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ABSTRACT

Single point incremental forming (SPIF) is a sheet forming technique that deforms sheet
materials incrementally to a designated shape. The process has shown high ability to deform
low-strength materials for good geometrical accuracy and formability at room temperature.
Deforming high-temperature alloys, such as Ti-6Al-4V, requires integrated heat sources to
increase the ductility of the metal sheets for deformation. However, the integration of heating
results in unpredictable thermomechanical behaviours on the formability, geometric accuracy,
thickness distribution and surface quality. Considerable research efforts have been in
developing in different heating methods and designing novel tools and analytical modelling to
resolve the limitations. The current challenge remains to improve the localised and stable
heating and functional tool design to reduce the thermal expansion and friction at the tool-
surface contact area and the analysis of relationship between thermal and mechanical effects.
This PhD research aims to develop and improve the induction heating-assisted SPIF system for
Ti-6Al-4V sheets in tool design, lubrication, tool path optimisation and numerical analysis.
Total four research methods include the study of microstructural and mechanical properties for
low temperature (600 °C and 700 °C) deformation using Zener-Hollomon parameter (Z-
parameter). A novel tool design with water-cooling lubricant system to assist lubricant service.
A combination of crystal plasticity finite element simulation method (CPFEM), representative
volume element (RVE) and cellular automata (CA) to predict the grain orientation, crystal
texture and grain size evolution in experimental scale and microstructure. A radial basis
function (RBF) artificial neural network to optimise the tool path for improvements of

geometric accuracy and surface quality above beta-transus (950 °C) temperature.
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1. Introduction

1.1. Background

Conventional sheet-forming processes are normally established in complex and expensive tool
system designs fixed for limited designated geometry and only economically feasible for mass
production. The global challenge in the manufacturing industry includes developing flexible
and economical forming processes to produce sheet materials in complicated geometry for rapid
prototyping. Incremental sheet forming (ISF) is a new class forming process which can
complete the objectives. SPIF has undergone development in decades and refers to a die-less
sheet forming process, as shown in Figure 1-1[1]. The process excels in forming complex

shapes or rapid prototypes using die-less and simple tools.

The process has received increasing attention due to its high flexibility and low cost. Previous
studies by Honarpisheh et al. [2] and Al-Ghamdi and Hussain [3] revealed that SPIF has shown
high performance in deforming relative low-strength materials, such as aluminium and
magnesium alloy sheets, at room temperature. However, the product's geometrical accuracy
suffers from a large elastic springback resulting from the die-less nature of the process and the
formability is significantly reduced. For high-temperature alloy sheets, such as Ti-6Al-4V, steel
and Nickel-based superalloys, the room temperature SPIF process did not achieve high product
quality. Ambrogio et al. [4], Formisano et al. [5], Fan et al. [6] and G&tmann et al. [7]
investigated the integration of heating sources to reduce the material flow stress, which able to
provide heating temperature to the sheet materials to increase its ductility and improve the

formability and reduce the forming force to achieve better surface quality.
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Figure 1-1. The illustration of SPIF [1].
1.2. Motivation

There have been several attempts to utilise SPIF for deforming materials at elevated
temperatures. However, the obtained surface quality from high-temperature experiments has
produced high wear track and adherence of lubricant from the tool-surface contact area, electric
sparks in electric heating and oxide layer on workpiece surface during the high-temperature
deformation process. The heat-assisted SPIF has substantial potential if various aspects, such
as formability, geometric accuracy and surface quality, can be improved by collating those
aspects with the forming tool design, tool path plan and correlate the mechanical properties and

microstructural evolution during the process.
1.3. Aims and Objectives

This PhD project aims to study the mechanical and microstructural properties under dynamic
localised heat input SPIF system to deform Ti-6Al-4V thin sheets and improve the process

quality. The following objectives will be approached to achieve the aim;

1. Study the history of metal forming works and propose the main objectives of this
2



project.

2. A literature review on recent research for current development of SPIF process.

3. Correlate the mechanical and microstructural properties for induction heating assisted

SPIF of Ti-6Al-4V at relatively low temperatures.

4. A tool design to enhance the lubrication and improve the surface and process quality.

5. Develop a microstructural numerical modelling to predict the evolution in crystal
structure and correlate the outputs with the process parameters.

6. Develop an artificial neural network to optimise the tool path to improve the geometric
accuracy.

7. A conclusion of this PhD project and future improvements to optimise the current

technology.

1.4, Thesis organisation

Chapter 1 (objective 1) presents brief background about the SPIF process and outlines the
motivation of this PhD project. The aims and objectives of this thesis as well as the thesis
structure are presented in this chapter.

Chapter 2 (objective 2) reports the state of the art in this research field as well as the current
limitations and challenges. The types and improvements of tool design, numerical methods for
tool path planning, improvements of lubrication, different numerical modelling for typical
features, and microstructural analysis under various process parameters are discussed and
summarised.

Chapter 3 (objective 3) reports the experimental, numerical and microstructural investigation

of induction heating assisted SPIF of Ti-6Al-4V sheets at 600 °C and 700 °C. This chapter aims



to relate mechanical properties (forming force, geometric accuracy and thickness) with
microstructural evolution (grain size, orientation and micro-hardness).

Chapter 4 (objective 4) reports a new designed tool with water-cooling lubricant to enhance
the lubricating efficiency and surface quality for induction heating assisted SPIF of Ti-6Al-4V
sheets at 700 °C. The chapter investigates the lubricating methods and subsequent effects on
geometric and surface characteristics.

Chapter 5 (objective 5) reports the FE modelling at the microstructure level to present the
crystal plasticity and microstructural evolution during the induction heating assisted SPIF of
Ti-6Al-4V sheets at 700 °C. In this chapter, the CPFEM, RVE and CA models were combined
to predict microstructural properties.

Chapter 6 (objective 6) reports an artificial neural network optimisation of the tool path. The
chapter also presents the integration of new tool design and water-cooling lubricant system in
induction heating assisted SPIF of Ti-6Al-4V sheets at the range of beta-transus temperature
(950 — 1080 °C). In this chapter, RBF networks, FE modelling and experimental works have
been correlated to present mechanical and microstructural properties for Ti-6Al-4V sheets at
temperatures above phase transition.

Chapter 7 (objective 7) presents the conclusion and future research of this project.
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2.1. Introduction

This chapter discusses the previous studies on different ISF processes and current
improvements in deforming high-strength materials. The first section is based on classifications
of ISF processes and the advantages and limitations of the forming processes. The second
section compares the different heating approaches in the SPIF process for high-strength
materials and the advantages and limitations of each approach. The chapter will then show the
state-of-the-art development in tool design, tool path optimisation and improvements in
lubrication in the heat-assisted SPIF process. The following section will outline the existing
numerical modelling approaches used to simulate SPIF processes at macro and microscale
levels. The final section will compare the current analytical methods used to analyse the heat-

assisted SPIF process.

2.2. Development and classifications of incremental sheet forming

The ISF process is a metal forming process developed from the conventional sheet forming
process with the application of a computer numerical control (CNC) system to attempt a
progressive deformation of the sheet materials [8]. The typical ISF is classifiable into three
different types: incremental forming with a counter tool (IFCT), two points incremental forming

(TPIF) and single point incremental forming (SPIF).

2.2.1. Incremental forming with a counter tool

Figure 2-1(a) illustrates the working mechanism of incremental forming with a counter tool.
The figure show that the deforming tool is assisted by a movable counter-support tool to
maintain the geometric formation and accuracy. The counter tool is supported by a CNC
machine with movement syncretised with the forming tool to produce complex forming shapes.

Behera et al. [9] studied the IFCT with robotic forming arms, which can provide flexible

6



movement to deform the sheet materials to complex forming shapes. Such driving mechanisms

significantly improved the formability and geometric accuracy.

The IFCT process is currently under development by the manufacturing industry to induce
elevated temperature [10] to deform high-temperature materials, such as high-strength steel,
and a path planning optimisation process [11, 12] to improve geometric accuracy. However, the
integration of robotic forming arms represents a complicated process with high equipment costs.
To avoid affecting the working mechanism of two robotic arms, the temperature is supported
by high-frequency converter and the electric flux is flowed between forming tool and workpiece.
Due to the safety measures, the forming tool and workpiece must be insulated. Further, the
provided temperature is supported to the whole workpiece and unstable for high temperature.
According to study by Mdlensiep et al. [10], the achieved temperature can be maintained at
300 °C for constant support and a maximum temperature reach of 600 °C, where the heating
temperature is able to perform on higher temperature materials, such as titanium and nickel

alloy sheets.

(a)
Clamping plate

n

a

TR | EEE R o

Figure 2-1. Working mechanism of IFCT, (a) working mechanism, [9] (b) IFCT with robotic

forming arms [10].

2.2.2.  Two points incremental forming

In the TPIF process, the sheet materials are clamped with a fixture. The forming tool deforms

7



on the outer surface of the workpiece from the top to bottom, according to the tool path with a
full or partial die underneath the workpiece to assist the forming process. Figure 2-2(a)
illustrates the TPIF with full die, where the full die has the same geometry as the forming shape
placed under the workpiece; the forming tool deforms the workpiece according to the tool path
and the error from tool movements is reduced by the full die. The partial die can act as a backing
plate underneath the workpiece to support the forming tool as assistance for critical parts during
the forming process, as shown in Figure 2-2(b). Compared with the full die, the partial die can
be made to assist the forming tool to achieve higher formability but relative lower geometric

accuracy.

The TPIF process has advantages in providing high geometric accuracy products, and the die
can be made of wood or foam, according to the nature of the process, to reduce the cost [13].
According to the studies by Mostafanezhad et al. [14] and Attanasio et al. [15], tool path
optimisation can improve the geometric accuracy, and the surface quality can be enhanced by
optimising the wall angle and forming force. Studies show that the future improvement of TPIF
is limited as the addition of die supports has constrained the flexibility of the ISF process where
the die limits the formability; heating sources can only be applied to the whole workpiece to
avoid affecting the die support. The process is applicable for low-strength alloys, such as
aluminium, magnesium and polymers, which able to provide high geometric accuracy forming

with relative low formability.

(a)

Deforming tool (b)
d Deforming tool

|

: /
A=

|

! ,

|

|

Clamping plate

" .
,,,,,,, = . DR

i Partial die ‘J‘/

Full die I

Figure 2-2. Working mechanism of TPIF, (a) TPIF with full die, (b) TPIF with partial die [9].
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2.2.3. Single point incremental forming

SPIF is a die-less ISF process which provides maximum flexibility in the sheet metal forming
category. As shown in Figure 2-3, the workpiece is clamped by the edges rigidly without any
supporting dies underneath and only has one applicable deforming tool for complex forming

shapes.

Compared with IFCT and TPIF processes, SPIF shows a significant improvement in formability
as the nature of the die-less forming process provides maximum flexibility for the forming tool
movements. The process is applicable for metal alloy and polymer sheets and the tool path can
be generated from the computer-aided design (CAD), which shows its suitability for the
majority of complex forming shapes. For instance, the studies [16, 17] investigated the
improvement in formability and geometric accuracy for low-strength alloy sheets (aluminium,
magnesium, copper). Other studies [18-21] also applied the forming process on polymers
(polyvinyl chloride (PVC), polypropylene (PP), polyoxymethylene, polyethylene (PE),
polyamide (PA), polycarbonate (PC) and polyethylene terephthalate (PET)) by modifying the
tool path and tool design to achieve high formability with reduced fracture risk. The common
SPIF forming shapes have been presented in Figure 2-4 [22]. According to Panjwani et al. [23]
and Sousa [24], the formability of SPIF is expandable to both axisymmetric and non-

axisymmetric forming shapes with high geometric accuracy.

Although SPIF can successfully deform low-strength materials since low forming force is
needed, the current challenge revolves around integrating the heating source on high-
temperature materials, such as titanium, nickel or steel, to increase the ductility of material
sheets. The previous study by Lu et al. [25] investigated tool-rotation induced vibration heating
to the AZ31magnesium sheets, the tool-surface friction induced localised heating successfully

generated localised heating to the workpiece and increased the ductility of material. Another
9



study by Al-Obaidi et al. [26] investigated the electric-assisted SPIF on high-strength steel
sheets which presented localised heating to the workpiece which successfully reduced the
forming force and achieved better formability. G&Gtmann et al. [27] investigated the laser
heating-assisted SPIF on Ti-6Al-4V which revealed high-precision localised heating to the
workpiece and relatively constant heating temperature to provide high geometric accuracy.
However, the findings also indicate incredible springback, pronounced wear tracks on the
surface and uneven thickness distribution. To overcome the limitations, previous research [28,
29] proposed ball-roller tools and multi-axis fixtures to produce a pronounced friction reduction
during the process and enable a significant increase in wall angle to improve the formability.
The studies [30-33] proposed mathematical methods to compensate the tool path and studies
[34-37] applied artificial neural networks to study and improve the tool path plan to reduce the

error from springback and prediction of temperature distribution during the process.

Although significant improvements have achieved in these studies, the equipment for heating
sources is expensive and requires external safety measurements. The pronounced wear tracks
and springback caused by the heating source are not fully solved. Thus, future improvements
are required in this field to improve the geometric accuracy, surface quality, formability and a

reduction in production cost.

Clamping plate Deforming tool

Backing
plate

«

|
|

0 m A/ N
|
|
|
|
|

Clamping plate : Pyramidal part

Figure 2-3. Working mechanism of SPIF process [9].
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Figure 2-4. SPIF forming shapes [22].

2.3. Heat-assisted single point incremental forming

To increase the formability and geometric accuracy of conventional SPIF process for high-
strength materials, heating sources represents a critical step to reduce the high forming force
during the process. The commonly used heating sources in SPIF processes can be divided into
five categories: friction stir, ultrasonic vibration, electric heating, laser heating and induction
heating methods. Each heating method indicates advantages and limitations in the forming

process and considerable future improvements.

2.3.1.  Friction stir assisted single point incremental forming

Friction stir-assisted single point incremental forming (FSSPIF) constitutes a simple heat-
assisted SPIF process where the localised temperature can be applied to the workpiece at the
deformation zone between the rapid tool movement and contact workpiece. Giuseppina et al.
[38] experimentally and numerically studied the temperature by friction during the FSSPIF and
the parameter effects on the temperature distribution on the sheet material, which proved that

the generated temperature is able to deform Titanium alloys. However, a pronounced wear was

11



detected on the deformed surface. Liu [39] applied FSSPIF to perform on 1.5 mm AA7075-O
sheets with different rotation tool speeds from 3000 rpm to 7000 rpm, which results in a
temperature up to 140 °C to increase the ductility of materials and achieve a reduction in

forming force to improve the formability.

However, this heating-assisted SPIF lacks stability and proves insufficient for high-strength
materials. As shown in Figure 2-5 [40], on the investigation of friction stir SPIF on 1 mm Ti-
6Al-4V sheets, which resulted in pronounced geometric inaccuracy, cracks, wear marks and
significant tool wear have been reported as a rotation of 2000 rpm — 3000 rpm with a
temperature range from 400 °C — 460 °C. Ambrogio and Gagliardi [41] applied a rotation speed
of 5000 rpm to Ti-6Al-4V sheets, which achieved a temperature up to 600 °C. However, the
generated temperature cannot be maintained constantly, resulting in unpredictable springback
and reduced surface quality. This result indicates that FSSPIF is not reliable to produce high
accuracy and surface quality products for high-strength materials due to its non-constant

temperature increase.

Figure 2-5. Results obtained from the friction stir SPIF of Ti-6Al-4V sheets [40].

2.3.2.  Ultrasonic vibration single point incremental forming

Ultrasonic vibration single point incremental forming (UVSPIF) has developed from the UV

stamping, drawing, drilling, extrusion and hydroforming operations of metal alloys and

12



polymers [42-47] to enhance the forming limits by applying vibrated-localised deformation to
the forming tool. The standard UVSPIF process is illustrated in Figure 2-6(a) [48] and the
measured forming force reduction is illustrated in Figure 2-6(b) [48]. It can be noticed that the
average forming force was reduced around 500 N during UVSPIF of pure titanium bimetal
sheet. Baghlani et al. [44] successfully applied a high-frequency vibration feed rate in the
drilling process to increase the rotational speed of the tool and the temperature can be
transferred to the workpiece by contacting, the results indicated a strong reduction in forming
force during the process of Inconel 738LC superalloy. Cheng et al. [49] applied UV to deform
Al 7075 alloy sheets in the SPIF and TPIF processes at 20 kHz oscillating frequency. The study
commented that a significant reduction of applied forming forces during both processes which
successfully increased the ductility of the materials and improved the formability accordingly.
Due to the energy transfer to membrane vibration, the magnitude of force reduction in SPIF
proves relatively lower than TPIF. Bai et al. [50] applied static pressure support in UVSPIF to
study the forming force’s relevance to the static pressure. By increasing the frequency to
approximately 30 kHz, the pressure produces a sufficient grain size reduction of the 1 mm
AL 1060 sheets to increase the material ductility. The study by Sun et al. [51] proposed that the
UVSPIF process could reduce the springback and waviness feature to improve the geometric
accuracy and surface quality to improve 2 mm AA-5052 sheets compared with the conventional
SPIF process. Cheng et al. [52] commented that the forming force of UVSPIF of AA1050-O

alloy sheets can be reduced by 66.7% using a 10pm vibration amplitude.

Recently, Sakhtemanian et al. [48] studied UVSPIF on low carbon steel/commercially pure
titanium bimetal alloy sheets. The findings show that the localised temperature reached
approximately 250 °C and a reduction of forming force from 500 to 1000 N. Further, the study
detected a DRX process and followed flow stress decrease. The phenomenon indicates further

improvements in formability if higher temperature can be applied. However, the study also
13



proposed that the temperature induced by UV is unstable which results in uncontrollable
forming force. The unstable temperature induced insufficient microstructure evolution and
unpredictable straining effects which may results in high risk of crack especially for high-

strength materials.
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Figure 2-6. UVSPIF process, (a) illustration of UVSPIF, (b) measured forming force from the

UVSPIF process [48].
2.3.3.  Electric heating assisted single point forming

To further increase the temperature for heat-assisted SPIF systems for high-strength materials,
the studies [54-56] established analytical models to investigate the heating and deformation
mechanism for the electric heating-assisted SPIF process. Meier and Magnus [57] and
Mdlensiep et al. [10] developed direct current (DC) to the robotic arm-controlled tools to direct
a temperature of 600 °C to the steel metal sheets. The study reported a significant reduction in
the forming force to approximately 2000 N to produce the flexible and accurate forming shape
for Imm DCO04 steel. Other studies [53, 58, 59] investigated the electric-heating SPIF of Ti-
6Al-4V sheets by introducing a DC power to the interface of the Ti-6Al-4V sheet and tool to

form a simple DC closed circuit, as shown in Figure 2-7. According to Joule’s law, a flowing
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DC current from tool to workpiece generates heat and raises temperature and flux through the
area. To ensure the safety, tool and workpiece are insulated to allow a restricted are for flux
flow. The electric heating of Ti-6Al-4V sheets for various target temperatures produces
different results. For instance, Fan et al. [6] achieved a relatively stable temperature distribution
at 500 °C. The obtained surface quality result, shown in Figure 2-8(a), reveals a significant
Joule heat effect on the inner surface of the workpiece. Another study by Ao et al. [60] increased
the temperature to 820 °C using a high-power generator to provide large energy to Ti-6Al-4V
sheets. However, the formed shapes were not optimal, as shown in Figure 2-8(b), large cracks,
pronounced springback and burning holes were detected. This result can be attributed to the
unstable temperature distribution and friction along the process, which produced electric sparks
at tool-workpiece contact area and induced unpredictable deformation along the tool path of the
workpiece. Vahdani et al. [59] maintained the forming temperature at 690 °C, which
successfully achieved a wall angle of 60° and reached a base depth of 58 mm, as shown in
Figure 2-8(c). Vahdani et al. [61] induced a temperature of 750 °C to Ti-6Al-4V, AA6061
aluminium, and DCOL1 steel sheets, which also revealed a pronounced Joule heating effect on
the formed shapes and large cracks appeared, which indicated such an effect’s proportionality

to the temperature: the higher temperature induces greater Joule heating effect.

In summary, electric heating-assisted SPIF represents an acceptable method to process high-
temperature alloy sheets, which can produce high formability. However, the flux of current
induces the temperature on the whole workpiece and temperature is not maintained constantly
between the contact area under the forming tool and other areas of the workpiece. Further, the
flux of current also induces a significant Joule heating effect according to the temperature,
resulting in noticeable springback, cracks, wear tracks and oxidations. Thus, a constant high-

temperature localised heating method is required to heat the contact area between the forming

15



tool and workpiece.

