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ABSTRACT 

This thesis presents a new approach to fabricate high precision micro machine components 

from stainless steel and stainless steel ceramic composite materials, using Softlithography 

and powder metallurgy processes. Three different 316-L stainless steel powders, including 

5, 10 and 16 µm in size, and two different ceramics powders, including 400 nm alumina 

and 320 nm titania, were tested. The PhD research process can be divided into three main 

stages. In the first stage, high quality SU-8 master moulds and their negative replicas soft 

moulds are produced using Softlithography technique. The second stage includes preparing 

the stainless steel slurries, filling the soft micro moulds, obtaining the green micro 

components, de-binding and sintering. In the third stage, the fabrication process has been 

developed further to produce stainless steel-ceramic composite micro components. 

Fabrication process in each stage was investigated in detail and the optimum properties 

were produced. Dispersant acrylic-based binder is adopted in this research successfully in 

producing damage-free green micro components. A cold isostatic pressing technique is 

also adopted to improve the densities and linear shrinkages of the stainless steel green and 

sintered micro components. A new mixing method is used to improve the homogeneity of 

the ceramic inclusions in the stainless steel matrix of the composite micro components. 

Characterization of the sintered stainless steel and composite micro components in terms of 

shape retention, density, linear shrinkage, internal structure, hardness and surface 

roughness were investigated in detail. The resultant stainless steel and composite micro 

components retain the same high geometric quality as the SU-8 master moulds.  
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CHAPTER 1. INTRODUCTION 

 Introduction 1.1.

The research work presented in this thesis is an investigation to the fabrication of micro 

machine components from stainless steel powders and stainless steel based composite 

materials by combining both Softlithography and powder metallurgy processes. It is a part 

of the efforts to develop processes of producing high temperature resistant micro 

components for micro-engines, a project lead by Dr. K. Jiang at University of Birmingham. 

The design of a micro engine requires its components to be high precision, both in 

geometry and in dimension. Some of the early micro-engine research adopted silicon 

components fabricated using deep reactive ion etching process; a popular MEMS process 

attempted at MIT and Berkley [1-4]. However, the poor temperature resistant property of 

silicon makes it unsuitable to work in high temperature conditions. Stainless steel and its 

composites are some of the promising materials for such applications [5].  In addition, high 

precision metallic components can find wide applications from luxury watches and 

precision gauges to biomedical devices and instruments. Therefore, the research is both 

needed by a specific project and has potential for general applications.  

 Aims and objectives 1.2.

The aims of this research were to develop a high precision fabrication process to break the 

limit of traditional silicon-based micro fabrication technique and test the approach for 

stainless steel and composite materials. The proposed process started from making high 

precision master moulds in non-metallic materials using micro-electro mechanical system 

(MEMS) technology. Then soft moulds are fabricated from the masters. Final components 
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are achieved by sintering green patterns formed from stainless steel and composites. Both 

pressure-less and cold isostatic pressing methods can be applied to achieve high precision 

and improve properties of micro components. 

The main challenges in using Softlithography and powder metallurgy processes are shape 

retention and high shrinkage accompanied by sintering process, which affects the precision 

of the micro components. The planned fabrication processes to be investigated includes 

testing of three different stainless steel powders of different particle sizes to obtain the 

optimum properties. In order to reduce the shrinkage, a cold isostatic pressing technique 

will be investigated. Stainless steel-ceramic composites micro components was also 

fabricated and studied. The target micro engine components to be fabricated in this 

research are micro gears, micro linkage rods, micro pistons and micro engine cylinders. 

The minimum feature size is the tip of micro gear teeth, which measures ~ 75 µm. 

To reach these aims, the following objectives are identified for implementation. 

 Fabrication of high quality SU-8 master moulds and their negative replicas soft moulds 1.

using Softlithography processes. 

 Selection of the powders and binder suitable for the preparation of metallic and 2.

composite slurries. 

 Optimization of slurry properties in order to obtain high density packing of the green 3.

micro components. 

 Using the cold isostatic pressing technique to improve the density and the linear 4.

shrinkage of the micro components. 

 Characterization of the sintered micro components in terms of shape retention, density, 5.

linear shrinkage, microstructures and porosity, micro hardness and surface roughness. 
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 Fabrication of 316-L stainless steel-ceramic composite micro components. 6.

 Thesis outline 1.3.

Chapter One is the introduction of the thesis, including the aim, objectives and thesis 

outlines. Chapter Two presents a literature review of micro fabrication techniques relevant 

to the contents presented in this thesis and a comparison between the techniques. The 

detailed fabrication processes of SU-8 master moulds and their negative replicas soft 

moulds are given in Chapter Three. Chapter Four explains the study of powders and 

binders selections used in this research. Chapter Five presents the preparation and 

optimization of the stainless steel slurries and the production of the green micro 

components using pressure-less and cold isostatic pressing processes. Chapter Six provides 

the details of the de-binding and sintering processes of the green micro components using 

different atmospheres. Chapter Seven presents the characterization of the sintered stainless 

steel micro components, in terms of shape retention, density, linear shrinkage, internal 

structure, hardness and surface roughness. Chapter Eight presents the detailed fabrication 

process of micro components in stainless steel ceramics composites. In Chapter Nine, the 

conclusions of the research are drawn and future work is discussed. Finally, a list of 

publications produced from this PhD research is presented. 
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CHAPTER 2. LITERATURE REVIEW 

This Chapter is a summary of the literature review on current fabrication techniques of 

micro components. The applications and limitations of each fabrication technique are 

discussed. It presents a general literature review of current fabrication techniques of micro 

components in various materials, while leaving more background details closely related to 

the specific techniques adopted in this research to the following chapters.   

 Introduction 2.1.

In the fabrication of micro components, many processes are borrowed from the micro 

electro mechanical system (MEMS) industry, others are developed for specific 

applications. A micro electromechanical system is a system consisting of sensors, actuators 

or devices with dimensions starting from just a micro meter. The acronym MEMS was 

coined in the United States in the late 1980s, while in Europe the name Microsystems 

Technology (MST) is used. [4].  

MEMS has been used in different areas, including pressure and biomedical sensors, ink jet 

printers, drug delivery systems, wireless electronics, radio frequency (RF) and processing 

devices, [6-7]. According to the technical market research report, the global market of 

MEMS devices was worth an estimated $5 billion in 2005 and it is expected to increase to 

$12.5 billion through 2010 [8]. Conventional integrated circuit (IC) processes that include 

lithography, deposition and etching techniques dominated the fabrication of MEMS 

devices and components. Silicon and its relevant materials such as silicon oxides, silicon 

nitrides and silicon carbides are usually used as base materials in the most IC fabrications 

due to the availability in cheap values and functionally adopted with the electronics. While, 
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other metals such as gold, aluminium, titanium, tungsten, and copper in addition to 

polymers are incorporated with the silicon wafer to fabricate different micro structures for 

the electronic applications [9-11]. Due to the demands for different applications, different 

materials have expanded outside the silicon domain, which includes various types of 

metals, ceramics and polymers in response to the development of micro fabrication 

techniques. The micro fabrication techniques are listed under two categories: traditional 

MEMS techniques (lithographic processes), such as photolithography, silicon 

micromachining, LIGA etc., and non-lithographic methods, such as electro-discharge 

machining (EDM), hot embossing, micro machining, laser micromachining, micro 

injection moulding (MIM) and Softlithography  . These techniques are reviewed in the next 

sections [6-12]. 

 Photolithography 2.2.

Photolithography is a process of transferring geometric shapes from a certain mask created 

from the data held by the computer aided design (CAD) package to light sensitive 

materials called photoresist, casted on a substrate, using a light source. The origin of this 

technique is dated back to Nicéphore Niépce, a French scientist, 1822 [13]. He successfully 

transferred an image to a glass plate covered with a mixture of lavender oil and bitumen 

(asphalt) [14]. The process is performed by placing an oil-painted paper on the top of glass 

plate and exposed it to the sun. Afterwards, the illuminated areas are hardened and the 

unexposed areas were dissolved by using turpentine oil solution. This process is later 

called the photolithography technique. Typically, ultraviolet (UV) is widely used in the 

lithographic process due to its low cost source. However, electron beam and X-ray are 

other sources of high costs due to the expensive beam lines, which are not available to 
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many researchers. The schematic diagram of the photolithography principal is illustrated in 

Figure 2.1. The aim of this process is to transfer two-dimensional features printed on a 

mask into a three-dimensional pattern of photoresist material. The main steps include 

deposition of the photoresist on top of a silicon wafer, soft baking, exposure to UV light, 

and development process on which the un-exposed or exposed area is dissolved by a 

chemical developer, depending on the type of photoresist materials. All the steps are done 

in a clean room. The mask is normally produced from a chromium pattern on a glass or 

quartz plate. The chromium is opaque to UV light and quartz is transparent. The wafer is 

cleaned and coated with a photoresist material sensitive to UV light. The photoresist is 

exposed to UV light through the mask and then developed in order to transfer the pattern 

from the mask onto the photoresist. There are two basic types of photoresists: positive 

resists and negative resists. In the positive resists, the chemical bonds within the resist are 

weakened when exposed to UV light, while they are strengthened in negative resists. As a 

result, after developing, the exposed area is dissolved in the former type, while the 

unexposed area is dissolved in the later one. Much detail of the photolithography technique 

can be found in [10, 14–17]. Although, the process is successful in producing different 

structures from a few microns to over 1mm thick, it is still limited to polymeric materials 

(photoresist) such as, SU-8, Shipley, AZ, KMPR and PMGI [18-23]. A few research 

activities are on-going to incorporate nano particles into the SU-8 photo resist in order to 

fabricate SU-8 composite based components with improved properties and reduced the 

stress and cracks [24-25]. 
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Figure 2.1. A schematic diagram showing the complete photolithography procedures.  

 Silicon micro machining 2.3.

Micromachining of silicon-based devices shows a similarity to conventional machining in 

forming features in blocks of materials. However, there are distinct differences between 

them. In the silicon micromachining process, a great number of identical elements can be 

fabricated simultaneously on the top of the same wafer and dozens of wafers can be 

processed at the same time. Moreover, the minimum feature size in a range of 1 µm can be 

fabricated, which is difficult to fabricate using conventional micro machining [4]. The 

machining process includes material deposition on the top of silicon wafer, patterning and 
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etching techniques. In order to obtain very thin films of different materials deposited over 

the silicon wafer, a number of different techniques that facilitate the deposition are used, 

such as thermal oxidation, sputtering and chemical vapour deposition (CVD) [26-31]. The 

materials commonly deposited over the silicon wafers or other suitable substrates are 

silicon dioxide, silicon nitride, polycrystalline silicon, aluminium and some noble metals 

such as gold. Photolithography process is served as a mask for etching oxide film 

deposited over the wafers, through which a layer of photoresist is formed over the oxide 

film. Etching is a process of removing the oxides or metallic layers deposited on the silicon 

wafer using various etching processes. Etching can be in a form of wet or dry. In wet 

etching process, the materials are removed by immersing the wafer in a liquid bath of the 

chemical etchant [32-33]. On the dry etching process, the materials can be removed by 

using reactive ion etching (RIE) as a chemical processes or ion beam milling as a purely 

physical process [34-35]. Figure 2.2 shows a schematic diagram of the silicon machining 

process. Silicon micro-machining involves only silicon-based materials, which are 

restricted to a very narrow range. Although silicon-based materials are easily machined 

with microelectronic processing techniques they have obvious disadvantages over metal 

materials when they are used as the structuring material. 
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Figure 2.2. A schematic diagram showing the silicon micro machining process. 

 LIGA technique 2.4.

LIGA is an acronym of a German word for lithography, electroforming, and moulding. In 

this process, high aspect ratios and great structural height are produced based on the 

combination of synchrotron radiation lithography, galvanoforming and plastic moulding 

[36]. There are two types of LIGA techniques depending on the radiation and perform 

used: X-Ray LIGA and UV-LIGA. In the former technique, X-ray is produced by using 
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synchrotron, while in the later one, UV rays are produced using a mercury lamp. In both 

cases the photoresist is shone and developed following the photolithography process 

discussed in section 2.2 and then, the metallic structures are electroplated in the removed 

resist areas. Figure 2.3 shows a schematic diagram describing the LIGA process [37]. It is 

noted that the LIGA process combines two techniques: photolithography and 

electroforming. The photolithography process is used for producing template moulds and 

electroforming is used for producing metallic structures on the templates. Different 

metallic structures are electroplated using the LIGA process such as copper [38], gold [39] 

and nickel, which is commonly used in this technique [40-41]. Figure 2.4 (a) and (b) show 

examples of using the LIGA process for producing SU-8 and nickel micro structures, 

respectively [42]. Although the LIGA process is based on the lithography and 

electroforming processes to build up the micro components over the wafer, a few ranges of 

materials are used so far. It is also showing a disadvantage of producing metallic structures 

with thick side-walls due to the very low deposition speed of electroforming. To obtain 

1mm thick, five continuous days are need [23]. However, a new process is provided to 

electroform nickel-alumina micro composite, but so far, the composition of the alumina 

content is very small when compared with nickel and is difficult to be control [43]. 
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Figure 2.3. A schematic diagram showing the LIGA fabrication processes: (i) synchrotron 

irradiation of photoresist, (ii) development of exposed photoresist, (iii) electroforming of 

metallic microstructures, (iv) making of mould insert, (v) mould filling and (vi) de-

moulding [38]. 
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Figure 2.4. SEM images showing the micro components fabricated by using UV-LIGA 

process: (a) SU-8 micro master mould over silicon wafer and (b) Nickel negative replica 

after removing SU-8 moulds [43].  

 Laser micro machining 2.5.

Laser micro-machining is a non-lithographic fabrication process. The laser beam is emitted 

in narrow and low divergence well-defined wavelengths with high power that can remove 

materials such as fine particles and vapour from a substrate. Laser is operated in the pulsed 

mode in which the materials are removed with each pulse. The amount of material 

removed depends on the material itself, the length of the pulse, and the intensity of the 

laser light. The desired shape is produced and controlled by using chromium on a quartz 

mask that is placed in contact with the material being machined, and then the laser light is 

shone through it. Material is removed where the laser light strikes it. Laser machining is 

used in different applications such as spectroscopy, material processing, medicine, 

military, industrial, and MEMS applications [44]. In micro fabrication, laser plays a big 

role in cutting, drilling, etching materials such as plastics, glass, ceramic and thin metals 

with dimensions from 1 micron to 1 mm [45-50]. Laser micromachining has a capability of 
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producing micro structure by machining different materials with vertical and tapered 

sidewalls, but it produces some problems in the micro features such as the induced stress 

and heat-affected zone [51-52]. Figure 2.5 (a) and (b) show a schematic diagram of laser 

micromachining process and micro gear structure with internal teeth on a silicon wafer 

[53]. 

 

Figure 2.5. A schematic diagram showing: (a) laser micro machining process and (b) SEM 

image of micro gear with internal teeth machined using lased micro machining [54]. 

 Electrical discharge machining 2.6.

Electrical discharge machining is a non-lithographic process in which an electrical 

discharge is formed between the electrode (machine tool) and the work piece to erode the 

materials from work piece. Micro-EDM is the machining process developed from EDM for 

the fabrication of the micro components. Micro-EDM is categorised into three types: hole 

boring, shaped working electrode and wire EDM [10]. Figure 2.6 show a schematic 

diagram of the three micro-EDM types [10]. For both hole boring and shaped working 

electrode, the electrodes are degraded during usage; therefore they are replaced during the 

process. These types are successfully used for the production of different features with 
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micro sizes [54-57]. On the other hand, Micro-wire EDM is developed to fabricate high 

accuracy 3D microstructures. Through this process, the working electrode is a wire which 

is continually drawn through the work piece [58-60]. Therefore, there is always a new part 

of the electrode available for the machining. Micro-EDM produces a good micro 

fabrication process of different miniature components [61-63], when the work piece 

material is too hard or the desired shape cannot easily be conventionally machined. 

However, the process is limited to the conductive materials. Electrode wear is another 

issue affecting the final machined parts. Figure 2.7 shows the SEM images of the high 

aspect ratio WC-Co (tungsten carbide super hard alloy) fabricated by LIGA and micro-

EDM processes in which the electrode is fabricated using LIGA process [64]. The 

electrode is changed three times during the process due to the occurrence of wear, as seen 

in Figure 2.7 (b) and (c). Heat affected zone is another problem always accompanied with 

EDM due to the high temperature charge formed [8000–12000
o
C]. However, the 

parameters affecting the EDM process is studied to improve the quality of the micro 

features [65]. 

 

Figure 2.6. A schematic diagram showing the three types of the micro-EDM: (a) hole 

boring, (b) shaped working electrode, (c) wire EDM [11]. 
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Figure 2.7. SEM images showing the WC-Co micro structure: (a) 1 mm gear pattern and 

initial shape of the patterned negative type electrode: (b) before use and (c) after use [65]. 
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 Hot embossing 2.7.

Hot embossing is a simple process for mass production of different sizes of components. 

The process starts by producing the mould insert using one of the various methods, such as 

micromachining, computer numerical controlled machine (CNC), LIGA and EDM. 

Afterwards, both polymeric materials and the mould insert are heated until the target 

materials are softened, and then the mould inserts are pressed into the surface of the 

polymer material so that it takes up the impression of the model structure. After cooling, 

the stamped pattern is obtained by de-embossing. Figure 2.8 shows the hot embossing 

process [66]. Although the process is successful in producing a wide range of micro 

components from different polymeric materials [66-69] it is limited in the fabrication of 

other materials, such as metals and ceramics. 

 

Figure 2.8. A schematic diagram showing hot embossing equipment [67]. 
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 Micro machining and micro milling 2.8.

Cutting tools such as mills, lathes, and drills have been in use for the production of 

macroscopic components with different shapes for over a century. Recently, many micro 

features are machined from metals and silicon to a desired shape with some features 

smaller than 10 μm using modern computer numerical controlled (CNC) machines with 

sharply tipped diamond-cutting tools [70-71]. The applications for using CNC machines 

include optical mirrors and computer hard drive disks. Micro milling is a very versatile 

technique for producing the 3D micro scale features when complicated feature geometry is 

needed. A wide range of materials, including metallic materials and metal alloys, can be 

machined. Focus ion beam (FIB) is a milling technique used for milling various micro 

structures. As the ion beam hits the surface of the sample it sputters a small amount of 

material in the form of ions or neutral atoms; therefore micro or even nano feature is 

shaped. Because of the ability of FIB to remove atoms from the surface of materials, it is 

used as a micro machining tool for different applications such as transmission electron 

microscope (TEM) [72], oblique sub-micron cut [73], micro cantilever beam [74] and 

different silicon micro milling [75]. Figure 2.9 shows the milled membrane for TEM study 

using FIB [71]. However, the FIB is a promising technique of milling micro and nano 

structures; the material removal in the form of atoms or ions makes it a very slow milling 

process.  
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Figure 2.9. SEM image showing a milled membrane by using FIB for TEM study [73].  

