried dirstly, and the effect of deformation condition,
localised shear and indentation, stretching, as well asettects of instant elastic
recovery, toolksheet friction, localised and global bending faé/ considered in the
modelling process The analytical model is validated by a series of ISF tests and

comparsonwith other models.

11
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Chapter 5 follows theframework of ISF force predictioestablished in Chapter 4 and
develops an analytical model for the prediction of contact pressure distribution in ISF.
A thermomechanical FE simulation method for kesgisted ISF is also developed in
this chapter.The cortact pressure prediction model is then validated by the FE
simulation results in terms of the size of contact area, the maximum cpreastire,

and thepressure distribution. A discussion is given on the aspects affecting the

validation results and poteal improvement of the analytical model.

Chapter 6 is focused on the experimental aspedhefheatassisted ISF dPEEK and
PMMA sheet. The ISF setup, temperature and force measurementsgstézsted in

this chapter. The effect of differeptocess prameters on the forming temperature,
force history, forming accuracy and thickness distribution is revealed. Based on the
testing resultsPEEK and PMMA cranial plates are manufactured by-hssisted ISF.
Finally, discussions are given on the understapdf some challenging issues in ISF,

including forming inaccuracy, fracture mechanism and twist behaviour.

Chapter 7 summarises the conclusions of the thesis and gives secoenmended

directions for future studies.

12
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Chapter 2 Literature Review

2.1 Introduction

ISF is a promising flexible manufacturing process, which has been used in sheet forming
of various metallic materials. Although ISfased forming of thermoplastics is
relatively new, ithas drawn considerable interests and significant progress has been
made in recent years. This section presents a review of concurrent research on the
emerging trend of thermoplastics focused ISF processes. Attention is given to the
processing conditions @¢fuding process setup, process parameters and forming forces.
The deformation mechanism and failure behaviour during ISF of thermoplastics are
evaluated, which leads to detailed discussions on the formability, effect of different
process parameters and tbeming quality such as geometric accuracy, surface finish
and other consideration factors in ISF of thermoplastics. A comparison of important
similarities and differences between ISF of thermoplastic and metallic materials is made.
Besides, the constiive modelling of thermoplastics and analytical modelling of
different aspects in ISF are reviewed. Finally, a brief discussion is provided on the
technical challenges and research directions for ISF of thermoplastic materials in the

future.
2.2 ISF of themoplastics

2.2.1 ISF Processing conditions

ISF is performed by progressive localised deformations along a tool path to form the
whole shape of the part. The process conditions are fundamental to ISF processing.
Many researchers have investigated the process setup (Section 2.2.1.1) and process

paraneters (Section 2.2.1.2) of ISF of thermoplastic materials. During the ISF process,
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the forming force (Section 2.2.1.3) is also a significant factor because of its importance

in selection of ISF forming tool.

2.2.1.1 Process setup

The setup of metallic ISprocessing is generally comprised of four different parts: (1)
positioning system; (2) forming tool; (3) clamping fixture; (4) support stru¢f@ie It
is the same case for the ISFthermoplastic materials. Franzen et[8], Silva et al.
[30] and Yonan et al19] equipped acomputer numerical controCNC) machining
centre with an experimental sgp to perform ISF on PVC, PET and PC sheets, as
shown in Figire 2.11n Figure 2.1(a)p ando are the initial and formed sheet thickness,
is the drawing angle andis complementary angle of the drawing andlée
equipment consisted of the thermoplastic sheet blank, the blank holder, the Ipéatieing
and the rotating forming tool controlled by CNC machining programme. Medina
Sanchez et a[16] developed an Hnouse fixing system to conduSPIFon a milling

machine to shape PVC sheet with a thickness of 3 mm.

circumferentiltool path

forming tool

clamped blankholder

f.() Fixture b ,\_’A =,

Figure2.1 (a) Schematic representation of a crssstion view[8] and (b)
experimental setup of SP[E9].

For polymeric materials, redad strength and increased ductility can be obtained with
the rise of forming temperature. During ISF, temperature elevation is useful to improve
the formability of some hartb-form polymeric materials. Therefore, ISF of

thermoplastics is often assisteg lsing a heating system in the sef8p, 32] Some
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researchers have developed different heating methods used in ISF process to elevate the
forming temperature of thermoplastic sheets. When forming PMMA sheet and a
composite material sheet madepofyamide6 (PA 6) and short glass fibres, Conte et
al.[33, 34]designed a heating system using an electric resistance of 2 kW as the heating
source. In the system, a thetrisalated chamber was constructed inside of the metallic
structure coated with refractory material. And then, the thermal power produced by
electrical resistance heated up the air inside to enable heat transfer between the air and
the thermoplastic matads. The temperature of upper face of the sheet was monitored
and controlled by a therma@samera and a control unit. Ambrigio et [@1] inherited

the same heating system when they tried to form PMMA sheets using ISF. Okada et al.
[35] realised local heating using a halogen lamp on the one side of the carbon fibre
reinforced thermoplastic sheet aftdmed on the opposite side of the sheet using a
hemispherical forming punch with a reciprocating motion. In the research of Sridhar
and RajenthirakumgB6], a heating coil is fixed and placed below the part to achieve

the temperature elevation during SPIF process of PC sheet. It can be concluded that
different heating methods have been attempted to conduct warm/hot inciesheeta

forming of thermoplastic materials.

However, a heating system is not always essential in the ISF process of thermoplastics,
especially when the given material has excellent formability, or the friction heat is
sufficient to soften the material. Mawver, cold ISF could produce thermoplastic parts
with higher strength and save energy and 8} In the studes of Franzen et &3]

Silva et al.[18], PVC sheet parts were proved to be successfully formtdlarge
drawing angle and forming depths at room temperature. Martins[#€0pIMarques et

al. [37], Hussain et al.38] and some other researchers found that cold ISF is a viable

option for thermoplastics, which is an attractive and promisesgarch aspect. On the
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other hand, in the study of Bagudanch efl&] the temperature rise resulting from the
friction heat couldeach about 50 € above the room temperature at the tool tip using a
spindle speed of 2000 rpm. This temperature rise was also presented by many other
researchers, e.g. Medu&anchez et aJ16]. This leads to the relatively good material

formability without preset temperature rise by external heating system.
2.2.1.2 Process parareet

The ISF process parameters include forming temperature, drawing angstep size

(Y), spindle speed (), feed ratdv), tool radiusi( ), initial sheet thicknes(), tool

shape and tool path. Among them, forming temperatinasying angle, tool radius, step
size, spindle speed and initial sheet thickness are important to the formability, failure
and forming quality in ISF processing of thermoplastics. Therefore, these parameters

are discussed below.
(1) Forming temperature

Foming temperature can significantly influence material properties and thus exhibits
nonnegligible effects on the ISF process of thermoplastics. In general, the material
formability can be improved at elevated temperature. The forming geometric accuracy
andsurface roughness would also be affected. The temperature elevation can be reached
by not only external heating sources but also the heat of friction between sheet blanks
and ISF tool during the forming procd89]. Both have been studied by researchers on

their influence on the ISF forming quality.

Conte et al[34] studied the effects of process temperature on the SPIF of PMMA sheet
with a thickness of 2 mm. According to their research results, the initial temperature
arisen from external heating and the spindle speed was adjustable parameters to achieve

an appropriatéorming temperature without brittle fracture and excessive springback
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during the process. However, the surface quality of the part was damaged when a high
spindle speed was applied. Therefore, adjusting the initial temperature before forming
without increasing the spindle speed was an effective method to realise better forming
quality of thermoplastic materials. In another reseaj@B]|, the same authors
investigated the effects of forming temperature on material formability, thickness
distribution and the forming accuracy of a composite material sheet pdet of PA 6

and short glass fibres. The authors found that better performance could be achieved at a
higher temperature in ISF of thermoplastics. To maximise the effect of process
temperature, Formisano et §0] obseved that a reasonable localised temperature
should be produced below the glass transition temperature, which was ideal to soften
the thermoplastic sheet and keep the stiffness at a proper level. The similar conclusion

was also reported by Kulkarni et g1].

(2) Drawing angle (wall angle)

During the ISF process, a constant or varying drawing angle magfimed to form a
specific geometry. The maximum drawing angle and the initial drawing angle

are considered as two important parameters in ISF of thermoplastics. For metallic
materials, the maximum drawing angle is used as a parameter to determine the
formability [42]. However, for thermoplastic materials, in addition to the maximum
drawing angle used as a significant parameter of material formab[ty],
researchers also consider initthkbwing angle as a parameter with an effect to the
material formability. Therefore, as a parameter in ISF of thermoplastic materials, the
initial drawing angle has been studied widely and is believed to have a significant

influence on the formabtly and forming quality of ISF.
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As reported by Marques et §.7], the initial drawing angle has an influence on the
formability of thermoplastic materials only varying from 30%0 60 °It is noteworthy
that with the increase of , the tendency of formability is different for different
thermoplastic§11]. More detailed discussion is given in Section 2.2.3.2. Apart from
material formability, tle forming accuracy is also influenced by the initial drawing angle.
The springback rises with the increase of the initial drawing angle, according to the

study of Martins et a[10].

(3) Tool radius

Tool radius is an important parameter in the ISF process of thermoplastic materials
terms of both formability and forming quality. According to studies by Bagudanch et al.
[39] and Hussain et dI38], the increase of the tool radius leads to the elevation of local
temperature due to increased friction heat resulting from the increassti¢ebicontéc

zone. Besides, the surface finish can be significantly influenced by the tool radius. Better
surface quality can be produced by a tool with a smaller rd8jus2]. Apart from
causing the change of forming temperature and surface finish, the variation of tool
radius can also have an influence on the material forming limit. In general, the material
formability can be increased with the decrease of tool radius, aegaotthe studies of
Martins et al.[10] and Marques et al37]. The nfluence of tool radius on the

formability of thermoplastic materials in ISF is discussed in detail in Section 2.2.3.2.

(4) Step size

The step size is an important parameter related to the formability and forming quality
for both metallic and thermoplasticaterials. Edwards et g#44] found that, in ISF of
PC sheet, reduced springback can be realised viaasiolg the step sizdue to the

increased forming forcélso, a smaller step size can lead to reduced thinning in ISF of
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composite materials, according to Conte e{38]. In another study, Bagudanch et al

[15] found out that the step size only has less influence on the maximum vertical force
than on the surface roughness of the formed parts. From the micro aspect, the larger step
size can cause greater void densities and thus the thHestiopnaterial formed using

SPIF exhibits greater crystallinity than unformed matg#4&l. This may provide an

explanation for the macro influence of step size on thermoplastic in ISF.

(5) Spindle speed

Spindle speed plays an important role in the formability and surface finisteadd to

be taken into consideration in the ISF process of thermoplastic materials. Medina
Sanchez et aJ16] and Bagudanch et 4B9] found that théncreased spindle speed can
lead to the temperature rise during the forming process resulting from more friction
between sheet blanks and tools compared with a free rotating tool. Bagudanfdbgt al.
also observed that the spindle rotation and higher spindle speed were found to not only
decrease the maximum forming force but also help to improve the formability of PVC
sheets, as alshown in the study of Le et 4F]. Howe\er, it can have negative effects

on the surface roughness of sheet parts, as also revealed by Corj@ietHberefore,

to find an optimum spindle speed considering both the formability and surface
roughness is of significance to the forming @& Besides, an increase in the spindle
speed can lead to an earlier occurrence of wrifki@ and an increase in energy

consumptiori46].

(6) Initial sheet thickness

Similar to the metallic system, the initial thickness of thermoplastic sheet was identified
as one of the most importaptocess parameters on the material formability in ISF of

thermoplastic§10, 18, 37] Apart from formability, the initial thickness can have an
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influence on the forming forcefl5], the forming accuracyl9] and the surface
roughnes$46]. In some cases, the initial sheet thickness has a positive influence on the
ISF process, such as improved material formability as investigated by manyhesgearc
[10, 18, 37, 46]However, in other cases, the increased initial thickness can cause an
overestimated uplane force and larger geometrical deviation, which may have a
negative effect on the forming qualif§9]. Therefore, care should be taken in the
selection of a reasonable thickness to perform ISF of a thermoghset. The details

of the influence of initial thickness on the material formability and the forming quality

are presented in Sections 2.2.3 and 2.2.4.

2.2.1.3 Forming force

Forming force, especially the maximum forming force, is an important parameter in ISF
processing and in selecting a suitable machine and forming tool. Forming force is a
reaction to the material deformation in the pro¢égsand the adjustments of different
parameters such as drawing angle, spindle speed, tool radius, step size. These
parameters could have an influence on the formability, failure, forming accuracy and
surface finish during the process. Bagudanch §t%] studied the effects of some main
process parameters including step size, tool radius, feed rate and spindle speed, as well
as sheethickness on the maximum forming force in ISF process of PVC. The authors
found the maximum forming force increased with the rise of tool radius, step size and
initial thickness. It is worth noting that the increased spindle speed leads to a decrease
in the maximum forming force due to the material softening resulting from temperature
increase. Davarpanah et §5] presented the same finding that the forming force
increased with the increase of step size and decrease of spindle speed when forming
PVC andPCLsheets. Also, the authors hypothesised the increag#drie forces could

cause the sheet wrinkle becausehaf drag of sheet in pace with tool moving. Apart
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from the parameters mentioned above, the types and materials of forming tool and the
tool path can also influence the forming forces. According to the study of Durante et al.
[48], in ISF proces of PC sheet with thickness of 1.9 mm, the forming force produced
by a rotating tool was a little higher than that produced by a fixed tool, and the toolpath
strategy had an influence as well. In the study of Me&aachez et al[16], the
aluminium tool produced slightly higher forming force than the steel tool due to the
lower temprature rise when using aluminium tool to form 3 mm PVC. In a recent study
of LozaneSachez et al[49] and Sabater et 4b0], spindle speed and tool radius were
found to be most influential on the maximum forming force for UHMWPE and PCL
sheets. As demonstrated, the maximum forming force is decreased with the increased
spindle speed and the decreased tool radius. To predict axial force in SPIF of
thermoplastic sheets, two procedures were proposed by M8dimzhez et aJ51], the

first of which is based on the finite element simulation, the other is a simple semi
analytical model. The results showed reasonable agreement with the experimental
measurements with a relative errof less than 10%. Garei@ollado et al.[52]
developedhermomechanicaoupled FE simulation to predict the forming force, which
took the effect of friction heat generation into consideration. With the use of classical
isotropic hardening models, the developed simulation method can accuratetg tagt

force variation during ISF of different thermoplastics. Apart from FE simulation,
analytical models are also developed for force prediction in ISF of different materials,

which is reviewed in Section 2.4.2.

2.2.2 Deformation and failuremechanism

It was found that ISF can effectively increase the formability of not only metals but also
thermoplastics. The reasons for the improved formability of metallic materials in ISF

have been studied and reviewed widely, but for thermoplastics,ithstié a lack of
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review to bring previous research findings together. This section firstly introduces the
deformation mechanism of polymeric materials to analyse the fundamentals for the
enhanced formability. Then the discussion is focused on faillmehws the limitation

for the material formability in ISF processing of thermoplastic materials.

2.2.2.1 Deformation mechanism

For metallic materials, ISF can improve materials formability compared with other
traditional sheet plastic forming processswas bulging and deep drawifisB3, 54|
because of thhighly localised plastic deformation. This is the same for thermoplastic
materials. As the use of ISF to form thermoplastic materials claims further improved
formability, better forming accuracy and acceptable surface finish, the understanding of
the mateial deformation mechanism is of great significance for further investigation.
The deformation mechanism of thermoplastics in ISF is being studied by many

researchers.

(1) Deformation mechanics

It has been widely acknowledged that stretching leading to maerabstrain is the
dominant deformation mode in the ISF process. In SPIF of not only metallic but also
thermoplastic materials, there are three basic deformation modes including (A) plane
strain stretching on flat surfaces, (B) plane strain stretchingpt@tional symmetric
surfaces and (C) egbiaxial stretching at corners by Marques e{3I] as illustrated

in Figure 2.2.
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(b)

Figure2.2 Essentials for the theoretical framework based on membrane ahakjsis
(a) Schematic representation of the local contact area (shell element) between the tool
and sheet placed immediately ahead. (b) Instantaneous deformation zones and
evidence of thextrememodes of deformation obtained from ¢&grid analysis.

For the deformation mode of plane strain stretching conditions, Silvd=fijgiroposed

a theoretical framework of membrane analysis on the deformation mechanism of sheet
metal in rotational symmetric SPIF. In subsequent research, the authors innovatively
extended the membrane approach developed before to model theplastit
deformation of thermoplastic materials with the typical pressansitive yield surfaces

[18]. In their dervation, some assumptions were set up to simplify the model: (1)
bending moments were neglected and circumferential, meridional and thickness stresses
are principal stresses; (2) the material is Fggdlfectly plastic and strain hardening
effects are ignad; (3) the utilised yield criteria was the pressmaified Tresca and
von-Mises criteria; (4) no material anisotropic effects are taken into account; (5) rate

effects are neglected; (6) the frictional stress at the contact surface between tool and
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sheetis just made of irplane meridional and circumferential components. The local
shell element utilized in their research to analyse the membrane equilibrium conditions

and the stresses acting on the element are illustrated in Figure 2.3.

Local shell element CDEF
in perspective

() 0,

Gy sindTe sino

symmetry axis

cross section view |
(cut by a meridional plane) |

detail view

Figure2.3 Membrane analysis of SP[E8]. (a) Schematic representation of the local

contact area between the tool and sheet placed immediately ahead. (b) Approximation

of the local contact aa by a shell element. (c) Cressction view showing the acting
stresses imeridional, circumferential and thickness directions.

Three analytical equations are used to express force equilibrium along circumferential,

meridional and thickness directionsdacan be deduced and simplified as follows:
A1 ‘ 31 g_g ‘ 31 (21)

- 2.2)
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—3 T (2.3)

where,, ,, and, are the circumferential, thickness and meridional stress,
respectively, is the drawing angle, is the coefficient of frictiorin circumferential

direction‘ is the coefficient of friction in meridional directionjs the thickness of

the sheet| is the radial coordinate of the elemantjs the radius of curvature of
meridian at the element (radius of the tdol, i ),i is the radius of the eleznt

normal where it cuts theaxis.

After deriving the stress state of the
the rigid-plastic constitutive equations derived according to the modified version of
Tresca and voiMises criteria, the authorsealv the conclusion that the principal stresses

distribution of the shell element is always identified as follows, regardless of what

constitutive equations applied on the thermoplastic sheet:

A, @ (2.4)
£, (2.5)
Ao, T (2.6)

where, s A . In detall, the stress state can be described using the following

expressions:

,, . (2.8)
A S (2.9)
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where,, is the geometric mean of the tensile and compressive yield strepgths (
RO R, T, , m andf is the normalised form of the strengttiferential

effect of the cold deformation of thermoplastic materials ( ,, A

In terms of the deformation mode of edpgxial stretching conditions, Marques et al.