Insulating sheath Spindle

Insulating gasket |
Tool holder k

“L‘\ \

DC power source

~~~~~

Tool  Metal sheet

Clamping system

Thermal infraed imager

/ ----------------------------------------------- '

{ Insulating gasket [l

Working platform Connection bar \ |nsulating gasket Il

Figure 2-7. Working mechanism of electric-heating SPIF system [53].
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Figure 2-8. Obtained surface quality results, (a) Joule heating effect on inter-surface [6], (b)

cracks on outer-surface [60], (c) outer-surface [59], (d) cracks on outer-surface [61].

2.3.4. Laser heating assisted single point incremental forming

In order to provide precise and localised elevated temperature to the predefined tool path in hot
SPIF operations. Duflou et al. [62] proposed laser heating to provide accurate and localised
elevated temperature to the predefined tool path in hot SPIF operations and deform 1.25 mm
Al 5182 sheet metals. By adjusting the power of the beam to 500 W, the temperature can remain
constant up to 350 °C. Compared with the room temperature SPIF, the forming force was
reduced from 1400 N to 700 N, and the forming angle increased from 32° to 56°. However, the
relative lower temperature did not reduce the springback during the process, and heating on the
surface reduced the surface quality. Lehtinen et al. [63] studied laser heating SPIF on 0.75 mm
DCO04 steel using a 1 kW fibre laser. Although the study investigated laser heating on high-
strength sheet metal, the surface quality could not compare with that produced under room
temperature, as shown in Figure 2-9(a-b), where pronounced heating wear and minor-cracks
appeared on the surface with heating Figure 2-9(b) and the room temperature product Figure

2-9(a) provided a smooth surface without noticeable wear and cracks.

Gdtmann et al. [7] proposed a high-power (10 kW) fibre laser heating-assisted SPIF system
and developed in the study by G&tmann et al. [27] for 1.5 mm Ti-6Al-4V sheets, as shown in
Figure 2-10(a, b) where the laser spot system has been attached to the tool to allow a sync
movement. The laser heating system uses beam shaping optics and displacement to direct the
laser beam to the advanced area of the tool to provide rapid heating. The temperature can be
maintained at 400 °C to provide localised heating on the workpiece surface. However, the
obtained surface quality does not reach the required levels. The laser beam heating dissipates

the lubricant rapidly in advance of the tool, thus resulting in a large area of scratches between
17



the surface and tool. Findings also show that the material’s particles have produced from the
surface and left a large volume of the wear debris on the surface, as shown in Figure 2-11(a).
Removing the coating from the tool due to the high-temperature results in a high adhesion of

lubricant and wear debris to the tool, which may affect the geometric accuracy and surface

quality.

(a)

Figure 2-9. Surface quality of final formed workpiece, (a) without heating, (b) with heating
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Figure 2-10. Laser heating SPIF system, (a) working mechanism, [7] (b) experimental setup.

[27]
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Figure 2-11. Surface quality and tool wear (a) wear debris on formed workpiece, (b) tool wear

on different tool tip diameter [27].

2.3.5. Induction heating assisted single point incremental forming

Compared with the discussed heating methods in previous sections, induction heating-assisted
SPIF can provide high temperatures and localised heating to the workpiece with relatively low-
cost equipment and higher surface quality. Al-Obaidi et al. [26] proposed a tool-heater
synchronised induction heating-assisted SPIF system, as shown in Figure 2-12. The induction
heating coil is positioned underneath the workpiece and connected to the mounting of as the
forming tool to synchronise movements. The study investigated the forming process for 1.6 mm
DP 980 steel dual-phase metal sheets. Wall angles of 45°, 55° and 60° underwent testing at
temperatures of 785 °C, 790 °C and 800 °C with a tolerance of 30 °C. The obtained results
indicate a dramatic improvement in geometric accuracy compared with that achieved under the
room temperature, which cannot produce a complete forming shape. The study also observed
the improved geometric accuracy at the region with constant induction power, where higher
power indicated a higher reduction in springback. Such a situation means higher temperature
reduces more forming forces and results in better ductility to achieve higher geometric
accuracy. Al-Obaidi et al. [64] further investigated the induction heating-assisted SPIF on 1.2

mm HCT 980C steel to achieve a wall angle of 70°. The results reveal that the forming forces
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can decrease by 66.63% using 5 kW power to provide localised heating at 750 °C to the

workpiece.

Ambrogio et al. [4] proposed an induction heating SPIF process on 1 mm Ti-6Al-4V sheets for
600 °C and 700 °C with an additional cooling system. A tank of liquid nitrogen had been
prepared to spray the tool-surface contact area at different phases of the process. According to
the results, the cooling process significantly improved the geometric accuracy. Compared with
friction and electric heating-assisted SPIF, induction heating reserves less safety measurements
and applicable to integrate with external features to improve the process quality. Such heating
method able to provide a localised heating to the tool-workpiece contact area to increase the
geometric accuracy and reduce the lubricant dissipation on the surface, as shown in Figure

2-13.

The induction heater has a relatively lower cost and simple setup compared with the previously
discussed heating-assisted SPIF systems and the product quality is better achieved. The
localised and accurate heating results in improved geometric accuracy and formability.
However, the surface quality can be further improved. As shown in Figure 2-14, by applying
same MoS: lubricant and closed heating temperature on Ti-6Al-4V sheets, the electric-heating
assisted SPIF product [61] revealed pronounced wear and cracks on the formed surface, and the
induction-heating SPIF product [65] produced better surface quality. The study by induction
heating commented that the lubricant dissipation is according to the temperature, while higher
temperature (around 700 °C) significantly increased dissipation from early stage of the process.
To reduce such effects, Li et al. [66] applied a water-cooling channel tool to assist a flow of
liquid lubricant to reduce the temperature at tool-surface contact area. Such an approach is
adjustable and able to produce stable heating temperature throughout the process to induce

equiaxed microstructural evolution and maintain a constant DRX process.
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Figure 2-12. Working mechanism of induction heating assisted SPIF system [67].

Figure 2-13. Geometric accuracy analysis, (a) room temperature, (b) electric heating, (c)

induction heating with cooling [4].
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Figure 2-14. Comparison of surface quality, (a) electric-heating assisted SPIF [61], (b)

induction-heating assisted SPIF [65].

2.3.6. Summary of heat-assisted single point incremental sheet process

Heat-assisted SPIF processes have significantly improved the deformation of high-strength
materials. However, due to the regional or localised heating methods, numerous issues require
addressing, including temperature dominant stress-strain effects on the formability and
geometric accuracy, wear debris and lubricant dissipation effects on the surface quality,
constant and accurate heating temperature to the workpiece and the need to design efficient
tools to reduce the friction at the contacting area. Table 2-1 presents the details of heating

methods and relevant findings from each heat-assisted SPIF process.
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Table 2-1. Summary and details of different heat-assisted SPIF processes

Heating Materials Advantages Limitations Refs.
Methods
Friction stir AAT7075-0, Ti- -Low cost. - Passive heating method. Liu [39],
6AL-4V
-Localised heating by friction. - Temperature is uncontrollable. Grin et al.
[40],
-Efficient for low-strength materials. - Not efficient for high-strength materials.
Ambrogio and
-Temperature up to 600 °C. - Not efficient enough to sufficiently reduce
Gagliardi [41]
forming force.
- Significant springback and unfavourable
surface quality for high-strength materials.
Ultrasonic INCONEL - Low cost. - Passive heating method. Baghlani et al.
vibration 738LC, AL 7075, [44], Cheng et

23

- Temperature is uncontrollable.



Electric

heating

AL1060, AA-

5052, AA1050-0O,

low carbon

steel/commercially

pure titanium

bimetal alloy.

DC 04 steel, Ti-

6Al-4V

- Localised heating by ultrasonic

vibration.

- Efficient for low-strength materials.

- Temperature can be reached at

250 °C.

- Medium cost.

- Active heating method.

- Regional heating to the workpiece.

- Temperature is controllable from
400 °C — 750 °C.

24

- Not efficient for high-strength materials.

- Not sufficiently efficient to reduce forming

force.

- Significant springback and unfavourable

surface quality for high-strength materials.

- Low formability for high-strength materials.

- Temperature is uncontrollable above 800 °C.

- Large Joule heating effects.

- Detectable springback and unfavourable

surface quality.

- High percentage of product failures.

al. [49], Bai et
al. [50], Sun et
al. [51], Cheng

etal. [52],

Sakhtemanian

et al. [48]

Meier and

Magnus [57],
Fan et al. [6],
Vahdani et al.
[61], Ao et al.

[60], Vahdani



Laser heating

Al 5182, DC 04

steel, Ti-6Al-4V

- Efficient for high-strength materials.

- Active heating method.

- Localised heating.

- Temperature is controllable from

350°C — 400°C.

- Sustainable and constant heating

support.

- High formability.

- Efficient for high-strength materials.

25

- High cost.

- Laser heating is not available for

temperatures higher than 400°C.

-Laser heating burns the surface and damages

the surface quality.

- Rapid dissipation of lubricant.

- Complex experimental setup and safety

measurements.

etal. [61],
Mdlensiep et

al. [10]

Duflou et al.
[62], Lehtinen
etal. [63],
Gdtmann et
al. [27],
Gdtmann et

al. [7]



Induction

heating

DC 04 steel, DP
980 steel, HCT
980C steel, Ti-

6Al-4V

- Sufficient reduction in forming

force.

- Low cost.

- Active heating method.

- Localised heating.

- Rapid and constant heat transfer.

- No limitation of temperature.

- Efficient for high-strength materials.

- Sufficient reduction in forming

force.

- High formability.

- Uneven localised temperature support to the

workpiece.

- Rapid dissipation of lubricant.

- Significant wear.

- Detectable springback.

Al-Obaidi et
al. [67],,
Ambrogio et
al. [4], Lietal.

[65]
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2.4. Tool design

The forming tool has critical effects on forming shapes, geometric accuracy and surface quality.
The conventional tools have stable and sufficient performance for the SPIF process of low-
strength materials. However, conventional tools unable to provide sufficient performance for
high-strength materials, especially in the heat-assisted SPIF process. This section compares the
conventional tools with ball-roller tools’ performance in formability, geometric accuracy and

surface quality.

2.4.1. Conventional tools

In the heat-assisted SPIF process for high-strength materials, the tools must take the pronounced
thermomechanical deformation from the process, preventing the thermo-expansion from the
temperature and adhesion of lubricant during the incremental steps. The conventional tools in
SPIF have a hemisphere shape with a diameter from 5 mm to 20 mm, according to the
experimental designs. Figure 2-15 presents a series of tools designed in the hemisphere and flat
shapes with different tooltip diameters according to the wall angle and step size. For heat-
assisted SPIF operations, conventional tools did not provide high performance levels in terms
of surface quality and geometric accuracy. Figure 2-16 illustrates the investigation by Vahdani
et al. [61] of the electric-heating assisted SPIF on Ti-6Al-4V sheets at 750 °C. The outer shape
presented an uneven geometry in forming thickness and pronounced wear, and abrasive
adhesion of lubricant appeared on the inner workpiece and tool, which indicated the low
functioning endurance of conventional tools during the heat-assisted SPIF. Kumar et al. [68]
investigated the forming limits of conventional tools (hemisphere and flat), as shown in Figure
2-17(a, b), where R1 has a tool diameter of 3.76 mm and R> has a tool diameter of 7.52 mm
with a side diameter (tool corner) of 1.4 mm. The study found that the hemisphere tool achieved
higher formability than flat tools as it increased the rounded surface reduces the contact to the
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workpiece. The flat tool surface able to produce more accurate geometric, however, the tool
corner is increased to reduce the formability. The size of tool is relevant to the geometric
accuracy and formability, smaller tool size is applicable to take smaller step size which is
essential to produce more accurate geometry and complicated shapes. However, the lower

contact area increased the forming force which increased the risk of cracking in forming of high

in-depth shapes.

!

Figure 2-15. Different tool shapes and dimensions [69].

fracture

Figure 2-16. Electric-heating SPIF of Ti-6Al-4V, (a) outer surface, (b) inner surface, (c) tool

tip wear [61].
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Figure 2-17. Conventional tool and effects, (a) tool shape and diameter, (b) Effect of tool

diameter on forming depth [68].

2.4.2. Ball-roller tools

Recently, ball-rolling tools have been designed to reduce the friction between the tool and

workpiece, as shown in Figure 2-18(a), produced by Iseki [70]. The plane-strain deformation

model in Figure 2-18(b) reveals the approximation of strain distribution between the ball-roller

tool and workpiece. The study proposed a relationship between the strain distribution by rolling-

tool and the forming geometry according to the ball roller radius, wall angle and working depth.

The proposed equations have been further validated in a study by Iseki and Naganawa [71]. The

relationship can be expressed as:
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Figure 2-18. Ball-roller tool and working mechanism, (a) section view of the ball-roller tool,

(b) plane-strain deformation of the ball-roller tool [70].
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where R, denotes the ball radius, R; denotes the die hole shoulder radius, 6 denotes the contact
angle, L denotes the die hole distance, h denotes the shell bulging height and x; denotes the
ball centre location. By applying the following contact rule, arc I,, uniform strains: &, &, &

on the x-direction can be expressed as:

2, _ (2-6)
L+Rd_‘€1_‘€3 ’Ey_o

& =—&=1In

Kilani et al. [72] studied the ball-roller tools and proposed a response surface methodology
(RSM) to predict the process parameters, including forming force, thinning thickness and

surface roughness. The relationship can be expressed as:

Y = CO + ClD + CzAZ + C3F + CllDz + szAZz
+C33F% + CuD - AZ + Cy3D - F + Cp3AZ.F + ¢ (2-7)

where Y denotes the predicted response, D denotes the ball-roller diameter, AZ denotes the step
size, F denotes the feed rate, C, denotes the mean value of the response, C; to C; represent the
linear coefficient, C,; to C,5 represent the quadratic coefficient and C,, to C,5 represent the

double interaction coefficient. £ denotes the deviation between the observation and calculation.

Lu et al. [73] proposed a novel ball-roller tool design, as shown in Figure 2-19(a). The ball-
roller was attached to the tool body and controlled by a 3-axis CNC machine with the roller

always facing the workpiece. According to the study, a maximum 80° wall angle can be
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achieved, and the designed tool able to apply the tool tip to the forming wall to reduce the

friction on the forming surface and achieved excellent geometric accuracy.

Naranjo et al. [74] investigated the tribological characterisation for oven-heated SPIF of Ti-
6Al-4V sheets at 200 °C, 300 °C and 400 °C . The ball-roller is 10 mm in diameter, and all
experiments were implemented without lubricant. The findings indicate that the adhesion of
material increases with the rising temperature, which means a more pronounced rate of material
adhesion at higher temperatures. The study also proposed that a tribo-layer can be observed as

temperature increases due to heat diffusion.

To eliminate the adherence of material contamination and lubricant, Liu et al. [29] designed
ball-rolling and wheel-rolling tool with inner water-cooling channel, as shown in Figure
2-20(a-b) where the hollow tool with a water hole can be connected to the water tap, which
induces water to cool down the steel ball-roller. According to the study, the tool provided high

performance levels in the electric heating-assisted SPIF process for Ti-6Al-4V at 500 °C .

(a) (b) o
Self-rotational direction
Front side ~_ Back side ( v-;
= /,// - > (

N

Forming angle /
Feed rate direction

Figure 2-19. Ball-roller tool and working mechanism, (a) section view of ball-roller tool, (b)

working mechanism in tool path [73].
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Figure 2-20. Water-cooling ball-roller tool design, (a) rolling-ball with water-cooling channel,

(b) rolling-wheel tool with water-cooling channel [29].

2.4.3.  Summary of tool design

The type, shape and tool diameter affect the formability, geometric accuracy and surface quality
of forming shapes. The advantages and limitations of conventional tools and ball-roller tools

for heat-assisted SPIF are presented in Table 2-2.

Table 2-2. Summary and details of different types of tools.

Tool type Advantages Limitations

Conventional tool - Low cost. - Extensive and significant

adhesion of removal materials
- Simple design.
and lubricant.

- Strong wear tracks.
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- Different cap shape and size can be - Low formability.

made to match process parameters.
- High risk of cracking.

Ball-roller tool - Low wear tracks. - Complex design.

- Reduced contact area and rolling ball -High cost.
to reduce adhesion of materials and

lubricants.

- The water-cooling system can be
integrated to reduce the thermo-

expansion of the ball-roller.

- Ball-rollers can be made of different
materials to meet the thermomechanical

strength for different sheet materials.

2.5. Tool path design

This section compares the effect of the contour and helical tool paths in the designs of forming
shapes, geometric accuracy and surface quality. The tool path optimisation works, including

compensation and machine learning models will be discussed.

2.5.1. Contour and helical tool path

The tool paths for ISF processes are predefined by CAD/CAM software and implemented by
CNC machines. According to the product shape, the tool path can have axisymmetric or non-

axisymmetric designs. The tool path can be designed as a contour (z-level) profile or helical
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(spiral) profile, as shown in Figure 2-21 [75]. The conventional tool path in Figure 2-21(a) is
in a contour profile where an accumulated step change tool path to follow the tool motion to
make steps according to the contour step. This tool path applies to any forming shapes,
including axisymmetric or non-axisymmetric. However, the overlap of increment steps will
leave a distinct mark on the deforming surface, as shown in Figure 2-22(a) [76]. The helical
tool path in Figure 2-21(b) able to overcome the limitation. Such tool path was developed by

Skjoedt et al. [77] and applied in the study by Attanasio et al. [15], the tool path uses an

algorithm to produce a tool path to achieve the geometry without stopping for a step change.
The algorithm can only produce an axisymmetric profile and the starting and ending positions
cannot be fully completed as the algorithm unable to complete a full circle tool path. As the
forming shape illustrated in Figure 2-22(b), the Helical tool path can provide high geometric
accuracy and surface quality (no contour change); however, it is only limited to the
axisymmetric forming shape due to its nature of mathematics calculation. The contour tool path
is available for any shape, but the step change tool path affects the geometric accuracy and

surface quality.

Figure 2-21. Tool path design, (a) contour (Z-level) profile, (b) helical (spiral) profile [75].
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Figure 2-22. Products produced by different tool path profiles, (a) contour, (b) helical [76].

2.5.2.  Compensation and RSM optimisation

The study by Azaouzi and Lebaal [78] created a response surface method (RSM) to optimise
the tool path. According to the study, the original tool path was obtained from the FE modelling
and optimised by combining the quadratic programming algorithm and surface response
method, as shown in Figure 2-23. The parameter h and d represent the depth and diameter for
the stage 1 tool path, and H and D represent the depth and diameter for the stage 2 tool path. H
and D are constants to form designed forming shape, and h and d are design variables to
optimise the tool path. The optimised tool path has been applied in simulation to predict the
thickness distribution. The results show that the thickness at the maximum depth decreased by
approximately 1 mm and the distribution approaches constant which reduced the tool motion
fluctuations. The tool is more fit with low-fluctuated thickness distribution where the risk of
crack is reduced and the surface quality is increased, the geometric accuracy is also improved
according to optimised tool path. Behera et al. [79] investigated a multivariate adaptive
regression spline (MARS) non-parametric regression analysis to compensate for the tool path
inaccuracies of the SPIF process. The study commented that the obtained geometric issues can
be captured by graphs, and the framework may study the topological conceptual graphs to
predict the optimal tool path. Other studies by [30, 80-84] implemented algorithms to correct

the tool path depending on the process parameters to improve the geometric accuracy.
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Observations have revealed that the tool path correction and compensation is based on the
number of parameters affecting the accuracy. The tool path optimisation is efficient in single

parameter calculation and becomes less efficient in calculating the multi-parameters system.
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Figure 2-23. Tool path optimisation [78].

2.5.3.  ANN optimisation and image network analysis

Due to improvements in computing technology, machine learning has been applied in
optimising tool paths to improve geometric accuracy. For instance, Liu et al. [34] and Akrichi
et al. [85] applied the deep learning artificial neural networks (ANN) model to predict the
forming parameters, including the construction of tool path plan, calculation of roundness and
positioning deviation for each increment step. The ANN tool path optimisation is shown in
Figure 2-24. The promising results have shown the framework’s suitability for complex sheet
metal forming to optimise the tool path planning. Jiang et al. [37] proposed the ANN
framework’s use in electric heating SPIF systems to study the measured temperature and
forming force and apply neurons and predict the outcome according to the process parameters.
The predicted values can be further used in microstructural revolution, which provides clear
evidence that machine learning is applicable in heat-assisted SPIF systems to enhance the
process parameters. Further, Behera et al. [82] proposed an image network analysis with the

integration of topological conceptual graphs on the critical stages during the process. The
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outcomes will be studied and optimised by analysing algorithm to compensate the error from
the tool path. Further, an optimised tool path will be created to improve the geometric accuracy
at critical area during the SPIF process. Similarly, Bautista-Monsalve et al. [86] investigated an
image database to make training of different classification algorithms as learning approach to
study the wear and cracks on the forming surface to predict the surface quality for heat-assisted
SPIF for Ti-6Al-4V sheets. The image network is efficient for all ISF systems in capturing the
forming effects, including the geometric coordinates, thickness distribution and surface quality
to optimise the tool path plan, compensate the error from tool motion, wear and cracks
according to the process. However, the performance depends on the efficiency of algorithm in
analysing the visual effects, which requires high resolution image and wide range of capturing.
The error percentage is relatively higher than ANN networks on optimisation of obtained

parameters.
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Figure 2-24. ANN optimisation process [34].

2.5.4.  Summary of tool path design

The tool path for ISF operations is significant in producing accurate forming shapes. Process
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parameters, including step size, feed rate, tool shape and diameter, will affect accuracy. To
eliminate the limitations, the tool path can be optimised to compensate for the geometrical from

the process parameters to improve the forming accuracy. Table 2-3 shows the details of the tool

design.
Table 2-3. Summary of tool path design
Tool path Advantages Limitations
Contour - Applicable for all types of forming - The step change tool path
shapes. will remain a distinct mark on
the surface.
- High formability and complete finish
of forming the design. - Relatively lower geometric
accuracy and surface quality.
Helical - High geometric accuracy and surface - Only applicable for
quality (non-contour steps). axisymmetric forming shapes.
- Low formability and unable
to complete the full forming
shape (limited by algorithm).
Compensation - Applicable for all types of tool paths. - Complex algorithm design.

and corrections
- High performance for single process - Low efficiency for multi-

parameters. process parameters.
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RSM

optimisation

ANN

optimisation

Image network

- Aids study of explanatory and
response variables to optimise the tool

path.

- Aids study of one or more response
variables to optimise the process

parameters.

- User-friendly software control.

- Using topological conceptual graphs

- Requires proper design of
experiments to achieve

accurate results.

- Requires a high-
performance computer to train

multi-process parameters.

- Complex algorithm design.

analysis to solve the critical issues.
- Only applicable for specific
- All calculations are based on captured captured issues.
graphs, which reduces the computing
time.
2.6. Lubricants and coating

Graphite grease, machine oil and MoS; paste/spray are common lubricants used in SPIF

systems. For the heat-assisted SPIF process, the common lubricants remain unsuitable in terms

of achieving high surface quality and geometric accuracy. In this section, different types (paste,

spray, liquid) of lubricants will be compared to assess their effect on surface quality and

geometric accuracy.

2.6.1. Lubricants and coatings in ISF work

Lubricant and coating are significant factors in affecting surface quality for ISF processes. The

selection of lubricant or coating depends on the materials, process parameters and temperature.
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For room temperature SPIF processes, the sheet materials affect the performance of lubricant
and coating as the materials have different surface roughness and yield strength significantly
affects the forming forces. The tool motion will be affected by high forming force and the
performance of lubricant or coating will be reduced, which further cause geometric inaccuracy
and cracks. For instance, Sornsuwit and Sittisakuljaroen [87] investigated the performance of
MoS; on SUS 304 and SUS 316L stainless steels and Grade 2 titanium (Ti Gr2). The lubricant
MoS: is a self-mixed paste of MoS2 powder with petroleum jelly in a ratio of 4:1. The tool
diameter is 10 mm, and all workpieces are all 1 mm thickness and have a feed rate of 3140
mm/min for all experiments. The surface quality for each material is shown in Figure 2-25,
which shows that the lubricant performance deteriorates according to the yield strength of the
materials; Ti Gr2 revealed the worst surface quality on the deforming surface. Figure 2-26
reveals the formability and surface roughness. It can be observed that Ti Gr2 also revealed the
worst formability and surface roughness distribution. However, MoS; still represents the best
lubricant for Ti Gr2 sheets compared with other lubricants. Hussain et al. [88] proposed
different mixing methods for MoS; and graphite powders to make different types of lubricants
for SPIF for pure titanium sheets. The study designed three types of lubricants where lubricant
one is the liquid type that mixes different percentages of MoS: and graphite powders in water,
lubricant two is paste type which mixes MoS; in grease and lubricant three is spray type which
mixes MoS; in alcohol and ketone. According to the results, the spray lubricant indicated an
excessive adherence on the surface. The medium paste represents less adherence, and liquid
lubricant indicates the lowest adherence and surface roughness, indicating that liquid MoS: is
more favourable for titanium alloys as there is a low chance of adherence to the deforming
surface. Diabb et al. [89] investigated the mixing of SiO» nanoparticles in vegetable oil, which
revealed the suitability of less viscous liquid lubricant for SPIF processes. Other than the

lubricant, Hussain and Al-Ghamdi [90] studied a plasma electrolytic oxidation (PEO) coating
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comprising MoS; powder with electrolyte on workpieces for SPIF processes. The results
revealed that the coating on forming surface indicated better performance than the MoS; paste

with grease, thus representing a better method to improve the surface quality.

For the heat-assisted SPIF process for high-strength materials, the coating unable to work under
elevated temperatures. The conventional lubricants in spray, paste or liquid will dissipate during
the process [65, 91]. To improve the lubricating service, Li et al. [92] developed a mixture
lubricant consists of WS, powder mixed with high-temperature lubricating oil which
successfully reduced the lubricant adherence during 500 °C electric heating-assisted SPIF of Ti-
6Al-4V sheets. Further, Liu et al. [29] developed a water-cooling system on the tool to cool
down the ball-roller tool tip and Li et al. [66] improved the design to enable a flow of liquid
MoS: to lubricate the forming surface and cool down the ball-roller tool tip together. This
method able to provide sufficient lubricating to prevent the dissipation and reduce the thermal

expansion of tool and contact surface continuously.

Figure 2-25. Surface quality on workpiece, (a) SUS 304, (b) SUS 316L, (c) Ti Gr2 [87].
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Figure 2-26. Formability and surface roughness, (a) formability, (b) surface roughness [87].
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2.6.2. Summary of lubricants and coating

Among the series of lubricants, liquid MoS; performed well in ISF processes and this lubricant
has been widely used in processing of high-strength alloys such as titanium and steel. The
application of lubricant in heat-assisted SPIF process requires a constant existence throughout
the process to prevent dissipation during the high-temperature process. The summary of

lubricants and coatings are shown in Table 2-4.

Table 2-4. Details of lubricants and coating

Lubrication Advantages Limitations

Spray - Easy application. - Low efficiency for high-

strength materials.
- Efficient for low-strength materials.

- Not efficient for heat-

- Efficient for room temperature SPIF.
assisted SPIF.

Paste - Relatively low viscosity. - Low efficiency for high-

strength materials.
- Fast dissipation in heat-assisted SPIF

processes. - Not efficient for heat-

assisted SPIF.

Liquid - Lowest viscosity. - Must work with a water-
cooling system to provide

sufficient and sustainable
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- High performance for high-strength lubrication to the heat-assisted

materials. SPIF process.

- High performance for heat-assisted

SPIF with a water-cooling system.

Coating - High performance for high-strength - Burns-off and removal
materials. during heat-assisted SPIF.
2.7. Numerical analysis

This section compares different types of numerical analysis (implicit, explicit) in accurately
predicting geometric accuracy, thickness distribution, forming force and temperature.
Furthermore, the studies of microstructural FE analysis, including CPFEM, RVE and CA,
undergo discussion in relation to accurately predicting the microstructure behaviour of SPIF or

relevant metal forming processes.

2.7.1. FE modelling

To predict the mechanical behaviour during the SPIF process, numerical modelling has been
established based on user-defined constitutive laws in literature to perform the FE simulation.
Currently, commercial ABAQUS, LS-DYNA and ANSYS software provide user-defined

processing and post-processing works.

For conventional FE modelling of SPIF works, the tool components are normally considered as
a “rigid” body and the sheet materials are defined as “deformable”. The movement of the tool
in the FE model aligns with the experimental SPIF process, which can be assigned to the path

displacements and temperature conditions. The complex forming shape and step size may

44



increase a large number of discrete increments in the simulation. According to Silva and Martins
[93], the tolerance setting in the CAM program determined the number of increment points. A
tolerance of 0.01 mm resulted in approximately 400 increment points per metre for the
hyperbolic cone and 8 points per metre (the sides are straight) for the pyramid in the FE
simulation. Vertical step down was set equal to 0.5mm, and the coefficient of friction adopting

Amonton—Coulomb’s law was assumed to be zero (1= 0).

To solve a FE problem, certain calculating features and computation time require consideration
before running the simulation. For instance, in ABAQUS standard simulation, two solver types,
explicit and implicit, are provided to solve FE problems. In the explicit solver, the data output
is calculated from the current state; calculation is straightforward and less computational time
is needed for a single explicit increment. However, the solver type is not available for large
time increments as the error will increase exponentially and destabilise the calculating method.
In the implicit solver, the data output is calculated directly from the previous state, which is a
coupled system requiring non-linear algorithms such as the Newton-Raphson method. The
computational time and memory required to complete an implicit increment exceed that of an

explicit solver because of the number of equations requiring a solution using this method.

In SPIF simulation, the explicit solver tends to consider material quasi-static behaviour to
reduce the computational time rather than the implicit solver, which takes more computation
time and has a higher risk of producing non-convergence results due to the complex behaviour
on tool-workpiece contact. Durgun et al. [94] compared the explicit and implicit solvers in an
ABAQUS simulation of SPIF processes. The workpiece has 7300 S4R shell elements and seven
thickness elements. Figure 2-27 shows the geometric and strain comparison between explicit,
implicit and optical measurements. According to the findings, both solver types agree with the

optical measurement and explicit solver, indicating a relatively better match than the implicit
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solver. The study also found that the implicit solver has a larger computational time than the
explicit solver. However, the explicit solver lacks efficiency for large time increments, as stated
by Gupta and Jeswiet [95], which exponentially increased the computational time. The studies
by [96-98] proposed that the kinetic energy (ALLKE) must be less than 10% of the maximum
internal energy (ALLIE) in the explicit solver. Li et al. [65] investigated the explicit analysis of
600 °C and 700 °C induction heating-assisted SPIF processes for the Ti-6Al-4V using the
C3D8T element. The study proposed a graph to indicate the error and the computational time
difference between different mass scaling, as shown in Figure 2-28. Different mass scaling
values revealed that lower mass scaling required more computational time, and the percentage
of error decreased, as shown in Figure 2-28(b). Thus, the mass scaling requires controlling to
provide higher accuracy and balance the computational time. Desalegn et al. [99] studied the
SPIF on different dimensions of geometry and revealed that explicit analysis is more efficient
for larger dimensions than small ones. Lora et al. [100] and Ambrogio et al. [101] proposed a
combination method using explicit for SPIF operation and implicit for tool release (contact

between tool and workpiece), which also saved computational time.

(a) Comparison of Explicit, Implicit and Optical Measurement Results (®5) (b) Major Strain - Optical Measurement, Explicit and Implicit (®5)
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Figure 2-27. Geometric and strain comparison between explicit and implicit analysis, (a)

geometric comparison, (b) strain comparison [94].
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Figure 2-28. Effects from different mass scaling, (a) forming force, (b) energy history [65].

2.7.2. CPFEM, RVE and CA modelling

Rather than a macroscopic scale analysis of SPIF operations, mesoscopic and microscopic scale
analysis can be presented by applying the crystal plasticity finite element method (CPFEM) to
simulate the experimental scale or partial scale plasticity behaviour and representative volume
element (RVE) to simulate the grain level strain-stress behaviour based on particular parts
throughout the process. The studies [102, 103] combined CPFEM and RVE to simulate SPIF
of 7075-0O aluminium sheet by importing the plasticity properties from CPFEM and used the
output results as inputs in the RVE model. Electron backscatter diffraction (EBSD) was used
to obtain the grains orientation at critical parts of the workpiece and established RVE model
using DREAM.3D software [104] to present the plasticity behaviour accurately. Han et al. [105]
proposed two advanced anisotropic yield functions (Y1d2000-2D, Y1d2004-18p) to simulate the
experimental deep drawing for 2090-T3 aluminium alloy sheets. The output results were
compared with experiments and the best-fit output results were used in RVE model to predict

yield surface evolution.

The studies by [106, 107] have applied the Linux coding software DAMASK [108] to establish
the auto-generated tessellation to perform microscopic RVE simulation to calculate the grain
level orientation, texture, and strain-stress behaviour. Based on DAMASK integrated spectral

solvers, the calculations on single-crystal constitutive laws can be processed in user-friendly
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way with less computational time. The studies on numerical framework for CPFEM and RVE
[109-111] applied another Linux coding software NEPER [112] to generate auto-generated
tessellation or EBSD obtained grains orientation to simulate the DRX and phase-field behaviour
on metal processing works. Based on ABAQUS subroutine construction of single-crystal and