 Micro Metal injection moulding (µMIM) 2.9.

Powder injection moulding (PIM) is an economical method of producing components from 

polymers, metals and ceramics, which is developed from plastic injection moulding. It has 

the advantages of plastic injection moulding and the powder metallurgy process of 

producing flexible designs and a wide range of materials. This technique is called metal 

injection moulding (MIM) or ceramic injection moulding (CIM) when the metal or ceramic 

powders are used, respectively. The fabrication process includes mixing powder and 

binder, injection moulding, de-binding and sintering. Figure 2.10 show a schematic 

diagram of the detailed fabrication process of PIM technique [76]. Micro metal injection 

moulding (µMIM) is an emerging technique developed from PIM to produce miniature 

components. The process depends on solid micro mould insert, so it is always dependent 

on other micro fabrication techniques to fabricate those moulds, such as LIGA, EDM and 
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CNC. Like PIM, the fabrication process includes the same procedures. The first micro 

metallic components fabricated by µMIM were reported in [77-78]. However, the 

technique is developed further to include a wide range of materials, such as stainless steel 

[79], alumina [80] and tungsten [81].  Although µMIM is an economical micro fabrication 

process, there are still some technological aspects to be addressed, including better 

feedstock with smaller particle size, mould insert with longer lifetime and better surface 

quality of the sintered microstructures, reduction of tolerances in shrinkage due to sintering 

and improved economic efficiency [82-86]. 

 

 

Figure 2.10. A schematic diagram showing the processing procedures of PIM technique: 

(i) mixing, (ii) injection moulding, (iii) de-binding, (iv) sintering and (v) microstructure 

[87].  
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 Softlithography technique 2.10.

Softlithography is a process of shaping three dimensional micro components by using a 

soft mould insert. It was developed as a new approach to fabricate micro components for 

optical system [88], micro fluidic system [89] and microelectronic devices [90]. More 

recently, soft lithography has used for producing pure epoxy and epoxy-based composite 

micro components [91-93]. The combination of Softlithography and powder metallurgy 

processes is used successfully in the production of micro components from different 

metallic and ceramic materials [94-99]. The process is similar to that presented in the 

micro metal injection moulding process in using powder metallurgy process for producing 

material slurry or paste, filling the soft micro mould, obtaining the green micro 

components, de-binding and sintering. It also shows a similarity to using the other micro 

fabrication techniques to produce the master moulds. The main different between 

Softlithography   and micro metal injection moulding is the type of mould inserts used. In 

the former technique the mould inserts are always soft mould, usually 

Polydimethylsiloxane (PDMS), while in the later one, rigid mould inserts are used. Figure 

2.11 shows the schematic diagram of the complete soft moulding process. Due to the 

ability of the PDMS moulds to produce a high impression replica of the master mould, the 

quality of the shaped micro components depends on the quality of their corresponding 

master moulds. Although soft moulding is a simple and low cost micro fabrication process 

applicable to a wide range of materials and patterns, it is still under development. Because 

the soft moulding process requires additional processes, such as de-binding and sintering, 

the process needs more investigation to address different issues such as shrinkage 

accompanied by sintering processes. 
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Figure 2.11. A schematic diagram showing the soft moulding processes: (i) preparing 

master mould, (ii) replicating by soft mould, (iii) obtaining the soft mould, (iv) filling the 

soft mould by slurries, (v) de-moulding and obtaining green components and (vi) sintering. 

 Summary 2.11.

In this chapter, several micro fabrication techniques for the production of the micro scale 

components are discussed. Some of them are combined with others to fabricate micro 

components such as LIGA, µMIM, Softlithography and silicon micro machining, while 

EDM, laser micro machining, CNC and FIB can fabricate micro structure without 

combination with other techniques. For both photolithography and LIGA processes, the 

materials fabricated are polymer and a restricted range of metals so far. While micro 

components can be fabricated with complex shapes using non lithographic techniques such 

as EDM, CNC and FIB, the material limitation and time consuming processes are the main 
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issue. For both µMIM and soft moulding, powder metallurgy based process, the techniques 

can be used for different types of monolithic and composite materials and they show a 

mass production process. In Softlithography  process, the final linear shrinkage 

accompanied by sintering process which reach 22% of the master mould needs to be 

improved [87, 97].  
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CHAPTER 3. FABRICATION OF SU-8 MASTER MOULDS 

AND THEIR NEGATIVE REPLICAS SOFT MOULDS 

This Chapter presents the first stage of this research, which includes the detailed 

fabrication process of SU-8 master moulds and their negative replicas soft mould inserts. 

The optimization of the SU-8 micro moulds and their negative replicas soft moulds in 

terms of high quality and straight side walls is investigated in detail. 

 Production of SU-8 master moulds 3.1.

SU-8 is a negative tone photoresist which was developed by IBM [100]. It is composed 

from three different components: EPON epoxy resin, organic solvent and photo-initiator 

[100-101]. EPON epoxy resin is responsible for high functionality and optical transparency 

while the organic solvent produces the viscosity of the solvent and determines the final 

thickness of the coated film. The function of the photo-initiator is to polymerize the EPON 

epoxy resin. The polymerization takes place when the photoresist mixture is exposed to 

ultraviolet light. The exposed mixture generates a strong acid which facilitates polymeric 

cross-linking during post exposure bake. The early fabrication process of SU-8 was 

performed by mixing the three components together with different ratios in a clean room 

[100-101]. While later, the SU-8 photoresist is produced as single component. It is used for 

producing the different structures from few microns to over one millimetre thick [102-

105]. The most important SU-8 fabrication techniques are UV [106] and X-ray 

photolithography [107]. However, the X-ray process incurs much cost when compared 

with UV lithography due to the need to access to a synchrotron, which is not available to 

many researchers. SU-8 has good optical properties in the near i-light UV range 360-420 
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nm [108]. Therefore, homogeneous exposure from the top to the bottom layers can be 

obtained and ultra-thick micro patterns can be fabricated. These properties, in addition to 

excellent thermal stability, make it well suited for fabrication of master moulds. SU-8 2075 

is the type of photoresist used in this research and its properties are presented in Table 3.1, 

supplied by Microchem, USA. Figures 3.1 and 3.2 show schematic diagrams of the micro 

engine components to be fabricated in this research and the complete fabrication process of 

SU-8-2075, respectively. 

Table 3.1. The properties of SU-8 2075 as delivered by Microchem, USA [108]. 

Thermal properties Physical and mechanical properties 

Glass transition temperature 210
o
C Tensile strength 60 (MPa) 

Thermal stability 315
o
C Density  1.236 (g/ml) 

Thermal conductivity 0.3 (W/mK) Young’s modulus   2 (GPa) 

Coefficient of thermal expansion 52 (1/
o
K) Viscosity  22000 (cSt) 

  Tensile strength  60 (MPa) 
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Figure 3.1. A schematic diagram showing the micro engine assembly with dimensions and 

the micro engine parts fabricated in this research, designed by Peng Jin [109]. 
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Figure 3.2. A schematic diagram showing the completed fabrication process of SU-8 

master moulds: (i) casting SU-8 slurry over silicon wafer, (ii) soft baking, (iii) exposing to 

UV-light, (iv) post exposure baking (PEB) and (v) developing. 
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 Procedures for production 1 mm thick SU-8 master moulds 3.1.1.

The fabrication procedures of SU-8 master moulds were performed in a fume cabinet at the 

clean room under continuous ventilation to avoid contamination, which affects the 

properties of SU-8. The procedures needed to fabricate SU-8 master moulds are discussed 

in different literatures presented in SU-8 home page [105] and [109]. However, changing 

the SU-8 type and the desired thickness needs to change the procedures. As presented by 

Jin P. et al [109], the SU-8 micro engine components have been produced using SU-8 50 

type with three different filters during exposure and the overall exposure energy is 24.530 

J/cm
2
. Therefore, the SU-8 fabrication process is modified in this research in order to 

fabricate high quality SU-8 2075 master moulds; the same quality as those produced by Jin 

P. et al [109] and to reduce the overall exposure process by using one filter instead of using 

three filters.  

3.1.1.1. Mask design 

All the micro components are designed using computer aided design (CAD) and printed to 

the mask substrate [109]. The mask consists of patterned opaque chromium on a 

transparent fused-quartz substrate. 

3.1.1.2. Casting SU-8 over silicon wafer 

The silicon wafer is firstly cleaned using acetone ACS reagent (≥99.5%) and isopropyl 

alcohol (IPA, 99.9%). Due to higher thickness needed ~1 mm, there is no need to use the 

spinner coating; hence, the SU-8 slurry is dispensed as one layer. Spinner coating is a 

machine containing a rotating disc on which the silicon wafer is put and SU-8 is distributed 

with desired thickness by centrifugal force. A proposed method used in this research to 
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control the final desired thickness is presented as follows: (i) calculate the theoretical SU-8 

volume as a cylinder shape with 4
ꞌꞌ
 base diameter (4

ꞌꞌ
 silicon wafer) and 1 mm thick, (ii) 

after soft baking, the solvent is evaporated; therefore, the volume needs to be increased to 

compensate the evaporated solvent. The calculation is presented as follows: 

                                                             (3.1) 

   : Theoretical volume, 

 : Silicon wafer cross section area, 

 : Desired thickness. 

While the desired thickness      , the wafer cross section area        cm
2
 and then, 

the theoretical volume           cm
3
. 

This volume needs to increase because the solvent evaporated during the soft baking needs 

to be taken into account. According to the SU-8 properties presented in Table 3.1, the solid 

content in the slurry is 73.45%; therefore the actual volume is calculated as: 

                                                                                                                  (3.2) 

The actual volume    is 11.04 cm
2
. 

The actual volume is an approximated value because the solvent may not be completely 

removed during the soft baking process. In addition, a small amount of solvent must be left 

in the SU-8 in order to avoid cracking during the exposure [15]. Also, the calculation is 

based on the ideal cylindrical shape but in fact, the silicon wafer circumference is not 

covered completely with SU-8.  
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3.1.1.3. Soft baking 

After dispensing the SU-8 over the silicon wafer it was put on a levelled hot plate, as 

shown in Figure 3.3, for soft baking. SU-8 resist shows a self- levelling mechanism during 

soft bake, i.e. the top surface tends to be horizontal; therefore, using levelled hot plate 

removes the edge bead effect and produces good contact between mask and resist top 

surface during exposure [106]. Soft baking is a critical step of fabricating ultra-thick SU-8 

layers, greater than 500 µm thick. If the soft bake time is not sufficient, too much solvent is 

left in the resist. The excess solvent left in the resist makes it stick with mask during 

exposure and the image may not be printed properly. On the other hand, over soft bake 

removes the solvent completely from the resist and the resist become brittle and prone to 

cracking before exposure. The soft bake time depends on the type of the SU-8 and the 

desired thickness. After being repeatedly tested, the baking time was verified 

experimentally in this research and the optimum procedures for soft bake SU-8 2075 are 

presented as follows:  

 The wafer was put on a levelled hot plate for 15 minutes. 1.

 The temperature was ramped to 65
o
C with a heating rate of 5

o
C/min and maintained at 2.

this temperature for two hours. 

 The temperature was ramped again to 95
o
C with a heating rate of 5

o
C/min and 3.

maintained for 34-36 h. 

 Finally, the wafer was cooled down to room temperature at the ambient atmosphere 4.

without forced cooling. 
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Figure 3.3. A photograph showing the SU-8 resist on a silicon wafer is put on top of a hot 

plate for soft baking. 

3.1.1.4. Exposure 

Exposure is the most important step of fabricating ultra-thick SU-8 layers. The exposure is 

done under a Canon PLA-501 machine with parallel light mask aligner (University of 

Birmingham, School of Mechanical Engineering), as shown in Figure 3.4. Many factors 

affect the quality of the exposed SU-8 such as film thickness, type of wafer and type of 

photoresist [106]. The SU-8 data sheet does not mention how much UV light dose needs to 

obtain ultra-thick SU-8 layers greater than 500 µm; therefore, the exposure step was 

repeatedly tested with different exposure doses in order to produce straight side walls. 
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Figure 3.4. A photograph showing a Cannon PLA-501 mask aligner machine used for 

exposing the SU-8 by UV-light. 

3.1.1.5. Post exposure bake (PEB) 

During exposure a strong acid is formed on the exposed SU-8 layer. The post exposure 

bake is an important step in which thermal epoxy cross-linking of the exposed layer takes 

place. The post exposure steps were presented as follows:  

 The exposed wafer was put on top of a levelled hot plate. 1.

 The temperature was ramped to 65
o
C with 5

o
C/min and maintained for 15 minutes. 2.

 The temperature was ramped again to 95
o
C with 5

o
C/min and maintained for 25 3.

minutes. 

 The wafer was cooled down to the room temperature without forced cooling. 4.
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3.1.1.6. Development 

Development is a process of dissolving the unexposed layers using a chemical solvent 

called EC developer. After post-exposure bake (PEB), the exposed layer is hardened by 

epoxy thermal cross linking, which resists the chemical solvent attack. On the other hand, 

the unexposed layer was easily dissolved by EC solvent.  In order to completing dissolve 

the unexposed area, the wafer was put into a quartz dish and the developer (EC) added. 

Afterwards, the dish was put into the water bath of an ultrasonic machine. After 45-60 

minutes, the unexposed features are completely dissolved and the wafer is rinsed several 

times by Isopropyl alcohol (IPA). 

3.1.1.7. Hard bake 

Hard bake is the last step of fabricating SU-8 micro structure. This stage may not be 

required in the SU-8 fabrication process. However, it is desired in this research in order to 

harden the SU-8 and improve the contact between the SU-8 micro structures and silicon 

wafer. Consequently, it can be used as a master mould several times. The hard bake 

procedures are presented as follows: the wafer was put on top of a hot plate; afterwards, 

the temperature was ramped to 115
o
C with heating rate 5

o
C/min and maintained for 10 

minutes. Finally, the wafer was cooled down to room temperature without forced cooling. 

 Results  3.1.2.

The fabrication procedures are discussed in detail in the previous sections. It is found that 

exposure is the most important step to produce vertical sidewalls. The exposure was 

performed by two different methods. In the first method, the exposure was performed 

without filtering UV light and the exposure energy varies from 4500 to 9000 mJ/cm
2
. 
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While in the second method, a PL-360 filter, recommended by the SU-8 supplier, was used 

with the same exposure energy range.  

The effect of exposure doses and filtering conditions on the sidewalls of the SU-8 micro 

components was investigated using SEM micro graphs. Figures 3.5, 3.6 and 3.7 show the 

SEM micro graphs of SU-8 exposed without filter and the exposure doses are 4500, 7000 

and 9000 mJ/cm
2
, respectively. At low exposure dose (4500 mJ/cm2), it is clear that the 

side wall has round edges and differs from the designed mask. Moreover, the top and 

bottom teeth faces are not completely exposed, which indicates insufficient exposure 

energy. When the exposure energy increases to 7000 mJ/cm
2
, the side wall is improved but 

it is not sharp. However, the bottom faces of the teeth are still round. Further improvement 

in the sidewalls is obtained when the exposure energy increases to 9000 mJ/cm
2
. Although 

increasing the exposure energy improves the side wall, T-topping effect has appeared in 

the micro linkage rod as seen in Figure 3.7(a). T-topping is a phenomenon that occurs in 

the exposed ultra-thick SU-8 (greater than 500 µm) in which the top layer is bigger than 

the bottom one.  
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Figure 3.5. SEM images showing the SU-8 micro components and their side walls 

exposed by using 4500 mJ/cm
2
 without filter: (a) side walls of the micro piston and (b) 

micro gear, micro linkage rod and gear teeth side wall. 

 

Figure 3.6. SEM image showing the SU-8 micro gear and its teeth side walls exposed by 

using 7000 mJ/cm
2
 without filter. 
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Figure 3.7. SEM images showing the SU-8 micro components and their side walls 

exposed by using 9000 mJ/cm
2
 without filter: (a) side walls of the micro linkage rod and 

(b) micro gear and its gear teeth side wall. 

On the other hand, Figures 3.8 (a), (b) and (c) show the SEM micro graphs of SU-8 micro 

gears exposed with PL-360 filter and the exposure doses are 4500, 7000 and 9000 mJ/cm
2
, 

respectively. Generally, the side walls are improved significantly when compared with the 

previous method at the same exposure dose. Increasing the exposure dose increases the 

sharpness of the side walls. Moreover, line traces are present in the side walls as indicated 

by black arrows. The optimum SU-8 micro gear, micro engine cylinder, micro linkage rod 

and micro piston are obtained when the exposure dose is 9000 mJ/cm
2
 as shown in Figures 

3.8 (c), 3.9 (a), (b) and (c), respectively. 
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Figure 3.8. SEM images showing the SU-8 micro gears and their side walls exposed by 

using PL-360 filter and the exposure energy are: (a) 4500 mJ/cm
2
, (b) 7000 mJ/cm

2
 and (c) 

9000 mJ/cm
2
. 
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Figure 3.9. SEM images showing the SU-8 micro engine components exposed by using 

PL-360 filter and the exposure energy is 9000 mJ/cm
2
: (a) micro engine cylinder parts, (b) 

micro linkage rods and (c) micro pistons. 

 Discussion 3.1.3.
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nm. UV light is emitted from a mercury lamp (Hg), which contains spectra as shown in 

Figure 3.11 [110]. The emitted spectra contain i-line, h-line and g-line and their 

corresponding wave lengths are 365, 405 and 436 nm, respectively. As discussed 

previously, SU-8 is very sensitive to near i-line spectrum 320-400 nm; therefore, the Hg 

lamp used in this research is dominated by i-line spectrum. 

In the first exposure method, no filter is used, the shorter wavelength is absorbed by SU-8 

on the top layers and exposure energy is insufficient to go through to the bottom layers. 

This explains why the side wall is not straight. Increasing the exposure dose increases the 

exposure energy going to the bottom layers, which improves the side walls. When the 

exposure dose increases further, the SU-8 top layers may absorb UV light and gradually 

hinder the energy to go through the bottom layers. That is why the T-topping effect may 

have occurred. On the other method, using the PL-360 filter cuts off the UV wavelength 

below 360 nm and permits the energy above 360 nm to go through. As a result, the UV 

energy below 360 nm, which absorbed quickly in the top layers, is omitted. Hence, the UV 

light above 360 nm is gradually absorbed and homogenous exposure doses can go through 

the entire SU-8 thickness. Thus, sharp side walls are obtained. Consequently, optimum 

results obtained by using a PL-360 filter and exposure dose 9000 mJ/cm
2
 were selected to 

be master moulds for the next fabrication procedures. 
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Figure 3.10. A graph showing the optical transmittance of SU-8 with UV-light wavelength 

[108]. 