[37] extended the analytical framework for the condition of rotational symmetry to the
corner of the formed part to make both these two extreme and special deformation
modes focused on in SPIF of thermoplastic materials. The authors followed the
analytical preaedures used by Silva et[aB] and obtained the stress distribution under

the condition of equbiaxial stretching.Based on previous study results and their
derivation, the authors summarised the stress and strain state in the small localised
plastic zone of SPIF of thermoplastic and metallic materials under both plane strain

conditions and eqtliaxial stretching cadlitions, as shown in Tab1.
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Table2.1 State of stress and strain in the small localised plastic zone of the SPIF of thermoplastics afiéi/jnetals

State of strain

State of stress

Hydrostatic stress

A A £ K ., Op 13 7Tp ON T -
Plane strain A . dp 13 7T¢ O
conditions A , y pfco, ., 19 i or1l o pf
[18] iy — ]
A A K ., Op 13 7Ton O ™ ®3 3
SPIF of
thermoplastics ) ) KK K , Op 13 Tp X
A A T

Equi-biaxial ' n A ¢3 Op 1O 7
stretching ) £ &% O, 0p 13 Ton co © D oxi ¢

A T

0O ™
A A At K K ,Tp o Tt
Plane strain ) A pr¢cy D or
. A ” ” pTC o) ” ” . \
conditions i 0
SPIF of metals .
A T A K . QOf O ™
[56]

Equi-biaxial A A m K A K, Tp N £ ¢od Oi or
stretching A T £ f cQ Oom CHd M i e
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In Table2.1,7 is the normalised form of the strengttiferential effect due to the
difference between yield strengths in tensipn and compression (1

y D . ] ¢). Inthe metallic system, the strengtifferential effect is null, but
for thermoplastic materials, the strenglifferential effect exists. This leads to the above

difference between the SPIF of thermoplastics and metals in Zable

Apart from the abee membrane analysis, Bagudanch €f53l, 58]attempted to find a
suitable material constitutive model to describe the stressisstrain states of PVC

and PC sheet and further to be used in FE simulation of ISF. Sy[®®]adelected a
modified viscoelasticity theory based on overstress and the simulation and experimental
results showed good agreement for the prediction of the thickness and the forming
accuracy. Furthermore, Yonan et H9, 60] developed a nacfinear visceplastic
material model used in ISF of thermoplastics and extended it to the FE simulation of
PVC parts shaped by SPIF. However, this material model has limited applicability only
with small deformations, making it difficult to analyse the plastic flow tedstress
states for large strain. To solve this problem, the authors subsequently proposed an
alternative and effective method, focusing on the characterisation of plastic flow and
failure in SPIF of thermoplastic materidlst]. In their methodologythe constitutive
equations relating the4plane strain increment#{ andA- ) with the applied stresses

(, and, ) is expressed by the following equations:

A —2, -3 (2.10)

A —2, -3 (2.11)

where, and- [are the effective stress and strain, respectively. In the above equations,

the principal inplane stresses can be calculated using the following equations:
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» — (2.12)
) 0 (2.13)
where | is the stress ratio,] o K ¢d pjc 7T and f
AjJA  -j-.

The above deformation raeanics plays an important role in revealing the strain and
stress distribution in the small contact area between the forming tool and the
thermoplastic sheet, where plastic deformation occurs. Consequently, it helps
understand the mechanism behind thettnae of thermoplastic materials in ISF and the

improved formability and can help to explain the relevant experimental observation.

(2) Microstructure evolution under deformation

The microstructure evolution of thermoplastics during the ISF process ivelgla
complicated and of significance to the deformation behaviour. In general, the

microstructure has an interaction effect with the deformation in the forming process.

Under the deformation of ISF, voids or pores may occur in the thermoplastic materials
during the procesgl5, 61} as shown in Figure 2.4. Davarpanah ef48] found the
increase of void density in the formed PLA material can lead to the enhanced formability.
In other studied62, 63] the authors observed there is a change in orientation of
crystalline lamella and moleculathain orientation in thermoplastics due to the
deformation of ISF process with a slight change in the total degree of crystallinity. The
schematic for the orientation change in ISF could be presented as Figure 2.5. The authors
thought this change may haae influence on sheet failure and forming forces. Further,
LozaneSanchez et aJ49] found that polymer chains prefer to be oriented in different

directions on the inner and outer surfaces of the shagreshpith a geometry of pyramid.
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On the inner surface, the horizontal orientation of chains is caused by the tool path,
while on the other surface, the polymer chains are mainly pulled downwards, and the
orientation of chains is vertical. Also, it was fauthat there may be an alpha star
transition (Y*) occurring in PCL and UHMWPE materials during ISF process, which

is associated with the slippage between crystallites, when the process temperature is able

to drive the transition.

Figure2.4 SEM micrographs of PLA funnel pga5]: (a) original material and (b)
formed part.

SPIF process

8@@9@ —

Figure2.5 Schematic representation of the orientation of polymer chains reorientation
during SPIF.

2.2.2.2 Failure behaviour

It is well acknowledged that the failure behaviour of thermoplastic materials in ISF
depends on the stress and strain state of material under the effect of formifggfool

As demonstrated in Section 2.2.2.1, the deformation mechanics, which play a significant
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role in the failure mechanism of thermoplastics in ISF, has been summarised. Therefore,
this section is mainly focused on how to characterise the failurelseahoplastic

materials in ISFbased on the abonsmimmarised deformation mechanics.

In ISF of thermoplastics, there are three failure modes proposed by Franzeg]et al.
i.e.,, in-plane fracture, wrinkland oblique fracture, which limit the material formability

during the forming process. The three modes are described as follows:

Mode 1: Inplane fracture by ductile tearing along the circumferential direction, at the
transition area between the incline@ll and the corner of formed parts, as seen in
Figure 2.6(a) and (c). This failure mode is caused by stretching mechanisms owing to

meridional tensile stress ;

Mode 2: Wrinkle of the sheet along the inclined wall of the part from the immediate
proximity of the corner, as illustrated in Figure 2.6(a) and (c). This failure mode is
related to the twigib5] of radial crosssectional planes caused by the movement of the

forming tool along the spiral path, and is expected to occur at thinner sheet parts;

Mode 3: Oblique fracture of the sheet in the bisector direction ¢f thg surface on
the wall of the shaped part, as shown in Figure 2.6(b) and (d). This failure mode always
arisedrom the redundant straining because of simultaneous straining by shearing on the

| 3 surface and by bending, followed by additional unbending, alorg direction.
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Figure2.6 Schematic illustration (a) and (b) and experimental observation (c) and (d)
[8] of Failure Mode 1, 2 and 3 in the rotational syrmoeBPIF of thermoplastics.

Among the abowelescribed failure modes, Failure Modei.&,, in-plane fracture, is
generally observed in ISF of metal sheet parts as well, while Failure Mode 2iand 3,
wrinkle and oblique fracture, are unique failure hebwars in ISF of thermoplastic sheet

parts.

Apart from the above failure modes, a significant phenomenon observed in ISF of
thermoplastic materials is there is no obvious necking before fracture. For metallic
system, fracture with gradual necking or withaecking depends on the matef&t-

68] although in most cases there is no necking observed. Marques et al. described the
phenomenon of the fracture without necking before as necking seems to be postponed
or even gppressed[37]. Many researchers also verdiethe phenomenon in
thermoplastic system either using the method of comparing the experimental strain of
formed parts with théracture forming linesKFLS) [10, 18] or through observing the
fracture surface after cracl69]. Bagudanch et al[69] investigated the fracture
morphologies ofttermoplastic materials in ISF along different strain path. As shown in
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Figure 2.7, the suppression of necking before fracture can be observed both on the flat
surface under plane strain state and at the corner under biaxial strain state, which are

two exteme strain distributions in ISF.

Figure2.7 Fracture of (a), (b), (c) and (d) PVC and (e), (f), (g) and (h) PC sheet in ISF
with spindle norrotating. (a), (c), (e) and (f) Fracture under plane strain state; (b), (d),
(f) and (h) Fracture under biaxial strain sti&@].
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2.2.3 Formability of thermoplastic materials

It was reported that in ISF with a certaange of parameters, materials are deformed
locally with a stable straining and uniform thinning, which directly contributes to the
suppression of necking and thus enhances the material formability [iB, I58. While

some other authors stated the improved formability results from the thtiocghess
shear[70]. This section aims to discuss the strategies to evaluate material formability in
ISF of thermoplastics and the effects of different parameters mentioned in Section

2.2.1.2 on the formability.

2.2.3.1 Formability evaluation

Material formability in ISF is often characterised using forming limit diagrams (FLDs),
following the same method as th@ditional sheet forming technologies. The limit
strains at the area where failures occur are important components of an FLD. As a result,
there are two curves in FLDs to describe the formability in the sheet forming process
determined by different begimg modes of fracture: (1) local necking, ifrming

limit curve (FLC); (2) direct ductile fracture, i.éractureformingline (FFL). In ISF of
thermoplastic materials, there is no obvious necking occurring before fracture. Taking
this usually obserd behaviour into consideratidfl, C, i.e.,the FLD at necking, is not
applicable to characterise the formability of thermoplastics in ISF. On the contrary, FFL,
i.e.,the FLD at fracture, is usually applied to describe the formability of thermoplastic
materials in ISF. FLDs for ISF (FFL) and traditional forming technologies (FLC) are
shown in Figure 2.8 and FFL is always shaped like a straight line with a negative slope

in the first quadrant of the FLD.
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Figure2.8 lllustration of the forming limits of SPIF (labelled FFL) against that of the
conventional forming process (labelled FLC) in the principal strain space ) [29].

Martins et al.[10] attempted, for the first time, to employ FFL on the assessment of
formability of thermoplastic materials in ISF. The authors did experiments in different
strain paths through the tensile test, circular bulge and elliptical bulge to approach
uniaxial, equibiaxial and biaxial strain, respectively, to obtain the FFL of PVC, which

is approximately a straight line with an analytical expression of i@ ¢ T T as
shown in Figure 2.9. In the process of extracting FFL, the thickness at frasture
requredd6 measure so that the ©6ga-uaneétheimmnorgt hoé
true strain ) can be obtained. Afterwards, the FFLs of PC, PVC, PA and PET were
tested and obtained by Marques e{&f], by using the methods described in detail in
the publication of Silva et aJ56]. Subsequently, researchers found plane strain state,
equibiaxial strain state and biaxial strain state can beoagped along different
meridional paths of cone frustum and pyramid frustum with varying wall angle in ISF
and thus Bagudanch et §9] conducted SPIF tests to obtain the FFLs for PVC, PC

and PCL without spindle rotation, as showrFigure 2.10. The details are as follows:
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(1) the strain distribution on the outer surface of the formed thermoplastic sheet parts
was measured ofine with the assistance of taree dimensional (3DJleformation

digital measurement system via circledganalysis; (2) the labelled SectioniSat the
corner of the pyramid and closed to the dgakial strain state; (3) Section 8 near

the corner and refers to the biaxial strain state; (4) Sectiendd the flat surface and
corresponds to the plarstrain statelt is noteworthythat in Figure 2.10, the fracture
only takes place at thegjui-biaxial strain ($) andplane strain (§ stategather than the
biaxial strain state @pwhich is close to & Thematerial thinning is severe at the corner
and there is a sudden change of the tool moving direction, so the fracture directly
happens & instead of & The FFL can be obtained as the straight line througtwihe

averagdracturepointsat plane straiand equibiaxial strain states, respectively.
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Figure2.9 FFL of PVC obtained by Martins et §1.0].
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Figure2.10 FFL for PVC sheet with spindle naotating[69].

Apart from FFL, the formability of thermoplastic materials in ISF can also be
characterised or indicated by the maximum forming d¢p#) and the maximum
drawing angle[45, 71] When the maximum formghdepth is used as raetric to
describe the formability, as conducted by Bagudanch ¢1%], the part geometry,
which is a pyramiddrustum with circular generatrix and changing wall angle, is always
fixed in aspects of the length of pyramidal edges, initial wall angle, final wall angle, and
generatrix radius, while the parameters are variable to investigate their effects on the
maximum forming depthi.e., formability, of the thermoplastic materials in ISF. When

the maximum drawing angle acts as an indication of the formability, the selected
geometry of the part is fixed as wills], except the condition in which the effect of

initial drawing angle on the formability is focused[d0, 18]

2.2.3.2 Effects of process parameters on formability
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As mentionedn Section 2.2.1.2, forming temperature, drawing angle, tool radius, step
size and spindle speed are important process parameters, which affect the formability of

thermoplastics in ISF.

(1) Forming temperature

During the ISF process of thermoplastic matsrizhe material properties can be
changed depending on the forming temperature because of its fundamental role in the
material microstructure evolution and flow characteristics. Conte[88&tevealed the
positive influence of process temperature on material formability in ISF of a
thermoplasticbased cmposite reinforced by glass fibre. In their research, the
formability, which is indicated by the final depth of shaped parts, is improved with the
increase of forming temperature, no matter what combination of wall angle and step size.
For the specific reson, Ambrogio et al[31] found the thermoplastic sheets exhibit a
superplastic behaviour under elevated forming temperature, which allows significant
strains improving the material formability. Apart from the preset forming temperature,
the frictionheat can also lead to the temperature rise, which has an influence on the
material formability of thermoplastics as well. Although several process parameters,
such as tool radius and feed rate, could have influence on the friction between the tool
and theworkpiece, the major friction heat increase is generated from the spindle rotation

and higher spindle speed.

(2) Initial drawing angle

As a significant process parameter in ISF of thermoplastic materials, initial drawing
angle has been studied with important findings. In research of Martins EtG4/.
with the increase of initial drawing angle, the formability (indicated by the maximum

drawing angle) was dezased in ISF of PVC sheet. In another study of Silva Et&]l.
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for different thickness (2 mm and 3 mm) of PVC sheets, the trends of formability with
the variation of initial drawing angle were the same as previous research. Other
researchers found the abewntioned influence of initial drawing angle on the
formability of thermoplastics is not always applicable for all conditions. Marques et al.
[37] drew a conclusion that the initial drawing angle has an influence on the
formability of thermoplastic materials only when varying from 30%0 60°Frazen et al.
[11] revealed that with the increase of, the tendency of formability is different for
different thermoplastics, even for different forming surface, as shown in Figure 2.11.
As observed by the authors, all thermafilss, except POM, exhibited a significant
variation in formability as initial drawing angle increases. For the majority of
thermoplastic sheets investigated, the formability was decreased by the increased initial
drawing angle. While for PVC sheet, therf@bility was improved with the increase of
initial drawing angle when the rough surface with poor surface finish of the sheet was
placed in contact with the forming tool. The trend is consistent with other thermoplastic
sheets. However, when the shinysorooth surface with good surface finish of the sheet
was placed in contact with the forming tool, the formability was increased with the rise

of initial drawing angle.

39



Chapter 2

100 +
5 ——
3 ] i T e,
€ ] . POM N LT T
D0 L e et S *
c PE . 0s 40 o ....._..‘.-...‘.. e e se ve oo
; & T e mneT "HH Sae
z s DR Poltacs l)u'(lllll)‘luulor
T 40- i (Kcoy)”™ (mm)
g - = PVC (1) POM 09
= T <= PVC(2) PE (HD) 8.3
x 20 PA 1.4
& - PC
= J PVC 1.6
PC 113
o L) Ll Ll L Ll Al L)
10 20 30 40 50 60 70 80

Initial drawing angle [°]

Figure2.11 Formability (indicated by maximum drawing angle at failure) as a
function of the initial drawing angle for sheet blanks with 2 mm thickness (5 mm tool
radius)[11]. In the legend, PVC (1): the shiny (smooth) surface of the sheet blank
placed facing théorming tool; PVC (2): the rough surface of the sheet blank placed

facing the forming tool.

(3) Tool radius

The formability of thermoplastic materials can be influenmethe shape of the forming

tool [40], and more importantly by the tool radius. According to the studies by Marques
et al.[37] and Martins et a[.10], it was found that theormability of thermoplastics in

ISF is decreased with the increase of tool radius in ISF, which is consistent with the case
of metallic material. However, in the research of Le ef7d).the material formability
exhibited a significant decrease when smaller tool radius was applied in theRP8F o
sheet with a thickness of 3 mm. Similarly, when Silva e{X8] investigated the
influence of some importantapameters, including tool radius, on the formability of
PVC sheets in SPIF performed with benchmark cones with varying wall angle, the
authors found the formability of PVC sheets with 3 mm initial thickness was increased
with the increase of tool radiug.was an atypical behaviour shown by PVC sheets with

3 mm initial thickness but could be possibly explained by the reduced average level of

meridional stress . In other studies by Formisano et[@R] and Lambiase et d64],
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the formability of PC sheet with thickness of 1.4 mm and 1.9 mm wa®vag with

the increase of the tool radius in tests of both a varying wall angle conical frusta and a
pyramid frustum, and the same conclusion was obtained by Zhang7dt]alt can be
concluded that the effect of tool radius is still debatable; some studies claim that large
tool radius has gositive effect on the formability of thermoplastics, while other

publications reveal that large tool radius has a negative effect.

(4) Step size

In ISF of metallic materials, the increased step size has a negative effect on the material
formability [73]. For the cases of thermoplastic materials in ISF, the trend is not always
the same. Le et dI7] found the larger step size may lead to the increased formability

of PP sheet in SPIF, which is the same withrttetallic sheet. However, in the study of
Bagudanch et a]15], a larger step size leads to the increased formability in ISF process
of PVC sheet, which is opposite from the regular behaviour of metals and other
thermoplastics in ISF process. As the authors explained, the difference results from the
rheological properties of thermoplastic materj@4]. Davarpanah et g45] found the
abovementionedpositive influence of step size on formability of thermoplastics shows

a limitation by the occurrence of wrinkle at excessively high step size, as indicated in

Figure 2.12.
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[45].
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(5) Spindle speed

Spindle speed has a significant influence on the formability of thermoplastic materials
in ISF. Many studies have been carried out to investigate the effects. Le[At al.
indicated that the increased spindle speed can lead to improved #dymab
thermoplastics in ISF only when large tool radius, small step size or large feed rate is
applied, which is the same with the major researches in the metallic $$8tefb, 76]
Bagudanch et all5, 69] also found the rise of spindle speed can contribute to the
improvement of material formability, which is indicated by the maximiorming depth

and the limit major strain, while the formability becomes worse in the condition of free
rotation. The influence results from the more generated friction heat on the contact tool
sheet surface and the temperature rise during the fornoeggs. In detail, considering

the failure modes, Davarpanah etl4b] found the spindle speed has little influence on
the formability with Mode 1 of failure butan drive the occurrence of wrinkle, which is

consistent with the study findings of Le et[&].

(6) Initial sheet thickness

As one of the significant parameters related to the formability in ISF of thermoplastic
sheet, the initial thickness has been investigated in many studies. Most rasearche
believe that the material formability can be improved with the increase of the initial
thickness, which is the same as the result in ISF of metallic sheet parts. In the studies of
Martins et al[10], Silva et al[18], Marques et al37] and Bagudanch et dlL5], the

thicker thermoplastic sheet was used, the higher formability was obtained, no matter
what indication (maximum drawing angle, with or without wrinkle) was used. Marques
et al.[37] considered that the reason for the positiveusriice is the reduced stress

triaxiality. However, some other researchers found the formability could be decreased
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with the increased initial sheet thickness, such as Franzernj&tad Formisano et al.
[72]. In terms of this issue, final conclusion has not been made up to now and more

in-depth investigations should be carried out in the future.

(7) Combined effects of different parameters on formability

As investigated by Le et dI7], the decreased formability of PP sheet (indicated by the
maximum drawing angle) can baused by the increase of step size and feed rate.
Particularly, when a larger step size was applied, its influence on the formability became
extremely significant. The effect of interaction between tool radius and step size on the
formability of thermoplatsc materials were also found in this research. The combination
of smaller tool radius and larger step size can lead to a decrease of formability. In
another research by Hussain e{38], the formabilityof polymer is increased with the
rising ratio between tool radius and initial sheet thickness, tool radius and step size, or

spindle speed and feed rate.

2.2.4 Forming quality

As ISF technology is applicatiesriented in such as medical fields, fbeming quality
plays an important role. Many researchers have investigated the forming qualities,
including forming accuracy, surface finish and other factors, in ISF process of

thermoplastic materials.

