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ABSTRACT

The demand for miniature products has recently significantly increased as has the need for
these products to be produced rapidly, flexibly and in a cost efficient manner. The application
of electrical sintering shows significant potential to produce these components by using powder
materials. However, previous research has shown that there are still challenges that need to be
considered in order to achieve increased densification of products and simplification of the
processes. The process concept utilised in this study is called Micro-FAST, which comprises
the combination of an electrical-field activated sintering technique (FAST) and micro-forming

processes.

The aim of the work was to develop the process concept for the manufacture of miniature
components, and to develop the necessary die sets along with other tooling for experimental
work to enable the forming of ceramic micro components from powder materials and to also

develop a new tool design for mass production.

A comprehensive literature review is given on micro-manufacturing processes, challenges,
key issues, micro forming, micro scale size effects, sintering processes and the electrical field
activated sintering processes and their application. The concept of the Micro-FAST process
was explained, and development of the die sets and materials selection justification for the

process is described.

The finite element (FE) analysis of the effect of the coupled thermal-electrical
characteristics of the die sets during the heating and cooling process was carried out. This was
done in order to study the heating flows of the die sets using the material properties chosen for
this research, the materials were zirconia, alumina and piezoceramic. The simulation analysis
was focused on the heating distribution process resulting from the die set design. An
experimental study has also been conducted in this work to validate the results from finite

element (FE) analysis.

The experiment was conducted using a Gleeble® 3800 testing system, a Scanning Electron
Microscope from HITACHI S-3700N, Energy Dispersive Spectroscopy and Nano Test

Vantage system (Nano-indentation). The material powders that have been used for this
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experiment were three different types of zirconia, alumina (Al203), and piezoceramics (PZT).
The first zirconia powder was yttria partially stabilized zirconia (3Y-Zr0O2), the second powder
is magnesia partially stabilized zirconia (MSZ) and the third powder was magnesia partially
stabilized zirconia with 5 wt% organic additives or organic binders (MSZ(#) ) to improve the

forming process.

Based on the results, the development of a new tool die-design concept has been introduced
which can potentially be used for mass production to produce miniature ceramic components.
The new alternative design is going to be validated and examined using the finite element (FE)
analysis of the new tool design sets effect on the coupled thermal-electrical characteristics
during the heating and cooling process using ABAQUS/CAE software. In conclusion,
improvements and promising results have been presented regarding a reduced process time for
the manufacture of miniature components with a variety of ceramic powder materials.
Recommendations for future work have been suggested and explained at the end of this work

in order to make further improvements to the process.
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INTRODUCTION

1.1 RESEARCH BACKGROUND

Today there is a significant increase in the demand for micro and miniature products and
micro-electromechanical systems (MEMS). This is due to the rapid growth that can be seen in
the fields of medicine, telecommunications and the automotive industry. For example, the
global industry association Semiconductor Equipment and Materials International (SEMI) has
forecast that the sales for semiconductor equipment, which had a market value of $37 billion
in 2015, is going to grow globally by 1.4%][1-3]. With regard to classic MEMS manufacturing
recent efforts have been made to scale down traditional methods and to develop new processes
to produces micro- and nano-components [2, 4-6]. For example, the manufacturing of micro
gears which are used widely in MEMS and micro-mechanical-systems (MMS), is often enabled
through lithographic techniques especially LIGA processes (German acronym for
Lithographie, Galvanoformung, Abformung (Lithography, Electroplating, and Molding) that
describes a fabrication technology used to create high-aspect-ratio microstructures) or ultra-
precision machining[3, 7, 8]. Moreover, Micro-forming plays an important role in the
manufacture of millions of micro products, such as micro screws through upsetting and rolling.
Furthermore, micro-extrusion has been well investigated where it is capable of extruding micro
pins in the laboratory with a shaft diameter of 0.5 to 0.8 mm and a wall thickness of 50 to 125
um. In addtion, forming ceramic materials is a challenging matter and there are some process
that can be used to produce miniature products such as those made by slip casting, tape casting,
injection moulding, dry pressing and hot isostatic pressing [2, 9-11]. Therefore, based on
previous research and experimental results there is no question that it is possible to manufacture
micro components with high precision and accuracy. However the cycle time and cost for high

production remain problematic and improvements are still necessary.



Page |2

In micro-forming, the limits of the process are influenced largely by the workpiece's
geometry and dimensions and the type of materials. This occurrence is being described as the
size effects. The size effects that exist in the materials can be described as grain and
feature/specimen size effects grain size effect can be described by the Hall-Petch law which
states that the material strengthens as the grain size decreases. The grain is a piece of a single
crystal that can grow by absorbing atoms from neighboring grains. Grain growth is driven by
a reduction in the total system energy and colud lead into in reduction the grain boundary
surface area. When some grains grow, the total number of grains in the material decrease, thus
reducing the free energy of the system. The performances of polycrystalline materials are
strongly affected by the formed microstructure inside, which is mostly controlled by grain
growth behaviors. In the Meantime, when the flow stress declines due to the miniaturization of
a part, the feature or specimen size effect appears. This effect can be considered an isotropic
continuum if the volume of the part remains unaffected by the various tools used in the process.
Moreover, It was found that by reducing the workpiece dimensions this could lead to an rise of
friction factor by 20 times, when performing extrusion experiments on the brass alloy
(Cuzn15) [11-14].

Additionally, micro forming requires tools with overall sizes in a range of tens of microns.
Electrical discharge machining (EDM) is one of the processes that has been used as the main
process of producing the micro tools. The benefit of using the micro-wire EDM method is the
capability to provide excellent results for producing micro tools with a high accuracy and good
quality, but the process is lacking in geometrical flexibility. Other technologies for micro tools
such as, grinding drilling, and milling were used for making tools such as tools for stamping
and coining processes. However, micro-tooling is expensive to manufacture [15, 16].
Moreover, plasticity remains largely absent in most ceramic materials. It has been shown that
fracture can be suppressed to some extent in a few ceramics at low temperatures, such as
ZrOz and yttria-stabilized zirconia (YSZ) [17]. The development of micro forming
technologies is facing big challenges that need to be addressed for producing micro-tooling. In
addition, the cost issue is a key factor that needs to be considered. The fragility of tools can be
a problem due to the forming force and tool wear at the micro and small scales. The micro scale

process is regularly slower than at the macro scale process due to the size effect issues and
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difficulties in fabricating micro parts with complex design. This was mainly the issue when a

high strength material was used in the micro forming process.

Therefore, the development of a new high volume production and low-cost manufacturing
process is required. The concept of this research comprises the combination of micro forming
and Field Assisted Sintering Technology (FAST). It has a potential to address the problems
and meet market needs in terms of reducing the influence of size effects, shortening the process
time, improving the shape of the produced part, decreasing the required pressure for the
forming process, providing options to use different material powders and improving the
forming of micro parts with high strength materials. Among applications that uses electricity,
electro-plasticity electrical sintering and (SPS) processes spark plasma sintering has
successfully formed components in many types of materials. However, there are still
considerable challenges to meet the requirements of achieving high relative densification of
samples and simplification of the processes[18]. Moreover, using the conventional powder
sintering process to consolidate or densify materials could produce a coarsening or neck
growth, which is critical because it is needed to achieve densification caused by surface
evaporation or diffusion [19]. Therefore, it is the reason why conventional methods take a long
time to complete. Currently using the forming process and electrical-field activated sintering
technology, the densification can be completed more promptly by powder particles
deformation and breakage. It is not like the SPS method which uses spark discharge to generate
the heating, because it requires the spark to ignite in the gaps, which means that the pressure
used will not be too high to prevent the spark from vanishing [20]. However, by using the
forming process and field activated sintering technology (FAST) by applying high pressure
this will assist breakage and increase plastic deformation of the particles between interfaces.
Based on that it is important for the process of the breakage and deformation of the material
particles to occur in order to get a sufficient and quick densification of micro products and

components.

1.2 AIMS AND OBJECTIVES
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The aim of this project is to develop a new fast forming process configuration to
manufacture miniature/micro components and corresponding tool-designs for machine setup
enabling bulk-forming from powder materials. The project involves a combination of micro
forming and Field Assisted Sintering Technology (FAST). The FAST process uses as low
voltage and high current, pressure-assisted sintering and synthesis technique, which has been
used recently in materials processing. This method can be used to densify materials and
synthesize compounds, and it is similar to hot pressing, but the heating and powder
densification mechanisms are different. Micro-FAST is a processing technology which scales
down the conventional FAST process for small-length scale manufacturing which involves a
different sintering mechanism and tooling technique, such as size-effect, electrical-thermo
phenomena at micro-scale, and micro/nano-interfacial fusion bonding, etc. The specific

objectives of the research were:

a) Understanding the fundamentals of the densification process for micro forming and Field
Assisted Sintering Technology (FAST).

b) Developing the optimal parameters for the Micro-FAST process, die sets and other tooling
for experiments and thermal-electrical FEA setup with the Gleeble® 3800 (vacuum) and

the new tool design.

¢) Conducting Finite Element Analysis for the die sets and the samples for the Micro-FAST

process.
d) Conducting experiments by using three types of zirconia alumina and piezoceramic

powder to produce high relative density cylindrical and cuboid samples with the Gleeble®
3800.

e) Developing an alternative tool design for the Micro-FAST process.
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f) Conducting Finite Element Analysis alternative tool design for the Micro-FAST process.

1.3 THE PROJECT METHODOLOGY AND APPROACH

Fundamental studies have been done consisting of process concept evolution, a design of
tools and process configurations for the experiments to achieve the aims and objectives as

stated above.

It started with a comprehensive literature review in the subject areas such as micro
manufacturing, issues in micro-manufacturing, micro forming and size effects, powder
sintering and the electrical-filed assisted sintering technology (FAST) application in the
sintering process. Through the literature review, key development issues have been identified,

and solutions for technology advances have been proposed.

After that, a development of Micro-FAST process parameter configurations, die sets and

other tooling have been identified and explained in order to prepare an experiment.

Then an electrical-thermal finite element analysis has been conducted for the for Micro-
FAST process for ceramics materials (zirconia, alumina and piezoceramic) to achieve the best
parameter for the process and prepare it for the experiment using Gleeble® 3800 machine from
Dynamic Systems Inc. The FEA has been used to show the heating characteristics of the die
sets that are going to be used in the experiment. The information collected from the FE
simulation is useful for understanding how the heating distribution happens to the die used in

the experiments of the FAST process.

Then, a series of experiments using three kinds of powder were used as raw materials which
were alumina, zirconia and piezoceramic powder materials. The experiment was conducted by
using a Gleeble® 3800 machine from Dynamic Systems Inc. The experiments were conducted
in London with the collaboration of Imperial College with die sets prepared by the Micro-
FAST project partners.
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After the experiments were conducted, the effects of parameters of the experiments such
as pressure, heating rate, heating temperature, holding time and the die sets used were reviewed
to see how they related to the densification, microstructures, and surface hardness of the
produced samples. The results with high sample densification were compared with a previous
electrical sintering process that had been used to see if the samples were achieving excellent
results or not. Improvements of the experimental process parameters and tool design were

performed to increase the process efficiency and improve product quality.

Finally, the issues and the problems encountered in the experiment have been stated that
could lead to some difficulties in applications of the technology. These included difficulty with
filling the powder, difficulty in controlling the volume of the powder feeding, difficulty in
handling the die during the operation, difficulty in injecting the component outside the die, and
the die-life being too short due to small sizes having fragility. These lead to the development
of a new tool design concept with the die-set inside it which can hypothetically be used for
mass production in the industry. The new tool design concept has a general design and a
manufacturing methodology by using electrical-field activated sintering technology (FAST)

and micro-forming to create micro-components from powder materials was established.

1.4 THE THESIS LAYOUT

Chapter 1 Introduction
This chapter consists of a description of the background of the project and the
aims along with the objectives which this research intended to achieve. This
was followed by detailed discussion of the project methodology to be used to
complete the research. The layout of the thesis for all the development works

carried out was shown.

Chapter 2 Literature Review



Chapter 3

Chapter 4

Chapter 5
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The second chapter provides a literature review of the subject areas such as
micro manufacturing, issues in micro-manufacturing, micro forming and size
effects, powder sintering and the electrical-filed assisted sintering technology
(FAST) application in the sintering process. Through the literature review, key
development issues have been identified, and solutions for technology advances

have been proposed.

Micro-FAST of Ceramics and Composites

This chapter explains the process configuration and densification mechanism
of the Micro-FAST process which mainly consists of four stages. In addition,
the development works on the die sets used in the Gleeble® 3800. The
discussion on consideration of tool geometric feature design and selection of
the material for the die sets is explained. The improvement of the Micro-FAST

process and the role of the heat transfer for this process is discussed.

Thermal-Electrical Finite Element Analysis (FEA) of The Micro-FAST
with Ceramic Material

In this chapter, the work by using ABAQUS/CAE software as a tool for
coupled FE thermal-electrical analysis, the effect of heating distributions
applied to the die sets during the electrical-field activated sintering and
forming processes were achieved. Results and discussion from each of the die

sets and materials have been analysed in detail.

Experiment of Micro-FAST of Ceramic Powder

This chapter clarifies the experimental study of the Micro-FAST process. All
the information regarding the equipment, ceramics and composite powder
materials, parameters and procedures used in the experiment and analysis has
been identified. The formed samples from the experiments were analysed and
discussed to provide conclusive results of reliability of the Micro-FAST
process. Moreover, the die sets produced excellent quality micro-components

with a high process efficiency.
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New Tooling Concept for Micro-fast of Ceramic Components

In this chapter, the possible issues faced in the experiment have been stated
which could lead to some difficulties in applications of using the technology.
Therefore, a new tool design concept with the die-set inside it has been
proposed which can potentially be used for mass production. The Micro-FAST
concept going to be used with the new tool design concept to create micro-

components from powder materials was established.

Conclusions and Recommendations
This chapter concludes the thesis and makes recommendations for possible

future work



Page |9

LITERATURE REVIEW

2.1 MICRO-MANUFACTURING

The meaning of manufacturing is making products that have been designed for a certain
purpose or application. It is a process for making an excellent output concerning quantity with
the maximum possible utilisation of raw materials. The manufacturing process can produce
either discrete or continuous process. However, in the last 20 years, the ‘manufacture’ meaning
has changed. Due to the economic, social and even the political changes manufacturing has
been influenced and became more organized and more implemented these days. Nowadays,
there is an increase in demand for miniature products that have been designed and produced
within small scales, such as MEMS, micro-mechanical devices, micro-medical components,
etc. Moreover, nanotechnology is becoming more mature and influential and many
nanotechnology-based products are being seen in the market such as nano-materials and
coating surfaces, nano-devices for communication, sensors and medical treatments and these

are produced in a volume production scale [1, 2, 21, 22].
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FIGURE 2-1: THE REVOLUTIONARY OF INDUSTRIAL TOWARDS PRODUCTIONS OF COMPLEX PARTS [21]

The development of manufacturing can be observed in the production of micro-products as

applied in mechanical, MEMS and medical industries. It has been widely used in,

telecommunications devices, vehicles, aircraft, household appliances, and information

technology facilities as shown in Figure 2-1. Due to this trend for miniature products, there are

challenges where the industries are trying to produce new products that integrate with a range

of functions and expand the application area without increasing the weight or the overall size

of the product [2, 23]

In industry, the concept of micro manufacturing can be understood within the context of a

miniature of the factory and manufacturing system. This means that all devices and machines

can be reduced to small scales. By decreasing the scale the energy will be reduced also which

means a reduction in the cost and the pollution [24] [25].

According to Qin [2], the scope of micro-manufacturing might need to be redefined as follows:

* Micro-precision manufacturing of macro-sized components

* Micro-/nano-feature manufacturing over large and small areas

» Manufacturing of micro-Sized components

» Manufacturing with micro-/nano-structured materials
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» Manufacturing with controlled micro-structures of materials

The micro-manufacturing is the link between the macro- and nano-manufacturing. The
micro-manufacturing engineering covers all aspects that have at least 2 dimensions within sub-
millimeter ranges. These aspects include manufacturing methods, strategies, equipment,
technologies and systems. The term of micro-manufacturing engineering concerns a series of
relevant activities within the chain of manufacturing micro-products/features, including design,
analysis, materials, processes, tools, machinery, operational management methods and
systems, etc.. [1, 2]. There is a huge amount of research and literature about the manufacture
of microsystems and MEMS. The technologies that include design and fabrication of micro-
systems sometimes are referred to as MEMS or MST [1] [26] [23].

The micro-manufacturing techniques are often divided into 2 categories, MEMS
manufacturing and non-MEMS manufacturing. The MEMS manufacturing includes many
techniques, such as plating, photolithography, chemical etching, LIGA, laser ablation, etc.
Meanwhile, the non-MEMS manufacturing includes some techniques, such as EDM, micro-
mechanical cutting, laser cutting, laser patterning, laser drilling, micro-extrusion, micro-
stamping, micro-embossing, micro-injection moulding, etc. On the other hand, sometimes the
micro manufacturing cauterised regarding the use of materials into silicon-based
manufacturing and non-silicone material manufacturing [1, 27]. Figure 2-2 shows the example
of micro parts produced by using the micro-forming process (Micro-extruding process). It can
produce products in near-net shape with less finishing operations. However, there are also some
difficulties regarding the size and frictional effects in forming material. For the components in
the range of 0.1 to 5 mm, the surface area per volume ratio is large and the forces on the surface
play a major role. When the ratio of the grain and feature size becomes larger, deformation
characteristics change in an unexpected way with significant variations in the response of the
material [28-30]
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FIGURE 2-2: EXAMPLE OF SOME FORMED MICRO PARTS [30, 31]

2.1.1 MICRO MANUFACTURING PROCESSES

Recently, the trend is to concentrate on miniaturizing or downscaling both conventional and
non-conventional methods to produce micro-products. Therefore, there are several processes
that have been applied which can be classified as conventional, non-conventional and hybrid
micro-manufacturing. The conventional process involves changing the workpiece shape using

a device made from hard material. Meanwhile, for non-conventional methods other forms of



Page |13

energy are utilised which are not associated with the sharp cutting tools needed for

conventional processes. Hybrid manufacturing is the combination of two or more processes to

manufacture the micro-products [3, 32]. According to Qin [1, 2] manufacturing processes can

be classified according to the energy type that has been used in the process, such as mechanical,

chemical, electrochemical, electrical and laser processes. The working principles behind each

process include consideration of mechanical forces, thermal effects, ablation, dissolution,

solidification, re-composition, polymerisation/lamination, and sintering. General production

processes also can be categorised depending to the way in which the micro-products are to be

made such as subtractive, additive, deforming, joining and hybrid processes as shown in Table

2-1[4, 2].

TABLE 2-1: TYPICAL METHODS/PROCESSES IN MICRO-MANUFACTURING[1]

Subtractive

Micro-mechanical cutting (milling, turning, grinding and polishing), micro-EDM,
micro-ECM, laser beam machining, electro-beam machining and photo-chemical-

machining.

Additive

Surface coating (CVD and PVD), direct writing (ink-jet and laser-guided), micro-
casting, micro-injection moulding, sintering, photo-electro-forming, chemical

deposition, polymer deposition and stereolithography.

Deforming

Processes

Micro-forming (stamping, extrusion, forging, bending, deep drawing, incremental
forming, superplastic forming and hydro-forming), hot-embossing and micro/nano-

imprinting.

Joining

Micro-mechanical-assembly, laser-welding, resistance, laser, vacuum soldering,

bonding and glueing.

Hybrid

Micro-laser-ECM, LIGA combined with laser-machining, micro-EDM and laser
assembly, shape deposition and laser machining, laser-assisted-micro-forming, micro

assembly injection moulding and combined micro-machining with casting.

2.1.2 CHALLENGES AND KEY ISSUES IN MICRO-MANUFACTURING

The manufacturing of micro-products needs to address production issues extensively to be

able to succeed compared to the situation with prototype-products based on micro-

technologies. The high-volume and low cost production of micro-components should be the
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main aim for the design of micro-manufacturing. The primary difficulties that relate to the
manufacture of micro-products are negligible when the work is done conventionally. When
these products are designed, not only will functional requirements need to be considered, but
also micro-manufacturing-related factors will have to be taken into account. This is because
manufacturing these products produces more significant challenges, compared to those for the
manufacture of macro-products. In the macro-scale manufacturing, the limit is how far it can
be scaled down, and factors that were insignificant at the macro-scale become more important
in influencing the manufacturing process for a micro-product. The essential factors in micro-
manufacturing that are negligible or ignored in the conventional machining are chip removal,

vibration, tool-offset, the rigidity of the tools and temperature [2, 6, 24, 33].

Another issue to be addressed at the design stage of micro-manufacturing is volume
production and automation. Most of the processes such as pressing, milling, turning etc, and
handling processes such as material loading and unloading, tool positioning and aligning; were
all manually configured and controlled by separate dedicated controllers to obtain precise and
accurate motion and alignment. It is different from prototyping in a lab scale compared to
products that are manufactured in volume production. The materials selection for
manufacturing and design of the component with their features will have an influence on
achievable production yield, which is mainly relevant by the capability of the machinery, tools,
processes and auxiliary equipment. It can be noticed that the micro-process technology is time
consuming and only suitable for low yield-rates. Moreover, the micro-process technology does
not have the potential yet for conventional processes due to the manual adjustments in every

aspect of the process [3, 33]

Unwanted external forces involved in physical contact are another issue that needs to be
removed. The precise positioning is a main problem encountered in the handling of micro-
parts. These external forces involved in physical contact are the electrostatic, sticking or
adhesion effect, and VVan Der Waals forces These are key issues and numerous studies have
been undertaken to recognize the situation and determine the strategy necessary to eliminate

these forces using mathematical simulation [34-39]
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Dimensional factors are also challenging when dealing with micro-manufacturing. The
development of micro-tooling started a long time ago, but there is still a limitation on the
tooling applicability [40, 41]. For example, in the process of drilling, the suitable aspect ratio
which is the tool diameter to the drilling depth is from 5-10 and sometimes can be lower than
five. However, deeper plunging and drilling could cause breakage in the tooling and that could
make the tooling unsuitable for aerospace and automotive industries [42]. Moreover, the sensor
dimensions need to be taken into account, because using the appropriate tooling in the micro-
manufacturing also deals with the sensors dimension. Recently, the available sensors are bulky
in size and that affects the performance and the precision of the work. Due to their large size,
the sensors are difficult to be placed accurately on a small workspace.While this level of
precision is not feasible for micro parts application as they require at least sub-micron precision
and accuracy. Additionally most current machines have less precision and accuracy than that

required in micro-handling [6, 24].

The limitations on the shape and the capability of the materials in producing micro-products
are important issues that face the manufacturer. For example, most of the processes are only
dealing with 2D/2.5D compared to 3D shapes, since to create 3D shapes needs significant
efforts such as development new processes and expensive equipment. The material capability
plays an important role in the micro-manufacturing process. It can be shown from previous
research that certain materials, such as brass, copper and aluminium used as test materials due
to their flexible and soft characteristics with low mechanical strength properties will tend to
deform easily under a low applied force. Only simple micro-features were generated
successfully by the efforts made [2, 13, 25, 43-45]

2.1.3 MICRO FORMING

Micro-forming can be defined as the technology of forming materials with at least two part
dimensions in the submillimeter range. For forming micro components from conventional scale

to smaller scale range, some aspects of the workpiece remain unchanged, such as the micro
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structure and the surface topology. This causes a change in the relation between the dimension
and of the component and the parameter of the surface or the micro-structure to be changed,
and that refers to the size effect. Micro-forming can be considered as a forming technology
processed in the so-called micro-factory [2, 27, 46] . A micro-factory is a downscaled
manufacturing system that represents a method to produce miniaturised products with less
space and operational costs, and as well as reduced consumption of energy and resources. It
has been established that in the case of 1/10 size reduction of production machines, the total
energy consumption in the factory could be reduced to nearly 1/100 of that of the conventional
factory [1, 25].

In conventional forming processes, the theories and technologies in macroscale have been
well established and widely used to manufacture high quality parts with highly sophisticated
tools, making the forming of several geometrical features possible. The conventional forming
process has been the appropriate choice for the economic and reliable manufacturing of a
variety of components in large-scale production. However, forming theories and technologies
for the macro scale cannot be scaled down to the micro scale easily, because it is impossible to
scale down all parameters in the micro-forming process according to the theory of similarity
due to the size effects [27, 43, 46]

According to several publications [43, 46], a micro- forming system can be split into four
groups as shown in Figure 2-3 the components of the micro-forming system [43, 46] :

Material, Processes, Tools and Machines/equipment.



Material

e Flow stress
¢ Anisotropy
® Ductility

® Forming limit
e Material flow

Tools

* Tool production with
advanced and new
technologies

e Tool materials

® Tool accuracy

e Laser as tool
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Processes

® Forming forces

e Accuracy of parts
e Simulation

® Scatter

® Tribology

e Springback

Machines and equipment
® Drives

e Automation

® New handling concepts

FIGURE 2-3: THE COMPONENTS OF THE MICRO-FORMING SYSTEM [43, 46]

Another author [27] classified the forming process to five elements as seen in Figure 2-4

Tz olisy
- Design
- Manufacturing

- Surface condition
- Accuracy

- Tool wear X

Waterial

Process

- Material flow

- Deformation mechanics
- Tribology

- Heat transfer

WIACIE =g D PIIEE

- Automation

- Handling methods

- Forming equipment/controls

FIGURE 2-4: BASIC ELEMENTS OF A MICRO-FORMING SYSTEM [27]
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For the materials, when scaling down the forming process to micro-scale, the deformed
material will not be considered as a continuum because of the large share of volume that has
been occupied by an individual grain. Differently from the conventional forming process, only
restricted grains are placed in the forming area during micro-forming. Grain and grain
boundaries will have a significant impact on the mechanical behaviour with the micro-scale
dimensions Compared to macroscale compression where there is less impact on the material’s
mechanical behaviour [27, 43, 46].

In conventional forming, appropriate design of forming processes is essential for
economical and reliable manufacturing of high-quality products. Recently it has become
possible to form complex-shaped components with different geometrical features by
combining optimised forming processes with appropriate tools and equipment within the
macro-scale in the industry. However, the conventional forming methods and strategies are not
suitable for reliable forming processes in micro-scale. Micro-forming scaling down or
modifying the conventional processes or normally uses non-conventional processes to fully
address the issues and other factors of forming the micro component, such as forming forces,
tribology, spring-back, scatter of the results, and accuracy of formed parts, simulation models

and improved and optimized design [27, 43, 46]

Forming tools are main parts of the forming processes. In conventional forming, the
manufacturing process of the tools is not as complex as that for micro-scale tools. Due to the
micro-scale, the demands for specific tools with high surface quality and close tolerance will
increase. The complexity of micro-forming tools comes from the difficulties in the creation of
very small shapes with high accuracy which are necessary for micro-forming. Therefore,
development of advanced and new manufacturing technologies of micro-forming tools is
essential. In the manufacturing of micro-forming tools, there are two main factors to be
considered, the tool materials and tool accuracy. The materials should have higher performance
so that the service life of tools can be long. Moreover, flexibility of tools is also a very important
factor that should be taken into account for the development of tooling system in order to reach
efficient micro-forming processes. Nowadays, with the trend toward miniaturisation, forming
of micro products with more complex shapes will become more common, and advanced

technologies involving innovative manufacturing methods are expected [27, 43, 46].
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Many problems occur in micro-forming processes related to miniaturisation. In conventional
forming processes, the clearance between machine parts can be negligible. However, the
detrimental influence on the accuracy of the produced products in the range of a few 100 um.
Therefore, it is necessary to develop machines and equipment that are particularly suitable for
the micro-forming processes. Currently, the trend in the machines and equipment development
in micro-forming is to decrease the scale in order to decrease the energy consumption,
pollution, and cost, due to the use of fewer materials for the miniaturised system. Also, due to
the reduction in scale of machines and equipment, the weight of the parts will be reduced. As
a result of that, the speed of the forming tools and the rate of production could be increased.
Moreover, the handling and measurement systems should also be considered in the

development of machines and equipment in order to achieve a high productivity [27, 43, 46].

2.1.4 Size EFFECT IN A MICRO SCALE FORMING PROCESS

In micro-forming processes, to reach an accurate design and analysis, a proper modelling
for the material behaviour is required by taking into the account the size effects. The issues
associated with the size effects occur when the sizes/features are reduced from a conventional
(macro-scale) process to micro-scale process. This causes the ratio between dimensions of the
part like height, length width, and thickness with the microstructure of grain size to change.
Due to that, the size effects will change almost all aspects of the forming process, for example,
behaviour of material, heat transfer, friction and handling. Therefore, the conventional methods
of metals and materials forming technology cannot be applied to micro-scale processes. Several
conventional forming machine designs with micro-tools that have been scaled down from
conventional to micro-forming have been used. However, considerations merged with machine
design have to meet the requirements of the process for higher quality and efficiency

concerning positional precision and handling of micro-parts/materials [1, 27, 43, 47-49]
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According to Koc et al [27] There are two size effects existing in metallic materials, these
are grain and feature/specimen size effect as shown in Figure 2-5. The grain size effect is
represented by the Hall-Petch equation, which illustrate that the material strengthens as the
grain size decreases. Grain size effect is dependent on the average size of the grains which
dominate an effect on the material response at the macro-level. Meanwhile a feature/specimen
size effect that has been observed, when the miniaturisation of the part happens, is a decline of
the flow stress [27].