            

 

Figure 3.11. A graph showing spectral distribution of Hg mercury lamp used for 

photolithography process [110]. 
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 Production of negative replicas soft moulds 3.2.

 Soft moulds  3.2.1.

Silicon rubber or Polydimethylsiloxane (PDMS) is a silicon-based organic polymer. It is 

non-flammable, non-toxic and optically clear. Moreover, very accurate impressions of 

micro structures can be obtained. It is used successfully as a mould insert for production of 

different micro components [94-99]; therefore, it was selected in this research as a negative 

mould insert. There are several types of PDMS. Each type produces specific properties and 

is used for different applications. Dow Syligard 184 Silicone Elastomer (Dow Curing, UK) 

was selected because it has been utilised before as mould inserts [95, 97 and 99].  The 

physical properties of the PDMS are presented in Table 3.2 [111]. 

 Preparation of soft mould slurry 3.2.2.

The preparation procedures of soft mould inserts are presented as follow as recommended 

in different articles [97, 99].  

 The elastomer and curing agent were mixed in a ratio 10:1 by weight and stirred by 1.

mechanical stirrer for 5 min in order to mix them thoroughly.  

 So many bubbles are formed and the mixture is transferred to milky slurry.  2.

 Afterward, the mixture was put under vacuum (0.2 bars) for 30 minutes in a degassing 3.

chamber in order to remove all the bubbles.  

 After completely removing the bubbles, the PDMS slurry was poured over the SU-8 4.

master moulds. 

 In order to fill the micro features inside SU-8 master moulds and remove the trapped 5.

air between master mould and PDMS slurry, the SU-8 master moulds was put again 
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under vacuum (0.2 bars) for 20 minutes. Figure 3.12 shows the degassing chamber 

used in this research. 

Table 3.2. The properties of Polydimethylsiloxane (PDMS) [111].  

Chemical formula Density Boiling point Glass transition temperature) 

(C2H6OSi)n 0.965 g/ml ≤ 200
o
C ≤ - 120

o
C 

 

                       

Figure 3.12. A photograph showing the degassing chamber used in this research. 

 Curing and peeling off    3.2.3.

After filling the SU-8 master moulds, the PDMS moulds were cured in an oven. The curing 

procedures recommended by the PDMS data sheet were done at the oven by adjusting the 

temperature to 100
o
C with a holding time of 45 minutes, and then cooling down to the 

room temperature. After curing, the PDMS transferred to a rubbery mould. The peeling off 

was done manually by tweezers and cutter help. Figure 3.13 shows a schematic diagram of 

the soft moulding slurry preparation procedures. 
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Figure 3.13. A schematic diagram showing the complete replication process of the soft 

mould insert: (i) mixing, (ii) degassing, (iii) pouring, (iv) curing and (v) peeling off. 

 Results and discussions   3.2.4.

The peeled PDMS micro moulds are coated with gold using a sputtering machine and then 

inspected under SEM. Figure 3.14 (a) and (b) shows the PDMS negative replicas prepared 

by no degassing and when insufficient degassing is applied, respectively. It is found that 

when no degassing is applied, the PDMS negative replicas are damaged in gear teeth and 

two pins inside. While, insufficient degassing does not produce good negative replicas, the 

micro holes are not completely filled. On the other hand, using sufficient degassing time 

produces defect free negative mould inserts; the same quality as SU-8 master moulds of the 

micro engine as shown in Figure 3.15. These good negative replicas are used as a mould 

inserts with powder metallurgy process in the following chapters. 
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Figure 3.14. SEM images showing defected PDMS negative micro moulds due to: (a) no 

degassing is applied and (b) insufficient degassing. 

 

Figure 3.15. SEM images showing defect free PDMS negative micro mould inserts: (a) 

micro gear, (b) micro piston, (c) micro linkage rod and (d) micro engine cylinder. 
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In this Chapter the SU-8 master moulds and their negative replicas soft micro moulds were 

successfully fabricated with high quality; the same as designed. The following conclusions 

are obtained: 

 The exposure energy and filtering are the most important parameters affecting the 1.

quality of the fabricated SU-8. It is clear that, using one filter during exposure 

produces high quality SU-8 micro engine components; the same quality as SU-8 

fabricated by using three different filters.  

 Degassing is an important step of producing defect-free soft micro moulds. 2.
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CHAPTER 4. SELECTION OF STAINLESS STEEL 

POWDER AND BINDER 

This Chapter presents in detail the selection of stainless steel powder and binder to be used 

in this research. Three different binders are tested in this chapter. The successful one used 

for producing damage-free green micro gears is selected to be used in the following 

fabrication processes. 

 Powder selection 4.1.

Selection of powder shape and size is an important parameter which depends on the type 

and the size of mould inserts. Generally, spherical and irregular powder shapes are widely 

used in powder metallurgy processes. In micro metal injection moulding (µMIM) where a 

rigid mould insert is usually used, the irregular powder shape is recommended [112]. The 

irregularity produces high green strength between the particles and their neighbours by 

plastic deformation under the applied pressure and it produces good powder integrity in the 

green part [113]. However, the spherical powder shape is also used in this technique in 

order to produce a good density packing [114-115]. While soft micro mould inserts are 

used in this research, the filling technique mainly depends on low applied pressure. 

Consequently, spherical powder shape is recommended in order to produce good density 

packing. The minimum feature size of the mould insert is the main factor affecting the 

selection of the powder size. To obtain isotropic behaviours of the sintered micro 

components, it is very important that the minimum grain size is smaller than that of the 

minimum micro feature; therefore, powder size should be at least smaller than the 

minimum feature to be fabricated [98, 116-117]. As discussed in Chapter One, the 
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minimum feature to be fabricated is the tip of the micro gear teeth which measure ~ 75 µm. 

Therefore, gas atomized 316-L stainless steel powders containing three different particle 

sizes are tested. 316-L Stainless steel has superior properties in wearing, corrosion and 

oxidation resistance. The presence of chromium-nickel and molybdenum increases 

resistance to pitting and crevice corrosion in chloride environments. The average particle 

sizes were 5, 10 and 16-µm, respectively. The chemical compositions, particle size 

distributions and tap densities delivered by supplier (Sandvik Osprey, UK.) are listed in 

Tables 4.1 and 4.2, respectively. Samples from each powder were also inspected under 

SEM and their images are shown in Figure 4.1. Generally, the particles are spherical in 

shape. 

Table 4.1. The chemical compositions of the 316-L stainless steel powders (Sandvik 

Osprey, UK.). 

Sample size  Chemical composition 

 Fe Cr Ni Mo Mn Others 

81.6% < 5  µm 68.57 16.5 10.5 2.1 1.45 0.88 

90.1% < 10 µm 68.41 16.2 11 2.4 1.26 0.73 

90.8 < 16 µm 67.93 17.3 10.4 2.3 1.39 0.68 
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Table 4.2. The Particle size distributions and the tap densities of 316-L stainless steel 

powders (Sandvik Osprey, UK.).  

Sample size  Particles size distribution (µm) Tap density 

 D10 D50 D90 (g/ml) 

81.6% < 5  µm 1.9 3.4 5.8 4 

90.1% < 10 µm 2.9 5.6 10 4.5 

90.8 < 16 µm 3.4 7.7 15.7 4.6 

 

 

Figure 4.1. SEM images showing the 316-L stainless steel powders: (a) 5-µm, (b) 10-µm 

and (c) 16-µm sizes. 
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 Binder selection 4.2.

The main function of the binder system is to hold the powder into the desired shape and to 

maintain that shape until the sintering process. In addition, the binder should have good 

flow characteristics during the moulding process and rapid viscosity during drying. 

Moreover, the binder should have good interaction with powder and is completely de-

bound before the sintering [114, 118-119]. Several types of binders have been used in the 

powder injection moulding process, which include wax, thermoplastic and thermosetting 

[112, 114, 116 and 119-120]. The removal behaviour of most types of binder is done 

thermally below sintering temperature. However, oil is added to the wax-polyethylene (PE) 

binder in order to be degraded by solvent [121-122]. Gel casting is another approach of 

binder system used for making complex shapes from ceramic and metallic powders [123-

124]. The process includes mixing the powder and organic monomers to form a slurry, 

which is used to fill a mould insert with the desired shape. The slurry is polymerized 

chemically by forming cross linked polymer-solvent gel after adding a catalyst and 

initiator. This type of binder is thermally degraded. Acrylic-based binder is another 

approach of binder system of forming powder slurry. The process includes dispersion of 

the fine powder into aqueous or non-aqueous dispersant media. Afterwards, the acrylic 

binder is added and the mould inserts are filled. This type of binder produces a good 

interaction with powder after the solvent evaporates and is used in ceramic processing 

technology [125-126]. Because soft mould inserts are used in this research, the moulding 

process is done at room temperature; therefore, the binder should have low viscosity at 

room temperature. Hence, wax, thermosetting and thermoplastic binders are not suitable 

because they are physically hard at room temperature. On the other hand, gel casting and 
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acrylic-based binders may be used. Three different binders were tested in this chapter, 

which includes gel casting, Cyanoacrylate and acrylic-based binders.   

 Preparation of green micro parts 4.3.

The main target of this Chapter is to select an appropriate binder to produce damage-free 

green micro components. To reach this target, a proposed method is presented as follows: 

(i) prepare stainless steel slurries from different types of binder, (ii) fill the soft micro 

mould inserts, (iii) after the slurries have dried, the green micro components are de-

moulded. Because the micro gear was the complex shape to be fabricated in this thesis, it is 

selected in this Chapter to obtain the appropriate binder. The successful binder used to 

form net shape green micro gear without distortion after de-moulding is selected as the 

binder for the other process. 316-L stainless steel with 5-µm powder was investigated in 

this chapter. 

 Preparing stainless steel slurries 4.3.1.

4.3.1.1. Gel casting based slurry 

Gel casting is used as a binder for ceramic processing technology, first published in 1991 

[127]. However, the process has been developed to include several types of metals and 

ceramics [128-129]. The slurry is prepared from powder, organic monomer, catalyst, 

initiator and water or inorganic solvent. After being casted into the desired shape, the 

slurry polymerises to form high strength green components. The strength of the green part 

is greater than that of conventional slip casting as presented by Vandeperre et al. [130]. 

That is why gel casting is selected as a binder in this research where the micro metallic 

components are liable to damage during de-moulding. The gel casting stainless steel slurry 
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was prepared following the same procedures presented by Santos et al., [131]. The 

properties of gel chemicals delivered by the supplier (Sigma Aldrich, UK.) are presented in 

Table 4.3. 

To prepare stainless steel slurry based on gel casting, the following procedures are 

presented: 

 Premix solution was prepared by adding Methacrylamide (MAM) monomer crystal to 1.

distilled water and the mixture was stirred by mechanical stirrer until the solid was 

completely dissolved. Afterwards, Hydroxymethylacrylamide (HMAM) monomer 

solution was added and the whole mixture was stirred again for homogenization. 

 Stainless steel powder was added to the premix during the stirring process and the 2.

whole mixture was stirred for 30 minutes to form a homogenous metallic slurry. 

 Many bubbles were formed during stirring process. Therefore, the slurry was put under 3.

vacuum in the degassing chamber in order to remove the bubble.  

 The catalyst, Tetramethylethylenediamine (TETMED), was added to the metallic 4.

slurry in order to stimulate the gelation process. 

 The initiator, 10% aqueous solution of ammonium persulfate (AP), was added.  5.

The main function of the initiator was to initiate the gelation process. It is found that 

increasing monomer content in the premix increases the strength of the green components 

[124 and 131]; therefore, two different slurries were prepared in this research containing 

20% and 25% monomer solutions. The compositions of two gel casting slurries prepared 

are listed in Table 4.4.  
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Table 4.3. The chemicals of gel casting and their properties (Sigma Aldrich, UK.). 

 Type Formula Molecular weight 

Methacrylamide (MAM) Monomer C4H7NO 85.11 g/mole 

Hydroxymethylacrylamide (HMAM) Monomer C4H7NO2 101.1 g/mole 

Tetramethylethylenediamine (TEMED) Catalyst C
6
H16N2 116.2 g/mole 

Ammonium Persulfate (AP) Initiator (NH4)2S2O8 228.2 g/mole 

 

Table 4.4. The compositions of two different stainless steel slurries prepared from 5-µm 

powder and based on gel casting binder. 

  20% monomer  25% monomer 

Stainless steel 12.46 g 12.46 g 

Distilled water  1.73 g 1.223 g 

MAM  0.237 g 0.355 g 

HMAM  0.575 g 0.863 g 

TEMED  30 µl 30 µl 

AP  50 µl 50 µl 

 

4.3.1.2. Cyanoacrylate based slurry 

Cyanoacrylate (superglue) is a type of adhesive material which is composed of liquid 

acrylic monomers with low viscosity. The polymerization takes place in the presence of 

adsorbed moisture without catalyst or heat [132]. It can easily polymerize by exposing to 
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air moisture. Because it dissolves in organic solvents, such as acetone, it is used as a non-

aqueous binder for metallic powder [99]. The detailed properties of the Cyanoacrylate are 

presented in Table 4.4 [133]. While cyanoacrylate is used as a binder in the preparation of 

aluminium-copper powder slurry as presented by Kim, et al. [99], the same process is used 

in this Chapter with stainless steel powder. 

The stainless steel slurry based on Cyanoacrylate was prepared as follows: 

 Cyanoacrylate was added to acetone in a ratio of 1: 20 by weight and the mixture were 1.

stirred for 10 minutes. 

 As the cyanoacrylate was mixing with acetone, it was completely dissolving and the 2.

stainless steel powder was added during the stirring process. 

 The whole mixture was put into a degassing chamber to remove the bubbles formed 3.

during stirring. 

Table 4.5. The properties of Cyanoacrylate [133]. 

Composition  Formula Density  Melting point 

Ethyl cyanoacrylate 91% C6H7NO2 1.06 (g/ml) -22
o
C 

Polymethylmethacrylate 9% (C5H2N8)n 1.19 (g/ml) 160
o
C 

 

4.3.1.3. Dispersant acrylic based slurry 

Colloidal processing technique has taken great attention in ceramic processing technology. 

The tendency of particle aggregation increases as the particle sizes decrease, which 

produces an inhomogeneous green compact [134]; therefore, using dispersant-based slurry 
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produces homogenous green components with high density [135-136]. Based on ceramic 

processing technology [97], dispersant acrylic based binder was adopted in this research in 

order to prepare stainless steel aqueous slurry. Duramax D-3005 was used as a dispersant. 

It is an ammonium salt of acrylic homopolymer and is used for dispersing a variety of 

inorganic pigments [137-138]. A mixture of Duramax B-1000 and B-1007 is used as a 

binder. Duramax B-1000 and B-1007 are a mixture of an aqueous emulsion of acrylic 

polymer, used as a binder for ceramic fabrication [95 and 97]. Both dispersant and binder 

delivered from Rohm and Haas Ltd., UK. Table 4.6 lists the properties of the dispersant D-

3005, and the binders B-1000 and B-1007. The stainless steel slurry based on dispersant 

acrylic based binder was prepared with the following procedures: 

 Dispersant and distilled water were mixed in a specimen tube by using an ultrasonic 1.

bath for 5 minutes. 

 Stainless steel powder was added and the mixture was stirred using mechanical stirrer 2.

for 20-30 minutes in order to disperse the powder properly. The binder was added and 

the whole mixture was stirred again for 15 minutes to homogenize the slurry. 

 The bubbles formed during stirring were removed by putting the slurry into the 3.

degassing chamber as discussed in the previous sections. 

 Selection of solid loading is based on observations during slurry preparation. 4.

Therefore, the solid loading of the stainless steel slurry based on dispersant acrylic 

based binder was adjusted to be 60% (vol.) which is very reasonable for filling soft 

mould without additional external pressure. The weight percentages of stainless steel 

powder, binder and dispersant are 10, 1 and 0.1, respectively. The binder composition 

is 3: 1 weight% of B-1007 to B-1000. 
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Table 4.6. The properties of dispersant D-3005 and binders:  B-1000 and B-1007 (Rohm 

and Hass, Ltd., UK.). 

 D-3005 B-1000 B-1007 

Physical state Liquid Liquid Liquid milky 

Density at 23
o
C (g/ml) 1.1-1.25 1-1.2 1-1.2 

PH 6-7 9-10 6-7 

Boiling point (
o
C) 100 100 100 

Total solid (%) 34-36 36-42 54-56 

Water solubility completely soluble dilatable dilatable 

 Filling the soft micro moulds 4.3.2.

After preparing stainless steel slurries from different binders, the soft micro moulds were 

filled using the following procedures: 

 The soft micro moulds were put on a petri dish with their openings facing upward. 1.

 The filling was done by two methods: (i) stainless steel slurries were poured in the 2.

micro mould openings and the filling was done under gravity force and (ii) stainless 

steel slurries were poured in the micro mould openings and the soft moulds were put in 

the degassing chamber. 

 After filling the soft moulds, the excess slurry on top of soft micro mould openings 3.

were removed with the help of a metallic blade in order to keep the patterns flat. 

The filled soft micro moulds using gravity and degassing chamber were inspected under an 

optical microscope and the results are shown in Figures 4.2 (a) and (b), respectively. It is 
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clear that, filling the soft micro moulds under gravity produces incomplete micro features. 

The micro gear teeth are difficult to be filled completely. On the other hand, using a 

degassing chamber not only removes the residual bubbles in the slurry but it also removes 

the trapped air inside the micro features and help filling the micro features. 

 

Figure 4.2. Optical images showing the soft moulds of micro gears filled by using: (a) 

gravity method and (b) degassing chamber. 

 Drying and de-moulding 4.3.3.

The filled micro moulds were left to dry at room temperature without additional process. 

For gel casting based slurry, the slurry was dried chemically by forming cross linked 

polymer-solvent gel containing water. The polymerization starts as the initiator is added 

and the gelation time depends on the amount of initiator and monomers; therefore, the 

filling was done quickly to prevent gelation before complete filling. For cyanoacrylate 

based slurry, the acetone evaporates quickly due to its low boiling point (56.4
o
C). While 

the acetone evaporates the adhesion bonding of cyanoacrylate is returned again, which 

bonds the green micro gear. The green micro gear has a sufficient strength because the 

cyanoacrylate provides immediate and high strength as it polymerizes. On the other hand, 

the dispersant acrylic based slurry dried by water evaporation. As the water evaporates, the 
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acrylic binder polymerizes to bond the powder together. Generally, the drying times of 

slurry based on dispersant acrylic based binder is more than that of slurries based on gel 

casting and cyanoacrylate. After being completely dried, the green micro gears were de-

moulded. The soft micro moulds were bended slightly and then, with the help of metal 

blade and tweezers, the green micro gears were taken out of the moulds carefully. 