polycrystal constitutive modelling. The findings indicate that the anisotropy coefficients of
materials produced accurate results, and especially for heat-assisted mechanical deformation,
anisotropy coefficients depending on temperature must be obtained before simulation. As the
software is more flexible to establish and mesh experimental scale model, macroscopic,
mesoscopic and microscopic CPFEM and RVE modelling can be formed easily. However, the
software did not integrate any solver system, ABAQUS subroutine or other software solving

systems have to be used to process the crystal plasticity calculation.

Further, Chuan et al. [113] integrated CPFEM with cellular automata (CA) to demonstrate the
dynamic recrystallisation (DRX) for isothermal hot compression, which theoretically validated
the combination of crystal plasticity and DRX behaviour to simulate the hot deformation
process of steel alloys. Another research Li et al. [114] studied a combining CPFEM, RVE and
CA methods to study the grain orientation, crystal texture and DRX for induction heating of

SPIF for Ti-6Al-4V. As shown in Figure 2-29, the combination proposed a novel method to

study mechanical properties (strain-stress behaviour) in macroscopic scale CPFEM and a
transfer of obtained properties to RVE model corresponding to critical forming regions during
the process and finally a CA modelling to predict the grains growth based on obtaining crystal
plasticity results from CPFEM and RVE. The process, including extraction of the grain’s
orientation data from EBSD, applied the information in an experimental scale CPFEM, obtained
the grain-level stress-strain data and input the data in RVE to create the crystal texture using
the MATLAB toolbox MTEX [115] to produce the DRX behaviour. Single crystal constitutive

models based on general elastic lattice distortion and plastic deformation without effects on
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lattice geometry were used in the research and the results able to output the grain level stress
and strain data to form DRX evolution, and misorientation angles to form crystal texture. The
results were validated with experimental microstructure results. However, the modelling can be
improved by inducing phase transition and twin grains calculations to predict the results for

temperature up to beta-transus.

Figure 2-29. Process chart for microstructural evolution for heat-assisted SPIF.

2.7.3.  Summary of numerical analysis

The numerical analysis can analyse the mechanical and thermal behaviour for experimental
scale SPIF processes, and CPFEM, RVE and CA can estimate the material’s microstructure
evolution. The comparisons of solver types in FE modelling are presented in Table 2-5. The
summary of FE microstructure analysis is shown in

Table 2-6.
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Table 2-5. Comparisons of solver types in FE modelling

Solver type Advantages Limitations
Explicit - Low computational time. - Not efficient for large
increment times.
- Efficient for small increment points.
- Mass scaling affects the
- Approximately constant increment
accuracy and computational
size.
time.
Implicit - Linear to mildly non-linear. - Large computational time.

- Efficient for large increment times.

- Not efficient for small

increment times.

- The accuracy varies for

increment size.
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Table 2-6. FE microstructure analysis

Solver type Advantages Limitations
CPFEM - Applicable for multi-scale - Polycrystalline model needs
macroscopic, mesoscopic and more investigation to reduce
microscopic scale analysis. the consumptions.
- Efficient modelling of material’s - Single crystal model is
plasticity behaviour. constraint for microstructure
evolution without phase
transition and twin grains.
RVE - Applicable for microscopic scale - Not applicable for

analysis and mesoscopic scale.

- Efficient mechanics for
heterogeneous materials and plasticity

properties estimation.

- Efficient production of grain’s level

stress, strain and crystal texture.

o1

macroscopic scale analysis.

- The accuracy varies for

increment size.



CA - Applicable for microscopic scale - Not applicable for
analysis. macroscopic scale and

mesoscopic scale analysis.
- Efficient for DRX and grain size

evolution.

2.8. Microstructure analysis

This section discusses the effects of microstructural evolution in SPIF room temperature and
elevated temperature in correlation with forming force, formability, geometric accuracy,

thickness and temperature distribution.

2.8.1. Microstructure analysis for SPIF

In SPIF process, the tool follows the tool path to make incremental deformation to the sheet
materials. The applied forming force and heating induce mechanical and thermal behaviour to
the workpiece. The strain hardening work will increase the microstructural evolution and the
domination of such evolution is a critical factor to study to control or optimise the process
quality. As shown in Figure 2-30, the study by Shrivastava and Tandon [116] revealed the
microstructural evolution and grain size distribution in SPIF of AA1050 sheet metals.
According to the findings, a strong reduction of grain size can be observed (42.4 um to
11.05 um), which revealed grain refinement throughout the forming process. Further, numerous
low angle grain boundaries (2 - 15°) have been transformed to high angle boundaries (above

15°), indicating that the work hardening increased.

For heat-assisted SPIF on Ti-6Al-4V, Li et al. [65] observed pronounced grain refinement for
temperatures from as-received to 600 °C and 700 °C as shown in Figure 2-31. The study

obtained that the increase in temperature successfully increased the ductility of workpiece
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which reduced the forming force and achieved better geometric accuracy. The study also found
that 700 °C induced more DRX initiation than 600 °C which produced finer grain and
contributed to the grain boundary strengthening. The grain growth at higher temperature (above
700 °C) is a key factor to produce constant straining work which approached sustainable
forming force growth thus improved the geometric accuracy and remained a stable thickness
distribution. Other studies by Zhang et al. [117] and Zhang et al. [118] investigated
temperature’s influence on the formability, microstructure and fracture morphology of SPIF of
magnesium materials. The studies revealed that the higher temperature increased the DRX,
which reduced the forming force, increased formability and further reduced the risk of fracture.
Further, the reduction in grain size activated the grain’s boundary dislocation, thus enabling the
neighbouring deformation, which enhanced the straining process and achieved higher micro-

hardness.
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Figure 2-30. Microstructural evolution and grain size distribution histogram throughout the

SPIF process of AA1050 sheets, (a) as-received sheets, (b) deformed sheets [116].
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Figure 2-31. Microstructural evolution of as-received sample (a) IPF map of as-received

sample (b), IPF map of 600 °C sample and (c) IPF map of 700 °C sample [65].

2.8.2. Summary of microstructure analysis

The microstructure analysis encounters limitations in establishing constitutive models to
correlate thermal microstructure evolution and mechanical properties. Unlike measurable
mechanical behaviours, the investigation of microstructure can only be obtained from
microscopic characteristics on a specific area. For heat-assisted SPIF processes, the unstable
forming force and temperature induce different microstructure from starting, centre and ending
area. Further, different heating methods and experimental parameters, such as step size, feed
rate and tool design produce a combination of effects to the microstructure evolution. Thus,
experimental measured microstructure characteristics should correlate with numerical
microstructure analysis by importing the experimental data to the microstructure models to
predict the crystal texture, grain orientation and grain size evolution throughout the process.
The microstructural analysis is significant to study to produce accurate results to correlate the

relationship with mechanical properties.

2.9. Summary of open research question

e To apply SPIF on high-strength materials, heat sources can be improved to provide

localised temperature to workpiece. The heating temperature should be rapid and moved
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together with the tool motion to keep constant temperature distribution.

e Ball-roller tools indicate higher formability, surface quality and geometric accuracy
than conventional tools. However, the ball-roller has a high risk of thermal expansion
during high temperature deformation. Thus, water-cooling system is essential to

integrate to the tool to provide cooling to the tool and reduce the lubricant dissipation.

e Conventional lubricants and coatings did not provide sufficient performance to the
workpiece during heat-assisted SPIF process. High temperature cause rapid dissipation
of lubricant and burn-off of coatings. It is essential to design high temperature lubricant

to resist the thermomechanical behaviour during the SPIF process.

e The helical tool path is preferable for axisymmetric forming shapes, and the contour
tool path is preferable for all types of forming shapes. To optimise the tool path plan,
RSM, ANN and image analysis can correct and optimise the tool path to compensate
for the error from the forming force and temperature. For the heat-assisted SPIF process,
ANN has more potential to study the behaviours of temperature and tool path
coordinates to produce the optimal tool path. However, the error percentage will

increase for unstable temperature distribution.

e Numerical modelling can be correlated with CPFEM, RVE and CA modelling to
provide macroscopic-mesoscopic-microstructure analysis throughout the heat-assisted
SPIF process. The essential part is to determine accurate experiment and microstructure

results and data transfer to the modelling, connection of each model should be studied.

Please note that certain reviews in the literature review will be provided in chapter 3 — 6 that

covers the relevant works to the research publications.
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Research contributions:

This chapter aims to complete the objective 3 which covers the following insights:

e A rapid and constant induction heating SPIF system to provide localised heating to
deform Ti-6Al-4V alloy sheet.

e The relation between mechanical and microstructural behaviours was investigated by
analysing the straining and thermal behaviour with the microstructural evolution.

e The FE model has been established to provide strain and strain rate history at critical
regions of the deformed workpiece and input the simulated results to Zener-Hollomon

parameter (Z-parameter) to correlate the grain size and micro-hardness.
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Abstract

The conventional single point incremental forming (SPIF) process is unable to produce high
geometrical accuracy and formability for the Ti-6Al-4V alloy sheet. In response, this chapter
has proposed a reliable high-frequency induction heating-assisted SPIF system. Rapid localised
heating (600 °C and 700 °C) was integrated with a synchronized Inconel 625 Nickel alloy ball-
roller forming tool to achieve high geometric accuracy and surface quality. This chapter also
produced new insights into correlating mechanical and microstructural properties in SPIF at
600 °C and 700 °C. To investigate the mechanical properties (forming force, geometric
accuracy, thickness profile), an explicit finite element (FE) simulation was established to
predict the results. The output strain history from the FE simulations was used as input and
integrated with electron backscatter diffraction (EBSD) and micro-hardness characterisations,
to form a constitutive model (Arrhenius model) to calculate the Zener-Hollomon parameter (Z-
parameter). The grain size and micro-hardness experimental results were correlated with Z-
parameter calculation to predict the microstructural development at the initial, middle, and final
stages of the deformation process. The mechanical results revealed that the 700°C experiment
produced enhanced geometric accuracy and thickness profile, with a reduced forming force.
However, the surface quality is reduced as the lubricant dissipated rapidly, while the ball-roller
tool effectively compensated for this behaviour by reducing the friction. At the microstructural
level, 600 °C revealed strong strain hardening and grain deformation, and 700 °C revealed better
grain refinement by dynamic recovery (DRV) and dynamic recrystallisation (DRX). A
proportional relationship between Z parameters and grain size and a low-high-low micro-

hardness profile was proposed.

Keywords: Hot Single Point Incremental Forming, Deformation behaviour, Finite Element

analysis, Recrystallisation, Constitutive model, Zener-Hollomon parameter, Micro-hardness.
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3.1. Introduction

Ti-6Al-4V alloy has been widely used in aviation, automotive and medical industries, on
account of its advantageous properties such as high strength, service temperature, and corrosion
resistance. However, the deformation of Ti-6Al-4V remains a challenge. SPIF is a highly
flexible computer numerical control (CNC) controlled sheet metal forming process that is
efficient for relatively low strength materials at room temperature. For instance, Kumar et al.
[68] reported excellent forming quality of aluminium alloy sheets. Further, Duflou et al. [119]
studied the state-of-the-art of current SPIF methods and stated that the heating source should
be integrated with the system to deform high-strength materials. In recent years, heat-assisted
SPIF systems have been developed to deform high-strength alloy sheets. Ambrogio et al. [4]
have created an induction heating-assisted SPIF system that can deform the Ti-6Al-4V sheet at
a temperature above 600 °C. Using the same heating method, Al-Obaidi et al. [26] obtained
excellent geometric accuracy when deforming 22MnB?5 steel at 750 °C. This study successfully
applied thermomechanical behaviour on high-strength materials that induced material
microstructural recrystallisation, which resulted in the reduction of material anisotropy. Thus,
there are new challenges to study the heating method and subsequent microstructure
characterisation to understand the mechanical behaviour of the materials in the SPIF process.

In previous work, laser heating assisted SPIF was reported by G&tmann et al. [27]. A high-
power laser heating system was used to deform a 1.5 mm thickness Ti-6Al-4V sheet. The laser
is well-positioned to provide precise localised heating on the workpiece. However, the laser
heating produced a strong heating track on the workpiece surface, and the apparatus setup is
complicated, incurring a high cost and requiring extra safety measures. Alternatively, Xu et al.
[120] introduced the electric heating-assisted SPIF system, where a high-voltage direct current
(DC) transformer generates the heat with the electric flux spread through the entire workpiece

to make the material ductile. However, the spread of electric flux resulted in geometrical
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inaccuracy and adverse surface quality. Recently, Ambrogio et al. [4] have developed an
induction heating assisted SPIF system where the heating coil is positioned underneath the
sheet; with a connection to the forming tool, accurately localised heating is generated in the
material from the centre to the outer surface. Thus, both geometrical accuracy and surface
quality can be achieved by such a heating method. In this chapter, an induction heating-assisted
SPIF system has been developed to provide rapid and accurate localised heating to deform the
Ti-6Al-4V workpiece.

To reveal the relation between mechanical and microstructure behaviours, Shrivastava and
Tandon [116] studied the microstructural evolution of AA1050 aluminium sheet under SPIF.
The study proposed a method that to combine the experimentally measured mechanical
properties and FE simulation obtained strain history to correlate the microstructural
development. However, no attention has been given to apply this to heat-assisted SPIF
especially for high strength materials such as Ti-6Al-4V. Thus, this chapter aims to build a heat-
assisted SPIF system to address the above challenge.

In summary, to develop an economical, efficient, and high-accuracy SPIF system for Ti-6Al-
4V alloy, a featured induction heat-assisted SPIF system has been developed. The mechanical
and microstructural behaviours of Ti-6Al-4V for 600°C and 700°C which are close and above
Ti-6Al-4V recrystallisation temperature. To correlate the mechanical and microstructural
behaviours, FE simulations were established to verify the experimental results and to develop

a constitutive model to estimate the microstructural development and deformation behaviour.

3.2. Material and methods

3.2.1. Experimental setup

To deform the Ti-6Al-4V alloy sheet, a high forming force is required during the process. The

conventional tool tip may cause fractures and wear tracks on the workpiece surface due to the
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high friction force. A ball-roller tool tip forming tool was developed in this chapter, as shown
in Figure 3-1. The tool shank was made of stainless steel with a 10 mm diameter IN 625 nickel
alloy ball-roller as the tool tip. To cool down the forming tool, the tool shank has a hollow inner
structure which provides a direction for heat flow from the tool tip that reduces the thermo-
expansion. During the process, the rotation of ball-roller reduces the friction on the tool-surface
contact area, the heat flow from the tool will be directed by the path and released from the air

valves.

Air valve 1—\_ \

Tool shank

T Ball roller

Figure 3-1. Design of ball-roller forming tool.

The induction heating SPIF system setup can be viewed in Figure 3-2(a-€). The main induction
heater has a high frequency (900 kHz) alternating current (AC) inductor with a maximum power
of 6.6 KW. The heat generation is obtained through the electromagnetic field that penetrates
the workpiece to generate a rapid eddy current to heat the workpiece from inner to outer
surfaces. The heating coil diameter is 10 mm with three turns, which can provide maximum
and accurate localised heating. The temperature can be maintained constant, with an error of
2% for a minimum heating process of 20 hours. A flexible support fixture was designed to hold
the heating head to allow the synchronized movement between the heating coil and the forming
tool in XYZ directions (Figure 3-2(a)). A mini 50kN low profile diaphragm load cell (Figure
3-2(b)) was fixed on the top of the forming tool to measure the reaction force during the process.

The heating coil and forming tool setup were shown in Figure 3-2(c). The instantaneous
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temperature of the forming tool tip is measured by an infrared thermo-couple fixed on the
forming tool holder by flexible support (Figure 3-2(d)), which has a measurement range from

400 °C to 1200 °C.

Load cell Flexible fixture Infrared thermo-couple

(b)

Tool tip
© |\

Heating coil

Figure 3-2. Overview of the induction heat-assisted SPIF system (a) flexible support fixture
(b) load cell (c) forming tool-workpiece working scheme (d) infrared thermo-couple (e) forming

tool.

3.2.2.  Material and process parameters

3.2.2.1. Materials

A standard a-B class Ti-6Al-4V alloy sheet was chosen as the workpiece, with a size of
150 mm X 150 mm and a thickness of 0.8 mm. The chemical composition of the used Ti-
6Al-4V alloy is shown in Table 3-1.

A heat-resistant liquid MoS; lubricant spray was used in this project to penetrate the specimen
surface for even fits. According to the product datasheet, this lubricant is functional up to

600 °C.
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Table 3-1. Chemical composition of Ti-6Al-4V

Ti Al Vv C @) N H Fe
Balanced 53 3.8 0.1 0.2 0.05 0.01 0.3
3.2.2.2. CAD model and process parameters

The final shape is a truncated cone that has a 100 mm major diameter, 30 mm height, and 45°
wall angle as shown in Figure 3-3. The tool path was generated by Matlab, and a G-code was
obtained from the MATLAB coordinates output file to control the CNC machine. The detailed
parameters and working temperatures are listed in Table 3-2. From the initial testing of 600 °C
and 700 °C induction heating assisted SPIF, it can be seen in Figure 3-4 that the temperature
rise at the initial stage is usually lower (around 30°C) than the set temperature, since time is
taken (around 30 s) for heat generation to acquire steady-state. The steady-state temperature
has a variation of + 2 °C. When the process progresses to the last stage (final 40-60 s), the
recorded temperature is slightly higher (around 30 °C) than the set as the whole workpiece has
been subject to consecutive hot deformation. As the shape design is getting smaller at the ending
stage, the high-frequency heat transfer and rapid tool movement result in re-heating behaviour

at small areas that increases higher readings.

700

AD

30

Figure 3-3. The dimensions of truncated cone to be made by induction heating assisted SPIF.
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Figure 3-4. Measured temperature history for SPIF at 600 °C and 700 °C.

Table 3-2. Experimental parameters

EXPERIMENTAL  TARGET TEMPERATURE TARGET TEMPERATURE

PARAMETERS (700 °C) (600 °C)
Feed rate (mm/min) 1000 1000
Step size 0.5 0.5
Power (kW) 5.5 5.0
Frequency (kHz) 650 650

3.3. Finite Element Modelling

Abaqus CAE was used in this project for FE modelling of the induction heating-assisted SPIF

process. The forming tool is considered an analytical rigid body with a pitch diameter of 10
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mm. The dimension of the workpiece is 150 mm X 150 mm, with a thickness of 0.8 mm. The
mechanical and thermal properties are provided by the Ti-6Al-4V alloy supplier. The details

are represented in Table 3-4 and Table 3-4.

Table 3-3. Mechanical properties of Ti-6Al-4V

Temperature (°C) Young's modulus Poisson’s ratio Density (kg/m?3)
(GPA)

25 113 0.33 4420

600 65.5 0.33 4336

700 55.5 0.33 4324

Table 3-4. Thermal properties of Ti-6Al-4V

Temperature CONDUCTIVITY EXPANSION HEAT CAPACITY
(C) (W/M°C) (JIKGC)

25 7 8.910° 546

600 14.2 1.03x10° 673

700 15.5 1.05%10° 694
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3.3.1.  Johnson-Cook (J-C) model

A J-C model [121] was established to achieve a valid FE model using experimental data and
assumptions from the literature. The model is under multiplicative law which able to provide a
function of von mises tensile flow stress according with strain, strain rate and temperature-
dependent viscoelastic variables. A flow stress prediction was produced with the application of
the J-C model final equation and later compared with the literature for validation purposes. The

constitutive equation of J-C model can be presented using the following equation:

o =[A+B(&)"] (1 . E_pl> Il ~ (Trl;n_—T’Ir‘)ml

€o

(3-1)

Where o is the yield stress, P! is the equivalent plastic strain, &Pl isthe equivalent plastic strain
rate, &, is the reference strain rate, T is the working temperature, T, is the room temperature,
T, is the melting temperature, A is the yield stress at reference strain rate and temperature, B
is the coefficient of strain hardening, C is the coefficient of strain rate strengthening, m is the

thermal softening coefficient, and n is the strain hardening exponent.

3.3.2. Determination of material constants
By assuming that the reference temperature and strain rate is equivalent to the working

temperature and plastic strain rate, the J-C can be simplified as:

o =A+B(")" (3-2)

By applying natural logarithm on both sides, Eq. (3-2) can be expressed as:

In(c — A) = InB + nlngP! (3-3)

Substituting the value of A in Eq. (3-3) and plotting graph between In(c — A) and InB + nlngP!
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and obtain the material constant B which is the intercept of the plot, n is the gradient.

To validate the J-C model predicted, specific constant values were obtained from the literature
and set as input values in the J-C model calculation. By referencing the study by Xu et al. [122]
on DRX of Ti-6Al-4V, the reference temperature T, can be considered as 293 K and the melting
temperature T, can be considered as 1660 K. Since the working mechanism of the ISF process
is governed by the complex stress and strain distribution in the forming area, common materials
processing maps are not representative of the process. However, it is useful to obtain a strain
rate from the literature that is close to the experiments in this chapter and to use it to validate
the J-C model formation. The study by Gatea et al. [123] investigated the effect of forming
parameters on the pure titanium ISF process, wherein the experiments indicate that the strain
rate varies from 0.01 s~ to 0.08 s~ 'depends on the feed rate and wall angle. Another study
by Desalegn et al. [99] has commented that the strain rate increases according to the increase
of temperature in warm SPIF of aluminium alloy, where the range of strain rate varies 0.01
s 1t0 0.1 s71. In this chapter, the strain rate is set as £, = 0.01 s~* which agrees with previous
studies on ISF processes. The results can be validated with a processing map provided by the
literature by Nemat-Nasser et al. [124], who studied the deformation behaviour of Ti-6Al-4V
for a wide range of temperatures and strain rates. Other J-C model constants are obtained from
the study Kotkunde et al. [125]. These constants values were verified in the study by Lee and
Lin [126] on hot deformation of Ti-6Al-4V and Wang et al. [127] on J-C modelling of Ti-6Al-

4V alloy.

Assuming a constant reference strain rate and temperature, Eq. (3-3) can be expressed as:

n el
oc=[A+B(e") ] (1 + cmé—)
0

(3-4)
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The constant C can be obtained from the gradient from the plotting of In[1 — o/(A + B(g*')"]
and In -,
€0

Assuming a constant working temperature and reference strain rate, hence Eq. (3-4) can be

expressed as:

In[1-0/(A+ B(Epl)n] = miln (1 - TT __T,; ) (3-5)

From the flow stress data for every fixed plastic strain at different temperatures, the constant m

can be obtained from the gradient from the plotting of In[1 — o/(A + B(€?")"] and In (1 —

T-Tr

). Thus, material constants C and m were determined using the least-square method.

Tm_ r

The J-C model can be expressed as:

, epl T— T, \**° (3-6)
o = [880.5+ 689.2(z")""] <1 +0.0091n ?) [1 - ( d ) l
0

The determined material constants are represented in Table 3-5.

Table 3-5. Material constants for Ti-6Al-4V

A (MPa) B (MPa) C n m £ (s

880.5 689.2 0.009 0.35 0.85 0.01

3.3.3.  Flow stress behaviour validation and characterisation

To validate the J-C model, the predicted flow stress behaviours were compared with

experimental flow curves obtained by Nemat-Nasser et al. [124] (at room temperature (RT),
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526.85 °C, and 726.85 °C). In the present investigation, a similar range of temperatures and
strain rates were used. As shown in Figure 3-5, the J-C model predicted flow behaviours agreed

with the previous study.

It can be seen from Figure 3-5 that the flow stress is sensitive to temperature when the strain
rate is constant. Additionally, the flow stress at RT is increasing rapidly according to the
increase of strain at the initial stage (strain: 0 - 0.05), which indicates that rapid work hardening
takes place. The behaviour is less pronounced for 526.85 and 726.85 °C. The previous study by
Xia et al. [128] on the isothermal hot deformation of Ti-6Al-4VRu reported that the rapid
increase of DRV at the initial stage is the main reason that causes the sharp increase in flow
stress at low temperatures. During the DRV process, the rearrangement and removal of
dislocations in the deformed grains' crystal structure led to their stored energy reduction and a
sharp increase in the yield strength. The sharp increase is reduced as the temperature increases
due to the DRX. The temperature increases the energy at grain boundaries until a critical value
is reached. The recrystallisation takes place and induces a dynamic softening on the materials,
thus healing the DRV. By observing Figure 3-5, a clear peak is present at 700 °C that indicates

an occurrence of DRX, which softens the sharp increase by DRV.

Please note that the comparison of flow stress behaviour is used to validate the J-C model to

prove its accuracy to simulate the induction heating SPIF process.
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Figure 3-5. True stress-strain curves comparison between the literature and J-C models.

3.3.4. FEM processing

The induction heating SPIF can be expressed as a dynamic and temperature-displacement
simulation in ABAQUS CAE. Coupled temperature - displacement explicit regime is used for
process simulation. Since explicit analysis requires a large number of elements, mass scaling
has been used to reduce the computational time. In this chapter, several mass scaling factors
ranging from 100-100000 were used to test the reliability of the FE model. A workstation
equipped with 20 Intel® Xeon® CPUs of 3 GHz and 120 GB ram was used to run the FE
simulations. To ensure that the model is close to quasi-static and reduce the effect of mass
scaling on the prediction accuracy, the kinetic energy should not exceed 10% of the maximum
internal energy, as reported in the literature by Essa and Hartley [129] and Huang et al. [130].
Figure 3-6(a) shows the distributions of internal energy (ALLIE), kinetic energy (ALLKE),
and artificial strain energy (ALLAE) at different mass scaling factors. Please note the

simulations results are represented at 600 °C as an example. From Figure 3-6(b), it can be
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noticed the ALLKE and ALLAE for all mass scaling factors did not exceed 10% of ALLIE
which proves the reliability of the FE model. The effects of mass scaling on forming force and
computational time are shown in Figure 3-6(b). It can be seen that mass scaling factors of
100000 and 75000 show less computational time (8 h and 20 h), but poor prediction accuracy
of the forming force. When the mass scaling factor is reduced to 50000 or less, the prediction
accuracy is close to the experimental result, with a reasonable computational time of 48 h.
Please note that the data in Figure 3-6(b) were smoothed using the Savitzky-Golay filter

method in the MATLAB plot toolbox.
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Figure 3-6. FE modelling of SPIF at 600 °C using different mass scaling factors (a) energy

history (b) forming force.
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The interaction between workpiece and tool was defined as a surface-to-surface contact with
Tangential behaviour. A friction value of 0.1 was set in the model; this value was obtained from
the previous study by Gatea et al. [131] on the modelling of ductile fracture in SPIF, based on
Coulomb's friction law calculation. The friction model and value have been further verified
with the study by Honarpisheh et al. [133] on hot SPIF simulation. The four edges of the
workpiece were constrained using displacement boundary conditions where U, = U, = U, =
0, and the tool was defined as a rigid body. The boundary conditions setting followed the
general SPIF modelling conditions reported by Essa and Hartley [134]. The same FE conditions
setting and experimental setup has been verified in another previous study by Moser et al. [135]
on the FE modelling of double-side ISF. Two temperature boundary conditions (600 °C and
700 °C) are set for the forming tool to simulate different experimental environments. Since the
experiments recorded a temperature variation at the initial and final stages, a 30 °C temperature
variation has been applied to the first 30 s (-30 °C) and final 50s (+30 °C) of tool path movement
amplitude to compensate for the error in temperature history. The element selected for the FE
analysis is 8-node thermally coupled brick, trilinear displacement, and temperature (C3D8T)
which is most applicable for this analysis. A total of 7200 elements are applied to the workpiece

with an approximate global size of 0.0025 and a maximum deviation factor of 0.1.

3.4. Geometrical, surface, and material characterisation

3.4.1. 3D geometric scanning

Geometric accuracy is a significant factor that reveals the overall performance and quality
characteristics of parts made by the SPIF process. The FARO Edge-scan 8-Axis laser 3D
Scanning Arm was used in this study to obtain the 3D cloud of points of deformed parts. The
resolution of this system is 40 um, with a measurement error of +0.2 um. Geomagic was then

used to process the cloud of points and obtain a highly accurate measurement of the final profile
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and thickness distribution.

3.4.2. Surface roughness

Surface roughness is the most common measure to represent the surface quality of the forming
parts. Alicona Infinite Focus is a highly accurate optical 3D surface measurement system to
measure the surface roughness of the as-received and deformed samples. This machine is
equipped with various optical microscopes which enables it to provide precise 3D surface data
with a vertical resolution of 50 nm, minimum measurable roughness of 0.03 pm and
measurement error of 2%. 401MVD Vickers micro-hardness tester is used in this chapter to
provide high accurate micro-hardness results of the as-received and deformed samples with a

measurement error of 0.5%.

343. SEM

A benchtop SEM JOEL 6000 was used in this project to analyse the microstructure of the as-
received and deformed samples. The images can be taken at magnifications from 20x to 50,000x
with an accelerating voltage of 15 kV. All SEM samples were mounted, and chemical-
mechanical polishing with 0.04 pm Colloidal Silica (OP-S) suspension was used. Etching was
performed on each sample using Kroll's reagent (2 ml HF, 10 ml HCI, 88 ml H20) to provide a

more pronounced microstructure.

34.4. EBSD

Philips XL-30 was used in this chapter for grain growth analysis. This instrument was fitted
with an Oxford Instruments INCA EDS system and an HKL EBSD system with a Nordlys
camera. The camera utilized 100% 1344 = 1024 pixels resolution and a rapid 8 > 8 pixels
binning. The obtained data were analysed with HKL CHANNEL 5 software to perform

microstructural characterisation.
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The EBSD data were collected with the following information: every slice at a step size of 0.07
m, the pixel binning mode was set as 2 %2, and the accelerating voltage was 30 kV with an

electron beam current of 5 nA.

3.45. Micro-hardness

Wilson® hardness tester was used in this project to provide high accurate hardness results of
the as-received and deformed samples. The measurements follow GB/T 4340.1-2009 HV 0.1
metal hardness testing standard with a testing load of 100 gm. The machine reading error is

0.5%.

3.5. Results and discussion

3.5.1. Forming force

A comparison between simulation and experimental forming force at 600 °C and 700 °C is
shown in Figure 3-7(a-b). The tool motion on the tool path induced pronounced noise to the
load cell, thus, Savitzky-Golay method was used to filter the data and produce clear trend of
forming force. For the experimental results, there is a surface-to-surface contact between the
workpiece and forming tool at the initial experimental setup, with a variation of 50 N - 80 N is
applied on the workpiece. For the simulation results, an ideal initial situation was assumed
wherein the forming force is 0 N at the starting point of the process.

As illustrated in Figure 3-7(a-b), experimental and simulation forming forces are agreed upon
from the beginning to the steady-state region. Since the strain rate for these two experiments
remains almost constant, the temperature dominates the forming force trendline. At 600 °C, the
temperature is relatively low to induce pronounced DRV and DRX, and the strain hardening
and grain deformation form a strong micro-texture which induces the high forming force. At

700 °C, the pronounced grains slip and dislocation results in better DRV and DRX to form an
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enhanced grain refinement, which leads to a relatively isotropic microstructure that reduces the
forming force. This agrees with the study by Davarpanah et al. [18] on microstructural
properties of SPIF on polymers. The study reported that at room temperature strain-induced
deformation and recrystallisation lead to anisotropic microstructure, while cycle heating results
in enhanced recrystallisation that leads to isotropic properties. Another study by Bantounas et
al. [136] on the investigation of grain orientation of Ti—-6Al-4V shows that a better grain
refinement can be achieved by increasing the temperature at a constant strain rate, which proves
that both temperature and strain rate have effects on recrystallisation results. Additionally, the
study by Guan et al. [137] on FE simulation of high-speed machining of magnesium reported
that common hexagonal close packed (HCP) crystal materials favour the shear band induced
local-strain recrystallisation that occurs at heat treatment. High forming force is required for
strain hardening induced deformation texture at low temperature. Conversely, the heat
treatment on Ti—-6AI-4V induces shear band strain to HCP crystals that form an enhanced
recrystallised texture.

By comparing the experimental and simulation results, it can be demonstrated that an excellent
agreement has been achieved. The collected raw data shows strong fluctuation towards the end
of the deformation process. Data filtering may result in little deviation at the regions with high
fluctuation, which explains the negligible difference between simulation and experimental
results at the end of the forming process. Besides, lubricant dissipation towards the end of the
process may lead to a change in the friction coefficient which affects the forming force. Hussain
et al. [138] has investigated the malfunction of lubricant in SPIF of Titanium alloy. The study
reported that adherence of the workpiece material on the tool may lead to unpredictable failures
on the workpiece, thus affecting the deformation process Further, a study by Fan et al. [139]
revealed that the temperature variation during the SPIF process could lead to local springback

which could significantly affect to the deformation process.
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Figure 3-7. Comparison of forming forces between experimental and FE simulation at (a)

600 °C (b) 700 °C.

3.5.2. Geometric profile

The FE profile of the workpiece formed at 600 °C, and 700 °C as well as the experimentally
measured profile are shown in Figure 3-8(a-b). A path from the workpiece edge to the centre
was obtained from the FE model to demonstrate the FE profile data. It is important to note that
the experimentally measured profiles were obtained using FARO 3D scanning on the clamped
workpiece to match the displacement boundary conditions applied in the FE simulation. This
prevents any errors from unclamping and cooling to reveal the impact of introducing the
induction system. If rapid localised heating is transferred to the workpiece precisely, the
experimentally measured profile should agree with the FE simulation.

As illustrated in Figure 3-8(a-b), only slight springback at the cone base and pillow effect at

the cone centre were measured before unclamping. Still noticeable, the successful application

76



of rapid localised heating has enhanced the deformation process. Hence, it can be concluded
that induction heating assisted SPIF can deform Ti—6AI-4V with high geometric accuracy. The