2.2.4.1 Accuracy

Forming accuracy refers to the gesinical/dimensional difference between the
expected/set geometand the formed thermoplastics part after ISF. In many cases, the

reduction of forming accuracy results from gpgingbackthermal distortion and twist.
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Different methods to measure formiagcuracy have been developed and the influential
factors of forming accuracy have been investigated in previous literature. In the study
of Durante et al[48], the springback after the forming process was calculated by
measuring the upward mawent of the forming tool from the last region of the shaped
part in contact with the tool until the vertical force became zero. The difference between
the two vertical coordinates of the tool was considered as the springback. The authors
found the springlek is significantly influenced by the tool type but negligibly
influenced by toolpath strategy: the springback of the part shaped by the forming tool
with a fixed end is lower than that in the condition of the rotating bmeause the
rotating toolgenerags lower friction force and smaller plastic strain in consequence.
Besides, correction of the toolpath to overbend the thermoplastic sheet is also an
effective method to reduce the springback and improve the forming accuracy, as
revealed byMaalet al.[77]. Bagudanch et g|21] used a portable 3D scanning system
to obtain the real dimensions of the shaped parts after ISF of biocompatible PLC with
thickness of 2 mm and compared with the designed CAD file. The authors found the
sheet part would recover once itsstaken off from the clamping system because of the
springback, but the accuracy was still in an acceptable degree. However, this problem
could be eliminated to a certain degree by heating the workpiece after forming without
removal of the clamp, as invegted by Edwards et g¥4]. The authors also found
increased step size can lead to reduced springbaekt &kom the parameter step size,
the study of Martins et gl10] indicates that with the decrease of initial drawing angle
and increase of initial thickness of the sheet blanks, springback can be reduced,
leading to the increased accuracy of the shaped parts. In the hot incremental sheet
forming process of PC sheet, as investigated by Sridhar and RajenthirdR6mné#re

springback can be reduced to only 2% but the thinning of shaped parts are increased by
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20%. Further, the difference of springkebetween ISF of metallic and thermoplastic
sheets was revealed by-&hamdi[78]. In his study, besides the immediate elastic
recovery as observed in ISF of metallic sheets, in ISF of thermoplastics there is
pronounced springback after an extarended
elasticityo i . e., e | aaswiderdimerspan, @weda inheremtvphenomenal
molecular processgg8]. Lately, Yang and Chen et g65] argued that the twist has a
critical effect on the geometric accuracy and more severe twist occurs in ISF of polymers
than that of metals. The authomsealed the mechanism of twist experimentally and
analytically and proposed a new alternate spiral trajectory to restrain twist and eliminate
wrinkle. Apart from springback and twist, thermal distortion may be another reason for
the forming inaccuracy ineatassisted ISF. However, in the research field of ISF, there
are rare studies about the thermal distortion. This may be a possible direction of future

investigation.

2.2.4.2 Surface finish

Compared with other responses, the study of the surface finish in ISF is scarce, for both
metallic and thermoplastic parts, while it is quite important to ensure that the surface
finish of final part manufactured by ISF is able to meet the requiremerdssurface

finish in ISF mainly refers to the surface roughness. In general, the quantitative
measurement of the surface roughness is obtained with a profilometer by measuring the
texture and topography of the surface. Only few researchers have studsenlféce

finish of final parts after ISF.

In general, the use of lubricant can improve the surface finish because the friction
between the tool and the workpiece can be reduced. Commonly used types of lubricants

in ISF of thermoplastics include gred486, 62]and liquid lubricanf14, 21, 34, 38, 48,
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61, 69, 72, 79]Even watersoap emulsion can be used as lubri¢adniO, 18, 30, 37]

Apart from appropriate lubricant, some forming parameters also have an influence on
the surface roughness. In the study of Saba#dr[&0], the increased spindle speed and

tool radius can lead to worse surface roughness because of the tempetue ts

the friction and the increased surface contact area and time period between the tool and
the thermoplastic sheets. Thangavel efl&] also found a smaller roller ball tool with

a diameter of 10 mm produces better surface finish compared with a larger one with a
diameter of 16 mm. According to the study of Bagudartchl.¢15], for the surface
roughness of shaped parts, the most significantly influential parameters are the step size
and the spindlepeed. Besides, the interactions between the step size with the feed rate,
the tool radius with the sheet thickness and the feed rate with the spindle speed play an
important role as well. Among the above parameters, the negative influence of increased
step size is expected because at a larger step down the generated tool path will slightly
differ from the geometry profile due to the interpolation. For example, in using a tool
diameter of 6 mm at a feet rate of 1500 mm/min without spindle rotation, a&eurfa
roughnessY) of 0.422 em was achieved with a s
to a surface roughness of IMISFoRal2 menthickvi t h a
sheet. Also, as the increase of spindle speeds, the surface roughness increases due to the
temperature rise resulting from the friction heat when the forming temperature is close

to the glass transition temperature. However, irstbdy of MedinaSanchez et aJ16],

the roughness of parts formed with the steel decreases as the increase of the spindle
speed, mainly because the forming temperature is lower than the glass transition
temperature. The authors also found that, for parts formed using the aluminium tool,
surface roughness is significantly loweamhthose obtained with the steel tool. Using

an aluminium tool to form a thermoplastic part can lead to almost changeless roughness
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compared with the original sheet. Besides the tool material, surface roughness can also
be influenced by tool types and tqmths. High surface quality can be guaranteed by

both tool types and tool patf43].
2.2.4.3 Other consideration factors

Environmental and sustainability issues have become an important consideration in the
whole field of manufacturing rese&icor ISF technology, it is important to consider

economic cost and energy consumption during the manufacturing process.
(1) Economic cost

Bagudanch et aJ46] studied the effects of different parameters on the cost in ISF and
gave the relationships between them. Apart from this, a complete and accurate method
to estimate the cost during ISF was proposed by Branker [@0&l.This method is
suitable for both metal parts and thermoplastic parts, taking the forming @)stad

seup costs @ ), the workpiece handling costs §, the tooling costsd(), the direct
material costs{ ), the indirect material costé ( ), the energy consumed during the
process @ ), the ancillary energyd( ) and the environmental burdea ( ), into
consideration. For simple geometries, the above method is effective to calculate the cost
of ISF because it considers not only the raw materials and manufacturing time but also

the environmental impact, but for a customized shape, an additesighdostd )

should be included. Also, the trimming cost () and the cost for biomodel fabrication
(6 ) also need to be consider¢23]. Therefore, the cost for a ¢amised part

manufactured by SPIE( ) may be estimated by the following equation:

8 (2.14)
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If TPIF is used to manufacture the customized part, the die manufacturing cost (
should be included to estimate the clmst TPIF @ ), as shown in the following

eqguation:

8 8 8 (2.15)

The abovementioned approach is mainly about the total cost used in the mtaminfg.c

process of a certain shape.

(2) Energy consumption

In addition to the economic cost, energy consumption can be reduced by optimising the
process parameters. Bagudanch ef48] investigated the effects of some process
parameters on energy consumption in SPIF of PC and PVC. According to their research,
the increase of step down and the feed rate and the decrease indleesg@nd lead to
decreased energy consumption. An empirical equation to estimate the energy
consumption used in SPIF was proposed in the following equation, specifically for the

Kondia HS1000 &xis milling machine used in the research.

O Ccy@r ™ wd OY (2.16)

whereOis the energy consumption in kilojoule,is the spindle speed in rpm aids

the forming time in second. The error of energy consumpgstimated by the proposed
empirical equation is always less than 10% compared with the value measured in
experiments. Another important influence factor on energy consumption is the external
heating sources used in haasisted ISF. The use of the extéimzating devicei.e.,

the preset forming temperature, can raise the cost, which is the same as that in the
metallic system[81]. Therefore, to avoid using external heat to conduct ISF of
thermoplastics at room temperature is an effective way to reduce the energy

consumption of the process, but this should be based on the premise that the satisfactory
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parts can be obtaine@io summarise, the cost and energy consumption can be obtained
by using analytical or empirical equations. More importantly, the cost and energy

consumption can be reduced by optimising the process parameters.

2.2.5 Discussions

ISF technology has been studied to form thermoplastic materials for over 10 years and
gained increasing attention in recent years. The rapid development of this research field
mainly results from the combined advantages of the technology itself (improved
material formability, good geometric accuracy and other benefits in manufacturing
smallbatch and customised naxisymmetric sheet parts) and promising thermoplastic
materials. A number of key areas in ISF of thermoplaatesliscussed in the following

sections.

2.2.5.1 Processing conditions

The process setup for ISF of thermoplastic materials is almost the same as the setup
used in the metallic system. The elevated temperature is effective to improve the
formability of thermoplastic sheets in ISF, andeating system, using a heating source
such as electric resistance, a halogen lamp or a heating coil, can be embedded into the
ISF machine to form workpieces with higher forming accuracy. However, an external
heating source is not definitely necessary gittee condition that the thermoplastics

have good material formability, and the friction heat could be used to soften the material,
although the effect of friction heat is still debatable because it may damage the surface
quality of workpiece. Thereforeoth the preset heat and the friction heat have their

own advantages and shortcomings. The external heat could greatly improve the material

formability and forming quality in ISF but cause lower strength of the formed part and
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more energy use and cost, lehihe friction heat could help save energy and increase

the formability to a certain extent but affect the surface finish of the formed part.

Apart from forming temperature, initial drawing angle, tool radius, step size, spindle
speed and initial sheetithness are important parameters in ISF of thermoplastics.

these parameters have considerable influence on the formability and other aspects of
forming quality. Higher forming temperature and spindle speed can cause reduced
surface quality, and largestep size can lead to excessive thinning and high surface
roughness. In addition, the above parameters have an influence on the forming force,

which gives an indication in selecting a suitable machine and using a specific tool.

2.2.5.2 Deformation and faite mechanism

The highly localised plastic forming is a distinctive feature of ISF compared with other
traditional sheet plastic forming processes and stretching leading to membrane strain is
the dominant deformation mode. For ISF of thermoplastic matetiaére are three

basic deformation modes including plane strain stretching on flat surfaces, plane strain
stretching on rotational symmetric surfaces and -bauyial stretching at corners.
Currently, a theoretical framework of membrane analysis is ynas#d to investigate

the deformation mechanism in ISF of thermoplastics although some material
constitutive models have been developed. In ISF, the stress and strain states in-the small
localised plastic zone of thermoplastics show a significant differsom that of metals.

The microstructure evolution under deformation is also complicated with the changes

of micro void density, degree of crystallinity, crystal and chain orientation.

Under the ISF deformation, there are three proposed failure modeSFinofi
thermoplastic materials, including -plane fracture by ductile tearing along the

circumferential direction at the transition area between the inclined wall and the corner,
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wrinkle along the inclined wall in the proximity of the corner and obliqaetére in the
bisector direction of the circumferentialmeridional surface on the wall. Among the
above failure modes, the last two are unique to the ISF of thermoplastics. During the
fracture process, no obvious necking., suppressed necking, is cateyed as an

important feature.

2.2.5.3 Formability

The formability of thermoplastic sheets in ISF exhibits significant improvement
compared with other plastic forming technologies. Basically, kL, the FLD at
fracture, is utilised to characterise floemability of thermoplastic sheet in ISF. FFL is
comprised of a straight line with a negative slope in the first quadrant of the FLD. The
uniaxial, equibiaxial, biaxial strain and plane strain can be obtained by some traditional
tests including tensilest, circular bulge and elliptical bulge, or in different meridional
paths of cone and pyramid frustums with varying wall angle in ISF undebtine
mentionedhree deformation modes. Besides FFL, the maximum forming depth and the

maximum drawing anglean also be used as metrics of formability.

In general, for the majority of thermoplastics, the increased formability in ISF can be
approached with the higher forming temperature and spindle speed (leading to more
friction heat), while there remains contessy about the effect of initial drawing angle,

tool radius, step size and initial sheet thickness on the formability. For the majority of
thermoplastic materials, with the increase of initial drawing angle, the formability is
increased, but there are se@xceptions such as POM, and PVC sheet with the smooth
surface placed facing the forming t¢dl]. The positive effect of decreased tool radius,
step size and increead initial sheet thickness on the improvement of formability is not

always suitable as well. An appropriate combination of different parameters is also
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important to the formability. The combination of larger step size and larger feed rate
and the combinain of smaller tool radius and larger step size can lead to the decreased
formability, while the combination of larger tool radius and smaller initial sheet
thickness and the combination of larger spindle speed and smaller feed rate can improve

the formabity.

2.2.5.4 Forming quality

The forming accuracy can be measured by using a portable 3D scanning system,
coordinate measuring machine to calculate the moving distance of forming tool. The
main reason for the poor forming accuracy is springback, includingediate elastic

recovery and awelastic recovery after an extended time span. The springback can be
reduced by appropriate tool type, toolpath strategy, decreased initial drawing angle,

increased initial sheet thickness or elevated forming temperature.

The surface roughness of shaped thermoplastic workpieces can be quantitatively
obtained with a profilometer by measuring the texture and topography. In general, the
better surface finish can be approached with slower spindle speed, tool radiszestep

as well as suitable tool material, type, and path.

2.2.5.5 Effects of process parameters on ISF of thermoplastics

The effects of different parameters on the formability of thermoplastic materials are
summarised based on the above literature revi@nder to provide readers with clearer
information to refer to. The detailed results are given in Tal@evith the effects of

process parameters and corresponding publications.
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Table2.2 Effects of process parameters on different aspects of ISF of thermoplastics.

Resulting effects

Process
Formin Surface  Ener
parameters J Formability ~ Accuracy ¥
force finish and cost
Forming T [16,
0 115] 1 [15, 69] [ 0 116]
temper a 36]

Initial drawi
nitial drawing 10,18  T[10]

angl e
1 [10, 37]
1115, 46, T8, 12]
Tool r a ] [7, 8, 15, 18, = [46]
50] = [46]
46,64, 72]
0 1 [15, 45, 46]
Step s 15,45 1441 0715 ,46] 1[46]
46] g [7]
1 T[22, 1
Spindl e [15,16, T[7, 15, 46, 23] [15, 16, 0 4]
45, 50] 69] 34, 46]
= [44]
) 10, 15, 18,
Initial sheet T [15, 19, 37, 46] 0 (101 0 a6y — 146]
t hi ckni 46]
08, 64, 72]

Table2.2 is comprised of the parameters, formtegiperature, initial drawing angle,

tool radius, step size, spindle speed and initial sheet thickness, and their effects on the
forming force, formability, forming accuracy, surface finish and energy and cost. The

up arrow (9) or doparameters means th¢ idcyeasb e decraade t h e
of this parameter. Similarly, the up arroi){ down arrow @) or horizontal bar<=) in

the cells for resulting effects represents the positive, negative or no influence on them.
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From Table2.2, although most pross parameters are reported to have the same effect
in ISF of thermoplastics from referenced publications, it is still debatable on the effect
of tool radius, step size, initial sheet thickness on the formability as introduced above.
The effect of spindlepeed on the forming accuracy and the effect of tool radius on the
surface finish are not commonly acknowledged. Although a possible explanation is the
difference in mechanical and physical properties among different thermoplastics, further

work should be dne to understand the detailed reasons.
2.2.5.6 Comparison between ISF of thermoplastic and metallic materials

Although ISF of thermoplastic materials is similar with the condition in the metallic
system in aspects of process setup, formability evaluatethods and the influence of
different parameters on forming quality, the material behaviour is quite different from
thermoplastics to metals. Therefore, there is a particular need to identify and understand
important differences between ISF of thermottaand metallic materials. Based on

the review of published work, the main differences are summarised inZ:able

Table2.3 Differences between ISF of thermoplastic and metallic materials.

Research aspec Thermoplastics Metals

Initial drawing angle acts as _ _ _
_ ~ Maximum drawing angle is
Process parameter. Maximum drawin ]
_ parameter to determine tt
parameters angle acts as a metric -
. formability
formability

(1) Majority exhibits decrease (1) Formability decrease

Effects of proces: o .
formability with increased too With increased tool radius.

parameters on

radius while there are son . c
formability (2) Formability dereases

exceptions. with an increased step size
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(2) The effect of step size c
formability depends on th

material.

(1) Membrane analysis
(1) Membrane analysis wit throughthickness shea

pressuresensitive yield surface i deformation and tensio

Deformation 1 sinly investigated. under bending are widel

mechanism investigated

(2) Stress and strain states in the small localised plastic zor
different. Details are shown in Talf€l.

_ (1) Failure Mode 1j.e,, in-
(1) Failure Mode 2 and 3,e, _
plane fracture, is generall

wrinkle and oblique fracture, at
' ' _observed.
Failure behaviour Unique to thermoplastic material

_ _ (2) Fracture with or withou
(2) No obviousnecking occurs _
necking depends on tf
before fracture. _
material.

(1) The springback results frol
not only immediate elasti (1) The springback is onl

recovery but also anelastic caused by immediate elast

Forming recovery after an extended tin recovery.

accuracy span

(2) More severe twist occurs in ISF of thermoplastics than th

metals.

In thermoplastic system, the initial drawing angle, of which the effect on formability

has never been studied in the metallic system, is considered as a parameter and has an
important influence on the formability of thermoplastic sheet in ISF. Also, thiente

of tool radius and step size on the formability of different thermoplastics are not the
same. Some of them are identical to metals while there remain some exceptions. In terms
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of the deformation mechanism, the relevant investigation is mainly gédcas the
membrane analysis with presswensitive yield surface in ISF of thermoplastics, but
other mechanisms including throutitickness shear deformation and bending under
tension have been widely studied in metallic system. Even only for the membrane
analysis, the stress and strain states in the small localised plastic zone are different in
these two systems. In terms of failure behaviouplame fracture is generally observed

in ISF of both thermoplastics and metals, while wrinkle and obliquaufeaete unique

failure modes for thermoplastic sheets. For forming accuracy, immediate elastic
recovery causes springback and poor forming accuracy in both these two systems, but
there is additional aelastic recovery after a long time after ISF of thgulastic sheets.
Finally, in ISF of thermoplastics, the twist is more serious compared with that in ISF of

metals.
2.3 Constitutive modelling of thermoplastics

2.3.1 Deformation behaviour of thermoplastics

As a kind of polymer, thermoplastics have advardage resistance to impact,
temperature and load carrying capabili7, 82, 83] In particular, they may be
repeatedly heated and cooled without severe damage because of their property of
softening by heating and solidification in cooling, and hence commonly used for
reprocessing and recyclifi4]. The mechanical behaviours of thermoplastics have
been investigated and characterized in numerous studies. Boycdq8&, &6] were
dedicated on the compression, tension sintple shear of PC material at large strains
under room temperature and low strain rate. They revealed that the strain hardening is
caused by the axial movement of molecules at necking area during cold stretching under

tension, while under compressionrésults from the plamorientation movement of
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molecules. Cao et a[87] and Yu et al.[88] studied the tensile and compressive
behaviour of PC at different strain rates and different temperatures. Besides the effects
of strain rate and temperatureoth presented the ndinear characteristics of the
mechanical behaviour of PC such as obvious yielding and strain softening. Hamdan and
Swallown [89] investigated the strain rate artdmperature dependence of the
mechanical properties golyether ketondPEK) material and PEEK. At temperature
below the glass transition temperatui®’)( the dependence of strain rate of both
polymers is almost independent of temperature, while at @émahpe abovéy,
increasing temperature leads to an incréageld stress due to the cetalystallization
phenomena. Also, the crystallization was fowritth high strairrate sensitivity for both

PEK and PEEK material. Rae et [@l0] studied the compressive and tensile behaviour

of PEEK material with large ranges of strain rate andpeatue. In their study, a
strong dependence on strain rate and temperature was found as with-alystafiine
thermoplastics. At large compressive strain, the phenomenon of darkening previous
observed in Taylor impacted samplxl, 92] results from reduced crystallinity.
Nasraoui et al[93] conducted a series of uniaxial compression tests undersjatsi
loading at room and lower temperature and under dynamic loading at room temperature

to study the strahnate and temgrature sensitivity of PMMA.

