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ABSTRACT 

This thesis examines the potential for using new manufacturing techniques 
to process functional materials. 

Within this remit several combinations of processes and materials have 
been investigated to establish firstly, so called smart functionality. That is 
functional materials which are responsive to their environment and 
secondly suitability to specific engineering applications. These include; 
shape memory springs/cantilevers, piezoelectric pads/films and mass 
spectrometer components. The manufacturing techniques employed within 
this work are usually exploited within the areas of so called rapid 
prototyping or rapid manufacture. Due to the complex geometries, nested 
features and high tolerance of parts which can be manufactured with these 
techniques manufacturing novel Structures in this way has become of great 
interest. 

This thesis demonstrates that layer based manufacturing techniques can be 
employed to produce parts made of smart materials which exhibit a 
controllable functionality. 

Selective Laser Melting (SLM) has been used to produce high aspect ratio 
NiTi components which exhibit the shape memory effect. Details of the 
design of functional parts produced in this way are presented. 

A second area considers the use of selective laser melting of the 
piezoelectric material BaTi03 in different forms/composites. The use of 
laser manufacturing techniques to produce consolidated parts is discussed 
and the effect of processing on the microstructure is described. 

Lastly Digital Light Projection (DLP) has been used to produce precision 
polymeric components for mass spectroscopy applications. The 
incorporation of metallised parts produced in this way is also examined. 
The resulting quadrupole mass spectrometer is shown to compete 
favourably with those produced by conventional means. 
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1. Introduction 

1. Introduction 

FORWARD 

Microelectromechanical systems will, by definition, incorporate some 

electro-mechanical transduction. Like large scale conventional engineering 

systems these must be controlled and powered. This may be hampered by 

their small size and as a consequence 'conventional' design approaches are 

often impractical. To overcome this, the designer may use functional 

materials such as shape memory alloys or piezoelectrics which avoid some 

of the power/control issues. These materials respond to changes in 

temperature and voltage respectively to exhibit automatic mechanical 

actuation. 

Incorporation of functional materials into micro-scale devices adds a level 

of complexity in terms of design and manufacture. Not only does the 

manufacturing technique need to yield sub-millimetre feature sizes but also 

sub-micron tolerances. 

The emergence of so-called '2Y2D' techniques exploited by several rapid 

prototyping methods, has generated much interest in their application to 

micro scale manufacturing. The generic 2YzD technique involves the 

following process flow:-

CAD Model of 
Geometry 

Data Manipulation and Preparation 
·Slicing" 

Layer Based 
Manufacture of Part 

These methods allow complex nested features to be manufactured which 

would be impossible by other techniques. 



1. Introduction 

The use of layer based manufacturing techniques to process functional 

materials is in its infancy and constitutes the body of research included in 

this thesis. 

The manufacturing techniques investigated within this thesis are Selective 

Laser Melting (SLM) and Digital Light Processing (DLP). The fonner 

emerged in the mid 1980's and is a technique which involves scanning a 

laser over a powdered feed stock causing it to melt and fuse selectively 

with the material around it fonning a solid layer. This is repeated layer-by

layer to fonn the desired 3D component. 

DLP is also a layer based technique. However, it employs a Digital Micro

mirror Device (DMO), first produced by Texas Instruments™ in 1987, to 

create a dynamic mask. The controlled actuation of micro mirrors in a 

DMD microchip projects light into a photosensitive material causing it to 

selectively cure, fonning a layer of the part. The process is repeated to 

construct the whole component layer-by-layer. 

Components have been manufactured from the functional materials NiTi 

and BaTi03 using these methods. The manufactured parts have been 

subject to material analysis to evaluate the microstructure they exhibit 

relative to the feed stock material. These analytical techniques include 

Differential Scanning Calorimetry (DSC), Transmission Electron 

Microscopy (TEM), Scanning Electron Microscopy (SEM), X-Ray 

Diffraction (XRD), Surface Profiling, Raman Spectroscopy and standard 

mechanical testing techniques. 

2 



1. Introduction 

SCOPE OF THESIS 

Chapter Two explores the state-of-the-art of layer based processes and 

other manufacturing methods, which are capable of fabricating functional 

components for various applications. It also details how functional 

materials are currently being incorporated into micro components. The 

issues raised by combining these technologies are introduced. 

The advantages of layer based techniques for manufacture are clearly 

highlighted and the potential for using these techniques to process 

functional materials is presented. The functional materials employed in this 

research are described and their suitability for different engineering 

applications is examined. Also the issues of using these materials for 

engineering applications with layer based methodologies are discussed. 

Chapter Three describes the experimental methods used within this thesis 

and their suitability. The analysis of the feed stock material, parameter 

optimisation of manufacturing techniques, and analysis of the components 

produced is considered. The SLM technique is described in detail, 

particularly with a view to processing metal and ceramic materials. 

Subsequently the analytical techniques used to characterise these materials 

are discussed. 

The DLP technique is described in detail, including consideration of the 

experiments performed to validate the suitability of this technique to 

manufacture piezoelectric/acrylic composites. The experimental 

methodology for improving build parameters is also discussed. 

Chapter Four demonstrates how SLM has been used to produce high

aspect ratio NiTi components which exhibit the well known shape memory 

effect. Analysis of the shape memory alloy after processing, examines the 

3 



1. Introduction 

effect of the SLM treatment. Cantilever beams and helical structures made 

in this way have been trained and actuated to demonstrate the suitability of 

the process to electromechanical applications. The influence of laser dwell 

time and raster pitch on the density of NiTi shape memory alloy parts and 

their resolvable feature sizes are reported. The shape memory properties of 

solid parts produced by selective laser melting are compared to NiTi alloys 

resulting from other processes. Furthermore the application of selective 

laser melted NiTi components in micro-electromechanical systems is 

discussed. In particular these include applications which require thermal 

actuation, without the need for signal processing or additional power 

supply. 

Chapter Five examines the use of the piezoelectric material barium titanate 

(BaTi03) in polymer composites and in combination with the SLM 

manufacturing technique to produce sintered parts. This process is 

extended to fabricate electro-ceramic thin films on silicon substrates. 

Methods of forming pre-positioned layers of barium titanate are 

investigated by spin-coating the feedstock powder mixed with a 

commercial polymer photoresist. The ceramic-polymer composite is then 

spun coated onto a silicon wafer substrate. This results in a sandwich 

structure of Si02 insulator, Ni conductor and electro-polymer/ceramic. A 

range oflaser power processing conditions was identified in which sintered 

barium titanate layers could be formed. The laser power was found to be 

more influential in forming sintered microstructures than laser exposure 

time. The microstructure of barium titanate films is found to be sensitive to 

the laser processing conditions, with the optimum laser power densities for 

the processing of the BaTi03-polymer found to be in the range 85-

IOOkW/cm2
• This chapter highlights the possibility of using 'direct write' 

techniques to produce piezoelectric actuators upon silicon substrates. It 

also details the development of BaTi03IPVDF-TRFe composite films 
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1. Introduction 

which demonstrate predictable piezoelectric properties. The approach has 

advantages over conventional, single constituent, materials designed for 

electromechanical applications. The mixture of BaTi03 with a 

photopolymer matrix is also examined and the implications to optimal 

build parameters using the DLP process are investigated. Parts built in this 

way were characterised and their piezoelectric properties quantified. 

Chapter Six examines the use of DLP to produce prototype structures for 

mass spectroscopy applications. The incorporation of piezoelectric and 

conductive elements produced in this way are also examined which 

demonstrates the suitability of this process to precision applications. 

The penultimate chapter concludes by summarising the major outcomes of 

this work and introduces a final chapter which proposes themes for future 

investigations. 

5 



2. Literature Review 

2. Literature Review 

INTRODUCTION 

In this chapter, the fundamental concepts and previously published 

literature supporting the research included within this thesis is presented. 

The rationale for manufacturing components by layer based techniques 

using functional materials is detailed. 

The state-of-the-art in the processing of functional materials is discussed. 

The advantages of using these materials are examined in the context of 

micro-engineering applications. The functional materials used in this 

investigation are described and the reasons for selecting specific materials 

are presented. 

This chapter goes on to explore current layer based manufacturing 

techniques and their suitability for micro manufacturing. The potential for 

manufacturing 3D geometries from functional materials is considered. 

These are divided into two principal groups namely, those most suited to 

the processing of metals and those most suited to processing polymeric 

materials. Several approaches to 'free form' fabrication are described; 

however, those of most significance to this work are detailed more 

completely. 

The unique advantages of these novel manufacturing approaches are 

described. This line of discussion is complimented by an examination of 

the state-of-the-art in mass spectrometry which is used as a case study 

later. 
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Functional Materials for Micro Mechanical Applications 

The Shape Memory Effect 

The 'so called' shape memory effect in metals was first observed in Au-

47.5at% Cd alloys [1] and later similar properties were identified in NiTi 

alloys [2]. The shape memory effect arises from a solid state phase 

transformation between a low temperature martensite phase and a high 

temperature complimentary austenitic phase [3, 4]. Materials with this 

property can be macroscopically deformed and then subsequent heating 

causes a microscopic phase change allowing macroscopic shape recovery. 

The material appears to exhibit some form of 'memory' of the original 

shape hence the term shape memory effect (SME). 

SME materials also exhibit the unique property of superelasticity (SE) in 

their higher temperature micro structural phase. Materials which exhibit 

this effect may withstand non-linear elastic strains several times larger in 

the fully austenitic phase compared with the martensitic. 

The special nature of SME materials has allowed their incorporation into a 

wide range of applications, including valves and springs which exploit 

them as temperature sensitive actuators. Of greater relevance to this work 

is the more recent incorporation of SMEs into MEMS type devices. Studies 

have established that NiTi alloys can be deposited in thin films onto 

engineering substrates such as silicon [5] while maintaining the SME. 

These have been adapted to form simple mechanisms such as cantilevers 

[6, 7] and demonstrate the potential for shape memory alloys (SMAs) to 

find important roles in future MEMS manufacture. 

The microscopic mechanisms of the SME are similar across the family of 

SMAs. If a simplified situation is first considered in which the micro

structure of these materials may exist in one of two discreet states; the 

martensitic or the austenitic (sometimes referred to as the parent phase). 

7 



2. Literature Review 

The hysteretic behaviour of the phase changes which occur can be 

understood as a transformation between these two states. Heating of an 

'ideal' SMA which is initially in the martensitic phase may provide enough 

thermal energy to initiate a solid-solid phase change. This begins at the 

austenitic start temperature (As). Further input of thermal energy will result 

in the material existing in a 100% austenitic phase. This temperature 

corresponds to the austenitic finish temperature (AF)' The entire process is 

reversible. Upon cooling, martensite begins to form at (Ms) and further 

cooling results in the material returning to a 100% martensite structure at 

(MF) (Figure 1). 

1 i 
T~,.(K) 

Figure I Hysteresis curve associated with 
phase changes in SMAs. 

The extent of SME, SE and the transformation temperatures exhibited by a 

SMA are highly sensitive to composition, metallurgical treatments and 

impurities. This sensitivity allows materials to be tailored to give the 

desired properties suited to a particular application. 

The transformation of austenite to martensite is a complex shear-based 

process. Atomic diffusion does not occur and hence the composition 

present in the crystallographic phases does not change. The process is 

athermal, that is to say, at constant temperature within the region 

Ms<r<MF no further martensite will be produced and the microstructure 

8 



2. Literature Review 

consists of a combination of both martensite and austenite characteristic of 

that ambient temperature. 

The thermodynamic process occumng during phase change IS best 

considered in terms of Gibbs free energy (Figure 2). 
FINE,.... 

(J) 

T. 

Figure 2 Free energy considerations in SMA 
phase changes. 

In Figure 2 the lines labelled martensite and austenite represent the Gibbs 

free energy of each respective phase at varying temperatures. 

Thermodynamic systems have a predisposition to exist at their lowest 

energy level. Upon achieving this lower energy a corresponding phase 

change occurs in a SMA. Transitions A and B in Figure 2 represent the 

energy differences required to cause respective phase changes. This 

corresponds to; 

G=U+pV-TS (1.1) 

Where G is the Gibbs free energy within the system, U is the internal 

energy, T is temperature and S is the associated entropy. Ifpressure (P) and 

volume (V) are assumed to remain constant, this can be simplified to; 

G=U-TS (1.2) 

Thus the energy required to cause a phase change within the material must 

be given by the difference in the respective energies of each phase. This 
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corresponds to a change in the entropy experienced within the crystal 

structure. 

The specific (transformation) mechanism which occurs between phases 

varies between materials. However, the generic model usually dictates that 

the martensitic phase can orientate in several crystallographic habit planes 

whereas the austenitic can only exist in one. The variation in martensitic 

habit planes comes about through twinning under load. Most crystalline 

metals when subject to stress will experience dislocation or slip, but SMAs 

experience martensitic twinning. In other words the applied load causes the 

splitting of larger martensitic crystals to compositionally identical ones 

sharing a twin plane. During the process of twinning the material 

accumulates residual strain until the martensitic variant consistent with 

maximum strain is fully prevalent. Further loading causes the material to 

behave in a classically plastic manner. If a simple stress-strain scenario is 

considered this helps to illuminate the nature of macroscopic recovery in 

SMA geometries (Figure 3); 

Figure 3 Modes of strain compensation in 
SMAs. 

To experience complete recovery upon heating beyond AF. the strain 

induced by mechanical deformation for an SMA must not exceed that 

depicted by region 'A' in Figure 3. Straining the material beyond this into 

region 'B' will result in deformation that cannot be recouped by the SME. 
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At temperatures above Ms, SMAs exhibit the super-elastic effect. This 

relates to the formation of stress-induced martensite. Although a SMA may 

be held above a temperature at which the composition should be 100% 

austenitic, loading at these temperatures causes the formation of 

martensite, through the same twinning process for sub MF temperatures. 

Upon removal of the stress the twinned martensite reverts back to a fully 

austenitic structure under isothermal conditions. This is best described 

using the Clausius-Clapeyron relationship [8] which relates the mechanical 

deformation and the energies associated with phase changes in a SMA 

aboveMs; 

dO' D,S0 MI· 
-=---=---
dT e eT 

(1.3) 

Where E and cr refer to strain and stress inducing the formation of 

martensite respectively. While S* and H* represent volumetric entropy and 

enthalpy respectively. 

Beyond a certain temperature, SE will no longer be observed due to the 

manifestation of more normal strain compensation mechanisms such as 

dislocation and block shear along preferential planes and grain boundaries. 

Therefore the SE is only observed in a temperature range above Ms but 

lower than the temperature at which martensitic twinning no longer occurs, 

usually termed 'super elasticity finish temperature'. This leads to a 

reconsideration of Figure 1 in which the grey region indicates the 

temperature range over which SE is observed. Much like the SME, these 

temperatures and degree of SE are dependent upon thermal treatments, 

mechanical processing and alloying. 

It can be inferred that the crystal quality of a SMA for maximum SME and 

SE must be such that the preferential mode of strain compensation should 
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be through twinning to the highest possible strains, both sub Ms and above 

AF [9]. This will lead to the largest recoverable strain via the SME and the 

highest degree of SE respectively. This property is a valuable design 

consideration. Hence NiTi alloys are often selected for SME and SE 

applications apart from their other conventional material properties. 

NiTiAlloys 

The NiTi alloys stand apart from other SMAs for several reasons. Firstly, 

the excellent mechanical properties they exhibit. 

UTS(MPa) 

Max Strain 

Nitinol SE508 Wire Cu-AI-Ni 

1100-1375 780 

10% 7% 
Table 1 Companson of mechamcal 
properties of Nitinol wire as produced by 
NDCTM at room temperature with mild steel 
and Cu-AI-Ni alloys [10). 

1018 Mild Steel 

200-400 

20% 

Secondly, the corrosion resistance and bio-compatibility of NiTi alloys is 

widely reported [10, 11] broadening their potential applications and further 

marginal ising competing SMAs. This is reflected by the incorporation of 

NiTi into a wide range of orthopaedic and dental implants. Surface 

treatments and further alloying [12] have bolstered the applications suitable 

for this material. 

Furthermore the behaviour of near equiatomic alloys of NiTi is highly 

sensitive to processing and alloy variations giving rise to secondary phases 

which serve to modify the apparent SME [13-15]. Lastly the associated 

initiation temperatures tend to be of the order of room temperature 

allowing countless potential engineering applications. 

These properties have served to generate significant interest in harnessing 

the SME of NiTi alloys to micro-electromechanical applications [5-7]. For 

the purposes of this introduction, it is important to further explore the 

SME/SE characteristics which are specific to NiTi alloys. 
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The effect of alloying, mechanical processing and thermal treatments have 

been widely examined for various NiTi alloys [16-18]. These require a 

more detailed understanding of the mechanisms of the phase changes 

which are unique to these alloys. 

NiTi alloys crystallise on cooling below MF to form a monoclinic 819' 

structure and follow the generic SMA model , discussed earlier, through 

heating to fonn a totally austenitic phase having a cubic 82 structure [19]. 

An intermediate phase is also commonly observed in equiatomic alloys 

that have not been fully annealed [15, 20], but is often deliberately 

suppressed [21]. The so called R-phase (Figure 4), forms through 

nucleation and growth upon cooling from B2~8 19'. Therefore the more 

precise phase history for some NiTi alloys, including the intermediate 

phase, should be 82~R-Phase~8 19' upon cooling [22, 23] 

Figure 4 The intennediate trigonal phase (the 
R-Phase) (3) . 

The atomic restructuring that occurs during B2~8 19'[19, 23] and also 

82~R-phase upon cooling [22] has been clearly defined. From the point 

of view of the application and limits of these alloys, the nature of the stress 

induced formation of martensite through twinning both below MF and 

above AF is most interesting. 

When placed under stress below MF temperatures, the fully martensitic 

microstructure of these alloys compensates by twinning. The applied load 

causes individual martensite crystals to split preferentially along a plane 

which results in the fonnation of two identical crystals which are 
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symmetrical about the twin boundary (midrib plane) which separates them. 

There are 24 habit planes associated with this process, which comes about 

from the number of planes over which symmetry can exist in the 

monoclinic phase. This crystallography gives rise to the widely observed 

' fanning ' type structure, which is in contrast to the solitary habit plane in 

the cubic austenitic phase. 