measured profile at 700 °C shows excellent agreement with the FE profile compared with that
at 600 °C. This can be attributed to the enhanced recrystallisation-induced microstructure that
results in a reduction in springback and pillow effects. This is a typical phenomenon that occurs
in hot SPIF as the thermomechanical behaviour may induce high residual stress and stress
relaxation in the material which results in springback and pillow effects. Similar observations

were also reported in a previous study by Ortiz et al. [140] on the geometric accuracy of the hot

SPIF process.
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Figure 3-8. Comparison between FE and experimental profile at (a) 600 °C and (b) 700 °C.

3.5.3. Thickness distribution

Figure 3-9 and Figure 3-10 illustrate the thickness distributions measured from the sheet edge
to its centre at 600 °C and 700 °C, respectively. The sheet thickness of FE simulation can be
obtained using Eq. (3-7), and the theoretical thickness distribution can be obtained from the
sine law as shown in Eq. (3-8). Cao et al. [141] studied the ISF process and reported that the
sine law is efficient to predict the thickness distribution of deformed parts. The experimental
thickness (X, Y, Z displacement) was obtained using the FARO 3D scanner for two paths, with

one path on the upper surface and the other one on the lower surface of the deformed workpiece.
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The sheet thickness can be calculated by the following equation:

t=(x; — %) + (y; — y2)? + (21 — 2,)2 (3-7)

Where t is the sheet thickness, x4, y;, z; are the coordinates of nodes on the top surface path,
X4, V2, Z are the coordinates of nodes on the lower surface path.

The theoretical thickness distribution can be obtained by applying cosine law as the following
equation:

tf =ty sin0 (3-8)

Where t; is the final thickness of the workpiece, t, is the initial thickness of the workpiece, 6
is the wall angle. This equation was proposed in the previous study by Hussain and Gao [142]
to estimate the thickness distribution in SPIF. Lu et al. [143] applied the same principle to
predict the theoretical thickness of double-side ISF. Another study by Tolipov et al. [144] on
multi-point forming also verified its efficiency to estimate the thickness distribution in sheet
metal forming.

From Figure 3-9(a-b), it can be seen that the sheet thinning is proportional to the cone depth.
The theoretical thickness produced a distribution without uneven thickness approach on X-
direction to achieve the perfect sine law sheet thinning of 0.565 mm for a 45° wall angle. The
simulation matched with the measured results, however, the heating temperature and forming
force still produced disturb thickness distribution. As illustrated, the maximum sheet thinning
remains constant from 30 mm to 50 mm at X-direction along the cone wall. At 600 °C, the
experimentally measured thickness distribution slightly outfits the one obtained from the FE
simulation (from 0 mm to 20 mm at X-direction). This can be attributed to insufficient heat
generation at the initial stage of the process. The rapid tool movements and insufficient

temperature at this region (around 570 °C) initiated a strong DRV process that induced high
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strain hardening, thus resulting in strong springback. Once the temperature acquired steady-
state at 600 °C (from 20 mm onwards at X-direction), the experimentally measured thickness
shows good agreement with the FE simulation. This phenomenon reveals good evidence of
grains deformation that assists the material softening which leads to better agreement.

As shown in Figure 3-9(b), the experimentally measured thickness at 700 °C shows very good
agreement with the FE simulation. At the initial stage (from 0 mm to 20 mm at X-direction), a
slight outfit can be observed. This outfit is eliminated as the process progresses to the steady-
state temperature region (from 20 mm onwards). This phenomenon reveals the presence of

DRX initiated at the initial stage and then becoming more pronounced at the steady-state stage.
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Figure 3-9. Comparison of thickness distribution obtained by the theoretical sine law,

experiment and FE simulation (a) 600 °C, (b) 700 °C.

3.5.4. Surface roughness

For each formed workpiece (600 °C and 700 °C), 3 sections (5 mm?) were cut off from the
upper, centre, and lower parts for surface roughness measurement as shown in Figure 3-10(a-
b). The 3D surface topography of each sample is represented in Figure 3-11(a-g). Figure 3-12
illustrates the average surface roughness (S,) of all samples, and Table 3-6 represents the root-

mean-square height (Sy), maximum peak height (S,,), maximum valley depth (S,), maximum
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height (S,) of each sample.

From the visual observation of results in Figure 3-10(a) and Figure 3-10(b), it can be seen that
the surface quality at 600 °C is better than that at 700 °C. Only a limited number of wear tracks
are observed on the 600 °C samples. The dark colour from the centre to the lower region can be
attributed to the adherence of dried lubricant. Conversely, the 700 °C sample reveals obvious
wear tracks from the upper until the lower region. Such a phenomenon can be attributed to the
exorbitant temperature and rapid lubricant dissipation during the process. The lubricant service
temperature is 600 °C; the exceeding working temperature may therefore cause lubricant
malfunction. For effective operating condition, as in Figure 3-10(a), the upper region shows a
smooth surface with limited wear tracks, which indicates functional lubricant. As the process
progressed to the centre region, observable wear tracks occurred, and the material colour
becomes darker incrementally. The phenomenon indicates a slow dissipation of the lubricant;
the liquid lubricant transforms to a viscous state as the temperature increases. The rapid
movement of the forming tool results in the formation of contaminated layers that adheres to
the workpiece surface. By observing the surface of the 700 °C sample in Figure 3-10(b), it is
worth noting that slight contamination (dark colour) can be observed at the centre region as the
lubricant dissipation is more rapid even without any contamination being formed. The colour
change of the 700 °C sample can also support the presence of recrystallisation. According to a
previous study by Ortiz et al. [145] on hot SPIF of Ti-6Al-4V, the colour change appears when
samples are heat-treated at 900 °C for 2h and indicates pronounced grains dislocation in the
crystal, which is enhanced in the process. Another study by Satko et al. [146] on oxygen layer
evolution in titanium microstructure reveals that an oxidation a-case layer can be formed at
long exposures (420 h) at a relatively low temperature (650 °C). Since the working temperature
for this study is 700 °C, the colour change only reveals a sudden variation of temperature when

the tool leaves its position to the new path (ending and starting point of each path) throughout
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the process. The movement of forming tool in this region may result in limited oxidation as the
temperature fluctuates around the set temperature.

From the 3D surface topography profile shown in Figure 3-11(a-g), it can be seen that the
measurements of S, between 600 °C and 700 °C SPIF process is in similar distribution. By
comparing the details, S, for SPIF at 700 °C is higher than 600 °C, this is evident that the
dissipation of lubricant has an observed effect on the distribution of S, along the SPIF process,
however, there is no strong effect on the shape forming.

As illustrated in Figure 3-12. It is noticed that the values of S, is increasing with the
progressing of the SPIF process while lower values of S, at 600 °C as compared with that at
700 °C. The previous study by Ambrogio et al. [147] on induction heating SPIF of Ti-6Al-4V
using MoS; (the same lubricant used in this investigation), reported that the induction heating
SPIF has better performance than electric heating and friction heating SPIF. In this chapter, the
ball-roller tool tip has shown higher surface quality than the previous work. Please note that all
data in this figure are filtered by the Gaussian filter for inclined planar surfaces to reduce the
noise.

By investigating the measured amplitude parameters of each sample in Table 3-6, it can be
observed that the S, is following the same trend as S,. This is evident that the friction is
increasing while the lubricant dissipates. However, it is still noted that the S, (difference

between S, and S,) of 600 °C and 700 °C samples are in converse trend. The upper region of

600 °C indicates higher values and the centre regions reveal relatively lower values, and the
values are maintained in the lower regions. However, the opposite trend can be observed at
700 °C. This is clear evidence that the 600 °C at the upper region is insufficient and unstable to
soften the material thus leads to a higher forming force that increases the S, between each step.
As the forming tool is progressing to the centre and lower region, the workpiece becomes soft
enough which leads to a reduction in S,. While this phenomenon is insignificant at 700 °C since
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the temperature is sufficient to increase the ductility of the workpiece at the upper region, the
measured S, in the deformed samples is very small. As the forming tool is progressing to the
centre and lower region of the workpiece, the dissipation of lubricant results in an increase of
S,, however, results are still lower than that at 600 °C. This phenomenon proves that the lower
forming force at 700 °C improves the geometric accuracy while surface roughness can be

improved if proper lubricant is used.

Figure 3-10. locations of collected samples for surface roughness measurements (a) 600 °C (b)

700 °C.
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Figure 3-12. Filtered surface roughness histogram for different samples.

Table 3-6. Measured amplitude parameters of each sample

Sq (M) Sp (M) Sy (M) S, (kM)

As received 1.143 2.490 3.710 6.20

600 °C upper region 1.842 7.545 7.441 14.986
600 °C centre region 2.116 6.998 5.751 12.748
600 °C lower region 2.261 6.185 6.913 13.098
700 °C upper region 2.608 5.358 5.403 10.761
700 °C centre region 3.651 5.570 5.977 11.548
700 °C lower region 3.673 6.185 6.913 13.098
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3.6. Microstructure analysis

3.6.1. SEM analysis

The microstructures of the lower region in the as-received, 600 °C and 700 °C samples are
shown in Figure 3-13. As illustrated, the microstructure is mainly a phase, the average o grain
size in the as-received SEM image (Figure 3-13(a)) is estimated to be 5 um — 10 pm with
random equiaxed grain shape. The intergranular B phase grains are detected at a phase
boundaries. A noticeable increase in finer a grains is observed in Figure 3-13(b), and a
pronounced increase of finer a grains can be seen in Figure 3-13(c). As illustrated, the grain
size of fine a grains for 600 °C and 700 °C samples is reduced to 5um. This can be considered
as strong evidence that the grain refinement level increases as the temperature increases.

The previous study, reported by Qu et al. [148] on microstructural evolution and oxidation
mechanisms of titanium alloy, reveals that titanium alloy exhibits excellent oxidation resistance
at 700 °C. However, clear recrystallisation can be observed at this temperature. In the present
study, it is worth noticing that the induction heating system successfully dominates the level of
grain refinement at 600 °C and 700 °C, which supports the forming tool with a sufficient

thermomechanical force to deform the workpiece.

Figure 3-13. SEM images of (a) as-received sample (b) 600 °C sample (c) 700 °C sample.
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3.6.2. EBSD analysis

To study the fraction of Ti-6Al-4V grain size changes and orientation after the hot SPIF process,
EBSD was performed on each of the upper, centre, and lower region samples. Please note that
only the lower region samples data were presented in this study since they have revealed the
required information under the peak temperature and strain throughout the process. The EBSD
scanning direction is the perspective of transverse direction (TD), which represents the in-depth
(thickness direction) microstructure changes of the sample without the effects from the rolling
manufacture process.

The lower region samples at 600 °C and 700 °C were obtained from EBSD examined inverse
pole figure (IPF) maps, and are illustrated in Figure 3-14(a-c). The average grain size for all
samples was calculated by EBSD post-processing software HKL Channel 5 and represented in
Figure 3-15. Grain area (Um?) is selected to represent the average grain size as the scan area is
relatively small with limited grain numbers. The average grain area is more representable than
the average length (jJum) to distinguish the grain size difference.

As shown in Figure 3-14(a), the as-received sample exhibits a structure of coarse equiaxed
grains of 4.62 m? (Figure 3-15); no noticeable recrystallized grains can be observed from the
figure. Conversely, the 600 °C revealed a significant difference as shown in Figure 3-14(b),
notably, a pronounced increase of recrystallised finer grains is generated, and the average grain
size is reduced to 3.39 pm? (Figure 3-15). However, the temperature is relatively low to induce
significant DRV and DRX, which only results in a texture with the initiation of grains
deformation. When the temperature increases to 700 °C, as in Figure 3-14(c), a pronounced
growth of recrystallised finer grains can be observed at coarser grain boundaries, and the
average grain size is reduced to 1.44 pm? (Figure 3-15). This is strong evidence that grain
deformation and DRV can be initiated at low temperatures (600 °C) with high strain hardening,

and a more completed DRV and DRX be achieved by increasing the temperature to 700 °C.
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Figure 3-14. Microstructural evolution of as-received sample (a) IPF map with grain boundary
distribution of as-received sample (b), IPF map with grain boundary distribution of 600 °C

sample and (c) IPF map with grain boundary distribution of 700 °C sample.
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Figure 3-15. Grain size evolution (a) as-received sample, (b) 600 °C SPIF sample and (c)

700 °C SPIF sample.

The details of the misorientation angle distribution of IPF maps (Figure 3-14) are collected
from HKL Channel 5 and statistically re-arranged using the MATLB MTEX toolbox which is

created by Niessen et al. [149] on the study of grain reconstruction from transformed
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microstructures, as shown in Figure 3-16. Notably, the as-received sample reveals a high
percentage of low-angle grains (< 15°), while the percentage of high-angle grains (> 15°) is
increased incrementally, with further temperature increasing and strain hardening. According
to a study on SPIF of AA1050 aluminium sheets by Shrivastava and Tandon [116], the low-
angle grains (< 15°) commonly appear on the as-received sample and are transferred to high-
angle grains (> 15°) on the deforming sample. Such a phenomenon is also a typical feature that
reveals the presence of DRX on hot deformation of Ti—-6Al-4V alloy, which is also observed
in previous study by Orozco-Caballero et al. [150] on the ductility of a-Ti under different
temperatures. The study reported that the low-angle grains subject to deforming grains at low
temperatures, the majority of them slip to recrystallised high-angle grains in high-temperature
deformation, which provides a microstructure that makes the material ductile. Zherebtsov et al.
[151] have investigated the microstructure evolution of Ti—-6Al-4V during low-temperature
superplastic deformation, supported the previous conclusion and reported that the behaviour is
more pronounced above 650 °C as the temperature could initiate a better DRX process. In this
chapter, the thermomechanical straining behaviour at 700 °C accelerates the grain slip and
dislocation that results in enhanced DRV and DRX. Thus, the misorientation angle increase is
much higher than 600 °C, where 600 °C only represents a misorientation texture due to
insufficient temperature. The study by Wang et al. [152], on grain refinement mechanism in Ti-
6Al-4V alloy, states that the crystal texture of a-Ti induces transformation if the grains slip
from stable slip modes to active slip modes during hot deformation works. Therefore, 700 °C in
the present work provides sufficient temperature to support a constant incremental straining

behaviour to the sample for full grains slip initiation.
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Figure 3-16. Misorientation angle distribution histogram of as-received, 600°C, 700°C samples.

3.6.3.  Micro-hardness

The micro-hardness measurements are applied to the TD surface of each sample. The
orientation of the indents was in a step-down arrangement which covers the measurements from
the upper sample edge to the lower edge. Due to the sheet thinning in the experiment, only 5
indents can be applied to the deformed samples, where 9 indents were applied to the as-received
sample.

As illustrated in Figure 3-17, the as-received sample indicates a high-low-high hardness
distribution. Since the Ti-6Al-4V sheets being used in this chapter are manufactured by hot
rolling, the surface has been heat-treated before manufacturing. Thus, it may result in slight
oxidation on the surface. The previous study by Dai et al. [153] on microstructure and hardness
of Ti-6Al-4V sheet surface under heat-treatment work, has reported that the average hardness

readings on the as-received sample surface are slightly higher than the centre region, which is
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due to the surface finishing process that induces thermal-strain. Such behaviour may results in
limited oxidation that enhances the a-stabilising of Ti-6Al-4V, thus increasing the hardness at
the surface.

Conversely, the micro-hardness profile of all deformed samples (at 600 °C and 700 °C)
illustrates a low-high-low distribution profile. Such behaviour can be attributed to the working
mechanism of induction heating. In such a system, the magnetic field penetrates the workpiece
that generates a rapid alternating eddy current at the centre material which is then spreading to
the outer region. Thus, the highest thermomechanical strain will occur in the centre region. Such
a phenomenon is a crucial factor that enhances the strain-hardening work from centre to edge.
The previous study by Najafabady and Ghaei [154] on the investigation of effects on the
hardness of Ti-6Al-4V alloy by hot incremental forming, has reported that the strain hardening
is pronounced at 600 °C, and it is effective in increasing the micro-hardness. Another study by
Sabat et al. [155] on the texture and microstructure evolution of Ti-6Al-4V revealed that the
strain hardening and grain deformation induce higher micro-hardness readings at 600 °C.
However, the temperature is insufficient to generate the full DRV and DRX process. Thus, it
results in the creation of a deforming microstructure, which is demonstrated by the presence of
a strong deformation texture. Using a higher temperature of 700 °C accelerates the dislocation
mobility and results in full DRV and DRX, which can be manifested in grain refinement, as

shown in the EBSD measurements (Figure 3-15 and Figure 3-16).
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Figure 3-17. Micro-hardness profile distribution of all samples.

3.6.4. Calibration of Zener-Hollomon parameter

To relate the mechanical properties (strain, strain rate) with microstructure evolution (grain
refinement, hardness distribution), an Arrhenius type constitutive model has been established
to demonstrate the relationship.

In this chapter, the samples are obtained from different positions (upper, centre, lower) of the
deformed workpieces at different temperatures (600 °C, 700 °C). Three unique nodes from the
FE model transverse direction (thickness direction) are selected to extract the raw data for these
three positions as shown in Figure 3-18. The Savitzky-Golay filter method is used to reduce
the frequency noise of the raw data.

Figure 3-19(a) represents the equivalent plastic strain for transverse direction and Figure
3-19(b) represents the strain rate for the 600 °C samples. The 700 °C samples are not illustrated
as its data closely resembles that at 600 °C, with an increase in values. It is worth noting that

the equivalent strain distribution can be correlated with strain rate distribution through-
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thickness. As the forming tool passes through the unique node, the strain rate climbs the peak

and induces an increase in equivalent strain. As stated in the previous study by Smith et al.

[156] on the anisotropic yield criterion for pressure-dependent materials, hardening behaviour

IS sensitive to the equivalent plastic strain distribution, especially dependent on the rigid

indenter displacement. In the SPIF process, each step-down increment stretches the surface of

the workpiece and induces uniform thickness distribution. As the maximum thickness (between

the centre and lower part) is achieved, the strain distribution tends to maintain its value.

centre

lower

Figure 3-18. Positions of the upper, centre, and lower nodes from the FE model.
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Figure 3-19. FE history output for upper, centre, lower region (a) equivalent strain for SPIF at

600 °C (b) strain rate for SPIF at 600 °C.
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To establish the Arrhenius model, the peak strain rate value and its corresponding equivalent
strain value for the unique nodes are used for calculation. The 600 °C upper samples are used
as an example, equivalent strain ~ 0.4 and strain rate ~ 0.2 s,

The Arrhenius equation can be expressed as:

¢ = AF(c)exp (— R%) (3-9)

Where ¢ is the strain rate, A is the material constant, o is the flow stress, Q is the apparent
activation energy, R is the gas constant (8.314 J/K mol), T is the experimental temperature (K).

The flow stress o can be expressed as three conditions:

o™,00 < 0.8 condition 1
F(o) =1 exp(Bo),ac < 1.2  condition 2
sinh(ao)", forallc  condition 3 (3-10)

Where a, 3, n, n are material constants. Condition 1 represents the low-stress level; condition
2 represents the high-stress level; condition 3 includes all stress and strain level.
The strain rate for deformation can be produced by using the Zener-Hollomon parameter (Z-

parameter). The equation can be expressed as:

7 = gexp <%) (3-11)

Where Z is the Zener-Hollomon parameter, € is the strain rate, Q is the apparent activation
energy, R is gas constant (8.314 J/K mol), and T is the experimental temperature (K).

The material constants can be calculated by obtaining the gradients from the fitting equations
by transforming Eq. (3-9) and considering condition 3 from Eq. (3-10). Where the constant n,
can be obtained from the gradient of plotting Ino — In(e ). The constant 8 can be obtained
reciprocal of gradient from the plotting of Ino — In(¢ ). By substituting the calculated constants

B and n, into the equation @ = /n;, a can be calculated accordingly. The details of
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calculations and fitting graphs are not represented in this chapter to avoid distraction from the

main objective here. The calculated material constants are represented in Table 3-7.

Table 3-7. Identification of material constants

Constants o, MPa~! B n, n
600 °C 0.045 0.0012823 0.0281 29.128
700 °C 0.036 0.0012465 0.0350 35.831

Substituting the calculated constants to the fitting equations, Qgpo-c = 261.30 KJ/mol and
Q700°c =321.43 KJ/mol. The results of Q have been validated with studies Tabei et al. [157] on
constitutive modelling of Ti-6Al-4V under hot deformation, Weiss and Semiatin [158] on alpha
titanium alloys under thermomechanical processing, and Xiao et al. [159] on constitutive
modelling and microstructure changes of Ti-6Al-4V under hot tension.

Substituting Q¢gpec = 261.30 KJ/mol and Q¢ = 321.43 KJ/mol into Eq. (3-11), the

equation can be expressed as:

7 . (261.30)
, 600°C — €€XP RT
7 o (321.43) (3-12)
700°c — E€€XP RT

3.6.5. Grain size vs. Z-parameter

To demonstrate the relation between grain size and Z-parameter, the grain size of the upper,
centre, and lower samples was obtained from EBSD. By obtaining the strain rate values from

the corresponding FE nodes from Figure 3-18, the Z parameter can be calculated using Eg.
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(3-12). By applying a natural logarithm on both sides of grain size (d) and Z-parameter (Z), the
relationship is represented in Figure 3-20. It is important to note that labels 1,2,3 in the figure
represent the upper, centre, and lower regions of the sample, respectively. Since the temperature
supply at the upper region is insufficient, that leads to weak strain hardening and results in
higher grain size. Once the temperature acquires a steady-state at the centre and lower region,
the grain size is then reduced as better grains refinement is achieved.

It is worth noting that temperature and strain rate are key factors that motivate the grains
dislocation microstructurally. An increase in temperature leads to accelerate dislocation process
that results in the development of stress relaxation between the grains that enhance the DRX
process. Thus, the grain refinement at 700 °C is more pronounced than that at 600 °C. A study
by Ammouri et al. [160] has investigated the grain size and Z-parameter relations of AZ31B
alloy and reported a similar observation that the grain size is inverse-proportional to Z-
parameter. This is attributed to the thermal activation in the material microstructure. The
process increases the crystal dislocation which induces grain growth and refinement, results in

low angle to high-angle grains transformation in the low Z-parameters zone.
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Figure 3-20. Relationship between In(Z) — In(d).
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3.6.6. Micro-hardness vs. Z-parameter

The micro-hardness values were collected from the upper, centre, and lower region samples,
with positions from the upper edge to the lower edge to demonstrate the relation between micro-
hardness and Z-parameter. The strain rate values were obtained from step-down nodes on the
element thickness surface to correspond to each micro-hardness value. Z-parameter values were
calculated based using Eq. (3-12). Hence, applying the natural logarithm on Z-parameter, the
relationship between them is shown in Figure 3-21.

As indicated, the increase of the Z-parameter leads to an increase in micro-hardness. It is
observed that the Z-parameter distribution for all samples is in a low-high-low profile which
agrees with the micro-hardness profile, as shown in

Figure 3-19. The nodes at the upper and lower edge reveal lower micro-hardness and Z values,
and the centre nodes reveal higher values. The strain hardening is relatively higher at centre
regions than surface edges since the heat is generated from the material centre to the outer
surface. Due to the heat loss, the temperature at the surface edges is slightly lower than that at
the centre. This is clear evidence that the temperature affects the Z-parameters distribution, and
slight variance of temperature (% 30 °C) throughout the thickness may induce a noticeable
change. By comparing the temperatures, it is noted that 700°C shows higher micro-hardness
readings with close Z-parameter values to 600 °C. This demonstrates that the DRX at 700 °C is
more pronounced than at 600 °C, wherein the strong dislocation mobility of grains enhances the
micro-hardness of the workpiece. Similar results were reported by Valoppi et al. [161] on
electric heating SPIF, which concluded that the higher temperature initiates higher strain
hardening that enhances the stretching mechanism. The temperature releasing strong internal
stresses that induces an annealing phenomenon on the workpiece thus induces higher micro-

hardness readings.
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3.7. Conclusion

This chapter has determined the thermal, mechanical, and microstructure properties of the
induction heating assisted SPIF process of the Ti-6Al-4V alloy sheet. The performance is
significantly affected by temperature and its relevant strain rate distribution:

e The Nickel alloy ball-roller tool exhibits high performance to reduce friction and
improves geometric accuracy and surface quality.

e Temperature is a key factor that affects geometrical accuracy. 700 °C produced more
efficient DRX than 600 °C which enable a more ductile workpiece and induced stable
forming force to deform the material hence achieve better geometrical accuracy.

e The lubricant is dissipating as the forming tool passing through the centre and lower
region of the workpiece. Therefore, the surface roughness parameter S, is increased.

This phenomenon is more pronounced at 700 °C samples.
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e The S, at 600 °C has a peak value at the upper region and is reduced for the centre and
lower regions. The opposite trend can be observed at 700 °C due to the dissipation of
lubricant.

e The FE model predicts the mechanical properties with a high degree of accuracy. The
temperature variations during the experiments as well as the data filtering affect the
prediction accuracy.

e SEM and EBSD results reveal an increment of grain refinement for as-received, 600°C
and 700°C samples. The grains slip is more sufficient at 700 °C, which leads to
pronounced DRX that generates more isotropic microstructure than at 600°C.

e Z-parameter calculations estimate an inverse proportion between the grain size and Z-
parameter. This phenomenon is more pronounced at 700°C, which proves that the higher
temperature is more effective in activating strong grains slip and re-orientation.

e The relation between micro-hardness and Z-parameter reveals that the micro-hardness
is very sensitive to the temperature, as a slight variation of thermal-straining between
the material centre and surface will induce a noticeable change in micro-hardness. The
induction heating is more efficient at the material centre, thus resulting in a low-high-

low micro-hardness profile.

In the future, lubricants should be improved to reduce the dissipation in the heat-assisted SPIF
process. Uniform heating temperature and constant strain rate are interesting factors to
investigate as they affect the homogeneity of Ti-6Al-4V, resulting in different thermal,

mechanical, and microstructural properties.
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Research contributions:

This chapter aims to complete the objective 4 which covers the following insights:

e A new design of Molybdenum disulphide (MoS>) lubricant to improve its endurance in

heat-assisted SPIF.

e A design of controllable water-cooling system to direct liquid lubricant throughout the
ball-roller tool to reduce the thermo-expansion and apply the lubricant to the workpiece

in accordance with tool motion.
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Abstract

For heat-assisted single point incremental sheet forming (SPIF) works of Ti-6Al-4V sheets, the
use of lubricant has shown significant effects on surface quality and geometric accuracy at
higher temperatures. Molybdenum disulphide (MoS.) is a common lubricant widely used in
SPIF works, however, it usually indicates ineffective performance at high temperatures. This
chapter has studied different lubricants and proposed a novel mixture of MoS: to provide better
surface quality and improve geometric accuracy. A forming tool with a ball-roller and water
channel was designed to enable the MoS2 mixture to pass through the tool tip, allowing easy
application of the lubricant on the localised area and reduce the thermal expansion on the ball-
roller. Surface roughness analysis has revealed that the water-cooling MoS mixture performed
well in reducing friction effects during process and produced better surface quality. Forming
forces measurements, scanning electron microscope (SEM), energy dispersive X-ray Analysis
(EDX) and micro-hardness tests also indicated that a higher strain hardening behaviour was

detected for the water-cooling MoS; mixture.

Keywords: hot incremental sheet forming, lubricant, wear, surface roughness, micro-hardness,

microstructural analysis, geometric accuracy, thickness profile.
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4.1. Introduction

Single-point incremental forming (SPIF) is a flexible sheet forming process which has been
investigated over decades to deform sheet metal to produce complicated prototypes. However,
the deformation of high strength materials, such as Ti-6Al-4V alloy, remains a challenge. In
recent years, the heat-assisted SPIF process has been thoroughly researched to produce a heat
source to soften and deform the materials to the designated shape. However, the surface quality
suffered and had declined at the end of the process. In the heat-assisted SPIF systems, it can be
seen that surface roughness is a serious challenge that occurred in all hot SPIF processes.

MoS: is the most common lubricant used in the majority of hot SPIF works. By researching
electric heat-assisted SPIF of Ti-6Al-4V studies [147, 162], it could be seen that the common
MoS: was insufficient at temperatures above 450 <C, with electric sparks having a significant
effect on the removal of the water-solubility of the lubricant. As the tool passed through the
lubricant ash, the remaining lubricant adhered to the surface increasing the wear, which affected
the surface quality. Cheng et al. [52] and Li et al. [163] have studied the ultrasonic vibration-
assisted (UV) SPIF process and proposed positive effects in enhancing the geometric accuracy
and surface quality using liquid lubricant (Shell M68) to improve the contact condition. Another
study by Liu et al. [29] proposed a novel ball-roller for electric heat-assisted SPIF of Ti-6Al-
4V sheets, which provided a better surface quality by reducing friction between the tool and the
workpiece with common machine grease. The studies of induction heat-assisted SPIF works of
Ti-6Al-4V have revealed a slightly better outcome as shown in the study by Ambrogio et al.
[4]. Results revealed that without the effects of electric sparks, the common MoS; paste is more
functional than when used with electric heat-assisted SPIF with the assistance of cryogenic
cooling. However, the rapid change of temperature on the upper and lower surface of the
workpiece still resulted in the ineffectiveness of the lubricant and an unsustainable

performance. Another study by Ortiz et al. [33] revealed that high-temperature lubricant oil in
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induction heat-assisted SPIF of Ti-6Al-4V sheets produced more favourable results showed that
on surface quality than the common low-temperature lubricants. However, the endurance of
lubricant was still insufficient at the end of the process, with a large amount of adhered wear
observed.

In summary, it can be noticed that the endurance of lubricants during the heat-assisted SPIF
process is a key factor affects the surface quality. The majority of common lubricants are
ineffective at the higher temperature (above 400<C) deforming process. The dissipation of
lubricant in the high-temperature SPIF is a common phenomenon that results in significant
adhesion wear. In this analysis, a Nickel alloy ball-roller tool has been designed and integrated
into a high-frequency induction heat-assisted SPIF system. By increasing and maintaining a
localised temperature of 700<C, the performance of different lubricants has been studied, and a
novel method of lubricant application was proposed to improve the surface quality and remain
geometric accuracy.

4.2. Materials and methods

4.2.1. Materials

All workpieces in this analysis were standard hot-rolling Ti-6Al-4V alloy sheets with a size of

150mm x 150mm and a thickness of 0.8mm with same chemical composition as Table 3-1.

The lubricants used in this analysis can be classified into three lubricants. Lubricant 1, provided
by CRC Ltd, is a standard graphite grease that consists of graphite particles and MoS: paste.
According to the supplier information, the lubricant can be serviced between -30 <C and 650
<C. lubricant 2 is a mixture of lubricant 1 and machine lubricant oil provided by Ambersil Ltd,
which has a protective agent based on rust inhibitors and surfactants enabling it to reduce
friction and wear on the workpiece surface. According to the supplier information, the lubricant

oil can service up to 300 <C. Lubricant 3 has used lubricant 2 as the main component on the
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workpiece surface with an external liquid lubricant from the water-cooling channel. The liquid
lubricant is a mixture of coolant with MoS powder. The coolant is provided by AZURE Ltd,
which contains anti-corrosion additives to reduce friction and rust. The MoSz powder is 98.5%
pure with an average of 1.5 um particle size provided by OKS Spezialschmierstoffe GmbH Litd.
To mix MoS: powder with the coolant, DISPERMAT shear dissolver was used. According to
the previous study by Hussain et al. [88] on the investigation of lubricant effects on SPIF, a
high weight (20%) of MoS: powder has been used in water and alcohol to make liquid lubricant
and spray to increase the endurance of lubricant. The lubricant indicated better endurance,
however, the adherence on surface was pronounced. The other study by Azevedo et al. [91]
has commented that high condensation can be observed in the dispersion of lubricant powder
in water which affects the performance of the mixture lubricant. Diabb et al. [89] has proposed
that the small size powder has better solubility than other liquid agents. The shear dissolver can
provide a high shear force to dissolve the MoS; powder into the coolant by laminate orientation
without the phenomenon of condensation. The details of each lubricant are illustrated in Table
4-1.

Table 4-1. Details of lubricants

Lubricant Content Mix method State

1 Graphite grease Non Paste
2 Dispersion of lubricant 1 (20%) in machine oil 600 rpm of Paste
30 mins
3 lubricant 2 on surface with external lubricant 600 rpm of  Paste and
from water channel (2% MoS: powder in water 60 mins Liquid
coolant)
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4.2.2. Tool and SPIF system design

To deform high strength metal sheets like Ti-6Al-4V, a high forming force is required for the
process. Wear and friction tracks are a common phenomenon usually present on the formed
workpiece and forming tool [164-166]. The tool design is same as illustrated in Figure 3-1. To
improve working of lubricant in this process, a water container with a tube was connected to
the water-in valve to allow a water flow pass through the channel and smooth the ball-roller. At
the meantime, another tube connected the water-out valve to a water tank to pump out the
remaining water in the channel. The water tube was 5 mm diameter and connected to a pump

with power of 300 rpm throughout the whole process.

4.2.3. Experimental parameters

The following equipment, tool design and parameters are same as explained in chapter 3:

e The tool design is same as illustrated in Figure 3-1.

e The final shape is same as illustrated in Figure 3-3.

e The tool path is same as illustrated in Figure 3-3 with following modified parameters

as shown in Table 5-1.
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Table 4-2. Experimental parameters

EXPERIMENTAL PARAMETERS TARGET TEMPERATURE (700 °C)

Feed rate (mm/min) 1000
Step size 1.0
Power (kW) 55
Frequency (kHz) 700
4.3. Results and discussion

4.3.1. Temperature distribution and forming force

The temperature distribution for experiments with lubricants 1, 2 and 3 are illustrated in Figure