Grain size scaling Feature/specimen size scaling

FIGURE 2-5: ILLUSTRATION OF GRAIN S1Z AND FEATURE/SPECIMEN SIZE EFFECTS

Depending on the testing methods of the material and forming process, the
feature/specimen size effect could be divided into two distinctive effects: the feature size effect
and the specimen size effect. The specimen size effect can be referred to as the diameter of a
billet/rod to the thickness of the blank/sheet to be formed or tested. Meanwhile, the feature size
effect can be referred to as the smallest feature such as channels, radius or protrusions of which
the final part will be formed. Table 2-2 shows several processes used as an example to define

and differentiate between feature and specimen size [3, 27].
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TABLE 2-2: EXAMPLES OF CLASSIFICATION OF FEATURE SIZES AND SPECIMEN SIZES ON SEVERAL PROCESSES
3.

Example Processes Feature Size Specimen Size
Extrusion process of micro- | Diameter of the reduced Initial diameter of the rod
pins. section.

Micro-channels formed on Micro-channel with their Thickness of the blank.
an initially flat thin sheet dimensions.

blank.

Bulge test of thin sheet Bulge diameter. Thickness of the blank.
blank.

According to several authors [27, 50] as the grain, specimen and feature size get smaller
into micro-scales, their effects are coupled and therefore should be considered together. The
authors proposed the use of two characteristic parameters N and M to couple and represent
the interactive effects. Where N is defined as the ratio between the specimen and the grain
sizes, and M can be defined as the ratio between the feature and specimen sizes. By defining

N and M, all combinations of the interactive effects (feature to grain size) can be represented

and qualified using N, M and N X M as shown in Table 2-3.

TABLE 2-3: TYPES OF SIZE EFFECTS AND CHARACTERISTIC PARAMETERS [27, 50].

Size Effects

Processes Description

Grain Size Feature Size Specimen Size
Tensile Test d t,, D,
Bulge Test d t,
Stamping Process d D, t,

Extrusion Process d D, D,
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N=t,/dorD,/d

Characteristic
M=D./t,orD,/D,

Parameter
NxM=D./d
Where:
d - Grainsizeof the materials. p, - Diecavity.
t, - Specimen thickness. N - Ratio between the specimen and grain sizes.
D, - Specimen diameter. M - Ratio between the feature and the specimen
sizes.

Figure 2-6 shows a variety of materials such as Aluminium CuNil18Zn20, CuZn36,
Cuzn15 and CuAl alloy that were observed on the curve of material flow under various tensile
testing conditions as shown in order to measure the material response on specimen size [3, 27].
Based on the tests that have been done, it has been established that the trend of decreasing flow
stress with a decreasing of N value was rather consistent. In the meantime the grain size effect
shows a strong influence on the material response at all scales until the N value is around 10

to 15 when the size effect of specimen starts to affect the materials response [3, 27].
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FIGURE 2-6: EFFECT OF N ON MATERIAL FLOW STRESS UNDER DIFFERENT TESTING CONDITIONS [27].
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FIGURE 2-7: GRAIN AND SPECIMEN SIZE EFFECT AS FUNCTION ON N AGAINST THE FLOW STRESS OF THE
COMPONENTS [27].

Nevertheless, based on the testing reported, an increase in flow stress N was reduced close
to the range of 2 to 4. As an example, in a conducted tensile test of 99.999% Aluminium rods,
the results showed an increase in flow stress as N decreased from 3.9 to 3.2 as illustrated in
Figure 2-6 (a). Moreover, a hydraulic bulge testing of thin CuzZn36 blanks showed similar
results, where there was an increase in flow stress as N value decreased from 5 to 3.3 as
shown in Figure 2-6 (d). An observation of increase in flow stress continued to occur as N
value was reduced close tol (single crystal deformation) as reported in the bending test of
CuZn15 and Aluminium 99.0 to 99.5%. Figure 2-7 shows the summary of the effect of N
against the flow stress of the components tested. However, in the results of the tensile test of
the CuNi18Zn20 specimen a continuous reduction in the flow stress was reported as N

decreased from 25 to 2.5 as shown in Figure 2-6 (b) [27].

In contrast, the studies on feature size effect were still lacking a comprehensive
understanding. As an example, a thin blanks of CuzZn36 with the initial thickness of 0.25 mm

were bulged by using two different bulged diameters of 20 and 50 mm. As the result when
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using a diameter of 20 mm the value for M was recorded as 80, while using 50 mm the value
for M was equal to 200. It has been observed that there was a decrease in the material flow
stress when a smaller bulge diameter was used. This indicated the effect of the featured size on
the response of the material. However, there was no discussion provided regarding the effect

of feature size [27].

surface
grains

diameter

FIGURE 2-8: SURFACE LAYER MODEL IN BULK METAL [43, 46]

Figure 2-8 shows the explanation of variations in the material flow curve due to the size
effects can be described by using a surface layer model. The dislocation movements in the
grains located at the surface are less restricted than grains inside the material. Therefore, these
surface grains show less hardening [30, 43, 46, 51]. The diameter of the components has been
decreased, but the grain size is still the same, the surface grain’s area becomes larger as shown
in Figure 2-8. Therefore, the movements of grains located at the surface are more active
compared to the inside of the material and show less hardening. Therefore, the flow stress is
going to be decreased. Meanwhile, when the grain size is reduced and the diameter of the
components remains the same, the surface grains area becomes smaller. As a result, the
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movements of grains that located at the surface are limited compared to the inside of the

material and show more hardening. Therefore, the flow stress will be increased [3, 43, 46, 51].

According to Li, Jin, et al. [52] it is challenging to get or maintaining a small grain size
during the processing or sintering ceramics martials.. To produce or form advanced ceramic
materials with low porosity and small grains, various techniques have been extensively
investigated. One of these techniques is the conventional sintering technique and it requires

high temperatures and long sintering times and thus often leads to substantial grain coarsening.

2.2 CONVENTIONAL SINTERING AND ELECTRICAL-FIELD

ACTIVATED SINTERING

2.2.1 OVERVIEW

Sintering is a process that is used to bond contacting particles to produce solid components
and densified materials from powder by using pressure and/or thermal energy without reaching
the melting point. The material atoms diffuse across the boundaries of the particles, fusing the
particles together and creating one solid piece. The bonding leads to improved strength and
lowers the energy system. The process of sintering leads to elevated mechanical, thermal, and
electrical properties. Sintering is one of the oldest human technologies and has been studied
significantly since the 1940’s and has been developed remarkably since then. One of the most
beneficial and important uses of the sintering is the fabrication of sintered parts, including
powder-metallurgical and bulk ceramics parts [53-55]. In general, sintering aims to produce
sintered parts or components with reproducible microstructures. That happens through the
control of sintering variables, which means microstructure control or grain size control,
sintered density and size and other phases distribution including pores. The final purpose of
the control of the microstructure is to prepare a fully dense form with good grain structure [53-
55]. According to Lakshmanan [56], the result of a sintering process is affected by several points
which can be divided into two basic categories. The first one called the “process variables” and that
contains all parameters that could be affected by the change of sintering process (sintering
temperature and holding time, sintering pressure, furnace atmosphere etc.). The other category is
known as “material variables” (geometrical structure of particles, their size and size distribution)

[57]. The sintering processes can be affected by the particles structure and particles size
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distribution. It has been established that particle size affects the sintering kinetics, especially at the
neck forming areas among the grains [58, 59]

In the sintering process, many mathematical models usually assume that the particles are
spherical or based on the joining of two spherical particles [60-62]. However, the powder particles
in industrial use have many shapes as seen in Figure 2-9. Most shapes used comes in the form of
angular, spongy and flaky particles depending on the types of the materials and properties. The
process of spherical or rounded particle production is mostly used for creating material particles.
A pulsated orifice ejection method has been developed for mass-production of monosized micro
particles [62, 63].

Spherical Rounded Angular Flakey
Cylindrical Cubic Spongy Acicular

FIGURE 2-9: POWDER PARTICLE SHAPES [62]

The sintering process can be divided into four stages (loose powder and three subsequently
sintering stages), as illustrated in Figure 2-10, based on the geometrical transformations the
grains undergo during the densification process. The densification process using the
conventional sintering process involves a coarsening or neck growth that is a critical
mechanism needed to achieve densification caused by surface diffusion or
evaporation/condensation as shown in Figure 2-10. Therefore, the conventional powder

sintering takes a long time to be finished [3, 53, 54].
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Loose Powder Initial Stage Intermediate Stage Final Stage

FIGURE 2-10: SINTERING STAGES [54, 64]

The initial stage is considered as the growth of the sintered bond from the initial single point
contact. In the intermediate stage, the pores start to decrease and the major densification of the
compact takes place. Moreover, this stage is also characterised by pore rounding and an
increase in grain size. The final stage of sintering is categorised by the closing of pores, pore

isolation, and pore migration [54, 64].

However, the three sintering stages after the loose powder can be explained as illustrated in
Figure 2-11, which is preheat or burn off stage, high-temperature and cooling period. The first
stage is to combust any air and remove lubricants. Then, during the high-temperature period,
solid-state diffusion and bonding between powder particles from mechanical to materials
bonding occurs. Finally, during the last period, controlled cooling atmosphere happens to
prevent oxidation and possible thermal shock. Additionally, processing of the sintered
component is needed such as hot isostatic pressing, forging, heat treatment, impregnation,
coating, plating and de-burring to ensure the high quality of the final product [3].
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Temperature

Stage 2: High Temperature

—
Constant Heating

Stage 1: Preheat or Burn Off

Forming Temperature

e »

Dwell Heating

(c) Stage 3: Cooling

Heating Time

Forming Time

Processing Time

Time

FIGURE 2-11: SEQUENCE OF THE SINTERING PROCESS CONSIST OF PREHEAT OR BURN OFF, HIGH-

TEMPERATURE AND COOLING STAGE [3]

According to German [54], The sintering processes can be classified into pressure-less and

pressure assisted sintering as seen in Figure 2-12. Solid state sintering and liquid phase

sintering are the most commonly used techniques in pressure-less sintering. The pressure

assisted sintering techniques can be categorised into low stress and high stress processes based

on the magnitude of the pressure applied during the process.
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Sintering processes
Pressureless Pressure-assisted

Solid-state Liquide phase Low stress High stress
Mixed Single  Transient Persistent Creep Viscous L Plastic
phase phase liquid liquid flow flow flow

— Composites Reactive L Mixed

phase
— Activated Solid — Supsersolidus
solution .
o L__Viscous
— Homogenization phase

FIGURE 2-12: CLASSIFICATION OF SINTERING PROCESSES

However, Cinert [62] uses the same classification for the sintering processes which is pressure-

less and pressure assisted sintering, but he claims that the two categories can be divided

according to the sintering temperature as shown in Figure 2-13.

Sintering
Hot Cold low High
Pressing Pressing Temperature Temperature
Hot Isostatiq{| Hot Die _ . I R en— fases

Pressing Pressing Continuous CS. :p i Iifel ;)f a0 e o :::.‘l .

(HIP) (HDP) oven asting ng ng

Indirect SPS Inductive
Resistance Heating

FIGURE 2-13: CALSSIFICATION OF SINTERING PROCESS ACCORDING TO SINTERING TEMPERATURE [62, 65]
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According to Cinert [62] in pressure-less-sintering the compacting process is done without
pressure (except gravity). High component density can be obtained by using a fine-grained
starting powder (<3um) and different additives. Two basic processes have been developed up
to recent time. The main difference is whether the final product needs to be burned by high
temperature. In pressure-assisted sintering, compact ceramic or metal parts are mostly done
from nano or micro powder pressed and heated by a pressure-assisted process. The powder
material is filled into the die and pressured between two or more punches. The high sintering
temperature and relatively long sintering time often results in extreme grain growth. Two main
types of pressure-assisted sintering methods are shown in Figure 2-14. There are many heating
techniques according to German [54], such as Induction heating, Microwave Heating, Plasma

Heating, Electrical Discharge Heating, ..etc.

. Hot-pressin
Cold-pressing I 8

|L‘I]]|7L‘I‘EIIII]'L‘

Pressure
Pressure

Time Time

Temperature

Time

FIGURE 2-14: CONSOLIDATION METHODS [62]

2.2.2 DENSIFICATION

Heat transfer and mass transport are essential in the sintering process, contributing
to densification and thermodynamics, respectively. In crystalline ceramics, mass

transport happens mainly from regions of higher chemical potential to that of lower
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potential by diffusion of atoms, ions, molecules, or other species via different
mechanisms. Mainly, there are six mechanisms that could lead to the bonding and
growth of necks between particles; these are: grain boundary diffusion, lattice diffusion
from the grain boundary to the pore, plastic flow, surface diffusion, lattice diffusion
from the particle surfaces to the neck, and vapour transport as seen in Figure 2-15 . The
first three are recognised as densifying mechanisms which directly contribute to
shrinkage. The second three mechanisms cause only neck growth without densification
and are referred to as non-densifying mechanisms. For polycrystalline ceramics, grain
boundary diffusion and lattice diffusion from the grain boundary to the pore are very
critical [54, 55, 66, 67].

Densifying mechanisms

L. Grain boundary diffusion

II. Lattice diffusion from the grain
boundary to the pore

ITI. Plastic flow

Nondensifying mechanisms

IV. Surface diffusion
V. Lattice diffusion from the particle

surfaces to the neck

VI. Vapor transport

FIGURE 2-15: THE SIX DIFFERENT MECHANISMS THAT COULD ACT DURING SINTERING OF SOLID GRAINS [67]

2.2.3 HEAT TRANSFER

Heat transfer plays a significant role during a sintering process. An adequate
sintering requires a perfect heat transfer that enables a rise in temperature of the
precursor material high enough for the densification process to occur [67-69] . The three
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types of heat transfer are conduction; convection and thermal radiation (see Figure
2-16). Conduction heat transfer relies on direct thermal contact within solid objects.
Heat conduction basically occurs via rapidly moving or vibrating atoms and molecules
interacting with their neighbours with an energy transfer. Moreover, convection heat
transfer occurs through the motion of a hot fluid (liquid or gas) which acts as a carrier.
Thermal radiation can take place between two distant bodies without the need of any
medium. In conduction and convection cases, the energy transfer between two objects
depends approximately on the temperature difference between them [68-70]. Thermal
radiation transfer relies on the difference between the fourth power of their absolute
temperatures, according to the well-known Stefan-Boltzmann’s law. Consequently, the

importance of radiation transfer is significantly enhanced at high temperatures [69-71].

Sample

/ § C onvecﬁo :

FIGURE 2-16: HEAT TRANSFER IN A CONVENTIONAL CONVECTION FURNACE ILLUSTRATING THE THREE ACTIVE
MECHANISMS [68, 69]



Page |34

2.2.4 GRAIN GROWTH

Grain growth, or coarsening, takes place when the atoms diffuse from the convex
grains to the concave grains so that the grain boundaries move to the centre of curvature
[54, 66]. Grain growth decreases the driving force of sintering and increases the mass
diffusion path, and that leads to the reducing of the densification rate. A direct
observation is the increase in the average grain size, which is generally divided into two
types: (i) normal grain growth and (ii) abnormal grain growth [54, 66].

In the normal grain growth, the average grain size increases with the time, but the
distribution of grain size remains similar (invariant by time) [66]. For a typical single-

phase polycrystalline model, the grain growth can be described by a kinetic equation:

(_T: — G;-o = Kt (2.2-1)
4DJ:J/J>I:H

=—bibm (2.2-2)
ﬂR To

Where, Db, 70 ,Vm, B, R, are atom diffusion coefficient across the grain boundary, grain

boundary energy, molar volume, a constant including the proportionality constant, ideal gas

constant, and grain boundary thickness, respectively [54, 55, 66].

On the other hand, abnormal grain growth is a coarsening process during which a few
large grains grow quickly at the expense of the fine grains having a very slow growth
rate. This leads to a bimodal grain size distribution [54, 55, 66]. The corresponding

kinetic equation is described as:

—,

G -G, =Kt (2.2-3)

a.t a0
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Where G, is the average size of the matrix (fine) grains.

In practice, abnormal grain growth can be classified into three types [1-3]: (i) materials
containing second-phase precipitates or impurities of high concentrations; (ii) materials
with a high anisotropy in interfacial energy, (e.g. solid/liquid interfacial energy, grain
boundary energy in the bulk or surface energy in thin films); and (iii) materials in high
chemical non-equilibrium. Therefore, abnormal grain growth is a result of very high

local rates of interfacial migration.

2.2.5 ELECTRICAL-FIELD ACTIVATED SINTERING

The Electric Current Assisted Sintering (ECAS) or Field Assisted Sintering Technique
(FAST) is one of the promising technologies that have been used widely recently. The FAST
technology is a general term for a class of consolidation methods which combine external
electric field/currents with mechanical pressure for powder sintering. Currently this is divided
mainly into two categories: Resistance Sintering (RS) and Electric Discharge Sintering (EDS).
The first category is a low-voltage and a high current with a characteristic waveform, such as
(direct current (DC), alternate current (AC), rectified current (RC), pulsed, etc.). The other
category depends on the sudden electrical energy that discharged from a capacitor bank through
a column of the powder of the workpiece contained within an electrically non-conducting tube.
ECAS/ FAST was rarely achieved until 1990 when significant research interests and industrial
applications were identified from many countries, especially Japan, China and USA. Many
papers have been published and efforts have been made on tools and machines development
for industrial-scale production for this technology. Several technologies, such as, Pulsed
Electric Current Sintering (PECS), and Spark Plasma Sintering (SPS) and Plasma Assisted
Sintering (PAS) have been developed, introduced and registered as patents. The SPS is being
one of the most recognised and widely used technology for sintering many types of materials
[19, 72-76].
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ACCORDANCE WITH THE WORLDWIDE INDUSTRIALIZATION AND COMMERCIALIZATION OF ECAS [76]

Figure 2-17 shows the number of published ECAS patents per decade from 1900 to the first
semester of 2008. Most of them were taken from the worldwide patent office. Only a few
countries as mentioned before (especially China, Japan and United States) have actively
contributed to ECAS technology development. The rapid growth in the number of patents in
the last two decades resulted from the worldwide spread of the technology in the industrial

sector and the scientific community [76].
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Compared with other sintering processes, such as pressure sintering or hot pressing, the
FAST process has many advantages. The FAST/ECAS has faster heating rate, lower sintering
temperature, shorter holding time, the consolidation of difficult-to-sinter-powders, the
elimination of the need of sintering aids, no need of cold compaction, less sensitivity to the
characteristics of the initial powders, and marked comparative improvements in the properties
of the consolidated materials [74-76]

Figure 2-18 shows the difference in the heating mode between the ECAS and Hot Pressing.
In Hot Pressing an array of heating elements indirectly heats the punch/powder/die assembly
by radiation (convection /conduction). The powder heating rate is controlled by the rate of
radiation (convection /conduction). On the other hand, in ECAS the punches transfer the
electricity and Joule heat directly to the powder. As the supplied current density can be very
large, the heating rate in the powder can approach 10% Ks™. This heating rate is much higher
than 80°C min! for the HP process. Therefore, the ECAS sintering time can be lowered and

the production rate increased [76]

According to Lange [19], the densification process using the conventional powder-sintering
method involves a coarsening or neck growth, which is a critical mechanism needed in order
to achieve densification. This is caused by surface diffusion or evaporation/condensation and
that is the reason why conventional powder sintering is taking a long time to be completed [72,
73].
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2.25.1 MECHANICAL AND THERMAL EFFECTS

Sintered powders are heated by floating current and higher densification is also achieved by
uniaxial applied pressure simultaneously to the heating. The applied pressure enhances
densification and reduces grain growth. The pressure has a direct mechanical effect on particle
rearrangement and destruction of agglomerates. The compressive stress from the applied
pressure results in more contact between the powder particles. This causes an enhancement of
free sintering densification mechanisms such as grain boundary diffusion and lattice diffusion,
while potentially triggering other densification mechanisms such as grain boundary sliding or
plastic deformation. Moreover, the pressure is a driving force for sintering which might lead to
a decrease in sintering temperature and a limitation of grain growth. Validation of the effect of
applied pressure was provided in many of the recent filed sintering processes investigations
[62, 66, 77, 78]. According to Cinert [62] the density increased with the pressure and a 100 %
density was achieved for 255 MPa and 363 MPa for sintering TaC. The reason for observed
densities higher than true density is the reaction between B4C and TaC leading to formation of new
products with higher density than TaC. Samples sintered at 255 MPa and 363 MPa were without
any porosity. In general, it was found that higher pressurising conditions can decrease the sintering

temperatures [62].

The thermal effects from the high heating rates are similar to the effects from the applied
pressure. High heating rates could enhance and improve densification while reducing grain
growth. However, this could occur only if the activation energy for the coarsening mechanism
is less than the activation energy for the densification mechanism. If these conditions are met,
high heating rates will increase the rate of densification and limit the rate of coarsening leading
to enhanced densification with reduced grain growth [62, 66, 77, 78] .

However, Cinert [62] claims that some research showed that it is not necessary that high heating
rates could enhance the densification. Some of these experiments showed some conflicts and

the heating rate could have some influence on some materials and not on others.

High heating rate is one of the dominant parameters of electrical filed sintering which make it

different from other conventional sintering techniques. Three different mechanisms, surface
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diffusion, grain boundary diffusion and power-law creep, heating rate influence the grain boundary
diffusion which increases the ability of the sintering. One of the biggest differences between
conventional hot pressing and SPS method is a very rapid heating rate of 1000 °C/min that can be
achieved by using the SPS method [79, 80].

2.25.2 ELECTRO-PLASTICITY AND ELECTRICAL EFFECTS

Plasticity is the deformation the materials undergoing non-reversible changes of shape in
response to applied forces [81]. In the electrical current sintering, the powder is heated by Joule
heating from the applied current, which means high heating rates are a result of the applied
electric field. Therefore, the thermal and electrical effects are very difficult to separate.
However, the majority of the literature claims that an electric field enhances densification while
limiting grain growth, similar to the effects from the high heating rates and the applied pressure
[80, 82]. However, the electro-plasticity can be referred as a phenomenon that involves using
high electric current density pulses through the part during the forming process. By applying
the current or the electrical field to the materials (metals, ceramics, superconductors and
powder materials) has shown significant improvements in the material plasticity [83-86]. Many
researchers claim that the electro-plasticity can improve the surface quality and reduce the
defects on the formed components and eliminate the annealing and the acid-pickling processing
in the traditional processing methods [84, 87]. The hot forming process is a traditional method
that has been used to decrease the flow stress. However, there are limitations of hot forming
in micro-scale processes. The hot forming process has a complex and bigger apparatus as an
overall machine due to the heating needed. As a result, it has low efficiency and high energy
consumption. Moreover, using the hot forming process at high temperature could cause
oxidation and poor surface quality of the workpiece. Furthermore, it takes some time to soften
the workpiece. Therefore, the electro-plasticity is more appropriate for selection because it
provides more reduction in the flow stress and the electro-plasticity effect happens immediately
when the current flows through the part [3, 86, 88, 89].

In ceramic materials, plasticity remains largely absent. It has been shown that fractures can
be suppressed to some extent some ceramics at low temperatures, such as ZrO2 and yttria-

stabilized zirconia (YSZ) [52]. Ceramic materials have been widely used in many applications.



Page |40

However, most ceramics have rather limited plasticity at low temperatures and fracture well
before the onset of plastic yielding [52]. In ceramic materials, the electro-plasticity enhances
glide mobility of dislocations in halide single crystals at room temperature resulting from an
enhancement of cross slip by the field [86, 90, 91]. The electro-plasticity process is efficient
for materials with more dislocation barriers during the plastic deformation. The dislocations
are created due to applied stress and interaction with the impurity particles. During
deformation, dislocations move through the lattice structure until their motion is stalled by the
grain boundaries or the impurity [3, 91, 92]. When applying cold work to the materials in the
compacting process, the dislocation density increases and as a result enhances the strength of
the material. Therefore, when the electrical current is used, it will lead to a higher dislocation,
and this gives the most significant decrease in flow stress. This is due to the increase in current
that increases energy in the lattice. As a result, the metal atoms increase their vibration that acts
as a force on the dislocation and accelerates the movement. Hence, the friction resistance can
be reduced in the deforming and the plasticity of the metal can be improved to make the

forming process easier.[3, 86, 93-95].

According to Li, Jin, etal. [52] applying an electric field, or “flash,” significantly accelerates
the sintering process that forms zirconia and other ceramics, and at much lower furnace
temperatures than conventional sintering and improves the deformation of the ceramics to be
similar to metals. Flash-sintered ceramics also have little porosity, which makes them denser
and therefore easier to deform. Improved plasticity means more stability during process at
relatively low temperatures. The sample could survive almost as much compression strain as

some metals do before cracks started to appear.

2.2.5.3 TEMPERATURE EFFECT

Temperature plays an important role in powder densification. The mass transfer is required

and is consequently estimated by temperature dependant. In the electrical field sintering, the
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heat comes from the current in the form of Joule heat. The Joule heating is a form of resistive
heating; it is the process by which the passage of an electric current through a conductor
releases heat[62, 80, 96]. The amount of heat Q is given by Equation (2.2-1)

Q = I*Rt (2.2-5)
Where:
Q is Heat generated by current passing through the compact.
I is Current.
R is Resistance of the particle or contact resistance.
t is Time.

The resistance between two particles depends on their geometry. The resistance is indirectly
related to the contact area size of two particles and to the cross-section of particles. If the
contact size of both particles is smaller than the cross-section, more heat is generated on the
border of the particles. It might be one mechanism of neck growing in an early sintering step
[62, 80, 96].

2.2.6 APPLICATION OF ELECTRICAL-FIELD ACTIVATED SINTERING

The application of electrical-field activated sintering technology shows a significant potential
to produce the micro-component by using powder as a raw material. However, there are still
major challenges to the manufacture of micro-scale components associated with long
processing times to achieve high densification of micro-parts. In this review, it has focused
more on Zirconia and Alumina samples that have been conducted by the previous of electrical-
field activated sintering processes. Based on the review that has been made below, experiments

on electrical-field activated sintering on piezoceramic, zirconia and alumina show there are
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still significant challenges to manufacture miniature and micro-components to in short

production times with higher densification of formed samples.

2.2.6.1 ZIRCONIA

Zirconia (Zr0O2) is one of the most favourable materials for a new generation of ceramics
due to excellent mechanical properties. When compared to other ceramic materials, zirconia
has unique strength at room temperature. Moreover, Zirconia has high fracture toughness, high
density, high hardness and wear resistance, good frictional behaviour, high-temperature
capability, non-magnetic, low thermal conductivity, electrical insulation, a coefficient of
thermal expansion similar to iron, and modulus of elasticity similar to steel. Zirconia is being
used widely in the production of many products, such as such as structural ceramics, dentistry,

wear parts, ceramic bearings, etc.... [75]

According to the literature [97], several sintering conditions of SPS were investigated to
obtain high-density yttria-stabilized-zirconia (YSZ). Specifically, nano-sized YSZ raw powder
(50 nm) was densified to a relative density of 99.1% at 1400 °C, with an applied pressure of 23
MPa, and a total of four consecutive sintering cycles at 30 min per cycle. Moreover, for
conventional sintering, the green pellets were formed at 50 MPa and heated up at 1450 °C inan

electrical resistance furnace for 2 h. The relative density of the workpiece was 97%.

Furthermore, SPS (2080, SPS Syntex Inc., Japan) was recently used to consolidate
commercially available granulated ZrO2 at temperatures in the range 950-1200 °C and the
heating rate was 50 °C/min with sintering time of 180 min average, underapressure of 100 MPa.
Porous materials, exhibiting open porosity, average grain size of 80 nm and with a relative
density in the range 61-90% were achieved at temperature below 1050 °C. However, dense
materials characterized by closed porosity, average grain size of 80 nm and high relative
density (90-98%) were gained when sintering at 1125-1200 °C or when the temperature was
setto 1050 °C with a holding time of 60 min. Finally, fully dense samples with submicron grain

sizes (160 nm) were fabricated at a temperature of 1200 °C and a holding time of 3 hours [98].

SPS (Dr. Sinter 1020Sumitomo Coal Mining Co.) used in sintering ZrO2>—3 mol%Y 203
(ZrO2-3Y) nano-powders synthesised by a co-precipitation approach at 1050-1500 °C and a
heating rate of 600 °C/min, under a applied pressure of 40 MPa for holding time of 1-10 min.
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High relative density exceeding 98% was achieved when sintering at 1300 °C for 3 min, while the
full density was achieved at 1400 °C. Itwas also found that a higher density (99%) was generally
achieved by SPS at lower temperature (1180 8C) and in a shorter time (9 min dwelling time) as
compared to hot pressing (96% relative density, T = 1250 °C, 30 min dwelling time) under

similar pressure levels [99].