TWlnned 
Martensite 

Habit PI." .. 

Figure 5 Fonnation of twinned martensite in 
NiTi Alloys. 

This difference explains the distinct microstructures observed m the 

martensitic and austenitic phases and their various combinations. 

Processing and Training ofNiTi Alloys 

NiTi alloys are often processed through conventional casting and 

machjning routes. Their sensitivity to oxygen contamination is widely 

reported [24]. Tills issue is often ameliorated during casting with a double 

vacuum process, willch entails induction melting the feedstock to prevent 

gaseous contamination. The alloy is also heat treated in this manner in 

preparation for the reductive machinjng processes which will detennine the 

net shape of the component. They are limited in tenns of smallest 

resolvable features by typical micromachinjng tolerance from processes 

such as computer numeric control (CNC) or computer aided manufacture 

(CAM). 
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However, forming the required component shape in NiTi and for that 

matter any SME material is only an initial step. To display an appreciable 

and mechanical response to change in temperature, the final component 

must undergo a training regime. 

For the 'one-way' shape memory effect, the specimen must be cooled 

below the martensite finish temperature, Mf, at which point it is deformed. 

It is then heated above the austenite fmish temperature Af and permitted to 

adopt the form associated with this microstructure. 

Two-way training can be achieved by two generic methods [9]. Shape 

memory effect (SME) training involves cooling the component below its 

martensitic formation temperature at which point it is deformed. Heating to 

above the final austenitic formation temperature allowing the component to 

deform is then undertaken. This process is repeated several times until the 

two-way SME is observed. The trained component will assume its 

deformed shape below the martensitic formation temperature and another 

upon heating above the austenitic formation temperature. The second 

method employs stress-induced martensite (SIM) training which is a 

variant of SME training. Initial deformation of the component is 

undertaken at a temperature in between the martensitic start and martensitic 

finish temperatures. Upon heating above the austenitic finish temperature 

the component returns to its original shape. This process is repeated several 

times until the two-way shape memory effect is observed. 

The Piezoelectric Effect 

Amongst the plethora of functional properties exhibited by materials 

perhaps the most useful for sensors and actuators is the piezoelectric effect. 

Unlike the shape memory effect which is only observed in manmade 

materials, piezoelectricity is also observed in some naturally occurring 
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materials. The closely related pyroelectric effect (electro-mechanical 

response to a change in temperature) was first observed somewhere in the 

annals of antiquity and as such it is impossible to attribute. 

Historical documents indicate that tourmaline crystals (Ceylon magnets) 

were being imported into Europe from India and Sri Lanka as early as 1703 

[25]. Upon heating some crystals, a charge displacement occurs within the 

unit cell resulting in an apparent potential difference between opposing 

faces. This may have been first discovered when ash was electrostatically 

attracted to hot crystalline materials in a fire. Of course these materials 

were not rigorously examined until much later when they fell under the 

scrutiny of Jacques and Pierre Curie in 1880. Their interest, combined with 

developing analytical approaches to crystallography, heralded the first 

correct explanations of the peculiar properties displayed by these materials. 

It was proposed by Lord Kelvin in 1877 that the converse piezoelectric 

effect is also possible i.e. thermal energy being created as a result of an 

applied electric field, the electrocaloric effect [26]. 

The discovery of the potential difference produced as crystalline structures 

experience strain was paramount to the initial understanding of 

piezoelectricity. This can be thought of as 'the electric polarization 

produced by mechanical strain in crystals belonging to certain crystal 

classes' [25]. 

It is most convenient in the first instance to consider these properties in 

terms of the crystallographic structures a material must exhibit to be 

piezoelectric. Of the 32 crystal classes, only 21 share the property of non

centrosymmetricity (lacking a centre of symmetry) and twenty of these can 

be considered piezoelectric. Ten of these classes contain dipoles 

(spontaneously polarized classes) in their unit cell, without the need for 
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poling (the process of inducing a penn anent dipole) and are thus said to be 

polar materials. As a consequence they are also piezoelectrics. If these 

dipoles can be reversed upon exposing them to an opposing electric field 

then the material is said to be a ferroelectric. 

In polycrystalline piezoelectric materials, poling is required to exploit 

them. Failure to do this results in zero piezoelectricity because the random 

orientation of the dipoles means that they serve to cancel each other out. 

b) 

t\ t\ ttt 
t \ t, tt t 
tt, ttt, 

Figure 6 Orientation of dipoles in a) an 
unpoled material and b) a poled material. 

Upon poling, the dipoles align in Weiss domains and a degree of order is 

achieved in alignment with the electric field. The degree of poling and the 

duration for which the Weiss domains remain is largely dependent upon 

the size of the poling field and the poling temperatures. Raising the poling 

temperature affords the dipoles greater freedom allowing a domain change. 

This also means that once poling has occurred further heating without an 

applied field, causes the Weiss domains to breakdown due to 

randomisation of the dipoles. The temperature above which random 

orientation is completely returned is tenned the Curie temperature (Tc). 

Inducing a strain within a unit cell of a poled material, changes the 

equilibrium separation between the dipoles. A charge displacement is 

therefore created and a voltage observed. 
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Figure 7 The effect of straining dipoles a) 
unstrained and b) strained. 

A polycrystalline piezoelectric will be isotropic in tenns of its electrical 

properties in the unpoled state. However, poling these materials causes 

anisotropy, and their electrical properties will vary according to the 

orientation in which they are measured. 

From first principals, the piezoelectric effect can be defined by quantifying 

the mechanical stimulus which causes an electrical response. The strain (c) 

induced in an anisotropic material with Young's modulus (E) due to a 

given (cr) stress (within its elastic limit) is given by: 

1 
C=-(T 

E 
(1.4) 

This can be written in tenns of compliance, c: 

C=C(T (1.5) 

When the piezoelectric effect is observed, a charge displacement is 

initiated. This is reversible and unloading a piezoelectric material causes a 

reduction in the electrical field measured. This can be expressed as: 

D=da (1.6) 
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Where D represents the electric charge displacement (C/m2) resulting from 

a stress o. Anew, material parameter, d is defined, the so called 

piezoelectric strain coefficient (C/N). 

For a piezoelectric material, the application of an electric field (E)(V/m) 

causes a charge displacement within the unit cell resulting in a 

macroscopic deformation of the material (the converse piezoelectric effect) 

In a material of electrical permittivity (E) (F/m), assuming dipole 

saturation is not achieved, this is given by: 

D=eE (1.7) 

It is well understood that the macroscopic strain observed during the 

converse piezoelectric effect is the result of a finite contribution from each 

dipole displaced. The relationship of strain to electric field shares the same 

constant of proportionality as that in Equation 1.6. Therefore: 

e=dE (l.8) 

If the strain induced in a piezoelectric material is due the contributions of 

both an applied mechanical load and electric field then equations 1.5 and 

1.8 can be coupled to give: 

c = cu+dE (1.9) 

Likewise if the charge displacement observed in a piezoelectric material is 

thought to be due to the combined interaction of an applied electric field 

and mechanical load then equations 1.6 and 1.7 can be coupled to give: 

D=du+eE (1.10) 

'Real' piezoelectric materials are not described well by an isotropic model. 

Charge displacement can occur in three resolvable directions, as can the 
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application of an electric field. A simplified situation is examined to 

demonstrate the piezoelectric response of a cube subjected to such loads. 

.. 
(11) 

--- ---------------.(22) 

Figure 8 The principal vectors in relation to 
an example piezoelectric cube. (N.B vectors 
of shear are indicated with*) 

This model allows for anisotro~ic behaviour to be considered. If electric 

field and dipole displacements are now considered as vectors 

They can thus be combined to fulfil Equation 1.7: 

D\ =EII E\+ EJ2 E2 + E\3 E3 

D2 =E2\ E\+En E2+En E3 

D3 =E3\ E\+E 32 E2 +E33 E3 

20 

(1.11 ) 

(1.12) 

(1.13) 



2. Literature Review 

In the interests of concise notation this can be written in the following 

manner 

(1.11) 

in which a and b define the size of the array. Equation 1.5 can also be 

manipulated for the anisotropic case. If mechanical compliance is the 

product of two 3 x 3 matrices corresponding to stress and strain then a 9 x 

9 matrix will result giving 81 compliance terms. Applying Voigt symmetry 

rules to the stress/strain matrices results in a 6x6 compliance matrix: 

&1 Cll cl2 cl3 CI4 CIS CI6 0'1 

&2 C21 C22 C23 C24 C2S C26 0'2 

&3 C31 C32 C33 C34 C3S C36 0'3 
(1.12) = 

&4 C41 C42 C43 C44 C4S C46 0'4 

&S C SI CS2 C S3 C S4 C SS C S6 as 

&6 C61 C62 C63 C64 C6S C66 0'6 

Similarly this can be reduced to the following terminology in which 

subscripts refer to the dimensions of each matrix: 

& pq = C pqrsars (l.l3) 

This methodology can be repeated for equations 1.6 and 1.8 to give: 

(1.14) 

and (1.15) 

The final stage in this derivation is to return these constitutive equations to 

their coupled format as in Equations 1.9 and 1.10: 
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(1.16) 

(1.17) 

This treatment allows repeatable, accurate predictions to be made about the 

electromechanical performance of piezoelectric materials and reliable 

inclusion into engineering systems [27]. 

Piezoelectric materials have found a diverse range of micro-scale 

applications including peristaltic micro-pumps [28], thin film type sensors 

[29] and micro-actuators [30, 31] amongst others. The manufacture of 

conventionally scaled components made from these materials has become 

common place and is well understood. By contrast, the incorporation of 

these materials into MEMS type systems is an area of continuing research. 

Processing piezoelectric materials on the micron level, to produce thin 

films or true 3D geometries presents an entirely different level of 

complexity [32]. Manufacturing processes to be tailored to the 

requirements of the feedstock material (either ceramic or polymeric) and 

the specific properties required of the final component shape. There is 

often a significant trade-off between desired shape and desired 

performance. That is to say, producing the desired shape maybe possible, 

but the resultant loss ofpiezoclectric response renders the design pointless. 

After manufacture, piezoelectric specimens must be poled to exhibit the 

piezoelectric effect. In practice, this involves heating the material in the 

presence of an electric field of the order ofkV's/mm. This is an important 

consideration and has been the subject of considerable research to develop 

polymers which spontaneously exhibit the PE after manufacture [33]. 

Some laser-based processing techniques have also been developed with 

strategies for consolidation of piezoelectric ceramics [34, 35]. 
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Barium Titanate 

The perovskite structured barium titanate (BaTi03) has been extensively 

studied and been tenned ' the model ferroelectric material' [36]. With a low 

Curie temperature of 123°C; zero lead (Pb) content; large piezo- and 

pyroelectric-coefficients; and low cost of manufacture BaTi03 has been the 

subject of considerable research interest [37] . 

Figure 9 Strain and centrosymmetricity in a 
BaTi03 unit cell [381 

Figure 9 shows the charge displacement resulting from strain endured by 

orthorhombic BaTi03. 

The conventional approach to BaTi03 synthesis is a chemo-mechanical 

process. Firstly BaC03 is ball milled with Ti02• The blend is calcined at an 

elevated temperature at which BaTi03 fonns through a slow diffusion 

process [39]. This reaction is well understood and results in BaTi03 with 

acceptable properties. However, grain sizes produced in this way are often 

large and hence difficult to consolidate through sintering. This is important 

since the ferroelectric properties of this material have been shown to relate 

strongly to grain size [40, 41]. 

The electrical properties of BaTi03 are not only sensitive to chemical 

composition but also material processing which dictates its microstructure 

[42]. There has been a drive to optimise processing techniques to improve 

the electrical properties. This optimisation has been achieved through a 

variety of laser based and conventional sintering techniques [40, 43], thin 

film methodologies [44-46], chemical vapour deposition (CVD) [47, 48] 

and sol-ge\/polymerisation techniques [39, 49, 50]. Much of this research is 
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driven by the industrial demand for dielectrics for Multilayer Ceramic 

Capacitors (MLCC). These normally draw upon perovskite structured 

materials like BaTi03 for their high dielectric constant. This is of special 

importance with ever reducing component sizes. 

BaTi03 can assume five different crystal structures namely, hexagonal, 

cubic, tetragonal, orthorhombic, and rhombohedral. The hexagonal and 

cubic structures are paraelectric while the tetragonal, orthorhombic and the 

rhombohedral forms are ferroelectric. 

Perovskite, BaTi03 is cubic from 123°C to 1460°C with Ba2
+ ions at the 

cube comers, 0 2
• ions at the face centres, and a Ti4+ ion at the body centres. 

Below the Curie temperature of about 123°C, the cubic structure deforms 

slightly and the positive barium and titanium ions move relative to the 

negative oxygen ions along the [001] direction. This results in a tetragonal 

structure which spontaneously polarizes along the same direction. With 

further cooling below about SoC the structure changes to orthorhombic 

which now polarizes along the [110] direction [51]. 

The ferroelectric-paraelectric transition is of utmost importance which 

occurs at the Curie temperature. At this temperature, paraelectric cubic 

BaTi03 transforms into the ferroelectric tetragonal structure by elongating 

along an edge, thus removing any domains created by poling 

Macroscopic scale BaTi03 components for piezoelectric/pyroelectric 

applications are usually produced by a compaction process to consolidate 

grains into the desired geometry. This limits the complexity of parts that 

can be manufactured. The 'green', compacted parts are then placed in a 

furnace and sintered at approximately 1000'C for up to 5 hours [42], 

resulting in components with some degree of mechanical resilience. The 

final step in the process is the poling procedure. 
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The degree of polarisation in a material is quantified by measuring the 

charge observed at its surfaces due to the application of a given pressure. 

This value (e/N) describes the piezoelectric response in the direction in 

which it will be most apparent i.e. parallel to the direction of the poling 

field. The d33 of BaTi03 after poling is directly proportional to the applied 

voltage until saturation is observed at which point additional electrical 

tension across the specimen will cause no further polarisation [52]. 

(cr.') 

Poling Field (Vim) 

Figure 10 Linear relationship of piezoelectric 
response with poling voltage to saturation. 

The relatively large fields required to maximise poling presents a practical 

problem. The electric field strength e (Vim) ofa uniform field between two 

electrodes is 

V 
e=- (l.l8) 

x 

V is the applied voltage and x is the electrode spacing (m). From Figure 10 

it can be seen that poling saturation for BaTi03, as for any piezoelectric 

material, is observed. Poling fields commonly employed are usually of the 

order of around 80MV 1m. This dictates that maximum polarization of 

BaTi03 cannot take place in air which breaks down in fields of around 

lOMV/m. This problem is usually overcome by poling in a medium with a 

much lower dielectric permittivity such as oil. The voltage required is also 
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dictated by the thickness of the sample. Therefore thin films will require 

smaller applied voltages. 

After poling some degradation of piezoelectric properties is frequently 

reported [53]. This comes about as individual dipoles and whole domains 

adopt a more random orientation. The extent and time scale of this 

degradation are material, temperature and excitation cycle type dependent 

[54]. 

BaTi03 has found many common place applications such as, non intrusive 

sensors for fluids analysis [55]. Its ferroelectric properties have been 

widely exploited for micro-electronics applications such as ultrasonic 

transducers [56] and it has been incorporated in several piezoelectric 

composites which may have more favourable mechanical properties 

compared to single crystal or sintered BaTi03 [57, 58] 

PVDF-TrFE 

The discovery of the piezoelectric [59] and ferroelectric [60] properties of 

polyvinylidene fluoride (PVDF) and In its copolymer with 

trifluoroethylene (TrFE), has generated much research interest. The 

piezoelectric effect is no longer limited to ceramic materials but now 

polymers have been shown to display the effect as well. 

After poling, Weiss domains are observed in crystallites of the polar p
phase [61] within PVDF. Like other piezoelectric materials, the polymer 

exhibits no piezoelectricity, until poled as the cumulative effect of straining 

unaligned dipoles nullifies any charge separation. 

Stretching PVDF has been shown to transform the non-polar a-phase into 

the polar p phase. Increasing the p phase percentage increases the volume 

fraction within the polymer that can be polarized, yielding an overall 

higher piezoelectric coefficient. Variations of this poling regime have been 
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extensively investigated [29, 62, 63]. The addition of TrFE to form the 

copolymer causes the polymer to crystallise preferentially in the polar P 
phase in a similar manner to the PVDF homopolymer [64]. The highest 

polarisation in such copolymers has been shown at the ratio PVDF 75 : 

TrFE 25 [65-67] and typical piezoelectric coefficient values at this 

composition have been shown to be 20pC/N [68]. 

PVDF-TrFE copolymers have also been noted for their ferroelectric 

'hardness'. That is to say the degree of remnant polarisation after exposure 

to the poling electric field especially at room temperature [69].This feature 

suggests several possible applications for these materials if combined with 

ceramic ferroelectrics and piezoelectrics in composites. 

Piezoelectric polymers have several distinct applications, in comparison to 

competing ceramics. The ease of forming thin or thick films and large scale 

shapes without the need for high energy consolidation techniques 

(sintering) makes them an attractive choice. Furthermore the lamination of 

the copolymer may yield a more tolerable artefact in comparison to 

particulate consolidated ceramics for biocompatibility applications [70]. 

PVDF-based polymers have been processed using thin film techniques [71] 

which has permitted combination with carbon nanotube systems (filling 

and embedding) [72, 73]. Several emerging markets are drawing upon 

these technologies such as 'active' clothing [74] (power generation from 

the distortion of fabrics) and 'active' structures [75]. The latter relates to 

piezoelectric whiskers which have been incorporated into structural bodies 

such as wind turbine blades [76]. 
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Piezoelectric Composite Materials 

More recently interest has developed in combining different piezoelectric 

materials and combining piezo and dielectric materials to form composites 

or 'piezoelectric hybrids' [77]. 

When piezoelectric materials are combined with dielectrics to form 

composites, they may display advantageous mechanical properties but this 

is coupled with a reduction of the piezoelectric modulus. This presents an 

interesting opportunity cost for the materials designer who must evaluate 

the mechanical benefits against a loss in piezoelectric properties (or any 

other electrical properties for that matter). 

The mechanical and electrical properties of composite materials are more 

complicated than their single phase constituents. As discussed previously, 

the charge produced by mechanical deformation of a piezoelectric material 

is directly proportional to the strain experienced by each unit cell. 