4-1. It can be seen that the temperature distributions for lubricants 1 and 2 are very close, the
temperature rose rapidly for around 30 s to a relatively steady-state stage and then increased
gradually, but marginally, until the end of the process. The temperature at the end of the
experiment (final 100 s) was around 20 T higher than the target temperature (700 <C). As the
forming area was getting smaller, according to the SPIF process, the temperature was more
concentrated thus resulting in a re-heating behaviour that increased the temperature. For the
lubricant 3 experiment, it took around 60 s to increase the temperature to the steady-state stage
and it maintained that level almost constantly until the end of the process. It was evident that
the water-cooling system was sufficient to balance the temperature increase throughout the
process. It should be noted that the measured temperature distributions were smoothed using

Savitzky-Golay smoothing filter [167] to reduce the noise.
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The forming force profiles from the experiments with lubricants 1, 2 and 3 are illustrated in
Figure 4-2. Lubricants 1 and 2 have relatively similar profiles, whilst lubricant 3 differs. This
is mainly attributed to the effects of water cooling throughout the process. As the sustainable
localised coolant support from the forming tool, the hot strain-hardening work on the workpiece
surface is reduced which results in a higher forming force, especially at the initiation stage. By
comparing the results with the previous study by Honarpisheh et al. [168], on electric heating
SPIF, and another by Al-Obaidi et al. [26], on induction heating assisted SPIF of Ti-6Al-4V
sheet, it could be found that the forming force at the initiation stage is unstable, as the dynamic
recrystallisation (DRX) at this stage is insufficient to form isotropic microstructure to maintain
a constant forming force. This is the same reason for the forming force growth in this chapter.
Due to the sustainable support of coolant, the temperature distribution on the surface of the
lubricant 3 experiment is maintained better than lubricants 1 and 2 thus resulting in a relatively

graduate growth of forming force. Please note that forming profiles are smoothed by Golay

smoothing filters to reduce the noise frequency.
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Figure 4-1. Measured temperature history for SPIF for lubricant 1, 2 and 3 experiments.
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Figure 4-2. The experimental forming force profiles for lubricant 1, 2 and 3 Forming.

4.3.2.  Surface roughness

For each formed workpiece (using lubricants 1, 2 and 3), three sections (5mm?) were removed
from the upper, centre and lower regions to determine surface roughness. All measurements
were taken using the Alicona Infinite Focus optical 3D surface measurement system with a 50
nm minimum vertical resolution and 0.03 pm minimum measurable roughness and 2% error.
The cut samples and optical microscope measured data for lubricants 1, 2 and 3experiments are
illustrated in Figure 4-3, Figure 4-4 and Figure 4-5.

It can be observed from Figure 4-3(a) that lubricant 1 produced the worst surface quality as
wear micro-cracks (light areas) and observable cracks with peels of surface (dark areas)
appeared on the workpiece surface. From the upper to lower region (Figure 4-3(b-d)), the

lubricant dissipated according to the process. However, since the heating temperature was
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higher than that recommended for the lubricant, the rapid dissipation resulted in a layer of
contamination that adhered to the forming tool and workpiece surface, which increased the
friction force that caused adhesive and abrasive wear. Similar results were observed in a study
by Najafabady and Ghaei [162], on high-temperature SPIF of Ti-6Al-4V sheets, providing
additional evidence that insufficient support from the lubricant is a common challenge in the
high-temperature SPIF process. As the process progressed from the upper to lower region, the
increase in temperature and dissipation of lubricant lead to severe wear tracks that formed
surface cracks incrementally, resulting in unfavourable surface quality.

For lubricant 2, the result is displayed in Figure 4-4(a), it can be seen that the surface quality
has been improved significantly than lubricant 1. There are no observable surface cracks in the
upper region as shown in Figure 4-4(b), and the centre and lower regions in Figure 4-4(c-d)
also reveal better surface quality. The lubricant oil from lubricant 2 has indicated a strong reason
to retain the presence of lubricant 1 in high-temperature SPIF work. Although lubricant 2 was
not functional throughout the whole process, the lubricant still exhibited enhanced performance
over lubricant 1.

The best surface quality was achieved with lubricant 3, as shown in Figure 4-5(a). It can be
observed that the wear tracks increased from the upper region to the centre region as shown in
Figure 4-5(b-c). A slight track of micro-cracks has been observed in the lower region as
illustrated in Figure 4-5(d). These results provide evidence that the sustainable coolant
lubricant support from the water-cooling system is sufficient to reduce friction on the
workpiece. Referring back to Figure 4-1, it appears that the coolant lubricant also functioned
to balance temperature within a steady range, enabling lubricant 3 to remain effective
throughout the whole high-temperature SPIF process. The surface quality of lubricant 3 is
observable better than lubricants 1 and 2, and the results are comparable with the study by Ao

et al. [60], on electric heat-assisted SPIF of Ti-6Al-4V sheets which has indicated significant
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current-carrying wear, and another study by Ambrogio et al. [147], on induction heat-assisted

SPIF of Ti-6Al-4V sheets where severe adhesive wear remained.
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Figure 4-3. OM observation for lubricant 1: (a) locations of sample collection; (b) upper region

sample; (c) centre region sample; (d) lower region sample.




Figure 4-4. OM observation for lubricant 2: (a) locations of sample collection; (b) upper region

sample; (c) centre region sample; (d) lower region sample.

Figure 4-5. OM observation for lubricant 3: (a) locations of sample collection; (b) upper region
sample; (c) centre region sample; (d) lower region sample.
The 3D surface topography roughness measurements of lubricants 1, 2 and 3 (upper, centre and

lower) samples are presented in Figure 4-6 to

Figure 4-8. The readings of average area surface roughness (S,) are shown in Figure 4-9. The
detail roughness values of root-mean-square height (S4), maximum peak height (S,), maximum

valley depth (S,), maximum height (S,) of each lubricant of lubricant are listed in Table 4-3.

In Figure 4-6(b-c), it can be seen that lubricant 1 produced a high density of surface cracks in
the centre and lower regions and these cracks expand a high difference between the workpiece
outer surface layer and substrate. lubricant 2, Figure 4-7(b-c), reduced the effects significantly,
and no observable surface cracks appeared when using lubricant 3,

Figure 4-8(b-c).
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Figure 4-9 shows that the growth of surface roughness was the same for all three lubricants.
The measurements of S, increased incrementally through the process. The increase in Sa with
lubricant 2 is less pronounced than for lubricant 1, and lubricant 3 results in the lowest growth
trend. These results agree with the observations were seen in Figure 4-3 to Figure 4-5.

By investigating the measured amplitude parameters of each sample in Table 4-3, it can be
observed that the Sq is following the same trend as Sa. This provides evidence that friction is
increased as the lubricant dissipates. It should be noticed that the S; values (difference between
Sq and Sv) upper regions of all three lubricants are in similar values, indicating the effective
performance of the lubricants at upper regions. The S; values for lubricant 1 centre and lower
regions are incredible high, providing clear evidence that surface cracks destroyed the
workpiece surface and left a valley between the outer layer and substrate. lubricant 2 generated
slightly less damage, with significantly improved results than lubricant 1 and lubricant 3 has
revealed the best performance in reducing surface damage. Please note that all presented data

were filtered by the Gaussian filter for inclined planar surfaces to reduce the noise.
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Figure 4-6. 3D surface topography surface roughness measurements for lubricant 1: (a) upper

region; (b) centre region; (c) lower region.
112



Height
Subrange,

& b Ao

Figure 4-7. 3D surface topography surface roughness measurements for lubricant 2: (a) upper
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Figure 4-8. 3D surface topography surface roughness measurements for lubricant 3: (a) upper

region; (b) centre region; (c) lower region.
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Figure 4-9. Average surface roughness measurements (Sa) for lubricants 1, 2 and 3 (upper,

centre, lower).

Table 4-3. Measured amplitude parameters of each lubricant sample

Sq(bm) Sy (pm) Sy (bm) S, (M)
lubricant 1 upper region 1.012 5.221 3.827 9.048
lubricant 1 centre region 2.116 6.098 5.751 11.849
lubricant 1 lower region 2.261 6.985 6.913 13.898
lubricant 2 upper region 0.806 5.005 1.509 6.514
lubricant 2 centre region 1.381 6.135 5.593 11.728
lubricant 2 lower region 1.913 6.774 5.622 12.436
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lubricant 3 upper region 0.504 2.155 1.334 3.444

lubricant 3 centre region 1.051 2.744 3.636 6.380

lubricant 3 lower region 2.247 4.185 4,913 9.231

4.3.3. Geometric profile

Geometric accuracy is a significant factor that reveals the overall performance and quality
characteristics of products made by the SPIF process. The FARO Edge-scan 8-axis laser 3D
scanning arm has been used in this study to measure the 3D geometric accuracy of the deformed
parts. The resolution of this system is 40 pm, with an error of = 0.2 um. Geomagic was then
used to process the cloud of points and obtain a highly accurate measurement of the final profile
and thickness distribution.

The geometric profile of lubricants 1, 2 and 3 are shown in Figure 4-10. The experimentally
measured profiles were obtained using FARO 3D scanning on the clamped workpiece to reduce
the spring-back effects from unclamping and cooling. As illustrated in Figure 4-10, there was
no significant difference between the three lubricants. By dividing the profiles into three stages,
it can be seen that all three lubricants were practically identical at stage 1 (upper region).
lubricant 3 then started to diverge slightly at stage 2 (centre region), before all three lubricants
became diverse from each other at stage 3. The reasoning can be explained by the temperature
and forming force profiles in Figure 4-1 and Figure 4-2. For the experiments of lubricants 1
and 2, the temperature support for the upper regions was insufficient to dissipate the full volume
of the lubricant on the surface. As the process progressed to the centre and lower regions, the
dissipation of lubricant was more pronounced, thus increasing the surface roughness
accordingly. The forming force distributions also indicated that the growth of lubricant 3 is
more stable than lubricants 1 and 2 from the upper to centre region which revealed that the
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water-cooling lubricant has support to cool down the tool and the corresponding workpiece
surface and balanced the temperature at the lower region. Therefore, lubricant 3 revealed a
superior geometric profile due to its relatively stable temperature and forming force
distributions which provided better control of the geometric accuracy.

It was observed that the successful application of rapid localised heating enhanced the
deformation process. Hence, it can be concluded that induction heat-assisted SPIF can deform
Ti—6Al-4V sheets with high geometric accuracy by increasing the DRX in the material
microstructure. This is a typical phenomenon that occurs in high-temperature SPIF as the
thermomechanical behaviour may induce high residual stress and stress relaxation in the
material, which can result in spring-back and pillow effects. Similar observations were also
reported in a previous study by Ortiz et al. [140], on the geometric accuracy of the high-

temperature SPIF process.
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Figure 4-10. Geometric profile for lubricant 1, 2 and 3 experiments.
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4.3.4. Thickness profile

For each lubricant, the thickness profiles, measured from the sheet edge to its centre were
determined, as illustrated in Figure 4-11. The sheet thickness was obtained using the FARO
3D scanner for two paths, with one path on the upper surface of the deformed workpiece and
the other one on the lower surface. The X, Y and Z coordinates were collected accordingly, and
the data obtained using Equation 1, the theoretical thickness profile can be obtained from the
sine law as shown in Equation 2. Cao et al. [141] studied the incremental sheet forming (ISF)
process and reported that the sine law is efficient to predict the thickness distribution of
deformed parts.

The sheet thickness distribution has been expressed in chapter 3, Eq. (3-7) and the theoretical
thickness distribution was expressed in chapter 3, Eq. (3-8). This equation was proposed in a
previous study by Hussain and Gao [32], to estimate the thickness distribution in SPIF. Lu et
al. [143] also applied the same principle to predict the theoretical thickness of double-side ISF.
Another study by Tolipov et al. [144], on multi-point forming, again verified the equation’s
efficiency in estimating the thickness distribution in sheet metal forming.

As illustrated in Figure 4-11, it can be seen that the sheet thinning is proportional to the cone
depth. The sine law predicted sheet thinning of 0.565mm for a 45° wall angle. By dividing the
profile into 3 stages, it is observed that all three lubricants had diverse growth at stage 1 before
converging into stage 2. However, the stage 2 progressed diversity was detected again at the
thinnest thickness area, before convergence at stage 3. Similar to the geometric profile, such
phenomenon can be attributed to the temperature and forming force profile, as shown in Figure
4-1 and Figure 4-2, respectively, but with opposite results since the lubricant effects are not
sensitive at the early stages. At stage 1, insufficient temperature and an unstable forming force
resulted in differing initial profiles for the three lubricants. Once the temperature and forming

force reach a steady-state between stages 1 and 2, good correspondence was achieved by all
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three lubricants. The lubricant dissipation effects were shown to be most pronounced at the
thinnest thickness area in stage 2. Here the temperature and forming profile were relatively
stable, but the unstable friction force from lubricant 1 was the main reason that caused the
change in its profile. Once the critical point is passed at Stage 3, all three lubricants tended to
converge as the DRX for all experiments is fairly initiated. Studies by Ao et al. [60] and VVahdani

et al. [61] also reported similar findings for the high-temperature SPIF process of Ti-6Al-4V

sheets.
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Figure 4-11. Thickness profile for lubricant 1, 2 and 3 lubricant experiments.
435 SEM

A tabletop Hitachi TM3030 SEM was used to analyse the microstructure of the as-received and
deformed samples. The SEM and EDX images of the investigation area were taken at
magnifications of 600x to 2000x with an accelerating voltage of 15 kV. The SEM samples were

divided into two groups, surface samples and cross-section samples. The surface samples group:
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The as-received samples and deformation samples (upper, centre and lower) of each lubricant
were cleaned with 70% alcohol and then ultrasonically cleaned with 100 W and 40 kHz for 20
mins to remove any contamination from the samples. During the SEM investigation, the area
with major surface cracks and contamination was the focus of EDX zone mapping. The cross-
section samples group: the cross-section of the as-received sample and deformation samples
(upper, centre and lower) for each lubricant were mounted, chemically and mechanically
polished with 0.04 pm Colloidal Silica (OP-S) suspension and etching using Kroll's reagent (2
ml HF, 10 ml HCI, 88 ml H20) to investigate the microstructural evolution throughout the

workpiece.

4.3.6. SEM investigation on surface samples

As shown in Figure 4-12, the black area is the remaining contamination that was impossible to
remove from the surface by cleaning. It can be seen that the contamination and surface cracks
became more pronounced from the upper to lower region. At the centre region, there was clear
growth of micro-cracks that stretch the deformation surface and contaminants were generally
located at the boundaries of the micro-cracks. As the growth of micro-cracks increased in the
lower region, a large area of the remaining contamination was observed. By cross-referencing
the surface roughness measurements in Figure 4-6, it could be concluded that the increase in
surface roughness is due to the growth of the microstructural cracks and residual contamination.
The phenomenon is pronounced for lubricant 1 as apparent cracks and contamination are
observed on the centre and lower region scanning area. Lubricant 2 (Figure 4-13) indicated a
better deformation surface as the phenomenon of micro-cracks was reduced by comparing with
lubricant 1 (Figure 4-12). The upper region could be deemed as clean as there was no detectable
‘black area’ and the micro-cracks at the centre region were reduced significantly. In the lower

region, due to dissipation of the lubricant, contamination was detected in different areas rather
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than one single area. This is clear evidence that lubricant 2 has shown a better surface quality.
For lubricant 3, shown in Figure 4-14, no detectable micro-cracks were observed in the upper
region and the growth of micro-cracks at the centre and lower region was significantly reduced,

which produced the best surface quality among the three lubricants.

A D11.3x600 100 pm

D12.0x600 100 pm D12.0x600 100 ym

Figure 4-12. SEM images of the deformation surface for lubricant 1: (a) upper region; (b)

centre region; (c) lower region.
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23
D12.0 x600

Figure 4-13. SEM images of the deformation surface for lubricant 2: (a) upper region; (b)

centre region; (c) lower region.
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A D120x600 100 pm A D121x600 100 pm

Figure 4-14. SEM images of deformation surface lubricant 3: (a) upper region; (b) centre

region; (c) lower region.

4.3.7. EDX zone mapping

To investigate the content of the elements of the sample surfaces, EDX analysis was applied to
the same scanning area as the SEM investigation. Note that the red colour is the Molybdenum
(Mo) element, the green colour is the Carbon (C) element and the blue colour is the Titanium
(Ti) element.

It can be seen from Figure 4-15 that in the upper region of the lubricant 1 sample there were
detectable levels of the elements Mo and C, which are the main components of the lubricant

contamination [169]. The growth of the contamination was more apparent at the centre and
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lower region, where the area with micro-cracks has been covered by these elements. This is
clear evidence that the contaminations are caused by the dissipation of lubricants due to the
temperature during the process. The loss of lubricating function led to micro-cracks developing
on the deformation surface and the contaminants have adhered to the boundaries of the micro-
carks thus resulting in great growth of contamination according to the process. The use of
lubricant 2, shown in Figure 4-16, illustrates a comparably low content of contamination in the
upper region indicating there was good functioning of the lubricant at the starting stage.
However, in the centre and lower regions, contaminants still adhered to the surface due to the
dissipation of lubricant. The volume of contamination is significantly reduced for lubricant 3,
as shown in Figure 4-17. It can be seen that the detectable content of contamination was very
low in the upper region and the growth of contamination was very limited in comparison with
lubricants 1 and 2. A previous study by Careri et al. [170], on the investigation of tool wear in
IN718 heat treatments, revealed similar results, and the study concluded that high temperature
was the main reason for adhesive wear between the workpiece surface and the tool, and the
force from the deformation speed enhanced the adhesive wear, resulting in abrasive wear. Other
studies [171, 172], on the deformation and sheet forming of titanium alloys, were in agreement
that high deformation force and temperature result in the formation of micro-cracks that
encourage contaminants from the lubricant to adhere and accumulate at the boundaries of the
micro-cracks. A study by Wang et al. [173] on the materials removal process also indicated that
water cooling has balanced the thermal expansion of the tool in a toolpath with rapid rotating
movement. This is evidence that the water-cooling lubricant from the water channel has
sustainable support to reduce the thermal effects on the ball-roller tool tip, and enhance the

rotating movement in the hot SPIF process.
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Figure 4-15. EDX zone mapping of the lubricant 1 adherence on the surface: (a) upper

region; (b) centre region; (c) lower region.
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Figure 4-16. EDX zone mapping of the lubricant 2 adherence on the surface: (a) upper

region; (b) centre region; (c) lower region.
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Figure 4-17. EDX zone mapping of the lubricant adherence on the surface: (a) upper region;

(b) centre region; (c) lower region.
4.3.8. SEM investigation on cross-section samples

To investigate the microstructural evolution through the thickness of the material the lower
region samples regarding to each applied lubricant were compared with the as-received sample.
As observed in Figure 4-18(a), the as-received sample indicated a microstructure composed of

the high content of primary o phase with random equiaxed grain shape and an estimated o grain
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size from 5 - 10 um. The detectable intergranular (3 phase grains are distributed at the boundaries
of the o phase. At the lower region samples of all lubricants in Figure 4-18(b-d) revealed a
noticeable growth of finer a grains detected and the grain size was significantly reduced. There
was no significant difference in the microstructures between lubricants 1 and 2, providing
evidence that the temperature profile is relatively the same for these two lubricants which
initiated close DRX behaviour. Lubricant 3 indicated a microstructure with relatively coarse
intergranular 3 grains which revealed the effects of the water-cooling lubricant system that
enhances the cooling rate of the surface.

Ambrogio et al. [4] and Honarpisheh et al. [133] have investigated the hot SPIF process of Ti—
6Al-4V sheets and commented that a phenomenon of slight oxidising on the deforming surface
which was caused by the heating temperature above 700 <C. By comparing with microstructural
evolution between the images in Figure 4-18(b-d), it could be seen that there was no observance
of the oxide layer and a-case on the top surface, which means the temperature has been
controlled well without exceeding to form alpha-case at the deformation direction. In addition,
there is no observed reaction between the surface and the lubricant to form an oxide layer. By
investigating Figure 4-18(d), it can be seen that the cooling from the tool resulted a relatively
coarse intergranular  grains than the observations for lubricants 1 (Figure 4-18(b)) and 2
(Figure 4-18(c)) which indicated a microstructure with slight initiation to form martensite
feature due to the rapid cooling at these areas. Such phenomenon reduced the temperature
increase at the ending stage and produced a relatively balanced temperature distribution. The
observed DRX behaviour in Figure 4-18(b-d) was attributed to the temperature raising rate
from the SPIF process, lubricants 1 and 2 have slightly higher raising rates and lubricant 3 has
relatively stable temperature distribution, thus the DRX behaviour was pronounced at lubricant
1 and 2 to produce finer a grains and the nucleation of DRX has been reduced for lubricant 3.

Since Figure 4-18(b) (lubricant 1) and Figure 4-18(c) (lubricant 2) produced a close
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microstructure, thus, the comparison of cross-sectional thickness is focus on lubricants 1 and 3
as shown in Figure 4-19(a, b). It can be noticed that lubricant 1 has revealed finer grains in the
thickness section and lubricant 3 has overall coarse grains with a slight phenomenon of
secondary a;; Lamellae which indicated the rapid cooling is still sufficient at the thickness
section. The results are in agreement with a study by Qu et al. [148] and Oberwinkler et al.
[174], on the microstructure and oxidation behaviours of titanium alloy at low temperatures.
Another by Ding and Guo [175] on the investigation of hot deformation of Ti—-6Al-4V alloy
concluded that the heat-treatment of Ti—6Al-4V alloys above 700 < was sufficient for DRX
initiation in producing finer grains and enhancing the ductility and formability for deformation.
Therefore, the sustainable water-cooling lubricant support from lubricant 3 was sufficient to
produce constant temperature support from the beginning to the centre region and balanced the
temperature at the lower region with reduced DRX behaviour. The system improved the surface
quality, geometric accuracy and thickness profile at an even growth of DRXed grains in

microstructural evolution when compare with lubricants 1 and 2.
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Figure 4-18. SEM images of the top surfaces of cross-section: (a) as-received; (b) lubricant 1,

(c) lubricant 2; (d) lubricant 3.

A D85 x25k  30um A D75 x25k 30

Figure 4-19. SEM images of the thickness of cross-section: (a) lubricant 1; (b) lubricant 3.

4.3.9. Micro-hardness

A Wilson® hardness tester was used in this project to provide highly accurate hardness results
of the as-received and deformed samples. The measurements follow the GB/T 4340.1-2009 HV
0.1 metal hardness testing standard with a testing load of 100 gm. The machine reading error is
0.5%.

The micro-hardness measurements were determined by making indents on the surfaces of each
deformation and cross-sectional sample. The orientation of the indents was in a step-down
arrangement, covering measurements from the upper sample edge to the lower edge. A total of
9 indents were applied to each sample. To illustrate the most significant effects of the samples,
only the lower samples were tested.

In Figure 4-20(a), it can be seen that for all three lubricants the micro-hardness profile of the
deformation surfaces followed a similar flat trendline. lubricants 1 and 2 had very close results
whereas lubricant 3 had higher readings. This is supportive evidence that the water-cooling
system is sufficient to reduce the temperature on the ball-roller and further lead to a reduction

in the contacting area. The temperature reduction during the hot SPIF process caused a slight
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quenching effect which increased the strain hardening work thus indicating higher reading
measurements. Dai et al. [153] and Abbas et al. [176] have investigated the heat treatment and
hardness of Ti—-6Al-4V alloy and commented that the quenching has a strong effect on
increasing the hardness due to the rate of quenching. Julien et al. [177] and Wang et al. [178]
also commented that the quenching enhances a rapid lamellar coarsening in the microstructural
evolution which increased the dislocations during the plastic deformation and enhances stress
relaxation. Even though the water-cooling lubricant system is insufficient to provide a rapid
cooling on the deformation surface, the slight decrease of temperature on the contacting area
between the ball-roller and workpiece still presented relatively higher hardness measurements.
Reviewing the micro-hardness profiles for the cross-section samples in Figure 4-20(b), it can
be seen that the use of lubricants 1 and 2 resulted in a low-high-low distribution profile, whilst
lubricant 3 exhibits a high-low profile. Such behaviour can be attributed to the working
mechanism of induction heating. In the system, the magnetic field penetrates the workpiece
generating a rapid alternating eddy current at the centre of the material, which is then spreading
to the outer regions. Thus, due to the mechanism of induction heating and movement of the
tool, the highest thermomechanical strain will occur in the centre region in the lubricant 1 and
2 experiments. However, for the lubricant 3 experiment, the water cooling on the workpiece
applied a strong strain hardening on the workpiece surface and diffused in the thickness. Such
a phenomenon enhanced the hardness readings of the lubricant 3 on the deformation surface
and top surface of the workpiece. By passing through the centre region, the readings have been
reduced and tend to get close to lubricant 1 and 2 experiments.

Overall, it can be noticed that the readings on the deformation surfaces were slightly higher
than for the cross-section surfaces. A previous study by Dai et al. [153], on microstructure and
hardness of Ti—-6Al-4V sheet surface under heat-treatment work, reported that the average

hardness readings on the deformation surfaces are higher than on the substrate region, due to
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the surface finishing process that induces thermal-strain. Such behaviour may result in limited
oxidation that enhances the a-stabilising of Ti-6Al-4V, thus increasing surface hardness. It was
observed that the deformation process in this analysis applied a strong strain hardening force
on the workpiece, which resulted in higher micro-hardness readings.

A previous study by Najafabady and Ghaei [154], on the investigation of effects on the hardness
of Ti-6Al-4V alloy by heat incremental forming, reported that strain hardening was pronounced
above 600 <C, and was effective in increasing the micro-hardness. Another study by Sabat et
al. [155], on the texture and microstructure evolution of Ti-6Al-4V alloys, revealed that the
strain hardening and grain deformation induced higher micro-hardness readings at 600 <C.
However, the temperature was insufficient to generate the full DRX process, resulting in the
creation of a deforming microstructure, demonstrated by the presence of a strong deformation
texture. Using a higher temperature of 700 <C accelerated the dislocation mobility and resulted

in full DRX, which manifested in grain refinement, as shown in the measurements readings.
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Figure 4-20. Micro-hardness profile for (a) deformation surfaces of lubricant 1, 2 and 3

experiments; (b) cross-sections of lubricant 1, 2and 3 experiments.

4.4, Conclusion

e The lubricant grease (lubricant 1) was not sufficient to support the whole induction heat-

assisted SPIF process as it dissipated rapidly halfway through the working process.
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Significant adhesive and abrasive wear were detected and huge areas of surface cracks
appeared on the workpiece.

e The mixture of lubricant grease with lubricant oil (lubricant 2) produced better surface
quality and the resistance to dissipation is much longer than the lubricant 1.

e The best performance was achieved by applying the water-cooling system in lubricant
3. The water-cooling lubricant was efficient to reduce the temperature on the ball-roller
and the corresponding contact area on the surface and produced a better surface quality.

e The stable temperature distribution in lubricant 3 has produced a stable forming force
behaviour which induced better geometric and the thickness profile.

e The microstructural evolution indicated that lubricant 3 has revealed coarse 8 grains
with regional a;; grains which indicated a slight quenching effect that increasing the
strain work hardening.

e The micro-hardness measurements on deformation surfaces for all lubricants are in flat
distribution and higher than the cross-section values which indicated a slight increase
from the adherence of lubricant. Lubricant 3 indicated the highest values where the rapid
cooling rate enhancing the hardness on the deformation surface.

e The micro-hardness measurements on cross-section surfaces for lubricant 1 and 2
indicated low-high-low profiles due to the centre mass heating from induction.
Lubricant 3 indicated high-low profile which indicated a diffusion from the cooling
work that improved the micro-hardness on the deformation and top surface. The
readings were reduced and getting closer to lubricant 1 and 2.
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Research contributions:

This chapter aims to complete the objective 5 which covers the following insights:

e A new method to link the experiments and multi-scale modelling includes CPFEM,
RVE and CA models to study the plastic deformation and microstructural evolution of
heat-assisted SPIF system.

e Experimental and numerical studies of the recrystallisation, grain refinement,
dislocation density and crystallographic texture of heat-assisted SPIF with dynamic
strain rate and temperature.

e The relationship between the experimental parameters (strain, strain rate, temperature)
and microstructural behaviours (recrystallisation, grain size, dislocation density,

crystallographic texture, grain boundary angles) are studied.
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Abstract

During heat-assisted incremental sheet forming (SPIF) process on high-strength alloys, thermal
and straining induce pronounced springback and risk of crack which are attributed to the
unstable microstructural evolution in the sheet metals. To relate the thermomechanical
behaviour with microstructural evolution for Ti-6Al-4V sheet, multi-scale models based on
crystal plasticity finite element model (CPFEM), representative elementary volume (RVE) and
cellular automaton (CA) were established in this chapter. An experimental-scale CPFEM was
built in advance to provide macro grain level strain, strain rate and temperature outputs data
which were then used in representative elementary volume (RVE) and cellular automaton (CA)
as inputs to simulate the microstructural evolution throughout the SPIF process. The output
results including the pole figures, dynamic recrystallisation (DRX) maps and statistics results
of the alpha (a)) phase of the Ti-6AIl-4V (a-Ti) alloy from stage to stage throughout the 700°C
SPIF. The obtained statistics results of dislocation density, grain orientation angles, and grain
size were verified with the electron backscatter diffraction (EBSD). The CA analysis revealed
the DRX growth and discovered that the incremental increase of the strain rate has significant
effects to the dislocation density that produced a proportional relationship to the DRX
percentage. The results revealed that the strain rate has strong domination in affecting the slip
of grains orientation which overcomes the effect of temperature increase in this SPIF process.
Further, it was found that the large amount of DRXed grains were generated at the grains
boundaries that reduced the mean grain size and increased the DRX percentage which produced
an inversely proportional relationship to the dislocation density. The thermomechanical
behaviour on the SPIF workpiece was increased incrementally that is insufficient for DRX
initiation at the upper region and the behaviour was enhanced at the centre and lower region
which can be corresponded to the microstructural evolution throughout the process.

Keywords: incremental sheet forming; crystal plasticity; cellular automata; grain size;
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5.1. Introduction

Ti—6AI-4V alloy is a high strength material that is widely applied in the aerospace and medical
sectors. Ma et al. [179] have studied the crystal plasticity of titanium alloys and commented
that the deformation of such material is usually performed at a high temperature to avoid the
formation of strong deformed textures, which may result in an anisotropic mechanical
behaviour due to the slip changes in the hexagonal closest packed (HCP) structure of a-Ti.
Zhan et al. [180] have investigated the DRX of incremental sheet forming of Aluminium alloy
sheets under room temperature, the results indicate that the DRX is raised during the process
and refine the grains along the toolpath which enhance higher strength and better plasticity of
the material. For heat-assisted SPIF processes, the current challenges have remained on the
shortage of studies on the thermomechanical behaviour and the relevant microstructural
evolution throughout the process from stage to stage. Therefore, it is essential to study the
relationship between thermomechanical behaviour and its effects on microstructural evolution

and establish a numerical model to complete the loop in this scientific field.

Yang et al. [181] found that the initiation of DRX and microstructural evolution of Ti-6Al-4V
are usually observed when the thermomechanical behaviour is above 700 °C. A pronounced a-
phase DRX can be detected, and the process influences the mechanical properties significantly.
In recent years, CA models are generally studied to simulate the DRX process of alloys. For
instance, Ding and Guo [175] investigated the microstructural evolution of a Ti—-6AI-4V
titanium alloy during S -phase processing by using CA models, the simulated results
successfully represented the microstructural evolution under experimental conditions. However,
the stress-strain relevant parameters were obtained from experimental observed results, which
induced calculation errors on grain growth kinetics and dislocation density calculations in CA

models. The results led further impact on the accuracy of DRXed calculation. In order to reveal
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precision grain level behaviour of hot compression of Ti-6Al-4V alloy, Chuan et al. [113] and
Said et al. [182] have investigated a novel approach involving combining CPFEM method to
provide crystal orientation and grain level strain distribution as CA model input, the simulated
results revealed accurate grain growth and re-grain size through comparing with experimental
data, the calculated recrystallisation kinetics and flow stress successfully predicted the regime
of the material microstructure evolution. Chen et al. [183] has proposed multiscale modelling
to simulate discontinuous dynamic recrystallization during hot works by coupling multilevel
cellular automaton which also proves that the novelty of study on multiscale modelling of hot

deformation metal forming processes.

In this chapter, the DRX of a-phase Ti-—6Al-4V alloy during hot SPIF will be simulated by
combining CA and CPFEM. An experimental-scale finite element method (FEM) model was
established by implementing the VUMAT subroutine in ABAQUS to simulate the SPIF
experimental process. The grain level strain distribution will be obtained from the elements,
each localise element presents one grain. The received strain distribution will be used as an
input to implement an EBSD based RVE to obtain the crystallographic texture. Further, the
CPFEM grain level strain outputs can be used as inputs to simulate the microstructural evolution