To summarize from previousesearchin most cases, the mechanical behaviour of
thermoplastics, whether is in tension or compression, exhibits greatrsti@iand
temperature dependence. The deformation behaviouhefrmoplastic can be generally

described by the flow stress curve as shown in Figure 2.13.
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Figure2.13 Typical deformation behaviour of a thermoplastic.

As shown in Figure 2.13, there are five phaseserdgformation proce$27]. Phase

is linear viscoelastic deformation, in wh
isnonlinearM scoel astic deformation underi i ncre
yield, after which the deformation becomes irrecoverable (while the plastic deformation

can be fully recovered at a temperature alid\84, 95) . Phase i's stra

and f i na libtnain HRutdeniageis obvious at large deformations. Among them,
the strain softening refers to that the flow stress decreases with increased strain and the
strain hardeningefers to the rise of flow stress along watfurther increase of strain.

For glassy thermoplastics, the strain softening behaviour is governed by the relationship
between the relaxation time of molecular chains movement and the deformation speed.
The stain hardening behaviour is due to enhanced orientation of molecular chains,
secondorder phase transitiorj96] or other microstructure evolution at large
deformation. For serrystalline thermoplastics, the strain softening behaviour is
related to the broken crystallization and the strain hardening loelmasialso related to

the recrystallization at large strains, which are different from glassy thermoplastics. No
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matter what mechanisms are involved in deformation, they generally follow the

aforementioned trend.

2.3.2 Constitutive modelling of thermoplatcs

Since the deformation behaviour of thermoplastics is more complex than metallic
materials, it is more difficult to develop constitutive models to predict the flow stress of
thermoplastics. As reviewed in Section 2.2.Bdgudanch et aJ]57, 58]and Yonan et

al. [19, 60] showed the attempts to find or develop a suitable congétutiodel for
thermoplastics in ISFApart from this, there are also some constitutive models proposed
to describe the tensile and compressive behaviour of thermoplastics, which is the basis
for the use in ISF. Generally, they can be classified into twestyphysical and
phenomenological constitutive models. Physical constitutive models are constructed
based on the physical mechanism under deformation and have a complex form whilst
phenomenological constitutive models are constructed by fitting experindatasand

have a relatively simple form as long as the flow stress behaviour can be represented.

Among many constitutive models developed to predict the mechanical behaviour of
thermoplastics, MullikerBoyce model[97] is a physically based model with wide
acceptance. This model was develogsmbed on ReEyring theory[98] and is
composed of three basic components including a linear elastic spring, a viscoplastic
dashpot and a nelimear Langevin spring, as shown in Figure 2.14. To characterize the
interactions between molecules in str@tghand rearranging process of molecular
sections, two parts are included in the mobtednd” , in which! is used to describe

the intermolecular resistance to chaggment rotation aridis used to describe the
entropic resistance to chain alignmentritPaconsists of section and sectioih , both

of which can be decomposed into a linear elastic spring and a viscoplastic dashpot.
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and present the different degrees of thermal activation of molecules during motion. In
detail, is relevant to theatation of main molecular chains, whifsis related to the
local rotation and can only be activated at low temperature and high strain rate. As

I and" are parallel, the total stres§(in the polymer reads as the tensor sum of the

| intermolecular stressY ) andy intermolecular stressY ) and the network (back)

stress(Y) as shown irEquation(2.17).

YOY Y Y (2.17)

Figure2.14 Onedimensional schematic of MullikeBoyce mode[97].

Therefore, MullikerBoyce model vas developed to successfully predict the mechanical
behaviour of thermoplastics in high strain rate and low temperature cases, as compared
with the original model proposed by Boyce et[@P] and Arruda and BoycEL00],

which can only be used plane strain compression, simple shear, uniaxial tension and

uniaxial compression at high temperature and low strain rate.
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Different from MullikenBoyce mode[97], JohnsorCook [101], Nasraoui eal. [93]
and DuarSagalGreif-Zimmerman (DSGZ)[102] models are well recognized
phenomenological models and commonly used to predict the flow stress with relatively

high precision.

JohnsorCook model was proposed by Johnson and Ja6k] with the following

expression:

k- hRY & 060O- op 6d 71— 2Jp —m— (2.18)

where A is the flow stress) is the yield stress at reference strain rate and reference
temperatured is the strain hardening coefficiestjs the strain hardening exponent,
is the true plastic strain,is the strain rate, is the reference strain rat&js the

tempeaturein Kelvin or K, Y is the reference temperatuf¥, is the melting

temperature) andd are material parameters. In this model, there are five parameters,

i.e.,0,0,¢&,0 anda [101].

This model takes the strain rate and temperature into consideration, which makes it
popular in the metallic system. Apart from metals, Jo@ook model and its
variations have been used to describetéimsile and compressive behaviour of PEEK
material in the research of Chen et[dD3, 104]and GarcigGonzalez et al[105],
although the prediction may deviate from the testing results to a considerable degree.
Meanwhile, Johnseook model can only be used to predict the plastforghation

part. Other model or parameters are needed to describe the whole deformation process

from elastic to plastic deformation parts.
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Nasraoui et al[93] proposed a model to predict the flow stress of PMMA based on the
previous wor k [dG6]. [IGstespesséd amaxcdmbihation afan additive

and a multiplicative formulation as follows:

., -hRY p — 0p A@GBP0UD 2, ADDPOD 00— . O

AgpQ Q3— O3 2Jp — (2.19)

where,"Yis the glass transition temperatuneK. There are eight parameters in this

model:0, ®,, ,, ,4& ,d ,QandQ. In this model, the term A 3PO3 D

— is used to describe the yield and strain softening behaviour and thg térm

APQ Q53— 3 2p — is used to describe the strain

hardening behaviowat large strainf93]. In their research, this model was observed to
precisely predict the quastatic and dynamic compressive behaviour of PMMA under
room temperature and the plastic deformation under different low temperatures at low
strain rates. However, Nasraoui et al. miduhs yet to be proved to be effective in high

temperature conditio93].

DSGZ model is a uniform phenomenological constitutive model proposed by Duan et
al. for not only glassy but also senrystalline thermoplastidd02]. It can be expressed

in the following form:

A -hRY 0 27Q- ——— O X h ° JQ-RY (2.20)
where,
Q- Q ° - Oop Q° (2.21)
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Q-fY - QO (2.22)

and"Q-RY is the dimensionless form &-HY by omitting the unitin calculation

There are eight material parameters in DSGZ madgh ,06 ,0 ,0 , @ & and .

DSGZ model is proposed based on several phenomenological constitutive models
including JohnsoiCook model[101], G &J&nad node[106] (Equation (2.2)),
Matsuoka model and Brooks mod#&07]. It has been used to predict the flow stress of
PMMA [102], PC[102, 108]and other thermoplastics, but its applicability has not been
proved comprehensively. For example, in the research of Duan 2. the results

of DSGZ model at large strains under the conditions of moderate strain rate were not
clear and the trends show a degree of deviation of the predicted results as compared to
experimental data. Therefore, although DSGZ madelan effective model for

thermoplastics, there remains a scope for improvements.
2.4 Analytical modelling of ISF

In Section 2.2.2.1, some analytical solutions of stress state in ISF of thermoplastics and
metals are reviewed, which reflect the deformatgtate of ISF. This section is
concentrated on the analytical modelling of specific issues isu8k agorming force

and other aspects
2.4.1 Analytical modelling of forming force

In ISF, the designed shape is achieved by local deformation in stepl,isvtirocven by

often a hemispheric forming tool following a contour p§#B, 109] The contact
between the forming tool and the sheet material is important to the deformation,
formability and fracture in ISFL10-112], and the forming force in ISF directly reflects

the tootsheet contact relationship, as revealed by Lu ¢1 3] on the frictionrelated
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effect, by Li et al[114] on the bending, shearing and stretching effect and by Obikawa

et al.[115] on the tool rotational effect.

The forming force in ISF is influenced by process parameters including step size,
forming tool dimension, drawing arggl sheet thickness, feed rate, spindle speed,
temperature, lubricant condition and material property. Filice 1 Hb] observed the

force tend in ISF and clarified that the initial bending leads to the peak force. After the
peak, the stretching begins and there are three distinguished force trendsstteady
polynomial and monotonically decreasing trends. Duflou ¢t &F] presented a sudden
change when the tool starts to enter each contour or deforms corner positions of a
pyramid part althougthere was no significant difference of mean total forces in ISF of
cones and pyramids. These indicate the effect of initial bending and geometric shape on

the force variations in ISF.

Accurate prediction of forming force provides an insight into the nahigeformation,
presents the interaction to ISF parameters and even captures fracturd TaBjréo
predict forming force in ISF, finite element simulation is commonly used. However, a
satisfactory FE simulation is affected by multiple factors and often takes conkderab
time to complete. To save computing resources, it is highly desirable to develop

analytical models for force prediction with sufficient accuracy and efficiency.

Analytical models could be developed in experimental or theoretical based methods.
The expemental based model requires a large number of testing results to establish the
relationship equation between forming force and process parameters. Aerejid 6f al.
attempted to predict ISF forces by analysing testing results under different parameters
and fitting the regression equations with power functions. Asnation of sheet

thickness, drawing angle, tool diameter, step size and material tensile strength, Aerens
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et al. model was capable to predict three force components for five different sheet
materials in the studied forming conditions. However, this kindodel was developed
using specific materials and under specific ISF conditions, which may limit the use for

extensive materials and forming conditions.

On the other hand, theoretical based models could be developed by looking into the
intrinsic relatimships among ISF parameters, material deformation, stress and strain
states. Allwood et al120] estimated the vertical force by assuming that the vertical
motion punches through the sheet enal with a resistance of shear stress. The
horizontal force was calculated by assuming the horizontal motion is resisted by the
compressive stress of the material ahead. This provides a quick calculation of the
forming force for ISF machine design, bhttassumption of the above two extreme
cases makes the prediction equations a rough approximation. Li [@t14). 121]
developed models based on the energy method, and took the deformation modes of shear,
bending and stretching into account. The prediction results showed a good agreement
with experimental data. However, only considering the prediaf horizontal force
components and the use of an empirical coefficient for combined shear and bending
deformation, require Li et al. model further adjustment for a wider range of process
conditions. Bansal et 4lL.22] presented equations for axial, radial and tangential forces,
and the prediction of axial force was validated by comparing with experimental results
although the modelling assumed a rectangle contact region and uniform stress
distribution. Chang et aJ123] developed an analytical model to predariming force

in ISF and adjusted the model for several variants. This model calculates the forming
force and components by multiplying the throtigltkness stress on neutral surface
with contact area and projection areas. For different parameters akupietce shapes,

the prediction accuracy of the model was validated. However, without consideration of
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the force caused by elastic bending of unsupported sidewall makes this model more

suitable to predict stabilised force with given process parameters.
2.42 Analytical modelling of other aspects in ISF

Apart from analytical modelling of forming force in ISF, some other aspects also draw

increasing interest such as forming precision, surface finish, fracture, and twist.

Ambrogio et al[124] evaluated the distance from the formed profile to the ideal surface
in different ISF tests and proposed equations to predict the forming precision at the

corner (0 ) and the centre)( ) as following:

0 PR 0 TTICPO B U 1Moy m™W QOO M1 P mdrt MO

| ] (2.23)

L X PFUW pPpE@ A ™M X0 M MW O

0O o8t d T WD THHPI TWNOOI Wo 18
(2.24)

whereO is the tool diameten is the step sizeé, is the sheet thicknes§)is the final
depth of forming part, is thedrawing angle. The developed model can be used to select
proper parameters for reduction afepdgedmet

tool path for compensation of sheet elastic springback.

For the same purpose, Asghar ef 5] referred to the method for a circular shell part

and calculated the elastic deflectjoat the studied position as the following equation:

=530 i o d1- i © -0p — o2& i (2.25)

where, Ois the vertical/ axial forcéQ is the flexural rigidity of sheet materiabis the
distance from the clamped edge to the part cemirethe distance from the part centre
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to the tool position, andis the distance from the part centre to theistlidosition. The
elastic deflection is considered as the main reason for the forming inaccuracy in ISF,
and with the above analytical equation, the authors proposed a tool path design strategy

to improve forming accuracy by compensating the deflection.

Durante et al.[126] provided an analytical model to predict the average surface
roughness’Y ) and the maximum roughnesg ) by considering the envelope effect of

the subsequent tool position. This model indicated that the surface roughness is
influencedby three process parameters: tool radius, step size and drawing angle. Chang
et al.[127] also developed an analytical model to predict the surface finish after ISF,
and proposed thaf can be calculated as the thickness difference between the contact
region and the proximity of contact region. Whilk,can be obtained as the mean
thickness difference in the measuring range and is approximatéd as® ¢ Y,

which is consistent with the measured relationship by Durante[@R&l. This model
considered both elastic deflection and plastic deformation, and indicated that tool radius,
drawing angle, step size, sheet thickness and material properties have an influence on

the surface finish.

In terms of the analytical modelling of fracture in ISF, Huang ¢128] considered the
effects of sheet thickness, tool dimension and step size, and gave an analytical solution
for the maximum forming angle without fracture in ISF. The model indicttddter
fracture and higher formability can be achieved by smaller tool dimension and step size.
However, this model made an assumption that the stress distribution is uniform in the
contact area, and the detailed variation of fracture initiation cabeoteflected.
Differently, Fang et al[129] derived the stress triaxialityidribution of different
contact regions under forming tool and claimed that the fracture initiates on the outer
surface of the region immediately above the contact region. Chan{l80dteveloped
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an analytical model to predict the fracture strain under two different deformation states
in ISF. In this model, the fractustrain was mainly influenced by the stress triaxiality
and the material properties, between which the stress triaxiality was obtained by the
stress state derivation with membrane analysis. In the derivation, the effect of bending,
shearing and cyclic loanly was considered, making the model effective in different ISF

conditions.

The twist behaviour in ISF has also drawn increasing attention in recent years. A large
number ofexperimental studies demonstrate that twist does exist and cause geometric
inaccuracy in 18. Duflou et al.[131] and Vanhove et aJ132] found that apart from
conventional twist at low drawing angle, reverse twist exists when the drawing angle is
large. Following this, Chang et 4l.33] proposed an analytical model to predict the
twist angle by assuming that the twist is caused by uhevenly distributed
circumferential friction stress in meridional direction, andugttvork method was used

to calculate the twisting angle. The developed model was validated by a series of
experiments with different parameters. Yang et[@b] also investigad the twist
mechanism and developed an analytical model to calculate the twisting angle in ISF of
PEEK. Different from the model developed by Chang efl&3], Yang et al[65]
considered the effect of material flow on twist behaviour, as shown in Figure 2.16.
Experiments showethat the developed model was valid to predict the twist angle at

different wall angles.
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The element of contact zone

Figure2.15 Mechanism of torsion in ISF of thermoplastj65].

At last, after reviewing the analytical studies of ISF, a lack of attention on the contact
pressure between forming tool and sheet material is found, but only a few investigations
were carried out by FE simulatiqial9, 134, 135] However, the contact pressure
reflects the toekheet interaction, has an influence on the deformationraotlife, and
governs the friction behaviour between forming tool and sheet. This leads to the research
interest of the analytical solution of contact pressure distribution, which is in urgent

demand and can be of great significance on the developmeri.of IS

2.5 Research challenges and future directions

Although ISF has been extensively researched to form metal sheet parts, the application
of ISF on thermoplastic sheets is still at an early stage. In this section, attempt is given
to provide a summary of ¢éfrecent advances, discussions on the key scientific issues in
ISF of thermoplastic materials. This provides a basis for observation of research

challenges and future directions.

2.5.1 Research challenges
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(1) There is little research gghenomenological or physical constitutive and damage
models to describe and predict the material behaviour of thermoplastics in the ISF
process with relatively high precision. The physical mechanism behind the material
behaviour of thermoplastics, suchsisin softening and strain hardening, has not been

fully understood particularly under the ISF deformation conditions.

(2) The analytical mechanics are relatively complicated when membrane analysis with
pressuresensitive yield surface is used. If othezehanisms, such as throutyfickness

shear deformation, bending under tension and indentation effect, are taken into
consideration, the case is even much more complicated, especially for thermoplastic

materials.

(3) The current analytical framework of ISH thermoplastic materials is mainly
focused on the deformation mechanics associated with Failure Mode 1. It is difficult to
apply this analytical framework to develop and investigate the deformation mechanics

behind Failure Modes 2 and 3.

(4) In heatasssted ISF of thermoplastics, the heat source is normally set under the sheet,
leading to a higher temperature on the bottom surface than the top surface of the sheet.
It would be a challenge to achieve a uniform temperature distribution through the

thicknes.

(5) Apart from springback and twist, thermal distortion may be another reason for the
reduced forming accuracy in hemgsisted ISF of thermoplastics. Although the
explanation of thermal distortion is clear, it is difficult and challenging to quahify t

mechanism and model the influence on forming accuracy.

2.5.2 Future directions
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(1) So far, little attention has been paid in numerical simulation for ISF of thermoplastic
materials, which is an important research aspecttfidrenomechanic#fE simulaton
should be carried out to investigate the deformation mechanism, fracture behaviour and

forming quality in ISF of thermoplastic materials.

(2) The capability for failure prediction of thermoplastic materials in ISF using either
simulation or analyticamethod is of considerable benefits. Future work should be
focused on the development of numerical simulation and analytical method to predict

failure of thermoplastics in ISF.

(3) It is highly desirable to develop a new constitutive model to capture féut of
temperature, strain rate and deformation during SPIF of thermoplastics. This could be

employed to evaluate the stresses inHasatsted ISF of thermoplastics.

(4) There is a need to construct the FLC at fracture for some important types of
biocommtible thermoplasticg.g.,PEEK and PMMA sheets by using such as Nakajima
test so as to apply different strain paths in stretching. The constructed FLC would be

beneficial in predicting fracture in SPIF of these biocompatible thermoplastics.

(5) The eféct of strain softening and strain hardening in thermoplastics on the
deformation and fracture mechanisms is yet to be fully established. Future research
should take strain softening and strain hardening effects into consideration in looking

into the defomation and fracture behaviour of thermoplastics in ISF.

(6) Throughthickness shear deformation and bending under tension in ISF of
thermoplastic materials are lack of investigation. Future work should be carried out in
taking throughthickness shear dafmation and bending under tension of

thermoplastics into consideration in either simple deformation or ISF.
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(7) The fracture mode of thermoplastic materials in ISF is different from that under
guaststatic tensile test: there is no significant necking teefoacture. Future work

should try to reveal the mechanism of the phenomenon.

(8) Little work has been reported on the mechanical properties and microstructural
changes of thermoplastic materials in ISF. Future research should pay more attention to
the mehanical properties and microstructural evolution of thermoplastics during ISF

process.

(9) Future research should be devoted to exploring the possibility of ISF of other kinds
of materials with application prospects, such as polylmased composite matals,
bilayer and multilayer sheets, and the optimised methods to form these types of

materials using ISF.

(10) High temperature can improve the accuracy of the shaped part but may increase the
surface wear, leading to increased surface roughness. Thedb&tween temperature

and surface roughness should be investigated.

(11) The influence of tool radius, step size and initial sheet thickness on the formability
of thermoplastic materials is not always identical for different thermoplastics with some

excepions. Future work should be carried out to study such exceptional conditions.

(12) A more comprehensive parametric study can be beneficial to investigate the
interdependence and interaction between these parameters and to achieve the optimum

outcomes of formability and other aspects of forming quality.