However, when materials are combined to form a particulate-matrix 

composite, then any applied load will not be uniformly distributed between 

phases. Due to non-homogeneous compliances in the 'matrix' and 'filler', 

distinct strain values occur. Embedding the piezoelectric ceramics BaTi03 

or lead zirconium titanate (PZT) in polymer matrices has been investigated 

extensively [78-80]. Using polymer matrices such as epoxies and acrylics, 

complex shapes can be formed with the ease of material processing of a 

polymer. However, for piezoelectric composites to perform well, the 

interaction between the two materials within the composite must be 

considered. 

Figure 11 illustrates a hypothetical ceramic-polymer composite; 

28 



2. Literature Review 

• • • ---• • -• ••• - -- -• • ----• • •• -• • - -• • - --• • • - -
Figure II Strain transfer from matrix to filler 
in a polymer-ceramic composites. a) depicts 
no strain transfer from matrix to filler b) 
depicts a high degree of strain transfer from 
matrix to filler. 

If the ceramic filler is a hard brittle material compared to the elastic 

polymer matrix, then the strain transferred to the ceramic will be much less 

than the strain induced in the bulk material. If a stress U A is experienced 

by such a composite then it will be distributed in the following way [81]; 

(1.19) 

Where the volume fraction of polymer is given by fwhile the mean stress 

it experiences is given byup and the mean stress experienced by the 

ceramic filler, ac ' To maximise the bulk piezoelectric response of the 

material, the difference in elastic moduli should be minimised to ensure 

that the maximum strain is born by the piezoelectric filler. 

Ideally the piezoelectric material content within the composite should be as 

high as possible to maximise the piezoelectric coefficient. This also 

presents difficulties because as f becomes small, the level of cohesive 

binding decreases leading to poor mechanical integrity and process-ability. 

Piezoelectric moduli for PZT/epoxy and BaTi03/epoxy composites of 

25pCIN [82] and 230pCIN [83] respectively have been reported which is, 

as expected, significantly lower than for the pure piezoelectric materials 

[84]. 
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Pbling Field (VIm) 

Figure 12 Variation of d33 with piezoelectric 
volume fraction ranging from' A'the highest 
volume fraction to 'C' the lowest. 

The development of piezoelectric polymers has resulted in superior 

piezoelectric properties to the piezo/dielectric composites discussed above. 

The piezoelectric properties of PVDF and PVDF-TrFE composites have 

been investigated to some extent [64, 85, 86] and significantly higher 

piezoelectric properties demonstrated. Poled composites of BaTi03IPVDF 

have been reported with d33 values of 13.7/lC/N at relatively low poling 

fields [87] 

Layer Based Manufacturing Techniques 

Layer based manufacturing techniques (LBMT) are often described by 

alternative names including; solid freeform fabrication (SFF), 2 Y2D 

manufacturing, rapid prototyping (RP) and rapid manufacturing (RM). The 

inconsistency in terminology used is most likely due to the immaturity of 

the industry and fragmentation of the market. 

'Layer based manufacturing' will be used as the convention in this thesis, 

as it is more accurate than the other terms listed above. The term 'freeform' 

suggests that component geometries are unrestricted by the method in 

which they are formed. This is untrue and is only partially the case for 

methodologies as laser chemical vapour deposition (LCVD) in which laser 

radiation is used to solidify a chemical vapour. In this scenario a datum 

point of initiation is required. Therefore, the term SFF can be largely 
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disregarded. The terms RP and RM have also been disregarded because 

LBMT may be employed to produce both prototypes and functional parts 

however these are often only 'rapid' when compared to the slowest of the 

competing conventional manufacturing processes. 

LBMT are largely born out of processes originally designed to fulfil the 

requirements of the prototype engineer and model builder. Developments 

in layer based manufacturing processes have opened new applications. 

The flexibility of these processes is their strongest advantage over 

conventional manufacturing techniques. Ideally no-hard tooling is required 

for LBMT and component finishes may be close to the final specification. 

This is the ultimate aim and often the current claim of system suppliers. 

However, this does not make the available processes economical for the 

mass production of most products due to the relatively high system, 

feedstock, labour and running costs. 

Commercial LBMT are found in several 'flavours' which normally involve 

various combinations of feedstock material (polymer, metal, ceramic and 

hybrids of above), fusing process (laser, masked light, adhesive) and 

recoating mechanism (fluid levelling, mechanical wiper, sheet delivery or 

masking). These are complimented by emerging techniques which employ 

continuous material delivery such as spiral growth manufacture (SGM) 

[88] which result in parts with one apparent layer. 

All of these processes have a common generic process flow which may be 

represented as follows; 

CAD Model of 
Geometry 

Data Manipulation and Preparation 
·Slicing" 

Figure 13 LBMT generalised process flow. 

Layer Based 
Manufacture of Part 

A model of the desired component is generated within a computer design 

package. This represents the first model within the process. Most 
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commercially available parametric design software packages will allow the 

generation of geometries and tolerances which are in excess of that which 

can be realised through LBMT. 

The CAD is manipulated to allow 'slicing' in which each layer is defined. 

This usually involves the approximation of part surfaces as triangles. This 

approximation is best demonstrated if a perfect sphere is considered. Of 

course the surface of a true sphere is made up of an infinite number of 

points which cannot truly be recreated, even if atom by atom deposition 

was possible with LBMT. Therefore the surface is modelled as a series of 

nested triangles whose outer sides form a polygon. The greater the number 

of triangles used in the approximation, the greater the fidelity to the 

designer' s model. 

Figure 14 Triangulated approximations to 
curves. b) shows a slice from the sphere 
depicted in a) . This is then triangulated to 
fonn the polygon c). 

After triangulation, the first divergence from the original design is 

introduced. It is impossible to triangulate with an infinite number of 

triangles as would be required to maintain perfect fidelity, due to 

computational limits. However, unless the manufacturing process IS 

undertaken in a coarse manner then perturbations like those observed in 

Figure 14 will not be observed in the finished geometry. In most LBMT 

the tolerances of the finished part are not limited by surface triangulation 

but by the smallest physical element producible in the build stage, which is 

unique to each build system. 
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The final step in ' build ' preparation is to slice the geometry. This involves 

dividing the model into discrete planes perpendicular to the build direction. 

Ideally these slices would be of an infinitesimal thickness to give a perfect 

representation of the design. This is impossible in practice and the 

tolerances achieved within manufacture are limited by the smallest 

mechanical increment which can be made for each technique being used. 

The slicing stage also causes a further deviation from the original design. 

Each slice is indexed and a corresponding two colour, 2D image is created 

separating the region which requires processing from that which does not. 
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a) b) 

Figure 15 Slicing of a sphere into discrete 
layers. Thinner layers reduce the ' staircase ' 
effect. 

The processed data is transferred to the tool which produces the required 

phase change layer by layer and thus manufactures solid geometry. 

These process stages are common to most current, commercially available 

LBMTs. The precise process varies from manufacturer to manufacturer 

and will often incorporate proprietary software in order to protect 

intellectual property and customer base. 

Two LBMT techniques have been used extensively in this thesis and are 

discussed at a greater length here. 
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Selective Laser MeltinglSintering-Methodology 

Selective laser meting (SLM) or at least its parent technology selective 

laser sintering (SLS) first emerged in the mid 1980's in a patent secured by 

Carl Decker of B.F Goodrich [89]. 

These techniques share common functionality, in that they use a laser 

source to fully melt a feedstock material (SLM) or sintering (SLS). Indeed 

some commercial machines can perform both operations [90]. 

A powdered feedstock is used which is deposited on to the build area in the 

form of a thin layer. The so-called 'recoating' mechanism deposits a 

smooth layer of powder, completely covering a substrate plate onto which 

the component will be built. The substrate plate is selected to ensure that 

the following meltedlsintered build layers adhere well to it. The laser is 

rastered over the surface of the powder layer causing the powder particles 

to sinter in the case of SLS or form a complete melt pool in the case of 

SLM. The rastering regime is specifically controlled to manage the laser

material interaction. 

The morphology and the material itself, significantly effects how the 

feedstock material interacts with the laser radiation. Powder sizes are 

usually selected between 50-100~m, however, Becker et al [91] report 

using powder sizes of the order of lO~m. The key factors affecting powder 

performance include flow-ability, reflectivity/absorbance and packing 

density. The powdered feedstock must flow well to ensure an even layer 

direct from the recoating mechanism and hence reproducible build layers. 

The feedstock must also absorb sufficient radiation at the appropriate wave 

length to partially or completely melt; however the energy threshold 

required for evaporation must not be exceeded. In some cases pre

treatment of powder has been reported to reduce reflectivity [89]. The 
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packing density of a powder is governed by the morphology of the powder 

particles and needs to be maximised for both SLS and SLM processes. The 

proximity of neighbouring particles must be minimised so that melt pool 

formation or contact area will be promoted. This is normally achieved in 

metals by using particles with a high degree of spherocity which are 

normally produced by gas atomisation. Multi modal powder size 

distributions will result in more densely packed layers but may not 

necessarily flow easily. 

The manner in which the laser is rastered over the powder bed is achieved 

by the control of a mirror. The laser spot dwells at a given location for a 

prescribed time, governing the amount of energy delivered to the material 

surface 

If a material is exposed to a laser beam of circular cross section with radius 

r (nun) and power P (W), then the power density is given by P p (W.m-2
). 

p=L 
P 1lr2 

(1.18) 

If the laser is now considered to be traversing across a surface with a 

velocity, v (m.s-I
) then an energy density Ep at the spot centre can be 

formulated as; 

E =L 2r 
p 2· 

1lr V 
(1.19) 

This equation is fundamental when defining a suitable parameter set for the 

SLS/SLM of a particular material. An appropriate spot size, laser speed 

and laser power can be calculated to induce the required degree of melting 

in a given material. 
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Figure 16 a) A solid block produced by 
SLS/SLM made of bu ild layers b) Three 
tracks side by side, process ing one layer 
Dashed lines show maximum track overlap 
c) Layer in cross section depicting typical 
melt pool profile and heat affected zone 
(HAZ). 

The tracks of the laser beam are often overlapped which can cause re-

melting in some already solidified regions within a part. This is 

demonstrated in Figure 16. 

The degree of overlap is known as ' hatch spacing' . The hatch spacing 

chosen has a significant effect upon the quality of finished component, 

especially at the 'skin ' or outer surface of the components. This effect has 

been the focus of considerable research due to the relatively poor surface 

finish of SLMlSLS type parts in comparison to those conventionally 

machined. 

Additive manufacture and SLM are still relatively new technologies and 

consequently, are presently still finding new applications [92]. 

Properties of SLMISLS Components 

The properties of metal parts formed by SLM are largely determined by the 

feedstock and process parameter set. These will in tum be dictated by the 

application. 
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Parts of near 100% bulk density have been reported in a wide range of 

alloys including aluminium [93], stainless steel [94] and copper. [95]. The 

parts have been subjected to mechanical testing and found to have 

properties comparable and in some instances superior to other reductive 

manufacturing processes which have not been heat treated. Other work 

[96] has investigated two-stage processing in which the SLM part is 

subjected to hot isostatic pressing (HIP). 'Hipping' serves to consolidate 

SLM materials and reduce porosity. 

The design freedoms granted by using SLM also allow the manufacture of 

unique geometries such as porous or mesh-like structures and nested 

features [97, 98]. Components have also been produced which incorporate 

functionally graded properties [99]. These are achieved by varying the 

incident energy over different regions of a component. This process 

mimics selective heat treatment, but within a single manufacturing process. 

Careful control of skin rastering regimes can also result in an effective 

casing of a component whose depth can be specifically controlled. 

SLM mesh structures have been exploited in aerospace applications [100], 

high performance automotive and medical applications [101, 102]. 

Incorporating meshes is largely undertaken to produce light weight 

components. These structures have also been incorporated into components 

for their thermal properties [103]. 

Ceramic materials have also been processed by SLS with varying degrees 

of success using dry layer deposition [104] and slurry layer deposition 

[105]. These materials usually require modifications to the build chamber 

environment. For example, they may need a partial pressure of a suitable 

gas to ensure that species present do not disassociate themselves upon 

heating. This presents a significant fire hazard as most commercially 

available SLS/SLM systems operate under low oxygen conditions «1 %). 
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This approach is predominantly undertaken to limit the possibility of 

ignition however several commonly used SLM feed stocks, such as 

titanium, are known to react violently upon oxidation. This Issue IS 

compounded by the fact that the feedstock material will be in a fme powder 

fonn with a large surface area to volume ratio. 

SLM has also been used to build two-phase metallic structures and 

materials made from dissimilar ones to that of the build substrate. This has 

generated new lines of investigation with regards to material selection, 

material treatments, material delivery and substrate preparation. 

Digital Light Projection Methodology 

The emergence of Texas Instrument's digital mirror devices (DMDs) 

represented a significant step forward in commercially available MEMs 

technology, enabling the development of common appliances such as the 

digital projector. This technology has become more common place and 

hence cheaper to the product developer and end user. 

The increased affordability of the 'DMD chassis' (consisting ofDMD chip, 

lens mounting, associated electronics and cooling unit) has allowed small 

concerns to develop new applications for this technology. One such 

application exploits the 'dynamic masking' capability of these systems to 

selectively expose photo sensitive resins causing them to polymerise layer 

by layer. 

Lithography, from the Greek 'to write in stone with light', exploits the 

interaction of light with a material to remove or 'cure' material in selected 

areas. These techniques require a specific mask per given pattern layer. 

This has a significant cost in most cases, unlike the DMD masking 

technique which is simply reprogrammed for each layer. Conventional 

lithography can therefore be thought of as a two dimensional technique. 
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Although the operator has some control over the 'thickness' of the layer 

this is thought of as a 2D process. Some topography including undercuts 

and graduated removal can be achieved by employing etching techniques 

at a later stage. 

The resolution of conventional lithographic techniques is fundamentally 

limited by the wavelength of the light source selected for the process. This 

is defined by the Rayleigh criterion; 

sin B = 1.22 A. 
d 

(1.20) 

In which e refers to the maximum angle that can pass through the objective 

aperture, f.. refers to the wavelength of the incident radiation and d refers to 

the diameter to which the beam can be focussed. The limiting nature of f.. 

has fuelled research into shorter wavelength systems including X-ray and 

electron lithography [106]. 

The DMD masking technique employs a dynamic masking regime to 

define repeated layers of a controlled geometry layer-by-Iayer hence the 

term '21 hD processing'. Although the resolvable feature size 

fundamentally limited by the wavelength of light employed (like 2D 

lithography) it is far more likely to be limited by the density of the mirrors 

mounted upon the DMD chip (currently 1920 x 1080). To appreciate this, a 

more detailed understanding of DMD masking or Digital Light Projection 

(DLP) operation is described below. 

Variations of the DLP theme are commonplace, however most systems 

consist of the following elements: DMD chassis (plus optics), stepper 

motor (for z directions translation); a resin container (with transparent 

floor) and a removable build substrate. A typical layout can be seen in 

Figure 17; 
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Figure 17 A DLP system after the 
Envisiontec Perfactory. 

The pre-processing of the computer generated model for DLP is identical 

to the generic RP method discussed earlier, right through to the generation 

of two colour bitmap images corresponding to each individual build layer. 

These bitmap images are used to actuate individual mirrors on the DMD 

causing them to reflect light toward the resin container where 

polymerisation occurs. Photopolymers contain photo-inhibiters which 

segregate monomers preventing them from unwanted polymerisation. 

Upon exposure to light of a specific wavelength, these inhibiters are 

decomposed and polymerisation can occur. To allow this process to be 

repeated, a fresh layer of uncured polymer must flow to the transparent 

floor. This requires that the previously cured layer is raised by a stop 

corresponding to one build layer thickness. To achieve this, the stepper 

motor translates by a distance D.z allowing the liquid polymer to seep under 

the previously cured layer. Repeated exposure causes the new layer to 

adhere preferentially to the previously cured one. The photo reaction 

occurs again and the process repeated for each successive build layer. 
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The resolution of DLP systems, like most LBMTs, is anisotropic. This is 

because resolution limiting parameters are different in the coordinate axis 

with reference to each build layer. Components realised in this way can be 

thought of as consisting of a multitude of voxels (volumetric pixels). These 

discrete 'building blocks' have their dimensions imposed upon them by the 

dimensions of each mirror mounted on the DMD (after imaging, as 

observed at the resin floor) corresponding to the x-y resolution and in the z 

direction the smallest practical translation of the stepper motor. 

The stepper motor limitation is a well recognised engineering problem and 

several manufacturers report repeatable layer thicknesses of:::: 15).lm which 

is comparable to tolerances achieved by CNC platforms. The degree to 

which light can be focused from each mirror also presents several 

challenges. For MEMS type applications, the greatest x-y resolution is of 

course required but focusing must result in a voxel array (matrix of discrete 

volumetric pixels) which closely resembles the activated mirror array at the 

DMD chip for maximum fidelity to the design. Therefore, a balance 

between the x-y dimensions (x = y if the mirrors are square) and the 

fidelity of the voxel as observed at the build surface must be made. 

Focusing an image (in this case from an individual mirror at the DMD 

chip) to the build surface causes the entire image, which consists of an 

array of individual focused mirrors; to become smaller but remain 

mathematically similar. This area is known as the build envelope and so 

another balance must be struck between optimum resolution and the size of 

a given build envelope. The size of the build envelope is a prime concern 

in the development of any LBMT but perhaps more important in a 'fixed 

time per layer' process such as DLP. 

LBMTs fall into two groups using this consideration. The 'fixed time per 

layer' methodologies take the same time to complete any build layer even 
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if a very small fraction of the build area is used. This is compared to 

'variable time per layer' methodologies whose layer build time depends 

upon the fraction of the build envelope used in a given layer which is the 

case for SLM. Hence for maximum throughput, optimisation of the build 

envelope is of prime concern. 

Plastic Structures and Composites 

Acrylic, epoxy and wax based resins have been processed by the DLP 

method. Variants of these materials are available with modifications to 

their viscosity (achieved with fillers and heating elements in the resin bath) 

to make them more suited to given layer thicknesses. 