during the heat assisted SPIF process. To validate the CA model, the simulation results
including grain size, dislocation density and DRX fraction were compared with experimental
results. Finally, this chapter aims to study the relationship between the grain level parameters

and the thermomechanical behaviours from experiments.

5.2. Materials and Methods

5.2.1. Materials

All workpieces in this chapter are standard Ti-6Al-4V alloy sheets with dimensions of

150 mm X 150 mm X 0.8 mm with same chemical composition as stated in Table 3-1.
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5.2.2. Experimental parameters

For hot sheet forming process of Ti-6Al-4V, the common temperature has been used is around
400 - 500 °C which is sufficient for plastic deformation behaviour [145, 184]. However, the
obtained results did not reveal high geometric accuracy as the forming temperature is
insufficient to produce enough DRX level to reduce the forming force. The titanium a-phase
HCP crystal plasticity model has been established in the previous study by Amouzou et al. [185]
which has validated that a pronounced phenomenon of DRX was achieved at hot deformation
of 700 °C. The studies [65, 186] have investigated the microstructure of Ti-6Al-4V under 700
°C induction heating assisted SPIF, which indicated a pronounced DRX level at 700 °C. Thus,
this study aims to develop the localised crystallographic texture and DRX behaviour of Ti-6Al-
4V thin sheets under 700 °C SPIF process. The feasible model will be able for users to apply in
other metal forming process with modification of materials properties. As the processing
temperature is lower than the p-phase transition (980 °C), only the a-phase HCP structure is
considered for the crystallographic sliding to simplify the calculations. As the hot SPIF process
combines thermomechanical deformation and dynamic straining behaviour which contributes
to the complexity of the microstructural level simulation. Sun et al. [187] have investigated the
shear banding in titanium under deformation and dynamic compression which commented that
the shear banding behaviour is pronounced at slip in basal and prism planes where the other
planes can be neglected. Zhang et al. [189] Zhang et al. [189] have investigated the deformation
and shear bands in the texture of a-phase HCP, The study commented that three families of the
slip system: basal < a >, prismatic < a >, pyramidal < ¢ + a > are recommended to focus as
main slip systems for deformation under phase transition temperature. By applying same

families of the slip system, 3 basal, 3 prismatic, and 6 pyramidal were considered in this chapter.

The following equipment, tool design and parameters are same as explained in chapter 3:
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e The tool design is same as illustrated in Figure 3-1.

e The final shape is same as illustrated in Figure 3-3.

e The tool path is same as illustrated in Figure 3-3 with following modified parameters

as shown in Table 5-1.

Table 5-1. Machine setting and experimental parameters

PARAMETERS VALUES
Tool feed rate (mm/min) 2000
Step size (mm) 0.5
Temperature (°C) 700

5.2.3. CPFEM of experimental scale SPIF

For a thin sheet material in this study, the VVoronoi tessellation method is not efficient as the
Voronoi cells at the thin edge are unable to be fully demonstrated for an experimental scale.
Thus, FEM was established to present experimental scale CPFEM simulation. Each element in
the CPFEM can be used to collect grain level strain variables for a specific area, and the
elements at the edge can be accumulated to present the crystal plasticity behaviour through
thickness. The accumulative strain variable output will be used as input variables in an RVE
model to simulate the results in detail. In the experimental scale CPFEM, coupled temperature-

displacement implicit regime is selected. The tool is defined as a rigid body and assigned a
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temperature boundary condition of 700 °C and the temperature is transformed to the workpiece
by contact. Since the heat transfer is synchronised with the tool movement and the heating area
Is the same as the tool tip. Therefore, contact behaviour is the best way to simulate heat transfer.
The friction coefficient was set as 0.1. The four sides of the workpiece are constraint
(Displacement to x, y, z = 0) as shown in Figure 5-1(a). The orientation of elements is displayed
in Figure 5-1(b), a total of 90000 elements (x-axis: 150 elements, y-axis: 150 elements, z-axis:
4 elements) have been applied to the workpiece. The equivalent plastic strain of the deformed

SPIF simulation is illustrated in Figure 5-1(c).

Figure 5-1. CPFEM of heat-assisted SPIF (a) boundary conditions, (b) finite element mesh

(c) equivalent plastic strain from deformed SPIF simulation.

The elastic constants in Table 5-2 were obtained from the study Chatterjee et al. [190] on
experimental tensile and CPFEM simulation of Ti-6Al-4V where the conditions are met with
this chapter. The slip systems parameters in Table 5-3 were obtained from Thomas et al. [191]
on hot deformation and CPFEM analysis of Ti-6Al-4V under similar experimental temperature

and strain conditions as this chapter, the results are shown in Table 5-2 and Table 5-3.
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Table 5-2. Elastic constants (GPa) for the a phase of Ti-6Al-4V

Cu Cu C Cus

170.0 98.0 86.0 42.5

Table 5-3. The parameters for slip systems in the o-Ti grains

slipsystem  m  g§(MPa) y(s™) ho(MPa) r §(MPa) n K%(MPa,/um)

Basal (a) 0.02 284.00 0.0023 100.0 0.1 450.0 0.01 164.5

Prism. (a) 0.02 282.24 0.0023 100.0 0.1 550.0 0.01 164.5

Pyr. (c+a) 0.02 623.30 395.00 100.0 0.1 1650.0 0.01 1645

5.2.4. Representative Volume Elements (RVE)

The CPFEM of SPIF was used to provide the grain level mechanical behaviours approximately.
To simulate the detailed microstructural development, the RVE model was established using

the mechanical output from the CPFEM of SPIF.

The structure of RVE was generated by incorporating the EBSD output as input data into the

DREAM.3D and extruding the result as an ABAQUS input file. This software was used to
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reconstruct the EBSD output and make segments and mesh the features of the dataset. The
details of the software can be found in the documentation of DREAM.3D which is induced by
the previous study Groeber and Jackson [104] on 3D materials microstructure modelling. As
shown in Figure 5-2(a), a sub-grain part from the EBSD data of the as-received sample was
used to create the RVE model. This part is 100% o-phase with strong HCP texture and contains
356 grains, the orientation of these grains is then used as input data in DREAM.3D to create an
RVE structure, presented in Figure 5-2(b). The created RVE from DREAM.3D was saved as
an ABAQUS input file to create a FEM for analysis as illustrated in Figure 5-2(c). The FEM

iIS23 um X 23 um X 23 pum with 12167 elements.

The same material properties and mechanical behaviours from the CPFEM of SPIF were used

in this RVE model to simulate the detailed microstructural development.

Figure 5-2. The process of generation of RVE (a) EBSD IPF (Inverse Pole Figure) map of the

as-received sample, (b) RVE created by DREAM.3D, (c) ABAQUS model.

5.2.5. Single-crystal constitutive model

Single-crystal constitutive can be defined as a mesoscale approach which explicitly models
discrete grains and slip systems and accounts for the anisotropy of single-crystal properties and

crystallographic texture. The model has been applied in recent studies [102, 103] on SPIF
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process which successfully simulated the crystal plasticity behaviour throughout the thin
thickness. This model is more predictive and robust than macroscopic plasticity to simulate the
evolution of crystallographic texture and models both anisotropic elasticity and plasticity. The
main objective kinematics of the single-crystal plasticity constitutive model is finalised on the
dislocation mechanism which has been investigated by Zhuang et al. [192]. The foundations of
constitutive laws can be traced to the works by Hill and Rice [193] on the investigation of the
constitutive laws of elastic-plastic crystals at arbitrary strain. Peirce et al. [194] has improved
the constitutive laws and applied Kréner-Lee decomposition which is induced by calculation of
deformation of gradient tensor F of a single crystal from Kr&ner-Lee decomposition Kréner
[195] on the study of elastic-plastic behaviour of crystals. To simplify the constitutive
calculations of single-crystal deformation, two independent atomic mechanisms are assumed:
(1) general elastic lattice distortion (2) plastic deformation with no effect on lattice geometry.
Under isothermal conditions, the intermediate configured lattice orientation in the can be
assumed as the same as the initial state. The deformation of single-crystal [193] is dominated

by dislocation glide, under deformation gradient tensor F and its derivatives as expressed as:

F =F¢.FP (5-1a)
detF? =1
(5-2b)
J = detF = detF*

(5-2¢)

Where FF is the plastic deformation gradient, which denotes the crystalline slip plane plastic
shear deformation, and where the non-plastic component, F¢ is a non-plastic component,
denotes the lattice elastic stretch and rotation. J denotes the ratio of the deformed to the
undeformed volume. By assuming no change in volume during plastic deformation, the

macroscopic velocity gradient L can be expressed as:
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L=F-Fl=[¢+1]P (5-3a)
1€ = Fe . Fe—l

(5-3b)
P = Fe.fp . fpp-1. pe-1

(5-3c)

Where L¢ is the velocity gradient for the elastic part of the crystal, L? is velocity gradient for
the plastic part. y“ denotes the a slip system shear rate. Asaro and Rice [196] on analysis of

strain behaviour in single crystals have defined the plastic deformation for the crystal slip

system using shear rate as:

. = (5-4)
Fp . Fp—l — Z )-/asa ® ma
a=1

Where s¢ is the unit vector for slip direction and m® is the unit vector for slip plane for a*
slip system. During single-crystal deformation, the lattice would be rotated and stretched. The

normal vector §% and 1 to the a® slip system has been expressed by Nanson's formula as

displayed in Eq. (5-5a) and (5-5b).

§% = Fe . 5@ (5-5a)

m@ = detFe .- m@® . pe-1
(5-5h)

By approximating the elastic deformation is detF¢ = 1 which is made in Eq. (5-2b). Eq. (5-5a)

and (5-5b) can be transformed as:

144



§@ = pe. @ (5-6a)

Mm@ = @ . pe-1

(5-6b)
Further, Eq. (5-6a) and (5-6b) can be rewritten as:
@ = je. 5@ (5-7a)
n@ = _p(@ . e
m m (5-7h)

By combining the Eq. (5-5), (5-6), (5-7), the final equation of plastic velocity gradient tensor

LPcan be expressed as shown in Eq. (5-8).

1P=ySE  S§=mE@ng (5-8)
a

Where m; denotes the vectors of slip direction and n; denotes the vectors the slip plane normal

in the slip systems with a variable of 0. o*" denotes the sequence of slip system, S; is the slip
resistance in unit of Schmid tensor. The elastic strain can be expressed as:

1 (5-9)

B = yF -1

Where E* is the elastic strain, I denotes the 2" order tensor of identity. The grain level stress
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of elastic constitutive laws can be expressed as:

T* = CE* (5-10)

Where T* in EqQ. (5-10) denotes the crystalline Cauchy stress, C is a fourth-order elasticity
tensor. The stress measure and the elastic work conjugate to the elastic strain can be expressed

as.

T* = (detF*)F*~1TF*T (5-11)

Where T is the grain level symmetrical Cauchy stress tensor and the resolved shear stress is

given by:

1% = T*: S& (5-12)

To investigate the grain level deformation, the movement of each grain is considered as rigid
rotation and orientation evolution. The shear strain rate and the shear stress must be integrated

into the slip system, the equation of the deformation can be expressed as:
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F* = R*U* (5-13)

Where F* denotes the non-plastic deformation gradient, R* is the lattice rigid rotation, U™ is

the stretch tensor, the following equation expressed the orientation of grains:

Q =R'QRI" (5-14)

Where Q denotes the grain orientation formed rotation tensor in terms of Euler angles. The

following equation has expressed the strain rate using power-law flow rule:

1 -
LY ) (5-15)
Y% =70 (s_“> sgn(t%)

Where y% and y, denote the shear rate and reference shear rate for a™ slip system, y denotes
the coefficient of material rate sensitivity, T denotes the « slip system acting resolved shear

stress, s* denotes the dislocation acted deformation resistance. The equations are given by:

R %,ub\/ﬁ (5-16a)
With
1 T Uy
Sg = N(ul exp (— T—O) + \/_E)
(15b)
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Where u denotes the shear modulus, b represents the Burger’s vector, Eq. (5-16b) was
proposed by Kocks and Mecking [197] on the study of work hardening, where s, is the slip

resistance that is dependent on initial grain size, p* denotes the density of dislocation for at"

slip system. N represents the number of slip systems in total and the term u, exp (— Tl)
0

represents the slip resistance that is dependent on the temperature, where wu, is a constant for

fitting, T and T, represent the working temperature and the reference temperature. 3—%

represents the slip resistance that dependents on the size effect. u, denotes the coefficient of
Hall-Petch, d represents the average grain size. To simplify the calculations, the initial slip
resistance of each slip system was assumed as the same which has been proposed by Hénery
et al. [198] on the investigation of the slip behaviours with the degree of micro-texture in Ti—
6Al-4V. The development of dislocation density is governed by the annihilation and
multiplication of dislocation movements. Mishra and Ma [199] on the analysis of dislocation

evolution has induced K—M model to express the multiplication term:

dp* = ki [pé (5-17)

Where dp* denotes the density of dislocation in the increasing order, ki represents the work
hardening constant, p represents the density of dislocation, € denotes the strain rate. To describe

the term of dislocation annihilation, the following equation has been proposed:

dp~ = —k,pe (5-18)
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Where dp~ denotes the dislocation density in decreasing order, k, can be defined as a function

which depends on the working strain rate and temperature. k, can be expressed as follows:

ky = kzo [e exp (%)]i (5-19)

Both k,, and w are constants for fitting, Q,.. denotes the deformation formed activation

energy, R represents the gas constant.
5.2.6. CA model

cellular automaton is a discrete model of computation studied in automata theory to provide
analysis for homogeneous structures and iterative arrays [200]. As the crystal plasticity
behaviour is calculated by CPFEM, the output from the CPFEM is then used as input in the CA
model to predict the DRX process. To address the recrystallisation nucleation and subsequent

growth, two assumptions are proposed:

(1) The dislocation density of primary grains are uniform and identical. DRX occurs as the
value reaches the critical level. Each DRXed grain is depending on continued
deformation with variation for each grain and the mechanism is fully applied to the
changes in dislocation density.

(2) The occurrence of DRX nucleation on the grain boundaries is applied for all primary

and DRXed grain boundaries.

The modelling nucleation rate has been proposed by Peczak [201] on the study of deformation

temperature on dynamic recrystallization which can be described as:
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1(T) = 1(Ty) exp [_ g;: (TTm _ 1)] (5-20)

Where n(T) denotes the nucleation rate, n(T,,) represents the nucleation rate at melting
temperature T,,, Q.. denotes the activation energy. The previous study by Derby and Ashby
[202] on DRX analysis has proposed that the nucleation rate can be assumed as linearly
proportional to the strain rate function n = C&™. According to the study by Peczak and Luton
[203] on the investigation of nucleation models of DRX, m can be assumed as 0.9. Another
study by Peczak [201] proposed that the nucleation rate for DRX can be induced by the

temperature and strain rate as follows:

Qact) (5-21)

n(e,T) = CeMexp (— RT

Where C is a constant which can be determined from the nucleation rate n( s~ m~3) at a
specific DRX level, the exponent m can be assumed as 1 to demonstrate the full plastic flow
during DRX which is suggested by the study Ding and Guo [204] on DRX simulation. The
DRX fraction can be expressed as:

€4 (5-22)

n :T'lg'gﬂfrd

Where 1 denotes the DRX fraction, € represents the true strain, £ denotes the strain rate, rq is

the mean radius of DRXed grain. Derby [205] has studied the steady state grain size under DRX
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has proposed that the Eq. (5-22) can be relevant to flow stress as follows:

ﬁ(&)" _x (5-23)
u

b
Where o denotes the steady-state flow stress, u represents the shear modulus, b is Burger's

vector and the exponent n can be considered as g and K is a constant (range from 1 to 10) for

titanium alloys. In this chapter, the nucleation of a-DRX occurs as a critical level of dislocation

density or strain is initiated, the equation is given by:

201 \3 (5-24)
Pe = (3b5lMu2>

Where p. denotes the dislocation density at the critical level, A represents the grain boundary
energy, [ denotes the average free path for dislocation, and M denotes the mobility at the grain

boundary. The nucleation rate can be expressed as:

Qm) (5-25)

Where n is the nucleation rate, C; and ¢ are constants. The deformation of neighbouring grains
iIs initiated by the stored energy and it is governed by the recrystallisation nucleation which can

be expressed as:
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1 5-26
Qdeform = EPGND/'Lbzl/} ( )

Where Qgerorm 1S the stored energy under deformation, ip denotes the material molar
volume, psnp represents the geometrically necessary dislocations (GND). According to the
previous study Hallberg and Ristinmaa [206] has investigated the influence of dislocation
density in a reaction-diffusion system, the DRXed grain can be assumed as spherical and the

driving force is given by:

dE; dEY°' +dEST (5-27)

d 18] d 4]

Where P denotes the driving force, dEY°' represents the evolution in the volume
energy, dE;" is the evolution in the energy of grain boundary. The above equation can be re-

arranged as:

dEY°! = 4nr?(p,, — py)ub? (5-28)

Where p,, is the matrix grain of dislocation densities, p,- is the matrix grain of DRXed grains.

The retarding force can be expressed as:

dE;Y" = —8nridr (5-29)
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Where dE;"" is the retarding force, r is the grain radius, Varshni [207] has defined the shear

modulus under material temperature as Eq. (5-30):

5.821 5-30
©=49.02 — GPa (5-30)

exp (%) -1

Where u denotes the shear modulus. By applying the Read—Shockley equation, the grain

boundary energy is given by:

0> 15° (5-31)

Am
=1, 9(1 1 9) 9 < 15°
L

Where A denotes the grain boundary energy, 4,, corresponds to the boundary energy above

15°and it is given by:

ubb,, (5-32)

Am = 4mr(1 —v)

Where 6,,, denotes critical misorientation angle at 15< v represents the Poisson ratio. The

driving pressure can be calculated as:
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P (5-33)
4rr?

p:

Where p is the driving pressure, r is the radius of DRXed grains, the DRX growth is produced
by the grain boundaries migration and the migration rate can be expressed with the grain

boundary mobility M as:

béD - -
=280 (_ Qa}l;gfu) (5-34)

Where 6 denotes the characteristic grain boundary thickness, Dy, represents the coefficient of
diffusion at ideal 0 K, Qq; 57, denotes the activation energy for self-diffusion activation energy

and the migration rate is given by:

v=Mp (5-35)

Where v is the migration rate that interacts with the isothermal macroscopic flow stress ¢ and

the average dislocation density o which can be expressed as:

o= O.S,ub\/ﬁ (5-36)

Where o is the isothermal macroscopic flow stress under hot deformation, p denotes the
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average dislocation density. By assuming the p is equivalent to the mean value of all the grains,

the equation can be re-arranged as:

(5-37)

N
= 2P
p= pivi
Vtotal o s

=1

Where p; denotes the dislocation density, V; represents the volume at it* grain and V,., is the

volume in total.
5.2.7. CA model and CPFEM model combination

In this chapter, the 2D CA model was produced by MATLAB using Moore’s neighbouring rule
with periodic boundary conditions. The inputs are extracted from the CPFEM outputs to
maintain the grain level variables. The CA is presented in 500 = 500 cells with each cell
simulating 2 um. By referring the study by Chen et al. [208] on the mesoscale simulation of the

high-temperature DRX of steel, the process of CA and CPFEM consists of the following stages:

(1) Generation of experimental scale CPFEM to obtain state variables of crystal orientation
and grain level strain, strain rate and temperature distribution.

(2) Select a section from EBSD to get grains orientation, use DREAM.3D to build an
ABAQUS RVE model and apply the state variables from CPFEM.

(3) Use the output crystal orientation to generate a pole figure to compare with EBSD
results.

(4) The CA model is established by applying state variables from CEPFEM as input.

(5) By using the K—M equation, the dislocation density for the grains is calculated.

(6) The nucleation of DRX occurs when the the misorientation angle exceeds 15<in-

between neighbouring cells.
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A flowchart of the procedures of CPFEM and CA combination is shown in Figure 5-3. The

grain level strain and strain rate will be calculated from CPFEM and used as input in CA

modelling to calculate the cell dislocation.

{ Abaqus VUMAT }

Y

Looping
Read deformation
gradient from raw results

v

Transfer deformation gradient
to the crystallographic system

Y

Calculate strain increment and
equivalent strain for each finite element

Y

Calculate grain orientation and grain size-
dependent slip resistance for each slip system

[ Cellular Automata }

A

Read strain rate dependent and local
temperature values from Abaqus VUMAT

v

Calculate cell
dislocation

Y

Based on cell dislocation, calculate grain
growth and nucleation orientation

Y

Validation W‘

Looping

¥

Figure 5-3. The flowchart of the combination of CPFEM (Abaqus VUMAT) and CA

modelling.

By obtaining the Q,. values from the study by Li et al. [65] on the same experiments with

similar conditions and another study by Xu et al. [122] on the investigation of hot deformation

machining of Ti-6Al-4V, the relevant parameters are presented in Table 5-4.
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Table 5-4. Materials parameters for CPFEM and CA model

) m3 k] k] 70 (s™
1 m i 1
b( m ) 6D0b< S ) Qd1ffu (mol) Qact (mol) VO( S ) . ( _1) "
1Um 20

2.95 7.5 5.0 x 107 200
153 x 103 321.43 0.7
x 10710 x 10717

5.3. Results and discussion

53.1. CPFEM

As illustrated in Figure 5-4(a), 3 specimens were cut off from the sample, and the transverse
surface was used for EBSD investigation as Figure 5-4(c). The corresponded elements on the
CPFEM thickness side were used for data collection as illustrated in Figure 5-4(b). The node
with 4 x 4 elements surrounding it was selected to calculate the strain distribution along with

the thickness. Where a typical element is presented in Figure 5-4(d).

The CPFEM outputs based on calculations from section 5.2.5 of temperature, plastic strain (&,,)
and strain rate distribution data for Figure 5-4(b) are illustrated in Figure 5-5. Please note that
these data were average data of the 4 x 4 elements, and the strain rate data were filtered by the
Savitzky-Golay method which is induced by study Press and Teukolsky [167] on the study of

high-frequency noise reduction in physical signals.

It can be noticed that a critical point (temperature, strain, strain rate) is reached while the tool
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passes through the selected node. As shown in Figure 5-5(a), the temperature distribution for
the upper node is different from the centre and the lower node, since the temperature is rising
at the experiment initiation stage, while the tool is passing through the centre and lower node,
the temperature is slightly increased and the area at the end is fully heated. The temperature
distributions result in differences in plastic strain (&,,) distributions. It can be seen in Figure
5-5(b), that the lower temperature distribution results in lower strain distribution at the upper
node, and the strain is increased as the strain rate is increased. It is noticed in Figure 5-5(c), the
strain rate value reaches the peak value of 0.6, 07 and 0.8 s for the upper, centre and lower
region while the tool passes through the unique node. Therefore, this is evidence that the strain
rate is increased slightly for each increment and the equivalent strain is increased accordingly.
Nixon et al. [209] has investigated the experimental and constitutive modelling of a-titanium
and proposed that the strain of the workpiece is sensitive to the displacement rate of indenter.
In this work, the increment increase of strain rate has induced a strong strain hardening effects
on the workpiece. Due to the temperature supply from the induction heater, an initiation of DRX
is achieved and the process is following the movement of forming tool from upper to the lower

region.
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Figure 5-4. Represented specimen and model for (a) 3 cut-off investigation specimens from the

experimental sample, (b) the correlated elements (upper, centre, lower) on the CPFEM model,

—> Investigation surface

(c) EBSD investigation symmetry and scan surface, (d) isotropic view of a typical element.
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Figure 5-5. Grain level parameters (a) temperature, (b) plastic strain (&,,), (c) strain rate.
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5.3.2.  RVE and pole figures

The mesh of RVE is illustrated in Figure 5-6(a). As stated in section 5.2.4, the RVE has 356
grains using 8-node thermally coupled brick, trilinear displacement and temperature (C3D8T).
A total of 12167 elements were generated on the RVE model. The boundary conditions are

illustrated in Figure 5-6(b), the bottom surface is constrained with displacement U, = U,, =

U, = 0. A time-dependent temperature and strain rate (Figure 5-5) were applied on the top
surface of the RVE model. the grains orientation will be obtained from the simulation of RVE
to form pole figures to compare with experimental pole figure results using MATLAB toolbox
MTEX which is produced by Niessen et al. [149] on the investigation of grain reconstruction

and microstructure evolution of metals.

Ux=0
Uy=0
Uz=0

Figure 5-6. The simulation of RVE (a) mesh of RVE, (b) boundary conditions of RVE.

To validate the RVE and CA results, EBSD has been done on the transverse (thickness)
direction of as-received, 700°C upper, centre, lower samples and pole figures were obtained
from EBSD investigation to compare with pole figure results from MTEX. The EBSD machine

used was TESCAN MIRA3 FEG-SEM and the data were analysed by AZtecCrystal. The
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following parameters were applied to EBSD characterisation, step size: 0.2 pm, pixel binning
mode: 2 %2, accelerating voltage: 30 kV, electron beam current: 5 nA. The crystal coordinate
system (CCS) and sample coordinate system (SCS) are in the following relationship, where
normal direction (ND) = [0001] sample, rolling direction (RD) = [1010] sample, transverse
direction (TD) = [1120] sample. To investigate the in-depth evolution in microstructure, the

TD surface was selected for the EBSD investigation.

In this chapter, the basal {0001} and prismatic {1010} slip systems are the main objective to
study, the common slip direction for these two systems is (1120) which is parallel to basal
poles. The pole figures of the as-received sample are shown in Figure 5-7. The texture of the
as-received sample illustrates a strong hot-rolled HCP basal feature which is more preferentially

distributed along the TD direction and formed a fairly equiaxed basal/transverse texture.

As the experiment progressed to the 700 °C upper region, it can be noticed in Figure 5-8 that
the basal pole texture is gradually transformed from basal/transverse to the concentrated c-axis
(parallel to the normal direction), and a prismatic slip {1010} is approximately formed. Since
the DRX is time-consuming and sensitive to the changes in temperature and strain rate, the
prismatic slip texture at this stage is not substantial. However, it is still noticed that the
nucleation of DRX towards the centre of basal oriented grain boundary, which indicates the
rotation of grains angle leads to a pronounced increase of misorientation angles inside the basal

pole to form a strong texture.

As the experiment processed to the 700 °C centre region in Figure 5-9, the basal pole exhibits
an expansion towards the rolling direction (RD) and a high-intensity prismatic pole is observed.
This indicates that the growth of DRXed grains is formed at the initial basal pole grain boundary.
The temperature at this stage is more steady-state and sufficient than the upper region which

enhances the DRX process and suppresses the twinning thus resulting in an efficient basal slip
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and promoting a prismatic pole. The previous study by Warchomicka et al. [210] has
investigated the high temperature deformation behaviour in Ti-5Al-5Mo-5V-3Cr-1Zr and
revealed that the dynamic strain-induced boundary migration (D-SIBM) is an important factor
in DRX to form the deformation texture. As the temperature is sufficient, the nucleation of
DRXed grains is usually formed at the grain boundaries with the D-SIBM due to the change of
stored energies and dislocation densities between basal and prismatic orientated grains. Li and
Yang [211] have studied the D-SIBM on hot compressed Ti-5Al-5Mo-5V-1Cr-1Fe Alloy and
proposed that the grains in the prismatic pole have greater Taylor factor than the basal pole,
which led to higher stored energy in the hot compression that initiated a driving force for D-
SIBM from basal to prismatic oriented grains. This is good evidence that D-SIBM is combined

with DRX at this stage to dominate the microstructure evolution.

For the 700 °C lower region in Figure 5-10, the grains at the basal pole towards the RD axis
form relatively higher intensity at the edge. The prismatic pole remains with a relatively lower
intensity but clear texture which shows that more sufficient DRX is achieved at this stage. The
deformed grains are diffused from basal to prismatic pole. It can be observed that the strain and

temperature from experiments exhibit a high impact on the crystal slip systems.

For the RVE produced pole figures shown in part (b) from Figure 5-7 to Figure 5-10, it can be
seen that the as-received samples have shown a great match, and the accuracy has incrementally
reduced from the upper to lower region. This is mainly attributed to the lack of grains calculated
in the RVE modelling, the calculation error in transporting data from the CPFEM to RVE and
the error from the mechanism of the hot SPIF process. The number of grains counted in RVE
is only 356 grains obtained from the EBSD as-received sample, this number is sufficient for
RVE to present a close pole figure, however, the inaccuracy will be increased in the calculation

of the complex deformation system. It can be seen from Figure 5-8(b) and Figure 5-9(b), the
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pole figures are still matched in an acceptable way which means the RVE is still able to predict
the grains orientation at a relatively low DRX level, and the increase of temperature and strain
rate at the lower region may cause further unpredictable DRXed grains. Furthermore, the
twinning is suppressed in this study to reduce the complexity in transporting data between each
system, thus it results in a relatively different pole figure in Figure 5-10(b). It is still noticeable
that the grains orientation in Figure 5-10(b) has shown a tendency of grains slip of HCP crystal
in hot deformation process which can be assumed as accurate if a stable deformation and
temperature distribution can be applied during the experiment. The tendency of grains slip and
orientation of titanium HCP grains under stable deformation can be viewed in the study by
Hama et al. [212] on the work-hardening and twinning behaviours of titanium sheet, where
similar pole figures were obtained that represents the high critical resolved shear stress in the
hot deformation of titanium sheet. Zhang et al. [213] on grain refinement of Ti—6Al-4V in hot
deformation has presented similar results and commented that the grains orientation has resulted
from a grain refinement that implied significant improvement in the micro-hardness and tensile

properties of the alloy.

( (0001} Ti-Hex {10- 10) Ti-Hex 7.80 (b) (0001)
T ﬂ I
Y

Figure 5-7. Pole figures of as-received sample (a) experimental, (b) RVE.
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Figure 5-8. Pole figures of 700 °C upper sample (a) experimental, (b) RVE.
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Figure 5-9. Pole figures of 700 °C centre sample (a) experimental, (b) RVE.
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Figure 5-10. Pole figures of 700 °C lower sample (a) experimental, (b) RVE.
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5.3.3. CAand EBSD

The EBSD IPF maps for 700 °C upper, centre and lower stage are shown in Figure 5-11. It is
noted from Figure 5-11(a) that the as-received sample consists of numbers of initial

recrystallised grains which illustrates a typical hot-rolled Ti-6Al-4V feature. As the experiment
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moved to the 700 °C upper region, the DRX is initiated which tends to decrease the true stress.
The initiation of DRX is more pronounced at the 700 °C centre region until the grains are
recrystallised to coarser grains with a size around 1 pm. The nucleation is increased
incrementally that limits the DRXed grain sizes and reduce the grain size. the detailed

information of grain size can be found in Table 5-5.

RD

0001 -12-10

01-10

50pm 50um

Figure 5-11. EBSD IPF maps of (a) as-received, (b) 700 °C upper, (c) 700 °C centre, (d) 700 °C

lower.

The recrystallised percentage of the as-received and experimental samples are shown in Figure
5-12. It can be noted that the recrystallised fraction is increasing according to the experimental
process, from 19.7% for the as-received sample and process to 71% for the lower sample. The
simulated CA microstructure is shown in Figure 5-14. It is worth noting that a noticeable

agreement has been achieved between the CA simulation and the EBSD results. By
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investigating the CA simulated results, it can be seen that the nucleation of DRXed grains is
more pronounced at grain boundaries, which indicates an increase of grains angle due to
thermomechanical strain change throughout the process as shown in Figure 5-13. The previous
study by Shrivastava and Tandon [116] on microstructure analysis of SPIF commented that
SPIF has strong work hardening behaviour that transfers the low-angle grains (< 159 to high-

angle grains (> 159.

Please note, to simulate a microstructure close to the close-experimental as-received sample,
the initial CA is first applied with a strain rate of 0.01 s and a temperature of 700 °C to reach
a recrystallisation level of 20%. The parameters follow the study by Paghandeh et al. [214] on
investigations of microstructural evolution of Ti-6Al-4V alloy. This formed map is then set as
the initial microstructure, the experimental parameters will be applied on this map to simulate

the evolution.

1 I|||‘L
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M Recrystallised Structured W Deformed

90

Volume fraction (%)
N w B (%3] D ~ (o]
o o o o o o o

=
o

o

Figure 5-12. Recrystallised level of as-received, 700 °C upper, 700 °C centre, 700 °C lower.
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Figure 5-13. EBSD band contrast-based grain boundary distribution maps (a) as-received, (b)

700 °C upper, (c) 700 °C centre, (d) 700 °C lower.
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Figure 5-14. CA simulated microstructure under dynamic strain rate and temperature (a) as-

received, (b) 700 °C upper, (c) 700 °C centre, (d) 700 °C lower.

By integrating the CPFEM grain orientation from upper, centre and lower node into the CA
model to calculate the DRX fraction, the obtained simulating results are compared with the
corresponding EBSD obtained results as shown in Figure 5-15. As illustrated, the increase of
DRX percentage is linear with the strain distribution. As the forming tool passes through the
node (upper, centre, lower) of the investigation, a critical value of temperature and strain is
achieved and induced peak DRX percentage. It can be noticed the increasing trend tends to

reduce and maintain a steady-state level once the peak DRX percentage has passed and the
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results are agreed with the EBSD measured recrystallisation. It can be revealed that the
temperature increases from upper to lower node induces an increased trend of strain distribution
according to these nodes. The reason can be correlated to the relatively constant strain rate, the
temperature implies significant effects on the strain distribution. From the upper to lower stage,
a 30 °C temperature variation is detected during the process, and it affects the increase of strain.
At the upper stage, the induced temperature is not stable thus resulting in lower strain
distribution which leads to the lowest DRX level. The temperature is at a steady-state at the
centre stage and the highest temperature (730 °C) is obtained at the lower stage. The DRX is
increasing accordingly to the temperature-induced strain. This proves that a small temperature
variation may result in changes in strain distribution that significantly affects the DRX
performance. By comparing with the EBSD examined recrystallised fraction, it can be observed
that the EBSD values are slightly higher than the DRX results from CA. This is attributed to
the calculation method in CA simulation that the continuous DRX only count the evolution of
low angle (< 15°) boundary grains to high angle (> 15°) grains. This may cause an error with
the recrystallisation calculation in the AZtecCrystal software, that the DRX percentage includes
the geometric DRX, continuous DRX and discontinuous DRX. Regardless of the limited

difference, both results still match well.
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Figure 5-15. Comparison of DRX fraction between experimental and CA simulated results.

The CA simulated dislocation density results for the upper, centre and lower regions are shown
in Figure 5-16. It is noted that the evolution of dislocation density is proportional to the DRX
fraction, where the thermomechanical behaviours (strain rate and temperature) indicate
significant effects in dislocation density development. The critical level of dislocation density
also follows the zone of forming tool passing through the node area, and a steady-state region

is reached once the critical level is passed.

It could be noted that the growth of dislocation density at the 700 °C upper stage is more rapid
than the centre and lower stage, however, the peak point value is relatively low. The rapid
increase of the growth can be attributed to the increase of strain rate at the centre and lower
stage. As illustrated in Figure 5-5, the peak value of strain rate for upper stage is around 0.6 s

! and the value is increased to 0.7 s* at the centre stage and 0.8 s at the lower stage. According