Additionally, a high relative density and a high Vickers hardness were obtained for magnesia
stabilised zirconia sintered at 1100 °C for more than 5 min under 40 MPa of pressure. The formed
samples exhibited a final density of 99.8% of the theoretical value with the microstructure
showing an average grain size of 100 nm by using SPS. No surface cracks were observed and

the nano-crystalline structure was retained [100].

However, adding binders to the ceramic or other materials will improve the forming and
sintering process, but it will increase the time of the total process because it will need more
steps to any process [101, 102]. According to Wang, J., Li, S.H.P. and Stevens [103], adding
binders for sintering zirconia has improved the density and the quality of the formed samples.
However, in this process, a higher calcination temperature and a longer calcination dwell time
may be required to eliminate the organic residuals in the isostatically pressed ceramic powder
compacts than in the conventional die-pressed samples. Wang, J., Li, S.H.P. and Stevens [103]
have sintered the zirconia with binders under several pressures from 80 MPa to 300 MPa and
the total time was 2 hours at 1500 °C.

2.2.6.2 ALUMINA
Alumina (Aluminium Oxide), AI203 is a major engineering material. It offers good
mechanical properties and electrical properties which leads to a wide range of industrial

applications

According to Gao, L., et al [104] Al20sceramicsweredensified quickly by using SPS (Dr.
Sinter1020, Sumitomo Coal Mining Co.) attemperatures ranging between 1350 and 1700 °C (600

°C/minheating rate)at40 MPa pressure, withoutselectingan exact holding time.

Moreover, Alumina powders with four different particle sizes were densified by SPS (1050
Sumitomo Coal Mining) at 1550 °C, with the heating rate changing from 20to 300 °C/min for 30
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minand at pressures of 20to 40 MPa. Itwas found that particle size of the starting powders played
an important role in the SPS process, since relative density increased with reducing particle size
under unchanged sintering conditions. The relative density was also found to increase with
increasing holding time. In general, when sintering at 1550 °C (200 °C/min heating rate) under
an applied pressure of 30 MPa, without holding time, relative density increased from 92 to 99%
of the theoretical value. Additionally, relative density of the samples increased from 92 to 98.7
and 99.4% as the holding time was increased from 0 to 10 and 30 min. After observing the
microstructure, it has been found that the edge is more dense than the inside of the samples
sintered at 1550 °C for a shorter holding time (10 min) [105].

In order to investigate the effect of sintering parameters (temperature, pressure and heating
rate) on the properties of porous Al20s, several PECS (Pulse Electric Current Sintering)
experiments were conducted starting from a mixture of submicron Al203 (0.23 mm) and 10 wt.%
carbon black (20 nm), under several sintering conditions. The vacuum sintered compacts were
then post-heat treated in air at different temperatures between 800 and 1300 C, for more than
10 hours.

At temperature 1400 °C, soaking time 5 min, pressure 5.5 MPa and heating rate 100 °C/min, it
was observed that the relative density was 75%. The same parameters used again with an
increase in the temperature to 1500 °C but the density remained the same. However, the
relative density improved to 83% with a soaking time of 5 min, pressure 15 MPa and heating
rate 100 °C/min. The relative density also increased from 83% to 86% of the theoretical value
with the pressure and heating rate varying from5to 15 MPaand from 100 to 200 °C/min It was
observed that when the applied pressure was as low as 5.5 MPa, an increase in temperature from
1400 to 1500 C did not enhance the densification of Al203—C ceramics, and their relative density
(75% of the theoretical density) remained the same. In addition, an increase in either pressure and/
or heating rate, did not affect significantly the densification and the relative density of the
Al203-C ceramics which changed from 83% to 86% of the theoretical value with pressure and
heating rate varying from5to 15 MPaand from 100 to 200 °C/min [106]

A systematic study of various SPS parameters (temperature, holding time, heating rate,
pressure, and pulse sequence) was also carried out to investigate their effect on the densification,

grain growth Kkinetics, hardness and fracture toughness of a commercially available sub
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micrometer sized (0.4 [Am) alumina powder. It has been found that the SPS enhances the

densification and grain growth. Fully dense samples with a density of 99.3% were obtained
by SPS (2050 Sumitomo Coal Mining Co.) at 1250 °C (heating rate 150-200 °C/min), with a
holding time of 30 min, under a pressure of 50 MPa. For a sintering temperature lower than

1250 °C a limited grain growth occurred (0.8-1 um), while at higher temperature grain size

significantly increased from 1 to 27.5 um [107].

Furthermore, PECS apparatus (SPS-1050 Sumitomo Coal Mining Co.) was used to densify
two kinds of Al203 powders with average particles size of 0.15 and 0.7 m. Consolidation was
conducted at 1200 and 1400 °C, under a 40 MPa pressure, with a heating rate of 50 or 300
°C/min, without holding time. It was found that, when 0.15 Jm powders were sintered at 1200
°C with 50 °C/min heating rate, the density was 98.7% and grain sizes were found to be four
times larger than that of the starting powders. At faster heating rate, (300 °C/min) a lower
density is achieved (96.3%) and grain size were smaller. In contrast, for the powders (0.7 pm),
increasing the temperature to 1200 °C resulted in a density lower than 75% and almost no grain
growth (0.74-0.72 Um). The fast heated specimens exhibited density of 74.4% which is higher
than the slow heated ones (72.8%). When sintering was performed at 1400 °C fine Al203

powders led to fully dense compacts (99.4 and 99.3%, respectively) for both slow and fast

heating processes[108].

2.2.6.3 PIEZOCERAMIC (PZT)

Piezoceramic, or lead zirconate titanate, is one of the most widely used piezoelectric
ceramic materials around the world. In general, piezoceramic materials, and piezoelectric
materials show a unique range of properties. Basically, if a piezoelectric material is deformed,
an electric charge is generated in what is known as the piezoelectric effect. Moreover, the
opposite happens, if an electric field is applied to a piezoelectric material, deformation occurs
and that is known as the inverse piezoelectric effect. Recently, there are various properties that
encourage the use of piezoelectric materials for certain applications. The material constants

most commonly referred to are electromechanical coupling factor, mechanical quality factor,
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and piezoelectric charge/voltage coefficient. The application of piezoelectric materials is
usually categorised into four fields, actuators, transducers, sensors, and generators [109-111] .

According to Chinen, Fausto Kenzo, et al. [111], SPS consolidation was conducted using a
SPS-1050 system, (SPS Syntex Inc). The heating rate for the experiment was 100 °C/min under
pressure of 50MPa and they examined that in several holding times. The results showed a
97.35% relative density of the theoretical value for up to 40 min holding times and 98.98% has

been achieved for 20 min holding time.

Furthermore, Orru, Roberto, et al. [18] claims that piezoceramic was fabricated at different
temperatures ranging from 900 to 1050 °C and pressure levels between 50 and 100 MPa. A

relative density of 98% was achieved when the sintering temperature was 950 °C.

Moreover, Su, Xinghua, et al. [112] used the Flash Sintering method to fabricate the
piezoceramic, the furnace temperature was raised up to a maximum of 1200 °C at a heating
rate of 10 °C/min. The holding time was 30 min and they achieved relative densities from
83.7% to 94.3%.

2.3 SUMMARY OF THE CHAPTER

Based on the previous studies in this chapter, it has been conclusively shown that there are
needs to produce micro- components using fast cycle time and high quality taking into
consideration the reduction of the cost. The micro-manufacturing showed how it is important
in recent days and it has received significant attention regarding its processes. The micro
manufacturing processes can be classified according to the energy type that has been used in
the process, such as mechanical, chemical, electrochemical, electrical and laser processes. The
working principles behind each process include consideration of mechanical forces, thermal
effects, ablation, dissolution, solidification, re-composition, polymerisation/lamination, and

sintering.

Regarding the challenges of micro manufacturing, high volume and low-cost production

are not only essential, but the challenges with the design of micro-products need to be taken
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into full consideration. The limitation on the shape and the capability of the materials in
producing micro-products are important issues that need to be faced. The micro-forming
process has many advantages and this drives the micro-component manufacturers to attempt to
produce parts and components with complex geometries and features that are suitable for
replacing many of the costly conventional micro-manufacturing processes. However, it is not
easy to achieve the desirable shape of a product or a component using conventional processes.
This is because complicated details of some products require the use of the specific processes
to achieve the accuracy in shape and dimensions of the final product. Other than that, the issues
and challenges for manufacturing micro-products need to be handled such as tolerance and
surface quality capability, overall dimension of parts, tooling dimensions and unwanted
external forces. The issues have been discussed widely in this chapter. It can be summarised
that the manufacture of miniature products is still challenging and improvement needs to be
made due to lack of sufficient standards, design/manufacturing rules and understanding of the
manufacturing processes. Micro-forming is one of the most important processes known that
can fulfil the demands of mass production with minimal waste. In this chapter, the micro
forming processes and systems have been explained as has the difference between the micro

forming and the conventional forming processes.

Moreover, the size effect is an important matter that needs to be considered and in this
chapter the size effect in micro forming has been shown in order to understand the need for a
new technique for forming miniature parts. Using a combination of micro forming and
electrical field sintering processing can be considered as a promising new forming technique
with high efficiency and low consumption of energy. This method was suitable for the materials
that are difficult to be formed and especially for the bulk-form of micro components. This
phenomenon happened due to the grain size effect as the Hall-Petch law stated that the finer

the grains of the material, the higher the strength of the material.

An overview of the sintering technique was explained in the literature review. This section
showed the definition of sintering and how particles of the material powder densify together.
Moreover, the types of the sintering processes showed, and the electrical methodology has been
explained. The electrical filed assisted sintering or Field Assisted Sintering Technique (FAST)
was explained and can be seen in the sintering technology which shows a significant potential

to produce micro-components by using powder as a raw material. Moreover, by using Field
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Assisted Sintering Technique (FAST), the microstructure of the material and its plastic flow
could be controlled more efficiently and as a result improves surface quality, reduces the
number of defects compared to conventional micro-forming processes and extends tools life

due to lower forming forces.

The application of electrical filed assisted sintering shows a significant potential to
produce micro-components by using ceramic powder. Based on the research review as stated
above, it has shown that there are still significant challenges to manufacturing micro-
components to fulfil the requirement of the process which can be handled in the short time and
achieve a higher relative densification of the product. The reviews showed that several
researchers have made developments using mainly the SPS process on several Zirconia (ZrOz)
powders. The total time to achieve sample densification above 90% was approximately in the
range of 30 to 120 minutes. The sintering temperatures were between 1100 and 1400 °C.
Moreover, some of the operations used (PECS and SPS) in the Alumina materials achieved
relative a density from 83 to 99% and to have formed the samples in about 5 to 30 minutes at
range of 1,200 °C to 1500 °C. In addition, SPS and Flash sintering were used for to sinter
piezoceramic powder materials. The total time to achieve piezoceramic samples were in range

of 20 to 40 minutes and the densification was from 83 to 98%.

From the previous studies, it would be beneficial to have improvements of the reviewed
processes for the manufacture of miniature components through reduced cycle times and good
densification quality. Therefore, the Micro-FAST process has been developed to save time
compared to the conventional process. In the Micro-FAST, the loose powders were directly fed
into the die set without the need to prepare a green compact and hence small size components
could be made based on the design of the die set. Moreover, forming the component without
using lubricants reduces the impact on the environment. Additionally, the Micro-FAST process
makes it easy to manage the microstructure of the part formed which could decrease the
required forming pressure, and it could also increase the tooling life. This is due to the induced
heating from the high-efficiency of the alternating current. It is also feasible to form miniature
components with high strength materials through reducing the influence of the grain size effect
in the micro forming process. In addition, there is also the option to use different powder

material combinations.
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To sum up, the that there are needs to produce micro- components using fast cycle time
and high quality taking into consideration the reduction of the cost. The micro-manufacturing
showed how it is important in recent days and it has received significant attention regarding its
processes. The application of electrical filed assisted sintering showed a significant potential
to produce micro-products by using the powder ceramic materials. However, there are some
challenges in the manufacturing of micro-components to fulfil the requirement of the process
which can be handled in the short time and achieve a higher relative densification of the
components. Therefore, the Micro-FAST process has been developed to save time compared

to the conventional process.
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MICRO-FAST oF CERAMICS AND COMPOSITES

3.1 OVERVIEW OF MICRO-FAST

Micro-FAST is a novel process used to produce miniature/micro-parts directly from loose
powder by combining the Field- Activated Sintering Technique (FAST/ECAS) and micro-
forming to manufacture miniature/micro parts under coupled multi-field actions and achieve
high-density, near-net-shaped components with high efficiency [2, 18, 113]. The powders are
pressed when an external electric field is applied to them while the powders are joined
together through fusion bonding under high temperatures created either by resistance
heating at the powder interfaces and/or by the mould due to the high current flowing
through it. It has been demonstrated that the process is particularly suitable for forming
micro/miniature components due to using very high heating and cooling rates and is of high

flexibility for processing different powder-materials [2, 3, 73, 113]

According to Qin [2] and Zulkipli [3] , the Micro-FAST process is an efficient process for
manufacturing miniature-sized components because the entire process takes less time than
other conventional processes while still obtaining a high relative density. The parameters of
the Micro-FAST process such as the temperature, heating rate and mechanical pressure have
significant effects on the densification of the parts. Moreover, there isno significant coarsening
of grains during the densification process due to the continued high pressure used during the

short forming time [3].

3.2 PROCESS CONFIGURATION
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Micro-FAST is a promising and energy-efficient technique that uses electricity to
quickly raise the compact’s temperature and exert pressure simultaneously, which can be
turned off immediately after the preset sintering time. Figure 3-1 shows the principle of the
micro-FAST process. By applying Joule heating as the main heat source during the electrical-
field activated sintering, plus the pressure, plus possible electric plasticity in the powder

material, densification can be achieved within a short time [2, 3, 113]

In the Micro-FAST process, the powder is sintered under the simultaneous effect of the
high temperature from the current flow through the die set and the applied forming pressure as
illustrated in Figure 3-1. In this process the loose powder is being placed directly into a small
die and the punch assembly is placed between the machine electrodes. The heating was
achieved by passing an AC current through the die to generate the necessary temperature within
the die sets and powder inside. Then pressure was applied onto the powder to enable the
consolidation of the powder that made a significant contribution in forming miniature
components with complex geometries. The electrical-field that has been used in the Micro-
FAST process is produced using a thermal simulation machine (Gleeble-3800 and Gleeble-
1500D) from Dynamic System Inc., USA. It has a low voltage (3 to 10 volt), high current
(3,000 to 30,000 A), large current density (200 to 400 kA/cm?) and the operation is done in a
vacuum atmosphere (4.6 x 10! Torr) see Figure 3-2 [2, 3, 72].
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FIGURE 3-1: MICRO-FAST PROCESS FOR THE FORMING OF MINIATURE/MICRO- COMPONENTS [75, 113, 114]
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FIGURE 3-2: THE DIE-SET WITH POWDER INSIDE THE MACHINE (A) GLEBLEE 1500D (B) GLEEBLE 3800 [2, 72]

According to Lang [19], in the conventional powder sintering process, neck and grain
growth are the critical mechanisms needed to achieve densification. Grain growth was caused
coarsening which is associated with surface diffusion or evaporation/condensation. Therefore,
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the process takes a long time to be completed, due to the high temperature and longer time
processing needed that leads to unwanted grain growth in the sintered body [3, 115]. In the
meantime, by using the Micro-FAST process, there was no neck growth or coarsening with a
short sintering time. The densification can be done rapidly by the deformation and breakage of
the powder particles. The rise and the disappearance of the interface area between particles
were the results of the densification of the samples being formed. Based on that, it was critical
for the particle to be present under multi-fields (pressure and electrical-field activation) to reach

quick densification and high quality micro-parts [2, 3, 73].

By using the AC current Joule heat will be generated at the interfaces due contact
resistance between powders and the resistance of the powder itself. The temperature will rise
quickly when a large current passes through the powders. According to the Joule-Lenz’s law,
the heat created by the current that passes through the compact as presented in literature review

in equation 2.2-1, which is Q = I?Rt

FIGURE 3-3: ILLUSTRATION OF THE DISTRIBUTION OF THE CURRENT IN A COMPACT

Figure 3-3 shows the distribution of the current in the compacts. In the Micro-FAST

process, some important matters need to be recognised due to small contact-areas and high-
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temperature, which play significant roles during the densification of the powders. As
shown, when the temperature and electric current density is high, the Joule heat and
emission current intensity is high. The collision of emission current with the particles due
to the transfer of the emission current’s kinetic energy to internal energy speeded atomic
diffusion at a lower temperature under the electric field. The powders that have been used
in the experiments were discontinuous, catching a lot of gas among the powder particles.
During the heating process, the gas inside the sintered powder system was moved out
and a liquid phase formed. Simultaneously, the liquid phase flow was accelerated at high
pressure because of the extra pressure that has been applied to the powder and parts of the
liquid phase filled into the pores by plastic flow. It should be taken into the account that
the pressure field influences the temperature formation field and electrical field. Moreover,
the increased temperature and Joule heat change the distribution of the pressure field. As a
consequences, the coupled multi-field activation causes intensive densification of the

powders [2].

In the Micro-FAST process, there are two types of sintering process. The first one is the
constant temperature sintering. The other type is the electro heating loop sintering as illustrated
in Figure 3-4 [2].
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FIGURE 3-4: TEMPERATURE TIME CURVE OF THE COMPACT DURING THE SINTERING PROCESS: (A)
CONSTANT TEMPERATURE SINTERING; (B) ELECTRO-HEATING LOOPS SINTERING [2]
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According to Qin [2], the densification mechanism of the Micro-FAST process from the two
types can generally described as shown in Figure 3-5 into four stages. This figure is just to

explain the stages and it is not from the experiments that have been conducted in this work.

Stage 1: the preheating period

After the powder material had been prepared and placed into the die set, it was distributed
loosely inside the die set cavity. During preheating process the powder was heated using
electric current in a vacuum chamber (4.6 x 10! Torr) to a low temperature (usually 200 to
400 °C) and then held for a certain time, during which dwell time at the low temperature

the gas trapped inside the sintered powder system is forced out [2, 3, 116]
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FIGURE 3-5: ILLUSTRATION OF STAGES FOR MICR-FAST PROCESS [2, 75]

Stage 2: the calefactive period or the high-temperature pressing.

During this process the compacts are heated to the pre-set sintering temperature from the
dwell temperature. Starting from the end-point of the first stage, the temperature continues to
rise upon the setting sintering temperature while the pressure was maintained. The transmitted
stress to the pores of the low-density body and the contact area between particles is larger
compared to the macroscopic applied stress. Moreover, the ability of the plastic deformation

for the powder materials at high temperature was one of the excellent properties for this process
[2, 3, 116]
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Stage 3: The sintering period

This stage is when the compact of the powder and punches is held for a certain time at the
sintering temperature which is fluctuating and cycles for a fixed number of times. During
this stage, while keeping the pressure towards the die set, the sintering temperature will be
constant for some time. Significant heating was produced towards the interface particles, where
the melting point of fine powder particles is likely to be achieved at the points, this will cause
the generation of a liquid phase at local areas. When the liquid phase was formed, that would
lead to the fusing of the contact surface between particles. Meanwhile, with the help of the
applied pressure to the compact, the liquid phase fills into the nearby pores due to the viscous
flow and capillary force that causes the disappearance of the interface between particles and

fast densification of the compact [2, 3, 116]

Stage 4: The Cooling Period

The final stage of the process was the cooling period where the electric current is reduced then
switched off and the compacts were cooled to room temperature. According to the results
of the present experiments, different material powders should be sintered by different

sintering processes [2, 3]

3.3 DIE SETS IMPROVEMENT FOR MICRO-FAST

There are many dies that have been used in previous studies that can be used for the
experiment of Micro-FAST. Zulkipli [3] used two designs of die sets with some differences to
sinter titanium and titanium alloy powder materials. The two dies designs had been made for
the development of electrical-field activated sintering and forming processes (Micro-FAST)
See Table 3-1.
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TABLE 3-1: THE TWO DIE SETS THAT USED BY ZULKIPLI [3]

Part The First Die Set The Second Die Set

Punches

Die

As for the first one, it was used for the initial testing to examine the efficiency and
robustness of the die under the applied experiment parameter, which required a high pressure
and temperature. Meanwhile, the second die set is an improvement and an optimisation after
using the first die set in some experiments and proved its more efficient use in the electrical-
field sintering processes. The two die sets were designed to fabricate cylindrical shapes samples
with the diameter of 4 mm and height of 4 mm. In the first die, the total dimensions were 16
mm in diameter, 14 mm in die height and 6 mm in the thickness wall of the die set. The punch
nose has the diameter and height of four and five millimetres respectively. In the meantime, in
the second die set, the overall dimension was 16 mm in diameter, 22 mm in die height and 6
mm in the thickness wall of the die set. The punch nose still has the same diameter as the first
design which is four millimetres, but the height of nine millimetres has been added to new die
set due to the new large transition. The shape design on large transitions at the second die set
was made to decrease the thermal stress concentration in the punch. Moreover, the concentrated
heating at the punch nose during the process whereas more uniform temperature distribution
occurred in the die’s middle section and that is making the second die set more reliable [3, 75].
Therefore, the second die set will be considered to be used in the Micro-FAST experiment for

the ceramic materials. However, due to some difficulties in the ejecting process and avoiding
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any jammed samples, an improvement has been made for the suggested die sets. Table 3-2
shows the improved die set that have been used in the Micro-FAST process. For the die set A,
the hole diameters have been increased by 0.10 mm from one side and decreased by 0.10mm
from the other side. The reason for that is to make the samples more easily ejected during the
ejection process. Moreover, another die has been produced with the same design of the die set
A, but with smaller size in the shape (die set B). The new design was made to produce
cylindrical shapes samples with the diameter of 2 mm and height of 2 mm. The same thing has
been used in the die set B, which is an increase in the hole diameter by 0.10 mm from one side
and decreased by 0.10mm from the other side. Furthermore, another die set (C) has been
manufactured to produce cuboid samples. The dimensions of the samples were Width= 1.65
mm, Length= 5mm and the Height= 1.65 mm.
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TABLE 3-2: THE IMPROVED DIE SETS FOR MICRO-FAST PROCESS

Die set A Die set B Dieset C
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3.4 TEMPERATURE MEASUREMENT

Based on the previous research that has been done, it was shown that the thermocouple

was the best way to measure the temperature by attaching it to the surface the die during the
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process [75, 114, 116, 117]. Because the thermocouple is planted on the surface of the die
during the experiment, the nominal temperature of the sample was slightly lower than the actual
temperature inside the sample. Therefore, there are temperature gradients for the real
temperature of the sample. A placement for the thermocouple has been made by drilling a small
cylindrical cavity on the body of die as seen in Table 3-4. The depth of the hole was set 4 mm
to secure the attachment of the thermocouple inside the tight cavities and prevent any fill out.
Moreover, the position of the tip of the thermocouple could get near to the sample's wall.
Therefore, it could help to achieve an accurate temperature reading during the Micro-FAST

process compared to the previous research.

TABLE 3-3: THE CROSS SECTION DIE USED IN THE MICRO-FAST PROCESS

Cross section of the die Isometric view of the die

Figure 3-6 shows the positioning the die that set in the Gleeble 3800 machine. It can be
seen that the die set needs to fit the punch tooling perfectly to get the required efficiency of

heating and pressure during the Micro-FAST process.
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FIGURE 3-6: THE DIE SET INSIDE THE GLEEBLE MACHINE 3800

3.5 MATERIAL SELECTION FOR MICRO-FAST DIE SET

Based on the previous studies, most conventional electrical sintering applications used
tungesten carbide and graphite as die set materials, which shows an excellent choice concerning
its capability working at high temperatures from 700 °C to 2,700 °C respectivly [118-120].
The garaphite and tungesten carbide dies were used to produce cylindrical samples with
dimensions of 20 to 42 mm in diameter and 5 to 15 mm in height with deferent materials [18,
99, 111, 121-123]. Therefore, the materials selection for dies used in the Micro-FAST
experiment has been made which involved two possible materials which were graphite and
tungsten carbide. The graphite had positive reviews on previous research as mentioned before.
The Tungsten carbide has excellent compressive strength compared to other materials which
would make the die set more convenient when dealing with the high pressure and temperature
environment during the Micro-FAST process. Moreover, the thermal expansion coefficient
(TECOE) needs to be considered besides maximum service temperature (Tmax) and compressive
strength. The reason behind that is due to the fraction of the expanded die set material per
degree of temperature increase during the process needs to be small between the thermal
expansion coefficient for punches, the body of die and the sintered powder. Table 3-4 shows
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the mechanical and thermal properties of the graphite and tungsten carbide materials used.
Further details regarding the guidelines on how to choose the suitable combination of die sets
with powder being sintered by comparing the compressive strength, thermal expansion
coefficient and maximum service temperature of selected materials have been shown in the
section below. By using the guidelines, all the possible combinations for the die set with
particularly sintered powder can be managed and known whether it is a good combination or
not based on the fulfilment of requirement.

TABLE 3-4: MECHANICAL AND THERMAL PROPERTIES BETWEEN GRAPHITE AND TUNGSTEN CARBIDE
MATERIALS BASED ON COMPRESSIVE STRENGTH, THERMAL EXPANSION COEFFICIENT AND MAXIMUM SERVICE
TEMPERATURE [120] .

. Thermal Expansion Maximum Service
Compressive Strength .
Materials Coefficient Temperature
(MPa) (pstrain/°C) (°C)
Graphite 43 to 350 0.3-8.63 1,300 - 2,700
Tungsten
. 4,250 t0 6,830 45t07.1 727 -777

Carbide

3.5.1 THERMAL EXPANSION COEFFICIENT

As mentioned, two materials have been selected for the die set. There are the graphite and
tungsten carbide. These should make an excellent contribution towards the Micro-FAST
process experiment due to the applied pressure required which is in the range of 75 to 125 MPa.
However, a comparison of selected combinations of the die set of the thermal expansion
coefficient between the punches and body of die will be required to be done. It has been
suggested that the value of the thermal expansion coefficient for the die must be less than the
punches (TECoE die < TECoE punches) when using different materials to avoid any jamming
inside the die during the ejection process of the sample. The reason behind that is when the

thermal expansion coefficient of the die is higher than the punch; the fraction of used material
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in the die is likely to be expanding more quickly per degree of temperature compared to the
punches. Due to that, the punches would be stuck inside the die wall. Moreover, the punches
would break during the opening if excessive forces were applied. The appropriate condition for
the die and the punches was to have a similar material for both of them to have the same thermal

expansion coefficient value for uniform heating and cooling during the Micro-FAST process.

TABLE 3-5: COMBINATION OF THE DIE SETS MATERIALS OF GRAPHITE AND TUNGSTEN CARBIDE BY COMPARING
THERMAL EXPANSION COEFFICIENT AMONG THE MATERIALS FOR THE PUNCHES AND BODY OF THE DIE.

Punches Materials Graphite Tungsten Carbide
Die Materials
TECoE (pstrain/°C) 0.3-8.63 45-71
Graphite 0.3-8.63 Acceptable Acceptable
Tungsten Carbide 45-7.1 In Range Acceptable

As shown in Table 3-5, four possible combinations scenarios can be made for the material
of die and punches. The first one is both of the die and the punches using graphite as their
material. This choice is acceptable due to the value of thermal expansion coefficient being the
same. The second choice showed the punches would be utilising the tungsten carbide material.
The die would use the graphite. The combination was also an acceptable one due to the range
of thermal expansion coefficient of the die (graphite) was less than the punches (tungsten
carbide). The third choice is to make the tungsten carbide as the die, and graphite as the
punches. The third choice was in range, and acceptable with reservation due to die (tungsten
carbide) thermal expansion coefficient range value could be exceeding the punches (graphite).
The fourth combination is making the tungsten carbide for both die and punches. Same effect
as the first option would happen, this was acceptable due to the value of thermal expansion
being the same. Therefore, it can be shown that three combinations can be chosen for the Micro-
FAST process. However, another comparison will be examined with the powder materials and
the three best combinations for the die sets to choose the best material for the die that is going

to be used in the Micro-FAST process.
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Based on the selection of the combination materials for the die set criteria from Table 3-4
the three possible materials for the die set can be used for the Micro-FAST process. The same
approach has been used for the three materials combination of the die set and the sample
materials (alumina, zirconia and piezoceramic) which were by comparison of its thermal
expansion coefficient value. Furthermore, the criteria of the temperature related expansion
behaviour of materials for the die and the punches need to be determined. Then, the ability to
eject the sintered sample out easily from the die also needs to be considered. It was a
precautionary step not to use a higher force during the ejection process that could break the die
set and sintered samples. Therefore, it was suggested that the thermal expansion coefficient for
the die and the punches must be less than the sintered sample material (TECoE punch and die
< TECOoE sintered sample). The purpose was to avoid any trap for the punch inside the die due
to the expansion of materials used by the die and the punch with the increasing temperature
which would push the wall of the sintered sample to the die and the punches. As a result, it

would obstruct the movement of the ejection process.
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TABLE 3-6: SELECTION COMBINATION OF DIE SETS MATERIALS OF GRAPHITE (C) AND TUNGSTEN CARBIDE (WC)
WITH POWDER THAT NEED TO BEEN SINTERED WHICH IS ALUMINA, ZIRCONIA AND PIEZOCERAMIC BY
COMPARING ON THEIR THERMAL EXPANSION COEFFICIENT.