Polymer-type LBMT formulations are usually protected by IP and limited 

to proprietary system parameters. The polymers available to users are 

specifically designed to cure only at the wavelength that a particular 

system can produce. This is done to ensure the manufacturer maintains 

exclusive or near exclusive material supply rights. 

Consequently fundamental materials research for these resins tends to be 

within the realm of the polymer chemist who customises the material to 

suit the most significant demand in the market. These include (in order of 

profitability); custom prosthetics [107], investment casting blanks[ I 08, 

109] and models. The properties of many DLP compatible materials limit 

their functionality and thus applicability to practical prototypes. However, 

good tolerances/surface finish, minimal secondary processing, and quick 

component inter assembly yield some advantages over other LBMTs 

which are designed to process more robust engineering materials. 

The relative immaturity of DLP as a manufacturing technique, even with 

respect to other LBMTs, means that its full potential has not yet been 

realised. This is substantiated by the considerable volume of ongoing 
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research. This research can be divided into lines of investigation which 

ultimately benefit the progression of DLP but are quite distinct with respect 

to one another. 

Micro Electro-mechanical Devices 

The drive for smaller electromechanical technologies has never been 

greater. Fuelled by the huge worldwide markets for consumer electronics 

which incorporate once thought of 'space age technologies' such as mobile 

communication devices at affordable prices, the trend is set to continue. 

Miniaturisation of commonplace electronic components such as 

transducers and RF aerials is widespread. However, there are many 

bespoke engineering components for which this has not taken place. This is 

due to the cost of prototyping and poor economies of scale. Rapid 

prototyping techniques have the potential to address this situation to some 

degree. 

Reducing the size of electrical components is of interest because generally 

it leads to reduced power consumption, greater portability and faster 

system speeds. Layer based manufacturing techniques have the potential 

for imitating conventional components, but also exceed the performance of 

the conventionally manufactured articles. 

Decreasing component sizes has also yielded significant research interest 

in the field of micro-fluidics. Non-linear scaling of fluid properties results 

in the manifestation of visco-elastic characteristics in capillaries. These 

properties compounded by significantly enhanced surface area/volume 

ratios [110] herald great potential for micro-featured reactors. 

Layer based system manufacturers have not yet exploited these markets. 

According to the industry standard review (The Wohler's Report) [Ill] RP 

and RM apparatus are largely being utilised for research and manufacture 
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associated with model building, aerospace and biomedical applications. 

This focus is largely due to the ease of penetrating these markets. 

However, the rapid development of machine design and feedstock 

materials makes new bespoke applications possible. These bespoke 

applications have included, but are by no means limited to ion traps [112], 

micro chemical reactors [113] and unmanned air vehicle (UAV) 

components[114]. The escalation in value added post-design and through 

manufacture makes the processing of such components economically 

viable. 

Mass Spectroscopy 

Mass spectroscopy is an analytical technique used to identify the atomic or 

molecular species of a sample. This is achieved by ionising a sample and 

evaluating their mass-to-charge ratio. This measurement can be done by 

collimating the ions with an Einzel (electrostatic) lens array and then using 

an electric field filtering technique which allows only ions of a 

characteristic mass-to-charge ratio to pass. The ions that migrate through 

the filter then impact upon a charge collection device and a current 

recorded. 

Since the 1950s [115] mass spectrometry has emerged as a useful tool for 

fixed locations analysis. More recently an interest has been registered in 

more portable devices [116]. The portability of such devices is limited by 

three principal factors. Firstly the impractically short mean free path of 

ions at atmospheric pressure means that the process must take place in a 

vacuum. Secondly, the process of ion generation usually requires an 

incandescent source. This requires significant power, and finally the bulky 

size of the spectrometer makes portability impractical. 

The design of quadrupole mass spectrometers has varied little since the 

1970's. They frequently consist of thoriated filaments for incandescent ion 
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sources, four circular profile cylinders and a Faraday cup detector. They 

often include a photomultiplier device. 

The mass filter is a crucial element of the system. Optimisation of the field 

produced by the quadrupoles is essential to yield a mass spectrum with a 

high resolution. The profile of the electric field generated within the filter 

is largely detennined by the profile of the electrodes. These are commonly 

circular in cross section and have a unifonn profile and are so tenned 

'rods'. 

It is widely accepted that for optimum field conditions, proposed by theory 

[117], simulation [118] and verified by experiment [119] that the superior 

profile is parabolic in cross section. Further theoretical studies suggest that 

advantages might accrue through the incorporation of none unifonn 

geometries e.g. helical [115]. 

These parabolic features present fabrication difficulties if traditional 

manufacturing approaches are employed. Therefore, incorporation of layer 

based manufacturing processes which could achieve required tolerances 

would find significant application here. 

LBMT have been used to manufacture some components for similar 

systems; most notable was the SLA ion trap as produced by Cooks et al 

[112], but by no means explores the design freedoms afforded by high 

resolution LBMTs. 

Development of mass spectrometers has advanced rapidly in the last 

couple of years with a main focus on building fully integrated devices that 

can be made portable while maintaining good perfonnance. To achieve 

this, miniaturization of mass spectrometer components has been pursued, 

especially in the case of mass analysers. 
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Commercial targets include lowering manufacturing costs because the 

implementation technologies that are being used offer mass production not 

only for discrete components, but also for complete devices. 

Secondly, operation at higher pressures can be achieved due to the shorter 

length of ion path through the filter section. Consequently this lessens 

demand upon the vacuum required and therefore cheaper vacuum pumps 

may be used. 

The mass spectrometer may consequently have lower power consumption 

and the possibility of operating with a smaller battery since lower electrode 

voltages are needed to generate the required electric fields. 

These advantages may lead to in-field measurements such as instant 

medical diagnosis, water and environmental analysis and detection of oil, 

natural gas, and explosives. 

nmple 
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Figure 18 The typical process flow for a 
quadrupole mass spectrometer. 

Ion collection 
causes a current 
to be detected 

Miniaturization of mass spectrometers has been realised previously by 

using MEMS technology, which is mainly based on semiconductor micro

engineering with metal parts. Since complex electrode shapes, such as 

hyperbolae, cannot be machined at micro-scale, simpler geometries like 

cylindrical and planar ones are used to approximate the ideal hyperbolic 

field. One of the first miniature analyzers constructed using MEMS was a 

quadrupole mass filter (QMF) with cylindrical electrodes [120]. Other 

successful miniature mass analyzers include a time-of-flight mass filter 

[121] and several types of ion traps: cylindrical micro ion traps that can 

easily form arrays [116, 122, 123], a rectilinear ion trap with planar 

electrodes [124] and a halo ion trap [125]. 
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Ion source miniaturization has also advanced with realization of a carbon 

nanotube electron impact ion source [126]. The final goal is a reliable and 

fully integrated mass spectrometer with all of its components built as one 

part. Significant progress has already been made towards building a time

of-flight mass spectrometer on a chip [121]. 

Conclusion 

This chapter has presented the rationale and prior state-of-the-art for the 

research detailed in subsequent chapters. 

Functional materials suitable for typical 'smart' applications have been 

identified and their key properties, modes of operation and integration 

identified. Issues in their manufacture and subsequent application to 

engineering scenarios have been discussed and a need for other process to 

be investigated identified. 

Layer-based manufacturing techniques have been introduced. Those most 

suited to the processing of the smart materials have been examined in most 

detail. Their viability has been discussed in the context of the state-of-the

art. 

Lastly, novel applications for functional materials and LBMTs have been 

explored. This consideration has identified possible niches for 

combinations of suitable processing techniques and manufacturing process. 

This approach may indeed lead to improved manufacture of existing 

components and also allow fundamental design freedoms granted by 

manufacturing in a layer-wise manner. 
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It is the hypothesis of this study that LBMT components may exceed those 

manufactured by conventional means in terms of cost, size, functionality 

and flexibility in design. 
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3. Experimental Methods 

Selective Laser Melting Techniques (SLM) 

The SLM process was introduced in Chapter 2, in the context of a survey 

of current manufacturing research. A more detailed consideration of the 

SLM process is discussed here in order for the reader to gain a better 

appreciation of research discussed in Chapter 4. Especially with reference 

to the process by which untried material feed stocks are validated through 

experimentation. 

The SLM apparatus used for the experiments were produced by MCpTM 

which designates its systems in terms of build envelope size. The systems 

employed for this research were the SLM 250 which has a square build 

envelope of 250mm x 250mm and finds general purpose application. The 

smaller SLM 100 was also used which has a circular envelope of diameter 

100mm and is normally used to manufacture dental implants. Both systems 

incorporate laser and optics subsystems (Realizer Corp, Germany). 

Powder 

The feedstock material is one of the most resolution-limiting factors 

currently affecting SLS and SLM technologies. The partial and full melting 

which takes place in both processes, will limit the smallest possible 

features to be of the same order as the powder itself. 

Metallic powders can be produced by several methods including gas 

atomization, gaseous pyrolysis and mechanical comminution [127]. The 

ceramic materials used in this work were ground from larger powder 

samples to produce a suitable powder size distribution. Grinding leads to a 

poorer degree of spherical conformity compared to the processes employed 

for metal powders and poorer packing density. 
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Gas atomization IS perhaps the best powder preparation technique for 

SLM. Powders produced in this way present a high degree of sphericity. 

This is important when maximum packing density is required. If the 

powder packs well , to form a dense bed pre-melting, the consolidated 

component will be denser and thus display greater mechanical integrity. 

Packing can be improved by introducing fractions of differing powder 

sizes. The smaller particles can fill the voids left by the larger powder 

particles, as shown schematicaIly in Figure 19. 

a) b) 

Figure 19 The inclusion of smaller powder 
particles to occupy vo ids and thus increase 
pack.in g density . 

The optimum theoretical packing density for mono modal spherical 

powders can be obtained. If closest packing is observed in a face centred 

cubic (FCC) arrangement; 

Figure 20 Packing density in face centred 
cubic (close pack spheres) powder 
arrangements. 

If the unit ceIl has a volume of a3 units, only a fraction of which IS 

occupied by powder particles of diameter D then; 

a = 2Dsin4Y (3 .0) 

Allowing the unit volume to be expressed in terms of particle diameter; 
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(3.1) 

Within the unit cell there are four half particles at each face and four 

quarter particles at each comer i.e. the unit cell is populated by a volume 

equivalent to four whole particles. Therefore the ratio of occupied volume 

to unit cell volume for spheres of radius r is; 

4(i nr3 
) 

(~J 

J2tr ~ 0.74048 
6 

(3.2) 

(3.3) 

Therefore the maximum close packing density for a monomodal powder is 

;::;74%. 

The flow-ability of the powder is also dependent upon the mean powder 

size. The finer the powder, the more likely agglomeration is due to 

electrostatic forces and adhesion due to humidity in the atmosphere. These 

issues have been addressed [128] in the SLM process on the micron scale 

in a vacuum chamber. A balance must be struck to ensure that the powder 

does indeed flow to an acceptable degree, yet be small enough to yield 

good resolution in the consolidated part. 

Flow-ability of powder feed stocks was measured using a Hall flow meter. 

This apparatus consists of a funnel with a calibrated orifice through which 

the powder flows. The time taken for a known volume of powder to flow 

gives a comparative measure of how flowable a powder actually is. 
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The particle size distribution for SLM materials used in this work was 

analysed using a Malvern Instruments (UK) 'Mastersizer' 2000 laser 

diffractometer. This technique is invaluable in determining the effect of 

powder filtering using sieves to achieve appropriate powder size 

distributions. Scanning electron microscopy and X-ray diffraction were 

also employed to validate both the topography and composition of all the 

materials processed via SLM. 

Laser and Optics 

Currently all MCP SLM machines incorporate neodymium-doped yttrium 

aluminium garnet (Nd:Y AG) lasers (lPG, Germany) which emit light with 

a wavelength of 1068-1095 nm at a power of 50-200W. 

The scanning system used in this study incorporated a dual axis mirror 

positioning system (Cambridge Technology) and a galvanometer optical 

scanner, which directs the laser beam in the x and y-axis through an F-theta 

lens. The variable focussing optics are Sill 300 mm focal length lenses. 

These produce a focussed beam spot size of 60 J.lm diameter at 80 watts 

power. 

Fibre 

... 
____ --'De....,livery...-------, 

OPTICAL 
LASER SOURCE BANK/BEAM 

(50/200w) EXPANDER (sets 
working distance) 

SERVO 
CONTROLED 

DUAL MIRROR 
ARRAY (xy control) 

Figure 21 Optical Process Flow in MCP 
SLM Systems. 

F-theta LENS (spot 
brought to focus at 

work piece) 

The Mep Realizer, is a commercial SLM workstation with a build speed 

of 5cm) dense metal per hour on average. Since the powder is fully melted 

during the process, protection of the SLM-processed parts from oxidation 

is essential, therefore all metal powder processing occurs in an argon 

atmosphere with no more than 0.2 % O2• The build is controlled using the 

propriety control software 'Fusco'. 
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Support Structures 

A need arises for the support of layered structures when an 'overhang ' 

feature exceeds a specific size. Unsupported material may collapse under 

its own weight. Features of this nature therefore require additional support 

which may be incorporated into the design or more commonly a sacrificial 

support can be included into the build process. 

Figure 22 The effect of introducing support 
structures to overhanging features. 

Sacrificial supports are commonly used throughout layer-based 

approaches. They are usually generated with the aid of custom software 

packages. The Magics™ X software (Materialise, Belgium) was used to 

generate all supports used in this study. 

These supports are designed such that their contact with the desired 

geometry is minimal. This ensures that their removal can be achieved with 

little effort in secondary processing. It is also possible, via customising the 

build parameters for the support material, to weaken it so that it is easily 

removed. 

' Support widening' is the process by which supports generated in custom 

software which have a thickness value of zero are widened to a suitable 
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degree. This is a vital parameter which must be minimised to facilitate 

support removal. Support generation is further complicated when strain is 

induced in the build material. If the work piece is fixed to over rigorous 

supports, this often leads to undesirable strain compensation mechanisms 

namely bulk deformation ofthe whole part. 

Large planar surfaces, parallel to the substrate are associated with 

'hogging' (arcing of the part the opposite of sagging) as recrystallisation of 

molten material causes shrinkage in the direction away from the substrate 

heat sink. This is overcome by employing supports which partially 

constrain or alternatively building the part in another orientation. 

Materia/Interaction 

A fine balance is required at the laser/material interface to ensure enough 

energy is provided to the powder to cause melting but not to provide an 

excess which would cause excessive evaporation or spattering. This must 

all be achieved while maintaining fidelity to the original design from which 

the rastering pattern is computed. The raster is achieved using the Realizer 

machine control software. 

The energy absorbed can be substantially reduced, if the material being 

processed has a high coefficient of reflectivity for the radiation wavelength 

used. If the material is highly reflective, then a significant fraction of the 

energy delivered will be reflected from the material surface and will not 

contribute to melting but resolution may suffer. This effect can be reduced 

if the powder is of a smaller mean size, which causes more localised 

reflection/scattering. As a result this reflected energy can still interact with 

surrounding powder particles and contribute to melting. 

Absorbing coatings, often applied by aerosol, have been employed by 

manufacturers processing metal sheet with lasers. These increase laser 
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absorption and hence reduce the power requirements of the laser source. 

To date this has not been used with SLM feedstock materials. 

Upon melting at the surface, a plasma shroud forms. This serves to shield 

the work piece by absorbing and dissipating some ofthe incident energy. It 

should be noted that this is a dynamic situation, and the degree of 

reflectivity at the material surface varies with temperature as does the 

degree of absorption by the plasma shroud. 

The induced melting and subsequent re-melting used to produce 'skin' 

tracks, results in re-crystallisation of the material upon solidification. The 

thermal regime under which re-crystallisation occurs will largely define the 

material properties. Although post build heat treatments and HIP [129] 

steps have been investigated, the processed parts should be as close to the 

finished article as possible. This is the case for both fidelity to the initial 

design and any required properties such as hardness and tensile strength. 

This strategy will ultimately reduce overall manufacturing cost and reduce 

the number or extent of finishing processes required. 

Upon solidification the material properties will be affected by the ambient 

conditions. A principal concern is that undesired levels of oxygen may be 

absorbed, leading to embrittlement, or perhaps more catastrophically, 

explosive oxidation. This is especially hazardous when using a material 

which readily oxidises such as titanium and is compounded by the large 

surface area of the powdered feedstock. 

Oxidation of the build material is suppressed by introducing an inert argon 

atmosphere to the build chamber. The O2 content is limited to 0.2% or 

below. This is monitored, and subject to emergency interlock, by an 

oxygen detector. 
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During solidification, shrinkage occurs in the material that has been laser 

heated. If a structure is fully constrained and dense, then residual strains 

will be introduced to the material. This strain is often manifested as a 

distortion of the part. Further material deposition often worsens the 

situation and build failure occurs due to non-uniform powder deposition. 

This effect is minimised by orientating the geometry in way such that it 

may deform and compensate for stress 'naturally' or alternatively 

minimising the volume that is 100% dense. Internal features, curved edges 

or shells allow localised stress relief. 

Parameters 

The software that accompanies MCP SLM machines allows 

comprehensive control of build parameters. The 'bolt on' nature of the 

machine assembly also allows for the introduction of supplementary 

variables in addition to those which are software governed. 

The user is able to vary oxygen levels, substrate temperature and the over

pressure caused by an argon feed. These parameters serve to modify the 

feedstock response to laser interaction. The heater plate is especially useful 

for controlling the rate of heat sinking and consequently recrystallisation. 

For most metal processing the user will require oxygen to be held at a 

minimum to limit high temperature oxidation. However, the ability exists 

to admit partial pressures of air for the processing of some ceramics for 

example. 

The energy density at the build surface is the product of three variables 

laser power, laser spot size and raster speed (which is in turn contrived of 

point-to-point distance and exposure time). The laser power can be varied 

from 10-100% in increments of -1 %. These parameters must be balanced 

to ensure sufficient melting occurs but sublimation/ablation does not. 
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The raster strategy that enables the laser to completely expose a selected 

area may also be varied. The hatch spacing or distance between the centres 

of adjacent tracks can be adjusted. This selection is highly dependent upon 

the melt temperature of the feedstock as lower melt temperature materials 

will have wider heat affected zones, so less laser coverage will be required. 

Contour or skin raster lines constrain the melt pool to the inside of the part. 