 Results and discussion 4.4.

The de-moulded green micro gears were inspected under SEM. Figures 4.3 (a) and (b) & 

(c) shows SEM images of the green micro gears fabricated by using gel casting binder with 

20%, 25% and 25% monomer solutions, respectively. After several trials, it is found that 

the teeth of the green micro gears are damaged when 20% monomer is used. When the 

monomer is 25%, some of the micro gears teeth are retained and the inner holes is 

damaged as shown in Figure 4.4 (b), while the most of the de-moulded micro gears teeth 

are completely damaged as shown in Figure 4.4 (c). This happens because the cross linking 

of the metallic slurry is not completed at this area. However, increasing the monomer 

increases the strength of the green micro gear, but the outer part of the green micro gear 

separated from the inner core as seen in Figure 4.4 (c). The separation may happen because 

the outer part is rapidly dried before the inner part. As a result, the stress is formed 

between the inner core and outer part, which causes the separation. Furthermore, as 

discussed by Janney, et. al., [139] that PDMS moulds affect the gelation process of gel 

casting, which prevents the gelation taking place in the contact layer.  

On the other hand, the green micro gears fabricated by using cyanoacrylate binder were 

inspected under SEM and their images are shows in Figure 4.4. It is found that the most of 

micro gear teeth were retained. While some tips of the gear teeth are incomplete. This 
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happens because the rapid polymerization of the slurry, as the acetone evaporates during 

the filling process, reduces the chance to fill the bottom gear teeth. Finally, the green micro 

gears fabricated by using dispersant acrylic based binder were also inspected under SEM 

and their images are shown in Figure 4.5. It is clear that the green micro gears show high 

quality; the same quality as SU-8 master mould. Moreover, the entire micro features 

including teeth and the two holes inside gear are retained without distortion. This happens 

because the drying process is taking place slower than that of gel casting and cyanoacrylate 

binders, which produces a sufficient time to fill the small features before drying. Moreover, 

the slurry based on dispersant acrylic based binder is not react with the soft mould insert, 

and hence the drying is uniform through the entire feature which is retained without 

damage. 
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Figure 4.3. SEM images showing the stainless steel green micro gears based on 5-µm 

powder and fabricated by using gel casting binder, which contains: (a) 20% monomer, (b) 

25% monomer and (c) 25% monomers. 

 

Figure 4.4. SEM images showing the stainless steel green micro gears based on 5-µm 

powder and fabricated by using Cyanoacrylate binder. 
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Figure 4.5 SEM images showing the stainless steel green micro gear based on 5-µm 

powder and fabricated by using dispersant acrylic-based binder. 

 Conclusions 4.5.

Although gel casting process is a promising technique of producing high strength green 

components, the slurry is not compatible with PDMS mould insert in which un-gelled 

layers are formed in contact with the PDMS surface.  While more steps are needed to 

improve the compatibility which increases the overall process time and is not optimal from 

an economical point of view. Thus, gel casting process is not adopted in Softlithography 

technique in this thesis. On the other hand, cyanoacrylate is not suitable as a binder in this 

work. It reacts quickly with the atmosphere as the solvent evaporate and it produces 
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insufficient time to fill the micro features, such as micro gear teeth. Finally, using 

dispersant acrylic based binder is a very adequate method of filling the soft micro mould 

properly. It provides sufficient time to fill the micro moulds properly before the slurry 

dries. Moreover, it provides sufficient binding to the powder after drying which helps 

produce damage free green micro components after de-moulding. Consequently, the 

dispersant acrylic based binder was selected in this research as a vehicle to form the green 

micro components for different types of powders. 
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CHAPTER 5. PRODUCTION OF THE STAINLESS STEEL 

GREEN MICRO COMPONENTS  

As discussed in Chapter Four, using dispersant acrylic based binder produces high quality 

green micro gears. This chapter investigates the process further in order to obtain the 

optimum slurry parameters and produce different green micro components. Three different 

316-L stainless steel powders were investigated, including 5, 10 and 16-µm particle sizes. 

Two filling methods were also adopted in this Chapter including pressure less and cold 

isostatic pressing methods. The effects of filling method, particle sizes, dispersant and 

binder on the density, linear shrinkage and shape retention of the green micro components 

are studied in detail. 

 Pressure less filling method 5.1.

It is clear that, filling the soft micro moulds under degassing chamber produces good green 

micro components. Because the filling process is done without applying external pressure, 

it is called pressure less filling method. The stainless steel slurries containing 5, 10 and 16-

µm powders are investigated and the optimum slurry properties for each powder are 

obtained. 

 Obtaining the optimum amount of dispersant 5.1.1.

As the particles aggregate, the slurry tends to be inhomogeneous which affects powder 

packing in the green components [140-141]. Therefore, the main function of dispersant is 

to reduce the aggregation of the particles and produce a homogenous slurry [142-144]. 

Figure 5.1 shows a schematic diagram of the effect of dispersant on the aggregated 
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particles. When the aggregated particles are mixed with dispersant media, i.e., dispersant 

and distilled water, they are coated with a very thin layer of dispersion. The coated layers 

charge the surfaces of the particles by negative charges, which produce a repulsion force 

between the particles and their neighbourhoods [145-146]. As a result, the aggregated 

particles are separated from each other. To measure the rheological properties of the 

dispersed slurries, Zeta potential is an approach widely used for studying the properties of 

ceramic suspensions [147-149]. However, this approach is also used for studying metallic 

suspension such as nickel nano powder [138]. Although, Zeta potential is an efficient 

method of measuring the rheological properties of suspended nano particles, it is not 

adopted in this thesis because the particles are in micron size and their densities are big 

enough to be suspended in an aqueous dispersion. Thus a new approach was presented in 

this Chapter in order to optimize the slurry properties and to improve the green density of 

the micro components.  

To obtain the optimum dispersant for preparing stainless steel aqueous slurries, the 

proposed method are presented as follows: 

 Prepare stainless steel slurries containing different amount of dispersants for each 1.

powders. The binder and solid loading were adjusted to be the same for all slurries in 

order to study the effect of dispersant only 

 The soft moulds were filled by the stainless steel slurries and the green components 2.

were obtained following the same procedures discussed in Chapter Four. 

 The densities of the green components were measured for each amount of dispersant. 3.

 The maximum green densities were obtained and their corresponding amounts of 4.

dispersant were selected to be the optimum dispersant. 
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Figure 5.1. A schematic diagram showing the effect of the dispersant on the aggregated 

particles. 

Due to the complex shape of the micro components and the difficulty in measuring their 

densities accurately, cylindrical soft moulds were prepared. The dimensions of cylindrical 

soft moulds are 5 mm in both diameter and height as shown in Figure 5.2(a). The stainless 

steel slurries were prepared from three different powders: 5, 10 and 16-µm. The solid 

loading was adjusted to be 60% (vol.), as presented in Chapter Four. The binder is a 

mixture of Duramax B-1000 and B-1007 with ratio 1: 3 wt., respectively. The ratio 

between the binder and powder was selected to be 0.1: 1 wt. The cylindrical green 

components were de-moulded after the slurry dried and their images were inspected under 

optical microscope and shown in Figure 5.2(b). It is clear that the cylindrical green 
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components were obtained without damage, which helps measuring the density by mass 

and volume method. The dimensions were measured using calliper with accuracy 0.01 

mm, while the mass was measured using a very accurate balance with tolerance ± 

0.000001 gram.   

 

Figure 5.2. Optical images showing the: (a) cylindrical soft mould inserts with 5 mm in 

both diameter and height and (b) their corresponding green components.  

 Obtaining the optimum amount of binder 5.1.2.

The binder has a great effect on the preparation of stainless steel aqueous slurries and their 

corresponding green components. It is found that using too much binder can increase the 

green strength but it also increases the overall de-binding time and shrinkage after 

sintering. However, using less binder produces green micro components having 

insufficient strength which is likely to be damaged during the de-moulding process. In fact, 

there is no rule to select the optimum amount of binder desired for obtaining damage-free 

green micro components because the de-moulding is done manually. Thus, the components 

may be damaged due to in-experience de-moulding and/or insufficient strength. Therefore, 

the method used for the selection of the optimum amount of binder is presented as follow: 
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 Prepare stainless steel slurries containing different amount of binders for each powder 1.

size. The amount of dispersant was adjusted to be the optimum amount obtained in 

section 5.1.1. for each powder. The solid loading was also adjusted to be the same for 

all slurries in order to study the effect of binder only. 

 After the soft micro moulds were filled by metallic slurries and the slurries dried, the 2.

green micro components were obtained and inspected under SEM. 

 The minimum amount of binder used for obtaining ~ 50% of the green micro 3.

components damage free was selected as the optimum value. 

 Cold Isostatic pressing (CIP) method 5.2.

Powder metallurgy process provides an economical and near net shape forming process. 

Powder injection moulding (PIM) is a widely used powder shaping process in which the 

powder is compacted to the desired shape using die and plunger [150]. However, this 

process produces some defects in the compacted powder due to inhomogeneous density 

distribution resulted from the friction between the powder and the die wall [151-152]. A 

cold isostatic pressing is another technique used for powder shaping. Through this process, 

the powders are compacted to the desired shape with equally applied pressure from all 

directions to improve the homogeneity and retention of the green components [153-157]. 

There are two types of cold isostatic pressing process: wet bag and dry bag. In the former 

type, a rubber bag (mould) is dropped down into the pressure vessel filled by water and it 

is removed each cycle and refilled. This type is commonly used when large and complex 

shapes are required.  In the later type, dry bag is an integral part of the pressing vessel and 

is used when small sizes and simple shapes that can be removed easily are required. Many 

details of the cold isostatic pressing technique can be found in [158-165]. However, cold 
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isostatic pressing technique is used for production of large scale components; it is limited 

in the fabrication of micro components [166-167]. 

As discussed in section 5.1.1, the soft micro moulds were filled by the metallic slurries 

with 60% vol. solid loading without applying external pressure. Hence, increasing the solid 

loading decreases the opportunity to fill the micro features without applying pressure. 

Consequently, a cold isostatic pressing technique was adopted in this thesis in order to 

apply high solid loading which cannot be used with the pressure less filling method.  

The required equipment for isostatic pressing technique is hydraulic press, pressing 

cylinder and pressing fluid as discussed in reference [168]. The pressing equipment was 

modified in this research in order to be used for pressing micro components. Figures 5.3 

(a) and (b) show a schematic diagram of the pressing cylinder parts including cylinder & 

piston & lid and a photograph showing the hydraulic press and the pressing assembly, 

respectively. 
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Figure 5.3. A schematic diagram and a photograph showing the: (a) hydraulic cylinder 

design with dimensions and (b) photograph of hydraulic cylinder parts and the pressing 

assembly. 
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 Preparation of stainless steel semi solid pastes for CIP method 5.2.1.

The stainless steel semi solid pastes are prepared from different powders using the 

following procedures: 

 Prepare stainless steel slurries with low solid loading 60 % vol. containing the 1.

optimum amount of dispersant and binder following the same procedures discussed in 

pressure less filling method. 

 The slurries were continuously stirred by mechanical stirrer until they transferred to 2.

semi solid pastes.  

 Filling the soft micro moulds by applying pressing 5.2.2.

After preparing stainless steel semi solid pastes, the soft micro moulds are filled by two 

methods: hand pressing and cold isostatic pressing. In the hand pressing method, the semi-

solid pastes were put into the soft micro mould opening. Afterwards, the pastes were 

pressed against an alumina substrate by hand pressing. In the cold isostatic pressing 

method, the following procedures are presented: 

 The semi-solid pastes were pressed gently to the soft micro moulds using spatula. 1.

Afterwards, the filled soft micro moulds were covered by another soft mould as a lid.  

 The soft micro moulds and their lids were sealed well by using rubber glove fingers. 2.

 The pressing cylinder was filled by water as a pressing fluid and the sealed soft micro 3.

moulds containing the stainless steel pastes were dropped down inside the pressing 

cylinder.  
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 The pressing cylinder parts were assembled by moving the piston into the cylinder 4.

until the water comes out from the piston hole in order to remove the air trapped inside 

the cylinder.  

 The piston hole was covered by the piston lid and the cylinder assembly was put under 5.

hydraulic press to apply the load. 

 The applied pressure rang was 40-116 MPa. The holding time was selected to be 10 6.

minutes before the pressure releases. This time is sufficient to pack the powder into the 

soft micro moulds and maintains the integrity of the green micro components. 

The effects of filling methods on the filled micro moulds were inspected under optical 

microscope. Figures 5.4 (a) and (b) show the optical images of the filled micro moulds by 

applying hand pressing and cold isostatic pressing methods, respectively. It is found that 

the soft micro moulds are not filled completely when the hand pressing method is used, 

especially, the micro gear teeth as pointed by black arrows.  On the other hand, applying 

isostatic pressure enables the micro features to be filled without voids and the shapes are 

retained.  

 

Figure 5.4. Optical images showing the soft micro moulds filled by stainless steel pastes: 

(a) by applying hand pressing method and (b) by applying cold isostatic pressing method. 
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 Obtaining the green micro components based on CIP method 5.2.3.

After the isostatic pressure is released, the rubber seal and soft lid were removed. The 

residual paste on top of soft mould opening was removed by metal blade. The stainless 

steel pastes dried quickly and the green micro components were de-moulded following the 

same procedures discussed in Chapter Four. Figure 5.5 shows a schematic diagram of the 

complete cold isostatic pressing technique.  

 

Figure 5.5. A schematic diagram showing the complete process for obtaining green micro 

components using cold isostatic pressing method. 
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 Results and discussions 5.3.

 Effect of dispersant on the densities of green components based on 5.3.1.

pressure less filling method  

The densities of the green components were measured as a ratio to the 316-L stainless steel 

wrought materials which measures 8 g/ml. The amount of dispersant was presented as a 

weight ratio to the stainless steel powder. The density measurements were presented as a 

mean value of ten samples measured for each dispersant ratio. The effect of dispersant on 

the densities of the green components, based on different powders, was investigated and 

the results were shown in Figure 5.6. It is clear that the dispersant has a significant effect 

on the densities of the green components. Increasing the dispersant ratios increases the 

green densities for different powders. For a given dispersant ratio, the bigger the powders 

are, the greater the green densities and vice versa. It is found that the packing of the 

particles in the mass powder can be reflected by its tap density [168], which is the weight 

of unit volume of loose powder. As presented in Table 4.2, the bigger the powder is, the 

greater the tap density. The small powders have small-size space between each other which 

cannot fit any other powder to be entered into that space. While, the big powder size 

provides large space between each other which can fit other small powders and hence 

increases the powder packing. This explains why the green density of the big powder is 

greater than that of the small one. Moreover, the maximum green densities of the green 

components based on 5, 10 and 16-µm powders are found to be 59.12%, 63.82% and 

65.61% and their corresponding dispersant/powder ratios are 0.003, 0.0022 and 0.0018, 

respectively. It is also clear that the bigger the particle sizes are, the smaller the 

corresponding dispersant ratios. This happens because the amount of dispersant is 
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dependent on the particles surface areas. Therefore, the greater the surface area is, the 

greater the dispersant needed and vice versa. As the powder sizes decrease, their surface 

area increases and hence, it needs large amount of dispersant. Furthermore, there is no 

significant effect of the dispersant on the green densities after obtaining the maximum. 

Consequently, these ratios are selected to be the optimum dispersant for preparing the 

stainless steel aqueous slurries from 5, 10 and 16-µm powders by using pressure less filling 

method.  

 

Figure 5.6. A graph showing the effect of dispersant ratio on the density of stainless the 

green components fabricated from 5, 10 and 16-µm powders.   
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 Effect of dispersant on the fracture green micro components based 5.3.2.

on pressure less filling method 

Figures 5.7 (a) & (b), 5.8 (a) & (b) and 5.9 (a) & (b) show SEM images of the fracture 

green micro components, fabricated from 5, 10 and 16-µm powders using pressure less 

filling method with no dispersant and optimum dispersant, respectively. It was found that 

when no dispersant is used during preparation of the stainless steel slurries, the particles 

show high tendency of aggregation. The aggregations produce inhomogeneous green micro 

components and many voids are formed inside the green micro components. On the other 

hand, using optimum dispersant not only reduces the tendency of particles aggregation but 

it also reduces the voids inside the green micro components. These results prove that why 

the green density increases as the dispersant increases. 

 

Figure 5.7. SEM images showing the fracture green micro components fabricated from 5-

µm stainless steel powder using pressure less filling method and fabricated with: (a) no 

dispersant and (b) optimum dispersant. 
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Figure 5.8. SEM images showing the fracture green micro components fabricated from 10-

µm stainless steel powder using pressure less filling method and fabricated with: (a) no 

dispersant and (b) optimum dispersant. 

 

Figure 5.9. SEM images showing the fracture green micro components fabricated from 16-

µm stainless steel powder using pressure less filling method and fabricated with: (a) no 

dispersant and (b) optimum dispersant.. 
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taken into account. The green micro components fabricated by using optimum slurry 

parameters were inspected under SEM. Three different defects were observed. The first 

defect is resulted from insufficient strength. In this type, a piece of the micro component is 

damaged and/or a crack is observed, as shown in Figures 5.10 (a) and (b), respectively. 

The second defect type is commonly occurred in the micro components holes and edges. 

The holes and/or edges are damaged during extraction from the soft micro moulds, as 

shown in Figures 5.11 (a) and (b), respectively. This defect type cannot be controlled 

because the de-moulding is done manually and human error cannot be eliminated. The 

third defect type is occurred in the corners of micro components. In this type, spherical 

voids are formed in the corners of micro components as shown in Figures 5.12. This defect 

type is resulted from insufficient degassing during filling process and it can be controlled 

by increasing the degassing time. The defect free green micro engine components were 

also investigated and shown in Figures 5.13 and 5.14. High quality green micro 

components obtained are the same quality as the SU-8 master mould.  The tips of gear 

teeth fabricated from 5, 10 and 16-µm powders are inspected and shown in Figures 5.15 

(a), (b) and (c), respectively. It is clear that net shape micro features are successfully 

produced from all powders. 
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Figure 5.10. SEM images showing the stainless steel green micro components fabricated 

by using pressure less filling method and defected due to insufficient strength: (a) micro 

linkage rod and (b) micro gear with crack. 

 

Figure 5.11. SEM images showing the stainless steel green micro components fabricated 

by using pressure less filling method and defected during de-moulding: (a) micro piston 

and (b) micro piston edges. 
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Figure 5.12. SEM images showing the stainless steel green micro piston fabricated by 

using pressure less filling method and defected due to insufficient degassing. 