) Sample ) ) ) ) )
Die Set . Alumina Zirconia Piezoceramic
Combination of Materials
Die Set _ _ TECOE
Section Materials 4.5-10.9 2.3-12.2 0.002- 0.6
(nstrain/°C)
Punches | Graphite 0.3-8.63 In Range In Range In Range
First

Die Graphite 0.3-8.63 In Range In Range In Range

Output Results Acceptable Acceptable Acceptable

Tungsten Not
Punches . 45t07.1 In Range In Range
Second Carbide Acceptable
Die Graphite 0.3-8.63 In Range In Range In Range
Not
Output Results Acceptable Acceptable
Acceptable

Tungsten Not
Punches ) 45t07.1 In Range In Range
Carbide Acceptable
Third
. Tungsten Not
Die ) 45t07.1 In Range In Range
Carbide Acceptable
Not
Output Results Acceptable Acceptable
Acceptable

Based on the output results from Table 3-6, the first combination of the die set which

consists of graphite punches and the die with alumina, zirconia and piezoceramic powder that

needs to be sintered has no problem and can be accepted because the thermal expansion

coefficient was in the range of all three materials. It needs to be borne in mind that thermal

expansion coefficient of the die and the punches must be less than the sintered sample material

(TECOE punch and die < TECOE sintered sample). The second combination of the die set which
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consists of a graphite die and tungsten carbide punch was accepted for testing Alumina and
Zirconia samples. This is because the comparison range of thermal expansion coefficients of
the tungsten carbide and Graphite were near to the tested sample materials. However, for the
piezoceramic materials tungsten carbide was not accepted because the TECoE of the punch
choice was not in the range of TECoE of the piezoceramic. This would create some difficulties
with the opening of the punches which might be tighter due to the sample and punches being
expanded towards each other as the temperature increases. However, if the punches have been
opened, the ejection process would have no problem and be easily done due to the graphite die
which could have a lower thermal expansion coefficient compared to the tested material.
Therefore, the second could be accepted with reservation and concerns for the Tungsten
Carbide punches. Lastly for the third combination where all the die and punches were made
from tungsten carbide was accepted for Alumina and Zirconia, but was not accepted for the
piezoceramic due to both of thermal expansion coefficients being out of the range of sintered
samples. Therefore, the same approach will be used in the next comparison for material
combinations of die sets which is the maximum service temperature of the material die sets and

sintered materials.

3.5.2 MAXIMUM SINTERING TEMPERATURE OF THE DIE SETS AND SAMPLE

MATERIALS

The maximum service temperature of the material used by die sets during the sintering
heating applied to the sample needs to be considered. It is important to know the highest
temperature at which die set material can be used for an extended period without significant
change in the property or any problems such as oxidation, excessive creep, chemical change,
and material strength. The reason behind this was to ensure that the die set performs with
excellent efficiency even if the higher sintering temperature (Tsintering) O the sample was used.
Therefore, it was advised that the maximum service temperature for the materials of the die
and the punch must be greater than the temperature of the sintered sample (Tmax punch and Die

> Tsintering Sample).
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TABLE 3-7: SELECTION COMBINATION OF DIE SETS MATERIALS OF GRAPHITE AND TUNGSTEN CARBIDE WITH
POWDER THAT NEED TO BE SINTERED WHICH IS ALUMINA, ZIRCONIA AND PIEZOCERAMIC BY COMPARING
THEIR MAXIMUM SERVICE TEMPERATURE OF THE DIE SETS AND SINTERING TEMPERATURE OF THE POWDER

DURING THE ELECTRICAL-FIELD ACTIVATED SINTERING AND FORMING PROCESS.

: Sample : N . :
Die Set ) Alumina Zirconia Piezoceramic
Combinatio Materials
n of Die Set _ _ Max. Service
Section Materials 1,100 - 1,700 1300 - 1700 900-1200
Temp. (°C)
Punches Graphite 1,300- 2,700 Acceptable Acceptable Acceptable
First
Die Graphite 1,300 - 2,700 Acceptable Acceptable Acceptable
Output Results Acceptable Acceptable Acceptable

Tungsten Not Not
Punches ] 727 to 777 Not Acceptable
Carbide Acceptable Acceptable
Second
) Tungsten Not Not
Die ) 72710 777 Not Acceptable
Carbide Acceptable Acceptable
Not Not
Output Results Not Acceptable
Acceptable Acceptable

Based on Table 3-7, the first combination of the die set by using graphite as the material

for the die and the punches was acceptable for all samples (alumina, zirconia and Piezoceramic)

due to the maximum service temperature for graphite being higher compared to the sintering

temperature used by the samples. On the other hand, the second combination of the die set

which used graphite as a material for the die and tungsten carbide for the punch was not

acceptable due to the maximum service temperature of the tungsten carbide punches being

much lower (727 to 777 °C) compared to the alumina, zirconia and Piezoceramic Sintering

temperature. Therefore, based on the previous investigation, graphite was the most suitable

materials for the die set for the Micro-FAST process experiment.
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3.6 PROCESS IMPROVEMENT FOR SINTERING CERAMICS AND
COMPOSITES

Heat transfer plays a very important role during any sintering process. A sufficient sintering
requires an ideal heat transfer that allows the temperature increase of the precursor material to
get high enough for the densification process to happen [67-69] . As mentioned before, the
three types of heat transfer are conduction; convection and thermal radiation (see Figure 2-16).
Conduction heat transfer relies on the direct thermal contact within solid objects. The
convection heat transfer occurs through the motion of a hot fluid (liquid or gas) which acts as
a carrier. Thermal radiation can take place between two distant bodies without the need of any
medium. In conduction and convection cases, the energy transfer between two objects depends
approximately on the temperature difference between them [68-70]. Thermal radiation transfer
relies on the difference between the fourth power of their absolute temperatures, according to
the well-known Stefan-Boltzmann’s law. [69-71]. Sintering metals is different from sintering
ceramics due the differences in the thermal and electrical properties. Metals have a very good
thermal conductivity due to a relatively high concentration of free conduction electrons, and
these can transfer heat as they move through the lattice. Most metal powders can be sintered
and give a very high level of purity. Sintering metals is considered as a part of powder
metallurgy and categorised as a combination of processing consolidation to make a solid metal
from fine particles. Most ceramic materials have low thermal and electrical conductivity,

therefore they require high temperatures to sinter and form their powders [54, 55].

3.6.1 HEAT TRANSFER DURING ELECTRICAL FIELD SINTERING PROCESS

Electrical field sintering is a sintering process that uses electrical current to generate high
temperatures to sinter the material powder into a solid piece. It is shown passing high density
electric current pulses through the workpiece in Figure 3-7. By applying current pulses or
electric fields to the metals, ceramics, superconductors and powder metallurgy products
significant improvements in the material plasticity have been shown. The Micro-FAST process

is a combination of heat transfer in the form of convection, radiation and conduction. However,
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in ceramic materials it is challenging due to their low thermal and electrical conductivity [2, 3,
52, 54].
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FIGURE 3-7: SCHEMATIC DRAWING OF THE GLEEBLE® 3800 MACHINE TOOLING AND CURRENT FLOWS (RED
ARROWS) DURING THE ELECTRICAL-FIELD SINTERING PROCESS [3, 75]

In the Micro-FAST process, conduction heat transfer plays an important role in sintering
despite the low thermal conductivity of the ceramics. Conduction heat transfer is the transfer
of heat through anything that has mass (i.e., solids, liquids, or gases). Specifically, conduction
is the transfer of energy from the more energetic to less energetic particles of a substance due
to interaction between the particles. Conduction heat transfer in gases and liquids is due to the
collisions and diffusion of the molecules during their random motion. The heat transfer in solids
is due to the combination of lattice vibrations of the molecules and the energy transport by free
electrons. Heat conduction can be found in everyday examples, such as when a fire started, and
then moves around the burning logs with a poker. Heat is going to be conducted from the
burning logs to the poker, making the end of the poker become red and hot if it is left there for
too long. In the cars, when the engine is turned on, and the hood becomes warm, that is due to
the conduction of heat from the engine to the hood of the car. In industry, electrical wires are
good examples for heat conduction. The heat/electricity will move through the metal easily

because it is a conductor of heat and quickly gest to where it needs to go.
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Heat convection is the motion of heat caused by the transfer of energy through gasses or
liquids. In meteorology, convection is the transfer of heat and other atmospheric properties by
the movement of masses of air, particularly in an upward direction. For example, when a fan,
pump or device of suction is used to enable convection, the result is forced convection. Some
examples are air conditioning, central heating, a car radiator using fluid, or a convection oven
[68, 124].

Thermal radiation is electromagnetic radiation produced by thermal motion of charged
particles in matter. On other words, it is radiation generated from a material that is due to the

heat of the material, the characteristics of which depend on its temperature[124].

An example of thermal radiation is the infrared radiation emitted by common appliances
like household radiators or electric heaters. People near a raging bonfire will feel the radiated
heat of the fire, even if the weather was very cold. Thermal radiation is generated when heat
from the movement of charges in the material (electrons and protons in common forms of
matter) is converted to electromagnetic radiation. Sunshine, or solar radiation, is thermal
radiation from the extremely hot gasses of the sun, and this radiation heats the earth [68, 124].
In industry, there are many examples of using infrared radiation heating or electric infrared
radiation heating. Its history started over half a century ago when heat radiation produced by
commercial lighting bulbs was used for curing car paint in “infrared tunnels”. In the following
years, a lot of efforts were made to develop new types of heat sources to manufacture various
products. With different electric infrared sources, heat is normally produced by passing a
constant (or variable) current through a coiled resistive element giving different temperatures
[68, 124]. For example, the tubular metal and grill elements on electric cookers operating at
around 700 °C generate enough infrared radiation, while the latest quartz halogen infrared
heaters used for cooking operate at a high temperature that can reach 2200 °C resulting in
luminous emission. Due to that, many applications are being enabled, such as moisture
evaporation, printing ink drying, moulded plastics forming, adhesives and metals bonding, and

electronics printing [68, 124].
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FIGURE 3-8: PICTURES SHOWING THE APPLICATIONS OF IR HEATING IN DAILY LIFE AND INDUSTRY [68]

Thermal radiation represents a conversion of thermal energy into electromagnetic energy.
All matter with a temperature greater than absolute zero emits thermal radiation. If a radiation-
emitting object meets the physical characteristics of a black body in thermodynamic
equilibrium, the radiation is called blackbody radiation. Planck's law describes the spectrum of
blackbody radiation, which depends only on the object's temperature. Wien's displacement law
determines the most likely frequency of the emitted radiation and the Stefan-Boltzmann law
gives the radiant intensity. As mentioned before, the successful applications of forming
ceramics for industrial heating indicate its potential use in the sintering processes. There have
been a few studies based on the electrical field sintering process and technique to create similar
conditions to electric heating infrared radiation. The basic principle is: the current passes
through the graphite die and heats it up due to the Joule heating effect; the heated-up graphite,
which is considered to be a grey-body due to an emissivity value of ~0.90, gives off strong

thermal energy to the sample owing to a small heat transfer volume [68, 69, 71, 125].

Much work has been done a lot of experiment on ceramics materials and its composites such
as Zirconia and Alumina which is going to be more focused on this work [18, 82, 111, 126,
127]. Ceramics can be defined as solid compounds made up of mixed elements that have been
shaped and then hardened by heating to high temperatures or heating and pressure. In general,
they are hard, corrosion-resistant and brittle [128]. In general, the powder is sintered by
conduction, radiation and convection heating from external heating elements. However, most
of the ceramics materials have low thermal conductivity such as Zirconia [128]. Therefore, the

best way to achieve a high-quality formed sample for some ceramics materials is to use the
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thermal radiation, the convection and the conductivity of the materials. Figure 3-9 shows how
the schematic of the current and the thermal flow during sintering ceramic materials. The
challenging part is how to make the ceramic powder particles heat up and be sintered together.
As seen in Figure 3-9, the die is heated up and the current and the thermal flow go throw the
ceramic powder slowly due to the low thermal conductivity. Therefore, the process needs more
holding time and a higher temperature. When the die is heated up and held for a certain time,
the heat transfers to the ceramic powder and makes the particles start to sinter and after applying

the required pressure, a solid sample is formed.
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FIGURE 3-9: SCHEMATIC DRAWING OF THE GLEEBLE ® 3800 MACHINE TOOLING AND CURRENT FLOW DURING
THE MICRO-FAST PROCESS FOR CERAMIC MATERIALS

3.7 SUMMARY OF THE CHAPTER

In this chapter, the principles of the Micro-FAST process have been introduced and how
this process has been improved for fabricating miniature parts from ceramic powder. In

addition, the materials for the die sets that have been used for the experiment have been
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described and the justification of using these materials. The conventional sintering processes
are taking an excessive time to complete due to the densification process which involves a
coarsening or neck growth which is a critical mechanism needed to achieve the densification
of parts where it is caused by surface diffusion or evaporation. Although several researchers
have made developments using the SPS process, the total time needed to achieve high
densification of the samples still needs considerable time. This is due to SPS depending on
gaps between the particles to simulate the spark discharge that has been made by the pulse
current. Therefore, the applied pressure used for the sintering process cannot be too high as this
would close the gap and could lead to the disappearance of the spark. By using a low sintering
temperature and short sintering time this will inhibit the grain growth and permit the formation
of materials with density and a fine crystalline structure. Therefore, using a higher heating rate
in the Micro-FAST process can be a major factor that will contribute to making the process
faster and complete in few minutes. Thus, after consideration, it can be concluded that the
densification of the components by using the Micro-FAST process can be achieved by the
involvement of the deformation, particle rearrangement, breakage and interface disappearance
which was different from the conventional sintering process. The process could be finished
within a short time due to it being a coupled process of the electrical field which generated the
Joule heat and high pressure. There were 4 stages involved in the densification mechanism of
the Micro-FAST process which were a preheating period, high-temperature pressing, a

sintering period and a cooling period.

For the die sets, there were two designs of die sets suggested for the Micro-FAST process
as shown in Table 3-1. However, based on the previous studies made by Zulkibli [3] the second
die set introduced better results. The two die sets were designed to decrease the thermal stress
concentration in the punches. Another positive contribution towards the punch modification
was the concentrated heating at the punch nose, as more uniform temperature distributions in
the middle section of the die occurred which could help to optimise the process of sintering.
However, the design of the second die set showed more reduction in the thermal stress
concentration in the punch. Based on these studies, 3 designs have been chosen for the Micro-
FAST process. Some changes were introduced for the modification of the 3 die sets. The final
output sample was in the cylindrical and cuboid shapes with different millimetre dimensions.
The material selection for the die set needs to follow the standards on how to choose the suitable

combination of die sets with powder being sintered by doing a comparison of the compressive
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strength, thermal expansion coefficient and maximum service temperature of the selected
materials. By doing the comparison, all the possible combinations for the die set with sintered
powder can be managed and it can be determined whether the combination will meet and fulfil
the process requirements or not. The purpose of this comparison is to prevent any conflict or
trapping between punches and the sample after finishing the sintering process and starting the
ejection process. Moreover, the die set needs to be robust due to the impact from a higher
forming pressure. Based on previous studies for the die sets, all the punches and dies were
made from graphite and used in the experiment for the zirconia, alumina and piezoceramic

samples.

The heat transfer is an important matter that needs to be considered in the Micro-FAST
process. A sufficient sintering requires an ideal heat transfer that allows the temperature
increase of the precursor material to get high enough for the densification process to take place.
Ceramic and composite materials have different thermal and electrical properties compared to
metal materials. Metals have a very good thermal conductivity due to a relatively high
concentration of free conduction electrons, and these can transfer heat as they move through
the lattice. On the other hand, most ceramic martials have low thermal and electrical
conductivity which make them difficult to sinter compared to metals. Therefore, the Micro-
FAST process requires more holding time and higher temperatures to fabricate solid ceramics

and composites.
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FINITE ELEMENT ANALYSIS (FEA) OF HEATING

AND COOLING PROCESS IN THE MICRO-FAST

4.1 INTRODUCTION

The Finite Element (FE) analysis of the effect of coupled thermal-electrical characteristics
of the die sets during the heating and cooling process was examined by using ABAQUS/CAE
software (Abaqus version 6.14). The information collected from the FE simulation was useful
for the experimental process in order to gain information on how the heating distribution
happened within the die sets used in the Micro-FAST process. The initial step of the analysis
involved the electrical potential being exposed to the die sets that was calculated by using
electrical boundary conditions. In the second step transient heat transfer analysis was conducted
by the application of Joule heat generation to each finite element under a given thermal
boundary condition. The temperature dependency of the electrical conductivity was used for
the analysis where the electrical and thermal analyses are fully coupled. Below shows a brief

summary of the theoretical background of coupled thermal-electrical analysis [129-131]

4.2 THEORY OF COUPLED THERMAL-ELECTRICAL ANALYSIS

The equation of conservation of charge was shown as in the equation (4.2-1).

J- ].nd5=f 7. dS (4.2-1)
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Where:

v - Any control volume whose surface was.

n - QOutward normal to S.

J - Electrical current density (current per unit area).

1. - Internal volumetric current source per unit volume.

By using the definition of an electrical field, Ohm’s law can be written as shown in the
equation (4.2-2). The constitutive relation was linear where it was assumed that the electrical

conductivity was independent of the electrical field.

] =0.E=-0.Y¢ (4.2-2)
Where:

¢ - Electrical potential field.
E - Electrical potential.

o - Electrical conductivity.

Using Ohm’s law in the equation (4.2-2) in a conservation equation, an electrical equation
analysis was obtained in the equation (4.2-3). Joule’s law describes the rate of electrical energy,

P,., dissipated by current flowing through a conductor as in the equation (4.2-4).

J V8¢ (0.Vp) dV = f 5 ¢r. dV + f 5¢JdS (4.2-3)

Where

J - Electrical current density towards a control volume V (J = J.n).
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P.=].E=(E.0).E (4.2-4)

Where

P,. - The rate of electrical energy.

On the other hand, an equation for conductive thermal analysis was as shown in the equation
(4.2-5).

f pc,,g—(jae dv+f V86. (k.VO) dV:f 50r dv+f 56q dS (4.2-5)
Where
6 - Temperature. C, - Specific heat.
k - Thermal conductivity. q - Heat flux towards a control volume V.
p - Density. r - Heat generation density.

4.3 PROCEDURE

In the coupled thermal-electrical analysis, both transient responses have been applied for
electrical analysis in step one and thermal analysis in step two where they are sequentially
conducted in each time increment. Consequently, the temperature at the integration points of
each of the die sets can be obtained dependent on the step time to complete the process. The
sample materials used in the simulation were zirconia, alumina and piezoceramic. The

simulation analysis was only concentrated on the heating distribution process on the design of
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die sets A. Figure 4-1 and Figure 4-2 show the simplified parts used in the Gleeble® 3800
machine for thermal-electrical analysis.

Upper Machine Ram

Upper Die Set
Holder

Solid Sample -

Upper Cooper Plate
(E=0.9V)

The design of Die Set A

Lower Copper Plate
(E =0V - Earthed)

Lower Die Set
Holder

Lower Machine Ram
(Fixed)

FIGURE 4-1: SIMPLIFIED PARTS USED IN THE SIMULATION OF COUPLED THERMAL-ELECTRICAL ANALYSIS.



Page |80

FIGURE 4-2 : SIMPLIFIED PARTS USED IN THE SIMULATION OF COUPLED THERMAL-ELECTRICAL ANALYSIS
WITH THE MESH

Table 4-1, shows the physical, thermal and electrical properties of Tungsten carbide,
Graphite, zirconia, alumina, piezoceramic and Copper-nickel-silver alloy material used to
evaluate the coupled thermal-electrical analysis for the Micro-FAST process. Regarding the

boundary conditions, the electrical potential at the first plate was set to 0.9 V and at the second
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plate it was assumed to be zero because it was electrically grounded as seen in Figure 4-1. The
displacement for the first and second machine ram is assumed to be zero, because the sample
is already in the solid condition and the temperature for the cooling condition after the end of
step one was set to 30 °C in the machine rams. The emissivity and the film coefficient used
were 0.8 and 10 respectively and the ambient temperature was set to 20 °C. The initial in time
increment was 1 x 10° s and the automatic time increments function provided from Abaqus
software was used. After the first step of the electrical and thermal analysis, no electrical load
will be exist. Therefore, general transient heat transfer analysis was conducted to save
calculation time in the second step. Table 4-2 shows, the global seed of the part that has been
used in the simulation of electrical-heat analysis for meshing. The thermal electric element type

has been assigned for all the parts.

TABLE 4-1: PROPERTIES OF PART MATERIALS USED IN THE THERMAL-ELECTRICAL ANALYSIS [120].

Densi Specific Heat Thermal Electric
Part Name Materials v P Conductivity | Conductivity
(kg/m?3) (I/kg) (W/m.K) (S/m)
Upper and Lower
Machine Ram
Tungsten Carbide 15,580 292 88 1x 108
Upper and Lower
Die Set Holder
Die and Punches of . 6
Die Set A Graphite 1,860 771 81 9.1x10
Zirconia 5,600 460 3 1x 1018
Samples Alumina 3900 850 18 1x10°8
Piezoceramic 7400 350 11 0.0008
Upper and Lower Copper-NlckeI- 8.720 383 30 9 63 x 10°
Copper Plate Silver Alloy
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TABLE 4-2: GLOBAL SEEDS USED FOR MESHING THE SIMULATION OF THERMAL-ELECTRICAL ANALYSIS.

Part Name Global Seed
Upper and Lower Machine Ram 15 x 10
Upper and Lower Die Sets Holder 3x10*
Upper and Lower Copper Plate 4x10*
Die and Punches of Die Sets A 2.5x10*
Sample 1x 104

4.4 RESULTS AND DISCUSSION
The section below shows the results and discussions of coupled thermal-electrical analysis
for the design of die set A with zirconia, alumina and piezoceramic sample. It consists of two
steps which were the electrical and thermal analysis for the first step and, the heat transfer

analysis conducted in the second step.

441 ZIRCONIA

Figure 4-2 shows the heating temperature distribution of the die set A with the Zirconia
sample for electrical and thermal analysis in step one and heat transfer analysis on step two.
The material used for the punches and body of the die was graphite due to its high efficiency
for transmitting heating to the samples. In the design of the die the large transition at the
punches of die set A plays a significant role to ensure the high efficiency of the heating during
the Micro-FAST process for powder material. It can be seen in Figure 4-3 in step one in the
first row (No. 1) to (No. 5) from left to right, the heating started at the surface of the die punch
continued to the whole die, but not in the sample. By setting the step time to 60 s, the heating
temperature of the punches of the die set could reach 1428.11°C which is in the range of

maximum working temperature for graphite. It can be seen from Figure 4-3 and Table 4-3 that
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the temperature increased in the die and the punch to 193.785 °C and 175.012 °C respectively
in the step time 1.06243 s. Meanwhile, the temperature in the core of the sample was 66.7469
°C due to low conductivity of the Zirconia. Therefore, the temperature of the sample will be
increased slower than the die and the punch. By reaching the step time to 60 s, the heating
temperature that was recorded at the core and surface of the Zirconia sample was 1346.15°C

and 1363.18°C respectively. The illustration of its contour can be seen in Figure 4-3.

Heating Distribution of the Die Set Aand Zirconia Sample
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FIGURE 4-3 : HEATING TEMPERATURE DISTRIBUTION OF ZIRCONIA SAMPLE IN DIE SET A FOR STEP 1:
ELECTRICAL AND THERMAL ANALYSIS AND STEP 2: HEAT TRANSFER ANALYSIS AFTER THE CURRENT SWITCH
OFF
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TABLE 4-3: TEMPERATURE DATA FOR CONTOUR OF ZIRCONIA SAMPLE AS PRESENTED IN FIGURE 4-3

Contour Step Body of Die Set Punches of Die Core of the Surface of the

No. Time (5) Surface (°C) Set Surface (°C) Samples (°C) Sample (°C)

1 0.04097 26.7762 22.8993 20 22.0391

2 1.06243 193.785 175.012 66.7469 144.161

3 2.38672 437.006 382.452 243.524 347.082

4 10.5926 1174.8 1085.96 1077.15 1120.83

5 60 1428.11 1337.22 1346.15 1363.18

6 63.7578 999.28 952.125 1051.87 1004.54

7 67.6833 754.771 726.019 788.095 760.67

8 71.2444 621.822 603.179 643.594 626.044

9 77.1318 494.207 484.594 505.564 496.244
10 95.5226 349.696 347.936 351.99 349.544

During step two of the heat transfer analysis, rapid cooling of the die set A and Zirconia

sample has occurred. After consuming 7.6833s, the heating temperature can be dropped on

average to 757.39 °C for all the parts of the die set and the Zirconia sample. At the total step

time of 95.5226 s, the heat transfer analysis was stopped and the average temperature of the

die set and the sample was 349.792 °C. The temperature data for the contour of the die set A

and the Zirconia sample are presented in Figure 4-3. As mentioned before, it can clearly be

shown that there was a low temperature in the workpiece due to no current going through the

ceramic body, however, it is then heated up quickly through the heat transfer from the graphite

die.
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Step 1: Electrical and Thermal Analysis

1
+3.347e 401
+3.179e+01

1

NT11
+5.0580402

1 +6.9
+3.000e+01 +3.000e+01

FIGURE 4-4: CONTOUR OF ZIRCONIA SAMPLE FOR HEATING TEMPERATURE DISTRIBUTION AT INTEGRATION
POINTS OF STEP ONE AND TWO

4.4.2 ALUMINA

Figure 4-4 shows the heating temperature distribution of the die set A with the Alumina
sample for electrical and thermal analysis in step one and heat transfer analysis in step two.
The material used for the punches and body of the die was graphite similar to the one used with
the Zirconia sample due to the high efficiency of heat transmission to the samples. Based on
observation, Figure 4-5 shows that in step one from (No. 1) to (No. 5), the heating started at
the surface of the die punch and continued to the whole die, but not in the sample. The

temperature increased in the die and the punch to 193.049 °C and 171.882 °C respectively in
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the step time 1.06286 s. The temperature in core of the sample was 109.023 °C and in the
surface of the sample the temperature was 128.096 °C. It can be seen that the temperature of
the Alumina sample is higher than the Zirconia at the same step time which is 1.06 s. This is
because that the Alumina has better thermal conductivity than the Zirconia. After that, the
temperature distributes steadily in all parts to reach around an average of 1100 °C. By setting
the step time to 60 s, the heating temperature of the body of the die set could reach 1427.78°C
and the punches of the die set reached 1341.26°C which is in the range of the maximum
working temperature for graphite. The heating temperature recorded at the core and surface of
the Alumina sample was 1345.71°C and 1352.38°C respectively.

Heating Distribution of the Die Set A with Alumina Sample
|
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FIGURE 4-5: HEATING TEMPERATURE DISTRIBUTION OF ALUMINA SAMPLE IN DIE SET A FOR STEP 1:
ELECTRICAL AND THERMAL ANALYSIS AND STEP 2: HEAT TRANSFER ANALYSIS AFTER THE CURRENT SWITCH
OFF
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TABLE 4-4: TEMPERATURE DATA FOR CONTOUR OF ALUMINA SAMPLE AS PRESENTED IN FIGURE 4-5

Contour Step Body of Die Set Punches of Die Core of the Surface of the

No. Time (s) Surface (°C) Set Surface (°C) Samples (°C) Sample (°C)

1 0.04097 26.776 22.8637 20.0233 20.9447

2 1.06286 193.049 171.882 109.023 128.096

3 2.39264 407.706 379.617 311.483 333.311

4 10.9845 1186.95 1101.13 1110.63 1121.67

5 60 1427.78 1341.26 1345.71 1352.38

6 63.7892 997.724 954.567 1008.14 1000.99

7 68.7407 710.157 686.979 717.976 714.404

8 73.2076 570.994 557.351 575.826 573.707

9 77.4032 491.064 482.468 494.039 492.646
10 94.2671 355.035 353.254 355.322 354.888

In the heat transfer analysis in step two, the cooling process of the die set and Alumina sample

has occurred. As seen in Figure 4-5 and Table 4-4, after 8.7407s, the temperature was dropped
to 710.157°C and 686.979 °C for the die set and the punches respectively. For the Alumina

samples the temperature was dropped to an average of 716.19 °C in the core and surface of the

sample.