(13) Forming force is a direct result and reflection of the complicated deformation
behaviour in ISF. An analytical model for force prediction by comprehensively
considering different factors itSF is needed to overcome the shortcomings of the

current models.
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(14) Contact behaviour under the interaction between forming tool and sheet material
can be helpful to reveal the deformation mechanism and investigate the friction
behaviour. Effort shouldbe made to develop the analytical model for reflection of

localised contact.

(15) Thermal distortion clearly exists in heasisted ISF, but there are rare studies
about this topic. Future work may be needed to investigate the mechanism of thermal
distottion and develop analytical model to reflect its effect on forming accuracy i heat

assisted ISF of thermoplastics.
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Chapter 3 A New PhenomenologicalConstitutive M odel for

Thermoplastics

Nomenclature

Symbol

Term
True stress
True strain

Peak stress
Peak strain

Strain rate
Temperature
Reference strain rate
Reference temperature

Critical strain between strain softening a

strain hardening

Parameters related to the effect of strain
and temperature inQ-HY of the new

constitutive model

Parameters in 'Q-hhAY of the new

constitutive model
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0,606,060, Parameters in "Q-hAY of the new MPa for0

constitutive model

QU, _ Parameters id -hHY andb -hRY of the

new constitutive model
3.1 Introduction

As this PhD project mainly deals with ISF of thermoplastics, the constitutive model of
thermoplastics is the fundamental of the proposed analytical study and FE simulation.
Based on the complicated mechanical behaviour of thermoplastics and the inaequaci
of previously proposed phenomenological constitutive models,ctiapteraims to
develop a new phenomenological constitutive model to describe the mechanical
behaviour of thermoplastics. It can be used to predict both the tensile behaviour and
compreswe behaviour of semrystalline and glassy thermoplastics. First, an
introduction to the new constitutive model is given followed by a description of the
procedure to determine the material parameters of the new nideehew model is
named ZhtOu-Popov(ZOP) modelThe newmodel is then used to predict the tensile
and compressive behaviours of PEEK (sergstalline thermoplastic) and PC material
(glassy thermoplastic) to validate the applicability of the new model. Also, the dynamic
tensile and compressive behaviours ofrR&terial at high strain rate conditions are used

to validate the new model. Finally, a comparative study is carried out between the new
model and a number of commonly used constitutive models including JeGosdn

Nasraoui et al., DSGZ and MullikeBoyce models.

3.2 Formulation of the new constitutive model
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The new constitutive model is referred to that of DSGZ model. In the study by Duan et

5 R
al. [102] as shown in Hggation (2.20), they use the term% (Term A) to

describe the shift and strain softening behaviours at small strains a function of strain rate

and temperatureThe term'Q- Q ° - 02p Q ° (Term B) is used to

describe the strain hardening behaviour at large strains. Th&term h 9 (Term

C) is used to correlate deformation behaviours at small and large strains. Finally, the

termQ-RY - X7 (Term D) represents the valuistress dependenoastrain rate
and temperaturén the abovementionedfour terms- is the true strain, is the strain
ratein s, “Vis the temperaturia K, @ anddare two material parameters related to the
effect of strain rate and temperature, respectively,6 , 6 , 0 ,| are model
parameter®f DSGZ model The specific effects oferns A and C to anormalsed
function valueand TermB to a proportional function valuaccording to the
normalisation of Terms A an@ are presented in Figure 3.1 based on the material

parameters for PMMA in their work.

1.2 I

True strain

Figure3.1 Effects ofTerms A andC to normalised function valuendTermB to a
proportional function valuaccording to the normalisation of Terms A &d
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As a result, DSGZ model can be used to provide a uniform representation of the flow
stress behaviour for different types of thermepts (including glassy and semi
crystalline thermoplastics) and to describe the shift and strain softening behaviours at

small strains and the strain hardening behaviours at large strains.

Inspired by the general concept of DSGZ model, a more effeativatitutive method

is proposed based on the method of piecewise function. In this method, the flow stress
can be defined and presented in different expressions at small or large strains, and an
effective term acts as a transition function to combine tbhesikpressions smoothly into

one equation for simplicityThe new model uses'Q-HY to predict the effect of
temperature and strain on the flow stré@sh K'Y is usedo predict the linear elastic,
nontlinear elastic, yield, and strain softening behaviours at small strain range, while
"Q-hRY predics the strain hardening behaviour at large strain ramgdr 'Y and

0 -hAY acts as the transition functions toable the smooth shift of the stress
prediction from small to large strain randges the connection betweéf-h RY and
"Q-hAY. The dove gives the overall strategy for the new model, and details are

presented in the next few sections.
3.2.1 Effectof strain rate and temperature

For thermoplastics, strain rate and temperature have a significant influence on the
mechanical behaviour. In general, the flow stress would increase with the increase of
strain rate and the reduction of temperature and wécsa. Therefore, to predict the
mechanical behaviour of thermoplastics, the first step is to model the effect of strain rate

and temperature on the flow stress. At&hiYi s modi fi ed -Jbmaom t he

model[106] (Equation(2.22)) in the following:

0-fY — m> (3.2)
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where,- is the reference strain ratand”Y is the reference temperature K.

Di fferent fr om t h-donas model (RmEoh(2.2)e themodified G6 S e |
term is rewritten to add a reference strain rate and temperature to have a clearer meaning
that the value oR-HY becomes largethan 1at a higher strain rate and/or a lower
temperature compared with the reference strain rate and tnmgewhile Q-RY is

smaller than 1 at a smaller strain rate and/or a higher temperature compared with the
reference strain rate and temperature. This m#&kd$Y to have a starting value of 1

and to be more easily used in the following proposed fumgi® h-HY, Q-hAY,

6 -hRY, andb -hRY in the next few sections.
3.2.2 Linear elastic, norlinear elastic, yield and strain softening behaviours

In order todescribe the linear elastic, ntinear elastic, yield and strain softening
behaviours of thermoplastics, a functit®; h- Y, is proposedased on the function
® @A @Do, whichcan ideally fit theabovementionedvariation trend’Q- b i'Y

can beexpressed as follows:

Q-hAY 0 3 9o/ (3.2

where,0 , € and‘ are material parameterand the unit ofo is MPa The
mathematical representation’®h H'Y is shown in Figure 3.2(a), which can be used

to capture the yield behaviour and the strain softening behaviour at small strains (smaller
than- , which is the critical strain between the strain sofigrand the strain
hardening as illustrated in Figure 2.1B)s noteworthy that the value efreflects the

curve trend in elastic deformation. p implies a slight concave shape of the predicted
curve in elastic deformation at the very beginning,lewhi p implies a slight convex

shape of the predicted curve.
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Figure3.2 Mathematic representation of (&-h-HY and’Q-h-HY and (b)6 -hRY
andv -hhY.

The partial derivative oR-h RY of - can be derived as:

=x
0«

03 MR D¢ (3.3

Therefore, imen- &€ O JQ-HY (defined as a peak strain , as illustrated in

20

Figure 2.13), the flow stress reaches a peak value, U0 O which is

obtained by putting the peak strain into Equation (3.2)As discussed earlier, the

flow stress increases wh a larger strain rate and/or lower temperature are applied.
More discussions on the influence of the strain rate and temperature on the peak strain

and peak stress are given in Section 3.4.
3.2.3 Strain hardening behaviour

The term’Q- h- K'Y refers tohe corresponding term in DSGZ model to predict the strain
hardening behaviour at large strains (larger than ) after the strain softening

behaviour at small strains. The expressiofet ['Y is given as follows:
Q-hAY © 2Q ° - 2p Q ° JQ-RY (3.4)

where,0 , 6 ,0 and| are material parameterand the unit oD is MPa The

mathematical representation ®-h Y is given in Figure 3.2(a). The value of
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"Q-h RY rises with the increase of strain, which is consistent with the strain hardening

behaviour at large strains.
3.2.4 Transitionfunctions

The whole model is based on a transition function to effectivelfy tme flow stress
behaviour under both smadtrain, largestrain conditions with consideration of the
effect of strain rate and temperature. To ensure a smooth transition between strain
softening and strain hardening behaviours, two tedm$rHY and 0 -h-RY are

proposed in this new model as given below:

<

6 -hRY (3.5

5 9 O h

c
i
5S¢
<

— 5% o (3:6)

where, QU0 and_ are material parameters. These two terms are modified-frenand

_— which stabilise add ¢ladhawsmasa fun€idn towi t h

enable a smooth transition between small strains and large strains. The mathematic
representation of the termas-h-H'Y and0d -hRY are presented in Figure 3.2(b) based

on the material parameters worked out for PEEK ingicdion. By using them, the flow
stress can be expressed in different equations at different strains. The new constitutive

model approximately works like a piecewise function:

A -RFy QRAY 00 IR mo-- 3.7)
Q-hAY 0 0Q 2 - 2p Q ° JQ-AY - -
where R is the critical strain between the strain softening and the strain hardening

behaviours. When the strain approaches a value clese to , the \alue of flow stress

can be changed from small strain case to large strain case smoothly.
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Following the above methodology, the proposed new phenomenological model may be

given as follows:
A-RAY "Q-RAY D -hRAY "Q-RAY -hAY (3.8

The twelve material parameters in this modef@ne, _, ¢, ,6 ,6,] ,0 ,0 ,a and

@ The procedure to derive these parameters is given in Appendix A.
3.3 Validation of the constitutive model

In this section, PEEK and PC materials, which are seystalline and glassy
thermoplastics respectively, are used to validate the new constitutive model and its
applicability. The tensile and compressive behaviours used in the validation process
were obained by other researchdBv¥, 88, 136, and all therelatedtemperatures and
strain rates in the previous studies are usedrfodel validation In addition, t is
noteworthy thafrom each experimental curvéQ0 data pointsvere extractedor the

validation.

In order to evaluate the prediction precision of eackel quantitatively the coefficient
of determination Y ) and root mean square erroY { "Y)Gare used in the current
research. A larger value 6f and a smaller value of 0 "Yi@present better prediction

precision. Their calculation methods aefollows:

Y (3.9)

~

YO'YO -B O D (3.10)

where,0 and0 are the experimental and predicted values, respecti@eipd0 are
the mean values dD and0 , respectively) is the number of datased in the
evaluation process.
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3.3.1 Validation with PEEK material

In the research of Josept36], unfiled PEEK was used to carry out the tensile and
compressive tests. The tensile test samples were made from PEEK sheets and of dog
bone shape with a gauge length of 16 mm, width of 2 mm and thickness of 0.5 mm. The
compressive test sgies were manufactured from 450G extruded natural rod and of
rod shape with 8 mm for both length and diameter. The tensile tests were conducted on
a DEBEN MICROTEST 200N Extended Tester with Peltier Head, 10 mm maximum
travel and the compressive tests wpegformed on an INSTRON servo hydraulic

testing machine.
3.3.1.1 Tensile behaviour

The experimentaltensile tests with strain rates of 1.044G'?, 4.96x10* s'* and
1.54x10°2 §'1 and temperatures of 296 K, 343 K and 373 K are seldoted the
research of Joseph36]to validate the new model. Figure 3.3(a) and (c) shows the true
stressi strain curves for the tensile behaviour of the PEEK material, which shows
clearly the five phases of tensile behaviour including linear viscoelastic deformation,
nonlinear vscoelastic deformation, yield behaviour, strain softening and hardening. As
shown in Figure 3.3(a), at a temperature of 296 K, the flow stress including the peak
stress is increased with the increase of strain rate. The peak point shifts to the right when
a higher strain rate is applied, which indicates the yield behaviour appears later. As
shown in Figure 3.3(c), at constant strain ratd.06x10* s'%, the flow stress and the
peak stress decreased with the increase of temperature. The peak poittt gtefteft

at a higher temperature, indicating the yield behaviour appears earlier.
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At a temperature of 296 K k? Experimental stress = Predicted stress
125 125
i :
= S ?
€100 - S100| Ri=09958 Mg
= @ RMSE = 1.776 \
= : g " N\ +7.76 MPa
o 75k —5—0.000104 s™ Test from Joseph % 751 -4.93 MPa
i I & — 0.000104 s™ Prediction 3
3 il o— 0.000496 s Test from Joseph 2 sl
= 0.000496 s Prediction & n0.000104 5
—o—0.00154 s Test from Joseph 0.000496 s™!
25— e 0.00154 s” Prediction 251 000154 "'
0 1 1 1 1 0 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0 25 50 75 100 125 150
True strain Experimental stress (MPa)
(€) 150 (d)1s0
At a strain rate of 0.000496 s™' Experimental stress = Predicted stress
125 125 -
T
© . 23 \
c100f S100f R'=099 :
= g 2 00 RMSE = 2.532
ﬁ 75+ o % \+ 7.76 MPa
5 o 5T -11.86 MPa
; 7 —o— 296 K Test from Joseph o
Sl 1 | 1= 296 K Prediction 3
o S0k o— 343 K Test from Joseph & 50 296 K |
343 K Prediction | o 343 K
25+ —a— 373 K Test from Joseph 25+ l_373 K
------ 373 K Prediction e
0 1 1 1 1 O 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0 25 50 75 100 125 150
True strain Experimental stress (MPa)

Figure3.3 Experimentaltue stres$ strain curve$rom Joseplil36] and predicted
results for tensile behaviour of PEEK material (a) and (bguddferent strain rates at
constant temperature of 296 K and (c) and (d) under different temperatures at constant
strain rate o#.96x104s'L,

To validate the new constitutive model, the twelve material parameters in the new model
were determined usirthe method stated in Appendix A and are presented in Table 3.1.
For the identified parameters, the reference temperature is 296 K, and the reference

strain rate is 4.96x1'¢ s 1.

Table3.1 Material parameters of the new model for the tensile behaviour of PEEK.

i )4 . H F

0.4538 61.86 3.945 1.382 0.05976 11.77
F » L (MPa) L (MPa) O +
0.4707 13.6 12020 206.2 0.0268 408.4

84



Chapter 3

As shown in Figure 3.3, the predicted results by using the new model exhibit a good
agreement with the experimental data, not only in the case at constant temperature but
also in the case at constant strain rate. Overall, the prediction of experimenshiaas

the same trend, and their shapes are almost identical, indicating the new model can
capture the effect of strain on the flow stress accurately. The fitting results at constant
temperature are presented in Figure 3.3(a) and (b), which shows ttteo&feain rate

on the flow stress. In general, the new model is able to characterize the effect of strain
rate on the flow stress. Also, the effect of strain rate on the appearance of the peak point
is presented well from the prediction. The prediceeslits at constant strain rate are
given in Figure 3.3(c) and (d), which shows the effect of temperature on the flow stress.
The tested true stregsstrain curves and the prediction indicate that the new model can
describe the effect of temperature on tloev stress with good precision. The term
corresponding to the temperature in the new model works well in the current case.
Further, as shown in Figure 3.3(b) and (d), thevalues of the predicted results at
constant temperature and strain rate ar@38%nd 0.99, respectively. Therefore, the

new model can be effectively used to predict the tensile behaviour of PEEK material.
3.3.1.2 Compressive behaviour

As shown in Figure 3.4(a) and (c), theperimentatompressive tests with strain rates

of 2.08x104 51, 1.04x103 st and 3.1x10° s'! and the temperature of 296 K, 343 K

and 373 K are selected to validate the new model. Figure 3.4(a) presents the effect of
strain rate on the flow stress at constant temperature and Figure 3.4(c) shows the effect
of temperature on the flow stress at constant strain rate. There are four phases observed
in the flow stress curves including linear elastic deformation,-linear elastic
deformation, yield and strain hardening. Compared with the tensile test resultss there

no obvious strain softening behaviour in the compressive testing process of PEEK
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material. The same as tensile behaviour, at temperature of 296 K, the flow stress
increased with the increase of strain rate, as shown in Figure 3.4(a), while the tsend doe
not show obvious evidence for the yield point shifting to the right when higher strain
rate applied. At constant strain rate of 218, the flow stress decreased with the
increase of temperature. However, the yield point shifts to theldefously at a higher

temperature, which means the yield behaviour appears earlier.
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Figure3.4 Experimental ompressive true stressstrain curvegrom Josepli136] and
predicted results of PEEK (a) and (b) under different strain rates at constant
temperature of 296 K and (c) and (ehder different temperatures at constant strain
rate 0f1.04x10 31,

Following the identification method, the material parameters of the new model for the
compressive behaviour of PEEK material were derived step by step with the selection
of reference temperature of 296 K and reference strain rate4f10 3 s 1. The detds

can be found in Table 3.2.
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Table3.2 Material parameters of the new model for the compressive behaviour of PEEK.

4 - H F
0.0002722  86.01 0.1481 1.063 0.03228 8.391
F ) L (MPa) L (MPa) O +
1.184 1.109 5010 955.1 0.0377 394.269

Using the material parameters given in Table 3.2, the prediction curves for the
compressive behaviour of PEEK material were obtained by using the new constitutive
model. As shown in Figure 3.4, the prediction matches the experimental results well.
The newmodel is able to present the trend of compressive behaviour at different
conditions, and the yield behaviour and strain hardening behaviour are included in the
prediction curves. As observed from Figure 3.4(a), at a constant temperature, the
predicted redts for the strain rate of 2.08x16s'! and 1.04x10° s'! show a good
agreement with the experimental data although there is a degree of deviation of the
prediction from the test data for the case of the strain rate of 3310 Meanwhile,

at constantstrain rate, as shown in Figure 3.4(b), the predicted results for the
temperatures of 296 K and 343 K are almost identical to the experimental results, whilst
there is amoverestimatiorof the predicted results in the case for the temperature of 373

K.
3.3.2 Validation with PC material
3.3.2.1 Tensile behaviour

Performed on a MTS810 serhydraulic system, uniaxialensile tests of 3 mm

thickness PC sheet from Cao et[8l/] are usedor validationin this section with a
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selection of strain rateanging from 10°s'%, 102 s1 to 0.5 $* and temperature from

293 K, 353 K to 393 K.

Figure 3.5(a) and (c) shows tkeeperimentakrue stres§ strain curves, which were
derived from the engineering strésstrain curves in the paper of Cao e{&F]. There

are five phases in each curve as well: linear viscoelastic deformatiofinean
viscoelastic deformation, yield behaviour, strain softening and hardening. As shown in
Figure 3.5(a), at temperature of 293 K, the flow stress including thesfyeak increased

with the increase of strain rate. The peak point shifts to the right when a higher strain
rate applied, which indicates the yield behaviour appears later. As shown in Figure
3.5(c), at constant strain rate of 46 1, the flow stress anthe peak stress decrease with

the elevation of temperature. The peak point shifts to the left at higher temperature,

indicating the yield behaviour appears earlier.
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Figure3.5 Experimentaleénsile truestress strain curvegrom Cao et al[87] and
predicted results of PC (a) and (b) under different strain rates at constant temperature
of 293 K and (c) and (d) under different temperatures at constant strain 16té st.

The twelve material pameters for the PC samples of the proposed model were
determined using the procedure stated in Appendix A and are presented in Table 3.3.
The reference temperature and strain rate were selected as 293 K'arsi!,10

respectively.

Table3.3 Material parameters of the new model for the tensile behaviour of PC.

)4 . H F

0.9613 280.4 23.9 0.8307 0.06614 14.5
F ) L (MPa) L (MPa) O +
0.3592 15.48 1695 95.97 0.03796 528.4
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Using the material parameters given in Table 3.3, the predicted results of the tensile
behaviour of PC material are depicted in Figure 3.5. The results show that the new
constitutive model is able to capture the experimental results at different steainmet
temperatures. As shown in Figure 3.5(a) and (b), at room temperature, the predicted and
experimental results show acceptable agreement at different strain rate¥ with
0.8755. This indicates the new model is able to capture the effect of atchistrain

rate on the flow stress at room temperature. As shown in Figure 3.5(c) and (d), the effect
of temperature on the flow stress can also be predicted acceptably waitlD.8726,

with certain deviation at both small and large strains. Genetldynew model can be

used to predict the tensile behaviour of PC material.
3.3.2.2 Compressive behaviour

Compressive tests of PC selected for the current research were done by Y883t al.
on a servehydraulic machinewith strain rates of 16 s'*, 102 s* and 0.1 &' and
temperatures at 293 K, 333 K and 373 K, respectively. The samples were of circular

cylinder geometry with a length of 6 mm and diameter of 12 mm.