 

Figure 5.13. SEM images showing the stainless steel defect free green micro components 

fabricated by using pressure less filling method: (a) micro gear (b) micro linkage rod and 

(c) micro piston. 
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Figure 5.14. SEM images showing the stainless steel defect free green micro engine 

cylinder components fabricated by using pressure less filling method. 
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Figure 5.15. SEM images showing the stainless steel defect free green micro gear tooth 

tips fabricated by using pressure less filling method and based on: (a) 5-µm, (b) 10-µm and 

(c) 16-µm powders.  

 Effect of pressing method on the density of the green components 5.3.4.

To measure the densities of the green components fabricated by applying external pressure, 

cylindrical soft moulds, used in section 5.1.1, were also used in this section. The green 

density measurements are performed using the same procedures discussed in section 5.3.1. 

The effects of pressing method on the densities of the green components were investigated. 

It is found that, the densities of the green components based on 5, 10 and 16-µm powders 

and fabricated by applying hand pressing method are 57.3, 58.7 and 60.1%, respectively. 
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On the other hand, the effect of isostatic pressure on the densities of the green components 

based on different powders was also investigated and results were shown in Figure 5.16. It 

is clear that the isostatic pressure has a great effect on the green density. As the pressure 

increases the green density increases for all powders. This happens because the pressure 

increases the packing of particles into the soft mould and hence, increases the green 

density. For a given applied pressure, the green density based on small powders is smaller 

than that based on larger one which is explained in section 3.3.1. The maximum densities 

of the green components, based on 5, 10 and 16-µm powders, are found to be 65.3, 66.1 

and 67.5%, when the applied isostatic pressure is 116 MPa, respectively. 

 

Figure 5.16. A graph showing the effect of the applied pressure on the green density of the 

stainless steel components fabricated from 5, 10 and 16-µm powders by using cold 

isostatic pressing technique. 



CHAPTER 5.                                                                      PRODUCTION OF STAINLESS STEEL GREEN MICRO COMPONENTS 

81 

 

 Effect of pressing methods on the fractured green micro 5.3.5.

components 

Figures 5.17 (a) & (b), 5.18 (a) & (b) and 5.19 (a) & (b) show the SEM of the fracture 

green micro components fabricated from 5, 10 and 16-µm powders by applying hand 

pressure and cold isostatic pressing, respectively. It is found that applying hand pressure is 

not sufficient to pack the particles into the soft micro mould and many cavities are existed. 

On the other hand, using isotactic pressure not only increases the particles packing but it 

also reduces the tendency of forming cavities inside the green parts. These results explain 

why the green densities obtained by using hand pressing method are smaller than that 

obtained by using cold isostatic pressing. 

 

Figure 5.17. SEM images showing the fracture stainless steel green micro components 

fabricated from 5-µm powder by using: (a) hand pressing and (b) cold isostatic pressing 

methods (116 MPa). 
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Figure 5.18. SEM images showing the fracture stainless steel green micro components 

fabricated from 10-µm powder by using: (a) hand pressing and (b) cold isostatic pressing 

methods (116 MPa). 

 

Figure 5.19. SEM images showing the fracture stainless steel green micro components 

fabricated from 16-µm powder by using: (a) hand pressing and (b) cold isostatic pressing 

methods (116 MPa). 
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obtained using cold isostatic pressing method is smaller than that obtained using pressure 

less method. Nearly, one third of the de-moulded samples are damage free. Figure 5.20 

shows samples of defect free green micro components obtained by using cold isostatic 

pressing method. The shape of micro components produced using cold isostatic pressing 

technique is retained because the pressure is applied equally from all direction, while some 

defects in the edges are observed. The defect in the edges is occurred due to the small 

deformation happened to the soft micro moulds after applying pressure which affects the 

green micro components after de-moulding.  

   

Figure 5.20. SEM images showing the stainless steel green micro components fabricated 

by using cold isostatic pressing method (116 MPa): (a) micro gear (b) micro linkage rod 

and (c) micro piston. 
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 Linear shrinkage 5.3.7.

The linear shrinkage of the green micro components was also investigated for the two 

fabrication methods, pressure less and cold isostatic pressing methods (116 MPa). The 

measurements were based on the outer diameters of micro gears and the SU-8 master 

mould was selected as a reference. The linear shrinkage was measured using the following 

formula: 

            
          

      
                                                                                       (5.1) 

     : The outer diameter of the SU-8 micro gear, 

  : The outer diameter of the green micro gear. 

The measurements were taken from the top views of the SEM images of SU-8 and green 

micro gears as shown in Figure 5.21 (a) and (b), respectively. Table 5.1 presents the linear 

shrinkage of the green micro components fabricated by using pressure less and cold 

isostatic pressing methods (based on 116 MPa applied pressure). The results presented in 

Table 5.1 are the mean value of six samples measured for each case. It is clear that the 

linear shrinkage based on cold isostatic pressing method is smaller than that based on 

pressure less filling method. Moreover, the linear shrinkage based on a big powder is 

smaller than that based on a smaller one. The cold isostatic pressing method improves the 

packing of the powder by rearranging them in the green compact and hence, decreases the 

shrinkage. However, pressure less method is based on low solid loading, which provides 

large shrinkage after the slurry dries.  
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Figure 5.21. SEM images showing the top views of: (a) SU-8 micro gear and (b) stainless 

steel green micro gear. 

Table 5.1. Linear shrinkage of the stainless steel green micro components based on 

different powders and fabricated by pressure less filling method and cold isostatic one.  

Powders Linear shrinkage (%) 

Pressure less Cold isostatic pressing  (116 MPa) 

5-µm 5.62 2.53 

10-µm 2.32 2.12 

16-µm 2.14 1.74 
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green micro components were also investigated. The following conclusions are obtained in 

this chapter and listed below: 

 Using optimum dispersant not only reduces the particles aggregation but it is also 1.

improves the density packing of the green micro components for different powders. 

 The bigger the powders are, the greater the green density and lower the linear 2.

shrinkage. 

  Using cold isostatic pressing method produces a high green density and smaller linear 3.

shrinkage than using pressure less filling method; while, the shape retention of micro 

components is not as good as that obtained by using pressure less filling method. 
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CHAPTER 6. DE-BINDING AND SINTERING OF THE 

STAINLESS STEEL MICRO COMPONENTS 

This Chapter presents the research into de-binding and sintering of the green micro 

components, following the fabrication of the green micro components explained in the last 

chapter. Three different sintering conditions, including nitrogen, nitrogen/hydrogen 

mixture and vacuum, are investigated in detail. The sintered stainless steel micro 

components in terms of shape retention are also investigated for the three different 

powders: 5, 10 and 16-µm. 

 Introduction 6.1.

To obtain the final micro engine components, the green micro components need to be de-

bound and sintered. De-binding is a necessary step before sintering. It is found that the 

residual binder remaining in the green components during sintering affects the final 

properties of the stainless steel materials by reducing its corrosion resistance [170]. 

Therefore, the de-binding process should be studied carefully. Sintering is the most critical 

step of processing stainless steel powder. Sintering is a process through which the adjacent 

particles in the green components are fused together to form a bulk structure by heating 

them to below the melting point of most constituent powders. The final properties of the 

sintered components are dependent on different sintering parameters such as sintering 

temperatures, atmospheres, particle sizes, particle shapes, and particle compositions [170-

183]. Sintering atmosphere affects the forming quality of stainless steel materials. Because 

the metallic powders are subjected to oxidation during de-binding and sintering process, it 

is necessary to be sintered under a special atmosphere. The most important reason for 
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using non-oxidizing atmospheres is to provide protection against oxidation of the sintered 

metal powders. Three types of atmospheres have been widely used for sintering stainless 

steel powders. They are hydrogen, vacuum and inert gases atmospheres [173, 179–183]. 

However, gas atoms of the sintering atmosphere may enter the sintering components via 

interconnected pores or they get trapped in closed pores. Therefore, they hinder the 

densification process. Gas atoms may also diffuse into the stainless steel and strengthen the 

structure [178-179]. When hydrogen is used as a sintering atmosphere, hydrogen atoms 

may dissolve into the grain and form small pores. Vacuum is widely used as sintering 

atmosphere in sintering different metallic and ceramic components because of ecological 

considerations. The main problem faced in sintering stainless steel using vacuum is the 

chromium depletion during sintering, which reduces the corrosion resistance significantly. 

At a certain temperature, if the vapour pressure inside the vacuum furnace lowers below 

the vapour pressure of the chromium element, the chromium is subjected to evaporation 

[170 and 183]. Therefore, it is very important to control the vacuum atmosphere to avoid 

chromium depletion and hence to maintain the corrosion resistance of stainless steel. To 

control this issue, the vacuum vessel is backfilled by argon with a pressure of 25-65 Pa, 

which is higher than the vapour pressure of chromium [171] and that prevents the 

chromium depletion. Argon and nitrogen are commonly employed as sintering 

atmospheres. It is reported that the densification process of stainless steel is influenced by 

atmospheric parameters including gas type, mixed ratio, dew point and flow rate [184-

186]. On the other hand, the sintering of stainless steel and its properties can be improved 

by addition of sintering aids. It is found that adding nickel to stainless steel powder 

improves the corrosion resistance [187], while adding yttria improves the oxidation 
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resistance [188]. However, adding yttria alumina agent (YAG) and copper improves the 

hardness and reduces the porosities of sintered stainless steel [189-190]. 

 De-binding and sintering 6.2.

In this thesis, three different sintering atmospheres were investigated including nitrogen, 

nitrogen/hydrogen mixture and vacuum. Because the green micro components are 

subjected to deformation during heating, two proposed heating cycles are investigated 

using nitrogen atmosphere. The successful cycle in producing stainless steel micro 

components with good shape retention is selected to be used with nitrogen/hydrogen 

mixture and vacuum atmospheres. The micro components based on 5-µm powder are 

investigated with nitrogen atmosphere and the target sintering temperature is 1200
ο
C.  

 Thermal gravimetric analysis (TGA) 6.2.1.

It is very important to study the degradation behaviours of the binder before the de-binding 

process in order to select a suitable de-binding cycle. Thermal gravimetric analysis (TGA) 

is a process widely used in order to measure the weight lost or gained to materials with the 

change of temperatures. In this thesis, the thermal analysis of dry samples from binders, 

Duramax B-1000 and B-1007, and dispersant D-3005 was investigated using NETZSCH 

Simultaneous Thermal Analyser (STA) 449C (School of Metallurgy and Materials, 

University of Birmingham). The test was performed under continuous flow of argon 

atmosphere with a temperature range of 25–800
ο
C and a heating rate of 10

ο
C/min. The 

thermal gravimetric analyser contains two alumina cups, which are put on the digital 

balance inside heating chamber as shown in Figure 6.1.  The sample to be tested was put 

on one of the two ceramic cups and the other was left as a reference. During the heating 
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process, the sample was degraded thermally and the weight loss was detected. The thermal 

stability of the binders and dispersant detected by thermogravimetry (TG) traces was 

investigated and the results are shown in Figures 6.2. It is found that both B-1000 and B-

1007 started to decompose slowly at about 300
ο
C and then rapidly at around 430

ο
C. At 

700
ο
C, the residual binder of B-1000 is retained to about 3% while no residual binder was 

found in B-1007. Moreover, D-3005 starts to de-compose at 200
ο
C and the residual of 

about ~ 5% was found at 700
ο
C. 

       

Figure 6.1. A photograph showing the NETZSCH Simultaneous Thermal gravimetric 

Analyser (STA) 449C used for investigating the degredation behaviours of the binder and 

dispersant. 

 

0.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

1.5

2.0

Two alumina cups

B

A



CHAPTER 6.                                              DE-BINDING AND SINTERING OF THE STAINLESS STEEL MICRO COMPONENTS 

91 

 

 

Figure 6.2. A graph showing the thermal degradation behaviours of the binder B-1000 and 

B-1007, and dispersant D-3005, which was performed in thermal gravimetric analyser at 

the temperature range of 25–800
o
C. 

 Sintering in nitrogen atmosphere 6.2.2.

Nitrogen is widely used as a sintering atmosphere of stainless steel green components. 

Because the stainless steel powders are subjected to oxidation during de-binding and 

sintering, both de-binding and sintering processes were done in a tube furnace at the same 

heating cycle with continuous flow of nitrogen. The tube furnace used in this thesis with 

nitrogen atmosphere is shown in Figure 6.3 (School of Metallurgy and Materials, 

University of Birmingham). According to thermal gravimetric analysis discussed section 

6.2.1, the binders and dispersant were nearly degraded at 700
o
C. Therefore, two proposed 

heating cycles, A and B, are used for de-binding and sintering processes. In cycle A, the 

de-binding was done by heating the green micro components to 700
o
C with heating rate of 
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5
o
C /min and then it was held at this temperature for 1 h in order to remove the binder. 

During sintering, the temperature was ramped again to 1200
o
C with holding time of 1.5h 

and the heating rate was adjusted to be 10
o
C /min. On the other cycle, B, the target 

temperatures and holding times for both de-binding and sintering were adjusted to be the 

same as the cycle A, while the heating rates were changed to be 1.2
o
C /min and 5

o
C /min 

for de-binding and sintering, respectively. After sintering, the micro components are 

cooled down to room temperature by maintaining the dynamic flow of nitrogen atmosphere 

and without rapid cooling for both cycles. 

        

Figure 6.3. A photograph showing the tube furnace used for de-binding and sintering 

stainless steel micro components under nitrogen atmosphere. 

 Sintering in nitrogen/hydrogen mixture atmosphere 6.2.3.

Nitrogen/hydrogen mixture is another sintering atmosphere employed in this research. It is 

composed of 90% nitrogen and 10% hydrogen. Because hydrogen needs special safety, 

another tube furnace was used with forming gas atmosphere as shown in Figure 6.4 
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(School of Chemistry, University of Birmingham). The dew point is adjusted to be ≤ -

35
o
C. 

       

Figure 6.4. A photograph showing a tube furnace used for de-binding and sintering 

stainless steel micro components under nitrogen/hydrogen mixture atmosphere. 

 Sintering in vacuum  6.2.4.

Vacuum is the third sintering atmosphere used in this research. The green micro 

components were first de-bound in a tube furnace under nitrogen atmosphere and then 

sintered in vacuum furnace.  The de-binding was done at the first stage of heating cycle A 

or B depending on a good result obtained in nitrogen atmosphere. The sintering was done 

in a vacuum furnace following the sintering stage of cycle A or B. The vacuum furnace 

used in this research is shown in Figure 6.5 (School of Metallurgy and Materials, 

University of Birmingham). 
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Figure 6.5. A photograph showing the vacuum furnace used for sintering stainless steel 

micro components under vacuum atmosphere. 

 Results and discussion 6.3.

 Effect of nitrogen on the sintered micro components 6.3.1.

The sintered micro components based on two different heating cycles, A and B, were 

inspected under SEM and their images are shown in Figure 6.6 (a) and (b), respectively. It 

is clear that using heating cycle A during de-binding and sintering results in significant 

deformation of the micro components. In addition, layers of oxide pointed by white arrows 

were formed in the surface of stainless steel micro components with a black appearance 

visible to the naked eye. On the other heating cycle B, the resultant sintered micro 

components were deformed less when compared with cycle A. However, the black 

appearance still existed. From the results obtained by two heating cycles, it is clear that the 

heating rate is the main cause to deformation. When the heating rates are 5
o
C and 10

o
C 

/min, the deformation is significantly observed, while it is reduced when the heating rates 

are reduced to 1.2 and 5
o
C /min for de-binding and sintering, respectively. The slow 

heating rates remove the binder smoothly and big deformation is avoided. Consequently, 
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heating cycle B is selected to be used with nitrogen/hydrogen mixture atmosphere, while 

the de-binding stage of cycle B was used with vacuum atmosphere. 

 

Figure 6.6. SEM images showing the stainless steel micro components fabricated from 5-

µm powder using pressure less filling method and sintered in nitrogen atmosphere at 1200 

o
C by using: (a) heating cycle A and (b) heating cycle B. 
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 Effect of nitrogen/hydrogen mixture and vacuum atmospheres on 6.3.2.

the sintered micro components 

The green micro engine components fabricated from 5-µm powder by using pressure less 

filling method and sintered in both nitrogen/hydrogen mixture and vacuum atmospheres at 

1200
o
C were inspected under SEM and shown in Figures 6.7 (a) & (b) and 6.8 (a) & (b), 

respectively. It is clear that high shape retention micro engine components are obtained in 

the similar quality as the SU-8 master moulds fabricated as described in Chapter Three. In 

addition, the appearance of micro components looks shiny when compared with that 

obtained by using nitrogen atmosphere. This indicates that low or no oxidation occurs 

during the sintering process. This happened probably because nitrogen/hydrogen mixture 

containing 10% hydrogen is known as reducing oxide agent, while vacuum isolates the 

components from the outer atmosphere. In terms of shape retention and colour appearance 

both nitrogen/hydrogen mixture and vacuum atmospheres produce the same quality micro 

engine components. 
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Figure 6.7. SEM images showing the stainless steel micro gears fabricated from 5-µm 

powder by using pressure less filling method and sintered at 1200
o
C in: (a) 

nitrogen/hydrogen mixture and (b) vacuum atmospheres. 
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Figure 6.8. SEM images showing the stainless steel micro linkage rods and pistons 

fabricated from 5-µm powder by using pressure less filling method and sintered at 1200
o
C 

in: (a) nitrogen/hydrogen mixture and (b) vacuum atmospheres. 

The stainless steel micro components, fabricated from 5-µm powder by using cold isostatic 

pressing method and sintered at 1200
o
C in vacuum atmosphere, were also inspected under 

SEM in order to be compared with pressure less filling method and the results are shown in 

Figure 6.9. It is found that good shape retention is obtained. In terms of shape retention, the 

quality of the sintered stainless steel micro components, obtained by using cold isostatic 

pressing method, is not as good as that obtained using pressure less filling one, which 

reflected the quality of their corresponding green micro components discussed in Chapter 

Five.  
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Figure 6.9. SEM images showing the stainless steel micro components fabricated from 5-

µm powder by using cold isostatic pressing method and sintered at 1200
o
C in vacuum 

atmosphere: (a) micro gear, (b) micro piston and (c) micro linkage rod. 

The stainless steel sintered micro components fabricated from 10 and 16-µm powders were 

also inspected under SEM. Figures 6.10 and 6.11 show the SEM images of the micro 

engine components sintered at 1200
o
C in vacuum atmosphere and fabricated from 10 and 

16-µm powders by pressure less filling method, respectively. It is found that near net shape 

micro components are obtained when 10-µm powder is used, while the shape is deformed 

when 16-µm powder is used. Generally speaking, the micro engine components fabricated 
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from 5-µm powder are better in shape retention than those fabricated from 10 and 16-µm 

powders. 