At the total step time of 94.2671s, the heat transfer analysis was stopped and the

average temperature of the die set and the sample was decreased to 354.625 °C. Figure 4-5

shows the temperature data for the contour of the die set A and the Alumina sample.
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Step 1: Electrical and Thermal Analysis

FIGURE 4-6: CONTOUR OF ALUMINA SAMPLE FOR HEATING TEMPERATURE DISTRIBUTION AT INTEGRATION
POINTS OF STEP ONE AND TWO

4.4.3 PiEzOCERAMIC (PZT)
Figure 4-6 shows the illustration of the heating temperature distribution of the die set A with

the piezoceramic sample for electrical and thermal analysis in first step and heat transfer
analysis on the second step. The material used for the punches and body of the die was graphite
due to its high efficiency transmitting heating to the samples as mentioned before. As seen in
Figure 4-7, the heating in step one (from No. 1 to No. 5) started at the surface of the die punch
and continued to the whole die, but not in the sample due to the low thermal conductivity of
the piezoceramic. At step time of 1.807s, the temperature reached to 82.105 °C and 78.179 °C
in the die and the punch respectively. Meanwhile, the temperature in core of the sample was
28.01°C and in the surface of the sample the temperature was 76.721°C. Compared with
Alumina and Zirconia, it can be seen that the temperature of the piezoceramic sample is lower
than the Alumina and Zirconia at the same step time which is nearly 1s. This is because the
piezoceramic has very low thermal conductivity compared to the Zirconia and Alumina. After

consuming 60 s in step time, it can be observed from Figure 4-7 and Table 4-5 that the heating
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temperature of the body of the die set could reach 1105.0683°C. Additionally, the heating
temperature of the punches has reached. 1037.9744°C. Both the temperature of the punches
and the body of the die sets are in the range of maximum working temperature for graphite.
Moreover, the heating temperature at the core and surface of the piezoceramic sample was
1070.721°C and 1012.39°C respectively.

Heating Distribution of the Die Set A with PZT Sample
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FIGURE 4-7: HEATING TEMPERATURE DISTRIBUTION OF PIEZOCERAMIC SAMPLE IN DIE SET A FOR STEP 1:
ELECTRICAL AND THERMAL ANALYSIS AND STEP 2: HEAT TRANSFER ANALYSIS AFTER THE CURRENT SWITCH
OFF

Through step two of the heat transfer analysis, the rapid cooling of the die set and
piezoceramic sample has occurred. In the 67.8559s, the heating temperature dropped to 742.22
°C for the die set. Furthermore, the temperature for the punch reached 717.948 °C at the same
step time. The temperature in the core of the sample was 762.93°C and the surface of the
sample the temperature was 724.76°C. At the total step time of 95.6376 s, the heat transfer
analysis was stopped and the average temperature of the die set was 324.528°C and on the

surface of the sample, the temperature dropped to 309.32 °C and the sample reached 353.61
°C.
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TABLE 4-5: TEMPERATURE DATA FOR CONTOUR OF ALUMINA SAMPLE AS PRESENTED IN FIGURE 4-7
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- +3.914e+01
+2.999e+01

No. 2

Contour Step Body of Die Set Punches of Die Core of the Surface of the
No. Time (s) Surface (°C) Set Surface (°C) Samples (°C) Sample (°C)
1 0.04097 26.7764 22.9226 20 22.7621
2 1.807 82.105 78.179 28 76.721
3 3.38388 136.349 140.0824 40.0824 133.4282
4 12.58264 423.0925 398.111 410.2678 388.6115
5 60 1105.0683 1037.9744 1070.721 1012.3929
6 65.8401 791.14 760.572 808.41 770.9
7 67.8559 742.22 717.948 762.93 724.76
8 74.2825 522.08 532.013 558.27 517.04
9 79.8542 456.502 449.115 483.685 458.783
10 95.6376 301.94 347.116 353.61 309.32
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4.5 SUMMARY OF THE CHAPTER

In this chapter, a simulation of the electrical-heat analysis has been done on zirconia,
aluminaand piezoceramic. The simulation has been done using the design of die set A as shown
in Table 3-2. It can be shown that the die set A has promising results concerning the heating
distribution towards its parts. In step one which was electrical analysis involving the electrical
potential, the die set A has shown good and rapid heating temperature distribution. The
information collected from the FE simulation was useful for the experimental process in order
to have the proper information on how the heating distribution happens in the die sets used in

the Micro-FAST process and to create suitable parameters for the experiments.

Figure 4-9 shows the comparison of the results between the three materials (zirconia,
alumina and piezoceramic) for the simulation of the electrical-heat analysis. It can be seen that
all simulation worked properly and the results showed a promising heating distribution through
all parts in step one at 60 seconds. However, the charts for the piezoceramic showed some
slight differences when comparing them with the alumina and zirconia charts. The reason
behind that is the differences in the properties of zirconia, alumina and piezoceramic. The
thermal conductivity of the piezoceramic is very low compared to zirconia and alumina. That

is why the piezoceramic reach nearly 1100 °C in 60 seconds.
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Step one: Comparison heating temperature of
zirconia, alumina and peizoceramic in die sets A
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FIGURE 4-9: COMPARISON HEATING TEMPERATURE OF ZIRCONIA, ALUMINA AND PEIZOCERAMIC IN DIE SETS A
FOR ELECTRICAL ANALYSIS IN STEP ONE

Meanwhile, in the step two of the thermal analysis which involved of the transient heat transfers
shows that the alumina has the fastest cooling compared to the zirconia and piezoceramic as
presented in Figure 4-10. The simulation shows that the alumina took 94 seconds to cool down,
meanwhile the zirconia and the piezoceramic took nearly 96 seconds. The charts below shows
that the piezoceramic has fluctuated results among all parts when during the cooling process.
This is because of the material properties of the piezoceramic and one of these properties is the

thermal conductivity.



Page |93

Step 2: Comparison heating temperature of
zirconia, alumina and peizoceramic in die sets A
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FIGURE 4-10: COMPARISON HEATING TEMPERATURE OF ZIRCONIA, ALUMINA AND PEIZOCERAMIC IN DIE SETS
A FOR ELECTRICAL AND THERMAL ANALYSIS IN STEP 2
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RESULTS AND DISCUSSION

5.1 INTRODUCTION

In the Micro-FAST process experiments, three kinds of powders were used as raw
materials, these were alumina, zirconia and piezoceramic. The experiment was conducted using
a Gleeble® 3800 which is a thermal mechanical machine from Dynamic Systems Inc. USA.
The parameters that have been used in the experiments, such as pressure, heating temperature,
heating rate and holding time were controlled automatically using a computer-controlled
system (QuickSim™ software). The electrical field produced by the Gleeble® 3800 machine
has a high current (3000~30000 A) and low voltage (3~10V). It was also capable of
controlling the accuracy of the temperature up to £3 °C. The die sets used in the experiment
were of the optimised design shown in the previous chapter and punches and dies were made
from graphite (grade: Mersin 2333). The graphite material was selected because of the value
of the thermal expansion coefficient of the punches and die must be less than the powder
material being tested. This will prevent any traps and sticking between the punches, die and
samples during the ejection process. Moreover, by using graphite for the die set material, a
higher sintering temperature can be utilised up to its maximum service temperature of 2,700
°C.

After the powder material had been weighed, it was carefully poured into the die sets.
Then, the die set with the powder material was placed into the chamber of Gleeble® 3800
machine with the thermocouple as in Figure 5-1. After that, the die set with the powder material
was heated promptly to a specific sintering temperature in the vacuum. The electrical current

was passed through the die set with powder material inside it and at the same time pressure



Page |95

was applied to the upper and lower die punches. The sample was then ejected out from the die
set. The formed samples from the experiments were analysed using several apparatus. For their
relative density, Sartorius YDKO03 apparatus was used, and for the surface of sample
microstructure, the scanning electron microscope machine (SEM/EDS — HITACHI SU-6600)
was used. Moreover, a chemical element weight percentage test has been performed at the
centre and edge of the sample parts using an energy dispersive spectroscopy (EDS) facility. A
nano-hardness (NanoTest Vantage) test was also done at the sintered neck of the zirconia
sample. All the results and discussions regarding the experimental study have been described
in detail to obtain conclusive findings of reliability for the overall processes and the die sets
used for producing an excellent quality of micro-components. All pictures in this chapter has
been taken by the main author of this work in the Imperial College London between 2014 and
2017.

FIGURE 5-1: DIE SET WITH POWDER MATERIAL INSIDE IT DURING THE EXPERIMENT USING GLEEBLE 3800
MACHINE.

5.2 POWDER MATERIALS AND EQUIPMENT

In this section, a detailed description of equipment and powder materials used in the Micro-

FAST process has been made. It consists of the Gleeble® 3800 machine, density determination
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kit from Sartorius YDKO3, Tungsten Filament Scanning Electron Microscope (W-SEM) from
HITACHI S-3700 (2010), and NanoTest Vantage System hardness tester. Meanwhile, powder

materials used in the experiment consisted of alumina, zirconia and piezoceramic.

5.2.1 GLEEBLE® 3800 MACHINE

Gleeble® 3800 from Dynamic Systems Inc. was designed specially to offer increased
capabilities for thermal deformation and was equipped with a heavy-duty mechanical system
and high-speed servo valves for quick response. See Figure 5-2. The Gleeble® 3800 is capable
of applying as much as 20 tonnes of static force in compression and up to 10 tonnes of force in
tension. Furthermore, the rates of stroke displacement can be programmed to reach 2,000 mm/s
as illustrated in Table 5-2. Additionally, Gleeble® 3800 systems offer a high-speed thermal
system for heating specimens. It has an ability to reproduce the broad range of thermal profiles
that materials undergo in actual processes which were critical to the success of thermal-
mechanical testing and physical simulation. Gleeble® 3800 systems have both high heating and
cooling rates to accomplish the assigned task. The heating and quenching rate could operate up
to 10,000 °C/s respectively as shown in Table 5-2 [132].

The Gleeble® 3800 machine also has an ability to control the temperature uniformity with
the thermal gradients within the test specimen. In this condition, thermal gradients are
dependent upon the material, thermal and electrical resistivity, surface-to-volume ratio,
specimen length, total cross section, free span and grips. In the experiment of the Micro-FAST
process, each of the parameters used such as pressure, heating temperature, heating rate and
holding time, was controlled automatically using a computer-controlled system called
QuickSim™ software. In terms of the electrical-field produced by the Gleeble® 3800 machine,
it has high current in the range of 3,000~30,000 A with a low voltage which was 3 and 10
voltage. Table 5-1 and Table 5-2 show the general specification of the thermal and mechanical
system for the Gleeble® 3800 machine [132].
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FIGURE 5-2: GLEEBLE® 3800 MACHINE.

TABLE 5-1: GENERAL SPECIFICATION OF THE THERMAL SYSTEM FOR GLEEBLE® 3800 MACHINE [132].

Type of Heating System

Direct resistance with closed-loop control.

Temperature Controller

Digital closed-loop control using 16-bit analog-to-digital converter

and 16/32-bit digital signal processor.

Temperature Range

Room temperature up to 1700°C based on choice of thermocouples.

Response Rate

10,000°C/s.

Thermocouple Sampling Rate

120 times per second at 60 Hz (100 times per second at 50 Hz).

Resolution

One degree (°C or F).

Maximum Number of Simultaneous

Thermal Channels

Four thermocouple channels or three thermocouple channels and

one pyrometer channel. (Pyrometer system is optional).

Accuracy of Control

* One degree Celsius (in steady state).

Accuracy of Measurement

+ One percent of temperature plus the accuracy of the thermocouple

wire (steady state).
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TABLE 5-2: GENERAL SPECIFICATION OF THE MECHANICAL SYSTEMS FOR GLEEBLE® 3800 MACHINE [132].

Test Frame

Horizontal type with dual 99 mm diameter columns.

Mechanical System

Closed-loop hydraulic servo control.

Maximum Static Force/Load in

Compression

20,000 Kg (~ 44,000 Ibs.) (196 kN).

Maximum Static Force/Load in Tension

10,000 Kg (~ 22,000 Ibs.) (98 kN).

Maximum Stroke Rate (No Load)

2,000 mm/s in tension or compression.

Minimum Stroke Rate (Varies with

Configuration)

0.001 mm/s in tension or compression.

Maximum Stroke Distance

125 mm.

Maximum Number of Compression Stroke

10 strokes (hits) over 20 mm distance.

Force Measurement Accuracy

+ 1.0% of full scale.

Stroke Measurement Accuracy

+ 0.5% of full scale.

Force Measurement Resolution

+1kg.

Stroke Measurement Resolution

0.002 mm.

C-Strain Measurement Resolution

0.002 mm (Standard).

5.2.2 RELATIVE DENSITY

The results obtained from the experiment were analysed for their relative density using a

density determination kit (Sartorious YDKO03). During the testing, the Archimedean principle

was applied for determining the density of a sample with the Sartorious YDKO03 measuring

device. A sample immersed in a liquid was subjected to the force of buoyancy. The value of

this force was the same as the weight of the liquid displaced by the volume of the sample. By

using hydrostatic balance from a density determination kit (Sartorious YDKO03) this enables a

sample to be weighed in air as well as in water in order to determine its density if the density

of the liquid causing buoyancy was known as presented in equation (5.2-1).
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_ W@.p(fD)

SNIORTD -

Where:
p - Specific gravity of the sample. W (a) - Weightof the solid in air.
p(fl) - Density of the liquid. W(fl) - Weightof the solid in liquid.

Or determine the density of liquid if the volume of the immersed sample was known as
presented in equation (5.2-2).

G
%4

p(fD) = (5.2-2)

Where:
G - Buoyancy of the immersed sample.
V- Volume of the solid.

The relative density of the sample from the Mirco-FAST process was determined by making a
ratio percentage of the calculated density of the sample from equation (5.2-1) to the reference

theoretical density of the sample that been tested. Figure 5-3 shows the density determination
kit (Sartorious YDKO03)
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FIGURE 5-3: DENSITY DETERMINATION KIT (SARTORIUS YDKO03) AND POWDER MEASURING SCALE (SARTORIOUS
PRACTUM).

5.2.3 SCANNING ELECTRON MICROSCOPE (SEM)

The Scanning Electron Microscope from HITACHI S-3700N as shown in Figure 5-4 is
used to detected imaging microstructures of the sample’s surface fracture. Using the
microstructure images, will help to show the deformation and breakage of the powder material
particle after the densification mechanism process ends during the Micro-FAST process. The
Scanning Electron Microscope (W-SEM) is also suitable for imaging metallic, ceramics,
polymers, ceramic matrix composites (CMC), metal matrix composites (MMC), carbon fibre
composite (CFC) and fibrous materials [133].

A chemical element weight percentage test was also performed at the centre and the edge
of the sample by using an Energy Dispersive Spectroscopy (EDS) facility (Oxford Inca 350
with 80 mm X-Max detector) which was built in a W-SEM machine to allow elemental
analyses of materials. This process has been done to monitor the percentage of carbon element
that was absent on the inside and the edge of the sample after a cleaning process due to the

usage of the graphite die set [133].
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FIGURE 5-4: SCANNING ELECTRON MICROSCOPE (W-SEM) FROM HITACHI S-3700N [133].

5.2.4 HARDNESS TEST

The nano-hardness test for the Micro-FAST process was done by using the Nano Test
Vantage system (Nano-indentation) as shown in Figure 5-5which consists of a variety of nano-
mechanical testing methods in one instrument. All relevant requirements for the nano-
indentation standard including 1SO14577 and ASTM E2546-07 have been fulfilled by the
NanoTest Vantage. Regarding the operating principle of the NanoTest Vantage system for
micro-samples, it uses the application of electromagnetic force and capacitive depth
measurement to measure the elastic and plastic characteristics of materials at nano-scale. Based
on this capability its fits with the micro-sample that has been produced in the electrical-field
activated sintering and forming process where the interest area that needs to be indented can
be targeted [134].
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FIGURE 5-5: NANOTEST VANTAGE SYSTEM [134].

5.2.5 POWDER MATERIALS

Table 5-3 shows that three kinds of powder were used as raw materials which were
zirconia, alumina and piezoceramic for Micro-FST process using Gleeble® 3800 machine. For
Zirconia, three different types were examined. The first one is Yttria Partially Stabilized
Zirconia (ZrO2+ 3 mol% yttria) (3Y-ZrO2) the average particle size of powder materials was
6.5 um and has 5.285 g/cm? for theoretical density. The other type of Zirconia is the Magnesia
Partially Stabilized Zirconia (MSZ) and the starting particle size was below 5 um with spray
dried granulates that were sieved to between 40-80 um and a theoretical density of 5.82 g/cm3.
The Third Zirconia powder was MSZ(#) with 5 wt% organic additives or organic binders to

improve the forming process, and the theoretical density for this one was 5.72 g/cm. The
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starting particle size for MSZ(#) was below 2 um with spray dried granulates that were sieved
between 40-80 um. The organic materials burn out in two steps. Around 2.2 wt% organic

material can be removed at 200°C and the other 2.6 wt% can removed around 380°C.

Meanwhile, for Alumina powder material Al-Os powder with an average particle size of
0.18 pum and purity of 99.9% and the theoretical bulk density for the used powder is 3.95 g/cm?,

The piezoceramic used for this experiment has a particle size of 6.5 and the theoretical

density for the used powder is 7.4 g/cm3.

For the experiment of the Micro-FAST process, a graphite die set was used due to the
sintering temperature of the ceramic powders being in the range of 1000 to 1,400 °C. Since the
melting temperature of graphite is around 3,800 °C it is suitable for the die and punches and of

being used with the assigned sintering temperature.
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TABLE 5-3: THE CLASSIFICATION OF FOR ZIRCONIA, ALUMINA AND PIEZOCERAMIC POWDERS USED IN MICRO-
FAST PROCESS WHICH PERFORMED BY GLEEBLE® 3800 MACHINE.

Average Theory )
. . ) Image of Particles
Powder Materials | Particles Density
. Agglomerates
Size (um) | (g/cm?)
3Y-Zr02 6.5 5.285
MSz s0andgo | 8
MSZ(#) <2 um 5.72
Al203 0.18 3.95
PzT 6.5 7.4
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5.3 PARAMETERS OF EXPERIMENTS

In this section the parameters of the experiments that have been used for the electrical-
field Micro-FAST process have been described. The crucial parameters that needed to be
configured during the experiment were the applied pressure, the heating temperature for the
sintering stage, the heating rate and the holding time respectively. All the stated parameters
contributed to the densification of the samples. The development of the experiment parameters
were made by using the guideline parameters obtained from the literature review such as
resistance heating and spark plasma sintering that has been performed concerning zirconia,
alumina and piezoceramic materials. In addition to that, the development of the experiment
parameters continued with the trial and error method. This has been implemented to find the
optimum parameters to produce an excellent density of samples with high efficiency of the

process.

5.3.1 ZIRCONIA

As has been mentioned in the literature review, the range of the temperature used during
the experiment on previous electrical field sintering applications for the zirconia was in the
range of 1050 to 1,500 °C with the sintering time of 6 to 180 minutes and a capability of
producing the sample with the relative density of 90 to 99%. The heating rate of the process
was also limited to 50 to 600 °C/min and the pressure that has been applied was in the range of
25 to 100 MPa. However, some previous studies suggested that organic binders will improve
the sintering and the quality of the sintered samples. Zirconia has been sintered with binders at
1,500 °C for 2hours under several pressures. Therefore, proposed experimental parameters for
the Micro-FAST process for Yttria Partially Stabilized Zirconia and Magnesia Partially
Stabilized Zirconia (MSZ) with and without additives have been illustrated in Table 5-4, Table
5-5and Table 5-6.
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TABLE 5-4: EXPERIMENT PARAMETERS FOR 3Y-ZRO2 POWDER MATERIAL PERFORMED BY GLEEBLE® 3800

MACHINE FOR MICRO-FAST PROCESS

Parameter No. Units 3YZro2-1 3YZro2-2 3YZro2-3 3YZro2-4
Powder Weight g 0.2657 0.2657 0.2657 0.2657
75 75 125 125
Pressure MPa
Force KN 0.9 0.9 1.6 1.6
Initial Temp. (Room oc 20 20 20 20
Temp.)
20 20 20 20
First Heating Rate °Cls
. . 200 200 200 200
First Heating Temp. °C
. . . 9.0 9.0 9.0 9.0
First Heating Time S
. ) . 30.0 30.0 30.0 30.0
First Holding Time S
. 50 50 50 25
Second Heating Rate °Cls
1200 1300 1300 1300
Second Heating Temp. °C
20.0 22.0 22.0 44.0
Second Heating Time S
240.0 240.0 120.0 120.0
Second Holding Time S
Cooling Rate °Cls 10 10 10 10
Final Temp. (Room Temp.) | °C 20 20 20 20
Cooling Time s 118.0 128.0 128.0 128.0
Process Total Time 5 417.0 429.0 309.0 331.0




Page | 107

TABLE 5-5: EXPERIMENT PARAMETERS FOR MSZ POWDER MATERIAL PERFORMED BY GLEEBLE® 3800

MACHINE FOR MICRO-FAST PROCESS

Parameter No. Units MSz-1 MSZ- 2 MSZ- 3 MSZ- 4
Powder Weight g 0.2915 0.2915 0.2915 0.0366
el MPa 125 125 125 125
Fares KN 1.6 1.6 1.6 0.4
Initial Temp. (Room Temp.) °C 20 20 20 20
First Heating Rate °Cls 20 20 20 20
First Heating Temp. °C 200 200 200 200
First Heating Time S 9.0 9.0 9.0 9.0
First Holding Time S 30.0 30.0 30.0 30.0
Second Heating Rate °Cls 100 25 50 25
Second Heating Temp. EE 1300 1300 1300 1400
Second Heatlng Tlme S 1100 4400 4400 4800
Cooling Rate °Cls 10 10 10 10
Final Temp. (Room Temp.) °C 20 20 20 20
Cooling Time S 128.0 128.0 128.0 138.0
Process Total Time S 298.0 331.0 391.0 315.0
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TABLE 5-6: EXPERIMENT PARAMETERS FOR MSZ (#) POWDER MATERIAL PERFORMED BY GLEEBLE® 3800

MACHINE FOR MICRO-FAST PROCESS

Parameter No. Units MSZ(#)-1 MSZ(#)-2 MSZ(#)-3 MSZ(#)-4
Powder Weight g 0.2875 0.2875 0.2875 0.2875
First Pressure MPa S B 75 £
First Force kN 0.9 0.9 0.9 0.9
Initial Temp. (Room o 20 20 20 20
Temp.)
First Heating Rate °Cls 20 20 20 20
First Heating Temp. °C 200 200 200 200
First Heating Time S 9.0 9.0 9.0 9.0
First Holding Time S 100.0 100.0 100.0 100.0
Second Pressure MPa £ £ & &
Second Force kN 0.9 0.9 0.9 0.9
Second Heating Rate °Cls 20 20 20 20
Second Heating Temp. °C 380 380 380 380
Second Heating Time S 9.0 9.0 9.0 9.0
Second Holding Time s 100.0 100.0 100.0 100.0
Third Pressure MPa 125 125 125 125
Third Force kN 1.6 16 16 16
Third Heating Rate °Cls 25 25 50 100
Third Heating Temp. °C 1300 1300 1300 1300
Third Heating Time S 36.80 36.80 18.40 9.20
Third Holding Time S 5.0 60.0 120.0 120.0
Cooling Rate °Cls 10 10 10 10
Final Temp. (Room Temp.) °C 20 20 20 20
SaTfing T s 138.0 128.0 128.0 128.0
387.8 442.8 484 .4 475.2

Process Total Time
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5.3.2 ALUMINA

Based on previous studies, which showed the range of the temperature used during the
experiment on previous electrical field sintering application for Alumina 83 to 99% was in the
range of 1200 to 1,500 °C using the slow heating rate of 20 °C/min. The holding time during
the sintering was in the range of 30 minutes with the applied pressure of 30 to 40 MPa.

Therefore, suggested parameters for the Micro-FAST process have been shown in Table 5-7.

TABLE 5-7: EXPERIMENT PARAMETERS FOR ALUMINA POWDER MATERIAL PERFORMED BY GLEEBLE® 3800
MACHINE FOR MICRO-FAST PROCESS.

Parameter No. Units Al,03-1 Al;03-2 Al;,03-3 Al;,03-4
Powder Weight g 0.0248 0.0248 0.0248 0.0248
Pressure MPa £ £ £ 125
Force kN 0.2 0.2 0.2 04
'Tr;'rtr']?)')T emp. (Room °C 20 20 20 20
First Heating Rate °Cls 20 20 20 20
First Heating Temp. °C 200 200 200 200
First Heating Time S 9.0 9.0 9.0 9.0
First Holding Time S 30.0 30.0 30.0 30.0
Second Heating Rate °Cls 50 50 50 50
Second Heating Temp. °C 1200 1300 1200 1300
Second Heating Time S 20.0 22.0 20.0 22.0
Second Holding Time s 240.0 240.0 360.0 240.0
Cooling Rate °Cls 10 10 10 10
Final Temp. (Room Temp.) °C 20 20 20 20
Cooling Time S 118.0 128.0 118.0 128.0
Process Total Time s 417.0 429.0 537.0 429.0
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5.3.3 PIEZOCERAMIC (PZT)

Based on previous studies the range of the temperature used during the experiment on
previous electrical field sintering application for piezoceramic 83.7% to 99% was in the range
of 950 to 1,200 °C using a heating rate of 100 °C/min. The holding time during the sintering
was in the range up to 40 minutes with the applied pressure of 50 to 100 MPa. Table 5-8 shows

the parameters used for forming the piezoceramic using the Micro-FAST process.

TABLE 5-8: EXPERIMENT PARAMETERS FOR PIEZOCERAMIC POWDER MATERIAL PERFORMED BY GLEEBLE®
3800 MACHINE FOR MICRO-FAST PROCESS

Parameter No. Units PZT-1 PZT-2 PZT-3 PZT-4
Powder Weight g 0.3833 0.3833 0.1021 0.1021
Pressure MPa 125 125 125 125
Force kN 16 1.6 11 1.1
Initial Temp. (Room oc 20 20 20 20
Temp.)
First Heating Rate °Cls 20 20 20 20
First Heating Temp. °C 200 200 200 200
First Heating Time S 9.0 9.0 9.0 9.0
First Holding Time S 30.0 30.0 30.0 30.0
Second Heating Rate °Cls 50 50 50 50
Second Heating Temp. °C 1100 1000 1100 1100
Second Heating Time S 18.0 16 18 18
Second Holding Time S 60 60 60 60
Cooling Rate °Cls 10 10 10 10
Final Temp. (Room Temp.) °C 20 20 20 20
Cooling Time c 108.0 98.0 108.0 108.0
Process Total Time S 225.0 213.0 225.0 225.0
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5.4 PROCEDURES OF THE EXPERIMENT

The experimental study for the Micro-FAST process using the Gleeble® 3800 machine
was divided into three steps. The three steps are: the preparation of the powder materials, the

preparation of the Gleeble® 3800 operating system and the preparation of the ejection after the
Micro-FAST process ended.

5.4.1 PREPARATION OF POWDER MATERIALS

The required powder material for the Micro-FAST process was measured using a powder
measuring scale (Sartorious Practum) as in Figure 5-3 with the equation (5.4-1). The measured
powder was carefully poured into the die set. After insertion of the powder into the die, the die
was carefully checked to ensure it was fully closed and no powder had leaked.

m=VXp (5.4-1)

Where:

m Mass of powder material required during the process (g).
|4 Volume of the cavity die set (mm?3).

p

Theory skeletal density of powder material required during the process (g/mm3).
5.4.2 PREPARATION OF GLEEBLE® 3800 OPERATING SYSTEM

Cooled water (17 °C) was used for the Gleeble® 3800 machine. This water was cooled by
the fan in the machine. A graphite lubricant and stickers were put at both the punches of the

Gleeble® 3800 machine as in Figure 5-6. The die set with the powder material was located in
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the vacuum chamber and aligned with the punches of Gleeble® 3800 machine. The
measurement of the heating temperature during the experiment process was made by using the
thermocouple which was inserted into the centre hole of the die set and the other end of the
thermocouple wire attached to the C-Strain connection of the Gleeble® 3800 machine. After
this the door of the vacuum chamber was closed securely. The air inside the chamber was
eliminated by shutting down the lever air intake. The vacuum ‘on’ button was pressed to start
the process of taking out the air from the chamber. The best reading for the vacuum chamber

was 4.5 x 101 Torr.

/ . I
Graphite Thred Gard

] y "
f | o~
Gleeble®3800 Punch

- i

FIGURE 5-6: SMALL AMOUNT OF THE HIGH-TEMPERATURE SPECIMEN GRAPHITE LUBRICANT (THRED GARD) AND
STICKERS WAS PUT AT BOTH THE PUNCHES OF THE GLEEBLE® 3800 MACHINE.

After that, all the parameters of the experiment were input using QuickSim™ software as seen
in Figure 5-7. The Micro-FAST process was started and in case of any emergency there is a
stop button if something unpredictable happens during the experiment. All safety procedure
must be followed including wearing eye protection during the experiment due to the extreme
bright light that could be produced by the heating process. After the process finished, the
vacuum chamber was checked to ensure that the temperature increased to at least 200 °C before
the chamber door was open. The reason for this is to reduce the oxidation towards the die set
and powder inside. After the temperature has reached at least 200 °C, the vacuum ‘off” button
was pressed with the air intake lever open to allow air inside the vacuum chamber. The release

door button was pressed and vacuum chamber door was opened. The run and mechanical button
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were pressed. The die set was carefully taken out from the chamber by tweaking the
displacement button very slowly to release the die set. The punches of the Gleeble® 3800
machine were cleaned and the process started again until finished. After all the experiment

were finished, the white start, water cooling and fan switch buttons were switched off.