The facility exists to adjust this skin spacing and vary its energy inputs 

independently of the strategy for the bulk material. This is intended to 

optimise surface finishes on the surfaces parallel to the build direction. 

Digital Light Processing (DLP) 

The apparatus used for this study was the Perfactory MiniTM custom 

(EnvisionTec, Germany). This system allows for the interchange of 

objective lenses, meaning that sizes of the build envelope and pixels, at the 

build surface, can be varied. 

The build envelope is a matrix of pixels which can be enlarged or reduced 

by using appropriate optics. Enlarging the build envelope comes at a cost 

to resolution. This trade off occurs because the pixels will also be enlarged 

by the same factor as the envelope as a whole. Larger build envelopes are 

desirable because a larger area can be built up. This is of special 

importance for processes in which the build time per layer is constant. 

The optics consisted of the Perfactory SXGA+ 85mm which produces a 

rectangular build envelope of 20.83mm x 27.77mm. The platform is 

mounted on a stepper actuator which is capable of linear translation 

accurate to +/- 6iJlll. 

An incandescent bulb is used as the light source. This emits a spectrum 

which is filtered to appear blue (::::::450-495nrn) at the build surface. The 

manufacturer regards the specific wavelength to be proprietary knowledge 
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and it is therefore not disclosed. This protects the manufacturing process to 

a degree and limits the use of feed stocks, from competing suppliers. 

Material Interactions 

The photopolymer used 10 this study was an acrylic resin 

Pentaerythritottriltetra-acrylate (CAS 4986-89-4) + 1,1, I Tri-

hydroxymethylpropyl - triacrylate (CAS 15625-89-5,3524-68-3) 

Photo-polymerisation is achieved via the addition of initiators to the 

monomer [130]. Initiators are molecules which readily decompose 

producing free radicals. This reaction can be exploited to produce resins 

that polymerise upon being exposed to radiation of a given wavelength. 

Free radicals are created by the unpaired electrons that form as a result of a 

bond being broken. The free radicals react with carbon-carbon double 

bonds in monomer molecules. The monomer is then left with a surplus 

electron, becoming a free radical and polymerisation is observed. 

This process comes to halt through the termination reaction. This may 

occur in two ways. In the first instance, two growing polymer chains meet 

end on, known as coupling. Alternatively the chain end may supersede a 

hydrogen-carbon bond at the mid-section of another chain which is termed 

disproportionation. 

In some instances, an unpaired electron will be available mid-chain and as 

such distant from the propagating end. These may chain transfer to 

polymer, meaning that a new branch will be formed. The length and degree 

of these cross links will determine the macroscopic mechanical properties 

of the polymer. 

Given that this process occurs in the resin basement, several criteria must 

be met order for the material interaction to produce desirable results. 
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Firstly, exposure time must be considered. This must be long enough to 

ensure that a significant degree of polymerisation has occurred in-litho. If 

this is not the case then the film will not maintain shape or adhere to 

previous layers. Further time, ex-litho, should be allotted to allow the 

polymer to reach equilibrium before agitation. Again this would serve to 

compromise its adherence to previous layers. Linked to exposure time, is 

the exposure intensity which can be adjusted with exposure time to give 

the desired level of cure. 

Parameters 

The EnvisionTec Perfactory software allows several parameters associated 

with build conditions to be freely adjusted. This allows for variation 

between feedstock batches and also entirely new material systems. They 

may be adjusted independently to reach a suitable parameter set. 

Upon exposure the resin basement peels away from the substrate on which 

the part is forming. This allows uncured material to occupy the void left 

behind. The separation distance, waiting time for resin flow and velocity of 

'peeling' can all be adjusted for variations in material viscosity. 

Similarly, the exposure time and waiting time after exposure (during which 

additional cross linking occurs) can be varied. These must be balanced to 

result in a sufficient degree of curing. Under exposure results in parts that 

readily deform as additional layers are deposited, while over exposure 

produces flaking, poor adherence between each build layer and surface 

defects caused by shrinkage. 

The Perfactory software also enables use of an enhanced resolution mode 

(ERM). This option causes two exposures per build layer to occur. Both 

images are identical but shifted by one pixel. Parts built in this manner will 

have a smoother finish on surfaces perpendicular to the build direction. 
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Other algorithms can be applied while bitmap processing, in order to 

minimise pixilation. Customising the degree of this smoothing for an 

output of given resolution is termed anti-aliasing. 

All support, when required, was generated as for the SLM geometries by 

using the Magix X software package. 

Scanning Electron Microscopy (SEM) 

SEM was used to analyse of several aspects of this work. The instruments 

used were the Hitachi S-2460N (high vacuum), the CamScan X500 FEG 

SEM Crystal probe optimised for electron back scatter detection (EBSD) 

and the JEOL JSM 700lfFEG SEM. 

When the specimen under investigation was metallic, maximum 

acceleration voltages (e.g. ::::: 25 keY) were used to optimise resolution. 

Non-conductive samples were sputter coated with gold to prevent sample 

charging. While imaging in these materials, lower electron acceleration 

voltages (e.g. ;::: 12 keY) were used at some cost to resolution but with a 

marked improvement to image contrast. 

All the instruments used, are fitted with an energy dispersive spectrometer 

(EDS) which permits X-ray spectra to be acquired. This allows the 

operator to identify the chemical composition of the material under 

investigation. 

Transmission Electron Microscopy (TEM) 

TEM was used for the analysis of NiTi samples produced by SLM. This 

was all undertaken using a JEOL 2000FX which uses a maximum 

acceleration voltage of 200keV. This microscope was used to obtain 

selective area diffraction (SAO) patterns to identify the crystallographic 

phases present in NiTi samples. 
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TEM offers higher resolution than SEM, as well as electron diffraction. 

The operation of TEM is based upon detecting electrons which have 

passed through a thin section of the material under examination. This, 

provides information about the internal structure of a material and not just 

the surface region as in SEM [131]. 

Energy Dispersive X-ray (EDX) Analysis 

Upon bombardment with electrons, matter may radiate X-rays. The emitted 

X-rays are characteristic of the processes whereby electrons relax within a 

particular atom. Therefore this property can be used to identify the source 

atom. 

The Hitachi S-4000, JEOL JSM 7001 and CamScan microscopes were all 

fitted with EDX analysis apparatus. These allow point specific 

identification and regional identification of sample composition. All 

incorporate a semi-conductor detector which when exposed to X-rays 

causes the excitation of electrons to a conduction band and an electric pulse 

is recorded. The energy of this pulse is proportional with the energy of the 

X-ray. 

Figure 23 X-ray emission upon electron 
relaxation. 

The detection oflighter elements is prevented with this technique due to x-

ray absorption which takes place at the detector 'window'. At low X-ray 

energies « 1 keY) associated with K energy shells of lighter elements, 

insufficient signal levels will penetrate through this beryllium window. 
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EDX was used to verify the elements present and to investigate 

contamination ofNiTi samples manufactured by SLM. EDX was also used 

to analyse the BaTi03 samples after laser processing to discount 

dissemination of oxygen and verify the elemental composition. 

X-ray Diffraction 

A Rigaku Minitlex diffractometer was employed to record X-ray 

diffraction patterns of the materials used within this work. The 

diffractometer consists of an X-ray source which operates by accelerating 

electrons through a potential (40 kV) toward a copper target. The electron 

impact causes photoemission in the form of X-rays predominantly 

associated with the eu Ka shell with a wavelength of 0.154051 nm. These 

X-rays are guided through a filtering window to give an approximation to 

monochromacity. X-rays of other wavelengths will also progress to the 

specimen but with relatively low intensity. The interaction of X-rays with 

crystalline materials yields a diffraction pattern unique to each material. 

This is characterised by the well known Bragg equation; 

nA=2dsinO (3.4) 

Where n refers to the order of the associated diffraction maxima (usually 

1st and brightest), A.. is the wavelength of the incident X-rays, d is the 'd' 

spacing between atomic planes and e is the diffraction angle. 

The associated proprietary software allows the post processing of 

diffraction data recorded in this way to remove background radiation, 

perform averaging operations, to compensate for non-monochromacity and 

to calculate integrated peak intensities. 
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X-ray diffraction is useful for identifying the crystalline phases present in a 

material. It can also be used to assess the relative quantities of phases and 

also measure the degree of crystallinity. This is useful when examining the 

effect of heat treatments under which recrystalisation has occurred. 

This diffractometer is best suited to analysing powder samples. A large 

number of crystals in the sample will be randomly orientated and so 

representative diffraction patterns will be obtained. The patterns obtained 

from the sample are compared to reference patterns from a library or with 

computer generated models. For a defined unit cell, the location and 

relative intensities of the characteristic peaks of a sample can be computed 

from these references. Several internet based lattice parameter libraries are 

available for reference. The Cambridge Database Service (CDS) was used 

during this study. 

Surface Profilometry 

Surface profiling was undertaken to investigate the roughness of parts 

manufactured by DLP. The apparatus used for this purpose was a Veeco 

Wyko NT331 0 interferometer. This apparatus exploits the path difference 

of light reflected from the sample compared to a reference beam, Figure 

24. 

Coherent light 

Mirror 

- - - - Reference beam 

- Sample Interaction 
beam 

Figure 24 Simplified coherence canning 
interferometer after the Wyko NT33 ! O. 
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In this technique, a coherent light source illuminates a Michelson 

interferometer (beam splitter). A fraction of the incident light shines on the 

sample surface and the remainder travels directly to a detector serving as a 

reference. Light is reflected back from the sample and directed to the same 

detector. A path difference is caused by the roughness of the sample 

surface and the two beams shift in and out of phase. An interference pattern 

will be observed at the detector. Software interprets this pattern to map the 

surface of interest. 

Apparatus, like the Wyko system used in this study, have stage mounted 

optics which permits a range of focal lengths to be 'scanned'. 

Differential Scanning Calorimetry 

This technique is used to measure the amount of energy required to raise 

the temperature of a specimen. This characteristic is of use when 

evaluating changes in state and material structure as result of heating or 

cooling. 

Crystalline materials may experience a phase change, while amorphous 

samples may pass through a glass transition. The atomic or molecular 

restructuring associated with these changes requires a specific amount of 

energy (latent heat) to be provided or dissipated which is characteristic of 

the phase change. 

The calorimeter consists of a temperature controlled vessel into which the 

sample is inserted. This is heated or cooled with liquid nitrogen causing the 

sample temperature to change. The temperature in the vessel is precisely 

monitored and appropriate energy supplied or withheld as the system is 

cycled through a range of temperatures. That is to say, a material going 

through an endothermic phase change, more energy has to be required to 

maintain the rate of temperature rise and this is measured by the power 
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drawn by the furnace. If the material goes through an exothermic phase 

change the converse occurs. 

The calorimeter used in this study was a Metler Toledo DSC 822 assisted 

by the STARe analytical software. Measurements were taken comparing 

the precursor NiTi powder to SLM parts. 

Raman Spectroscopy 

This technique exploits the interaction of monochromatic laser light with 

the phonons of the sample material. The incident light is subject to a shift 

in energy if inelastic collisions occur. 
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Figure 25 Vibrational modes used by Raman 
spectroscopy. 

• 3 
2 

Rayleigh scattering is the dominant process for the incident light caused by 

elastic interactions. Thjs Rayleigh component is reflected with the same 

wavelength as the initial light source. A notch filter is used to reject this 

light and only inelastically energy shifted photons arrive at a Si charge 

coupled device (CCO) detector. These energy shifts (Stokes/Anti-Stokes) 

are characteristic of the material under investigation. 

Raman spectra were obtained in this study following excitation usmg 

radiation from an argon ion laser at a wavelength of 514.5 nm. The power 

impinging on the sample was kept at 17mW. A Jobin-Yvon LabRam 

spectrophotometer with subtractive pre-monochromators coupled to the 
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third spectrograph / monochromator with a 1800 grooves mm- I grating was 

used for recording the spectra. A Peltier-cooled charge-coupled detector 

(CCO at 80 K) was employed to detect the Raman signals. All of the 

spectra were recorded in back scattering geometry with a 50x microscope 

objective. 

Mass Spectrometer Apparatus 

A well established test rig was used to evaluate the performance of mass 

spectrometer components manufactured by OLP. Sufficient vacuum was 

obtained in the test vessel using an Edwards two-stage rotary pump. This 

provided a roughing vacuum taking pressure from atmospheric down to 

1 x 1 0.1 Torr. An Edwards turbo-molecular pump was then used to reduce 

pressure from lxlO-1 Torr to approximately 5xl0-6 Torr. The test pressure 

is required to ensure the mean free path of ions is large. The vacuum was 

monitored using a Leybold Ionivac vacuum gauge. This also provided a 

calibration standard to evaluate the pressure sensitivity of mass 

spectrometer components. 

For the preliminary spectrometer design, a standard ion source was used to 

ionise gas samples. Varying the current supplied, adjusts electron emission 

and thus ion density. Ideally a large number of ions will then progress into 

the mass filter 

A custom electronic control unit (ECU) was used to control the ion source 

voltages; to provide RFIDC drive voltages for the mass filter; and to 

measure the current in the Faraday cup detector. The ECU also sends the 

signal to the computer to be plotted. This unit allows for complete control 

over voltages between rods, extractiOn/focussing potentials for Einzel 

lenses, and bias at collector. 
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The manufacture of some mass spectrometer components required coating 

with a conductive film. All coating was done by evaporation of gold onto 

the required surfaces using an Edwards E306A Coating System. 
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4. Selective Laser Melting of NiTi 
Alloys 

Introduction 

Advances in the SLM process in terms of reliability, part quality and build 

size have widened the applications suitable for this technique. This 

potential has encouraged experimentation with several alloy groups to 

establish their process compatibility. The selection of these alloys has 

broadly been driven by their use in industries such as the aerospace and 

biomedical hence 316L steel and Ti 6Al4 V alloys have been the first to 

find widespread use with SLM. However, many materials are still to be 

explored. 

One engineering material of significance to several industries is the shape 

memory alloy nitinol (NiTi). Although widely used and well understood, 

this material has not been previously processed by SLM. 

The geometry of some shape memory components, such as valves and 

springs, means that manufacture by conventional approaches is often 

labour intensive and therefore costly. By employing SLM instead it is 

proposed that complex-shape components which display the SME can be 

manufactured. 

The methods for the characterisation and preparation of metal feed stocks 

for the SLM process are as immature as SLM itself. A standard approach 

to this process is yet to be formalised. The most important general concerns 

are; the flow ability of the powder, the energy required to melt the powder 

and the nature of the material upon recrystallisation. 

Information about these factors, combined with characterisation of the 

material after SLM processing can be used to formulate the optimum build 

68 



4. Selective Laser Melting ofNiTi Alloys 

parameter set or at least an approximation when parameters are dis

continuous. 

Once the feedstock and SLM process have been optimised to yield 

adequate material properties, then the resolution of the system can be 

evaluated. This may be achieved using test structures such as concentric 

circles or thin walls with ever decreasing dimensions. By observing when 

discrete features are no longer built in this the resolution can be obtained. 

Any subsequent analysis is then tailored to the material under 

investigation. Measurements can be used to establish whether there has 

been an enhancement or degradation of key material microstructures or 

properties caused by the SLM processing. 

In this chapter selective laser melting has been used to build high aspect 

ratio, three-dimensional NiTi electro-mechanical components. Cantilever 

beams and springs manufactured in this way have been trained and 

actuated demonstrating the process is suitable for electromechanical 

applications. 

Material Preparation for SLM 

The characteristics of powder shape and size are important in the SLM 

process. The powder must flow readily from the recoater to the build 

platform. Particles with smooth surfaces flow more readily within the 

powder bed, leading to a higher 'loose' density. Loose density contributes 

significantly to the final density of components manufactured in this way 

as there will be a reduced void content before melting. Reducing the void 

content facilitates heat transfer in the powder bed. Hence a more uniform 

melt pool and symmetric heat affected zone will be observed. 
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Particle shape is an important factor as symmetrical particles pack more 

densely. Consequently spherical powders are preferred. The surface and 

granulometry parameters of the powder are closely related to the material 

and its production process. The powder used in this study was supplied by 

Crucible Materials Corporation and the composition was Ni55 Ti45 by 

weight. It was manufactured by gas atomisation. 

Particle Size Analysis 

Particle size analysis was perfonned on the NiTi feedstock as supplied. 

The powder was reduced down to a predominantly monomodal distribution 

as shown in Figure 26 by graded filtering. The mean powder particle size 

was shown to be 75J.lm with standard deviation of 15J.lm. 
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Figure 26 Particle size analys is of N iTi 
powder as provided by Crucible Materials. 
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A second mode is observed with mean diameter of 6.5J.lm. This is likely 

due to satellite particles which are separated during the filtering process or 

indeed during the process of particle size analysis. Some of which can be 

observed in Figure 29. 

Powder Composition 

Figure 27 shows the phase diagram for binary NiTi alloys. The equiatomic 

composition of this alloy was retained from the liquid melt, through 

cooling to the solid. 
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It is significant for this study, that the melt temperature for NissTi4s is 

1310°e. The melting point places an immediate requirement upon the 

processing parameters. The incident laser must provide sufficient energy to 

raise the powder bed temperature from ambient to a localised temperature 

in excess of 13 100e. The specific heat capacity ofNiTi is given elsewhere 

[132] as ::::: 850Jkg-1K- 1 (phase dependent). Furthermore it must provide the 

required latent energy to cause complete melting. Ideally during this 

process Marangoni stirring effects [103] will be observed ensuring a 

uniform solid solution upon re-crystallisation. 

Differential Scanning Calorimetry 

The phase transformation temperatures of the feedstock material and the 

processed material were evaluated using DSe. Figure 28 clearly shows the 

changes in specific energy which accompany the various phase changes 

consistent with NiTi alloys which exhibit the SME in the feedstock 

powder. 

If the heating section of the curve is considered first (bottom), then it can 

be observed that the transition from the low temperature martensitic phase 
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to the high temperature austenitic phase begins at 53. 7°C. This is 

commonly referred to as the austenitic start temperature, As. This 

transformation continues until complete (Af) at 94.5°c. Upon cooling (top) 

the martensitic start temperature (Ms) occurs at 62.1 °c and continues down 

to the martensitic finish (Me) temperature of23.3°c. 
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Figure 28 DSC of NiTi powder as supplied 
by Crucible Materials. 