              

Figure 6.10. SEM images showing the stainless steel micro components fabricated from 

10-µm powder using pressure less filling method and sintered at 1200
o
C in vacuum 

atmosphere: (a) micro gear, (b) micro piston and (c) micro linkage rod. 
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Figure 6.11. SEM images showing the stainless steel micro components fabricated from 

16-µm powder using pressure less filling method and sintered at 1200
o
C in vacuum 

atmosphere: (a) micro gear and (b) micro linkage rod. 

 Micro engine assembly and other components 6.3.3.

From the results obtained from different stainless steel powders, it is found that using 5-µm 

powder produces high quality micro engine components in terms of shape retention when 

compared with 10 and 16-µm powders; therefore, the micro engine parts fabricated from 5-

µm powder and sintered in nitrogen/hydrogen mixture atmosphere at 1200
o
C were 

assembled and inspected under optical microscope as shown in Figure 12 (a). It is clear 

that all micro engine parts are fitted together with high accuracy as the engine is designed. 

This indicates that the uniform shrinkage occurs to all micro components. The micro 

engine cylinder parts were also assembled and inspected under SEM as shown in Figure 12 

(b). The micro cylinder parts show the same accuracy as micro gear, linkage rod and piston 

in terms of shape retention after sintering. 
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Figure 6.12. Optical and SEM images showing the stainless steel micro components 

fabricated from 5-µm powder using pressure less filling method and sintered at 1200
o
C in 

nitrogen/hydrogen mixture atmosphere: (a) optical image of micro engine assembly and (b) 

SEM image of micro engine cylinder assembly. 

The accuracy of the sintered micro components can be investigated by inspection the side 

walls and the meshing of micro gears, the most complex shape ever fabricated in this 
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research. Thus, the sidewalls of micro gear fabricated from 5-µm powder was inspected 

under SEM and shown in Figure 13 (a). It is found that the side wall is identical to SU-8 

master mould, on which the line traces appeared on SU-8 master moulds as presented in 

Chapter Three are transferred to the sintered gear. Figure 13 (b) shows how two gears 

fabricated from 5-µm powder are engaged to each other. The engaged micro teeth looked 

identical in shape, which demonstrates high precision of the fabrication process presented 

in this research.  

 

Figure 6.13. SEM images showing the stainless steel micro gears fabricated from 5-µm 

powder using pressure less filling method and sintered at 1200
o
C in nitrogen/hydrogen 
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mixture atmosphere: (a) micro gear and its teeth side walls and (b) two gears engaged to 

each other. 

 Other stainless steel components 6.3.4.

The fabrication process discussed in this thesis was also used in the production of other 

components such as simple cylindrical shape, which were discussed in chapter 5, and big 

scale complex shape such as spur gear with pitch diameter 12 mm and 18 teeth. Figure 

6.14 (a) shows the optical image of spur gears with 12 mm pitch diameter of different 

form: SU-8 and stainless steel green and sintered components. It is clear that, the sintered 

gear shrinks homogenously and retains all features without deformation. Figure 14 (b) 

shows the optical image of stainless steel components fabricated in this thesis, including 

micro gears, micro linking rod, micro pistons, cylindrical shapes and big scale spur gear. 

The high quality shape retention of stainless steel components fabricated in this research 

demonstrates the ability of this technique to produce different shapes from micro to over 

millimetre scale components. 
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Figure 6.14. Optical images showing: (a) spur gears have 12 mm pitch diameter and 

fabricated from: SU-8 material and stainless steel green and sintered materials fabricated 

from 5-µm powder using pressure less filling method, and (b) different sintered stainless 

steel components fabricated from 5-µm powder using pressure less filling method. 
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 Conclusions 6.4.

In this chapter, stainless steel green micro components fabricated from 5, 10 and 16-µm 

powders were successfully sintered in three different atmospheres, including nitrogen, 

nitrogen/hydrogen mixture and vacuum. A comparison between three different sintering 

atmospheres was made in terms of micro components shape retention. The micro engine 

parts were assembled and investigated.  

The following conclusions were obtained in this chapter and listed below: 

 Nitrogen/hydrogen mixture and vacuum atmospheres are successfully used in sintering 1.

stainless steel micro components; while nitrogen is not appropriate because it produces 

a layer of oxide in the surface of micro components which reduces their quality. 

 Both nitrogen/hydrogen mixture and vacuum atmospheres produces the same quality 2.

shape retention of the micro components. 

 In terms of powder sizes, the micro components based on 5-µm powder produces 3.

excellent shape retention when compared with those based on 10 and 16-µm powders. 

 The fabrication process discussed in this thesis not only fabricates micro components 4.

but also has been proved in production large scale components with high quality. 
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CHAPTER 7. CHARACTERIZATION OF THE SINTERED 

STAINLESS STEEL MICRO COMPONENTS 

This Chapter presents the study in characterization of the stainless steel micro components 

fabricated from 5, 10 and 16 µm powders and sintered in nitrogen/hydrogen mixture and 

vacuum at 1200, 1250, 1300 and 1350
o
C. The characterization is performed in terms of 

density, linear shrinkage, micro hardness, internal structure, porosity and surface 

roughness. 

 Characterization methodology 7.1.

The quality of the fabrication techniques presented in this thesis is measured by shape 

retention and the properties of the sintered micro components. Shape retention of the 

sintered micro components were investigated as presented in details in the previous chapter 

and the investigation of different properties of the components is presented in this chapter. 

The properties of the sintered micro components in terms of density, linear shrinkage, 

hardness, internal structure and porosity were compared for different stainless steel 

powders with various filling methods, sintering atmospheres and temperatures. In the case 

of using cold isostatic pressing method, the maximum applied pressure of 116 MPa is used 

in this chapter and the results are compared with the pressure less process. 

 Measuring the density of sintered micro components 7.1.1.

Density is one of the most important physical properties of the sintered micro components. 

It provides a good indication of the general properties of the components in comparison to 

wrought materials; therefore, it was investigated. The approach of the investigation is 
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immersion method. Based on Archimedes buoyancy principal, the density can be measured 

using the following formula [191]: 

  
  

     
                                                                                                                    (7.1) 

  : Density of the sample to be measured, 

   : Density of the immersion medium,  

  : Mass of the sample in air, 

  : Mass of sample in immersion medium. 

In this chapter, ethanol is selected to be the immersion medium (    0.789 g/ml). In all 

the results obtained, density ratio is used. The density ratio is defined as the ratio between 

the measured density and the theoretical one of the wrought stainless steel materials which 

measures 8 g/ml. For each case studied, calculations are based on six samples measured 

and the average value is used for comparison.   

 Measuring linear shrinkage 7.1.2.

Shrinkage is another important parameter of the sintered micro components to be 

investigated. Due to the geometric complexity of the micro components fabricated and the 

difficulty in measuring the volumetric shrinkage, linear shrinkage is adopted as a simple 

and viable method presenting a good indication of the final shrinkage of the micro 

components. The linear shrinkage was measured in reference to the outer diameter of a 

micro gear and the measurements were performed using the following formula: 

            
          

      
                                                                                        (7.2) 
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     : The outer diameter of micro gear fabricated from SU-8 master mould, 

  : The outer diameter of the sintered micro gear. 

Following the same procedures in measuring the linear shrinkage of green micro 

components, discussed in Chapter five, the outer diameters are measured from the top 

views of SU-8 and sintered micro gears as shown in Figure 7.1 (a) and (b), respectively. It 

is clear that the outer circumference of the sintered micro gear is on a regular circle, an 

indication of a uniform shrinkage occurred after sintering. The linear shrinkage for each 

case was measured on six gears and the average value is presented in the results. 

 

Figure 7.1. SEM images showing the top view of micro gear components fabricated in: (a) 

SU-8 and (b) sintered stainless steel materials. 

 Measuring micro hardness 7.1.3.

Hardness test reflects a kind of strength of the materials. In a hardness test, the micro 

components were polished and then the hardness test was performed. An aluminium holder 

was prepared in order to fit micro components tightly before polishing. The preparation 

steps are presented as follows: 
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 An aluminium disc was used as a holder. Holes were drilled on the holder surface with 1.

depth less than 1mm in order to fit the micro components inside. 

 Wax was put into the disc holes and the aluminium disc was put into oven to melt it 2.

 The micro components were put in these holes before the wax becomes solid and the 3.

components are completely embedded in the wax and the holder after the wax is 

cooled down. 

Once the samples are mounted, polishing steps can take place as follows.  

 The sample was first ground using silicon carbide disc with 800 grid per inch square in 1.

order to remove the surface layers. 

 A micro cloth with 9 μm polycrystalline diamond suspension is used to polish the 2.

sample surface. 

 An ultrapol cloth with 3 μm polycrystalline diamond suspension is used to smooth the 3.

sample surface again. 

 A trident cloth with 0.05 μm Master prep polishing suspension is used to reach final 4.

smooth surface. 

Figure 7.2 (a) and (b) show the Vector Beta Grinder/Polisher machine and aluminium 

holder containing micro gears after polishing, respectively. The micro hardness test was 

performed on MicroMet 5100 Series Micro indentation Hardness Testers (Buehler Lab, 

School of Mechanical Engineering, University of Birmingham) as seen in Figure 7.3 (a). 

The hardness measurements are based on Vickers test. The diamond indenter with pyramid 

shape are used for indentation the materials under the applied load. The angle between the 

pyramids faces is 136
o
 as shown in Figure 7.3 (b). After applying the load, square 
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impression is formed in the surface of the micro components as seen in Figure 7.3 (c). 

Afterwards, the Vickers hardness number can be obtained from the formula below [192]: 

   
       

                                                                                                                       (7.3) 

  
     

 
                                                                                                                          (7.4) 

  : Vickers hardness number, 

 : The applied load in Kg. 

   and    are the diagonals of the square impression. The applied load is adjusted to be 

200g. The micro gears fitted into the aluminium holder were tested under the hardness 

machine and the results are automatically calculated on the computer attached to this 

machine. The hardness result for each case is presented as the average value of three micro 

gears measured.  In each gear, 10 indentation marks were taken in different places and the 

average was selected.  

 

Figure 7.2. Images showing: (a) Vector Beta Grinder/Polisher machine and (b) aluminium 

holder containing the micro gears after polishing. 
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Figure 7.3. Images showing: (a) MicroMet 5100 Series Micro indentation Hardness 

Testers and schematic diagrams of: (b) diamond indenter with pyramid shape and (c) 

square impression.  
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 Measuring surface roughness 7.1.4.

Roughness is a measurement of the texture of the surface. This can be determined by the 

vertical deviations of a real surface from its ideal form.  The surface is called rough when a 

large deviation has occurred, while it is smooth when a small deviation has occurred. 

Roughness is an important parameter of determining how a real object interacts with its 

environment. Surface roughness is a good indicator of the performance of mechanical 

components because the irregularities in the surface may form nucleation sites for cracks 

or corrosion [193-194]. Surface roughness parameters of the micro components are 

measured in this chapter using stereo imaging technique. Stereo imaging method is a less 

time consuming and viable technique of measuring the roughness of surfaces rather than an 

atomic force microscope (AFM) one. However, AFM can measure the roughness of the 

flat surface; stereo imaging can measure roughness for different structures including flat 

and curved shapes. Therefore, it is successfully used for reconstructing the surface of the 

micro materials [195-196]. To measure the roughness of a surface, two high quality SEM 

images of the surface to be measured are taken at different tilting angles. From the two 

SEM images, the lateral displacement of surface features of different heights is calculated 

and the depth of each image pixel is obtained by measuring the relative displacement of the 

features from their location in the first image to the position in the second image. 

Afterwards, the three coordinates of each pixel based on eccentric stereo pairs is 

constructed and the roughness parameters are obtained by processing the two images using 

ALICONA MEX software. Two images are taken by SEM with a normal tilting angle 

between 5° and 10°. The configurations of the tilting angle (α) and the projected 

coordination P1(X1, Y) and P2(X2, Y) are shown in Figure 7.4. The third dimension (Z) can 

be found as follow [196]: 
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                                        (7.5) 

   and    are the projections coordinate of points P1 and P2 on the reference plan, and α is 

the tilting angle. This process can be done for all of the other points of the two SEM 

images to construct 3D surface profiles of the structure [197-198]. Figure 7.4 shows a 

schematic diagram of the stereo imaging technique. In order to get the best performance of 

the method, reduce the image noises and obtain the maximum volume of 3D 

reconstruction, several parameters should be considered:  

 Surface of the sample should be conductive,  1.

 Reconstructed feature should be visible and perfectly shows sharp edges even at high 2.

magnifications,  

 Images should be eccentrically tilted about one axis that means a particular feature 3.

should be seen at the centre of both stereo pair images, 

 Large height change in relation to the image diagonal provides better results, therefore 4.

the minimum ratio of height to diagonal is 1:70,  

 The correct images obtained when the structure only has a transition in X direction and 5.

not any transition in Y axis, and  

 The images pair should have contrast without blurring, the same scale, and enough 6.

textures on the surface and the images should not have a recurrent structure.  

In this case the image reconstruction error will be less than 3–5% [197]. Many details can 

be found in [195-197]. The 3D surface profile is constructed at the surfaces of the micro 

gears based on different powder sizes. 
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Figure 7.4. A schematic diagram showing stereo imaging technique. 

The most important surface parameters to be measured in this research are Ra, Rq, Rp, Rv 

and Rt. The measurements are based on the formula below [198]: 

   
 

 
∫ |    |  

 

 
                                        (7.6) 

   √
 

 
∫        

 

 
                                      (7.7) 

   |          |                                                         (7.8) 

   |          |                                      (7.9) 

                                        (7.10) 

   The vertical distance from the mean line to the x data point. 

  : The Average roughness is the area between roughness profile and its mean line, or the 

integral of the absolute value of the roughness profile height over the evaluation length L. 

  : Root-mean-square (rms) average roughness of a surface. 
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  : Peak roughness is the height of the highest peak in the roughness profile over the 

evaluation length. 

  : Maximum height of the profile. 

 Results and discussions 7.2.

 Density 7.2.1.

Figure 7.5 (a) and (b) show the effect of sintering temperature on the density of the 

sintered micro components fabricated in different powders by using two filling methods 

and sintered in nitrogen/hydrogen mixture and vacuum atmospheres, respectively. For a 

given powder, sintering atmosphere and filling method, it is clear that increasing the 

sintering temperature increases the sintering density. Moreover, the smaller the powder 

sizes are, the greater the sintering density and vice versa. Sintering is much dependent on 

the powder surface area in which the greater the surface area is, the higher the densification 

and vice versa [198-199]. While the small powder size produces large surface area. As a 

result, the small powder produces higher sintering density than the big one. For a given 

sintering temperature, powder size and filling method, the sintering densities based on 

nitrogen/hydrogen mixture and vacuum atmospheres are nearly the same. Furthermore, the 

density of the sintered micro components based on cold isostatic pressing method is 

slightly greater than that of pressure less filling method. This can be understood based on 

the finding in Chapter five that the green density of the micro components based on cold 

isostatic pressing method is greater than that of pressure less filling method. 
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  Linear shrinkage 7.2.2.

The linear shrinkages of the sintered micro components were also investigated for different 

powders, filling methods, sintering temperatures and atmospheres. The effects of sintering 

temperatures, powders and filling methods on the linear shrinkage of the stainless steel 

micro components sintered in nitrogen/hydrogen mixture atmosphere and vacuum were 

investigated and the results are shown in Figure 7.6 (a) and (b), respectively. It is found 

that that the linear shrinkages increase as the sintering temperature increases. This is 

happened in result to the increase of densities as discussed in section 7.2.1. In addition, the 

smaller the powder sizes are, the greater the linear shrinkage and vice versa. Moreover, the 

linear shrinkage of sintered micro components based on 5-µm powder and fabricated by 

using pressure less method is significantly greater than that fabricated by using cold 

isostatic pressing method. However, using 10 and 16-µm powders produces nearly the 

same shrinkage results for both pressures less filling and cold isostatic pressing methods. 

As discussed in Chapter Five, using cold isostatic pressing method increases the green 

density and its corresponding linear shrinkage significantly when 5-µm powder is used, 

while, it increases them slightly when 10 and 16-µm powders are used. Thus, the linear 

shrinkage of the sintered micro components is much dependent on its corresponding 

density and linear shrinkage of the green micro components in which the greater the 

density and its corresponding linear shrinkage of the green micro components is, the 

greater the linear shrinkage of the sintered one and vice versa. Furthermore, for a give 

powder and sintering temperature, the linear shrinkages based on nitrogen/hydrogen 

mixture and vacuum atmospheres are nearly the same. 
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Figure 7.5. The effects of sintering temperature on the density of the sintered stainless 

steel micro components fabricated in different powders using two filling methods and 

sintered in: (a) nitrogen/hydrogen mixture and (b) vacuum. 
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Figure 7.6. The effects of sintering temperature on the linear shrinkage of the sintered 

stainless steel micro components fabricated in different powders using two filling methods 

and sintered in: (a) nitrogen/hydrogen mixture and (b) vacuum. 
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 Micro hardness 7.2.3.

Vickers hardness of the sintered micro components of different powders, filling methods, 

sintering temperatures and atmospheres were investigated in this section. Figures 7.7 (a) & 

(b) and 7.8 (a) & (b) show the indentation marks of the tested micro components based on 

different powders and sintered in nitrogen/hydrogen mixture and vacuum atmospheres at 

1200
o
C and 1350

o
C, respectively. It is found that, the smaller the powders are; the smaller 

the indentation marks, and vice versa. In addition, the indentation marks of the micro 

components sintered in nitrogen/hydrogen mixture were smaller than those sintered in 

vacuum atmospheres. Figure 7.9 (a) and (b) show the effects of sintering temperatures, 

powders and filling methods on the hardness of the sintered micro components in 

nitrogen/hydrogen mixture and vacuum atmospheres, respectively. It is found that, the 

smaller the powders are, the greater the hardness and vice versa. For a given powder, 

sintering temperature and atmosphere, the hardness of the micro components obtained by 

using cold isostatic pressing method is greater than that obtained by using pressure less 

one. Moreover, the hardness of the micro components sintered in nitrogen/hydrogen 

mixture atmosphere is significantly greater than that sintered in vacuum one. Generally, the 

hardness decreases with increase of temperature. However, for the samples based on 5-µm 

powder and sintered in nitrogen/hydrogen mixture atmosphere, the hardness increases at 

1250
o
C and then it decreases again.  

As discussed in section 7.2.1, the sintered densities of the stainless steel based on 5-µm 

powder were significantly greater that those based on 10 and 16-µm powders. Increasing 

the density increases the mechanical properties and hence, increases the hardness. 