D8 TiN-7 gst - QuikSim2 - [Table - GAquiksimiqbaiMicrofast\TINATIN-T\TIN-7.gs1]
E File Edit Compose Gleeble User Window Help

A-fH|Faral9 as 3| ra
# L Time Axis 1 Axis 2 Axis 3 Comment
1 -. System Setup
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FIGURE 5-7: QUICKSIMTM SOFTWARE USED TO OPERATE THE GLEEBLE ® 3800 DURING MICR-FAST PROCESS

5.4.3 THE EJECTION PROCESS

After the die set has been taken out from the chamber, the die set was cooled to room
temperature. The upper and lower punches were carefully opened by hand. After that, the die
set was placed above the die ring and by using an ejector and hammer, the sample inside the
die set was carefully knocked out. This action was made to prevent the sample from being
damaged. The contamination of carbon from the punches and inside wall graphite die set will
stick to the surface of the sample. To remove the carbon contamination sand paper was used
from rough to fine grade (grade: 800, 1,200 and 2,000). After that, the clean sample was put

into a labelled plastic bag for the analysis process.
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5.5 RESULTS AND DISCUSSIONS

The results and discussion from the Micro-FAST samples using the Gleeble® 3800

machine are shown below.

5.5.1 SAMPLES RELATIVE DENSITY AND DIMENSIONS

The tables below show the results for dimensions, sample weights and relative density for
the sintered samples. In the tables the condition of the gap existing after the experiment
finished between the upper and lower punches within the die whether it was fully closed or not
will be described. Figure 5-8 shows the gap in the die before and during the process. The ideal
scenario is to have the die fully closed during and at the end of the process due to the need for
the current to pass through the overall die set thus heat will be generated more efficiently to
densify the powder materials in the die. The samples would then be made more precisely to the
actual design. Therefore, the die set heating distribution during the Micro-FAST process has
been observed to see the performance of die set design. Furthermore, the output of the actual
sample size and the sample weight (before and after the cleaning process due to the sticking
carbon) have been measured and calculated respectively for all samples. Lastly, the relative
density of each sample has been calculated by using the density determination kit (Sartorious

YDKO03) (see Figure 5-3) and Archimedean principle.
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FIGURE 5-8: (A) BEFORE EXPERIMENT AND (B) DURING EXPERIMENT FOR THE CONDITION GAP BETWEEN UPPER
AND LOWER PUNCHES TOWARDS THE DIE DURING THE MICRO-FAST PROCESS

55.1.1 ZIRCONIA
Three types of zirconia have been tested. The first one is Yittria Partially Stabilized Zirconia

(3Y-ZrO2). The second type of Zirconia is the Magnesia Partially Stabilized Zirconia (MSZ)
The Third one is Magnesia Partially Stabilized Zirconia with with 5 wt% organic additives or
organic binders MSZ(#).

5.5.1.1.1 3YZRO2

Table 5-9 shows the results of the Micro-FAST experiment for 3YZrO2 powder. The first
two experiments showed very good results showing no gap between the punches and the die
and the die set is fully closed. However, the 3YZrO2-1 and 3YZrOz2-2 recorded 4.09 mm and
4.08mm of height respectively. Meanwhile the diameter was 4.03 mm for 3YZrO2-1 and 4.02
mm for the 3YZrO2-2. On the other hand, the samples 3YZrO2-3 and 3Y ZrO2-4 have produced
the diameter dimension of 3.98 and 4.02 mm respectively and reported a decreasing height of
4.04 and 4.01 mm respectively. This difference was due to the increase to the applied pressure
for the 3YZrO2-3 and 3YZrO2-4.
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TABLE 5-9: RESULTS OF THE DIMENSIONS, WEIGHT AND RELATIVE DENSITY FOR 3Y-ZRO2 SAMPLES USING THE
DIE SET A FOR THE MICRO-FAST PROCESS WHICH PERFORMED BY GLEEBLE® 3800 MACHINE.

Parameters and Results Units 3YZrO2-1 | 3YZrO2-2 | 3YZr02-3 | 3YZrO2-4
Pressure MPa & 75 125 125
Second Heating Rate °Cls 50 50 50 25
Second Heating Temp. °C 1200 1300 1300 1300
Second Holding Time S 240.0 240.0 120.0 120.0
Process Total Time s 417.0 429.0 309.0 331.0
Gap Between Punches and Die No No No No
Die Set Heating Temp. Uniform | Uniform Uniform Uniform
Distribution
Diameter of the Sample mm 4.03 4.02 3.98 4.02
Height of the Sample mm 4.09 4.08 4.04 4.01
Sample Weight Before Cleaning g 0.2532 0.9575 0.2564 0.2542
(BC)
Sample Weight After Cleaning g 0.2518 0.0544 0.2548 02521
(AC)
Different Sample Weight (BC- g 0.0014 0.0031 0.0016 0.0021
AC)
Relative Density % 89.17 91.67 97.60% 99.47%

As seen in Table 5-9, the die set heating distribution during the process for the 3YZrO2
samples using the die set shows that the heating distribution was uniform for each of the
samples. This is a good indicator for the overall heating of the die set during the Micro-FAST
process. The fraction difference in sample weights before and after the cleaning process was in
the range of 0.553 to 1.2% which shows that the amount of carbon sticking to the samples was

very low.

Figure 5-9 and Table 5-9 show the incremental value of the relative density directly
proportional to the applied pressure, second heating rate, second heating temperature and
second holding time for 3YZrOz2 samples. For the relative density, there is an increase in the
percentage from 89.17% to 99.47% for the last sample. For the 3YZrO2-1 and the 3YZrO2-2
samples the relative density was 89.17% and 91.67% respectively. The two samples have all

the main parameters such as applied pressure and the second heating rate the same which
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indicates the reading of 75 MPa and 50 °C/s individually. By increasing the second heating
temperature and second holding time from 1,200 to 1,300 °C for 3YZrO2-1 and the 3YZrO2-2
samples respectively, the relative incremental density of 2 % has been be achieved. The total
time needed for 3YZrOz2-1 and the 3YZrOz2-2 samples to complete the process was 417 s and
429 s for each.

3YZrO2 Samples: Comparison of Relative Density with
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FIGURE 5-9: COMPARISON OF RELATIVE DENSITY WITH PARAMETERS OF EXPERIMENT FOR 3YZRO2 SAMPLES

As seen in Figure 5-9 and Table 5-9, the 3YZrO2-3 and 3YZrOz2-4 have achieved 97.31 and
99.47 % relative density and it is clear that the applied pressure played a significant role in
increasing the relative density of the samples. The holding time for these samples has been
increased to 120 seconds which is half of the previous time. This led to an increase in the total
process time. However, the heating rate for the last sample 3YZrOz2-4 has been decreased to 25

°C/s and that increased the total time for the process to 331 second in total.
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FIGURE 5-10: THE HEATING TEMPERATURE AND SHRINKAGE OF STROKE PUNCHES OF GLEEBLE® 3800 MACHINE
FOR 3YZRO2 SAMPLES.

Figure 5-10 illustrates the actual temperature that has been measured using the
thermocouple and the temperature that has been set up in the software. The required
temperature has been achieved for all samples in some points, however there are some
fluctuation in the graphs possibly due to a problem with the thermocouples. The graphs show
the stroke of the punches for the Gleeble Machine. When comparing the four samples 3YZrO2-
1, 3YZr0Oz2-2, 3YZrO2-3 and 3YZrOz2-4, this can show some slight differences in the stroke
distance. There was a small difference between the 3YZrOz2-1and 3YZrOz2-2 due to increasing
the heating temperature or sintering temperature that led to a slight increase in the relative

density. For the comparison between 3YZrO2-2 and 3YZrO2-3, the difference was not that
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obvious, but the increase in the applied pressure increases the relative density by nearly 6% to
achieve 97.60% relative density. For the last sample 3YZrOz2-4, it was obvious that there is a
difference in the stroke due to reduction in the heating rate, also the process time has been

increased and the relative density has been improved and achieved 99.47 % relative density.

FIGURE 5-11: THE 3YZRO2 SAMPLES

The 3YZrO2-4 has reached the optimal parameter for the Micro-FAST process. It is clear
that the applied pressure, second heating rate, second heating temperature and second holding
time have a direct effect on the relative density of the samples. Figure 5-11 shows the formed
sample after having been ejected from the die. The samples have very good relative density
and have been produced in very good condition. As a result, the Micro-FAST process has a
very good potential for producing miniature parts from 3YZrO2 powder with less process time

than previous experiments.

55.1.1.2 MSZ
Based on the Table 5-10 and Figure 5-12, the results showed very good relative densities

and there was no gap between the die and the punches. The first two samples MSZ-1 and MSZ-
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2 recorded 4.03 mm and 4.02 in diameter respectively. Meanwhile the height for MSZ-1 was
4.01 mm and MSZ-2 recorded 4.08 mm. For the MSZ-3, the diameter was 3.98 mm and the
height was 4.03 mm. In the last sample, the die set B was used in this experiment. Therefore,

the MSZ-4 sample was dimensionally different. The height for the MSZ-4 was 1.99 mm.

TABLE 5-10: RESULTS OF THE DIMENSIONS, WEIGHT AND RELATIVE DENSITY FOR MSZ SAMPLES USING THE DIE
SETS A AND B FOR THE MICRO-FAST PROCESS WHICH PERFORMED BY GLEEBLE® 3800 MACHINE.

Parameters and Results Units MSz-1 MSZ- 2 MSZ- 3 MSZz- 4
Pressure MPa 125 125 125 125
Second Heating Rate °Cls 100 25 50 25
Second Heating Temp. °C 1300 1300 1300 1400
Second Holding Time S 120.0 120.0 180.0 90.0
Process Total Time s 298.0 331.0 391.0 315.0
Gap Between Punches and Die No No No No
Die Set Heating Temp. Uniform Uniform Uniform Uniform
Distribution
Diameter of the Sample mm 4.03 4.02 3.98 2.02
Height of the Sample mm 4.01 4.08 4.03 1.99
Sample Weight Before Cleaning g 0.2832 0.2825 0.2864 0.0342
(BC)
Sample Weight After Cleaning g 0.2820 0.2814 0.2848 0.0337
(AC)
Different Sample Weight (BC- g 00012 | 00021 0.0016 0.0005
AC)
Relative Density % 93.81% 96.36% 97.53% 99.49%

The heating distribution of the die set during the experiment was uniform for all the samples.
This gives a good indication that the condition was good and higher relative densification will
be achieved to obtain excellent dimensional features between the samples. The difference
percentage of the sample weight before and after the cleaning process was in the range of
0.389% to 1.46%. This showed that the carbon sticking to the samples was still low.
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MSZ Samples: Comparison of Relative Density with Parameters of Experiment
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FIGURE 5-12: COMPARISON OF RELATIVE DENSITY WITH PARAMETERS OF EXPERIMENT FOR MSZ SAMPLES

According to the observed results shown in Table 5-10 and the comparisons that have been
illustrated in Figure 5-12, the incremental value of the relative density of MSZ samples was
directly proportional to the second heating temperature and second heating rate. The applied
pressure was 125 MPa for all samples because it showed very good results from previous
experiments. The four samples have recorded very good relative densities. The value of the
relative densities for the four samples is from 93.81% to 99.49%. In the first two samples
(MSZ-1 and MSZ-2), the same applied pressure, the heating temperature and the holding time
have been used. However, the heating rate that has been used in the MSZ-1 was 100 °C/s and
has been reduced to 25 °C/s for the MSZ-2 sample and that caused an increase for the total
time process for MSZ-2. The MSZ-1 sample has achieved 93.81% relative density. Meanwhile
the MSZ-2 has reached 96.36% due to a decrease of the heating rate. This gives an indication

that the heating rate directly proportional to the relative density of the sample.
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FIGURE 5-13: THE HEATING TEMPERATURE AND SHRINKAGE OF STROKE PUNCHES OF GLEEBLE® 3800 MACHINE
FOR MSZ SAMPLES.

For the sample MSZ-3, the parameters that have been used are 125 MPa applied pressure,
1300°C sintering temperature, 50 °C/s heating rate and the holding time was 180 seconds. The
MSZ-3 sample has recorded a 97.53% relative density and the total process time has increased
to 391.0 seconds, which is good compared to the conventional sintering process. For sample
MSZ-4, the applied pressure was maintained the same (125 MPa), but the sintering temperature
increased to 1400 °C. Compared with MSZ-3 the heating rate holding time increased for MSZ-

4 sample to 25 °C/s and 90 second respectively. The MSZ-4 has recorded a 99.49% relative
density.

Figure 5-13 shows the actual temperature that was measured using the thermocouple and
the temperature that was set up in the software. The required temperature has been mostly
achieved for all samples but there were some fluctuations in the graphs due to a possible
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problem with the thermocouples. The graphs show the stroke of the punches for the Gleeble
Machine. When comparing the four samples MSZ-1, MSZ-2, MSZ-3 and MSZ-4, it can be
seen that there are differences in the stroke distance due to the differences in the parameters

and the die set used.
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FIGURE 5-14: THE MSZ SAMPLES
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The MSZ-4 has reached the ideal parameter for the Micro-FAST process. It is clear that the
applied pressure, second heating rate, second heating temperature and second holding time
have a direct effect on the relative density of the samples. Figure 5-14 shows the produced
samples after the ejection process. The samples have very good relative density and have been
produced in a very good condition. As a result the Micro-FAST process has a very good
potential for making miniature parts from MSZ powder with less process time than previous

experiments with conventional processes.

5.5.1.1.3 MSZ(#)
In this part the samples from using Magnesia Partially Stabilized Zirconia with 5 wt%

organic additives (MSZ#). Table 5-11 shows the results of the Micro-FAST experiment for

MSZ(#) powder. In this experiment, the process was different from the previous experiment
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with other Zirconia powders. In this process three stages were required. The first and second
stages are used for heating the additives and vapour, the third stage is the sintering process.
The additives have been used to see if the sintering will be improved and if the nano-powder

becomes stable at room temperature. The die set A has been used in this experiment.

TABLE 5-11: RESULTS OF THE DIMENSIONS, WEIGHT AND RELATIVE DENSITY FOR MSZ (#) SAMPLES USING THE
DIE SET A FOR THE MICRO-FAST PROCESS WHICH PERFORMED BY GLEEBLE® 3800 MACHINE.

Parameters and Results Units MSZ(#)-1 | MSZ(#)-2 | MSZ(#)-3 | MSZ(#)-4
Initial Pressure MPa B B B S
Sintering Pressure MPa 125 125 125 125
Third Heating Rate °Cls 25 25 50 100
Third Heating Temp. °c 1300 1300 1300 1300
Third Holding Time s 50 60.0 120.0 120.0
Process Total Time S 387.8 442.8 484.4 475.2
Gap Between Punches and Die No No No No
Die Set Heating Temp. Uniform Uniform Uniform Uniform
Distribution
Diameter of the Sample mm 3.98 4.01 4.03 3.99
Height of the Sample mm 4.03 4.02 4.02 4.01
Sample Weight Before Cleaning g 0.2797 0.2811 0.2781 0.2806
(BC)
Sample Weight After Cleaning g 0.2782 0.2795 0.2769 0.2783
(AC)
Different Sample Weight (BC- g 0.0015 0.0016 0.0012 0.0023
AC)
Relative Density % 89.55% 93.08% 95.51% 97.45%

The initial pressure used in the first and the second stage was 75 MPa, then the applied
pressure increased to 125 MPa for all four MSZ(#) samples. The heating temperature was 1300
°C for all samples because it has been sufficient for all previous zirconia samples. The MSZ(#)-
1 and MSZ(#)-2 sample recorded 4.03 mm and 4.02mm of height respectively. Meanwhile the
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diameter was 3.98 mm for MSZ(#)-1 and 4.01 mm for the MSZ(#)-2. For the last two the
samples (MSZ(#)-3 and MSZ(#)-4) the diameter dimension was 4.03 and 3.99 mm and a height
of 4.02 and 4.01 mm respectively. The heating distribution of the die set during the experiment
also has been uniform for each sample. This gives a good indicator for the overall heating of
the die set A during the Micro-FAST process. The difference in sample weights before and
after the cleaning process was in the range of 0.4315 to 0.82% which shows that the carbon

sticking to the samples was very low.

As seen in Table 5-11 and Figure 5-15, the relative density for the all four samples was very
good. The percentage of the relative density started from 89.55% and increased to reach
97.45% for MSZ(#)-4 sample. For the first sample MSZ(#)-1 as mentioned before, the applied
pressure started from 75 MPa then increased to 125 MPa. The heating temperature was 1300
°C, but the heating rate was 25 °C/s. Due to the first two stages, the holding time was set up to
5 seconds in order to explore the possibility of sintering and forming the part in a short holding
time. The sample has been sintered and formed successfully with a relative density of 89.55%
and the total time for the process was 387.8 seconds.

MSZ(#) Samples: Comparison of Relative Density with Parameters of Experiment
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FIGURE 5-15 COMPARISON OF RELATIVE DENSITY WITH PARAMETERS OF EXPERIMENT FOR MSZ SAMPLES
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For the MSZ(#)-2, the holding time has been increased to 60 seconds in order to investigate
how this will affect the formed sample. The other parameters have been kept the same as for
MSZ(#)-1 sample. The results showed that the MSZ(#)-2 has recorded an increase in the
relative density by 3.53% and reached 93.08%. The total time for this process was 442.8
seconds. In investigating the MSZ(#)-3, the heating rate and the holding time have been
increased. The holding time for MSZ(#)-3 was 120 seconds and the heating rate increased to
50 °C/s. The MSZ(#)-3 sample has achieved 95.51% density which is better than the MSZ(#)-
2 sample, but the total time process increased to 484.4 seconds. In the last sample MSZ(#)-4,
the holding time was the same as MSZ(#)-3 which is 120 seconds, but the heating rate was
increased to reduce the total time process. The relative density for MSZ(#)-4 sample was

97.45% with a total process time of 475.2 seconds.

Figure 5-16 illustrates the setting and the actual temperature that has been measured using
the thermocouple. The sintering temperature has been achieved for all samples in most points,
but there was some wavering in the graphs again possibly due to some errors with the
thermocouples. The graphs show the stroke of the punches for the Gleeble Machine. When
comparing the four samples MSZ(#)-1, MSZ(#)-2, MSZ(#)-3 and MSZ(#)-4, it can be seen that
there are differences in the stroke distance due to the differences in the parameters and the die

set used.
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FIGURE 5-16: THE HEATING TEMPERATURE AND SHRINKAGE OF STROKE PUNCHES OF GLEEBLE® 3800 MACHINE

FOR MSZ(#) SAMPLES.

The MSZ(#)-4 sample has reported the best parameters for the Micro-FAST process using

the MSZ(#) powder. It is clear that the applied pressure, second heating rate, second heating

temperature and second holding time have a direct effect on the relative density of the samples.

The first two stages in the experiment helped to clear the additive which improved the sintering

process.

Figure 5-17 below shows the formed samples from MSZ(#) powder. The samples were in

very good condition and the relative density was very good. Therefore, the Micro-FAST
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process has a very good potentiality for making miniature parts from MSZ(#) powder with less

process time than previous experiments with conventional sintering processes.

FIGURE 5-17: THE MSZ(#) SAMPLES

55.1.2  ALUMINA
In this part the results of using Alumina powder in the Micro-FAST process will be

discussed. The die set B has been used in this experiment and the parts produced were of 2x2
mm cylindrical shape. Table 5-12 shows the detail of the results including dimensions, weights
measurements and relative density. The samples have shown no gap between the die and the
punch. The heating distribution of the die set during the experiment also has been uniform for

all the samples.
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TABLE 5-12: RESULTS OF THE DIMENSIONS, WEIGHT AND RELATIVE DENSITY FOR ALUMINA SAMPLES USING
THE DIE SET B FOR THE MICRO-FAST PROCESS WHICH PERFORMED BY GLEEBLE® 3800 MACHINE

Parameters and Results Units Al;03-1 Al,03-2 Al,03-3 Al,03-4
Pressure MPa & 7 75 125
Second Heating Rate °Cls 50 50 50 50
Second Heating Temp. e 1200 1200 1300 1300
Second Holding Time s 240.0 360.0 240.0 240.0
Process Total Time s 417.0 537.0 429.0 429.0
Gap Between Punches and Die No No No No
Die Set Heating Temp. Unifrom | Unifrom Unifrom Unifrom
Distribution
Diameter of the Sample mm 2.02 2.02 2.00 1.99
Height of the Sample mm 2.19 1.93 2.05 2.03
Sample Weigfz';lé;fore Cleaning g 0.0237 0.0231 0.0239 0.0236
Sample Weig(r:gfter Cleaning g 0.0232 0.0225 0.0229 0.0231
Different Sarrx)é(; Weight (BC- g 0.0005 0.0016 0.0010 0.0005
Relative Density % 72.91% 86.08% 87.09% 92.68%

The first sample Al,O3-1 has recorded 2.02 mm diameter and 2.19 mm height. The applied
pressure used in this process for Al,03-1 was 75 MPa. The heating temperature and the heating
rate were 1200 °C and 50 °C/s respectively. The soaking time for this sample was 240 seconds.
For samples Al,0s-2 and Al,053-3, the same applied pressure and the heating rate have been
used as the first sample Al,03-1. However, in sample Al,05-2 the holding time was increased
to 360 seconds. The diameter of the produced sample Al,O3-2 was 2.02 mm and the height
was 1.93 mm. In the third sample Al,0O3-3, the same parameters have been used as the first
sample, but the heating temperature was increased by 100 °C. The Al,0O3-3 has recorded a

diameter of 2 mm and 2.05 mm in height. The last sample, Al,0-4, has recorded a diameter
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of 1.99 mm and 2.03 mm in height. The parameters that have been used in this experiment are

the same as Al,03-3, but with increasing the applied pressure to 125 MPa.

Al,03; Samples: Comparison of Relative Density with Parameters of Experiment
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FIGURE 5-18: COMPARISON OF RELATIVE DENSITY WITH PARAMETERS OF EXPERIMENT FOR ALUMINA SAMPLES

The total process times for the first two samples (Al,O3-2 and Al,03-1) were 417 and 537
seconds respectively. Meanwhile, the Al,053-3 and Al,O3-4 samples recorded the same total
time which is 429 seconds. The difference percentage of the sample weight before and after
the cleaning process was in the range of 2.11% to 4.184%. This showing that there was carbon
sticking to the samples. This carbon could play an important role in affecting the relative

density of the formed samples.

As seen in Table 5-12 and Figure 5-18 the incremental value of the relative density of
Alumina samples was directly proportional to the heating temperature, holding time and

applied pressure. The relative density of all samples was in the range of 72.91% to 92.68%.
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FIGURE 5-19: THE HEATING TEMPERATURE AND SHRINKAGE OF STROKE PUNCHES OF GLEEBLE® 3800 MACHINE
FOR ALUMINA SAMPLES.

The first sample Al,03-1 has recorded 72.91% relative density and this has been increased

in the Al,05-2 to 86.08%. This increase happens due to the increase in the holding time from

417 seconds to 537 seconds. Another attempt has been made for sample Al,03-3 with the same

parameters as the Al,03-3, but with an increase in the sintering temperature. The sample has

reported an improvement and reached 87.09%. This shows that the relative density is directly

proportional to the heating temperature. In the last sample Al,0O5-4, the relative density was

92.68% after using the same parameters as Al,05-3, the applied pressure was increased to 125

MPa. It was obvious that increasing the applied pressure also played an important role in

improving the relative density.
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Figure 5-19 illustrates the actual temperature and the setting temperature that has been used
in the software. The required temperature has been achieved for all samples as shown in the
graphs. Moreover, in the same graphs the stroke of the punches for the Gleeble Machine have
been shown. In the first graph for Al,O5-1 the stroke started normally and decreased slightly
to reach the -0.2 mm. The stroke in Al,05-2 started normally, but the reading increased to 5
mm which is high. The reason behind that could be the sticking of some carbon inside the die
causing a jamming of the movement. In the third graph Al,O3-3, the stroke started normally
and decreased to nearly -0.8mm. Suddenly, the reading went up and kept increasing to reach
above -.02 mm. After 300 seconds, this decreased again to reach nearly -0.5 mm. In the last
graph Al,03-4, the stroke started normally and decreased to -2 mm and the line fluctuated
between reading -1.5 in the period between 100 seconds and 400 seconds. This is due to the
applied pressure of the last sample which is 125 MPa.

FIGURE 5-20: THE ALUMINA SAMPLES

The Al,03-4 reached the optimal parameter for the Micro-FAST process for Alumina
powders. It is clear that the applied pressure, and second heating temperature and second
holding time have a direct effect on the relative density of the samples. Figure 5-20 shows the

formed sample after having been ejected from the die. Three samples have very good relative
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density and have been produced in very good condition. The carbon from the die and the punch
have affected the relative density of the samples. From the experiment results the Micro-FAST
process has shown to have a very good potential for producing miniature parts from Alumina

powder with less process time than previous experiments.

55.1.3 PIEZOCERAMIC (PZT)
In investigating the piezoceramic powder, two die sets (Die set B and Die set C) have been

used. Table 5-13 shows the results of the Micro-FAST experiment for piezoceramic powders.
The first two samples PZT-1 and PZT-2 have been tested using die set B, in which the samples
are of 2x2 mm cylindrical shape. The PZT-3 and PZT-4 samples were formed by using the die
set C, which were cuboid shapes. All samples reported no gap between the die and the punch

and the heating distribution was uniform for each of the samples.

The PZT-1 and PZT-2 samples recorded 2.22 mm and 2.16 mm of height respectively.
Meanwhile the diameter was 1.99 mm for PZT-1 and 2.02 mm for the PZT-2. The parameters
that have been used for the first two samples were the same and only the temperature has been
increased from 1000 °C to 1100 °C for sample PZT-2. The applied pressure was 125 MPa, the
heating rate was 50 °C/s, and the holding time was 60s. The difference in sample weights before
and after the cleaning process was 3.9% for PZT-1 and 2.45% for PZT-2. This indicates that
there was amount of carbon sticking to the samples.

As seen in Table 5-13 and Figure 5-23, the PZT-1 has recorded a relative density of 72.87%
and the PZT-2 has reached 82.49%. Based on these results, it can be shown that the heating
temperature is directly proportional to relative density. The total process time for PZT-1 and

PZT-2 were 213 and 225 seconds respectively.
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TABLE 5-13: RESULTS OF THE DIMENSIONS, WEIGHT AND RELATIVE DENSITY FOR PIEZOCERAMIC SAMPLES
USING THE DIE SET B AND C FOR THE MICRO-FAST PROCESS WHICH PERFORMED BY GLEEBLE® 3800 MACHINE

Parameters and Results Units PZT-1 PZT-2 PZT-3 PZT-4
Pressure MPa 125 125 125 125
Second Heating Rate °Cls 50 0 50 25
Second Heating Temp. °C 1000 1100 1100 1100
Second Holding Time s 60 60 60 60
Process Total Time S 213.0 225.0 225.0 243.0
Gap Between Punches and Die no no no no
ot Set_He_atln_g Temp. Unifrorm | Unifrorm Unifrorm Unifrorm
Distribution
D=1.99, | D=2.02,
Dimensions of the Sample mm | H=2.22 | H=2.16 | 4.74x1.56x1.46 | 1.5x1.56x4.74
Sample Weight Before Cleaning g 0.0384 0.0408 0.0687 0.0605
(BC)
Sample Weight After Cleaning g 0.0369 0.0398 0.0668 0.0502
(AC)
Different Sample Weight (BC- g 0.0015 0.001 0.0019 0.0013
AC)
Relative Density % 72.87% 82.49% 75.17% 81.66%

For the PZT-3, the parameters that have been used are the same as PZT-2. PZT-3 has been
formed in cuboid shape with dimensions of 4.74x1.56x1.46 mm. The difference percentage of
the sample weight before and after the cleaning process for the PZT-3 sample was 2.766%.
Meanwhile, the PZT-4 has recorded dimensions of 4.74x1.5x1.56 mm and the difference
percentage of the sample weight before and after the cleaning process was for PZT-4 2.15%.
This is showed that there was amount of carbon sticking to the samples. The parameters that
have been used in forming the PZT-4 sample were 125 MPa pressure, 25 °C/s heating rate,
heating temperature 1100 °C and the holding time was 60 seconds. The PZT-3 has recorded a
relative density of 75.17% and relative density of the PZT-4 has increased to 81.66%. These
results show the incremental value of the relative density is directly proportional to the heating
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rate. The total process time for the PZT-3 was 225 seconds and due to the decrease in the

heating rate for the PZT-4 the total time increased to 243 seconds.