Theexperimentatompressive true stresstrain curves of PC were obtained from the
paper published by Yu et B8], and are shown in Figure 3.6(a) and (c). The trend of
each curve is approximately the same as that of tensile truei sttesis curves. Besides,
the influence of strain rate and temperature on the compressive behasouilar to

that on tensile behaviour.
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Figure3.6 Experimental ompressive true stregsstrain curvedrom Yu et al.[88] and
predicted results of PC (a) and (b) under different strain rates at constant temperature
of 293 K and (c) and (d) under different temperatures at constant strain taté $t.

The material parameters in the new model for compressive behafidC were

derived as listed in Table 3.4. The selected reference temperature and strain rate are 293

K and 103!, respectively. Using the derived parameters, the predicted results are

shown in Figure 3.6.

Table3.4 Material parameters of the new model for the compressive behaviour of PC.

¥ - H F
0.2488 28.57 0.8579 0.8345 0.2339 4.062
F ) L (MPa) L (MPa) O +
0.9424 7.972 646.4 111.5 0.02423 798.6
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As shown in Figure 3.6(a) and (c), at room temperature of 293 K, the new model can
predict the compressive behaviour of PC material precisely at different strain rates with
'Y of 0.9765. Not only can the general trend of each curve but also the efé&ciof

rate be predicted well. At lower and higher temperature, the prediction precision of the
new model remains at a high level with of 0.9521. The predicted results show a good
agreement with the experimental results although there are sligheddésr at 273 K

and 333 K. Thus, an effective prediction is produced by the new model in the case of

compressive behaviour of PC material.
3.3.3 Validation with PC material at high strain rate conditions

To explore the effectiveness of the new constituthadel for material behaviour at
high strain rate conditions, both dynamic tensile and compressive behaviours of PC are

used for further validation.
3.3.3.1 Dynamic tensile behaviour

The same as the tensile behaviour at low strain rate conditions, theregat data
obtained from the split Hopkinson tension (@BHTB) techniqueby Cao et al[87] are

used to validate how effectively the new constitutive model can be used to predict the
dynamic tensile behaviour. In this section, the engineerings$ts#rain relations were
obtained from the split Hopkinson tension bar (SHTB) tests. Among them, three
different strain rates (370%s 800 $* and 1700's) and three different temperatures

(273 K, 293 K and 353 K) are selected to be used isuhent research.

As shown in Figure 3.7(a) and (c), te&perimentaltrue stres§ strain curves are
converted from the engineering strésdrain curves. At high strain rate, the tensile true
stressi strain curves have a similar shape to that at lowirstrate conditions. The

increase of strain rate leads to the increased flow stress and delayed yielding while the
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elevated temperature causes the softening of PC material and the earlier occurrence of

yielding. Following the procedures provided in Append, the twelve material

parameters for dynamic tensile behaviour were identified and are given in Table 3.5.

For the given material parameters, the reference temperature is 293 K, and the reference

strain rate is 1700 & Accordingly, the predicted relésiare shown in Figure 3.7.
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Figure3.7 Experimental dynamitensile true stressstrain curvesrom Cao et al[87]
and predicted results of PC (a) and (b) under different strain rates at constant
temperature of 293 K and (c) and (d) under different temperatures at constant strain
rate of1700 &2,

Table 3.5 Material paramaters of the new model for the dynamic tensile behaviour of

PC.
4 - H F
0.02611 51.92 2.299 0.7065 0.1399 -1.31
F » L (MPa) L (MPa) O +
0.1769 147.8 396 47.79 0.04651 391.5
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As observed from Figure 3.7, the predicted curves show a good agreement with the
experimental results. Meanwhile, the new constitutive model is able to predict the effect
of strain rate and temperature on the tensile behaviour at high strain rate cendition
Generally, under different strain rates, the valuérofeaches 0.9943, while under
different temperatures,™d value of 0.9871 is obtained. In the comparison, only the
predicted result at the strain rate of 1700 and the temperature of 353 K st®
inaccuracy in yielding and strain softening phase compared with the truel s$tesg

curves in experiment. Nevertheless, it is feasible to use the new model to predict the

dynamic tensile behaviour of PC.
3.3.3.2 Dynamic compressive behaviour

Validation of the new constitutive model for dynamic compressive behaviour is carried
out using the experimental results obtained by Yu 8. The compressive behaviour

at high strain rate conditions was obtained in compressive split Hopkinsssurdar
(SHPB) tests. Samples with circular cylinder geometry were designed for SHPB tests 6
mm of diameter and 3 mm of length, respectively. In the current research, strain rates

of 3000 &%, 4000 &* and 5000's and temperature of 293 K, 323 KcaB73K are used.

The extracted compressive true striesdrain curvesn experimentat high strain rate
condition can be found in Figure 3.8(a) and (b), and the identified parameters in the new
constitutive model based on the experimental curves are igivieable 3.6. For this set

of parameters, the reference temperature and strain rate were selected as 293 K and 5000

s'! respectively.
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Figure3.8 Experimental gnamic compressive true strésstrain curvefrom Yu et

al. [88] and predicted results of PC (a) and (b) under different strain rates at constant

temperature of 293 K and (c) and (d) under different temperatures at constant strain
rate of5000 &2,

Table3.6 Material parameters of the new model for the dynamic compressive behaviour
of PC.

)4 i H F

0.006241 45.82 2.137 0.6523 0.1605 -3.164
F ) L (MPa) L (MPa) O +
-0.4483 163.2 71.47 29.5 0.1956 644.6

The comparison between tegperimentatesults at high strain rate and the predicted
results of the new constitutive model is presented in Figure 3.8, which shows a good
agreement between them. As given in Figure 3.8(b) and (d), the valdesexch

0.9671 and 0.9743, respectively, when the new model is used to predict the true stress
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i strain relations at different high strain rates and different temperatures. This indicates
the new model is able to provide a good prediction accuracy of the dynangessive

behaviour of PC material.

It is noted that the material parameters identified for tensile/compressive behaviour of
PC at high strain rate and low strain rate conditions are totally different. For example,
in Section 3.3.2.1, the parameters weentdied for tensile behaviours of PC based on

the testing results at low strain rate conditions. However, another different set of
parameters should be determined to predict the dynamic tensile behaviours of PC, and
these parameter values were obtaineghughe testing results aktremelyhigh strain

rate conditions. This means tipeasistatic and dynamic deformatitwehaviours should

be treated as two separate systems and their corresponding model parameters should be
derived individually.The reason is thainderdifferent testing conditions, the material
responses tquaststatic and dynamic loadingse differentue to the stia rate effect
although the testing results come from the same published work. As a phenomenological
model, tle new constitutive model can be used to describe the trend of flow stress, but
it has limitations to reflect the material responses to largely different loading conditions.
A possible solution may be to add a functional term to describe the relationdHifp an

the gap between the lownoderateand high behaviours. This would be a possible

direction for the improvement of the new constitutive model.
3.4 Comparison with other constitutive models

By evaluating the above tensile and compressive behaviounstbf PEEK (semi
crystalline thermoplastic) and PC (glassy thermoplastic), the tensile results of PEEK are
found to be the behaviour more difficult to predict, as PHE& semicrystalline

thermoplastics show strain crystallization, which makes their amcal behaviour
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more complicated. Therefore, the ability to predict this behaviour gives a clear
indication of the effectiveness and precision of a constitutive model. In this section, the
experimentatensile test results of PEEK material by Josg/3®] are used to carry out

the comparison among the new model with other phenomenological constitutive models
including Johnsoi€Cook, Nasraoui et al. and DSGZ models. In addition, the
compressive behaviour of PC material at low, moderate and high straifroatethe

study of Mulliken and Boycg97] is used to make the comparison between the new

model and physically based MullikdBoyce model.
3.4.1 Prediction of JohnsorCook model

The determination of the material parameters in Joh@xmk model is presented in
detail in the original paper of Jokon and Cookl01]. As shown in Eqgation(2.18),

the material parameters in this model for the tensile behaviour of PEEK were calculated
and given in Tabl&.7. For the identified parameters, the reference temperature is 296
K, and the reference strain rate is 4.9649*. The melting temperature of PEEK used

in JohnsorCook model is 616 K.

Table 3.7 Material marameters of Johnsdédook model for the tensile behaviour of
PEEK.

=(MPa) | (MPa) : F 0

110.7 661.6 3.042 0.02168 0.9558

The comparison between experimental data for tensile tests of PEEK material and the
predicted results of Johns@vook model is shown in Figure 3.9. As John€iwok

model can only be used to describe the part of plastic deformation, the prediction of
elastc deformation is not included in the current research. Hiukge prediction curves

start from the peak points. As shown in Figure 3.9(a) and (c), the overall trend of the
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prediction curves is upward, which means the flow stress increases with tizséenafe
strain. This indicates that JohnsGook model can describe the strain hardening
behaviour. In addition, Johns@ook model works well with the effect of strain rate on

the flow stress at constant temperature (as shown in Figure 3.9(a)) and thefeffe
temperature on the flow stress at constant strain rate (as shown in Figure 3.9(c)).
However, the shapes of prediction curves at different conditions are different from that
of experimental curves and the valueYofis quite low. In addition, the stin softening
behaviour cannot be observed. This is the main reason for the poor precision of-Johnson

Cook model in the current case.
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Figure3.9 Comparison between experimental data for tensile tests of PEEK material
from Josepli136] and predicted results of JohnsGook model (a) and (b) at constant
temperature of 296 K and (c) and (d) at constant strain r4t@@%10 4 s 1.

3.4.2 Prediction of Nasraoui et al. model
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In the research of Nasraoui et B3], the determination of materials parameters in
Nasraoui et al. constitutive model is presented in details. As givenuiatibg(2.19),

the material parameters in Nasraoui et al. model for the tensile behaviour of PEEK were
obtained following their methoaind are shown in Table 3.8. The reference temperature
and strain rate were selected as 296 K and 4.96<§ respectively. It is noteworthy

that to achieve better prediction, the glass transition temperature used in Nasraoui et al.

model is replaced bihe melting temperature of PEEK, which is 616 K.

Table 3.8 Material parameters of Nasraoui et al. model for the tensile behaviour of

PEEK.
1 | | 0 0 da da

1.743 1451 -1259 -34.23 0.05509 0.02068 9154 1861

As shown in Figure 3.10, for the tensbehaviourof PEEK materiglthe prediction

curves of Nasraoui et al. model are ablshow the basic trend of the flow stress and
capture the yield behaviour, strain softening behaviour and strain hardening behaviour
with the increase of the strain. However, the predicted results cannot follow the trend
very well and there are obvious @ifénces between the prediction and the experimental
data. As shown in Figure 3.10(a), at constant temperature, with the increase of strain
rate, the flow stress is increased as well, which is identical to the experimental
observation. Meanwhile, as shown Figure 3.10(c), at constant strain rate, with the
increase of temperature, the flow stress is reduced conversely. The trend is also the same
as the experimental results. However, the difference between two prediction curves is
bigger than that between avexperimental curves, as shown in both Figure 3.10(a) and
(c), indicating an overestimation of the effect of the strain rate and temperature as given

by Nasraoui et al. model. This leads to an observation that Nasraoui et al. model is able
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to predict thegeneral trend of the strain softening and hardening behaviours but, at the
same time, it exhibits considerable deviations from the measured flow stress curves in

the case of tensile behaviour of PEEK material.
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Figure3.10 Comparison between experimental data for tensile tests of PEEK material
from Joseplj136] and predicted results of Nasraoui et al. model (a) and (b) at constant
temperature of 296 K and (c) and (d) at constant strain r4t@@%10 4 s 1.

3.4.3 Prediction of DSGZ model

The determination of materials paneters in DSGZ model can be found in the original
paper of Duan et 4lL02]. Following the same procedure, the material parameters in
DSGZ model, as given in lHqtions(2.20) 1 (2.22), for the tensile behaviour of PEEK

were derived ashown in Table 3.9.

Table3.9 Material parameters of DSGZ model for the tensile behaviour of PEEK.

F F F F 0 T - )
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11.0733 0.5325 0.0296 743.1 0.0199 354.589 75.144 15.82

The comparison between the predictions of DSGZ model and the experimental data for
the tensile test of PEEK material is given in Figure 3.11. At strains smaller than 0.05
and larger than 0.2, the predictions and experiments show good agreement. This means
DSGZ model is able to describe the linear elastic deformation at small strains and the
strain hardening behaviour at large strain with good precision. However, the shifting
behaviour at the peak point and the strain softening behaviour after the peakr@oint
not observed in the predicted results, which means DSGZ model is not sufficiently
equipped to characterize the overall trend of the tensile behaviour of PEEK material,
although it can be used to predict the compressive behaviour of PMMA and PClmateria
in the research of Duan et HIO2]. In terms of the effect of strain rate and temperature,
although the effect of strain rate on the value of flow stress in DSGZ model is slightly
different from the experimental data, the predicted tesshhow a good trend to the
hardening (strain rate) or softening (temperature) effect on the flow stress, especially
the effect of temperature on it, as shown in Figure 3.11(c). Therefore, the results indicate
a fewer degree of precision in using DSGZ mddepredict the tensile behaviour of
PEEK material, mainly because of the difficulty to capture the behaviour of strain

softening behaviour after yielding.
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Figure3.11 Comparison between experimental datatensile tests of PEEK material
from Josepljl36] and predicted results of DSGZ model (a) and (b) at constant
temperature of @ K and (c) and (d) at constant strain ratd.66x10 4 s 1.

3.4.4 Comparison and quantitative evaluation of studied phenomenological

constitutive models

To compare the prediction results of John€mok, Nasraoui et al.,, DSGZ and the new
model developedn this paper, the tensile flow stretsge strain curves of PEEK
material at specific temperature and strain rate conditions were shown in Figure 3.12.
The experimental flow stress is given as black dots. The blue, green, purple and red lines
representhe flow stressstrain curves predicted by JohnsBook, Nasraoui et al.,
DSGZ and the new models, respectively. As observed, Jol@mok model shows a

poor precision aall the five conditions and can only predict the effect of temperature
and strain rateAlthough in recent years, some researchers have used Jdboskn

model and its modified model to predict the mechanical behaviour of thermoplastics,
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lack of precision in prediction seems to be inevitable because it was originally proposed
for metals buhot polymers. As shown in Figure 3.12(c), Nasraoui et al. model provides
reasonable prediction in the condition of 296 K and 1.54&0d but less so in other
cases. DSGZ model is only able to predict the section with strain hardening at large
strains inall conditions but less capable of capturing the strain softening trend in all test
conditions including the two at elevated temperatures of 343 K and 373 K. On the other
hand, different from thabovementionedour models, the predicted resultstibé new

model show a good agreement with experimental results at all temperature and strain
rate conditions. Therefore, the new model provides the best predicted results among the

four constitutive models considered.
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Figure3.12 Comparison of predicted results provided by JohySook, Nasraoui et
al., DSGZ and the new model in the conditions of (a) 296 Klabw10 'L, (b) 296
K and4.96x104s'%, (c) 296 K andL.54xX103s' 1, (d) 343 K andt.96x10'* s 1 and (e)

373 Kan#4.96x104s' 1.

A guantitative evaluation of the prediction precision between Joh@eokl, Nasraoui
et al., DSGZ models and the new model was carried out and the results are presented in

Tables 3.10 and 3.11 by using tifeand 'Y O "Y\@lues.
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01 Table3.11 A comparison of Johnse@ook, Nasraoui et al., DSGZ and the new model at different temperatures and a constant strain

Table3.10 A comparison of Johnse@ook, Nasraouet al., DSGZ and the new model at different strain rates and a constant temperature

K.
Strain rate 1.04x10441 4.96x1045'1 1.54x103d1
Johnson Nasraoui New Johnson Nasraoui New Johnson Nasraoui New
Model SGZ
Cook et al. model Cook et al. model Cook et al. model
=| 0.7732 0.9436 0.9649 0.9956 0.6534 0.9789 0.9534 0.9756 -0.06603 0.9882 0.9604 0.9986
34 ¢mPa)  6.044 6.488 512 1818 6.761 4126  6.134 4.442 4719 3.046 558 1.195

4.96x1045 1.
Temperature 296 K 343 K 373K
Johnson Nasraoui New Johnson Nasraoui New Johnson Nasraoui New
Model DSGZ
Cook et al. model Cook et al. model Cook et al. model
=| 0.6534 0.9789 0.9534 0.9756 0.699 0.9717 0971 0.9935 0.827 0.8704 0.9125 0.979
44 FE'EH 6.761 4126  6.134 4.442  6.742 4.072 4127 1.947  4.65 7.757  6.373 3.123

bf 296

rate of

¢ 1a1deyd
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As observed in Tables 3.10 and 3.11, at all strain rate and temperature conditions, the
values ofY and'Y 0 "Y@ the new constitutive model produced the best performance
results as compared to Johngoook, Nasraoui et al. and DSGZ models. This inega

that the prediction precision of the new model is the best among the four constitutive
models and the new constitutive model developed in the current research is able to
predict the tensile behaviour of PEEK materials used with good precision. Irérst, t
general shape of the prediction curves provided by the new model shows a better
agreement with the experimental results among these four constitutive models. It can
capture different phases of the flow stress curve including the linear elastimesn
elastic, the yield behaviour, strain softening and strain hardening behaviours. This is
fundamental to the prediction accuracy of the material constitutive model. Moreover,
the effect of strain rate and temperature on the flow stress can be well mgnidse

using the new model, as compared to the other three constitutive models. It clearly
shows the trend of the flow stress increase with increased strain rate and reduced
temperature. Although there is slight inaccuracy such as the effect of steaom réte

value of flow stress, the new model presents a more precise and consistent prediction of
the tensile behaviour of PEEK material as compared with other three commonly used
constitutive phenomenological model€ompared with other phenomenological
constitutive models, the new model has better flexibility to predict the complicated
stresg strain curves because of the use of piecewise and transition funBieceswvise
functionsshow advantages for flow stress prediction in different strain ranpés w
transition functions work effectively to enable smooth and flexible shift between
piecewise functions. The combinationtbt piecewise and transition functions is the

key for the more accurate flow stress prediction than other phenomenological.models

3.4.5 Comparison with Mulliken-Boyce model
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The compressive testing results of PC material from the study of Mulliken and Boyce
[97] are used to make the comparisotwaen physically based MullikeBoyce model

and the new model. As there are no testing results and validations in a variety of
temperatures, only compressive behaviour at different strain raféss(1,0L <! and

5050 &%) are used in the current comsam. The testing curves and predicted results of
Mulliken-Boyce model are shown in Figure 3.13(a). The material parameters of the new
model were identified as given in Table 3.12 with the selection of reference strain rate
of 1 ¢! and the predicted ressibf the new model are presented in Figure 3.13(a). It
should be noted that the paramebés inapplicable as the effect of temperature is not

included in the comparison.