Although increasing sintering temperature for a give powder increases the sintering 
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densities slightly, the hardness decreases. As the sintering temperature increases, the grains 

are coarsened (discussed in section 7.2.4). While the grain coarsens the materials are 

deformed easily under the applied load due to the movement of dislocations. On the other 

hand, the movement of dislocations is hindered by grain boundary when the grain size 

reduces. As discussed in reference [179], the sintering atmosphere is an important 

parameter affecting the hardness of stainless steel. However, the hardness based on 

nitrogen/hydrogen mixture atmosphere may increase due to one of the following reasons: 

(i) because nitrogen/hydrogen mixture contains 90% of nitrogen, it may form nitride 

precipitating into the grain boundaries and harden the stainless steel micro components 

[201]; and (ii) it may be dissolved into the grains and promotes solid solution hardening 

[202]. In order to clarify this issue, the stainless steel samples were subjected to X-ray 

diffraction analysis (Philip X-ray, School of Metallurgy and Materials, University of 

Birmingham). Figure 7.10 shows the X-ray diffraction pattern for stainless steel sample 

based on 5-µm powder and sintered in nitrogen/hydrogen mixture and vacuum 

atmospheres at 1200 and 1350°C. The pattern shows that austenite phase is detected with 

strong intensity and no trace to nitrides is found. This confirms that the solid solution 

strengthening may be the reason for hardening. However, the XRD cannot detect a small 

amount of precipitates (2.5%). Therefore, nitride precipitating may be formed in 

undetectable amount and it is a reason for hardening stainless steel. 
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Figure 7.7. Optical images of the micro indentation marks of the stainless steel micro 

components fabricated from different powders and sintered at 1200
o
C in: (a) 

nitrogen/hydrogen mixture atmosphere and (b) vacuum. 
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Figure 7.8. Optical images of the micro indentation marks of the stainless steel micro 

components fabricated from different powders and sintered at 1350
o
C in: (a) 

nitrogen/hydrogen mixture atmosphere and (b) vacuum. 
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Figure 7.9. A graph showing the effects of sintering temperatures on Vickers hardness of 

stainless steel micro components fabricated from different powders and filling methods; 

and sintered in: (a) nitrogen/hydrogen mixture and (b) vacuum atmospheres. 
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Figure 7.10. A graph showing X-ray diffraction patterns of the stainless steel components 

fabricated from 5-µm powder and sintered in nitrogen/hydrogen mixture and vacuum 

atmospheres at 1200 and 1350
o
C. 
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 Surface morphology, internal structure and porosity 7.2.4.

The surface morphology of the micro components were inspected under SEM. Figures 7.11 

(a) & (b) and 7.12 (a) & (b) show the surface morphology of the stainless steel micro 

components based on different powders and sintered at 1200
o
C and 1350

o
C in 

nitrogen/hydrogen mixture atmosphere and vacuum, respectively. It is clear that the grains 

coarsen for the higher sintering temperature. It is also clear that many pores exist on the 

surface of micro components fabricated from 10 and 16-µm powders when compared with 

those fabricated from 5-µm powder, which explains why the densities based on 5-µm 

powder are greater than those based on 10 and 16-µm powders. The investigation of 

internal structures of the micro components in this section is based on pressure less filling 

method. Sintered micro components were polished as discussed in section 7.1.3 and 

inspected under SEM. Figures 7.13 (a) & (b) and 7.14 (a) & (b) show the SEM images of 

polished stainless steel micro components fabricated from different powders and sintered 

at 1200
o
C and 1350

o
C in nitrogen/hydrogen mixture and vacuum, respectively. It is found 

that, the smaller the powder size is, the smaller the pore size for both nitrogen/hydrogen 

mixture and vacuum. Moreover, the pores of the micro components fabricated from 5-µm 

powder look spherical, while some of them are irregular for those fabricated from 10 and 

16-µm powders. The spherical pores indicate that good densification has occurred, while 

the irregular ones indicate that the densification is not complete. Furthermore, the numbers 

of pores of the micro components sintered at 1350
o
C were lower than those sintered at 

1200
o
C. As the temperature increases to 1350

o
C, the densification increases and the pore 

shapes tends to be spherical which increases the density. However, some pores are 

agglomerated to form a big size pore as indicated in the sample based on 16-µm shown in 

Figure 7.12 (b).  
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Figure 7.11. SEM images showing the surface morphologies of the stainless micro 

components fabricated from different powders and sintered in nitrogen/hydrogen mixture 

atmosphere at: (a) 1200
o
C and (b) 1350

o
C. 
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Figure 7.12. SEM images showing the surface morphologies of the stainless micro 

components fabricated from different powders and sintered in vacuum at: (a) 1200
o
C and 

(b) 1350
o
C. 
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Figure 7.13. SEM images showing the polished stainless steel micro components 

fabricated from different powders, and sintered in nitrogen/hydrogen mixture atmosphere 

at: (a) 1200
o
C and (b) 1350

o
C. 
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Figure 7.14. SEM images showing the polished stainless steel micro components 

fabricated from different powders, and sintered in vacuum at: (a) 1200
o
C and (b) 1350

o
C. 
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 Surface roughness 7.2.5.

In this section, the surface roughness of the sintered micro components of different 

powders fabricated by pressure less filling method and sintered in nitrogen/hydrogen 

mixture atmosphere are investigated. The target of the measurements is to reach a general 

conclusion of the roughness of micro components based on different powders. The 

roughness measurements of the stereo imaging technique are mainly dependent on 

different parameters, such as method of measurement, filtering method and the area of 

interest. For all measurements presented in this section, the image resolution, area of 

interest and the cut off filter length were adjusted to be 1024 × 954, 35×30 µm and 10 µm, 

respectively. Figures 7.15 (a) & (b), 7.16 (a) & (b) and 7.17 (a) & (b) show the SEM 

images taken at 0
o
 & 7

o
 tilting angles and their corresponding 3D surface profiles of the 

stainless steel micro components sintered at 1350
o
C in nitrogen/hydrogen mixture 

atmosphere and based on 5, 10 and 16-µm powders, respectively. It is clear that, the 3D 

constructed profiles reflect the real surface topography of the stainless steel micro 

components. The roughness parameters are measured using ALOCINA MEX software. 

The comparison between roughness parameters of the stainless steel micro components 

fabricated from different powders is listed in Table 7.1. Generally, the smaller the powders 

are, the smaller the surface roughness parameters.  As discussed in section 7.2.4, the 

surface morphologies based on 10 and 16-µm powders include many pores when 

compared with those based on 5-µm powder. These pores increase the texture of the 

surface and hence, are the main reasons of increasing the roughness. 
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Figure 7.15. SEM images showing the top surface of the stainless steel micro components 

fabricated from 5-µm powder, sintered at 1350
o
C in nitrogen/hydrogen mixture 

atmosphere and taken at two different tilting angles: (a) 0
o
 & (b) 7

o
. (c) 3D surface profile 

constructed from the two SEM images using ALOCINA MEX software. 
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Figure 7.16. SEM images showing the top surface of the stainless steel micro components 

fabricated from 10-µm powder, sintered at 1350
o
C in nitrogen/hydrogen mixture 

atmosphere and taken at two different tilting angles: (a) 0
o
 & (b) 7

o
. (c) 3D surface profile 

constructed from the two SEM images using ALOCINA MEX software. 

0.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

1.5

2.0

(vii)(vi)(v)(iv)(iii)

(d)(c)

(ii)(i)

(b)

B

A

(a)

0.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

1.5

2.0

(vii)(vi)(v)(iv)(iii)

(d)(c)

(ii)(i)

(b)

B

A

(a)

0.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

1.5

2.0

(vii)(vi)(v)(iv)(iii)

(d)(c)

(ii)(i)

(b)

B

A

(a)



CAHPTER 7.                                        CHARACTERIZATION OF THE SINTERED STAINLESS STEEL MICRO COMPONENTS 

134 

 

 

Figure 7.17. SEM images showing the top surface of the stainless steel micro components 

fabricated from 16-µm powder, sintered at 1350
o
C in nitrogen/hydrogen mixture 

atmosphere and taken at two different tilting angles: (a) 0
o
 & (b) 7

o
. (c) 3D surface profile 

constructed from the two SEM images using ALOCINA MEX software. 
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Table 7.1. Surface roughness parameters of the stainless steel micro components based on 

different powders and sintered in nitrogen/hydrogen mixture atmospheres at 1350
o
C. 

 5-µm powder 10-µm powder 16-µm powder 

Ra (nm) 133.6 147.5 168 

Rq (nm) 173.5 195.8 214 

Rp (nm) 1173 1566 1168 

Rv (nm) 1144 923 1344 

Rt (nm) 2318 2489 2511 

 

 Conclusions 7.3.

Characterization of stainless steel micro components, fabricated from 5, 10 and 16-µm 

powders by using cold isostatic pressing and pressure less filling methods and sintered in 

nitrogen/hydrogen mixture and vacuum at 1200, 1250, 1300 and 1350
o
C, was conducted in 

terms of density, linear shrinkage, hardness, internal structures and porosity, surface 

morphology and roughness. 

The following conclusions are obtained in this research and summarized as effects by 

sintering temperature, atmosphere, powder size and filling methods as listed below: 

 In terms of sintering temperature, the density and linear shrinkage increase with the 1.

increase of temperature, while the micro hardness decreases. 

 In terms of sintering atmospheres, the sintered density, linear shrinkages and porosity 2.

were nearly the same under either nitrogen/hydrogen mixture or vacuum; however, 
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using nitrogen/hydrogen mixture results in a significant increase in hardness when 

compared with that obtained by vacuum. 

 In terms of powder sizes, 5-µm powder produces excellent properties when compared 3.

with those obtained by 10 and 16-µm powders. 

 In terms of filling technique, cold isostatic pressing method produces a slight increase 4.

in density and hardness and decrease in linear shrinkage when compared with those 

obtained by pressure less method for 10 and 16-µm powders; however, the cold 

isostatic pressing method leads to a significant decrease in linear shrinkage when 

compared with that obtained by pressure less method for 5-µm powder. 
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CHAPTER 8. FABRICATION OF THE STAINLESS STEEL 

CERAMIC COMPOSITE MICRO COMPONENTS 

This Chapter presents a novel approach to fabricate stainless steel ceramic composite 

micro machine components. Two types of composites are fabricated including stainless 

steel-alumina and stainless steel-titania. Four different compositions are prepared for each 

composite type, containing 2.5, 5, 7.5 and 10% weight of ceramic. Characterization of 

composite micro components in terms of slurry preparation process, sintering conditions, 

shape retention, density, linear shrinkage, internal structure and micro hardness is reported 

in detail. 

 Introduction 8.1.

Composites are composed of two or more materials chemically and physically distinct 

from each other and suitably distributed to provide the advantage of the respective 

materials in one component. Normally, composites are formed from two components: 

matrix and reinforcement. The matrix and the reinforcing materials can be metals, ceramics 

or polymers. The reinforcing materials are normally strong with low densities and the 

matrix is usually a ductile or tough material. The reinforcements usually come in the form 

of particles, short fibre and continuous fibre or sheets. Each type of reinforcements can be 

used in specific applications. When the matrix is a metallic material the composite is called 

a metal matrix composite (MMC).  

Metal matrix composites with ceramic inclusions combine the excellent mechanical 

properties of metals such as ductility and toughness with the good wear and corrosion 
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resistance of ceramics [203-204]. Different techniques have been used for fabrication of 

the metal matrix composites including liquid or solid state processes [205]. Casting is a 

liquid based technique of producing such composites by including the enforcement 

particles on the melted metal matrix. However, this technique is limited to metallic 

materials with low melting point such as aluminium [206-207]. Powder metallurgy process 

is a solid based technique which introduces an efficient and economical method of 

producing such composites. The process includes either blending the two powders together 

[189, 208-209] or mechanically alloying the ceramic inclusion into the metal powder by 

the so called oxide dispersion strengthening technique (ODS) [210-212]. Fabrication of 

composite micro components is an attractive area in producing such micro components 

with certain properties that cannot be achieved by monolithic materials. Although micro 

injection moulding (µMIM) is an emerging technique of producing monolithic micro 

components from metals and ceramics [111, 213], it has been developed to produce 

composite micro components [214]. Electroforming is another technique of producing 

micro components from metallic materials such as nickel [23]. So far, the process is 

successful in producing nickel-alumina micro composite components with very low 

alumina addition [44].  

Stainless steels provide good mechanical properties and excellent formability but have low 

abrasive wear resistance due to their low hardness. Incorporation of ceramic particulate 

reinforcements into a stainless steel metal matrix not only increases wear resistance but 

also improves the overall mechanical properties [189, 207, 215-216]. Therefore, 

fabrication of composite micro components based on stainless steel matrix is studied in this 

chapter. The fabrication process of composite micro components is developed from that 
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presented in the previous chapters. The target micro components fabricated in this chapter 

are micro gear, micro linkage rod and micro piston. 

 Production of composite green micro components 8.2.

 Powders and binder 8.2.1.

As discussed in Chapters Six and Seven, the final properties of stainless steel micro 

components produced from 5-µm powder were better than those from 10 and 16-µm 

powders. Thus, the fabrication process of composite micro components was based on 5-µm 

stainless steel powder. Two ceramic materials selected were aluminium oxide (alumina) 

and titanium dioxide (titania) to form composite with stainless steel. The alumina powder 

used in this chapter is α-alumina (≤ 400 nm) with 99.9% metal base, supplied by Alfa 

Aesar UK. The titania powder is < 320 nm, supplied by Huntsman England, UK. The 

properties of alumina and titania powders as delivered by suppliers are listed in Tables 8.1 

and 8.2, respectively. Samples of alumina and titania powders were also inspected under 

SEM and their images are shown in Figure 8.1 (a) and (b), respectively. Both types of 

powders show a high tendency toward aggregation. The binder used in this chapter was 

dispersant acrylic based binder which was successfully used in preparation of stainless 

steel green micro components.  
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Table 8.1. The properties of alumina powders as supplied by Alfa Aesar UK.  

Formula AL2O3 Melting point  2045
o
C 

Formula weight 101.96 Boiling point  2980
o
C 

Form and size -400 nm Hardness  1440 (Vickers) 

Density 3.965 g/ml Young’s Modulus  375 (GPa) 

 

 

Table 8.2. The properties of titania powder as supplied by Huntsman England, UK. 

Formula TiO2 Melting point  1855
o
C 

Formula weight 79.87 Boiling point  2900
o
C 

Form and size 240 nm Hardness  880 (Vickers) 

Density 4.2 g/ml Young’s Modulus  230 (GPa) 

 

 

Figure 8.1. SEM images showing of the ceramic powders: (a) alumina and (a) titania. 
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 Preparation of the stainless steel-ceramic slurries 8.2.2.

Based on the preparation process of the stainless steel slurry discussed in Chapter Five, 

composite slurries were prepared following the same procedures and modification was 

made to meet the requirements of the composite. The compositions prepared contained 2.5 

%, 5 %, 7.5 % and 10 % weight of ceramic in stainless steel matrix.   

8.2.2.1. Optimize the amount of dispersant of ceramic powders 

As discussed in Chapter Five, dispersant has a great effect on reducing the aggregation of 

particles and improving the green density packing of stainless steel powders. Therefore, the 

optimum dispersant for preparation of alumina and titania powders were obtained 

following the same procedures as discussed in section 5.1.1. For each ceramic powder 

type, slurries were prepared using various dispersant/powder ratios. Afterwards, cylindrical 

soft moulds were filled by ceramic slurries, green components were obtained, and then 

their densities were measured. The effects of dispersants on the green densities of the 

alumina and titania components were investigated and the results are shown in Figure 8.2. 

It is clear that increasing the dispersant increases the green densities for both alumina and 

titania. Moreover, the maximum green densities of alumina and titania are found to be 2.01 

and 2.061 g/ml, and their corresponding dispersant to powder ratios are 0.004 and 0.0045 

wt., respectively. It is also noted that no significant improvement of the green densities 

after these ratios. Consequently, these ratios are selected to be the optimum dispersant for 

preparing ceramic green components.  
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Figure 8.2. A graph showing the effect of dispersant on the green densities of ceramics 

based on alumina and titania powders. 

8.2.2.2. Mixing the composite powders and forming composite slurry 

Stainless steel ceramic composite slurries were prepared using two different methods, 

which are called dispersing-together and dispersing-separately, respectively. In the 

dispersing-together method, the following procedures are used: 

 Both stainless steel and ceramic powders were pre-mixed together using a tubular 1.

mixer for 3, 6, 12 and 24 hours.  

 Afterward, the pre-mixed powders were added to specimen tube containing dispersant 2.

and distilled water, and then stirred with mechanical stirrer for 1 h. 

  The binder was added into the mixture and the composite slurry was stirred again 3.

before being left in a vacuum chamber to remove the bubbles formed during stirring.  
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In dispersing-separately method, the following procedures are used: 

  Both stainless steel and ceramic powders were dispersed in separate tubes by adding 1.

the powders to the dispersion media containing the optimum dispersant for each 

powder.  

 After dispersion, the two dispersed slurries were mixed together and stirred by 2.

mechanical stirrer for homogenization.  

 The binder was added and the composite slurry was put in vacuum chamber to remove 3.

air bubbles.  

Figure 8.3 shows the tubular mixer used for mixing the powders together in the School of 

Metallurgy and Materials, University of Birmingham. Figure 8.4 shows a schematic 

diagram describing the two mixing methods. Both methods were applied to alumina 

powder and the successful one in producing good density packing was selected to be used 

for preparing the titania based components. For both methods, the binder and solid loading 

are adjusted to be the same as the optimum slurry parameters discussed in Chapter Five 

using pressure less filling method. 

                          

Figure 8.3. A photograph showing a turbula mixer used for pre-mixing stainless steel and 

alumina powders. 
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Figure 8.4. A schematic diagram showing the two mixing methods used for the 

preparation of stainless steel ceramic composite slurries: (a) dispersing-together method 

and (b) dispersing-separately method. 

 Obtaining composite green micro components 8.2.3.

After preparing composite slurries, the soft micro moulds were filled and the green micro 

composite components based on alumina and titania were obtained following the same 

procedures discussed in Chapter five. 
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 De-binding and sintering 8.3.

As discussed in Chapter six, using nitrogen/hydrogen mixture and vacuum atmospheres in 

sintering stainless steel micro components produced net shape micro components. 

Therefore, both atmospheres are used for sintering the micro composite components. The 

de-binding and sintering processes are followed as discussed in chapter 6. In order to 

compare the properties of micro composite and those of stainless steel ones, a sintering 

temperature of 1350
o
C and corresponding holding time of 1.5h were used, respectively. 

 Results and discussions 8.4.

 Green composite components and green density 8.4.1.