PZT Samples: Comparison of Relative Density with Parameters of Experiment
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FIGURE 5-21: COMPARISON OF RELATIVE DENSITY WITH PARAMETERS OF EXPERIMENT FOR PZT SAMPLES

Figure 5-22 shows the actual temperature that has been measured using the thermocouple
and the temperature that has been set up in the software. The required temperature has been
achieved for all samples. The graphs show the stroke of the punches for the Gleeble Machine.
When comparing the four samples PZT-1, PZT-2, PZT-3 and PZTx-4, it can be seen that there
are differences in the stroke distance due to the differences in the parameters and the used die

set.
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FIGURE 5-22: THE HEATING TEMPERATURE AND SHRINKAGE OF STROKE PUNCHES OF GLEEBLE® 3800 MACHINE
FOR PZT SAMPLES.

The PZT-2 and PZT-4 have the best relative density in the Micro-FAST process. It is clear
that the applied pressure, second heating rate, second heating temperature have a direct effect
on the relative density of the samples. Figure 5-23 shows the produced samples after the
ejection process. However, the samples did not have the expected relative density and have not
been produced in very good condition. The reason behind that is the piezoceramic could need
more holding time to reach the required relative density. Moreover, some of the formed
samples have some cracks in the surface and the total finishing of the sample was not good as
seen in Figure 5-23. Therefore, more experiments are required to identify the ideal parameters
for the piezoceramic powders.
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FIGURE 5-23: THE PIEZOCERAMIC SAMPLES

5.5.2 SAMPLES MICROSTRUCTURES

The description of the microstructure, particles, and chemical element weight percentage
of carbon (wt%) is discussed for all samples from zirconia, alumina and piezoceramic.

55.21 ZIRCONIA
In this section, The description of the microstructure particles and chemical element weight

percentage of carbon (wt%) has been discussed for three types of zirconia samples. The first
one is Yttria Partially Stabilized Zirconia (3Y-ZrO2). The second type of Zirconia is the
Magnesia Partially Stabilized Zirconia (MSZ) The Third one is Magnesia Partially Stabilized
Zirconia with with 5 wt% organic additives or organic binders MSZ(#).
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5.5.2.1.1 3YZRO2

Figure 5-24 and Figure 5-25 show the comparison of SEM for the position at the centre
and the edge of 3YZrO:2 samples respectively. The 3YZrO2-1 sample shows the most porous
particle densification at the micrograph scale compared to the other samples at the position of
centre and edge, where it shows the particle breakage and deformation during the applied
constant pressure and high temperature. This phenomenon occurs in the other samples which
indicates an increase of contact areas as the densification value increased. 3YZrO2-2 shows
that the pores of the particles melting were reduced as it continued at the positions of centre
and edge. This was due to the heating temperature incrementing from 1200 to 1,300 °C. For
sample 3YZrOz2-3 the pores of the particles melting were reduced due to the increase of the
applied pressure from 75 to 125 MPa. This helps the deformation and crushing of particles
which contributes to forcing the 3YZrO2 particles to touch each other during the strengthened
sintering process until the pores become smaller and disappear. In the last sample 3YZrO2-4,
there was a small amount of pores existing at the edge and the centre of the sample. The pores
of the particles melting were reduced due to using 125 MPa applied pressure and by decreasing

the heating rate causing an increase in the heating time.
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FIGURE 5-24: SEM MICROGRAPH FOR 3YZRO2 SAMPLE AT CENTRE POSITION (MAGNIFICATION: 950 BSE)

However there were several limitations when using the die set made fully of graphite. With
regard to durability, based on observation the punch nose was easily broken due to many cycles
of the process. The resistance to impact from the higher forming pressure on the graphite die
set was a key weakness due to low mechanical strength at the elevated temperature during the
forming and sintering process. In addition the punch also needed to be cleaned after a number
of cycles due to the used powder material melting and becoming stuck onto the punch and die
surfaces.
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TABLE 5-14: CHEMICAL ELEMENT WEIGHT PERCENTAGE OF CARBON (WT%) AT THE POSITIONS OF CENTRE
AND EDGE OF 3YZRO2 SAMPLES.

Positions of Inspections Units 3YZrO2-1 | 3YZrO2-2 | 3YZrO2-3 | 3YZrO2-4
Centre of the Samples wt.% 13.12 12.54 13.11 11.18
Edge of the Samples wt.% 14.82 13.93 13.73 12.07

Regarding the presence of carbon at the centre and edge of 3YZrO2 samples, Table 5-14

shows the high amount of carbon contaminate was in the range of 11.18 to 13.12 wt% for the

centre position and 12.07 to 14.82 wt% for the edge location of the samples. This is a drawback

when using a graphite die where the carbon element at the wall of the die can be mixed into

the solidified 3YZrO2 sample during the high temperature of the sintering process. Based on

this disadvantage, it was hard to achieve a sample that was free from contamination such as

carbon especially on the sample surfaces when a graphite die set was used.
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FIGURE 5-25: SEM MICROGRAPH FOR 3YZRO2 SAMPLE AT EDGE POSITION (MAGNIFICATION: 950 BSE)

5.5.2.1.2 MSZ
Figure 5-26 and Figure 5-27 show the comparison of SEM for the position at the centre and

the edge of the MSZ samples respectively. The MSZ-1 sample shows the most porous particle
densification at micrograph scale among the other samples at the positions of centre and edge.
Here it shows the particle breakage and deformation during the applied constant pressure and
high temperature. The pores of the particles melting were reduced as the process continued at
the positions of centre and edge in sample MSZ-2 due to the reduction in the heating rate from
100 °C/s to 25°C/s. In the MSZ-3 sample, the pores of the particles melting were reduced more
after increasing the holding time and setting the heating rate at 50°C/s. In the last sample MSZ-
4, there was not that much difference in the micrograph. The porosity of particle densification

and particle breakage and deformation reduced and the surface improved.



Page |142

MSZ-1 MSZ-2

S$3700 10.0kV 11.5mm x1.20k SE 9/22/2014 = ) S$3700 10.0kV 10.0mm x1.20k SE 9/22/2014

MSZ-3 MSZ-4

S3700 10.0kV 10.7mm x1.20k SE 9222014 =~ "~ " " 1 ! $3700 10.0kV 11.4mm x120k SE 9/22/2014 =~ " ' "

FIGURE 5-26: SEM MICROGRAPH FOR MSZ SAMPLE AT CENTRE POSITION (MAGNIFICATION: : 1.20 K SE)

However, using the die set made fully of graphite has limitations when using it in this
process. The durability is an important matter as the die set could be broken and in particular
the punch nose due to many cycles of the process. The resistance to impact from the higher

pressure on the graphite die set was a key weakness due to low mechanical strength at Micro-
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FAST. Moreover, the punch needed to be cleaned carefully because of using the other

materials.

TABLE 5-15: CHEMICAL ELEMENT WEIGHT PERCENTAGE OF CARBON (WT%) AT THE POSITIONS OF CENTRE
AND EDGE OF MSZ SAMPLES.

Positions of Inspections Units MSZ-1 MSZ-2 MSZ-3 MSZ-4
Centre of the Samples wt.% 12.56 12.91 10.77 11.02
Edge of the Samples wt.% 13.64 13.55 11.67 11.97

Using the graphite materials in the die set lead to a presence of carbon element at the centre
and edge of MSZ samples. This is due to the drawback when using a graphite die where the
carbon element at the die's wall can be mixed into the solidified MSZ samples during the high
temperature of the sintering process. Table 5-15 shows the high amount of carbon contaminate
was in the range of 10.77 to 12.91 wt% for the centre position and 11.67 to 13.64 wt% for the
edge location of the samples. It was difficult to achieve a sample that was completely free from
contamination such as carbon especially on the sample surfaces when a graphite die set was

used.
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FIGURE 5-27: SEM MICROGRAPH FOR MSZ SAMPLE AT EDGE POSITION (MAGNIFICATION: : 600 SE)

5.5.2.1.3 MSZ(#)

Figure 5-28 and Figure 5-29 show the comparison of SEM for the position at the centre and

the edge of MSZ(#) samples respectively. The MSZ(#)-1 sample shows the most porosity of

particle densification at the micrograph scale among the other samples at the position of centre

and edge where it shows particle breakage and deformation during the applied constant

pressure and high temperature. In the MSZ(#)-2 sample, the pores of the particles melting were

clearly reduced as they continued at the centre due to the increase in the holding time to 60

seconds. In the MSZ(#)-3 sample, the holding time and the heating rate have been increased to

120 seconds and 50°C/s respectively. In this sample, a better surface has been achieved and the

pores of the particles melting were further reduced. In the sample MSZ-4, the porosity of
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particle densification and particle breakage and deformation reduced and the surface improved.

In addition to that, there are no coarsening of grains accompanying the process of part

densification.

SB700 10,0k 8.0mm x1.20K SE 9/23/2014. "
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FIGURE 5-28: SEM MICROGRAPH FOR MSZ (#) SAMPLE AT CENTRE POSITION (MAGNIFICATION: : 1.20 K SE)

Table 5-16 shows the high amount of carbon contaminate was in the range of 0 to 2.79 wt%

for the centre position and 0 to 3.47 wt% for the edge location of the samples. This shows an

improvement since there were no carbon elements sticking in the last two samples MSZ(#)-3

and MSZ(#)-4.
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TABLE 5-16: CHEMICAL ELEMENT WEIGHT PERCENTAGE OF CARBON (WT%) AT THE POSITIONS OF CENTRE
AND EDGE OF MSZ (#) SAMPLES

Positions of Inspections Units MSZ#-1 MSZ#-2 MSZ#-3 MSZ#-4

Centre of the Samples wt.% 2.79 0.54 0 0

Edge of the Samples wt.% 3.47 0.89 0 0
MSZ#-1 MSZ#-2

o
S3700.10.0kV 10.6mm x1.20k SE 9/23/2014 $3700 10.0kV 10.5mm x1.20k SE 9/23/2014

MSZ#-3 MSZ#-4

S3700 10.0kV 11.0mm x1.206 SE 9/23/2014

S3700 10.0kV 7.8mm x1.20k SE 9/23/2014

FIGURE 5-29: SEM MICROGRAPH FOR MSZ (#) SAMPLE AT EDGE (MAGNIFICATION: : 1.20 K SE)

5.5.2.2 ALUMINA

Figure 5-30 and Figure 5-31 show the comparison of SEM for the position at the centre and

the edge of the Alumina samples respectively. The Al,03-1 sample shows the most porosity
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of particle densification at the micrograph scale among the others samples at the position of
centre and edge where it shows the particle breakage and deformation during the applied
constant pressure and high temperature. This process also occurs in the other samples which
indicated an increase of contact area as the densification value increased. The pores of the
particles melting were reduced as it continued to the samples Al,05-2 and Al,05-3 at the
positions of centre and edge. In the Al,03-2, the pores of the particles melting were reduced as
it continued at the positions of centre due to the incremental of holding time and the heating
temperature. In the Al,O3-2 sample, the holding time increased to 360 seconds and in Al,O5-
3 sample the holding time was 240 seconds and the heating temperature increased to 1300 °C.
In the sample Al,O3-4, there was a clear improvement. The porosity of particle densification
and particle breakage and deformation reduced and the surface improved. This is because of
the increase of the applied pressure from 75 to 125 MPa. This helps the deformation and
crushing of particles which can contribute to forcing the Alumina particles to touch each other

during the strengthened sintering process until the pores become smaller and disappear.



Page |148

; . \.v i i 'I
SéTUO 20:.0kV 9.4r11}'XT.OUk’SE 4/14/2014"

' i ' '
S3700 20.0kV 10.4mm x1.00k SE 4/14/2814

Al;03-4

FIGURE 5-30: SEM MICROGRAPH FOR ALUMINA SAMPLE AT CENTRE POSITION

The chemical element weight percentage of carbon in the Alumina samples is shown in
Table 5-17. The range was 3.43 to 7.04 wt% for the centre position and 4.82 to 8.49 wt% for
the edge location. The results regarding the contamination of the carbon element for Alumina

samples was better compared to some zirconia samples as shown previously.

TABLE 5-17: CHEMICAL ELEMENT WEIGHT PERCENTAGE OF CARBON (WT%) AT THE POSITIONS OF CENTRE
AND EDGE OF ALUMINA SAMPLES

Positions of Inspections Units Al,03-1 Al,03-2 Al,03-3 Al,03-4
Centre of the Samples wt.% 7.04 6.03 5.26 3.43
Edge of the Samples wt.% 8.49 7.69 7.03 4.82
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FIGURE 5-31: SEM MICROGRAPH FOR ALUMINA SAMPLE AT EDGE POSITION
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5.5.2.3 PIEZOCERAMIC (PZT)

Figure 5-32 and Figure 5-33 show only two piezoceramic samples (PZT-2 and PZT-4)
that SEM and the EDS investigated because the other samples were not formed enough and
showed some large pores and cracks on the surface. The PZT-2 Sample shows some
porosity of particle densification at the micrograph scale at the position of centre and edge
where it shows particle breakage and deformation during the applied constant pressure and
high temperature. In the sample PZT-4, the pores of the particles melting were reduced at
the positions of centre and edge. The reason behind that is decreasing the heating rate to 25
°Cls. In the sample PZT-4, there was a clear improvement. The porosity of particle
densification and particle breakage and deformation reduced and the surface improved.
However, the PZT-4 sample showed a small crack in the edge of the surface regardless of

the fine microstructure.

PZT-2 PZT-4

3700 10.0kV 9.4mm x1.20k SE 40.0u(l S3700 10.0kV 9.4mm x1.20k SE

FIGURE 5-32: SEM MICROGRAPH FOR PIEZOCERAMIC SAMPLE AT CENTRE POSITION

The chemical element weight percentage carbon of piezoceramic samples is shown in Table
5-18. The PZT-2 indicated 9.04 wt% for the centre and 8.13 wt% for the edge. The PZT-4
indicated 8.13 wt% for the centre and 8.69 wt% for the edge.
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TABLE 5-18: CHEMICAL ELEMENT WEIGHT PERCENTAGE OF CARBON (WT%) AT THE POSITIONS OF CENTRE
AND EDGE OF PIEZOCERAMIC SAMPLES

Positions of Inspections Units PZT-2 PZT-4

Centre of the Samples wt.% 9.04 8.13

Edge of the Samples wt.% 10.49 8.69
PZT-2 PZT-4

A

S3700 10.0kV 9.4mm x1.00k SE

50.0um

FIGURE 5-33: SEM MICROGRAPH FOR PZT SAMPLE AT EDGE POSITION

5.5.3 SAMPLES HARDNESS

Based on the relative density and microstructure of all samples, two materials have been

chosen to conduct the samples hardness test. The Nano-hardness test (Nano-indentation) has
been carried out for samples MSZ and MSZ(#)
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5531 MSZ

The Nano-hardness test has been done at the sample MSZ-3 by using the NanoTest
Vantage hardness tester as shown in Figure 5-34 due to its high relative densification recorded
which was 97.53%. Table 5-19 shows the average value for 100 indentations of nano-hardness
test that have been made which indicated the reading for the nano-hardness and reduced Young
Modulus (Er) value was 13.76014 GPa and 209.0603 GPa respectively. Figure 5-36 shows the

distribution of nano-hardness and reduced Young’s modulus (Er) value for the sample MSZ-3.

FIGURE 5-34: POSITIONS OF NANO-HARDNESS INDENTATION OF MSZ-3 SAMPLE BY USING NANOTEST VANTAGE
HARDNESS TESTER.
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FIGURE 5-35: LARGE IMAGE FOR SOME POSITIONS OF NANO-HARDNESS INDENTATION OF MSZ-3 SAMPLE

However, due to similarity in the size of the pore, a zoomed picture has been illustrated as

seen in Figure 5-35. Some of the indentations may locate near to or on the pore which leads to

a low hardness such as point 1 as shown in Figure 5-35. These indentations on a solid place

will have good measurements for the Nano-hardness and modulus of the materials. Therefore,

selective points in good locations will be used to calculate the average Nano-hardness and a

reduced elastic modulus. The chosen indentations are 4,8,9,12 and 16. The average Nano-
hardness is about 14.44 GPa and reduced Young Modulus (Er) is about 213.58 GPa.

TABLE 5-19: AVERAGE VALUES FOR NANO-HARDNESS TEST FOR MSZ-3 BY USING NANOTEST VANTAGE

HARDNESS TESTER
Results Units Means Errors
Max Depth nm 373.3352 31.42479
Plastic Depth nm 301.4467 33.32642
Maximum Load mN 40.02 0.000001
Hardness GPa 13.76014 2.329558
Reduced Young Modulus, Er GPa 209.0603 16.32858
Elastic Recovery Parameter, ERP 0.241675 0.030812
Contact Compliance nm/mN 2.395085 0.115092
Plastic Work nJ 3.2326 0.531406
Elastic Work nJ 2.326256 0.080666
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Nano-Hardness (GPa) Value with Reduced Young Modulus (Er) of MSZ-3
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FIGURE 5-36 : DISTRIBUTION OF NANO-HARDNESS AND REDUCED YOUNG MODULUS (ER) VALUE FOR MSZ-3

5532 MSZ(#)

Overall 100 points (10x10) of Nano-hardness test material has been done of the sample
MSZ(#)-4 by using the NanoTest Vantage hardness tester as shown in Figure 5-37 due to the
high relative densification recorded which was 97.45%. Meanwhile, Table 5-20 shows the
average value for 100 indentations of Nano-hardness that have been made which indicated the
reading for the Nano-hardness and reduced Young Modulus (Er) value was 4.564302 GPa and
107.9313 GPa respectively. Moreover, Figure 5-38 shows the distribution of nano-hardness and
reduced Young’s modulus (Er) value for the sample MSZ(#)-4.
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FIGURE 5-37: POSITIONS OF NANO-HARDNESS INDENTATION OF MSZ(#)-4 SAMPLE BY USING NANOTEST
VANTAGE HARDNESS TESTER

By comparing the results of two materials, it can be shown that there are big differences

in the hardness value due to the existence of the organic binders. The organic additive has low

hardness and that affect the hardness of the magnesia stabilised zirconia.

TABLE 5-20: AVERAGE VALUES FOR NANO-HARDNESS TEST FOR MSZ(#)-4 BY USING NANOTEST VANTAGE

HARDNESS TESTER
Results Units Means Errors

Max Depth nm 633.9504 41.09727
Plastic Depth nm 553.643 42.17041
Maximum Load mN 40.02 0

Hardness GPa 4.564302 0.627345
Reduced Young Modulus, Er GPa 107.9313 6.669121
Elastic Recovery Parameter, ERP 0.146013 0.013379
Contact Compliance nm/mN 2.675574 0.083657
Plastic Work nJ 6.804714 0.599118
Elastic Work nJ 2.675279 0.079608
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Nano-Hardness (GPa) Value with Reduced Young Modulus (Er) of MSZ (#)-4
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FIGURE 5-38: DISTRIBUTION OF NANO-HARDNESS AND REDUCED YOUNG MODULUS (ER) VALUE FOR MSZ(#)-4

5.6 SUMMARY OF THE CHAPTER

In this chapter, experiments using the Micro-FAST process have been conducted on three
main powders (alumina, zirconia and piezoceramic) using the Gleeble® 3800 which is a thermal
mechanical machine. Three types of zirconia have been tested. The first one is Yttria Partially
Stabilized Zirconia (ZrO2+ 3 mol% yttria) (3Y-ZrOz2) the average particle size of powder
materials was 6.5 um and it had 5.285 g/cm? for theoretical density. The other type of Zirconia
is the Magnesia Partially Stabilized Zirconia (MSZ) and the starting partical size was below 5
pm with spray dried granulates that were sieved between 40-80 um and a theoretical density
of 5.82 g/cm3. The Third Zirconia powder was MSZ(#) with 5 wt% organic additives or organic
binders to improve the forming process, and the theoretical density for this one was 5.72 g/cm.
The starting partical size for MSZ(#) was below 2 um with spray dried granulates that were
sieved between 40-80 um. The organic materials burn out in two steps. Around 2.2 wt%

organic material can be removed at 200°C and the other 2.6 wt% can be removed around
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380°C. The Alumina powder material Al20Os had an average particle size of 0.18 um and purity
of 99.9% and the theoretical bulk density for the used powder is 3.95 g/cm3. The piezoceramic
used for this experiment has a particle size of 6.5 um and the theoretical density for the used
powder is 7.4 g/cm®. The parameters that have been used in the experiments, such as pressure,
heating temperature, heating rate and holding time were controlled automatically using a
computer-controlled system (QuickSim™ software). The electrical field produced by the
Gleeble® 3800 machine has a high current (3000~30000 A) and low voltage (3~10 V). The die
sets used in the experiment were of the optimised design shown in a previous chapter and the
punches and dies were made from graphite. The selection of the graphite material was because
the value of the thermal expansion coefficient of punches and die must be less than the powder
material being tested. This will prevent any traps and sticking between the punches, die and
samples during the ejection process. Moreover, by using graphite for the die set material, a
higher sintering temperature can be utilised up to its maximum service temperature up to 2,700
°C.

After the powder material had been weighed, it was carefully poured into the die sets.
Then, the die set with the powder material was placed into the chamber of the Gleeble® 3800
machine with the thermocouple as in Figure 5-1. After that, the die set with the powder material
was heated promptly to a specific sintering temperature in the vacuum. The electrical current
was passed through the die set with powder material inside it and at the same time a specific
pressure was applied to the upper and lower die punches. Then, the sample was ejected out
from the die set. Then, the formed samples from the experiments were analysed using several
apparatus. For their relative density, a Sartorius YDKO03 apparatus was used, and for the surface
of microstructure of the sample the scanning electron microscope machine (SEM/EDS) was
used. Also a chemical element weight percentage test has been performed at the centre and
edge of the sample parts using an energy dispersive spectroscopy (EDS) facility. A nano-

hardness (NanoTest Vantage) test was also done at the sintered neck of the zirconia sample.

Based on the work that has been made in this chapter, it can be shown that the die set
showed good efficiency during the Micro-FAST process and plays a significant role in the
sample size and its densification. It was important to have a fully closed die set during the

experiment so that the electrical current can go through the overall die and the heat is generated
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for the entire die set efficiently. The results that have been displayed in this experiment

regarding the relative density indicates the efficiency of the Micro-FAST process.

For the zirconia (3YZrQOz2) it shows that 3YZrO2-3 and 3YZrO2-4 have the highest relative
density which are 97.31 and 99.47 % respectively. The holding time for these samples was 120
seconds which is half of the previous time compared to 3YZrOz2-1 and 3YZrO2-2. By using
this Micro-FAST process, it has the potential to save time compared to the conventional
electrical field sintering process. For 3YZrO2-4 sample, the optimum parameters of 125 MPa
for the applied pressure, 1,300 °C for the second heating temperature and 25°C/s for the second
heating rate were used. The 3YZrOz2-3 sample used the optimum parameters of 125 MPa for
the applied pressure, 1,300 °C for the second heating temperature and 50 °C/s for the second

heating rate.

The zirconia (MSZ), the MSZ-3 sample recorded a 97.53% relative density and the total
process time was 391.0 seconds. The parameters that have been used are 125 MPa applied
pressure, 1300 oC sintering temperature, 50 °C/s heating rate and the holding time was 180
seconds., which is good compared to the conventional sintering process. For sample MSZ-4,
the applied pressure maintained the same (125 MPa), but the sintering temperature was
increased to 1400 °C. Compared to MSZ-3, the heating rate and holding time increased for the
MSZ-4 sample to 25 °C/s and 90 seconds respectively. The MSZ-4 sample reached a 99.49%

relative density.

For the zirconia (MSZ#) samples. The MSZ(#)-3, sintering temperature was 1300 °C , the
holding was 120 seconds and the heating rate was 50 °C/s. The MSZ(#)-3 sample has achieved
95.51% but the total process time increased to 484.4 seconds. In the last sample MSZ(#)-4, the
holding time and the heating temperature was the same as MSZ(#)-3 which is 120 seconds and
1300, but the heating rate was increased to reduce the total time process. The relative density

for the MSZ(#)-4 sample was 97.45% with a total process time of 475.2 seconds.

For Alumina, Al,05-3 and Al,05-4 have recorded 87.09 and 92.68 % density respectively.
The holding time for these samples was 240 s and the heating temperature was 1300 C. The

applied pressure for Al,05-3 sample was 75 MPa and for Al,03-4 was 125 MPa. It is shown
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that in this case the pressure played an important role in increasing the relative density of the
Al,03-4.

Regarding the presence of carbon elements contamination at the centre and edge of all
samples. This is due to the drawback when using graphite material for punches or dies where
the carbon can be mixed into the solidified sample during the high-temperature sintering

process.

Two materials have been chosen to conduct the samples hardness test. The Nano-hardness
test (Nano-indentation) has been carried out for samples MSZ-3 and MSZ(#)-4, it has been
chosen for the testing of micro- and nano-hardness and has been applied with 100 indentations
which shows the hardness value of 13.76014GPa and 4.564302 GPa value respectively. The
two materials have big differences in the hardness value due to the existence of the organic
binders. The organic additive has low hardness and that affect the hardness of the magnesia
stabilised zirconia MSZ(#)-4.
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NEW TOOLING CONCEPT FOR MICRO-FAST OF
CERAMIC COMPONENTS

6.1 TooL CONCEPT AND DETAIL DESIGN

Finite element analysis has been carried out and experiments have been made using the
Gleeble® 3800 machine. Guideline values of the optimum parameters have been obtained for
producing high densification components. However several problems were encountered in the
experiment which could prevent eventual applications of the technology. Therefore, a new tool
concept is proposed which could potentially be used in production to produce miniature
ceramic components. The new alternative design is going to be validated and examined using

Finite Element (FE) analysis using ABAQUS/CAE software (Abaqus version 6.14).

Upper Die (Silicon - ! Upper-Die & Holder
Carbide) ~~ Assembly (SiC & Graphite

& Tungsten Carbide)

Lower Die (Silicon Carbide)

Strengthening Ring (Silicon Conducting Ring (Graphite)

Carbide)

Guide Insulating
Pillar /] ing

(Steel) Pyrophyllite)
=

(Steel)
—~_
o~y

Mandrel Holder
(Pyrophyllite)

Mandrel and Punch  Contact Spacer ~ Base Plate (Steel)

(Silicon Carbide) (Graphite)

FIGURE 6-1: THE INITIAL DESIGN FOR THE ALTERNATIVE TOOL FOR MICRO-FAST PROCESS
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Figure 6-1 shows the tooling concept that has been suggested for the Micro-FAST process.
The idea of the new design is to develop the potential for mass production with quality and
productivity. Currently, in the mass production industry, products must be designed and
manufactured with the following opposing goals: decreasing time and cost; improving quality
and flexibility. However, there are many challenges and issues that need to be considered for
new tool design. These challenges are the filling process of the powder, difficulty to control
the volume of the powder feeding, difficulty to handle the die during the operation, difficulty
to eject the component outside the die, and die-life is too short due to small sizes having
fragility. The design has gone through several stages because of these challenges and other
features that have been considered during the design process. Figure 6-2 shows the first two
stages of the new tool design for the Micro-FAST process. The first two designs had some
issues with the size of the parts and the shape of the formed sample. Moreover, the ways of
attaching the parts together has been considered and resolved in the final design as seen in

Figure 6-3 and Figure 6-4.
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FIGURE 6-2: THE FIRST TWO DESIGN OF THE ALTERNATIVE TOOLS FOR MICRO-FAST

In previous experiments, when filling the powder inside the die some powder could be
dropped outside the die because human error. The amount of the powder is calculated and then
filled inside the die and the upper and the lower punches have to be placed inside the Gleeble
machine. The process of balancing the die is done manually which could affect the filling
process by dropping some amount of the powder that could affect the densification of the
materials.
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FIGURE 6-3: THE NEW TOOL DESIGN FOR MICRO-FAST PROCESS WITH FULL DETAILS
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A B

Applied Pressure

7z 7Z

FIGURE 6-4: NEW TOOL DESIGN FOR MICRO-FAST PROCESS (A) WITHOUT THE APPLIED PRESSURE (B) WITH THE
APPLIED PRESSURE

Additionally, this operation will lead to difficulty in controlling the feeding of the powder
when the amount of powder may be different for different volumes of the components to be
formed or the amount of powder varies due to weighting accuracy and losses during handling..
Figure 6-5 shows the tool design without the upper part and how the powder is going to be fed
during the filling process. The new tool design will make the filling process easier and more
consistent during the Micro-FAST process. Filling the calculated amount of powder inside the
die will help obtaining fine products without porosity.
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Powder filling

FIGURE 6-5: THE LOWER PARTS OF THE NEW TOOL DESIGN AND WHERE THE POWDER GOING TO BE FILLED

After the heating and sintering/forming in the Micro-FAST process, the new tool set should
be cooled until room temperature. The upper and lower part opened, and the formed sample
can be easily removed from the die. In the previous experiment the die set was placed above
the die ring and using an ejector and hammer the sample was carefully knocked out. This action
was made to prevent the sample from damaged. When comparing this method with the previous
one, the new tools will make it easier to eject the sample and will protect the sample from being

damaged.