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to the previous study by Ding and Guo [204] on the hot deformation DRX analysis, the critical
dislocation density can be reached more readily at a lower strain rate as it results in the initiation
of DRX at a relatively small strain that leads to a rapid increase of DRX percentage. At a higher
strain rate, the increase of critical strain and DRX percentage is more graduate thus reducing

the rapid growth of dislocation density such as the phenomenon in this chapter.

Another study by Ding and Guo [175] on the experimental and simulation of microstructure
evolution of Ti—-6Al-4V alloy, suggested that strain rate and temperature have a significant
effect on the dislocation density as the critical value is increased with strain rate but decreased
with temperature. In this chapter, it could be seen that the strain rate dominates the growth of
dislocation density over the temperature, as the incremental increase of strain rate provides a
noticeable increase in dislocation density even at the temperature at the centre and lower stage.
Zhu et al. [215] on GND analysis in shear localisation of pure titanium commented that the
work hardening is primarily contributed by active < a > slips that results in higher < a > type
dislocation density. Another study Sangid et al. [216] on the energetics of residual dislocations
suggested that the local stress concentration in dislocations may generate residual dislocations
on the energy barriers thus resulting in higher dislocation density. The low-angle to high-angle
transmission in this work is a role that increases the residual dislocations. Further, a study by
Guo et al. [217] on the investigation of effects of stacking-fault energy (SFE) of a-Ti stated
that change of slip mechanism could occur as temperature increases and addition of Al
elements. According to the study by Williams et al. [218] on the investigation of single-crystals
Ti-Al alloys, the titanium alloys with an Al concentration of 5-6 wt.% have shown identical
critical resolved shear stress (CRSS) during temperature from 400 — 1000 K. At this temperature
range, the cross-slip is not pronounced and may results in dislocation entanglements in the alloy.
Britton et al. [219] has commented that such a phenomenon may reduce the values of CRSS

and increase the basal and prism slip. Thus, it can be assumed that the incremental induced
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deformation results in a slip in basal and prism planes (stated in section 5.3.2) increases the

dislocation density and results in substantial creep through the TD direction.

For a thermomechanical deformation with dynamic straining behaviour such as the experiments
in this chapter, Hama et al. [220] have commented that the prismatic < a > type slip is more
favoured for shear banding behaviour and in-plane anisotropy in work hardening. Thus, by
using < a > type mode and Burger’s vector of 0.5 in EBSD calculation of GND, The GND
distribution maps and statistics results are displayed in Figure 5-17 and Figure 5-18. It can be
clearly seen that the 700 °C upper stage indicates an area of relatively low dislocation density
(6.0 x10%%/m?) and it is increased to higher dislocation density at centre (6.6 > 10*/m?) and
lower stage (6.9 x10%%/m?). It is worth noticing that the GND results have a good agreement

with the CA simulated results.
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Figure 5-16. Dislocation density from CA simulated results.
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Figure 5-17. EBSD band contrast-based GND maps. (a) 700 °C upper, (b) 700 °C centre, (c)
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Figure 5-18. Statistics plots of GND results.
173



The comparation of experimental mean grain size and CA simulated grain size regarding upper,
centre and lower region are shown in Figure 5-19. It can be seen that the reduction of CA
simulated grain size after the incremental straining work has a good agreement with the
experimental results with a relative error less than 5% which is a good validation of the model.
By comparing with Figure 5-15, it can be noted that the mean grain size has been significantly
refined with the incremental increase of strain and DRX percentage. For each stage, (upper,
centre, lower) of the process, the incremental increase of temperature enhances the DRX
initiation and results in a stress release in-between the subgrain which accelerates the mobility
of the grain boundaries misorientation. Zherebtsov et al. [221] has investigated the
microstructure and mechanical behaviour of Ti—-6AI-4V between 450 - 700 °C with dynamic
strain rate, the study reported that the hot deformation behaviour above 550 °C indicates an
ultrafine a and B subgrains which is attributed to the enhancement of diffusion from the dynamic

microstructural coarsening.

By referring to the EBSD measured data in Table 5-5, it is noticed that the low angle (< 15°)
grains evolute to high angle (> 15°) grains according to the experiment process. By comparing
with the grain size adding in the experimental grain size data (obtained from EBSD), it can be
seen that the experimental grain size is following the evolution of CA. Due to the small grain
size measured from EBSD, the results from CA cannot provide a perfect match, however, the
evolution between the CA and experimental results still agree. The previous study by Orozco-
Caballero et al. [150] has represented the similar behaviour and commented that the grains slip
in a-Ti which usually occurs while the temperature is above 650 °C, with a constant strain rate.
In this chapter, the thermomechanical behaviour at 700 °C upper is unable to accelerate the
grains slip and dislocation for a full DRX, thus the result of 700 °C upper is much lower than
the centre and lower results. As the experiment is processed to the centre and lower region,

enhanced DRX is achieved that makes the results closer to each other.
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Figure 5-19. Comparison of simulated and experimental mean grain sizes as a function of

deformation strain.

The fraction of grain size for each experimental parameter is illustrated in Figure 5-20. With
assistance from Table 5-5, it is noted that the grain size is in a descending trend according to
the experimental conditions. As the experiment initiates, the grain size is reduced to around 1
to 1.5 pm, there is no significant difference between 700 °C upper to 700 °C lower sample.
However, the maximum and minimum grain size distinguish the results. The maximum grain
size of the upper sample is 10.4 pm to 6.3 pm, and the minimum grain size is reduced from
0.71 um to 0.2 um. The B-phase content and the sharp increase of grains angle from low to high
also indicate that the thermomechanical behaviour from the SPIF is dynamic at upper region

and it is getting more steady and centre and lower region which balance the DRX process.

Wang et al. [222] has investigated the hot deformation and the microstruture evolution of Ti-
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6Al-4V alloy. The study has detected a phenomenon that indicates a transformation of stable
grains slip to active slip modes during 650 °C deformation. Thus, it can be evident that the
sustainable support temperature of 700 °C in this work is sufficient to initiate the DRX process.
With an increment increase of strain rate from the upper to lower region, the straining behaviour

is also enhanced thus leads to development in dislocation density.
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Figure 5-20. The area fraction of grain size for different experimental parameters.

Table 5-5. Grains data measured by EBSD

Average Max Min Ti- Ti- Grain Grain
grain size  grain grain  Hex Cubic boundaries < boundaries >
(um) size size (%) (%) 15° (%) 15° (%)

(um) (um)
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As 2.80 15.90 1.1 98.8 1.2 56.1 439
received

700°C 1.53 10.40 0.71 98 2 433 56.7
upper

700 °C 1.20 8.18 0.5 97.6 2.4 38.9 61.1
centre

700 °C 1.04 6.30 0.2 94.6 5.4 34.4 65.6
lower

5.4. Conclusion

The grain level strain, strain rate and temperature distribution from the element-to-grain
CPFEM is verified as useful to be used as input to establish the RVE model.

The pole figures obtained from the RVE reveal good agreement with EBSD results and
the changes of the pole figures at each stage indicates the microstructural evolution for
the heat-assisted SPIF process.

The recrystallisation percentage is proportional to the incremental stage of the process
and the relationship is actively linked to the evolution of dislocation density. The
temperature and strain rate distribution are key factors that dominate the distribution of
dislocation density.

For an incremental increase of strain rate and temperature, the dislocation density is
increased accordingly which indicates that the strain rate shows higher domination in

controlling the dislocation density which overcomes the reduction of dislocation density
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from the temperature increase. Further, it can be found that the dislocation
entanglements and residual dislocations are secondary factors that increase the basal and
prism slip which results in an increase in dislocation density.

e The grain size evolution is inversely proportional to the recrystallisation percentage and
dislocation density where the slip of grains is increased with the increase of
misorientation angles from a low angle (< 15°) grains to a high angle (> 15°) grains
homogenously. Such behaviour results in a reduction in grain size.

e The critical point of the DRX percentage, dislocation density and grain size corresponds
to the contacting zone of forming tool passing through the node area. Once the peak

value is reached, a steady-state region will be achieved.

This study proposed a combination of CPFEM, RVE and CA modelling of heat-assisted SPIF
work of Ti-6Al-4V sheets to provide the plasticity behaviour and microstructural evolution of
the sheet materials under thermomechanical deformation. This study is only available for single
crystal constitutive law based on HCP crystal structure. Therefore, there is no measurement of
phase transition and twin grain calculation. The current modelling can be improved in future to

apply polycrystalline inputs to simulate the plasticity behaviour above phase transition.
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Research contributions:

This chapter aims to complete the objective 6 which covers the following insights:

e Induction heating system to provide rapid and localised heating at 950, 980 and 1040
°C to deform Ti-6Al-4V sheet metals above beta-transus temperature.

e A controllable ball-roller to reduce the friction and thermal expansion, and further
dominate the microstructure evolution during the elevated temperature deformation.

e ANN (radial basis function network) to study the tool path plan, temperature and
forming force from groups of experiments and output a machine learning optimised tool

path to compensate the thermal expansion of the sheet metal during the process.
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Abstract

Induction heating-assisted single point incremental sheet forming was established for Ti-6Al-
4V thin sheets at closed and above beta-transus temperature (980 °C). In order to eliminate
geometric inaccuracy and adherence of lubricant on the surface caused by elevated temperature,
a cooling lubricant system was designed for the forming tool to decrease the thermal expansion
and friction. A radial basis function (RBF) based tool path optimisation was developed to study
the measured geometric accuracy, temperature and forming force. By adjusting cooling
lubricant control and integrating the RBF framework, the first optimised tool path was used to
collect the results and to validate with the finite element (FE) model and theoretical geometric
profiles. The output data were further studied by RBF and generate a second optimised tool
path. The measured geometric coordinates revealed that the error percentage has been reduced
to less than 5%. Further, the microstructure evolution analysed by scanning electron microscopy
(SEM) indicated noticeable oxidation and alpha-layer for temperature around 1040 °C and the
phenomenon was removed at temperature closed to 950 °C. The surface roughness and energy
dispersive X-ray analysis (EDX) revealed the optimised tool path significantly improved the
surface quality. The cooling lubricant system indicated optimal performance with RBF
optimised tool path to support constant temperature and reduce friction and lubricant adherence

on the surface.

Keywords: high temperature incremental sheet forming of Ti-6Al-4V; machine learning

network; tool design; geometric accuracy; surface roughness; microstructural analysis.
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6.1. Introduction

The process of single point incremental sheet forming (SPIF) has been developed over a number
of decades for the deformation of sheet materials using flexible methods for complicated
prototypes. High geometric accuracy and surface quality have been achieved with respect to
low-strength metal alloys. For instance, Dabwan et al. [223] has applied SPIF on AA1050-H14
aluminium alloy at room temperature which revealed excellent geometric accuracy and surface
quality. However, the study commented that the step transition region indicated highly
deformed region which increased the geometric inaccuracy and waviness error. Shrivastava and
Tandon [116] has investigated the microstructure of AA1050 under room temperature SPIF
and proposed that the grain refinement during the process increased the straining behaviour thus
induced springback. Ambrogio et al. [224] has investigated SPIF on AZ31 magnesium alloy
which revealed high performance in increase of formability and geometric accuracy, however,
the risk of fracture was increased in forming of complex shapes. Trzepiecinski et al. [225] have
investigated room temperature SPIF on EN-2024-T3 and EN AW-7075-T6 aluminium alloys
sheets. The results revealed that the efficient application of lubricant and reduction of step size
significantly improved the surface quality. Room temperature SPIF indicated that high
geometric accuracy and surface quality can be achieved for low-temperature materials as the
maintenance of modest forming force and efficient lubrication. However, heat sources must be
integrated for high-strength materials to reduce the forming force such as steel or titanium.

Sakhtemanian et al. [48] have studied pure titanium alloy SPIF using ultrasonic vibration at
temperatures of up to 250 <C in order to synthesise a high-quality product. However,
pronounced friction wear can be observed on the formed surface with detectable springback
behaviour. Cheng et al. [52] investigated the deformation behaviour and material flow during
the SPIF process. The results commented that the dynamic effects from the ultrasonic vibration

induced a noticeable reduction of the forming force and a significant increase of wear on
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deforming surface. The similar study by Li et al. [163] found that the heating temperature for
high-strength alloys should be maintained as constant to produce stable plastic deformation to
the sheet materials. These limitations were overcome by integrating heat sources into the SPIF
system in order to provide regional or localised heating to the workpiece, thus increasing
ductility and assisting deformation. The electrical current system was integrated prior to
carrying out the process on the Ti-6Al-4V sheets.

To further improve the geometric accuracy and surface quality, Li et al. [65] developed a high-
frequency induction heating SPIF system which provided localised heating to deform Ti-6Al-
4V sheets with a ball-roller tool, thus reducing friction at the tool-contact interface. The ball-
roller tool design was proposed by Iseki and Naganawa [71] following tool path optimisation
investigations. It was applied in relation to the electric heating SPIF of Ti-6Al-4V sheets by Liu
etal. [29]. It was validated that this process led to the production of more optimal surface quality
than conventional tools. Comparison with a common induction heater demonstrated that high-
frequency induction heating could provide rapid eddy current transfer which was able to
accelerate heat generation and to maintain a constant temperature. Ortiz et al. [145] observed
that the microstructure evolution indicated a pronounced dynamic recrystallisation (DRX) at
temperature of 700 °C, which successfully increased the deforming behaviour and reduced the
forming force. This geometric accuracy was superior to that attained at lower temperatures.
However, the rise in temperature also increased lubricant dissipation; this lubrication anomaly
impacted surface quality. In order to minimise this effect, a ball-roller tool was designed which
reduced the contact area between the surface and the tool, thus efficiently enhancing surface
quality.

Lubricant is another factor affecting the surface quality in heat-assisted SPIF. Formisano et al.
[226] have investigated lubricant application and its effects on surface roughness during the

SPIF process on titanium alloys, observing that sustainable support of low viscosity lubricant
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is a key factor in enhancing lubricating functionality. Oleksik et al. [227] agreed the statement
and suggested that localised heating is more efficient to maintain the endurance of lubricant.

It can be observed from previous research that the application of a heat source is an effective
method by which to deform Ti-6Al-4V sheets during the SPIF process. The temperature support
for electric current and laser heating SPIF is normally maintained between 400 <C and 600 T,
induction heating is able to provide a constant localised temperature of up to 700 <C. Owing to
the incremental deformation from the tool motion, constant temperature is hard to maintain
during the process. However, it is essential to improve temperature conditions during the
heating-assisted SPIF process of Ti-6Al-4V sheets so as to improve their formability, wear,
corrosion and temperature oxidation resistance further.

Zhang et al. [228] investigated the mechanisms underlying deformation and fracture for Ti-6Al-
4V alloys under different heat treatments and noted that excellent hardening and deforming
behaviour can be achieved at the beta-transus temperature (980 <C). Furter, Singh et al. [229]
suggested that the increase of cooling rate may increase the hardening effects. This was
principally ascribed to the maintenance of constant temperature and rapid cooling rate on
surface which increased the volume of a’-martensite and grain refinement within the
microstructure. This proved that the above beta-transus temperature SPIF on Ti-6Al-4V could
achieve favourable effects in straining behaviour to enhance the formability. However, the
temperature must be controlled as a constant support with a sustainable cooling rate during the
process to prevent the thermal expansion of tool and sheet metals to affect the geometric and
surface quality.

In recent years, machine learning has been integrated into the SPIF system in order to predict
temperature and springback behaviours. Jiang et al. [37] investigated the temperature prediction
for an electric current SPIF process using an artificial neural network (ANN) framework. The

model was trained using the temperature outputs from the finite element model (FEM) and
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validated with experimental data. The findings were useful for the prediction of parameters,
such as temperature distribution and forming force, and facilitated estimation of
microstructural evolution during the process. Wang et al. [35] developed an online adaptive
shape predictive model for the purposes of predicting the forming geometry within each
incremental step. The model was incorporated into a coupled constrained control algorithm so
as to minimise geometric error and to optimise the potential step which could provide an
accurate tool path to improve geometric accuracy.

It can be noticed from the above literature that the issues in the field of heat-assisted SPIF
processing that yet need to be addressed. These include uneven temperature distribution,
thermal expansion-induced springback, unpredictable DRX and phase transition-induced
straining behaviours. These factors significantly affect the geometric accuracy, surface quality
as well as structure integrity. The aim of this study was to develop an induction heating SPIF
system in order to deform Ti-6Al-4V sheets at a temperature above and in the region of beta-
transus, and to apply a machine learning method in order to optimise tool path generation. The
initial training experiments were designed with identical experimental parameters. Following
their completion, the obtained geometric coordinates, temperature and forming force data were
input into the machine learning system to develop an optimised tool path. The cooling lubricant
and optimal tool path were then applied in order to validate the optimal results. Forming force,
geometric accuracy and surface roughness of the initial and machine learning optimisation
samples were assessed using scanning electron microscopy (SEM) and electron backscatter
diffraction in order to observe the mechanical behaviours and to document the relevant outputs,

thus providing data on microstructural evolution.
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6.2. Materials and set-up

6.2.1. Sheet metals and lubricants

The workpieces are Ti-6Al-4V alloy thin sheets, 150 mm x 150 mm in dimension, and with a
thickness of 1 mm. The chemical composition is presented in Table 6-1. This material
composites more content of vanadium which slightly decreased beta-tranus temperature.

Table 6-1. Chemical composition of Ti-6Al-4V (wt.%)

Ti Al \Y O C N H Fe

Balanced 5.5 4.5 0.2 0.08 0.05 0.015 0.25

The cooling lubricant system in this study is same as explained in the previous chapter 4 with
a number of adjustments to enhance lubrication performance. A layer of MoS; paste lubricant
was applied generally to the workpiece. The lubricant type and lubricating method are same as
is same as explained in the previous chapter 4. The tool was designed to facilitate provision of
enduring tool lubrication as shown in Figure 6-1. The tool design will be explained in next

section.

Liquid MoS2 +lubricant oil

Lubricant layer of
MoS2 lubricant paste

Workpiece

Figure 6-1. Schematic of the lubricating system.
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6.2.2. Tool design

Tarm et al. [230] investigated alpha-beta transformation in Ti-6Al-4V alloys, and concluded
that the beta-transus temperature was approximately 980 °C for 4 wt.% of vanadium. For the
thin Ti-6Al-4V sheets used in this study, the beta-transus temperature could be estimated to be
between 960 °C and 970 °C. In a localised heating-assisted SPIF process, deformation is based
on the synchronisation of the constant temperature supply and the tool’s movement. Since the
temperature was close to the beta-transus, a nickel ball-roller was selected for this study in order
to improve the tool’s operational temperature.

The tool design in this chapter made a modification on the ball-roller explained in chapter 4.
The details are shown in Figure 6-2, the ball is modified to 5 mm in diameter and made of IN
625 nickel alloy, which has a service temperature of 980 <C. The ball-roller is attached to the
main tool body; lubricant balls are interposed between the ball-roller and the steel net of the
cooling channel. The lubricant balls are also composed of IN 625 nickel alloy which has a
diameter of 1 mm. The steel net, which has a grid length of 0.5 mm, keeps the lubricant balls
in the lubricating slots. The purpose of the lubricant balls is to prevent any extrusion between
the ball-roller and the slot wall. In the course of the process, potent thermal expansion may
result in the strong adherence of the ball-roller to the tool wall and affect the rotation.

Additionally, the lubricating balls can enhance liquid lubricant flow to the ball-roller.
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Figure 6-2. Tool design: left, scheme draft of the tool design; right, the produced tool.

6.2.3. Experimental set-up

The equipment used in this chapter is same as explained in the previous chapter 4. Certain

modifications were made and illustrated in Figure 6-3.

A water tank was filled with 10 L liquid lubricant in order to provide an ongoing lubricating
function to the tool. The flow rate could be controlled by a submersible pump, which operated
within the range 1 L/h to 50 L/h; this was connected to the inlet cooling valve. Another water
tank included a submersible pump with similar parameters which was connected to the cooling
channel’s outlet valve. During the experiment, the flow rate would be controlled according to
the tool path’s locations in order to provide sufficient liquid lubricant to reduce ball-roller tool

thermal expansion and friction.
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Figure 6-3. Induction heating SPIF system set-up.

6.2.4. Forming shape

The tool path design is same as described in the previous chapter 4. The final shape took the
form of a truncated cone with a main diameter, height and wall angle of 100 mm, 30 mm and
45°, respectively (Figure 6-3(a)). MATLAB was used to form the tool path and to generate a
G-code coordinates output file for application by the computer numerical control (CNC)
machine. The tool path points are illustrated in Figure 6-3(b). It can be observed that the step
tool path maintained the peak percentage of position coordinates which results in more tool
movements. Such behaviour may increase the temperature variance at these positions and
influence the geometric accuracy of the forming shape. Thus, the RBF networks were used to
optimise the step tool path for superior geometric accuracy.

It is important to note that a contour tool path was applied in this study; a clear mark of a step
tool path would be evident within the forming shape thus potentiating the likelihood of
geometric, temperature and forming force instabilities. These factors can be enhanced by RBF
network optimisation; the tool path is applicable for a wide range of SPIF processes. A helical
tool path has the potential to diminish such behaviours as there is no step tool path. However,
Malhotra et al. [231] stated that the algorithm is only limited to the axisymmetric movements.

Behera et al. [8] further commented that the forming shape of helical tool path is not fully
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completed at the beginning and ending stage, and the output geometry is designed by wall angle
not step size. Behera et al. [9] and Han et al. [232] suggested that a contour tool path provided
a more complete forming shape as the step size can be defined in the CNC setting, whereas the
helical tool path is only applicable to axisymmetric geometry and for the provision of high
surface quality. The latter is complex to generate since the algorithm is specific for each forming
shape and the process can only be controlled by the ramp angle in the CNC settings.
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Figure 6-4. Designated forming shape: (a) dimensions; (b) tool path CNC forming points.

6.3. Methodology

6.3.1. Application of radial basis function networks and design of experiments

RBF network is an artificial neural network that uses radial basis functions as activation
functions. The output of the network is a linear combination of radial basis functions of the
inputs and neuron parameters which have been shown in heat-assisted SPIF studies [37, 233]
to predict the temperature and tool path. As shown in Figure 6-4(b), it can be observed that the
tool step path demonstrated the most position points. Owing to the rapid heating support from
the high-frequency induction heater, the temperature variance for this particular path was higher
than the rest of the tool path and thus increased the springback during the experiment. Thus, the
coordinates associated with the corresponding temperature and forming force on this path could

be collected for training by the machine learning algorithm.
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In order to apply the RBF optimisation effectively, the experiments were designed in 3 phases,
I.e. as initial, first RBF optimisation and second RBF optimisation sets, respectively. Each set
consisted of 5 experiments with the same conditions. The machine learning studied the
geometric coordinate output as the main data and related the behaviours to temperature and
forming force in order to predict an optimised tool path and to improve geometric accuracy.

A RBF network was selected due to its universal approximation and rapid learning speed so
that multiple factors could be evaluated and undergo analysis. RBF can be defined as a type of
feedforward ANN network which has three layers (Figure 6-5). The input layer consists of
input data, such as geometric coordinates, temperature and forming force, on the corresponding
tool path points. The hidden layer comprises a series of RBF non-linear activation units which
facilitate study of the input layer. The final output is in the form of workout activation
implemented in Gaussian functions. As illustrated in Figure 6-5, the example analysis data set

includes inputs from x;to x,,, together with hidden layer RBF calculating units from w;to w,
and an output from y, to y,,. A RBF training model has numerous nodes in the hidden layer;
the training is terminated when the calculation error meets the requirement of the desired

volume or when a training iteration has been completed.

Input layer (x) Hidden layer (radial basis functions)  Output layer (y)

Linear

weights

Figure 6-5. Example of RBF network.
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The output of the ith radial basis activation function, ¢;, in the hidden layer of the network can
be calculated using Eq. (6-1) based on the Euclidean distance between the input pattern, x, and

the centre, i, where ||-|l denotes the Euclidean distance between x and ¢;, and ¢; and g; are the

centre and width of the hidden neuron, j, respectively.

llx — ;11
¢i(x) = exp <— T> (6-1)

The output of the node, k, of the output layer of the network can then be calculated utilising
Eq. (6-2):

Vi =) @i () (6-2)
j=1

J

The majority of classical approaches deployed in the literature for training RBFs are performed
in two stages. In the first stage, the centres and widths are determined using, for example, an
unsupervised clustering algorithm, whilst in the second stage, the connection weights between
the hidden and output layers are determined in such a way that the error criterion, e.g. the root

mean squared error (RMSE), is minimised throughout the data set.
6.3.2.  Accuracy analysis

Since the input in this study was based on the tool step path, the variant could be defined by the
X and Z coordinates; the Y coordinates could be neglected. Thus, the model could be simplified
to a 2-dimensional (2D) RBF paradigm which significantly reduced the calculation time in the
RBF network. In this study, 130 tool path geometric coordinates with respect temperature and
forming force data were considered as neurons in the RBF study. The output layer is 1 (tool
path coordinates) and 3 input layers (tool path coordinates, temperature, forming force). A total

of 12,000 input-output pairs were generated to respond the inputs. Please refer to the support
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document for the detailed calculation and explanation.

Fiorentino et al. [234] commented that the network training can be defined as a feedback loop
which facilitates the study of the process parameters and Dittrich et al. [84] further classified
machine learning of tool path generation in CNC processes which proposed that the model was
contrasted against the experimental data; where five statistical parameters were compared,
including the RMSE, the squared multiple correlation coefficient (R?), the bias or distortion
(B), the Wilmott index (I,,) proposed by Wilmott [235] to measure the prediction error for
RMSE, and the error function (&) proposed by Haller et al. [236] to measure the standard normal

cumulative probability.

[ Xc. —Xm 2_|1/2
< ( X ) | (6-3)
RMSE = Il; N JI
(B O = E) (e~ K)) 64
- iv—1 (Xm _Xm)zzévﬂ (Xci _XC)Z
% (72) (65)

No(x, —X )
I,=1- =1 (_ &~ Xm) — (6-6)
?’:1 (lXci - Xml + |Xmi _Xml)

1/2

(6-7)

— §V=1 (XCi - Xmi)z
Z?Izl sznl

In the above equations, N represents the number of data in each group, and X, and X,,, indicate

predicted and measured experimental data, e.g. geometric coordinates, temperature and forming

193



force, respectively. The training was terminated when the values of R? and I, were equivalent
or lower than 1.0, and & was reduced to 2%, a strategy which revealed enhanced agreement with
the results. The learning basis was recommended by Sharif Ahmadian [237], who investigated
the use of RBF networks in numerical modelling; these were validated to give a precise output

for 2D accuracy analysis.

6.3.3. Particle swarm algorithm

In this study, the platform, TensorFlow [238] was applied in order to run the RBF network
training. The input layer of the RBF network consisted of the points on the step tool path,
together with the corresponding data points including geometric coordinates, temperature and
forming force from the experimental measurements. The output layer is the optimised tool
which was predicted on the corresponding input layers.

To converge the training from RBF network, a simplified optimisation should be used to
accelerate the convergence of the algorithm. Particle swarm algorithm (PSO) is best method to
apply multi-level inputs, Han et al. [232] has investigated different ANN networks to predict
the springback of SPIF and proposed that the PSO can be integrated to the RBF network to
study the random parameters. The PSO aims to search the potential solution (particle) in space.
Each particle has independent space and velocity, the values on the direction and space can be
determined by the optimisation function. Please see the attached supporting document for the
step-by-step PSO integration.

The results of machine learning geometric accuracy results are selected to validate the RBF
model as illustrated in Figure 6-6. It can be noticed that the test and training are consistent and
converged after 1,500 epochs. The prediction accuracy is shown in Table 6-2. The results
proved that the RBF model achieved excellent determination with low root mean squared error

(R?) and distortion ().
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Figure 6-6. RBF learning curves. (RMSE values are in log scale)

Table 6-2. Prediction accuracy of machine learning.

Parameters RMSE (mm) R? (%) B (%)
Training 0.62 95.4 1.95
Test 0.65 95.4 2.06

6.3.4. Experimental procedure and parameters

The experimental categories were described in Section 6.3.1. Since cooling is an external
support to reduce the thermal effect on the tool, there was therefore no application of cooling
lubricant in the initial experiment. For the first and second optimisations, cooling lubricant was
assisted using modified cooling flow rate (Table 6-3). The experimental process is illustrated
in Figure 6-7. The first 5 experiments utilised the same process parameters without any RBF
tool path optimisation; geometric coordinates, temperature and forming force data were
collected after each experiment. The RBF framework then worked on the obtained data in order

to compute the optimal tool path and run the cycle again for more data. It is important to note
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that the first RBF optimised tool path was based on initial group of experiments and second

RBF optimised tool path was based on the first optimised group of experiments.

Target design

Formed shape

Machine
learning
optimisation

| Data collection

Figure 6-7. Working scheme of the machine learning-based networks.

Table 6-3. Experimental parameters.

Parameters Initial First RBF Second RBF
Target temperature (°C) 950 950 950

Feed rate (mm/min) 500 500 500

Step size (mm) 1.0 1.0 1.0

Power (kW) 6.0 6.0 6.0

Frequency (kHz) 900 900 900

Cooling flow rate (L/h) No 4 (step tool path) 8 (step tool path)

2 (the remaining

tool path)

2 (the remaining

tool path)
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6.3.5. Finite element model

ABAQUS/Explicit was used in order to establish an ideal model which has a constant
temperature distribution to validate geometric accuracy, temperature and forming force from
the initial and optimisation experiments. The simulation results will be compared with
experiments to validate the improvements of RBF network tool path optimisation. By following
the parameters from Li et al. [65] on the investigation of induction heating SPIF for Ti-6Al-4V
sheets at temperatures of 600 °C and 700 °C. The tool in the simulation was considered to be an
analytical rigid body, 5 mm in diameter. The dimensions of the workpiece comprised 150, 150
and 4 elements in x-, y- and z- directions, respectively. A total of 90,000 coupled temperature
and displacement (C3D8T) elements were assigned to the workpiece. The interaction was set
as surface-to-surface contact of tangential behaviour with a friction value of 0.1. This value was
used in the previous study by Gatea et al. [131] in numerical modelling to study the fracture
and damage behaviour based on Coulomb's friction law calculation which theoretically matched
with the analytical model and experiments. And the value has been further validated by Gatea

et al. [123] to study the forming parameters in SPIF process.

Since the beta-transus temperature is typically hard to utilise and to maintain in experiments,
Oberwinkler et al. [174] proposed that 950 °C could be easier for the heating source to maintain
which improved the agreement between experiments and simulations. Wang et al. [178] has
validated the source and obtained better matched results. Thus, the temperature boundary
condition was modified to 950 °C and then kept constant in order to reduce any effects from
temperature variance. A BlueBEAR high performance computing system was employed in
order to perform the simulation; the computing node included 36 Ice Lake Intel® Xeon® cores

with 3.9 GHz per core and 120 GB memory.

In order to simulate the process accurately, stress and strain parameters were collected through
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the uniaxial tensile test. The specimens were elongated up to the fracture. The test specimen
geometry, with dimensions in alignment with ASTM EB8 standards, are shown in Figure 6-8(a);
Figure 6-8(b) depicts the obtained stress-strain curves. The mechanical and thermal properties

were tested accordingly and represented in Table 6-4 and Table 6-5, respectively.

(a) All dimensions in mm
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Figure 6-8. Mechanical tensile test of Ti-6Al-4V alloy: (a) dimensions of the dog bone

workpiece; (b) true stress-strain curves.
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Table 6-4. Mechanical properties of Ti-6Al-4V.

Temperature (°C) Young's Modulus Poisson’s Ratio Density (kg/m?3)
(GPA)

20 113 0.34 4420

600 65.57 0.38 4336

700 50.08 0.38 4324

800 32.92 0.39 4309

900 24.07 0.42 4294
1000 14.85 0.43 4282

Table 6-5. Thermal properties of Ti-6Al-4V.

Temperature (°C) Conductivity (w/m°C) Expansion Heat Capacity (J/kg°C)

20 7 8.90%10° 546
600 14.2 1.02x10° 673
700 155 1.04x10° 694
800 17.8 1.05%10° 714
900 20.2 1.08x10° 734

1000 22.7 1.11x10° 753
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6.4. Results and discussion

6.4.1. Geometric accuracy

The geometric profile of the formed shapes was measured using the FARO 3-dimensional (3D)
scanning arm. All geometric coordinates were measured from the workpiece deforming surface
centre path according to the step transition tool path. To reduce the unclamped springback from