The effects of composite compositions and mixing methods on the green density of 

composites components based on alumina powder were investigated and shown in Figure 

8.5. As expected, the green density decreases with the increase of alumina content. 

Because the density of the alumina is lower than that of the stainless steel one, increasing 

its content decreases the overall composite density. In terms of mixing methods, it is clear 

that, the dispersing-separately method produces higher green density than using dispersing-

together method for all pre-mixing times. In dispersing-together method, increasing the 

pre-mixing time increases the green density slightly. This may happen because increasing 

the pre-mixing time improves the homogeneity of the two powders together and hence 

increases the green density. On the other hand, dispersing the two powders separately takes 

the advantage of reducing the aggregation of each powder before mixing and the 

composite slurries are homogenous which increases the density packing. The fractured 

green micro components based on 10% alumina and obtained by using dispersing-
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separately and dispersing-together (3 h pre-mixing time) methods were inspected under 

SEM and shown in Figure 8.6 (a) and (b), respectively. It is found that dispersing the two 

powders separately produces lower particle aggregation than dispersing them together by 

turbula mixer. The ceramic particle aggregation is pointed by black arrows in Figure 8.6. 

As discussed in Chapter five, the higher the aggregation of particles, the lower the density 

packing. This explains why the green composite density based on dispersing the powder 

separately is greater than that of based on dispersing them together. 

 

Figure 8.5. A graph showing the effect of composite compositions on the green densities 

of stainless steel alumina composites fabricated by using dispersing-separately and 

dispersing-together for 3, 6, 12 and 24 hours pre-mixed by turbula mixer. 
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Figure 8.6. SEM images showing the fracture surface of green micro composites based on 

10% alumina and fabricated by using: (a) dispersing-separately method and (b) dispersing-

together method for 3 h pre-mixed by turbula mixer. 

According to the results obtained for the two mixing methods, using dispersing-separately 

method produces good results when compared with the dispersing-together method. 

Consequently, micro composite components based on titania powders were obtained by 

dispersing the two powders separately. The effect of composite compositions on the 

densities of the stainless steel titania composite green components were also investigated 

and shown in Figure 8.7. It was found that titania composite green densities curve presents 

the same trend as that for alumina based components. The greater the titania content the 

smaller the green density and vice versa. The fracture surface of composite green 

components based on 10% titania was also inspected under SEM and shown in Figure 8.8. 

It was found that titania particles were distributed homogenously throughout the stainless 

steel powder. The green composite micro components based on alumina and titania 

powders were inspected under SEM and shown in Figure 8.9 (a) and (b), respectively. It is 

clear that the composite micro components have the same high quality shape as the SU-8 

master moulds. 
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Figure 8.7. The effect of composite compositions on the green densities of stainless steel 

titania composites fabricated by using dispersing-separately method. 

             

Figure 8.8. SEM image of the fracture green micro composites based on 10% titania and 

fabricated by using dispersing-separately method. 
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Figure 8.9. SEM image of the stainless steel ceramic composite green micro components 

fabricated by using dispersing-separately method and based on: (a) 10% alumina and (b) 

10% titania. 
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 Shape retention of composite micro components 8.4.2.

Figures 8.10 and 8.11 show the SEM images of the composite micro components 

fabricated from 10% of alumina and titania powders using dispersing-separately method, 

and sintered at 1350
o
C in nitrogen/hydrogen mixture atmosphere and vacuum, 

respectively. It is found that, all features of the composite micro components are retained 

after sintering and net shape retention is obtained. Moreover, the quality of the sintered 

composite micro components based on titania is the same as that based on alumina. 

Generally, ceramic inclusions are distributed homogenously throughout the stainless steel 

matrix after sintering.  
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Figure 8.10. SEM images showing the stainless steel alumina composite micro 

components made of 10% of alumina and sintered in nitrogen/hydrogen mixture 

atmosphere at 1350
o
C 

0.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

1.5

2.0

Micro linkage rods

Micro pistons

Micro gears

B

A

0.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

1.5

2.0

Micro linkage rods

Micro pistons

Micro gears

B

A

0.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

1.5

2.0

Micro linkage rods

Micro pistons

Micro gears

B

A



CHAPTER 8.                               FABRICATION OF THE STAINLESS STEEL CERAMIC COMPOSITE MICRO COMPONENTS  

152 

 

 

Figure 8.11. SEM images showing the stainless steel titania composite micro components 

made of 10% of titania and sintered in vacuum at 1350
o
C. 

 Composite sintered density 8.4.3.

The effects of composite compositions, sintering atmospheres, ceramic types on the 

density of sintered composite micro components were investigated. The density was 

measured using the immersion technique presented in Chapter seven. In order to compare 

the density of the composite micro components with those of stainless steel, the density 
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density is based on six samples and the average value is selected. Figure 8.12 shows the 
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effect of composite compositions on the density of the composite micro components based 

on alumina and titania, and sintered at 1350
o
C in nitrogen/hydrogen mixture and vacuum 

atmosphere. It was found that the sintered densities curves follow the same trend as the 

green density curves. Increasing the ceramic contents decreases the density of the micro 

composite for both nitrogen/hydrogen mixture and vacuum atmospheres. The sintered 

density of the micro composite decrease for two reasons: (i) the ceramic inclusions have 

lower density when compared with stainless steel. Therefore the overall composite density 

decreases with the increase of ceramic contents, and (ii) the interaction between ceramic 

particles and stainless steel matrix is not perfect after sintering, i.e., some of the ceramic 

particles are loose in the stainless steel matrix which increases the porosities inside the 

micro components and hence reduces the density of composites. In further analysis, the 

composite micro components were polished and inspected under SEM. Figure 8.13 shows 

the polished composite micro components sintered in nitrogen/hydrogen mixture 

atmosphere at 1350
o
C and based on alumina and titania, respectively. It is clear that some 

of ceramic inclusions are loose as indicated by black arrows, which confirms the above 

explanation. For a given composite composition, the density of the sintered micro 

composites based on titania is greater than those based on alumina. That happens as a 

result to the density of pure titania is greater than that of alumina as presented in Tables 7.1 

and 7.2. Generally, for a given composition of both alumina and titania composites, the 

densities of sintered components in vacuum are greater than those sintered in 

nitrogen/hydrogen mixture. 
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Figure 8.12.  A graph showing the effect of composite composition on the density of the 

composite micro components fabricated from stainless steel alumina and titania; and 

sintered at 1350
o
C in nitrogen/hydrogen mixture and vacuum atmospheres. 

 

Figure 8.13. SEM images of polished composite micro components with: (a) 10% alumina 

and (b) 10% titania, sintered in nitrogen/hydrogen mixture atmosphere at 1350
o
C. Black 

arrows showing some of the ceramic particles are loose in stainless steel matrix. 
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 Composite linear shrinkage 8.4.4.

The linear shrinkage of the composite micro components is measured following the 

procedures discussed in Chapter seven. The following formula is used for calculating the 

linear shrinkage of composite micro components: 

            
        

     
                                                                                         (7.1) 

DSU-8: The outer diameter of the SU-8 micro gear, 

Dc: The outer diameter of the composite micro gear. 

For each case studied, the linear shrinkage of six gears was measured and the average was 

taken. The tope view of SU-8 micro gear and its corresponding composite one were 

inspected under SEM and shown in Figures 8.14 (a) and (b), respectively. The profile of 

the composite micro gear looks a pure circle, an indication to homogenous shrinkage 

occurred during sintering. The effect of composite compositions on the linear shrinkages of 

the composite micro components with alumina and titania, and sintered in 

nitrogen/hydrogen mixture and vacuum atmospheres at 1350
o
C are illustrated in Figure 

8.15. The linear shrinkage curves follow the same trend as the sintering density curve does, 

in which the greater the ceramic contents are, the lower the linear shrinkage and vice versa. 

As discussed in section 8.4.3, the porosity inside the micro composite increases as the 

interaction between ceramic particles and stainless steel matrix loses; therefore, increasing 

the ceramic content increases the porosity and resulting in increasing the volume and 

decreasing the shrinkage. Moreover, the linear shrinkage of the titania composite micro 

components is greater than the alumina composite. This is the result due to higher 

densification occurred in titania than in alumina as discussed in section 8.4.1. Generally, 
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the linear shrinkages of the micro composite sintered in vacuum are greater than those 

sintered in nitrogen/hydrogen mixture atmosphere. 

 

Figure 8.14. SEM images showing top views of micro gears: (a) SU-8 and (b) stainless 

steel alumina composite based on 10% alumina and sintered in nitrogen/hydrogen mixture 

at 1350
o
C. 

 

Figure 8.15. A graph showing the effect of composite compositions on the linear 

shrinkage of the composite micro components fabricated from stainless steel alumina and 

titania, and sintered in nitrogen/hydrogen mixture and vacuum atmospheres at 1350
o
C. 
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 Composite microstructure 8.4.5.

It is very important to investigate the homogeneity of the ceramic inclusions throughout 

the stainless steel metal matrix after sintering. This can be done by polishing the composite 

micro components and inspecting them under SEM. The composite micro components 

were ground and polished following the procedures discussed in Chapter seven. Firstly, a 

comparison between two mixing method was performed in terms of internal structure of 

the sintered stainless steel alumina composite. The internal structures of stainless steel 

alumina composite micro components, based on 10% of alumina, sintered in 

nitrogen/hydrogen mixture atmospheres at 1350
o
C and fabricated by using dispersing-

together (3h pre-mixing time) and dispersing-separately methods, were inspected under 

SEM as shown in Figures 8.16 (a) and (b), respectively. It is clear that using dispersing-

separately method produces homogenous distribution of the alumina in stainless steel 

matrix and the particles look the same appearance. On the other hand, using dispersing-

together method produces non-homogenous distribution of the alumina particles in 

stainless steel matrix in which some kind of a big size alumina particle is existed as pointed 

by black arrow. The non-homogenous particle distributions affect the mechanical 

properties of the composite in which the properties may change throughout the micro 

composite. This happens in result to the higher aggregations of the ceramic particles in 

their corresponding green micro components when dispersing together method is used. 

Figures 8.17 (a) & (b) and 8.18 (a) & (b) show the SEM images of the polished stainless 

steel alumina and titania composite micro components of different compositions fabricated 

by dispersing-separately method and  sintered in nitrogen/hydrogen mixture and vacuum 

atmospheres at 1350
o
C,  respectively. For given composite composition and ceramic 

inclusion type, the polished micro components sintered in both nitrogen/hydrogen mixture 
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and vacuum atmospheres show nearly the same appearance. Moreover, the ceramic 

inclusions are distributed homogenously throughout the stainless steel matrix. At low 

ceramic content, the ceramic inclusions look spherical while they are clustered to form big 

particle sizes when the ceramic contents increase.  

 

Figure 8.16. SEM images of the polished stainless steel alumina composite micro 

components based on 10% of alumina, sintered in nitrogen/hydrogen mixture atmosphere 

at 1350
o
C and fabricated by using: (a) dispersing-together and (b) dispersing-separately 

methods.   
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Figure 8.17. SEM images showing the polished stainless steel alumina composite micro 

components fabricated by dispersing-separately method, based on different composite 

compositions and sintered at 1350
o
C in: (a) nitrogen/hydrogen mixture and (a) vacuum 

atmospheres. 
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Figure 8.18. SEM images showing the polished stainless steel titania composite micro 

components fabricated by dispersing-separately method, based on different composite 

compositions and sintered at 1350
o
C in: (a) nitrogen/hydrogen mixture and (a) vacuum 

atmospheres. 
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 Micro hardness analysis of the micro composites 8.4.6.

Micro hardness is an important parameter measured in this Chapter. The composite micro 

components were polished and hardness tests were performed using the procedures 

discussed in Chapter seven. The applied load for micro indentations was 300 mg. The 

hardness measurements were based on Vickers hardness number and the measurement 

average of three different micro gears was taken. For each micro gear, ten indentation 

marks were produced and the average was taken. Figures 8.19 and 8.20 show the 

indentation marks on the surfaces of the polished composite micro components sintered in 

nitrogen/hydrogen mixture and vacuum atmospheres at 1350
o
C, and based on alumina and 

titania powders, respectively. It is clear that the sizes of indentations marks sintered in 

nitrogen/hydrogen mixture are smaller than the others for both alumina and titania, 

indicating a higher hardness. The effects of composite compositions, ceramic types and 

sintering atmospheres on the hardness of the composite micro components were 

investigated and the results were shown in Figure 8.21. As expected, higher the ceramic 

content increases the hardness for different ceramic types and sintering atmospheres. It is 

also clear that, for given composite composition and sintering atmosphere, the hardness of 

the micro composites based on alumina powder is greater than that based on titania one. 

This happens due to the greater hardness of pure alumina than that of pure titania as listed 

in Tables 7.1 and 7.2. Moreover, for a given composite composition and ceramic type, the 

hardness of the composites sintered in nitrogen/hydrogen mixture atmosphere is 

significantly greater than those sintered in vacuum. The reason for this was explained in 

Chapter seven.  Using nitrogen/hydrogen mixture atmosphere promoted the solid solution 

hardening of the stainless steel.  
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Figure 8.19. Optical images showing the micro hardness indentation marks on the surfaces 

of stainless steel alumina composite micro components sintered at 1350
o
C in: (a) 

nitrogen/hydrogen mixture and (b) vacuum atmospheres.  
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Figure 8.20. Optical images showing the micro hardness indentation marks on the surfaces 

of stainless steel titania composite micro components sintered at 1350
o
C in: (a) 

nitrogen/hydrogen mixture and (b) vacuum atmospheres. 
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Figure 8.21. A graph showing the effect of composite composition on the hardness of the 

composite micro components fabricated from stainless steel alumina and stainless steel 

titania, and sintered in nitrogen/hydrogen mixture and vacuum at 1350
o
C. 

 Various composite components 8.4.7.

The process presented in this chapter is successfully used for producing composite micro 

components. Micro spur gears, as presented in Chapter six, are used as a test pattern. 

Figure 8.21 shows the optical images of spur gears, 12 mm pitch diameter and 18 teeth, 

fabricated from stainless steel, stainless steel alumina and stainless steel titania. The quality 

of the fabricated spur gears from composites reflect the same quality as stainless steel and 

SU-8 master mould presented in Chapter six. 
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Figure 8.22. Optical image showing the spur gears each of which has 18 teeth and 12 mm 

pitch diameter fabricated from stainless steel, stainless steel alumina composite and  

stainless steel titania composite and sintered in nitrogen/hydrogen mixture atmosphere at 

1350
o
C 

 Conclusions 8.5.

In this part of the research, composite micro components were successfully fabricated from 

stainless steel alumina and stainless steel titania with different compositions. The 

fabrication process was investigated in detail and characterizations of composite micro 

components were studied in terms of composite preparation process, green and sintering 

density, linear shrinkage, internal structures and micro hardness. The following 

conclusions can be drawn from the work presented in this chapter:  
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 In terms of composite preparation process, using dispersing-separately mixing method 1.

produces good results when compared with those obtained by using dispersing-

together method. 

  Increase the ceramic content decreases both density and linear shrinkage, but it 2.

increases the hardness.  

 For a given composite composition, using nitrogen/hydrogen mixture and vacuum 3.

atmospheres produces nearly the same density and linear shrinkage, while the hardness 

increases significantly by using nitrogen/hydrogen mixture atmosphere. 

 For a given composite composition, the sintered density and linear shrinkage of 4.

stainless steel-titania composite is greater than stainless steel-alumina, while the 

hardness of the later is greater than the former one.  
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CHAPTER 9. CONCLUSIONS AND FUTURE WORK 

 Conclusions 9.1.

The three year PhD research project involves a broad range of techniques, including UV 

lithography, powder metallurgy and micro fabrication. The research combines those 

techniques and develops a new approach for fabricating micro components from metallic 

and composite materials. The approach proves successful through vigorous experiments 

and demonstrates its advantages over existing Softlithography fabrication processes and 

micro injection moulding process, in terms of high quality shape retention micro 

components. 

The main contributions of the research towards the field can be summarised as follows: 

 Improvement of SU-8 photolithography technique. In the past, the process involved 1.

using three filters and time concerning. The new process needs just one filter to 

fabricate 1 mm thick SU-8 patterns as master moulds. This process saves the total 

exposure energy and time used for obtaining ultra-thick SU-8 micro components 

greater than 500 µm. 

 Adoption of soft moulding in cold isostatic pressing technique.  This process 2.

improves the final properties of micro components which were previously fabricated 

by pressure less and low applied pressure. 

 Extension of the process to nanoceramic composite materials. Nano-composite 3.

micro components have been produced by combining both Softlithography and powder 

metallurgy processes. 

The conclusions obtained through the research are drawn as follows. 
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 High quality metallic and composite micro components can be manufactured by 1.

combining soft lithography powder metallurgy. In particular, it proves successful in 

stainless steel and its composites. It should be also possible to be achieved in many 

other metals and composites.  

 Dispersant acrylic based binder is an efficient binder for preparation of metallic and 2.

composite slurries for Softlithography process. The process proves that by using a few 

grams of the dispersant, a great number of micro components can be fabricated in one 

process, showing its high effectiveness.  

 Both pressure less filling and cold isostatic pressing methods can be used in producing 3.

stainless steel green and sintered micro components. However, the properties of the 

final sintered components fabricated by using cold isostatic pressing method is better 

than using pressure less filling method in terms of density and linear shrinkage 

hardness, while the best shape retention was obtained by using pressure less filling 

method.  

 After comparison between three different stainless steel powders investigated, 5-µm 4.

powder is found suitable than 10 and 16-µm powders in density, hardness, surface 

roughness and shape retention for fabrication of micro component measuring from 2 – 

15 mm in overall dimensions.  

Based on the achievements and conclusions, it can be stated that the project aims have 

been reached through implementation of project objectives set out at the beginning of the 

research.  
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 Future work 9.2.

It has been an interesting research project in fabrication of metallic micro components by 

combining techniques in MEMS, powder metallurgy, and nanoceramic powders. Although 

many results are achieved through intensive work in the past three years, much more could 

be done should time allow. The following research tasks are recommended for future study 

in this area.  

 All the micro components fabricated in this research are two dimensional which 1.

extruded to the third one through straight sidewall. Therefore it is expected in the 

future work to apply this technique to the three dimensional micro component, which 

has 3D curved shape such as micro compressors and micro turbine blade. 

 The research work presents hand-made micro components which have been limited to 2.

the automation process. During the whole fabrication processes presented, the filling 

and de-moulding processes are done by hand and it is expected that the processes to be 

developed further in order to apply automation filling and de-moulding. 

 More experimental work is necessary in using cold isostatic pressing technique with 3.

applied pressure greater than 116 MPa.  

 The corrosion resistance of stainless steel and its composite micro components can be 4.

studied. 

 More surface roughness measurements can be carried out on micro components based 5.

in different powders, sintering atmospheres and temperatures.  

 More mechanical characterization work can be carried out to understand the properties 6.

of the micro components, such as the strength of and Young’s modulus. 
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