120 '''' 

These transition temperatures are typical of NiTi alloys and the associated 

features can be attributed to appropriate phases. This data is summarised in 

Table 2. 

The evaluation of these material properties provides a baseline from which 

the effect of laser processing can be measured. Without thermal in situ 

microscopic or x-ray analysis, it is impossible to be certain which of the 

phases are present at each characteristic temperature. However, these 

phases can safely be attributed to the corresponding regions within the 

DSc given certificated material composition and evaluation of the phases 

present at room temperature. 

The four stage transition as observed in Figure 28 has been associated with 

nickel rich alloys of the type (Ti49.3Niso.7 at%) subjected to thermal cycling 

[133, 134] and not typical of a fully annealed equiatomic alloys. 

72 



4. Selective Laser Melting ofNiTi Alloys 

Juncture 
Temperature Associated 

Class Transition eC) Phase 

As 53.7 B19' Monoclinic 
Exothermic 

Ar 94.5 B2 Cubic 

Ms 62.1 B2-+R Cubic-+ Trigonal 

Mr 23.3 R-+BI9' Trigonal-+Monoclinic 
Endothennic 

.. .. 
Table 2 Phase translUon summary of NITI 
powder as supplied by Crucible Materials. 

It is proposed that the presence of the intermediate R-phase (ThNi4 

precipitates) is a result of 'coring' during recrystallisation in the gas 

atomisation process. Coring occurs because the cooling regime of metal 

powders post atomisation is by no means uniform across the metal sample 

or indeed within a powder particle itself. Therefore it is reasonable to 

conclude that unless subjected to post manufacture thermal treatments that 

the material will not be monophasic. That is to say, variation in cooling 

rate through the powder cross section is expected to lead to variation in 

composition, which may result in a Ni rich outer layer of the powder. It is 

proposed that this layer may be constituted from the ThN4 R-phase. This 

is thought to have a higher melt temperature than other phases which 

would solidify first at the powder particle core. 

Since the R-phase is associated with thermally cycled NiTi alloys it was 

proposed that if the presence of the R-phase could be maintained post SLM 

processing then this could be advantageous. This would result in 

components which would be pre-aged upon manufacture. 

Microscopy 

To establish that the morphology of the feedstock powders is largely 

spherical, a powder sample was analysed by SEM. This was achieved by 

dusting carbon tape with the sample and manually agitating to remove 
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poorly adhered powder particles. Figure 29 shows a typical micrograph of 

the powder feedstock. 

Figure 29 NiTi Powder sample subject to 
SEM analysis. 

It was evident that the size distribution was consistent with that evaluated 

by particle size analysis. A high degree of spherocity is observed which is 

typical of powders produced by gas atomisation and thus likely to provide 

the near optimum loose packjng density of74%. 

Satellites attached to larger particles via ' neck ' type structures are 

commonly observed in gas atomised powders. Secondary sintering can 

Occur in the gas stream emerging from the nozzle. Although this is not 

ideal , the occurrence of these features is sufficiently infrequent, and 

unlikely to influence the flowability of the powder significantly. 

Simi lar features and sintered agglomerations can be observed in recycled 

powder samples processed by laser methods. Most importantly the powder 

was found to flow sufficiently enough to be compatible with the Mer 

SLM 250 recoater mechanism. 

X-Ray Diffraction 

Before SLM processing via the feedstock was investigated by X-ray 

diffraction analysis. This technjque permits the identification of crystalline 

phases and pennits the detection of their percentage composition. Figure 

30 shows the X-ray diffraction pattern for 28 angles of 35° < 8 < 70°. 
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Figure 30 X-ray diffraction analysis of NiTi 
powder as supplied by Crucib le Materials. 

The peaks observed are consistent with the " low temperature" martensitic 

phase which is consistent with the DSC findings observed in Figure 28 

being caused by the martensitic to austenitic phase changes associated with 

the shape memory effect. These are summarised in Table 3. The lower 

intensity peaks observed in Figure 31 are not labelled as they cannot be 

discerned from the experimental results. 
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Figure 31 XRD peak summary of NiTi and 
reference data a ft er Cuevas et al [1 29]. 

Contamination ofNiTi alloys during heat treatment is widely reported and 

more specifically their sensitivity to oxygen contamination [135]. This has 

been shown to have a marked effect upon the observed SME. Therefore, 

verification of crystal structure pre and post processing is essential. 
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It is apparent upon inspection of Figure 30 and Figure 31 and comparison 

in Table 3 that the spectra are consistent with the expected martensitic NiTi 

phase (monoclinic) at room temperature. 

e CO) Miller Index 
d-Spacing (A) Error e e) 

38.2 
38.3 
39.1 
39.1 
41.2 

41.1 
44.1 
44 .1 

45.1 
45 .2 

60.3 
60.4 

110 2.354 

110 
002,101 2.300 

002, 101 
II-I 2.19 
11-1 

020 2.061 

020 
110,012 2.010 

110, 012 

003,022, 121 1.534 

003 ,022, 12 1 
Table 3 Companson of selected peaks for 
NiTi in the monoclinic phase showing 
experimental results (grey) compared to 
reference results (white). 

-0.1 

0 

+0. 1 

0 

-0.1 

-0.1 

Although the Rand martensitic phases may coexist, no R-phase is 

observed in the XRD above. This further supports the hypothesis that the 

R-phase forms in the NiTi powder particles through a coring process. 

Powder Processing 

Build Parameters 

The incorporation of a new material into the SLM process reqUires 

extensive experimentation to optimise build parameters. Geometrical 

properties such as surface finish , density and smallest resolvable feature 

Ize are all dependent upon the energy density of the impinging laser 

source. 

Build parameters which are known to yield acceptable structures in other 

materials were used as a starting point. A fixed layer thickness of 125 Jlm± 

:::: I Ol1m and fixed spot size of 80Jlm with a fixed contour regime were used 

to build seven samples with the build parameters detailed in Table 4. These 

values were selected because they correspond to the parameter window 
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commonly exploited to process titanium alloys. While the optimum 

parameter set will probably vary from that for titanium this represents a 

good starting point. 

Sample# 
Laser Power Exposure Time 

(±1.5W) (ms) 
1 
2 
3 
4 
5 
6 
7 

Density Analysis 

15 300 
]6.9 350 
]8.8 400 
22.5 450 
24.4 500 
26.3 550 
28.1 600 

Table 4 BUild parameters used to bUild sohd 
NiTi samples. 

SLM uses single component powders, which are fully melted by a laser 

beam as it rasters the build design over the powder bed. The melted 

material solidifies leaving a fully dense remnant structure. SLM is similar 

to SLS but the main difference is the partial surface melting or sintering of 

the powder in SLS compared with the full melting in SLM. SLS uses base 

metal powders coated with polymer binder components, or a combination 

of low and high melting point alloys, for that reason SLS processed parts 

are frequently not fully dense and hence have relatively low strength [136] 

requiring post-processing before being of any significant engineering use. 

Figure 32 shows the variation of part density as a function of laser dwell 

time at the powder bed for a constant laser power. Relative density was 

calculated by measuring the mass of 10mm cubes and comparison with an 

ideal mass of 6.5g, the density of the NiTi alloy used in this study. It can be 

shown that near 100% dense NiTi parts can be obtained via SLM. 

The inset SEM images are of the uppermost powder layer which had not 

been re-melted. These SEM's show the surface of the shortest and longest 

exposure times used in this study along with the corresponding Ra, which 

is a convenient measure of surface roughness. It is also apparent that the 
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increased densities due to longer dwell time are correlated with a marked 

improvement in surface roughness. 

100.0 
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Figure 32 Increas ing density of NiTi powder 
with exposure time. 

500 600 

Inset a) in Figure 32 clearly shows voids left by the use of insufficient laser 

energy. Inspection also indicates that there is a larger spread in the sizes of 

satellite particles on the component surface compared with those observed 

in inset b). This is more consistent with the unprocessed powder supply. 

Resolution Testing 

The resolution of components manufactured by LBMT is of pnme 

concern. The pitch between the laser raster lines is a significant process 

parameter which contributes to maximum resolution. The raster pitch of 

the laser beam has to be smaller than the track build width to ensure good 

bonding between the melted particles and minjmize porosity. However the 

build width is not only determined by the laser beam size but also by the 

laser power, exposure time and powder size. When power density 

increases, the track width becomes wider than that of the laser beam. Thjs 

results in an overlapping of laser tracks and re-melting. Figure 33 

illustrates this effect and shows a plan view of a succession of 500llm wide 

walls with decreasing separation from left to right. At a separation of 
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between 100 and 200)..lm , the melted zones between adj acent walls begin to 

coalesce. Below a separation of 50)..lm , the build becomes semi-continuous 

which indicates the ' reso lution' limit that can be achieved with the NiTi 

powder size distribution used here. 

Figure 33 Resolution test on NiTi powder 
processed by SLM . 

The top surface of the walls reveals a typical surface topography of SLM 

part which have not been subj ected to surface re-melting or 'skin ' 

process ing. These methods result in the re-melting of the top surface of the 

component and rely upon the molten metal flow to result in a smoother 

surface fini sh. 

It can be seen in Figure 33 that the surface roughness of the components in 

the planes perpendicular and parallel to the build direction is largely caused 

by the adherence of semi-melted satellite particles which adhere to the 

main body of the part. Closer inspection of Figure 33 hi ghlights the 

satellites which are much larger than powder particles depicted in Figure 

29. These larger globules are an agglomeration of two or more powder 

particles which is indica ted by necking and their overall dog bone shape. 

It should be also noted that in Figure 33c) the third wall from the left has 

been resolved in an optical/laser interaction sense. However, due to the 

aspect ratio of the cavity left in between walls, un-melted powder particles 

have coalesced and simple part cleaning has not been sufficient to remove 

them. Consequentl y resolution is also affected by the aspect ratio of 
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components and the ability to remove undesired remnants. This is typically 

observed when the design requires 'nested' features. Although such 

features can be resolved by the manufacturing technique post processing 

will be required to remove the unmelted material. 

Microscopic Analysis of Build Structures 

Once the near-optimal build parameters had been identified sample 

Structures were produced and subjected to further analysis. It was proposed 

that porous SLM samples would not be capable of enduring the strain 

required to achieve two-way shape memory effect. Only samples produced 

using this optimal parameter set were subject to 'training'. 

Post SLM processing, solid samples of NiTi were polished using standard 

preparation techniques, and finally etched using a 3HN03 + 2H20 + 1 HF 

solution after Gall et al [137]. This solution causes preferential etching 

along grain boundaries rendering grains visible that would otherwise be 

indiscernible under typical SEM examination conditions. 

After etching, the samples were cleaned and force dried in a hot air blower 

then allowed to cool in air. This permitted the sample to recrystallise into a 

100% martensitic structure for SEM inspection. 

In situ heating of the specimen was performed to verify the phase 

transformation temperatures by observation. This allows direct comparison 

with results obtained by DSC. 

Grain Structure of Polished and Etched Samples 

Figure 34a) and b) show a grain structure typical of NiTi alloys in the 

martensitic phase. This is characterised by the spear-like structures 

emanating from rib planes. 
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Grains are typically 10-1 OOJ..lm in length and less than 5J..lm in width. Grain 

orientation appears to be entirely random and bears no relationship with the 

raster direction which is from top to bottom. Frick et al [138] have 

discussed overcoming issues pertaining to manufacture using NiTi alloys. 

In which the advantages of obtaining cast type grain structures in NiTi 

components are evaluated. Dendrites which are typical of cast grain 

Structures are observed in Figure 34. It is proposed that by control of the 

substrate cooling rate the grain size can be controlled to a degree which is 

inherent to the shape memory effect on a macro level. 

Figure 34 Secondary electron SEM images 
o f etched NiTi build lructures (Hitachi) . 

Figure 35b hows an exception to the typical grain structure observed in 

the material. In highly localised areas, a chamfering of the needle like 

martensite grains is ob erved. This is indicative of a contaminant within the 

build material. Secondary electron images in Figure 35 highlight this 

feature in more detail. Comparison of Figure 35b and Figure 35a shows the 

variation in tructure compared with the bulk material. It is notable how 

thi tructure protrudes from the surface of the etched surface. 
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Figure 36 Secondary Electron SEM images 
of etched NiTi samples produced by SLM 
(Figure 34 b) and c) are from the same 
region as are Figure 34 c) and b»(Camscan). 

82 



4. Selective Laser Melting ofNiTi Al10ys 

The size of this feature, ;;:: 50Jlm, is typical of other powder feed stocks that 

are commonly used with the SLM apparatus further suggesting that it may 

be a contaminant. For this reason a repeat analysis was performed with 

alternative preparation techniques. 

Inspection of Figure 36c) clearly shows a different grain structure from that 

observed in the bulk material. Contrast observed between grains (and not 

grains and grain boundaries) is also indicative of a difference in atomic 

number. 

EDX and in situ Thermal Analysis of Build Structures 

To examine the shape memory effect in the build material further and to 

examine contaminated, regions a porous sample was selected for analysis. 

It was proposed that a porous sample that exhibited the SME could be used 

as a temperature sensitive filter. That is to say a change in temperature 

could result in an opening or closing of pores. To evaluate whether this 

was the case, a thermal stage was used in conjunction with a scanning 

electron microscope which permits cycling the temperature of the sample 

while performing in situ observations. 

The sample for in situ analysis was not etched after polishing. It was also 

allowed to dry after cleaning at room temperature to minimise the extent of 

recrystalIisation. This permits the observation of texture, as the phase 

transformation occurs. The temperature profile of the in situ analysis is 

shown in Figure 37, together with the arrangement of the heating elements. 

Monitoring the sample temperature directly was not possible as fixing a 

thermocouple would obscure observations. Temperatures at the furnace 

and heated surface (which serves as an approximation to sample 

temperature) are detailed below. 
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Figure 37 In situ thermal cycling o f iTi 
processed by SLM (dots indicate 
thermocouple locations). 

Im ages were co ll ected at 20s intervals as temperature was varied. When a 

marked phase change was observed (from martensitic to austenitic) this 

was correlated with experiment time and a transition temperature can be 

e timated. From in situ analysis the transition temperature was observed to 

Occur at 55°C which is consistent with the transition temperature found 

fro m OS . The reverse transition was not observable because of the 

introduction of tex ture in the forward phase change which is retained on 

cooling. 

Figure 38 Porous NiTi pre (a) and post (b) 
thenllal cycling. 

The grain tructure after thennal cycling is identical to that observed IJ1 

Figure 35 and Figure 36 indica ting that after cycling the alloy returned to 

its initi al microstructure. A sampl e was cycled a number of times and in 
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situ observations made again during which the associated microstructures 

did not vary greatly. 

Figure 39 Selected areas of differing 
hardness for region specific EDX ana lysis. 

In some regions, the porous sample appeared to be more resistant to 

polishing than the bulk material. This can be observed in Figure 39 111 

which preferential polishing can be observed. 

The ize of the mooth region is typical of feed stock powder sizes, which 

ugge ts the pre ence of contamination. To verify this, an EDX 

com pari on of region a) and b) was undertaken. The results of this can be 

een in Figure 40 and Figure 41 respectively. 

I 
J 

Figure 40 EDX spectra of region a) from 
Figure 39 
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Region a) is clearly heavily contaminated with Fe and Cr. The SLM is 

frequently used to process 316L stainless steel. Consequently the 

contaminant can be readily attributed to this material. 

EDX spectra of reg ion b) from 

Figure 42 Elemental mapping o f NiTi 
processed by SLM 

The interface between region a) and the bulk material observed in Figure 

39 is clearly defined and no diffusion is observed in this micrograph. This 

might be expected to occur around grain boundaries. However the texture 

introduced during phase transformation tends to obscure grain boundaries. 

The minimal diffusion and its effect on the bulk material was assessed 

using elemental mapping on a separate region (Figure 42). The regions rich 

in Fe and Cr are consistent with pore edges suggesting that segregation 

Occurs between the bulk material and contaminant during melting. 

Elemental mapping also indicates that diffusion does not occur 

significantly. 
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Characterisation of Post Processed Material 

DSC Analysis and comparison withfeedstock 

DSC of samples of the feedstock NiTi powder were compared to the solid 

SLM processed parts. This indicates that phase changes occur in both 

materials indicating the SME. Furthermore the transition temperatures fall 

within a similar range in both materials, Figure 43. 

This observation demonstrates that NiTi material processed by the SLM 

process retains the phase change habit associated with the SME. 
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Temperature (OC) 

Figure 43 DSC of SLM processed material 
and feedstock powder. 

The martensitic transition occurs between 32-58"C and the austenitic 

transition is observed from 90-58"C. The start and finish temperatures of 

both the austenitic (As and AF) and martensitic (Ms and MF) and phase 

changes in both powder and solid part correlate strongly. However, the 

phase transition in the powder is far more abrupt compared to solid part 

which spans a wider temperature range. This suggests that the phase 

transition in SLM NiTi parts is more gradual than those within 

conventionally processed parts. This may be due to unwanted phases 

introduced during SLM processing. One such possibility is an increased 

fraction of the R-phase. However, DSC peaks associated with this phase 

cannot be resolved from the martensitic transformation observed in the 

solid. 
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The R-phase is usually associated with Ni rich nitinols which have been 

subjected to thennal cycling in-service. Further analysis was conducted 

verify the presence of the R-phase. 

The gradual transfonnation has potential advantages within the context of 

MEMs. An abrupt phase transition results in a similarly erratic defonnation 

on the macroscopic fonn of an SMA component. This is manifested as two 

distinct physical fonns corresponding to near 100% austenitic composition 

or near 100% martensitic composition unless temperature is maintained 

within a specific range of the phase change. Some MEMs applications, for 

example micro-thennal actuators for heat exchangers, may require more 

discrete intervals of actuation that could be possible with a SMA offering 

more gradual phase changes. 

The gradual phase transition allows the net properties of the material to be 

more easily controlled. As temperature changes, the degree of each phase 

present can be adjusted smoothly and so can the net material properties. 

The extreme 100% martensitic phase is associated with ductile material 

properties. The extreme of 100% austenitic is associated with more brittle 

titanium-like qualities. The ability to control not just shape but also 

mechanical properties may be useful for various applications. If this 

property is combined with ohmic actuation, as examined later, it is possible 

to adjust material properties simply by adjusting the heating current. 