(a)1g0 (b)ro 0.9619 *
160 Ata constant temperature o : [’
P v/ RMSE 10
oY 7 0.9} 9.495
_140r R e 0.8686
€120 00, 5050 ¢ T 8
S T 000009000097 osl 1° &
2100+ i/ e ) s
3 3 e 5.68 48 ==
% sof [Lx ? o & 8
= | 7 0.7k S
5] 1 ralag ©
o 60 14
b §/0.001
I —a— —a——o— Test from Mulliken and Boyce 0.6 - 12
20 [ =msessasaas Mulliken-Boyce model
— New model
0 . 0.5 0

0.4 06 0.7
True strain

0.0 0.1 0.3 0.5 0.8 Mulliken-Boyce model New model

Figure3.13 Comparison between MullikeBoyce and the new models. (a)
Experimental data for compressive tests of PC material at constant temperature from
Mulliken and Boycq97] and predicted results and (b) calcula¥dandY 0 "Y.O

Table3.12 Material parameters of the new model for the compressive behaviour of PC
tested by Mulliken and Boyce.

)4 . H F

0.2599 23.11 4.855 0.9906 0.08601 -1.777
F ) L (MPa) L (MPa) O +
-0.267 146.8 2470 20.57 0.04542 i
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As observed from Figure 3.13(a), both MullikBoyce and the new models are able to
predict the general trend of the compressive behaviour from low to high strain rates.
However, the nottinear transition from the elastic phase to the yielding is not presented
by Mulliken-Boyce model and the yield behaviour shows a sudden ch@ige
Although the values of peak stress aredwtedeffectively, there are some differences

from the experimental results in other parts of compressive curves. For the new model,
the smooth transition to the yielding can be presented and the predicted curve at the
strain rate of ' fits the expemental curve perfectly, but the predicted results at strain
rates of 10s'and5050'dsd on 6t present a good agreement
This happens because the new model has its limitation in representing the material
responses to exceedlpglifferent loading conditions as discussed in Section 3.3.3. In
the current comparison, an extremely large range of strain rates ftdrd 1® 5050

s ! are used. Nevertheless, the new model presents a better prediction than Mulliken
Boyce model. As stwn in Figure 3.13(b), & value of 0.9619 is achieved by the new
model, while it is 0.8686 by MullikeBoyce model. In addition, the predicted results

of the new model have a smallér) "Yi@lue as compared with that of Mulliké@oyce

model.
3.5 Condusions

The main conclusionsf this chaptecan be drawn as follows:

(1) An effective method to construct a constitutive model is to use different
mathematical functions to predict different phases of mechanical behaviours and to
combine them with a newfctional term. In the new constitutive mo@&DP model)

proposed from this research, the deformation at small and large strains are expressed by
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different functions. A new transition function is used to enable a smooth transition of

the flow stress behaviours under both small and large strain conditions.

(2) The new model can be used to effectively represent different phases of mechanical
behaviow of thermoplastics including the linear elastic and -hosar elastic
deformation, the yield behaviour, strain softening and strain hardening behaviours. The

effect of strain rate and temperature can be included in the new model.

(3) The new constitutivenodel can be used to predict both the tensile and the
compressive behaviour of PEEK (setnystalline thermoplastic) and PC (glassy
thermoplastic) with a good level of accuracy although the general trends of the two

materials are different.

(4) Apart fromlow strain rate conditions, the new model is capable of predicting the
dynamic tensile and compressive behaviours of PC at high strain rate conditions if the

dynamic behaviours are treated as a separate system from the low strain rate conditions.

(5) Reslts show that better prediction and goodness of fit results of the tensile behaviour
of PEEK materiaktan be achieved as compared to that by JohGeak, Nasraoui et

al. and DSGZ models. Better precision is demonstrated by using the new model than
that of Mulliken-Boyce model in the prediction of compressive behaviour of PC

material from low to high strain rates.
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Chapter 4 A New Analytical Model for Force Prediction in

I ncremental SheetForming

Nomenclature

Symbol

@ a

Term

Distance from studied position to tool centr

Angle from studied position to tool axis

Angle from workpiece meridional cros

section to studied position

Coordinate of tooposition in X, y, and z axes

Tool radius

Initial sheet thickness

Step size

Designed drawing angle

Actual drawing angle

Actual drawing angle at corner of pyramid p

Indentation angle in workpiece meridional a

circumferential directions

I angle at corner of pyramid part

Elastic recovery angle

110

Unit

mm

rad

rad

mm

mm

mm

mm

rad

rad

rad

rad

rad

rad
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Angle induced by forming tool increment

workpiece meridional direction

I angle at corner of pyramid part

Thickness of sheet material below forming t

at different regions

Sheet thickness reduction at different regi

after contact

Thickness in workpiece meridional direction

corner ofpyramid part

Maximum instant thickness recovery

Sheet thickness below tool centre

Mean equivalent stress of sheet material be

tool centre

Mean equivalent strain of sheet material bel

tool centre

Maximum width of elastic recovery region

Thickness of sheet material in Parts A and

» angle of projection position on workpie:

meridional crossection

Thickness of projection position on workpie

meridionalcrosssection
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rad

rad

mm

mm

mm

mm

mm

MPa

mm

mm

rad

mm
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O

£

Y,Y,Y

i

Q

2y
0'0°0,0°0

Arc angle from studied position to projectit
position on workpiece circumferential cres

section

Thickness reduction rate of deformation &

elastic recovery regions

Youngbés modul us of

Strain hardening exponent of sheet materig

Distance from part centtesymmetry axisto
edge of backing plate, initial tool position a

studied tool position

Global bending radius

Depth of tool position

Stretching strain of the neutral surface

Bending strain of sheet material

Strain in tool meridional, circumferential ar

radial directions

Equivalent stress of sheet material

Equivalent strain ofheet material

Total, vertical, horizontal, radial, ar

tangential forces
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rad

mm

MPa

mm

mm

mm

MPa
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0 pO ¢

O0t0wv

1¢

190l

Localised shear force

Boundaries of overlapping deformation regi

in plane strain condition

Boundary of nonoverlapping deformatiot

region in plane strain condition

Boundaries of elastic recovery region in ple

strain condition

Localised shear force of P1, P2, P3, P4 anc

Boundary of cornerdeformation region ir

biaxial tension condition

Boundary of overlapping deformation regi

in biaxial tension condition

Boundaries of elastic recovery region

biaxial tension condition

Localised shediorce of Q1, Q2, Q3 and Q4

Vertical component of localised shear force

Vertical force from global elastic bending

Tangential component of localised shear fo
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O Tangential force leading to material thinning N
"O Frictional force in tangential direction N
0,0 Force along x and y axes N
Q Frictional coefficient between forming to
and sheet
, Yield stress of sheet material at differe MPa
regions

- Yield strain of sheet material aifferent

regions
T Shear stress of sheet material MPa
i Elastic deflection mm
0O Flexural rigidity of sheet material Nmm

' Poi ssonb6és ratio of

- Equivalent strain due to elastic bending
deflection
i Critical bending radius of maximum deflectic mm
Q Critical depth of tool position for maximur mm
deflection

4.1 Introduction

In ISF, the forming force can reflect the tetleet contact, which drives the material

deformation and thedcture occurrence. Traditionally, FE simulation is used to predict
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the forming force in ISF, but the prediction result is usually sensitive to model settings,
such as mesh density, time increment, and it often takes large amount of computing time.
Differently, the analytical model provides effectiveand efficient method to predict

the forming force in ISF. By looking into the intrinsic relationship among ISF
parameters, material deformation, stress and strain states, it can also help to reveal the

defomation behaviour under the effect of t@bleet interaction.

This section presents a new modelling strategy for force history prediction by looking
into the material deformation in ISF. The modelling of contact region, thickness
distribution and strain coponents are carried out as the basis for the prediction of
vertical and horizontal forces. The effect of local contact behaviour, material
deformation and stretching, as well as the less investigated behaviours of global elastic
bending, change of deforniat mode and contact condition change are considered in
the derivation. The force prediction model at both plane strain and biaxial tension
condition area is developed based on the differences in contact region and thickness
distribution between these twbfferent deformation states. Experimental validations

are conducted to test the prediction results of the analytical model as well as comparison
with other representative models. The developed model could help to reveal and
understand the complicated amstable deformation behaviour from both local and

global aspects.
4.2 Analytical model of forming force

4.2.1 Contact region

In ISF, larger contact area between forming tool and sheet material could contribute to
larger forming force, while losing contact usually leads to smaller force. The first step

of modelling is to identify the contact region. The similarity between ISFalitig
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processes is that both obtain the final part through accumulation of localised
deformation or cutting following a predefined tool path. The major difference is that the
localised material under milling is subjected to cutting, while the locadiseet material
undergoes plastic deformation in ISF followed by some elastic deformation. The ISF of
rigid plastic materials may have the same contact region to the end milling process with
a ball nose tool. As shown in Figure 4.1, Boolean operation @ tossubtract a ball

tool from parts with truncated cone and pyramid shapes. The blue area shows the cutting
region in end milling process using a ball nose tool, which is the same as the contact
region in ISF of materials only with rigid plastic defornoati However, the elastic
deformation before full toedheet contact and the recovery after deformation should be
considered in real ISF situation. A shrink of the front contact region and an expansion
of the rear contact region may be applied, as showhéwyhite lines in Figure 4.1. The

above analysis is the basis for the modelling of contact region in ISF.
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(a) Truncated cone Comis

<~ contact region
‘...\

Cut/ deformed region

Corrected
contact region

Cut/ deformed region

Corner of truncated pyramid

Corrected
S contact region

Figure4.1 Boolean subtraction of a ball tool from (a), (b) truncated cone shape, (c),
(d) linear @rt and (e), (f) corner of truncated pyramid shape.

Before analytical modelling, some assumptions are made below:

(1) The scallop height is neglected as it is relatively small compared to the sheet

thickness.

(2) The thickness of localised contact regisnassumed linearly distributed in the

workpiece meridional and circumferential directions.

Under ISF condition, a localised 3D coordinate system is proposed with the origin at the

tool centre. For a certain position or small element in the contact rélggoooordinate
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can be expressed ad¥ h-} as shown in Figure 4.2, whdrés the distance from the
studied position to the tool centse s the angle between the position and the tool axis,
and—is the angle from the workpiece meridional crssestion to the position. s

the tool radiusQ is the initial sheet thicknegs,is the drawing angl¢, and_ are the
indentation anigs in the workpiece meridional and circumferential directions,
respectively, is the elastic recovery angle behind the tool resulting from the instant
recovery after elastoplastic deformation, ainds the angle induced by the increment
of forming tod in workpiece meridional direction. The partition of Parts A and B is for
the convenience of thickness derivation on workpiece meridional-sea$i®n, and

Parts A and B are at inner and outer sides of the tool, respectively.

Forming fool

R, 000&
@formati
T
‘ r, ¢, 3
: Si ],/ | Eee ///
Tlastic recolii
) B Nrecion Tart AljPa B2 ¢

lI\ -
1S ——

\

Sheet material
Figure4.2 lllustration of contact region in ISF and the coordinate system.
As indicated by Park and Kii37] and Martins et al[138], the common state of ISF
formed part is under plane strain condition. In this condition, the contact region may be

comprised of three parts: naverlapping deformatio(ND), overlapping deformation

(OD) and elastic recovery (ER) regions with a top view shown in Figure 4.3(a), which
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can be seen as the combination of a part of a circular region and parts of three elliptical
regions. The ND region covers the area wherestieet material is newly deformed

under the tool, and P3 in Figure 4.3(a) is the border line of this region. The OD region
defines the material that has already undergone at least one deformation cycle before
this round of tool contact, and the border lisecomposed of P1 and P2. ER region
represents the area where the sheet material undergoes the instant elastic recovery after
deformation, and Parts A and B of the ER region have the boundaries as P4 and P5,
respectively, as given in Figure 4.3(a). Theirdgbn of different regions is critical to

the analytical modelling, as they are the key to derivation of the localised shear force,

which may drive the material to move downwards.
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(@) Plane strain condition

Nonoverlapping Deformed

Overlapping

Tool moving
direction

\—Tool path

(b)  Biaxial tension condition

Corner
Deformed

Overlapping

Nonoverlapping\

=i

Tool moving
direction

\» Tool path

Figure4.3 lllustrationof contact region from top view in (a) plane strain condition
area and (b) biaxial tension condition area at corner of ISF.

For the elliptical shape of OD region, the centre is located at,{ ,“), the lengths
of major and minor axes arei ( JE(T i J0EKT) and (i DEI

i  QJOET ), respectively. The expression of the ellipse can be written as following:
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p (4.1)

where the relationship betweerandl can be given.

Ifthe stepsiz&a i JEBETDAT,
I AOAGEN — (4.2)
andifYa 1 JDEBETDA]

f AOAGEL— OE1l (4.3)

The situation o4 1 20 E 130 A Tleads to too small or even no overlapping
region, which is uncommon in ISF design and would cause poor surface finish.

Therefore] is calculated as Equation (4.2) throughout the modelling.

For the circular shape of ND region, the radiud is (30 B ). The contact boundary

of this region can be expressed as following:
e (4.4)

Part A of ER region also has an elliptical shape with the tool tip as the centie ard (
OET i 20K asthe lengthfdong axis. The length of short axis can be calculated
with consideration of the elastic recovery of the sheet thickness after deformation. The
recoveryYd at the maximum elastic recovery position may be calculated with the

following equation by cons&ting the elastic strain recovery:
Yo A@Bo>- p 20 o (4.5)

whereOi s t he Yo u o grls arentbedthickness and the mean equivalent
stress of the sheet matérmeelow the tool centre positiohecalculation methodor

0 and, are given irSections 4.2.2 andl.2.4 respectively
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The maximum width of the ER regian , i.e., the length of short axis as shown in

Figure 4.3, is given as ttiellowing expression:

N/

0 i i 36 (4.6)

As a result, the boundary of the Part A is expressed as following:

p 4.7)

For Part B of ER region, expression of the boundary may be given similarly by the

following expression:

p (4.8)

4.2.2 Thickness distribution under tooisheet contact

The thickness distribution on the workpiece meridional esession is firstly derived.
According to the assumption of linear thickness distidmy the thicknessalong the
workpiece meridional direction as shown in Figure 4.&&hearly distributedrom o

to (0 DA 1| @ following the cosine law139]. So, the thicknesson the workpiece

meridional crossection at a proposed position with coordinates of fr i} (on the

workpiece meridional crossection— T1or— *) can be expressed as the following
equation:
o o = S (4.9)
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(a) Workpiece circumferential
cross-section

O'—g
\ 0 9
\\ ® ,.-‘""k
Topl moving direction,
\ /1 QY \
N g\
\\ E‘ﬂﬁb \

B

—— — — i — e — — =

—_—_—_—— -

(b) Workpiece meridional
cross-section
1

l 0 o'
\ ’ﬂél moving direction ’

Ater

Figure4.4 ISF illustration of (a) meridional and (b) circumferential cregstions of
workpiece.

On the crossection of Parts A and B, Equation (4.9) can be written in the following

formats:
o o — 2 (4.10)
o o — 2 (4.11)

The thickness at the tool centre positibican be calculated as following:

6O 6 — = (4.12)

To derive the thickness distribution of the whole contact region, the 3D coordinate
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system should be used. As mentioned above, for a proposed position on the top surface

of the sheet, the spherical coordinates are fr h—.

If the selected position is in ND region, it must be in Rarthrough this position, the
thickness along the circumferential direction would vary fiwnat the position of
(i K R, to the thickness at the projection positiontba workpiece meridional
crosssection, the coordinates of which are supposed ashé H ). The relationship

betweerr ande can be expressed as following:
. AOAOEBTAIT-O (4.13)

The thickness of the projection positidn Fr H can be obtained as below:

o 0 (4.14)

According to the assumption, the thickness from (i R to ¢ P H) is linearly

distributed along a circular arc, and the arc anglecan be approximately expressed

as following:

] (4.15)

The thickness reduction rdte of ND region along workpiece circumferential direction

may be calculated as following:

(4.16)

As a result, the thickness position { F» i in ND region can be written as the

expression below:
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o 0 7 O3 (4.17)

60 6 ———2Of AOAOEBIAI-OS (4.18)

In OD region, the thickness increases from the projection position on the workpiece
meridionalcrosssection along the circumferential direction with the same increase rate

" . In Part A, the relationship betweerande is given as Equation (4.13), while in

Part B, it can be calculated as following:
« AOAOEBIAI-O (4.19)
Subsequently, no matter in Part A or B, the thickness of the projection position can be

expressed as Equation (4.14) uniformly, and the thickness at positiorr (1= in OD

regionis derived the same to Equation (4.18) in ND region.

In ER region, as the thickness incre¥&e at the maximum elastic recovery position is
given in Equation (4.5), combining the thickness expressiomder the tool centre
position in Equation (4.9), the increase ratealong the circular arc can be calculated

using the following equation:

” _ (4.20)

For the proposed position ( F» i), thes coordinate of the projection position is
derived as Equation (4.13) in Part A or Equation (4.19) in Part B of ER region. The
thickness of the projection ptisin is derived as Equation (4.14), the same as the ones

in ND and OD regions. Therefore, in the workpiece circumferential direction, the
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thickness in both Part A and B of ER region can be uniformly expressed as the below

equation:

(4.21)

Embedding Equations (4.14) and (4.20) in Equation (4.21), it gives the thickness

expression in ER region as following:

O 06 — 2O AOAOBIAI-O
"y 2500 42
Moo 22 25 3 (4.22)

4.2.3 Indentation and drawing angles

In expressions of thickness distribution, Equation (4.48d (4.22), there are two
unknown parameters: equivalent stresat the tool centre position and the indentation
anglg in workpiece meridional directior). can be calculated by using the equivalent
strain in the constitutive equation, wHilemeets the condition given by the following

expression:
i Op A0 o62p ATIOO— (4.23)

Considering the effect of material strain hardening expanent the indentatiorthe
right half of Equation (4.23) needs to be modified witladditional termwhich isclose
to 0 with a larget and approacesi Op ATfOwith a small¢. The term
opTp A @® stabilises at1and 0 with small and lacgealues, respectively, am@n
work well to capture the abowaentioned variation trend. Therefo@ equation is

proposeds followingby modifying Equation (4.23)
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i Op AIrO o2p AIOD ~—3 Op A0 (424

Solving the above equation gives the expressidn of

i ~0 | 290 o) o)

(4.25)

To confirm the validity of Equation (25), FE simulation is used to obtain ariglef
materials with different strain hardening exponent as it is difficult to observe in
experiment. AA5052, PEEK, AA3003 and titanium grade 1 (TAl) are used in ISF
simulation with drawing angle of 5@nd sheethickness of 1.2 mm. As shown in Figure
4.5(a), the comparison between the simulation and analytical results indicates that the
proposed equation can predict arigleell. It is noteworthy thathe term ¢ &) in
Equations (4.24) and (4.25) is used toiaed a balance between effectiveness and
simplicity of the analytical equation, althougletter agreemennay be achieved if

slight adjustment is made tioe constant  this term
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(a)22

(o] .
AA5052 O Simulation result
Analytical result |

20

AA3003

=
T

0.1 0.2 0.3 0.4 0.5
Strain hardening exponent n

(b) Workpiece meridional
cross-section

\
\ ® On

Tool moving direction®
\ ;

OI

Figure4.5 (a) Comparison of indentation angle between simulation and analytical
results. (b) lllustration of toedheet relationship at the beginning of ISF.

Since the boundary expressions of different regions are derived in Eqation§4.4),
(4.7) and (4.8), the indentation anglen workpiece circumferential direction and the
elastic recoverangle’ as shown in Figure 4.4(b) can be approximately calculated as

the following equations:
I I (4.26)

s N o~ oz oA

« AOADBEI (4.27)
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Another importat angle in the contact region is the drawing angtehe initial stage

of ISF, the actual drawing angleis smaller than the designed drawing angleecause

the tool and the sheet are not in full contact. Figure 4.5(b) illustrates the contact
relationship athe beginning of ISF, in which the initial bending effect is demonstrated.