the workpiece, the sample edges was clamped prior to any geometric profile scanning. The
CAD and simulation geometric profiles were used in the figures for experimental result
validation. Each RBF optimised tool path was trained geometric coordinates, temperature and
forming force distribution on the step transition tool path to compensate the thermal expansion
from the workpiece and predict the correction for the displacement between theoretical and

experimental profiles.

Figure 6-9(a, c, ) demonstrates the observable springback behaviour which occurred in the
superior and inferior areas. The agreement between the experimental and simulation results was
enhanced by the application of the first and second RBF optimisations and adjustment of

cooling lubricant (Figure 6-9(b, d, f)).

This provided critical evidence that the predicted RBF tool path had a compensation effect on
springback behaviour. The process ending stage at the lower area, revealed that the processing
temperature above beta-transus (980 °C) induced unpredictable springback and pronounced
adherence of lubricant. By applying RBF optimised tool path and cooling lubricant, the
temperature had been reduced and the variance was dominated. The RBF optimised tool path
thus compensated the deviation from the thermal expansion to reduce the springback. Further,
the cooling lubricant system adjustment had noticeable effects on reducing the tool movement
tracks as shown in Figure 6-14(f). The continuous and sustainable support enabled the tool to

undergo sufficient lubrication thus reducing lubricant adherence to the workpiece. The detailed
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error percentage were presented in Table 6-6. It can be observed that the initial set of
experiments deserved the peak error percentage and the values were decreased by each RBF
networks optimisations. By introducing first and second RBF optimisation, the average error
percentage was reduced to 5.32% and 3.38% which showed a significant improvement in
geometric accuracy. Please note that the error measurements from the experiments were

averaged from the set experiments and compared with the simulation result.
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Figure 6-9. Observation of the formed shapes: (a) initial formed shape, (b) first RBF, (c) second

RBF; measured geometric accuracy: (d) initial, (e) first RBF, (f) second RBF.
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Table 6-6. Error percentage of geometric accuracy between experiment groups

Maximum error (%) Minimum error (%) Average error (%)

Initial 26.13 1.53 12.11
First RBF 8.21 0.79 5.82
Second RBF 4.33 0.19 3.38

6.4.2. Forming temperature

The experimental temperature profiles were measured using the infrared thermo-couple on the
deforming surface, which corresponded to the contact area under the tool. The double-dotted
line in Figure 6-10 distinguishes the tool path from the truncated cone; the parameters in the
region are virtual in order to connect the measured values.

It can be seen that the simulation temperature profile had a stable distribution with a small
variation within the range 3 °C to 8 °C. This could be presumed to be solid evidence of
geometric accuracy. In the initial experiments, the temperature distribution at the step path
appeared higher. There was a rapid increase in temperature; the temperature distribution at the
common tool path demonstrated a relatively steady increase. It could be considered that the
temperature control was insufficient for the step tool path relative to the common tool path due
to its increased duration. Throughout, the temperature variance for the initial experiments was
120 °C (920 °C - 1040 °C). Following the first and second RBF network optimisations, this
parameter was reduced to 70 °C (910 °C - 980 °C) and 45 °C (905 °C - 950 °C), respectively.
Thus, the introduction of the RBF network optimisations and cooling temperature control

diminished the temperature variance to a constant level closer to the ideal simulation results.
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Figure 6-10. Temperature measurements according to the step transition tool path: (a) initial,
(b) first RBF optimisation, (c) second RBF optimisation.

6.4.3. Forming force

The forming forces presented in this study were measured according to the step tool path. The
experimental results were compared with the simulation in order to validate the performance of
the RBF network optimisations. Similarly to the forming temperature data, Figure 6-11
illustrates the forming force according to the tool path along the step line. The double-dotted
line distinguishes the tool path and the truncated cone; the values in the region are virtual in
order to connect the measured parameters.

A pronounced variance can be observed between the simulation and experimental results
(Figure 6-11(a)). The former became steady from the starting stage, i.e. 15 mm from the X
direction, whilst the experimental data demonstrated an unstable increase. This could be
accounted for as, according to the step tool path, the variance from the temperature distributions
exerted a strong effect, impacting the forming force applied. The unstable temperature and

forming force distributions resulted in notable deflections in geometric accuracy.
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When compared with the initial experimental data set, the experimental results following
application of the first RBF network optimisation (Figure 6-11(b)) were concentrated together
and fitted the simulation result. After the second RBF network optimisation, improved fitting
between experimental and simulation results was evidenced (Figure 6-11(c)). This indicated
that the temperature distribution according to this path was steady and able to provide superior
geometric accuracy. Overall, the results from the experiment were lower than from the
simulation as the temperature in the former was higher than in the latter. This increased
workpiece material ductility, thus reducing the forming force distribution.

In summary, it can be observed that the forming force in the experiments revealed unstable
distributions when compared with the temperature profiles. This effect could be attributed to
the high temperature used in this study, which was greater than the beta-transus of Ti-6Al-4V.
The strong DRX and beta transition have potent effects, affecting the material microstructure
and therefore inducing unstable forming forces and increasing geometric inaccuracy. These
observations matched the mechanical behaviour reported by Jha et al. [239], who documented
the high-temperature deformation behaviour of a Ti-6Al-4V alloy. The RBF network
optimisation, incorporating a cooling lubricant system, enhanced the steady performance of the
temperature distribution which resulted in a stable forming force distribution according to the

step tool path and thus, improved geometric accuracy.
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Figure 6-11. Forming force according to the step tool path: (a) initial, (b) first RBF

optimisation, (c) second RBF optimisation.

6.4.4. Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX)

Hitachi TM3030 SEM/EDX system was used to evaluate the surface quality on deforming
surface and the diffusion of compound layer, microstructure evolution on thickness section. All
samples (initial, first and second RBF) were prepared from the lower part of formed shapes.
The first EDX analysis was applied to the samples’ deforming surfaces by first cleaned using
70% alcohol, followed by ultrasonic cleaning at 30 kHz for 30 mins in order to remove any
remaining contamination. Further SEM and EDX were applied to the thickness section by
chemical polished with 0.04 um Colloidal Silica (OP-S) suspension and etched using Kroll's
reagent (2 mL HF, 10 mL HCl, 88 mL H20).

As shown in Figure 6-12(a), the initial experiment illustrated a pronounced area of large micro-
cracks, sizeable valleys and a notable amount of remaining lubricant adherence. Such
phenomena resulted in a reaction between the material and lubricant elements which led to the
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formation of a compound mixture layer (Figure 6-12(d)). The pronounced alpha-case and
interlamellar £ grains indicated a beta-transus. The formation of the compound layer and the
alpha-case induced the geometric inaccuracy described in Section 6.4.1. The microstructure
matched the findings of de Castro et al. [240] who assessed 1050 °C heat treatment on Ti-6Al-
4V alloy for 30 min with heating and cooling rates of 20 <T/min and 6 <T/min, respectively.
Where a Widmanst&ten-type structure was obtained with a basket-weave microstructure. The
alpha-case with basket-weave microstructure proved that the temperature has exceeded the
beta-transus with a slow cooling rate. The study proposed that the annealing of Ti-6Al-4V above
beta-transus increased the DRX process significantly and induced notable thermal expansion
during the process. Therefore, the microstructure formed in this study increased the micro-
cracks due to the strong thermal expansion and resulted in deeper diffusion of compound layer
and alpha-case.

By applying the first RBF optimisation and cooling lubricant, the incidence of micro-cracks
was reduced and the cracks per se became smaller (Figure 6-12(b)). Additionally, the
compound layer was decreased (Figure 6-12(e)). Lamella a grains with nucleation of 8 grains
were detected to initiate a slight a’ martensite microstructure. The phenomenon can be
attributed to the enhanced cooling rate from the cooling lubricant. Zhang et al. [241] have
evaluated the oxidation behaviour of Ti—-6Al-4V during varied hot deformation processes,
proposed that the activation energy at beta-transus temperature will exceed the formation and
growth of critical nucleus grain boundaries and react with interfacial energy for nucleation of
new phases and alpha-case formation. Seth et al. [242] agreed with statement and suggested
that alpha-case is more pronounced at beta-transus temperature heat treatment with rapid
cooling rate, and the structure exhibits brittle failure due to the numerous cracks in the alpha-
case. In this study, it can be proven that the cooling lubricant only removed the compound layer

and the reduced temperature decelerated the formation of g grains and alpha-case.
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After the second RBF network optimisation (Figure 6-12(c)), only small micro-cracks were
observed owing to the reduced temperature and cooling lubricant. The obtained phenomenon
indicated a complete removal of compound layer as shown in Figure 6-12(f). A bimodal
microstructure which composed of primary a grains and transformed S grains has been
illustrated. According to Chong et al. [243] on the investigation of deformation mechanism and
properties of Ti-6Al-4V alloy, the bimodal microstructure bearing balanced volume of a-f
grains and refined grain size which enhancing the straining behaviour. The microstructure will
enhance the straining during the SPIF process where no alpha-case to increase the risk for brittle
fracture and less compound layer to affect the surface quality.

The EDX maps in Figure 6-12(g-i) indicated the removal of compound layer corresponding to
initial, first and second optimisation experiment maps. It can be noticed that the compound
layer has been removed according to the reduction of temperature and increased rate of cooling-
lubricant. The results indicated a good cooperation between cooling lubricant system and RBF
optimised tool path. The temperature initiation and friction at the contact area had been reduced
after each RBF optimisation, which results in formation of bimodal microstructure that
enhanced grain-boundary straining and promoted better surface quality with reduction of micro-

cracks and diffusion of lubricant compound layer.
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Figure 6-12. EDX and SEM maps: EDX and micro-cracks on deforming surface: (a) initial, (b)
first RBF, (c) second RBF; SEM maps on cross-section top surfaces: (d) initial, (e) first RBF,
(f) second RBF; EDX maps on cross-section top surfaces: () initial, (h) first RBF, (i) second

RBF; (Element map: titanium, red; molybdenum, green; oxygen, blue).

6.4.5. Surface roughness

The deforming surfaces from the SEM samples have been characterised using the Alicona
Infinite Focus optical surface measurement system in order to obtain surface roughness

measurements. The imaging capture area was 2.5 mm = 2.5 mm for all samples. A Gaussian
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filter was used so as to reduce the noise on inclined planar surfaces.

The surface roughness measurements were maximal following the initial experiment (Figure
6-13 (a)), results which could relate to the peak dissipation of lubricant seen at this stage. This
phenomenon resolved following the first optimisation (Figure 6-13(b)). Following the second
RBF optimisation (Figure 6-13(c)), a reduction in surface roughness peak value was achieved
which implies that the dissipation of lubricant had decreased. This offered strong evidence that
the temperature variance was controlled during the second RBF optimisation; the consequently

reduced temperature and forming force resulted in a slow dissipation of lubricant.

Lbbon

RS o a

200.0000pm

Figure 6-13. Measurements of surface roughness: (a) initial, (b) first RBF optimisation, (c)

second RBF optimisation.

The measurements of average surface roughness (S,) for the samples are illustrated in Figure
6-14. The first RBF optimisation revealed a decrease from the initial experiments to the second
RBF network optimisation, which indicated that the unstable temperature and forming force
resulted in an uneven surface. With the dissipation of the lubricant, the surface roughness was

higher than in the second RBF network optimisation.
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Conclusion

RBF network is a useful machine learning method to study the experimental parameters
(geometric coordinates, temperature, forming force) based on abundant training groups.
The results shown that the RBF optimised tool path can be gradually improved depends
on two sets (each set 5 experiments) of training experiments and reduced the springback
to 5% and below.

The ball-roller tool integration with cooling lubricant formed a functional way to reduce
the thermal expansion on the tool. The sustainable support of liquid lubricant
significantly improved the function of the lubricant and promoting geometric accuracy
and surface quality.

The FEM analysis indicated ideal profiles (geometric, temperature, forming force) to
compare with the measured results to indicate the improvements. It can be noticed that

each RBF tool path optimisation with cooling lubricant induced a reduction in
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temperature which approached to the simulation and improved the geometric accuracy
to the CAD profile.

e The non-cooling lubricant experiments indicated rapid temperature increase at ending
stage over the set temperature which accelerated the lamellar microstructure growth to
form basket-weave structure. Such growth increased the springback with further
enhancement of compound layer diffusion and alpha-case which increased the surface
roughness.

e The cooling lubricant indicated a pronounced temperature reduction which slow down
the rapid growth of lamellar microstructure. The active lubricating service removed the
formation of compound layer and balanced the temperature increase which improved

the surface quality and enhanced the geometric accuracy.
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7. Conclusion and future research

Conclusion

This PhD research developed an induction-heating assisted SPIF to provide rapid and precise
heating to Ti—6AI-4V sheets. The research comprised the experimental analysis of geometric
accuracy, thickness distribution and surface quality under different temperatures and
parameters. To reduce the observable springback, uneven thickness distribution and lubricant
adherence, flexible ball-roller tool design integrated with lubricant system and machine learning
tool path optimisation was designed. The experiments obtained mechanical properties including
the forming force, straining behaviour, geometric coordinates and thickness were correlated
with microstructural evolution in the DRX process, grain size development, grains orientation,
crystalline texture and phase transition. This research investigated the combination of
experimental scale FEM and CPFEM with grain level RVE and CA to predict the mechanical
and microstructural behaviours; different parameters including step size, feed rate and
temperatures were investigated to reveal the different mechanical and microstructural properties
numerically. Further, this research first time investigated the heating temperature to above Ti—
6Al-4V beta-transus (980 °C) and using RBF network tool path optimisation with cooling
lubricant to control the temperature and dominate the microstructural evolution to enhance the

geometric accuracy. The main research contributions can be highlighted as:

Chapter 1 & 2:

Objective 1 on the study of background of ISF processes and objective 2 on the literature review

in current technology.

e Comparison of current ISF processes and the advantages and limitations of SPIF

process.
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e The current heating methods in SPIF provides sufficient temperature to the high-
strength alloy sheets and increase the ductility to improve the formability. However, the
endurance and time of heat-transfer are not satisfied to complete the full SPIF process.
The future improvements should be done to achieve localised heating in accordance

with the tool and produce stable heating throughout the whole process.

e The ball-roller tools indicate better surface quality than conventional tools. However,
the friction at the tool-surface contact area is increased due to dissipation of lubricant
during heat-assisted SPIF process. The tools can be further improved to integrate with
water-cooling system to reduce the thermo-expansion on the tool and enhance the

endurance of lubricant.

e The lubricants used in current heat-assisted SPIF unable to meet the requirement to
reduce the friction and wear tracks due to the rapid dissipation. The aspect can be
improved by design of high-temperature lubricants and cooperating with tool design to

allow a cooling water or liquid lubricant to enhance the surface quality on the workpiece.

e The geometric error on tool path for heat-assisted SPIF process is significantly greater
than room temperature SPIF. Artificial intelligence can be integrated to optimise the

tool path for better geometric accuracy.

¢ Numerical modelling is sufficient to provide macroscopic simulation for heat-assisted
SPIF process. The further improvements can be done on the combination with CPFEM,
RVE and CA modelling to link the macroscopic parameters to mesoscopic and
microscopic structures to reveal the microstructural evolution and process the results to

correlate with mechanical behaviours.

Chapter 3:
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Objective 3 on the correlation between the mechanical and microstructural properties for

induction heating assisted SPIF of Ti-6Al-4V at relatively low temperatures.

e Establish of an induction heating SPIF system to provide localised and rapid heating to

deform workpieces.

e Experimental and numerical investigation on mechanical properties (straining, strain
rate) and correlate with microstructure properties (grain refinement and micro-hardness)

using Z-parameter calculations.

Chapter 4:

Obijective 4 on the tool design and lubricant improvements to extend the endurance of lubricant

and resistance to dissipation.

e A cooling lubricant system has been designed to integrate into the ball-roller forming
tool to provide an efficient and sufficient liquid lubricant (MoS>) to reduce the thermal
expansion on the tool and the wear tracks on the tool-workpiece contact area. The

lubricant dissipation and the adherence of lubricant were significantly reduced.

Chapter 5:

Obijective 5 on microstructural numerical modelling to predict the evolution in crystal structure

and correlate the outputs with the process parameters.

e A multi-scale modelling in combining of CPFEM, RVE and CA models to simulate the
crystal plastic deformation and microstructural evolution with link with process

parameters and mechanical properties from the heat-assisted SPIF process.

Chapter 6:
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Objective 6 on developing of artificial neural network to optimise the tool path to improve the

geometric accuracy.

e ANN (radial basis function network) was used in this chapter to correlate with
controllable water-cooling integrated ball-roller tool to optimise the tool path plan and

dominate the microstructural evolution.

Future improvements

The future improvements in heat-assisted SPIF can be classified into the following aspects:
formability, geometric accuracy, thickness distribution and surface quality. All these aspects
are relevant to the heating method, tool design, tool path optimisation, lubricant and analysis in
microstructural evolution. Further, the accuracy of numerical analysis and cost reduction are
accounting for external effects in the investigation, time consumption and cost production. All

aspects and potential effects can be expressed as:

e The localised heating methods revealed more precise heating to the tool-surface contact
area. Induction heating indicated better surface quality to remove the electric sparks and
burns-off cracks on the deforming surface than electric heating and laser heating.
However, the formability is limited due to the controlled movement of the heating coil
and forming tool. Robotic arms can be integrated into the system to allow flexible
movement of heating coil for complex forming shapes. This comprises the
compensation of the tool path to accomplish the corrections of robotic movements and

an analytical model to ensure the heater provides constant and rapid heating.

o Ball-roller tools indicated more efficient service in reducing friction at the tool-surface
contact area; the integration of water channel enables the cooling and lubricating

function to reduce the thermal expansion of the tool and balance the temperature on
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deforming surface. Future improvements can be achieved by designing more freedom
of axis-rotation to allow flexible tool-surface contact to increase the wall angles and
formability. An analytical model can be established to analyse the cooling rate and its

effects on the localised contact tool-surface area.

During the heat-assisted SPIF for high strength materials, pronounced springback and
pillow effects are common issues to affect the geometric accuracy. The effects are
mainly attributed to the thermal and straining behaviour of the process. ANN network
revealed excellent performance in analysing the effects from process parameters to
produce an optimised tool path to reduce the springback. However, the temperature and
straining induced DRX, DRV and further phase transition which increased the thermal
expansion and impacted the forming tool to give unpredictable geometric errors. The
material behaviours can be studied using machine learning techniques and imply the

output data with parameter effects to produce an optimised tool path.

Lubricants and coatings are commonly not efficient for high-temperature SPIF process
which leads to dissipation of lubricant resulting in adherence, adhesion and abrasive
wear on the deforming surface. Ball-roller tool and cooling lubricant indicated high
performance to reduce such effects. Further improvements can be achieved by
developing an advanced structure to allow adjustment for multi-lubricants and flow rate;
paste lubricant can be mixed with liquid oil under chemical reactions such as plasma

treatment to enhance the molecular activation for better lubricating service.

The current FE modelling has shown excellent results agreed with the experiments
which are able to present complex tool-surface contact and friction behaviour. However,
the computational time is usually more than 40 h. To reduce the time consumption, time
scaling must be controlled and mesh refinement should be applied to the deforming
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region. Further, the crystal plasticity behaviour and grain size evolution can be
approached by combining the CPFEM, RVE and CA as a single FE model. To simulate
twin-phase materials and predict twin-grains behaviours, the polycrystalline model can
be improved in calculations of grain boundary to improve the modelling. In addition,
the analytical model of the heat source should be integrated into the modelling system

to improve the accuracy of crystal plasticity behaviour.

The microstructure analysis is essential for heat-assisted SPIF. The current analysis is
limited to the microstructure map at the regional deforming surface after experiment. It
can be improved by applying microscopic investigation on specific area to the crystal
plasticity, texture, misorientation grain boundary angles and grain size data to correlate
with mechanical properties from experiments. Further, the output data (stress, strain,
grain orientation and grain size) from microstructure can be integrated into the

numerical modelling to improve the accuracy.
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Appendix

Support document for research 3: Crystal plasticity model of induction heating assisted

incremental sheet forming with recrystallisation simulation in cellular automata
MATLAB codes

Parameters:

%% Please note that all units in this code are Sl units: m

T=1373; % Deformation temperature, unit: K

StrainRate=0.1; % strain rate

Strain=10; % strain

LO=4e-6; % The actual size of each cell, unit: m

%%

R=8.31; %Gas constant, R=8.314J/mol/K

k=1.3806505e-23; %

PoissonRatio=0.33; % Poisson Ratio v=0.3-0.4

eps=1e-10; % Customize an infinitesimal
OriginalDislocation=1e+10; % Original Dislocation 1le+10=======

DRXOriginalDislocation=1e-10; % DRX Original Dislocation 1le-10======
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Burgers=2.86e-10; % Burgers vector

ShearModulus=8.2e+10 ; % Shear Modulus

lanmda=1; %

Qgb=425000; %grain boundary activation energy J/mol

Qact=446000; % activation energy J/mol

DeltaDob=2.0e-4;

HardRate=8.179e+9; % Hardening Rate

StressMax=120e+06; % Maximum stress

Garmam=ShearModulus*Burgers/48/(1-PoissonRatio);

L=10*ShearModulus*Burgers/StressMax;

Tao0=0.5*ShearModulus*(Burgers"2);

M=Burgers*DeltaDob/k/T*exp(-Qgb/(R*T));

k1=2*HardRate/0.5/ShearModulus/Burgers;

k2=2*HardRate/StressMax;

CriticalDislocation=power(20*Garmam*StrainRate/(3*Burgers*L*Tao"2*M),1/3); %

Critical Dislocation

kGB=1.2; % Adjustment coefficient =====================—==—==—==—==—===



Deltat=k272/(k172)/M/Tao*L0/kGB; % lIteration step time

DeltaStrain=StrainRate*Deltat; % lterative dependent variable

Nstep=round(Strain/DeltaStrain); % Iteration

Delta_t=Strain/Delta_Strain

DislocationMax=(k1/k2)"2; % Maximum dislocation

Pnuc=0.75e+26*StrainRate*exp(-Qact/(R*T))*Deltat*L0"2;

M=0.7*M*1el,

Initiate microstructure

clc;

close all;

% close all open windows

currentFolder = pwd;

addpath('./SourceFunction/");

addpath('./FunctionsMexWIN/);

nx=input(’ Please enter the cell space size Nx:");

ny=input(’ Please enter the cell space size Ny:");

numnucl=input(’ Please enter the number of nucleation points:');
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myseed=input(' Please enter random number seed:');

nstep=input(’ Please enter the number of CA steps for grain homogenization growth:");

rng(myseed,'twister');

% set random number seed

ori=zeros(nx,ny);

% cell array initialization

ori(randperm(nx * ny,numnucl))=randperm(1000,numnucl);

% Randomly generate “numnucl” nucleation points in a cell array, the orientation value

distribution range of the nucleation points 1-180

ori2=zeros(size(ori));

ori4=ori2;

ori6=ori2;

ori8=ori2;

oril=ori2;

ori3=ori2;

ori7=ori2;
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ori9=ori2;
% The current cell array neighbors are pre-allocated to speed up computation
while any(~ori(:))
% Nucleation Points Fill Cell Array
[ori2,0ri4,0ri6,0ri8]=neibo4_mex(ori);
% call the neio function to generate the 4 neighbors of the current cell array
ori=growth_mex(ori,ori2,0ri4,ori6,0ri8);
% Call Mex file -- speed up operation

end

str=input(' Whether to introduce second phase particles:\n','s’);

if str=="y'
number_phase=input(’ Please enter the number of second phase particles:');
radius=input(' Please enter the second phase particle size:');
ori=addphase(ori,radius,number_phase);

end

for i=1:nstep
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% The initial grains grow uniformly

[oril,ori2,0ri3,0ri4,0ri6,0ri7,0ri8,0ri9]=neibo8_mex(ori);

% call the neio function to generate the 8 neighbors of the current cell array

ori=coarse_mex(ori,oril,ori2,ori3,ori4,ori6,ori7,ori8,ori9);

% Call the Mex file to complete the grain growth according to the grain boundary energy

reduction trend-speed up the operation

end

if str=="y'

ori_gb=addgb_phase_mex(ori);

else

ori_gb=addgb_mex(ori);

end

save ori ori;

save ori_gb ori_gb;

DRX

close all
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clear all

clc

rng(randi(1000),'twister');

currentFolder = pwd;

addpath('./SourceFunction/");

addpath('./FunctionsMexWIN/);

load ori ori;

Parameters;

% Load the initial tissue cell matrix

[nx,ny]=size(ori);

originrow=nx;

origincol=ny;

[~,GB]=addgb_mex(ori);

% Array of grain boundaries, 1 for grain boundaries and 0 for grains

D=ones(nx,ny)*DRXOriginalDislocation;

% Dislocation density array

State=zeros(nx,ny);
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% Cell crystal state array

C=ones(nx,ny)*181;

C(GB==1)=0;

% For display arrays, grain boundaries are 0, black; grains are 181, white

Grainnumber=zeros(nx,ny);

number=1;

drxdistance=zeros(nx,ny);

index=zeros(nx,ny);

locationnum=zeros(nx,ny);

AverageDislocation=zeros(Nstep,1); % Dislocation Density Average

% An array of preassignments for each grain area and an array of preassignments for each

grain diameter

RCA=struct("XunHuanl',struct('RAreaOfEachGrain’,zeros(Nstep,1)), XunHuan2' struct('RDia

meterOfEachGrain’,zeros(Nstep,1)));

NumberOfAllGrains=zeros(Nstep,1); % The total number of grains array is pre-assigned

after the recrystallization update once
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AverageDiameterOfAllGrain=zeros(Nstep,1); % The average grain size array is pre-assigned

after the recrystallization update once

DRXFraction=zeros(Nstep,1); % Recrystallization percent array preassignment

NumberOfDRXGrain=zeros(Nstep,1); % Recrystallized grain number array preassignment

AreaOfEachDRXGrain=zeros(nx,ny);

DiameterOfEachDRXGrain=zeros(nx,ny);

% Visualization of recrystallized tissue evolution

H=image(C);

set(H,'cdatamapping’,'scaled");

colormap colorcube

title(DRX CAS=0','Fontsize’,14,'Fontname’,' Times New Roman’);

set(gcf,'DoubleBuffer’,'on’)

set(gcf,'color','w")

axis equal

axis([1 ny 1 nx])

% DRX evolution iteration
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for i=1:Nstep

% if mod(i,round(Nstep/4))==0

%
[ori,GB,C,D,State,Grainnumber,drxdistance,index,locationnum]=topo_mex(ori,GB,C,D,State,

Grainnumber,drxdistance,index,locationnum,originrow,origincol,i*DeltaStrain);

% end

% The above three lines of code are topological deformation, which is disabled by default; if

you want to enable it, just remove the comment.

% Dislocation Density Evolution Model

D=DislocationMatrix_mex(State,D,DislocationMax,DeltaStrain,k1,k2);

% Recrystallization Nucleation Model

[ori,C,D,GB,State,Grainnumber,number]=Nucleation_mex(ori,C,D,GB,State,...

Grainnumber,CriticalDislocation,DRXOriginalDislocation,Pnuc,number);

% Calculate the size of each recrystallized grain, which is used to calculate the driving
force for the growth of the recrystallized grains
DRXFraction(i)=length(State(State>0))/nx/ny; % Percent recrystallization at different time

steps

Threshold=0; % Set a threshold, can also be set to 0
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% When the threshold value is set to 1, the individual nucleation points that only
complete nucleation are ignored, and do not participate in the calculation of the average grain

size as a single grain

% When the threshold is set to 0, the single nucleation point that only completes

nucleation is used as a single grain to participate in the calculation of the average grain size

Tablel= tabulate(Grainnumber(:));

Tablel(Tablel(:,2)<Threshold,:)=[];

NumberOfDRXGrain(i)=length(Tablel)-1;

% Output the cell's color variable as an image

H=image(C);

set(H,'cdatamapping’,'scaled’);% Modify settings

colormap colorcube

axis equal

axis([1 size(ori,2) 1 size(ori,1)])

% recrystallized grain growth

[ori,State,C,D,Grainnumber,drxdistance,index,locationnum]=DynamicRX_mex...

(ori,State,C,D,Grainnumber,drxdistance,index,locationnum,M, Tao,Deltat,L0);
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%% Dynamically recrystallized grain dislocation density grows again

D=DislocationDRX_mex(ori,D,DislocationMax,DeltaStrain,k1,k2);

%% reset grain boundary

[~,GB]=addgb_mex(ori);

set(H,'CData’,showgh_mex(C)); % Update the display of grayscale values

ti=title([' DRX CAS='",num2str(i)]);

set(gcf,'color','w")

axis equal

axis([1 size(ori,2) 1 size(ori,1)])

pause(0.0005);

% The total number of grains and the size of each grain after the recrystallization is updated

once.

RLT = bwlabel(showgb_mex(C),4);

RSTATS = regionprops(RLT,'Area’);

% The total number of grains after statistical recrystallization is updated once
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NumberOfAllGrains(i)=size(RSTATS(:,1),1);

% Average grain diameter unit: m

AverageDiameterOfAllGrain(i)=sqrt(nx * ny/NumberOfAllGrains(i) * L0"2 * 4/pi);

for row=1:NumberOfAllGrains(i)

% Area per die, unit:m?

RCA.XunHuan1(i).RAreaOfEachGrain(row)=RSTATS(row).Area * L0"2; % The diameter

of each grain, unit: m

RCA.XunHuan2(i).RDiameterOfEachGrain(row)=...

sqrt(4 * RCA.XunHuan1(i).RAreaOfEachGrain(row)/pi);

end

% Record stress-strain data

Stress(i+1)=0.5 * ShearModulus * Burgers * sqrt(sum(D(:))/...

(size(ori,1) * size(ori,2))) * 1e-6; % unit: MPa

end

% The average grain area was obtained from the lattice area occupied by the recrystallized

grains

MeanAreaOfDRXGrain=DRXFraction * nx * ny * L0"2./NumberOfDRXGrain;
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% From the average grain area of the recrystallized grains, find the average grain diameter,

unit: m

MeanDiameterOfDRXGrain=sqrt(MeanAreaOfDRXGrain * 4/pi);

% Average dislocation density

AverDislocation=[OriginalDislocation;AverageDislocation];

% dynamic recrystallization percentage

Fraction=[0;DRXFraction] * 100;

% Number of recrystallized grains

NumberOfDRXGrain;

% Average size of recrystallized grains

MeanDiameterOfDRXGrain;

% Awverage size of all grains

AverageDiameterOfAllGrain;

% save data

save data
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Support document for research 4: Application of machine learning on tool path optimisation
and cooling lubricant in induction heating-assisted single point incremental sheet forming of

Ti-6Al-4V sheets

PSO algorithm integration to RBF network

Please note that the PSO algorithm was based on modification of the previous study by Han et
al. [232]. By integrating this algorithm to RBF network, the particles in each iteration are
updated by best fitness (P;) obtained in previous and another best fitness in the full PSO
trackable particles population. As the fitness value is global best, the value is named as (F;).
The PSO accelerates the velocity for each particle toward the P; and F; positions at each time.

The position and velocity of particle ith updates can be expressed as:

VT = wlf +on (Pi - Xlk) + C1, (Pg - Xlk) (A-1)
X =Xk + avjt (A-2)
W = Wnmax — ((Wmax - Wmin)/ kmax) X iter (A'B)

where X; denotes the ith particle position. V; denotes the ith particle velocity. P; denotes the
best fitness position of ith particle. w denotes the weight inertia. A denotes the constriction
factor which is integrated to w to dominate the limitation of velocity. ¢, and ¢, are constant
variables in acceleration. ry, r, are constant variables in the scope of (0,1). w denotes the initial
weighting coefficient. wy,. and wy,;, are coefficients. k., denotes the maximum value of

267



iterations. The calculation of PSO is terminated as the given maximum iteration or fitness values

are met.

The integration flow process of PSO and RBF networks can be expressed as:

1. Set swarm initialisation size w, position and velocity of each particle as: thresholds for
connection of RBF neural network 8;, 8y;; the maximum iteration value k.4, constant
variables ¢y, ¢;; Wpax, Wmin fOr initialization iteration k = 1.

2. The term {w;;} denotes the connection weights between the RBF network input and
hidden layers. {wy;} denotes the connection weights between the RBF network hidden
and the output layers. They can be expressed as: x = {w;,, Wi, Oik, 01}

3. Constraint the range of {w;,} and {w;,;} as [Wy,in, Wimax] tO initialise the swarm as:
PSO {x;(0),i = 1,2,---,m} based on m types of different neural network weights.

4. The fitness of particle x; can be defined as:

(A-4)

fO=1TEm

(A-5)
E =

N[ =

i i [ (k) = y; (0]
ko j

where f(X) denotes the fitness value corresponding to x;, E (X) denotes the initiated error
level after each RBF training by individual X. d; (k) denotes the weight update objective

function output; m denotes the number of nodes for output layers.

268



5. The obtained fitness value f (xi(k)) based on each particle will be compared with the

value of individual extreme f(pi(k_l)). Before imitation of each iteration, if the

obtained fitness value is better fit the target than the individual extreme value, then
update the individual extreme value p{® = x"V. Otherwise, repeat p{” = p~.

6. For global extreme value updates. The values in pk=pf | f(pi(k))z

max {f(pfk)), ,f(p,(,’f))} for all data points collection, and the values for all fitness

values will be used as global extreme values.

7. Update the position x; and velocity v; of each particle in the Eq. (A-1). To constraint
the particles in the search space, V; is limited as —V,.x < Vi < Vipax-

8. Each iteration evaluates the fitness value for new particle. The values of P; and F, will
be determined by each iteration and update F, of the swarm and P; of each particle. The
iteration and RBF network solution is terminated as the maximum iteration k.5 IS
reached or the training error E is specified as lower the minimum, proceed to step 9.
Otherwise, repeat step 4.

9. Exit the PSO algorithm and assign the values to the range of {w;,} and {w;,;} in RBF
network.

Machine learning parameters setting for this study

The number of hidden layers can be expressed as:

n=va+b+c (A-6)

where a denotes the number of output layers, b denotes the number of input layers, and ¢
denotes a constant in range of 1 to 10. In order to reduce the computing time, c is considered

as 8 and n is calculated as 10.
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In the algorithm training, following parameters were used, initial and threshold values: [—1,1],
learning rate value, n = 0.5. Momentum factor, « = 0.6; Initial population size, m = 100;
RBF network structure: 3-10-1; inertia weight w = 0.8; the linear decrease in the number of
iterations = 0.4; learning factor of ¢; = ¢, = 2; maximum speed v, = 0.5; maximum
number of iterations wy,,, = 500; Please note that the above parameters were obtained on less

computing time for acceptable error percentage of 2%.

The values of learning rate and momentum factor were adjusted using following equations:

OE (A-T)
AWi' = —
1= " Taw,
Wij(k) = né;(k)yi(k) + aAW;;(k — 1) (A-8)

where AW;; denotes the deviation of RBF network particle of weight and threshold. (k — 1)

denotes the time.
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