TEM Analysis of Processed Structures 

An uncontaminated section of processed material post build parameter set 

4 was thinned mechanically and then ion milled to produce a suitable 

sample for TEM analysis. 

The SAD pattern in Figure 44 was indexed and found to be consistent with 

the austenitic phase. As expected, the high temperature phase is observed. 
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interaction with the electron beam causes a sufficient temperature rise to 

produce the phase change. The R-phase is not observed as expected . 

• 

" 

Figure 44 a) Selecti ve area diffraction (SAD) 
pallem of NiTi processed by SLM b) 
reference pattem after Cuevas et al. 

Figure 45 Dark field image corresponding to 
the d iffraction pattem depicted in Figure 42 

• • 

• 

Kroger et al [139] have demonstrated that the martensitic and R-phase may 

coexist; however the austenitic and the R-phase may not. Their 

observations were made using cooled TEM sample holders. This facility 
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was unavailable but presents an interesting investigation for future work to 

examine the extent and transition characteristics of SLM processed NiTi. 

Angle between 
plane 

d-space ratio 

Parameter Reference Experiment 
-121 / 1-21 48 .19" 47 .92 ° 
-121 /-100 65.91 ° 66.35° 
-20011 -21 114.09° 114.48° 
3-21 /-1-21 77.4° 76.91 ° 
-200: -100 0.500 0.493 
-300:-100 3 3.041 
-12-1 :-200 0.816 0.809 
-22-1 :-12-1 1.225 1.224 

Table 5 Confinnallon of NIT! latllce 
parameters. 

Error 

-0.6% 
+0.7% 
+0.3% 
+0.6% 
-0.7% 
+1.4% 
-0.86% 
-0.08% 

The lattice parameters, as calculated by Cuevas et al [140], were used to 

generate a reference reciprocal lattice pattern. Selected angles between 

planes and d-spacing ratio measurements were made, and compared. Table 

5 shows sample lattice parameters which verify this conclusion. 

X-Ray Diffraction 

The low transition temperatures of NiTi make them especially practical 

however, this property also makes evaluating their crystallography 

complex. Given the TEM observations above, XRD was undertaken to 

compare the feedstock and processed material. Figure 46 shows peaks 

introduced by SLM processing between 42° and 43S. 

M(110) 

Figure 46 XRD of NiTi build material and 
feedstock powder 
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Based upon this data alone, it is impossible to unequivocally attribute these 

peaks to ei ther the R-phase or the high temperature austenite. Temperature 

measurements made in the XRD apparatus indicate the temperature did not 

exceed the As temperature. Thus, the peak observed at 43 .50 is unlikely to 

be austenite. 

Comparing the data sets for feedstock and SLM material with reference 

data , (Figure 47 and Figure 48 respectively) does not clarify the matter. 

The peaks of interest in Figure 47 are not entirely consistent with the 

expected R-phase. It appears as though a doublet is due to the R(112) and 

the A( 11 0). However, this is a forbidden combinat ion [139]. It should also 

be noted, that the resolution of the XRD apparatus is 0.20 and so resolving 

each peak is di ffic ul t. 

Some peak shift at lowe is also observed in Figure 48, wruch compares the 

feedstock material with the reference data. 

1 
j 

M(110) 
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M(012,111 ) 
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1\ W(11· 1) 
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M(002) 

i 
.. , -. - ~~-., .. ., 

)In.uol'tMU " .. 
Figure 47 XRD o f NiTi build material with 
reference peaks after Khalil-Allafi et al and 
Cuevas et al. 

.. - .. ., 

Considering the XRD patterns for all samples processed by SLM (Figure 

49), then the peak/s of interest appear in all samples. However, their 

presence seems to be independent of the processing parameters used. 
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Figure 48 XRD of NiTi powder with 
reference peaks after Khalil-Allafi et al and 
Cuevas et al. 

In the sample corresponding to condition 7 the doublet is most apparent, 

yet the peak is dominated by the R( 112) however the relative intensity of 

the R(030) and R( 112) in the library data is near equal. If the apparatus was 

unable to resolve the peaks then a widened peak would be expected which 

fell at 42.5° (bisecting both R-phase peaks). 
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Figure 49 XRD spectra for many sample of 
NiTi processed by SLM 

., .. 

The matter is further complicated by the proximity of the R-phase peaks to 

the M( I I-I) peak which appears adjacent to the region attributed to the 

R(030). It is likely that processing NiTi alloys in this way results in the 
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introduction ofthe R-phase or at least maintaining this phase ifit is present 

in the powder feedstock. 

It should be noted that the cementite diffraction peak for iron falls at 

42.25°. However, the contribution of any contaminant to peak intensities 

would likely be minimal. Assuming contamination level is insignificant. 

This notion is substantiated if the relative diffraction intensities are 

considered. The area enclosed by the R(030) and R(112) reflections is 

much larger than that of the M(ll-l) and M(O 12, 111) suggesting that 

convolution has occurred between the R-phase peaks. It is proposed that 

the R-phase may be introduced as a result of the rapid heating/cooling 

regimes involved in laser melting and/or the subsequent heating as adjacent 

laser tracks are processed. If the R-phase is retained from the powdered 

condition this is likely due to the non-melting of the R-phase rich core 

discussed earlier in this chapter. 

Shape Memory Training and Functionality 

One- Way Training of Shape memory springs 

Many reductive manufacturing techniques capable of producing micro

scale features cannot produce complex 3D geometries. To demonstrate the 

geometrical advantages of using LBMTs, a series of helical springs were 

built from the NiTi feedstock as shown in Figure 50. The springs were then 

one-way trained by compressing them at room temperature (Figure 50a), 

followed by heating with a hot air gun above the transformation 

temperature (Figure SOb). This process was repeated twenty to thirty times. 

Once trained, the springs showed between 60 to 80% extension beyond the 

compressed length between the austenitic starting (As) and finishing (Ar) 

temperatures of 58· and 90·C respectively. 

The strain recovery of the deformed springs in this experiment can be 

calculated using the equation for the shear strain in a helical spring [141]; 
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d(L-Lo) 
r = D 2 

J[, n 
(4.1) 

In which, d, refers to the wire diameter, L and La, signify the strained and 

unstrained wire lengths. D is the mean diameter of the spring and, n, refers 

to the number of active coils. 

Figure 50 Shape memory springs 
manufactured by SLM. 

Parameter Value 
d O.S±O.lmm 

Mean L-Lo 3±O.2Smm 
D 2±O.25mm 
n 2.S 

Table 6 DlInenslOns of NITI spnngs 
processed by SLM. 

Applying this equation to the geometry of the solid models used for this 

calculation reveals a strain of 6%. However, it should be noted that the 

CA D is now an approximation to the finished component. From Figure SO 

it is apparent that the springs have non-unifonn cross sections and a surface 

roughness which represents a significant fraction of the spring girth. This 

affects the true strain exhibited by the spring. The surface roughness of the 

springs will cause the onset of stress concentrations so localised strain 

recovery may indeed be much higher. Improvements to the build process 

may result in better surface finishes. 
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Ohmic Actuation and two-way shape memOlY effect 

The ability to ohmically actuate NiTi components is highly desirable. 

Developments within SLM and 2.50 technologies will allow direct fixing 

of iTi component onto engineering substrates. This will enable the 

design of components for new applications whjch may include valves, 

controlling micro-fluidic flow or perhaps paddles used to agitate or 

homogenize fluid amples. 

To demon trate thi type of actuation a series of 'U' shaped or ' hairpin ' 

cantilever beam were built as shown in Figure 51. The cantilevers were 

then two-way trained via the SME method using a manual jig to ensure 

that loading wa uniform along the length of the beam. The beams were 

first cooled below the martensitic finish temperature to ensure that the 

fOllowing defon11ation was conducted with the cantilever in a fully 

marten itic state. The cantilever was then defonned again using the manual 

jig and heated above the martensitic finish temperature at which point the 

beam returned to the original form . This was repeated 20 to 30 times until 

the cantilever exhibited the two-way SME. 

Figure 5 1 ' U· shaped canlilevers 
rnanufaclUred by SLM . 

The trained cantilever were then mounted and an electrical current was 

pa sed through the tructures to demonstrate current heating actuation of 

the two-way SME. By adjusting electrical current supplied with 

intermittent periods of forced convection cooling it was possible adjust the 

form of the cantilevers. 
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The resistivity of SLM processed parts can be estimated given the 

dimensions of the cantilever and the magnitude of the electrical signal 

required causing the temperature change corresponding to the completion 

of the austenitic phase (\ OO°C, Figure 43). The nitinol alloy SE508 

(Niss.8 T4u) as supplied by NDC exhibits a resistivity in the martensitic 

phase of 82 x 1O-80.m. The manufactured SLM components exhibit a 

resistivity of similar magnitude -80 x 10·80.m. The accuracy of this 

measurement is influenced by two factors. Firstly, the tolerances of these 

parts is currently limited to ± 0.1 mm. Secondly, although these parts are 

near 100% dense, inclusions will contribute to increasing the resistance 

substantially of these components. The advent of SLM apparatus capable 

of smaller spot sizes will no doubt improve tolerances and reduce the 

minimum overall dimensions achievable. These components were not 

subjected to post SLM treatments (polishing, machining, hot isostatic 

pressing etc). Further refinement of build parameters will result in 100% 

dense parts. The heating currents required for these components are clearly 

much higher than would be required for MEM equivalent systems in which 

milliamps would be required for thin film actuation. 

Two problems arise from the homogeneity of the component. Areas of 

differing densities will transform at different stages. This results in 

localised regions of increased SME through the two-way training process. 

Although, the components were indeed deformed uniformly, ensuring an 

even stress distribution along the beam, after two-way training the well 

documented super elastic effect [9] is more obvious in some regions 

compared to others. However, assuming strain is evenly distributed 

throughout the phase transition (i.e. the two-way effect is consistent 

throughout material) the net maximum strain endured can be determined to 

be 10.7%. This is consistent with conventionally produced NiTi 

components (SE508 datasheet) ::::: 10% and depends upon heat treatments 
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and conditions of operation. This strain was obtained by evaluating the 

radius of curvature of the beam and assuming the usual strain distribution 

through the beam. This is an approximation because it does not account for 

the change in cross section at the tip of the beam and resultant change in 

second moment of area. This effect is negligible with respect to the length 

of beam and so can be disregarded for the purposes of this approximation . 
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Figure 52 Evaluation of strain in NiTi 'U' 
shape cantilevers. 

The extent of this deflection would be ample for inclusion m novel 

capacitance based sensor systems for example. The deflection of a NiTi 

plate within a capacitor in response to a temperature change can easily be 

measured as a variation in capacitance. The more gradual phase change 

response displayed by SLM processed NiTi parts makes them more suited 

to this application given their more graded response to temperature change. 
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Conclusions 

The selective laser melting process has been applied to the manufacture of 

NiTi shape memory alloys. Increasing the laser dwell time tends to 

increase the density of built components. The dimensions of feature sizes 

are determined by the laser beam size, laser power, exposure time and 

powder property. The X-ray diffraction pattern of SLM processed 

materials suggests that the process maintains if not induces the R-phase in 

the alloy. R-phase may be apparent in NiTi powders due to coring effects. 

The extent of the R-phase in the SLM processed material varied with laser 

power although not monotonically suggesting that other parameters such as 

the cooling rate exert some influence. The cooling rate is dependent upon 

the size and shape of the SLM part. Generally the R-phase content tends to 

increase with laser power. 

The selective laser melting process has been applied to the manufacture of 

cantilever beams and helical springs which have been two-way trained and 

one-way trained respectively. The dimensions of feature sizes and build 

quality are determined by the laser beam size, laser power, exposure time 

and powder properties. 

NiTi cantilever beams produced by this method have been successfully 

two-way trained. It is therefore for possible to produce NiTi components in 

this way which wiII exploit the design freedoms of LBMTs however 

maintain the shape memory effect. 
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5. Processing of Piezoelectric 
Materials 

Introduction 

Engineering applications which exploit piezoelectric materials are ever 

broadening. These applications may include complex components which 

must be integrated with a wide variety of substrate materials. Some 

applications require non-planar substrates such as conformal sensors. It is 

proposed that layer based manufacturing techniques are well suited to this 

purpose. 

Based on preliminary investigations two routes to layer based manufacture 

of piezoelectric materials were selected. This chapter describes the 

processing of the ceramic material BaTi03 with selective laser sintering 

and secondly the manufacture of BaTi03-polymer composites using the 

digital light processing technique. To yield piezoelectric properties, these 

materials must be subjected to a poling procedure. This may be deemed to 

be a significant disadvantage compared to some materials which display 

spontaneous piezoelectric properties. 

Consequently further research was undertaken to assess the use of 

alternative material systems e.g. PVDF-TrFE. Unlike the ceramic materials 

the co-polymer can be spontaneously piezoelectric and enhanced poling 

can be induced by mechanical straining the material. 

It is shown in this chapter that by processing these materials using layer 

based manufacturing techniques selective deposition can be achieved and 

material properties conserved. Deposition is also undertaken on silicon 

with the aim of demonstrating the flexibilities of this approach. 
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Characterisation of Feedstock Materials 

Particle Size Analysis 

BaTi03 was supplied in powder fonn from Strem Chemicals, (99%; m.p. 

1620°C; density 5.58 glcm\ Particle size analysis was undertaken to 

evaluate the maximum potential packing density and examine flowability. 
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Figure 53 BaTiOJ feedstock particle size 
analysis. 
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Figure 53 reveals that the powder has a mean particle size of I. 75 Jlm and 

standard deviation of 0.65Jlm. This is far finer than powders which are 

typically used in SLMlSLS. At this scale electrostatic forces become 

dominant and agglomeration can occur. Agglomeration prevents the 

powder from flowing to fonn an even powder bed. This hampered direct 

use of the powder using the recoater mechanism in the SLM apparatus. 

However, alternative modes of deposition and processing have been 

investigated. 

Sintering BaTi03 on silicon substrates was of significant interest due to the 

possible incorporation into ' lab-on-a-chip ' technologies. It was proposed 

that this could be achieved by spin coating the ceramic in a conventional 

photo resist before patterning. Fonning a powder bed in this way would 

allow for selective consolidation with precision laser sintering. Effectively 

this would be a single layer process resulting in piezoelectric pads bonded 

to a silicon wafer. 
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5. Processing of Piezoelectric Materials 

Piezoelectric composites were also investigated which combined BaTi03 

and the piezoelectric polymer matrix PVDF-TrFE. Another composite was 

prepared with a photosensitive acrylate for use with DLP apparatus. The 

combination and poling of BaTi03 with similar matrices [142] has been 

achieved elsewhere however they have not been processed by layer based 

techniques with photo-curing polymers. 

BaTiOj Powder XRD 

Figure 54 confirms that the BaTi03 as supplied by Strem Chemicals is 

consistent with the piezoelectric tetragonal phase. 
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Figure 54 XRD of BaTi03 powder indexed 
to the cubic lattice. 

Matrix Materials 

70 

Initial experiments were undertaken using both the piezoelectric co

polymer PVDF-TrFE supplied by Piezotech (France) and a photosensitive 

PMMA 'R5' supplied by EnvisionTec for use with their DLP apparatus. 

The first polymer was of initial interest as reports indicate [87] that a 

piezoelectric matrix combined with piezoelectric filler would yield a higher 

d33 value. Consequently, samples were prepared which consisted of 

varying proportions ofBaTi03 and PVDF-TrFE according to Table 7. 

These samples were prepared by dissolving the PVDF-TrFE in the solvent 

dimethylfluro-ethylene (DMF) before homogenisation with BaTi03 
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powder. The slurry was then readi ly mouldable as shown in Figure 55a) 

and Figure 55b). 

Sample 
PVDF-
TrFE 

# 
(%) 

1 15.75 
2 18.89 
3 23.44 
4 23.72 

Ratio 

BaTi0 3 
of 

Thickness d33 BaTi03 (%) 
:PVDF-

(mm) (±0.05pC/N) 

TrFE 
64.25 4.079 0.144 0.31 
56.11 3.446 0.157 0.184 
3906 1.666 0.126 0.1 
24.98 1.053 0.215 0.165 

Table 7 BaT,Ol PVDF-TrFE prelImlllary 

Figure 55 BaTiOfiVDF-TrFE preliminary 
samples. 

Capacitance 
(±0.05pF) 

18.4 
11 .95 
11 .19 
12.42 

Thick film samples of each mixture were caste on glass slides. These were 

allowed to solidi fy and then subjected to electrical measurements including 

d33 as shown in Table 7. 

For these compositions the most significant d33 contribution in the unpoled 

samples wi ll be made by the PVDF-TrFE fraction. This is due to localised 

P phase regions emerging as the mixture solidified. The BaTi03 makes no 

igni fic3nt contribution in the unpoled condition. This can clearly be seen 

in Figure 55. 
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Figure 56 A mulivariant linear regression 
indicating the dominant contribution to d33 of 
PVDF·TrFE in unpoled polymer/ceramics. 

4 4 .5 

No attempt to pole these samples was made. Obtaining a 3D shape was 

considered of primary importance as piezoelectric functionality could be 

guaranteed by conventional manufacturing techniques. Clearly by creating 

moulds and filling with the liquid slurry does not present a significant 

manufacturing development. 

An alternative matrix material was selected which was compatible with the 

DLP process. R5, a PMMA, was also blended with the BaTi03 powder and 

experiments were undertaken to identify suitable build parameters which 

resulted in high aspect ratio solid geometries. These parameters relate to 

exposure time and peeling rate to ensure a successful build. 

Based on preliminary investigations two routes to layer based manufacture 

of piezoelectric materials were selected and are detailed below. 

103 



Laser Processing 

Ceramic Consolidation 

5. Processing of Piezoelectric Materials 

Sintering is regularly performed to consolidate ceramic piezoelectric 

materials. However, this process involves compaction in the 'green' stage 

which limits the shapes that can be achieved. 

The laser power output of most SLM platforms provides more than 

sufficient thermal energy to cause sintering in BaTi03• Unfortunately the 

flowability of the fine ceramic powder was poor which meant that powder 

beds of this material were not uniform and layer by layer deposition could 

not be investigated. 