According to the geometric feature, following equations can be listed:

i o i DET Y Y (4.28)

i o0 AlIO Qi 2p ANO i o) (4.29)
where'Y is the distance from the part cersgmmetry axigo the edge of backing plate
(or clamping position if without backing platéy,is the distance from the part ceritre

symmetry axigo the tool positioni, is the bending radius arids the depth of

tool position. By solving Equations (4.28) a(29), the actual drawing angle at the

initial stage of ISF can be obtained as the following expression:
| ¢DAT — (4.30)

The actual drawing angle folis Equation (4.30) until the designed valués reached.
4.2.4 Strain components

In ISF, the strain distribution of the tool meridional cresstion may be calculated
under the combined effect of stretching and local bendigg]. The strain caused by

stretching and material thinning on the neutral surface can be calculated as following:
Loy
- | +— (4.31)

whereois the material thickness under contact, which is derived as Equation (4.18) and
(4.22) for different contact region¥6 © Op A1/ OO t j| 1 for
overlapping regions, whil¥d o  ofor nonroverlapping regions. The strain due to

129



Chapter 4

pure bending has the following expressjb0]:

] [ S (4.32)

Combining the stretching and bending strain, the strain along the tool meridional

direction can be calculated:

o ] Yo (4.33)

Although the final state of the ISF formed truncated cone part is in plane strain condition,
the instant deformation state under the localisedam can be seen similar as stretch
forming of thin sheet, which is typically in biaxial tension conditi0]. Therefore,

- and- inthe tool meridional and radial directions may be given by the next equations:

N Yy 2
- _ .
| — (4.34)
s =D o)
= ‘lu— .
cd — (4.35)

The equivalent strainlcan be derived as the following expression:

o NN y 2
=92 ¢d = (4.36)
The equivalent stregscan be calculated with a given material constitutive model and
the equivalent strain. It is noteworthy thatin Equation (4.5) can be obtained at the
mean equivalent strak{, which may be calculated without consideration of bending

strain:

where Yo o6 0p AT1O0DF t j| 1 ando isderived as Equatin(4.12).
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4.2.5 Forming force

The forming forceQ is decomposed to the vertical foré®)(and horizontal forceé®),
between which the horizontal force may be comprised of the force in radial direction
("O and the force in tangentidirection {O). As shown in Figure 4.6, the vertical force
may consist of the vertical component of localised shear f0@$ §nd the vertical
force due to global bendingd ). The radial forcéOis perpendicular to the tool path
and may come fm the radial component of the localised shear force, while the
tangential forceO may be comprised of the localised shear force component in

tangential direction'Q ), the force leading to material thinnii@( ) and the frictional

force (O).
N\ |
Forming tool
N\ £
BB
— "FVIS
= = /DC&)I;I_ auon
S “~m  regiOn
Elastic 1'eu)\'c1)'+T/Ft Fy
e 7 | f
\ region , \\I Fy
Sheet material

Figure4.6 Decomposition of forming force in ISF.

4.2.5.1 Vertical forming force related to local shear deformation

In ISF, the downward movement of material is driven by the forming tool. The tool may
be seen to punch the sheet along the normal direction of the contact region for
deformation, and the sheet material gives the tool a reaction force to oppose the

downwardmovement of forming tool and the material deformation. The vertical force
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is a combination of the vertical component of reaction shear force provided by the sheet

material and the force resulting from the global bending.

According to the vorMises yield citeria, in biaxial tension condition of the localised
deformation region as indicated above, the shear stmsy be calculated using the

following equatior{140]:
t -3 (4.38)

where the yield stress is represented by ,, ,, ,, and, for different
parts and is calculated by the material constitutive model at the yield-stesrgiven
by Equation (4.39), which may only come from the material thininafter contact

and deformation.

- ¢d ip . 8 (4.39)

whereYo o 2p AT1|O0Df 1 j| 1 for P1, P2 and P5, whil&o
0 0p ATOGD AOENIT-G | 1 for P3 and P4. is represented by |,
1 9 1 and ,which aree angles at boundaries of the five contact regions and

are defined with differentranges by Equations (4.1), (4.4), (4.7) and (4.8).

The localised shear forc&)) in different contact regions may be calculated usieg th

shear stress and through thickness area by the following expressions:

0

A B— (4.40)

0 . A BA— (4.41)
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o . —— AOGA (4.42)
" - o) o) P
o . . — ——AGA (4.43)
o]
" o) o) s
@ A GA 4.44
W — = (4.44)

where'O ,"0 ,"0 ,"0O andO are localised shear forces of P1, P2, P3, P4 and P5,
respectivelyo ,0 ,0 ,0 ando are the thickness at the boundary of the five
regions by Equations (4.18) and (4.23andoin each equation are the length of long

and short axes of corresponding boundary elliptical shapes.

The vertical forming force due to localised shear force mayalculated using the

following equation:

0 AR50 Ai-6AT-600 O O O O
(4.45)

4.2.5.2 Vertical forming force from elastic bending

Referring to the case of a circular plate, elastic defle¢tiand concentrated for¢®

may have the following relationship:

0
i 555 (4.46)
whereOin Nmm is the flexural rigidity of sheet material:
, 2
O 5 (4.47)
whereei s the materi al Poi ssonods rati o. The

bending can be expressed as follows:
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0O p@ 0P O>—— (4.48)

The global bending of the sheet material between the forming tool and the backing plate
is totally recovered until the equivalent strain due to bending (expressed as Equation

(4.49)) equals to the yield strainof the sheet material

—3J 1 —d (4.49)
n 3 n

T

Therefore, when the elastic deflection reaches the maximum value, the bending has a

critical radius as expressed by Equation (4.50):

i S (4.50)

According to the relationships given by Equations (4.28) and (4.29), the critical depth
of tool position, i.e., the maximum elastic deflect@an be derived and calculated by

the following equation:

— (4.51)

The elastic deflectionh equals tcQuntil the tool position reaches a critical depth

Q . After this position, the elastic deflectipnis treated as a constant val(e

The vertical force is finally calculated as the superpositioc®oind™O as following:

0 0 O (4.52)

4.2.5.3 Horizontal forming forces

The horizontal forces in radial and tangential directions due to local shear behaviour

have expressions &slows:
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O OEFD20 O O O © (4.53)

0O AI-6DEF20 O O O O (4.54)

The derivation of the material thinninnglated horizontal force is based on the energy
method and the work done by the horizontal force in movemeralohg the workpiece

circumferential direction may lead to the thinning of the sheet, as shown e Bigu

Workpiece circumferential
cross-section

-\ /

Tool moving direction \ /

- 1T 7 N '

Before-deformation - _

T— T— — —Afterdeformation — — — —~_
S~

Moving distance /

Figure4.7 lllustration of the workpiece circumferential cressction.

Energy balance equation along the workpiece circumferential direction is given as

following:
o & ., dDOR A . DO QA A (4.55)
"O has the following expression after solving Equation (4.55):

o s AR A ., AR A (4.56)

In ISF, the crosssection shape of workpiece after deformation is determined by the
meridional crossection, which has the minimum area. Therefore, in this equation, the

volume of the deformed material and the strain distribution are utilised on the workpiece
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meridional crosssection.

The frictional forcéO approximately has the following relationship with the vertical

forming force:

o MO 0O 0O 0O O (4.57)

where™Qis the frictional coefficient between the forming tool and the sheet. The

tangential, horizontal and total forcéS, "O and"Ocan be calculated as following:

O 0 O O (4.58)
0O O O (4.59)
O 0 O (4.60)

4.2.6 Forming force in biaxial tension condition area
4.2.6.1 Contact region

Although plane strain condition is the most common final state of ISF formed part,
sometimes the material deformation presents biaxial tension condition at the[s6yner
137]. As shown in Figure 4.1(e) and (f), the blue area reptsshe contact region in

end milling process or ISF process of a rigid plastic material. In consideration of the
elastic deformation before contact and the recovery after contact in ISF, a shrink and an
expansion are applied to the front and rear com&ggons, respectively, as illustrated

by the white borders.

In biaxial tension condition area, the contact region may be comprised of four different
parts: corner deformation (CD) region, OD region and ER region, each of which can be
assumed as a part elliptical or super elliptical shape as shown in Figure 4.3(b). The

boundaries of CD and OD regions are represented by Q1 and Q2, respectively, while
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the boundary of ER region consists of Q3 and Q4.

The lateral edge of the pyramid is defined as the intérgeline between two lateral
faces, and the drawing angle becomes slightly smaller when the tool moves to the

corner. Therefore, the super elliptical boundary of Q1 can be expressed as the following:

o} o} ) o} o) mo
5 5 p (4.61)
The elliptical boundary of Q2 can be given by the following equation:
o} o} o) o) o)
5 5 5 5 p (4.62)
Another elliptical boundary of Q3 can be expressed as:
2 S P (4.63)
o}

Finally, the expression of the elliptical boundary of Q4 is derived as the following:

p (4.64)

4.2.6.2 Vertical forming force

Referring to plane strain condition area, the vertical force in biaxial tension condition

area can be derived as in the following expression:
O AI-©00 O O © O (4.65)

where O 0,0 'O and™O can be approximated 8 ."O can be

calculated by the following equation:

o . Al A— (4.66)
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whered and, are the sheet thickness aheé yield stressef Q1, respectively. The
sheet thickness at the immediate proximity near the contact region at the corner can be

approximated asd( A 1| O). According to the assumption of limedistribution, when

m — -, the expression af can be given by the following equation:

o 0RO 02RO Aij032 (4.67)
When- — - the thickness distribution along Q1 has tbllowing expression:

o 0RO 02RO Al O3 2— (4.68)

. in Equation (4.66) may be calculated at the yield strainas following by

referring to Equation (4.39):

- ¢d Ip y_ (4.69)

where Y0 is the thickness reduction of Q1 after contact avid
00p AIIODT 1 || I .1 andf arethég angle and angle at

the corner, respectively, ahd A OBE JAT150 1 AOBEIT AT .

Therefore;O can be calculated by putting Equation (4.674.69) in Equation (4.66)

and the vertical forming forc®© can be calculated by Equation (4.65).
4.2.6.3 Horizontal forming force

In biaxial tension condition, the influence of ND region on the decomposiio
localised shear force can be neglected as it is much smaller than CD region. Therefore,
the tangential force is only comprised of the force related to material thinning and the
frictional force. Referring to the calculation method in plane strainitondaera, the

tangential horizontal force related to material thinning in biaxial tension condition can
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be derived as in the following equation:
o . . . A OQA A (4.70)

whereo is the thickness distribution along the workpiece meridional direction in

biaxial tension condition at corner, addhas the following expression:

o o — 2 5 22 5RO (4.71)

Besides, thérictional force™O and the horizontal force in the radial directi@tan be

derived and approximated as the following equations:

0 "0 O O "O (4.72)

0O OEH00 O O © (4.73)

The horizontal force and total forming force in biaxial tension condition can be
calculated byEquations (4.59) and (4.60), respectively.

4.2.7 Implementation

MATLAB software is used to implement and visualise the derived analytical model of
force prediction, and the implementation steps are given in the flow chart as shown in
Figure 4.8, where thealculation method for the plane strain condition area is introduced.
In the flow chart shown in Figure 4.8, the equations used for each step are indicated for

convenience.
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( Start )
v

Input:
ISF parameters: Az, roo. ¥, fo, Ry
Tool path coordinates: x, y, =
Material parameters: /2, n, v
Constitutive model: = £g)

v v

de ﬂelcdt?;zlg max(linsuil; ;l]z:jst::i tical Calculate actual drawing angle & (4.30), indentation
critical .
drawing ;;;gle o (430) angles 5(4.25), A (4.26), x (4.27) and 3, (4.2)
o crnucal A ¢

Calculate elastic deflection-related Identity exprgssion of thickness distribution as a
function of @ and ¢(4.18, 4.22

vertical force /. (48) |

4 v
Identify expression of ¢ as a Identify expression of equivalent
function of #at different parts of strain (4.36) and stress as functions

contact boundaries: &y, 1. 1. O of pand r
and &, by solving (4.1, 4.4. 4.7, 4.8) ¢
¢ Identify upper and lower limits of
Identify expression of thickness 7 as 7 (Foar (@) and oo
a function of @ at different parts of ¢
contact boundaries (4.18, 4.22)
¢ Calculate material thinning-related
tangential force /™" (4.56)
Identify expressions of yield strain
(4.39) and yield stress as functions ¢
of @ at contact boundaries Calculate localised shear-related
¢ » radial force /" (55) and tangential
force /" (4.54)
Calculate localised shear forces by
integral of @in different regions  —— y
(4.40,4.41,4.42. 443, 4.44) o Calculate friction-related tangential

force I/ (4.57)

v

Calculate localised shear-related y
. ~ Is
vertical force /" (4.45) —{ Calculate horizontal force I}, (4.59)

v

ﬂ Calculate vertical force /-, (4.52) }—f\—ﬂ Calculate total force 7 (4.60)
| I

Output:
Vertical force [
Horizontal force £,
Total force F

v
( End )

Figure4.8 Flow chart to solverad implement the analytical model of forming force
prediction in ISF.

4.3 Force prediction and validation

4.3.1 Model validation from ISF of TA1 sheet
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In the developed analytical model, two different conditions are considered in ISF: plane
strain condition on the flat surface and biaxial tension condition at the corner. To
validate the analytical model, two different forming shapes were designed and formed
as shown in Figure 4\ith the assistance of a collaborator in the University of Sheffield
under t he aut.Ahlerexperimantal sdtup is @iven asnFigure 4Tk
drawing anglesf the designed pantsry from 22 to 88 and the forming forces during

ISF of 140 x140 x0.7 mm TA1 sheet were measured. Step size in ISF of the truncated
cone is 0.28 mm, while for ISF of the truncated pyramid it is 0.44 mm. Other process
parameters are the saméth tool radiusof 5 mm, feed ratef 800 mm/min, no spindle

rotation andwith use ofRTD COMPOUND lubricant

(@)

(©

Figure4.9 Designed ISF parts in (a), (b) truncated cone shape, and (c), (d) truncated
pyramid shape with varying drawing angle.
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Figure4.10 Experimental setup for ISF of TA1

Frictional coefficient of 0.25 is used, and JohnS€wok model as given by Equation
(4.74) is applied to describe the constitutive behaviour. The model parameters given in
Table 4.1 were derived based on the gstaicuniaxial tensile test. As the effects of
strain rate and temperature are not considered in the current model, the constitutive

model only has the part to predict the flow stress at different equivalent strain.
., 0 0z-T (4.74)

Table4.1 JohnsorCook parameters of TA1 and AA30@Bsheet.

Material parameters = (MPa) | (MPa) . F (MPa)
TAl 220.6 341.3 0.4692 105000
AA3003-0 41.37 79.22 0.2244 68900

In ISF processing of the designed regular shapes, the prediction of forming force in x,
y, and z axes of the ISF machine may be more convincing in the validation. Therefore,

z force {O), xforce (O and y force©) are predicted and compared with experimental

results.’Oequals td0in the derivation, whiléOand"Oat different tool positions are
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converted from the tangentiaQ) and radial forces©Q by the rules in Table 4.2

Table4.2 Horizontal force conversion in ISF of truncated cone and pyramid parts.

Tool position conditions O O
@) . W .
- 20 - — 00
W W 0
All positions of truncated cone part i o
- — 00 —————=00
W W
- p&w T O "O
Linear positonsof - pg& o = "O "O
truncated pyramid
part - p& W T O O
- pP&wW T O @)
‘ g g
- p&w T %50 0 L50 0
S C
. | g g
Corner positonsof — P& W T qu 0O O TCQ 0O O
truncated pyramid
part —~ P& W T 4 70 O 1S 50 "0
S C
, g g
- p&w m ?co“o "0 TCC)"O "0

The prediction results of total force and force components with the change of tool
position in ISF are presented in Figure 4.10. For convenience, the force variation with
the change of tool position is given in a contour plot. Different colours indicate th

predicted force levels when the tool moves to different positions. Figure 4.10(a) and (b)
shows the nonuniform distribution of rising total and z forces with the increase of

forming depth because of the change of drawing angle and the relatively ufafoem
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distribution in the same or adjacent tool path layers. Meanwhile, as given by Figure
4.10(c) and (d), horizontal forces in x and y axes are in regular alternant variation

because of the approximate circular tool path.

(@)  Total force (N) . (b) Z force (N) 800
“i 700
1700 600
o 1500
1500 400
1400

- 300
200 200
100 100

0 0
() X force (N) 500 500
400 400
=~ 300 I300
200 1200

100
0
1-100

-200

-300
-400 -400
-500 -500

T4
---——’

Figure4.11 Analytically predicted results of (a) total force, (b) z force, (c) x force and
(d) y force of different tool position in ISF of truncated cone part of TAL.

The comparison of force components betweeryéinal prediction and experimental
results is presented in FigurelZ. Although the forming force in experiment shows a
continuously changing trend, the variation is observed to be highly centrally distributed,
which is an indication of identical deforti@n behaviour and contact condition in ISF

of truncated cone part. The slight fluctuation may come from thehoomontal
placement of the ISF fixture or the stiffness change of sheet matE2Bl The

comparison shows that the prediction is in good agreement with experiment and the
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predicted Zorce has a smooth variation trend because of the unchanged deformation
behaviour and contact condition in the model implementation. As shown in Figure
4.12(b), the detailed force variation in an enlarged time range from 830 s to 860 s further

indicates he prediction accuracy and confirms the regular alternant variation of x and y

forces.

(a)1200
1000

Experimental 7,
Predicted /-, oA
Experimental /-, e bk
Predicted Y

T

800

L Experimental I, e
o Predicted /-, ) N
s el

400

200

Forming force (N)

1 1 1 I

0 100 200 300 400 500 _600.--700 ~ 800 900--1000 1100 1200 1300
e ST Time T (s) T

Forming force (N)

-400

0 1 1 1 1 ] 1 1 1 1 1 1 1 1
830 832 834 836 838 840 842 844 846 848 850 852 854 856 858 860

Time T (s)

Figure4.12 Comparison between experimental and analytically predicted force
components in ISF of truncated cqreat of TAL: (a) whole process comparison and
(b) detailed comparison in an enlarged time range.

As shown in Figure 43, the predicted force distribution in ISF of truncated pyramid
part shows that the force gradually increases if the tool moves fromidkdé&e position

of linear part to the corner as well as with the increase of forming depth/ drawing angle.
A sudden increase of total force and force components is presented at the corner, where
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the calculation follows the analysis and equations for Higetsion condition area. The

alternant variation can also be predicted in the distribution of x and y forces.

(a) Total force (N) (b) Z force (N)

1500 1200

1000
11000 1800
- 600

500

0 0
(©) X force (N) (d)
800 800
R ] 600 600
1
| 400 400
- 200 200
1
1 1 0 I 0
1 1 1
| : -200 - 200
1 1 1
i : 400 : 400
! 1 600 -
L ) L 600
800 800

Figure4.13 Analytically predicted results of (a) total force, (b) z force, (c) x force and
(d) y force of different tool position in ISF of truncated pyramid part of TAL.

As shown by the solid curves in Figurel4l. experimental z, x and y forces have
significant fluctuation. Each time when the tool moves to the corner, the force would
increase dmaatically, which results from the change of deformation behaviour and the
enhanced toesheet contact. However, at the linear part of pyramid, the force is
comparable to that of truncated cone but only has some more frequent fluctuation. This
clarifies tha the deformation behaviour and contact condition at the linear part of the
pyramid are the same as the truncated cone. The periodic fluctuation from the middle

position of linear part to the position near the corner is a result of the change in bending

146



Chapter 4

condition, which affects the actual drawing angle.

Figure4.14 Comparison between experimental and analytically predicted force
components in ISF of truncated pyramid part of TA1: (a) whole process comparison
(b) detailed comparison in an enlarged time range and (c) prediction with and without

consideration of biaxial tension condition
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