As mentioned before, most conventional electrical sintering applications used graphite as
die set material, which shows an excellent choice concerning its capability working at high
temperatures up to 2,700 °C [118, 120]. However, the graphite has a lower compressin stress
than other materials, such as silicon carbide and tungesten carbide. Therefore, due to the small

size of tools, the life of a graphite die could be an issue and the die might be fragile during the



Page | 166

Micro-FAST process. In the new tool design, silicon carbide has been suggested for the die due
its properties. The silicon carbide has excellent thermal conductivity, high melting temperature
(>2000 °C), interesting electrical properties due to its semiconductor characteristics. In
addition, the SiC has high hardness and corrosion resistance [120, 135]. Considering the non-
conductive ceramic powder itself is not conductive electrically, heating could be mostly
facilitated by heat transfer from the heating element (graphite), through the SiC die-insert.
From this point of view, selecting highly thermally conductive SiC as die-insert material can

be justified.

In addition, using the potential tool design for the micro-FAST process will make it easier
in handling the process due to size issues. The new tool design will offer more flexibility in
controlling and managing the experiment. Each part of the new tool design has been explained

and justified in details in the appendices.

6.2 THERMAL-ELECTRICAL FINITE ELEMENT ANALYSIS OF THE
TooL

The Finite Element (FE) analysis of the effect of coupled thermal-electrical characteristics
of the new tool design during the heating and cooling process was examined by using
ABAQUS/CAE software (Abaqus version 6.14). The information collected from the FE
simulation is going to be useful in the future for the experimental process in order to gain
information on how the heating distribution occurs in the tool that is going to be used in the
Micro-FAST process. The first step of the analysis was to include the electrical potential being
exposed to the die set, this was calculated by using electrical boundary conditions. In the second
step transient heat transfer analysis was conducted by the application of Joule heat generation
to each finite element under a given thermal boundary condition. The temperature dependency
of the electrical conductivity was used for the analysis where the electrical and thermal analyses

are fully coupled
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6.3 ANALYSIS PROCEDURE
In the coupled thermal-electrical analysis, both transient responses have been applied for
electrical analysis in the first step and thermal analysis in the second one where they are
sequentially conducted in each time increment. Therefore, the temperature at integration points
of each of the tool sets can be gained dependent on the step time to complete the process. The
sample material used in the simulation was Alumina. The simulation analysis was mainly
concentrated on the heating distribution process on the alternative tool design. Figure 6-23

shows the simplified parts used in the new tool design for thermal-electrical analysis.

Upper Conducting Ring [ l
| o Upper Strengthening Rin

Punch Holder
Upper Punch

Lower Strengthening Ring ‘

l Mandrel and Punch

Lower Conducting Ring

Contact Spacer

Guide Plate |

9 Isolating Ring
% | Mandrel Holder

Base Plate

"

FIGURE 6-6: SIMPLIFIED PARTS OF THE NEW TOOL DESIGN USED IN THE SIMULATION OF COUPLED THERMAL-
ELECTRICAL ANALYSIS

Table 6-1 shows the physical, thermal and electrical properties of materials used in the new
tool design used to evaluate the coupled thermal-electrical analysis for the Micro-FAST
process. Regarding the boundary conditions, the electrical potential at the top of the tool design

was set to 0.5 V and at the bottom in the base plate was assumed to be zero because it was
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electrically grounded as seen in Figure 6-23. Regarding the emissivity and the film coefficient
used were 0.8 and 10 respectively, meanwhile the ambient temperature was set to 30 °C. The
initial time increment was 1 x 10 s and the automatic time increments function provided from
Abaqus software were used. After the first step of the electrical and thermal analysis, no
electrical load existed. Therefore, general transient heat transfer analysis was conducted to save

calculation time in the second step.

TABLE 6-1: PROPERTIES OF PART MATERIALS USED IN THE THERMAL-ELECTRICAL ANALYSIS FOR THE NEW
TOOL DESIGN [120]

Density Specific Therm_al_ Electr_ic_
Part Name Materials Heat Conductivity | Conductivity
(kg/m?) (J/kg) (W/m.K) (S/m)
Base plate Steel 8050 500 21.4 14.5 x 10°
Upper Conducting Graphite 1,860 771 81 9.1 x 10°
Ring

Samples Alumina 3900 850 18 1x108
Mandrel Holder Pyrophyllite 2400 920 1.9 1x10-6
Contact spacer Graphite 1,860 771 81 9.1 x 106
Mandrel Silicon Carbide 3200 670 60 1x10°

Guide Plate steel 8050 500 21.4 14.5 x 108
Isolating Ring Pyrophyllite 2400 920 1.9 1x10°
Lower fi‘:]zd“w”g Graphite 1,860 771 81 9.1 x 10°
die Silicon Carbide 3200 670 60 1x10°
Lower:itrzzngthe“ Silicon Carbide 3200 670 60 1x10°
Upper Punch Silicon Carbide 3200 670 60 1x10°
Upper Strengthen | - giricon Carbide 3200 670 60 1x 10%

Ring

Punch Holder Tungsten Carbide 15,580 292 88 1x 108

Protector steel 8050 500 214 14.5 x 108
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Table 4-2 shows, the number of the mesh (nodes and elements) for each part. The global
size of the parts that has been used in the simulation of electrical-heat analysis for meshing is
0.2. Meanwhile, the thermal electric element type has been assigned for all the parts. The total
number of nodes for the meshing of all parts is 50476 and the total number of elements for the
meshing is 48348. The process has been set for 20 seconds for thermal and electrical analysis.
The process has been heated for the first 10 seconds, then followed by 2 seconds cooling and
2 seconds heating repeatedly until reaching a total time of 20 seconds for thermal and electrical
analysis. The reason for the 2 seconds cooling and 2 seconds heating repeatedly is to make sure
the electrical transit and heat distribute properly. After the 20 seconds, the second step starts

which is the cooling process.

TABLE 6-2: THE NUMBER OF THE MESH (NODES AND ELEMENTS) FOR EACH PART IN NEW TOOL DESIGN

Part Name Mesh (No of elements) Mesh (No of nodes)
Base plate 7275 7484
Upper Conducting Ring 1850 1952
Samples 290 332
Mandrel Holder 6885 7062
Contact spacer 1525 1619
Mandrel 2702 2925
Guide Plate 6785 6999
Isolating Ring 1450 1558
Lower conducting ring 4900 5069
die 1951 2071
Lower Strengthen Ring 2522 2700
Upper Punch 1599 1691
Upper Strengthen Ring 2975 2379
Punch Holder 3164 3306
Protector 3175 3329
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6.4 RESULTS AND DISCUSSION

Figure 6-23 shows the heating temperature distribution of the new tool design of the die,
punch and Alumina sample for the first step (electrical and thermal analysis) and step 2 for heat
transfer analysis after the current is off. The materials that have been selected for the die and
the punch is silicon carbide due to its excellent thermal conductivity and low thermal
expansion. The sample material is Alumina and the reason for choosing Alumina is that it has

better thermal conductivity than some other ceramic materials.

Temperature (°C)

Heating Distribution of the new tool design and alumina Sample

17—

UE)
J\'\)\‘

20 40 Time (s) 60 80

Mandrel and lower punch

100
—— Body of Die Surface ——Upper Punch Surface —— Core of the Sample
Surface of the Sample Upper Conducting Ring =] ower Conducting Ring

FIGURE 6-7: HEATING TEMPERATURE DISTRIBUTION OF NEW TOOL DESIGN AND ALUMINA SAMPLE FOR STEP
ONE: ELECTRICAL AND THERMAL ANALYSIS AND STEP TWO: HEAT TRANSFER ANALYSIS AFTER THE CURRENT
IS OFF

In Table 6-4 the figures of the new tool design of the die, punch and Alumina sample for

heating temperature distribution at integration points of step one: electrical and thermal
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analysis are shown. From Figure 1 to Figure 4 the rapid increase in the temperature at the core
of the new tool design in the lower and upper conducting ring can be seen. The material in the
lower and upper conducting ring is graphite to allow the heat and the electricity to transit
through the die, the contact spacer and then to the mandrel. The reason for using graphite for

the conducting ring is due its high thermal and electrical conductivity.

TABLE 6-3: TEMPERATURE AND TIME DATA FOR CONTOUR OF THE NEW TOOL DESIGN AND ALUMINA SAMPLE
FOR STEP ONE: ELECTRICAL AND THERMAL ANALYSIS

Upper Lower Mandrel
Ste Body of | Upper | Coreof | Surface Congl?ctin Conductin and
Contour . P Die Punch the of the . g . g lower
Time Ring Ring
No. ©) Surface | Surface | Samples | Sample punch
(°C) (°C) (°C) (°C) °C) C) .
C)
1 0021 30.016 30 30 30 61.2385 49.1957 30
2 0.058 30.489 30.001 30 30 110.806 80.6737 30
3 1.369 329.472 270.926 142.319 165.853 770.332 637.27 130.086
4 3.109 742.197 698.068 531.824 566.576 1108.92 990.937 494.906
5 5.783 1213.370 | 1142.940 | 1045.010 1067.200 1453.17 1408.96 1005.27
6 7.563 1457.040 | 1358.900 | 1307.900 1320.450 1629.79 1638.67 1274.28
7 9.682 1696.730 | 1566.810 | 1564.270 1566.690 1801.97 1869.58 1538.97
8 10.044 | 1732.980 | 1598.040 | 1603.010 1603.860 1804.38 1890.26 1579.1
9 10.221 1740.080 | 1611.780 | 1621.470 1621.480 1622.06 1773.46 1598.23
10 11.136 1609.190 | 1517.320 | 1646.470 1624.970 1330.06 1527.99 1634.04
11 11.535 1597.220 | 1464.400 | 1615.150 1586.700 1562.04 1706.98 1611.03
12 13.194 1534.200 | 1408.210 | 1578.290 1546.240 1320.93 1530.86 1585.77
13 15.4265 | 1495.59 1337.850 | 1515.210 1479.870 1436.33 1625.22 1531.51
14 17.0989 1485.29 1347.350 | 1509.560 1478.220 1176.69 1443.3 1525.54
15 18.0549 1545.1 1347.830 | 1473.960 1445.900 1578.56 1763.95 1494.14
16 18.561 1540.92 1379.040 | 1494.860 1471.100 1261.42 1532.01 1511.72
17 19.344 1459.39 1303.540 | 1479.550 1444.710 1363.93 1573.66 1499.03
18 20 1526.6 1328.520 | 1459.490 1430.410 1591.15 1769.6 1481.21
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The heat begins from the top and then is transmitted to the upper and the lower conducting
ring and then reaches the die, the upper punch, the sample and the mandrel and lower punch as
seen in the figures illustrated in Table 6-4. The temperature of the lower and upper conducting
ring could reach the 1000 °C barrier within approximately 3 seconds. While the die might reach
742.197 °C and the core of the sample and the surface have recorded 531.824 °C and 566.576°C
respectively. By increasing the step time to 10 seconds, then the heating temperature rises to
reach 1600 °C for the sample.

After 10 seconds, it can be seen in the Figure 6-23 that there are fluctuations in the
temperature lines due to the 2 seconds cooling and 2 seconds heating repeatedly until the
process reaches the step time of 20 seconds. The reason is to be sure that the electric current
and heat distribute properly. After reaching the step time of 20 seconds, the die will record an
average temperature of 1526.6 °C. Moreover, the sample surface and core have achieved
heating temperature of 1459.490°C and 1430.410°C respectively. In practice, the applied electrical
potential in this exercise may be too high for the die-materials simulated, considering their
reliable working temperatures that should be used in engineering environment. Nevertheless,
this simulation demonstrates feasibility of heating the sintering material rapidly by this design

concept.

TABLE 6-4: THE FIGURES OF THE NEW TOOL DESIGN AND ALUMINA SAMPLE FOR HEATING TEMPERATURE
DISTRIBUTION AT INTEGRATION POINTS OF STEP ONE : ELECTRICAL AND THERMAL ANALYSIS
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After the end of step one the rapid cooling due to the heat transfer for the new tool design can
be seen. The temperature decreased from an average of 1234.85 °C at a step time of 20.32
seconds to reach an average temperature of 77 °C at a total time of 100 seconds as seen in Table
6-5. The illustration figures of heat transfer analysis of the new tool design for step two can be

shown in Table 6-6.

TABLE 6-5: TEMPERATURE AND TIME DATA FOR CONTOUR OF THE NEW TOOL DESIGN AND ALUMINA SAMPLE
FOR STEP TWO: HEAT TRANSFER ANALYSIS AFTER THE CURRENT IS OFF

Mandrel
Punches Upper Lower
Body of . Core of | Surface . . and
Step . of Die Conducting | Conducting
Contour . Die Set the of the . . lower
Time Set Ring Ring
No. Surface Samples | Sample punch
(s) C) Surface C) =)
(°C) (°C) °C) °C)
1 20.3241 1541.51 1360.880 | 1471.530 | 1447.260 13315 1594.09 1491.26
2 24.343 1075.89 924.271 1140.200 | 1094.800 770.384 1065.21 1181.93
3 27.4688 844.363 708.856 885.122 847.416 601.003 861.6 926.193
4 38.2455 432.03 350.735 445,561 424.894 299.889 462.352 472.732
5 45.3721 301.811 242.238 309.250 294.537 207.812 329.106 329.932
6 51.0222 236.242 188.646 240.969 229.427 162.495 260.619 257.872
7 69.8884 | 129705 | 103597 | 130702 | 124.654 | 09703 146539 | 140445
8 99.8884 | 79.708 | 652919 | 79.5738 | 763572 | 20343 90.5032 | 85.1462
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TABLE 6-6: THE FIGURES OF THE NEW TOOL DESIGN OF THE DIE, PUNCH AND ALUMINA SAMPLE FOR HEATING
TEMPERATURE DISTRIBUTION AT INTEGRATION POINTS OF STEP TWO: HEAT TRANSFER ANALYSIS AFTER THE
CURRENT IS OFF
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6.5 SUMMARY OF THE CHAPTER

Based on the finite element analysis and experiments that have been made using the
Gleeble® 3800 machine and after obtaining the guideline values of the optimum parameters to
produce high densification components, several problems could be identified in the experiment
which could prevent eventual applications of the technology. These are difficulty to fill the
powder, difficulty to control the volume of the powder feeding, difficulty to handle the die
during the operation, difficulty to eject the component outside the die, and die-life is too short
due to small sizes having fragility. Therefore, a development of an alternative new concept tool
design has been presented which could potentially be used for mass production that meets
quality and productivity target for producing miniature ceramic components. Currently, in the
mass production industry, products must be designed and manufactured with the following
opposing goals: decreasing time and cost; improving quality and flexibility. However, there

are many challenges and issues that need to be considered , as indicated above.

An initial design has been suggested for the Micro-FAST process and followed with several
stages and modifications with the consideration of all challenges and issues. After several
design changes and taking into the account the issues and the materials required for the part, a
final concept of tool design has been introduced. The new potential tool design for the Micro-
FAST process will make it easier in handling the process due to size issues. The new tool

design will offer more flexibility in controlling and managing the experiment.

The new alternative design has been validated and examined using the Finite Element (FE)
analysis. The effect of coupled thermal-electrical characteristics during the heating and cooling
process was examined using ABAQUS/CAE. The information collected from the FE
simulation is going to be useful in the future for the experimental processto further validate this

design concept. .
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CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

Based on the research of the Micro-FAST process, improvements have been shown
regarding process time for the manufacture of miniature components with a variety of
ceramic powder material which show less time to fabricate miniature components. The
main differences between the Micro-FAST process and the other processes was the better
efficiency of the current flow to heat the particles of the powder, the high heating rate
during the experiment to speed up the process, the densification of the samples dependent
on the pressure, and a simplified process setup and control. Moreover, most of the

conventional processes produce macro size parts using ceramic powder.

By considering all previous studies, it can be seen that compared to the Micro-FAST offers
good potential compared to the existing conventional processes. It can be summed up by
saying that the Micro-FAST process is faster than conventional processes for producing
miniature ceramics components and it will reduce the influence of the issue of the size
effect in the forming process of micro parts. It has short manufacturing cycles and it is
easy to control the microstructure of the fabricated part. In addition, the Micro-FAST has
the flexibility to use different materials and it has the potential for forming structurally and
functionally graded parts. It has the ability to form 3D shaped micro parts with the
dedicated micro tool design and control and also miniature components with high strength
materials. The feeding of the loose powders in the die for the Micro-FAST process into is
done without the need to prepare a green compact and therefore small size components

could be made based on the design of the die set used.
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By using Finite Element (FE) analysis the effect of coupled thermal-electrical
characteristics of the die sets of the Micro-FAST process was examined during the heating
and cooling process by using ABAQUS/CAE software. This showed the feasibility of the
Micro-FAST process to do the experimental procedure and the design of die plays a
significant role to ensure the high efficiency of heating during the Micro-FAST process

for powder material.

Experimental work using the Micro-FAST process was conducted to validate the results
from the Finite Element analysis. The experiment was conducted with three kinds of raw
material powder which were alumina, zirconia and piezoceramic. The experiment for the

three materials using Micro-FAST process has produced good solid miniature parts.

In terms of the new alternative tool design, the concept design has been analysed and
examined by Finite Element Analysis to see the effect of the coupled thermal-electrical
characteristics of the new tool design during the heating and cooling process. The results
showed from the FE simulation was very promising and it showed the feasibility of the

new tool design for future applications.

New experiences gained from Micro-FAST experiment on ceramic materials.
Experiments. The die set design and the tools used for the experiment showed higher
durability and efficiency of transferring the heating to produce the samples and there were
no issues during the ejection process of the samples. The efficiency of using the Micro-
FAST process provides significant contributions towards the sample size and its
densification. It was an ideal condition to have a fully closed die set during the
experimental work as the current could pass through the die and generate heat to produce
amore efficient process and high quality samples. Therefore the Micro-FAST is a suitable
process to produce solid miniature ceramics components in faster time, with high quality

and low cost.
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7.2 CONTRIBUTIONS TO KNOWLEDGE

The contributions of this work can be stated in several points below:

New knowledge about forming of ceramic parts with Micro-FAST —. The Micro-FAST
process has been developed to save time compared to the conventional Electric Field
Assisted Sintering Technology process. The concept comprises applying external
electrical-field currents alongside the high applied pressure simultaneously to the die set
and material particles of the samples. There are 4 stages involved in the densification
mechanism of The Micro-FAST process which can be classified as preheating period,
high-temperature pressing, sintering period and cooling period. Micro-forming is one of
the common micro-manufacturing processes that could meet the demands of mass
production along with enhancing the product performance with minimal waste. It can
handle complex geometries and features that are costly for conventional micro-
manufacturing processes. However, it was not an easy task to achieve the desired micro
shape of a product. Therefore, the concept and the results from this Micro-FAST research
can be used in the future for further investigations. It can, nevertheless, be concluded that
the densification of the ceramic components by using the Micro-FAST process can
achieve good quality and could be completed within a short time due to it being a
continuously coupled process of the electrical-field which generated the high pressure and

Joule heat.

Sintering die designs and selection of the tool materials for the die sets. There are several
designs of the die sets that have been used for the Micro-FAST process. The final output
samples were of cylindrical and cuboid shape. The main aimr for the design of the three
die sets was to reduce the thermal stress concentration in the punches. The punch shape
was the positive effect of the concentrated heating at the punch nose, as more uniform
temperature distributions in the middle section of the die occurred which could help to
optimise the process of sintering. Based on the guidelines, the material used for the die set

is graphite. The graphite material was used for the die set by using guidelines and standards
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(comparing the compressive strength, thermal expansion coefficient and maximum service

temperature of the selected material) to avoid trapping between the punches and the

sample inside the die during the ejection process.

Investigation and understanding of the effect of the heating distributions during the
heating and the cooling in Micro-FAST. In the first step the electrical analysis
involving the electrical potential, the die set design has shown good and rapid heating
temperature distribution. In step two of the thermal analysis this involved the transient
heat transfers and rapid cooling. The information collected from the FE simulation was
used for the experimental process in order to have the proper information on how the
heating distribution happened in the die sets used in the Micro-FAST process and to

determine suitable parameters for the experiments.

A new tool concept that could potentially be used for mass production to produce
miniature ceramic components. The effect of coupled thermal-electrical characteristics
during the heating and cooling process was examined using Finite Element Analysis.
The results showed very good potential for for future applications. The results also
showed that the new tool design for the Micro-FAST process could make it easier in
handling the process due to size issues. It will also offer more flexibility in controlling

and managing the experiment.

7.3 RECOMMENDATION AND FUTURE WORK

The recommendations for future works on this research are described as below.

Use different thermocouples for the measurement of the temperature where it can work

at high temperatures that exceed 1,400 °C during the Micro-FAST process. Although
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existing thermocouples were suitable for most of the experiments which used the
ceramic and composite powder material, some other ceramic powders need the
temperature of the process to be above 1,300 °C to achieve the excellent result of the

relative density samples.

The analysis of the quality of the sample was focusing on the relative density the micro-
structure, but the mechanical properties and dimensional accuracy of the formed

samples need to be considered.

New mechanical testing methods/devices on the micro-samples are needed as the
current options are designed mostly for macro-size components. Also new standards

of the procedure for testing also need to be established.

The coupled Finite Element thermal-electrical analysis in this study was focused on the
heat transfer and heating distributions during the heating and cooling, but in the future
a potential study of powder behaviours and interactions, such as deformations and

diffusion bonding, should be considered.

The alternative new tool design for the Micro-FAST process has been proposed for
manufacturing miniature ceramic parts. Next step will be conducting experiment to

validate this design concept.
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APPENDIX 1: NEW TOOL DESIGN FOR MICRO-FAST PROCESS

WITH FULL DETAILS

The figure below shows the full details for the new concept design with the dimensions

Q'Wi_ PART NUMBER L MATERIAL
Base Plate Steel
[

[Steel
Protector Steel
IS0 4762 - M3x 12 Stainiess Steel, 440C
IS0 4762 - M3x 6 Stainless Steel, 440C
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APPENDIX 2: BASE PLATE

The base plate is the plate where all parts are placed. The material that has been suggested for
the plate is steel. Steel is the most common material used for most bases due to its hardness.
Steel is iron mixed with carbon and perhaps other metals. However, steel
is harder and stronger than iron. The steel that has been chose here is the tool steel. Tool steels
are hard and heat and scrape-resistant. Tool steel is made up of vanadium, cobalt, molybdenum,
and tungsten in different amounts, which improve its durability and heat resistance property

[120, 136, 137]. The 4 guide pillars are going to be attached to the base plate and the mandrel

holder is going to be placed in the centre of the plate.

The dimensions of the base plate are 100x100 mm. The thickness of the plate is 10 mm and it
has been extruded from centre to fit the mandrel holder and the contact spacer. The plate has 4
threaded holes to attach the guide pillars.

APPENDIX 3: GUIDE PILLAR
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The guide pillars are used to hold and control the movement of the guide plate. The pillars are
threaded from the edges to be attached in the 4 corners of the base plate. The material that has

been chosen for the pillars is steel. The diameter of the pillar is 10 mm and the length is 35 mm

$10.00

R2.00

-33.00

5—4,2541
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APPENDIX 4: MANDREL HOLDER

This part is going to be used to hold the mandrel and the contact spacer. The material that has
been chose for the mandrel holder is pyrophyllite plastic to isolate the heat and the electricity
that goes through the contact spacer and the mandrel from contacting the base plate. The
pyrophyllite is thermally stable and Heat and Electrical insulation. Moreover, it has high
resistance for thermal shocks and Resists deformation at loads and creep. The pyrophyllite has
High melting point and medium hardness [120, 138-140]. The dimensions of the upper part of
mandrel holder are 57x 57 mm, and the lower and extended part dimension is 40x40 mm. The
mandrel holder has 4 holes in the corners and going to be fitted to the base plate with bolts.
The hole where the contact spacer going to be fit has a dimension of 30x30 mm from the bottom
and 30.35 x 30.35 mm from the top because of the extruded part of the spacer.

57.00-
49.00

40.00
30.35

I 30.00 |
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APPENDIX 5. CONTACT SPACER

The location of the contact spacer is in the centre of the mandrel holder. The mandrel goes
inside the spacer and the material that has been chosen for the spacer is the graphite, to make
sure that the heat and the electricity transit in efficient way. The dimension of 30x30 mm from
the bottom and 30.35 x 30.35 mm from the top part so the contact spacer can fit well in the

isolating ring.

I 30.00 -

@5.00

$10.00

30.00
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APPENDIX 6: MANDREL

The mandrel is a cylindrical rod with tapered end to shape and form the workpiece from the
powder. This mandrel has ability to change shape and be easily extracted and in this condition,
it can be considered as lower punch for the die. The materials that has been chosen for the
mandrel is the Silicon Carbide (SiC). The SiC are extremely high thermal conductivity and
has good electrical properties and it keeps its strength property even at temperatures up to
1400°C [120, 135]. The total length of the mandrel is 39 mm and that is including the 2 mm
nose part. The diameter of the base of the mandrel is 10 mm and the body of the mandrel is 5

mm. The diameter of the nose which is going to be used to fabricate the formed part is 2 mm.
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APPENDIX 7: GUIDE PLATE
In This plate, the rest and most of the parts are going to be attached. The isolating ring is going
to be located in the centre of the plate. Then the contact spacer will be attached from the top
with the isolating ring. The protector and the lower strengthen ring will be attached to the plate
and the isolating ring using screws as seen in Figure 6-3. The guide plate will be fitted in the
guide pillars to move up and down depending on the pressure. The material that has been

chosen for this plate is the tool steel.
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APPENDIX 8: ISOLATING RING

The isolating ring is going to be used to isolate the heat and the electricity from the plate. The

material that has been chosen for the mandrel holder is pyrophyllite plastic.

30.00

|

o
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RN ~
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The dimension of the upper part of isolating ring is 60 x 60 mm, and the lower and extruded

part dimension is 49x49 mm.
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APPENDIX 9: LOWER CONDUCTING RING

The purpose of this ring is to allow the heat and the electricity transit through the die, the
contact spacer and then to the mandrel. The materials that going to be used for the conducting

ring is the graphite due its high thermal and electrical conductivity.

.
!

The total length of the part is 20 mm. The upper part is 10 mm and the lower section is 10 mm.

The hole where the die going to be fitted is 12.5 mm diameter from the top and the diameter
increased by 1 degree to be 13.2 mm diameter at the end of the hole to make sure that the die

fit and will not fill from inside the ring.
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APPENDIX 10: THE DIE
The die is going to be used to shape the powder into a solid part. The materials that has been
chosen to manufacture the die is the Silicon Carbide (SiC). As mentioned before, the Silicon
Carbide has excellent thermal conductivity and low thermal expansion, therefore it shows good
thermal shock resistance. Moreover, the SiC has high melting temperature (more thab 1700
°C). Furthermore, the SIiC has interesting electrical properties due to its semiconductor

characteristics. In addition, the SiC has high hardness and corrosion resistance.

The diameter of the hole inside the die is 5 mm. The height of the die is 20 mm and the diameter
of the die is 12.5 mm from the top and 13.2 from the other side so the die can fit inside the

lower conducting ring.
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APPENDIX 11: LOWER STRENGTHEN RING
The lower strengthen ring is going to be used to protect the conducting ring and preventing it
from any fragile and allow the heat and the electricity to go through to the conducting ring and
the die. The material that has been used for this part is the SiC due its thermal and electrical

conductivity and the most thing it has high hardness ability.
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APPENDIX 12: UPPER PUNCH
The upper punch is used to form the powder to shaped part during the sintering process. The

material that is going to be used in the punch is SiC due its excellent properties.

It can be seen that the upper punch is cylindrical shape. The punch is one part with three
sections. The punch has a threaded hole in the middle so it can be attached to the punch holder
with bolt.
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APPENDIX 13: UPPER CONDUCTING RING
The purpose of this ring is to allow the heat and the electricity transit through the upper punch
and then to the die. The materials that going to be used for the conducting ring is the graphite
due its thermal and electrical conductivity. The upper punch going to be inserted inside the
ring.
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APPENDIX 14: UPPER STRENGTHEN RING
The upper strengthen ring is going to be used to protect the conducting ring and preventing it
from any fragility and allow the heat and the electricity to go through to the conducting ring
and the die. The material that has been used for this part is the SiC due its thermal and electrical
conductivity and the most thing it has high hardness ability. The upper conducting ring going
to be placed inside the upper strengthen ring. The ring has 4 threaded holes so it can be attached

to the punch holder by 4 bolts.
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APPENDIX 15: PUNCH HOLDER

The punch holder is the plate that is going to hold the upper strengthen ring, the upper
conducting ring and the upper punch. The material that going to be used for the punch holder
is tungsten carbide due its mechanical properties. Tungsten carbide has excellent compressive
strength compared to other materials which would make the part more robust when dealing
with the high pressure and temperature environment during the Micro-FAST process[120]. The
punch holder has 5 holes as seen in figure below to attach the upper punch and the upper
strengthen ring. The dimension of this plate is 45 x 45 mm with thickness of 5.5 mm.
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APPENDIX 16: SPRING
Spring is a mechanical elastic device that obtain a weight or force from one object to absorb
the energy and to prevent the part from being damaged. There are going to be 4 springs and it
will be put inside the four guide pillars. When the spring is compressed or stretched from its
resting position, it exerts an opposing force approximately proportional to its change in length.

The material that has been chosen for this spring is steel.
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APPENDIX 17: PROTECTOR
The protector is going to be used as shield to protect the upper part of the tool during the Micro-
FAST process.
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