One solution to this problem is to prepare a powder bed before sintering. 

This involves depositing a thin layer of powder (0.1-1mm) in a metal tray 

and rastering the laser over the bed. This method is often used when 

evaluating a parameter window for new materials in SLMlSLS apparatus, 

but it does not allow for layer-based manufacture. 

BaTi03 has been spin coated and patterned as part of other processes 

elsewhere [45]. This was suggested as a possible hybrid approach to result 

in selective sintering. 

To evaluate this, the following experiment was made. BaTi03 was blended 

with a conventional photolithography photo-resist (Shipley, no. 1828). 

These were then ultrasonically homogenised and then spin coated on 

wafers of lOOmm diameter. Spin coating at varying speeds was 

investigated to result in a uniform deposition which was later to be 

patterned. Figure 57 shows the result of spinning the photo resist with 

BaTi03. From this figure it is apparent the thickness, and hence maximum 

incorporation of ceramic powder in the spin coated ceramic-polymer is at a 

maximum when the formula is 75% (by weight) BaTi03 to photo-resist. 
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Figure 57 Spin coating of BaTi03/polymer 
composites, 

Films with a relative weight content higher than 75% lacked homogeneity 

in the spin coated layer. Radial streaks in the resist, aggregation of powder 

clumps on the wafer surface and uneven thickness became more apparent 

as the relative weight of the powder increased. The optimum speed of the 

spin cycle was determined to be around 4000 rpm for the 75% ratio of 

BaTi03 to photo-resist, slower spin speeds in the range 2000-3000 rpm 

produced uneven, less homogeneous spin coated layers. Spin speeds higher 

than 4000 rpm were not feasible using the spin coating unit available for 

this experiment. The maximum loading was required to ensure that sintered 

layers would exhibit a high d33. 

Simple patterning was then carried out to investigate if the ceramic could 

be removed and the resolution of a lithographic technique maintained. The 

standard stereo lithographic process (soft bake, exposure time and hard 

bake times) for the photo-resist was completed as per the manufacturer's 

specification. 

Samples of the spin coated and patterned composite were then investigated 

using SEM to compare the relative efficacy of the deposition technique 

105 



5. Processing of Piezoelectric Materials 

with neat polymer. Figure 58 clearly shows that the composite has been 

cleanly removed in a similar manner as the neat photo-resist. 

Figure 58 a) stereo lithography of 
BaTiOy'photo-resist compos ite and b) neat 
photo-resist (Hitachi). 

This method represents a suitable pre-process after which consolidation 

can follow. It was proposed that a patterned wafer could be consolidated I 

sintered by the SLMlSLS process . 
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Figure 59 Laser processing of 
BaTiOy'Photo-res ist composites on silicon. 

Whilst sufficient energy must be provided to the BaTi03 to cause sintering 

and simultaneous ablation of the polymer resist, the laser interaction should 

not cause damage to layers below. This is a prime concern if this approach 

is to be feasible. 

Silicon WC!fer Preparation 

A silicon wafer ' platform ' was processed using conventional clean room 

photolithography techniques, namely: Si(lOO) wafers with a thermalIy 

grown Si02 insulating layer were metallised with a thin film of Ni 

evaporated under vacuum to fonn a bottom electrode. This approach is 

typical for silicon components for ' Iab-on-a-chip' technologies. The added 
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advantage of metallisation is that it provides an added thennal reflection 

layer so reducing the risk of thennal gradients causing cracking in the 

layers below. 

The wafers were spin-coated using a ramped process consisting of 30s at 

2000rpm followed by 90s at 4000rpm. The feed rate used was by flooding 

the wafer with 10ml of slurry before spinning. The wafers were then 'soft 

baked' at 120°C for 90s, and patterned onto the Si (100) wafer with a 20 

second UV (A. = 293nm) lithographic exposure and developed. The 

protected Ni film was then patterned using a 7:3 HN031H20 wet etch. The 

ceramic-polymer thin film was then hard baked at 140°C for 5 minutes. 

The resulting uniform thickness of the BaTi03-polymer was measured by 

SEM cross section micro-analysis and characterised by EDX and XRD 

analysis. 

Evolution of Build Parameters 

Laser processing of the spin coated BaTi03 thin films was perfonned using 

SLS. The sintering process was performed in an argon ambient with less 

than 0.2% 02, considered a safe operating condition. The presence of 02 

during sintering has been shown to reduce elemental dissemination 

elsewhere[143]. 

The processed wafers were then located precisely in the build chamber of 

the SLM apparatus and a datum was obtained from a cleaved edge. This 

pennitted accurate alignment so the laser would raster over the correct 

region of the composite layer. The control software was programmed to 

"write" small discs with a diameter of 5mm in patterned regions of the 

BaTi03 composite film to demonstrate alignment. Laser powers ranging 

from 75kW/cm2 to 160kW/cm2 were used, while the laser dwell time and 

spot size were kept constant at 600 JlS and 80Jlm respectively. In a 

preliminary test varying the dwell time had an insignificant effect on the 
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laser sintering of a powder bed over the range of laser powers used, 

indicating that the required threshold energy densities to cause sintering 

were not achieved. 

Samples were selected and cleaved to reveal a brittle fracture cross section. 

These were then analysed using SEM and EDX. 

Larger consolidated discs were also prepared for XRD analysis. This 

technique was only applied to the upper most surface of the discs. It is 

expected that compositional variation occurred both parallel and 

perpendicular to the 'build' direction. 

Figure 60 shows a series of SEM cross sectional images through all layers 

of the samples showing the influence of laser power. It can be seen that 

laser power densities below 75kW/cm2 have little effect in sintering of the 

BaTi03 particles or ablation of the photo-resist. Although some 

densification of BaTi03 particles is observed in the upper layer it is 

incomplete. This may be caused by some melting and subsequent 

shrinkage in the composite matrix 

Laser power densities in the region of 85-l00kW/cm2 yielded the most 

homogeneous sintered microstructures with some large spherical clumps, 

but no apparent degradation to the thin nickel bottom electrode (Figure 

60b). These clumps are indicative that some sintering had occurred as they 

are larger in diameter than the feedstock powder. 

Laser powers of l50kW/cm2 or above tended to damage or ablate large 

regions of the spin coated ceramic powder from the surface of the Ni, 

which is clearly seen in Figure 60d. This observation demonstrates that the 

required energy density has been exceeded and degradation of the substrate 

has occurred. The high temperatures required to sinter BaTi03 and the 

relatively low thermal tolerance of the other materials present requires a 
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balance. This results in a narrow operating window which consolidates but 

also produces the unifonn layer desired. 

Figure 60 Varying laser power consolidation 
of BaTiO/ Photo-resist composites a) 
75kW/cm2

, b/c) 94kW/cm2 and d) 
I 56kW/cm2 (Hitachi). 

The sintered pads were not mechanically tested, however the ceramic layer 

conserved mechanical integrity throughout analysis and material loss was 

not apparent during this phase. A high degree of adherence to the substrate 

is essential as some mechanical actuation would be required in typical 

applications for this material. 

To evaluate whether the laser proceSSIng had caused any significant 

compositional changes EDX measurements were made on the most 

promising of the cross sections (Figure 61). 
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Figure 61 EDX analysis of composite laser 
processed at 88kWfcm2 (H itachi). 
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An analysis of a cross-sectional region of the SLS processed BaTi03 spin 

coated powder beds revealed no significant variation from the composition 

expected. Ba, Ti and 0 constituents are clearly apparent. This would 

suggest any undesirable SLS laser induced modifications of the spin coated 

piezoelectric ceramic material are low at the laser powers used in this 

study. X-ray peaks were observed for the Si(lOO) substrate at 1.8keV and 

for the Ni metallization layer (7.5KeV). The Ba and Ti peaks at 4.465keV 

and 4.508 keY calmot be distinguished individually due to the inherent 

limited energy resolution of the EDX technique. These two close peaks 

would be separated by use of higher resolution techniques such as 

Wavelength Dispersive X-ray microanalysis (WDX). 

This observation suggests that the process is suitable for processmg 

BaTi03 as chemical composition is maintained. However, of equal 

importance is the crystal structure after consolidation. 

Raman and XRD 

After SLS processing the resulting films showed visible signs of 

discolouration suggesting some compositional degradation of the original 
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white feedstock material. Although not unequivocal, this is most likely the 

result of the ablation of the photo-resist leaving residual carbon. However, 

the X-ray diffraction data shown in Figure 62 indicates that the sinter 

processing does not significantly degrade the bulk composition or phase of 

the spin coated ceramic material. The diffraction pattern of the sintered 

material shows the characteristic (100), (110), (II I), (200), (210) and (211) 

features of BaTi03 powder. 
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Figure 62 XRD analysis of composite layer 
pre and post annealing at a power density of 
75 kW/cm2 (17W). 

Subsequent annealing of the ceramic films at IOOOoe for 1 hour in air 

restored the white colour of the films but the XRD 8 -28 features from the 

barium titanate showed no change. The appearance of the peaks at 28 of 

37° and 43° are related to the presence of NiO in the annealed films which 

indicates an undesirable oxidation of the bottom electrode contact. These 

observations appear to indicate that the discolouration arises from some 

surface reduction or degradation of the powder particles and that post 

annealing can reverse the process. 

Annealing was repeated for three samples from the most promising laser 

power range, Figure 62. All three annealing processes returned the BaTi03 

to its initial white colour. Annealing is not geometry limiting, but ideally it 

would be avoided. Any poling regime to which the material was subjected 
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would likely require an elevation in temperature in excess of 130°C. The 

fonnation ofNiO only occurred in regions not covered by the ceramic pads 

and as such may not present a problem. This issue may be overcome if 

further etches had been done to remove the Ni in unwanted areas. The 

substrate is unlikely to be effected by this process as Si02 is thennally 

stable at 1000°C. 
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Figure 63 XRD analysis of SLS composites 
later annealed at IOOO·C for I hour. Post 
la er powers of a)75kW/cm2, b)88kW/cm2 
and c)114kW/cm2. 

" 

The apparent Si peaks obselVed in Figure 62 are due to the cleaved edges 

exposed to the X-ray beam. There may also be regions exposed to the X

rays through the build layer as Figure 60d confinns that the layer is not 

unifoml. This is likely to be due to local regions in the spin coating which 

are thin and heating causes them to become detached. Also the application 

of thennal energy by laser allows specific regions to be sintered however 

there will be variation through the laser cross section in tenns of energy 

intensity. This effect causes a difference in the amount of heating which 

takes place as observed at the 'track' on the substrate. This may cause local 

overheating and reheating where tracks overlap. 
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Figure 64 Raman spectra showing (a) the as
spun composite and the annealed BaTi03 

pads post laser powers of (b) 7SkW/cm2
; (c) 

88kW/cm2
; and (d) 114kW/cm2. 

Figure 64 shows the Raman spectra of the BaTi03/resist composites in the 

as-spun film (a) which exhibits a large fluorescent background arising from 

the polymer matrix and weak peak intensities which can be attributed to 

the AI and E modes of the room temperature P4mm phase [144]. After 

selective laser sintering of the spun film and subsequent annealing at 

IOOO·C the polymer matrix is effectively bumt out leaving the crystalline 

BaTi03 layer. The AI(T02), E(T02), AI(T03) and AI(L03) modes were 

observed at 270, 308, 525 and 725 cm-I respectively. The asymmetric 

AI(T03) mode couples weakly with the AI(T02) mode and the phonon 

wave vector directions are randomly distributed with respect to the 

crystallographic axes in ceramics. This allows mode mixing and quasi

phonon modes in the spectrum. The influence of increasing the sintering 

laser power combined with post - annealing appears to be a reduction in the 

grain size. 

The resulting confinement of phonons in small grain materials leads to the 

breakdown of long-range order, activating phonons away from the centre 

of the Brillouin zone (k - 0) and resulting in broadening and wave number 

shifts of the Raman modes. At laser power densities of 114kW/cm2 and 
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above, the resulting films loose most of the characteristics of the feedstock 

BaTi03 powder and show some interactions with the underlying oxidized 

nickel have resulted. These observations indicate that only a limited range 

of laser powers is feasible for the formation of sintered barium titanate 

films from pre-positioned spin coated barium titanate-polymer composite 

films. 

These preliminary results suggest the potential for applying selective laser 

sintering in the manufacture of electro-ceramic films on silicon substrates. 

As SLS is a 'direct-write' process it has the capability of rapid-proto typing 

of complex structures without the need for lithographic masks and 

techniques. 

Process Limitations 

The tests conducted on BaTi03lPhoto-resist composite films suggest that 

this process is a viable approach to deposit piezoelectric ceramics and more 

broadly ceramic materials to silicon substrates. 

Poling and piezoelectric characterisation was not made using these 

samples; however it could be undertaken by depositing a further metallic 

layer to the top surface of the pads. This would provide spaced, parallel 

conductive plates over which an electric field could be applied to cause 

dipole alignment. 

Poling of similar BaTi03 films manufactured by the sol gel process has 

been reported elsewhere [39]. However, direct deposition by spin coating 

and laser consolidation to a pre-defined pattern has been achieved here for 

the first time. 

It is proposed that other polymer matrix/ceramics could be processed in a 

similar manner which may have wider processing windows. Substrates 
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other than Ni coated silicon may also be selected which exhibit a more 

uniform interface between structural and functional layers. 

A high loading of ceramic powder is required. This ensures that powder 

particles may be touching and more likely to adhere. However, this limits 

the flowability of the slurry and hence the layer quality when spun onto the 

substrate. 

DLP Processing of Barium Titanate 

Evolution of Build Parameters 

Compatible material systems are limited for the DLP process. Unlike SLA 

which is a more mature technology, vendors are not the exclusive material 

providers for their machines. Material development is driven by the 

demands of the RP market which are usually for tougher, higher 

temperature resistant and cheaper materials. 

There are currently no piezoelectric materials available to users of DLP or 

SLA apparatus. This would present a significant development as 'freeform' 

components with piezoelectric properties would be highly desirable. 

Development of an entirely polymeric system would require the 

development of a resin that not only contained photo inhibitors/initiators 

but would cure to give a piezoelectric polymer. 

Recently, some materials have been released for use with EnvisionTec 

systems which do contain nano ceramic fillers. Known as 'Nanocure' these 

materials are more tactile and present better thermal properties [145] than 

other materials available. This provides a precedent for the inclusion of 

piezoelectric ceramics in materials compatible with the DLP process. This 

would allow the manufacture of bulk polymer/piezoelectric composites 

with the advantage of free form design. 
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5. Processing of Piezoelectric Materials 

Mixing a ceramic material with the photo-polymer presents several 

difficulties with respect to processing approved feed stocks. Firstly the 

filler material has distinct optical properties with respect to the resin. This 

will cause 'shading' (Figure 65) if the filler material is not entirely 

transparent to the curing radiation. In reality the filler material will scatter, 

absorb and transmit the incident radiation. Thus less light will penetrate to 

the bottom of each build layer potentially causing under exposure and poor 

interlayer adhesion. 

Figure 65 'Shading' caused by particulates 
within photo-curable resins. 

The reduced transmission of light through a build may be mitigated by 

increasing the intensity of the incident light, increasing exposure time or 

reducing layer thickness. Increasing the exposure of the matrix material is 

undesirable as the upper most regions will overexpose causing 

embrittlement and flakiness. Processing parameters are usually designed to 

minimise the exposure differential through a layer and with previous layers 

optimising the adherence between consecutive build layers. 

Secondly the nature of the DLP process requires that the filler material 

remains in suspension throughout the duration of the build procedure. If 

the filler is excessively dense then it may sink to the bottom of the 

basement and the composition of the resulting composite will vary through 

the height of the build. For the purposes of this work a homogeneous 

composition would be desirable throughout the build height. 

Thirdly the loading of piezoelectric material must be maximised to 

increase the possibility of connectivity between adjacent ceramic particles. 
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5. Processing of Piezoelectric Materials 

Based on the material properties of the matrix and filler, the piezoelectric 

response of the bulk material can be estimated. This requires assumptions 

to be made but never the less will give an indication of how such materials 

should perform. 

Predicted Piezoelectric Response 

Chan et al propose a simple model to predict the performance of 1-3 

polymer/ceramic composites [146]. In this model, the piezoelectric 

constituent is geometrically aligned in one direction and surrounded on all 

sides by a non piezoelectric matrix. This model can be used to predict the 

performance of the composites used in this study. 

To apply this model the following assumptions must be made; the strain 

experienced by the polymer is equal to that experienced by the ceramic, 

electric fields produced by the filler particles are all aligned, post 

processing results in ideal poling and the stress induced in the composite 

can be averaged according to equation 5.1. 

(5.1) 

Where O'c. and O'p refer to the stress on ceramic and polymer elements of the 

composite and f refers to the volume fraction of ceramic. These 

assumptions are bold given the disparity between Young's moduli and 

hence compliance between resin and particles. 

The mean piezoelectric modulus of the composite, d33, can be calculated 

from the following formula [142], in which subscripts refer to the 

directions indicated in Table 8; 

d ;: frl~d;3 
33 c(v) 

(5.2) 
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Where S(f), the compliance of the composite is defined as; 

e(/) = fc~ + (1- !)e;3 (5.3) 

When values listed in Table 8 are substituted into equations 5.2 and 5.3 the 

performance of piezoelectric polymers manufactured by DLP as a function 

of ceramic content can be predicted, Figure 66. 

Property BaTi03 RS-Photopolymer 

Piezoelectric constant (d33) 85pCIN OpCIN 
Compliance C33 ell) 15.7 xlO-LlmLIN 662.2 x lO-ILmLIN 

Table 8 Matenal properties used In 

piezoelectric response model based upon 
Etech tests (chap 6). 

This model shows that for a relatively low volume fraction of ceramic 

composite mean d33 values are comparable to bulk BaTi03. This is largely 

due to the low modulus (high compliance) of the R5 material. But this 

situation makes no allowance for stress variations about the ceramic filler 

particles. 

.. 
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Figure 66 Predicted d33 response of DLP 
BaTiOypolymer composites. 

The accuracy of this model is limited. However, Chan et al report errors in 

comparison to experimentally obtained data of less than 10%. The 

aralditelPZT composite they used is more conducive to the model because 

the difference between moduli is smaller. That is to say the strain transfer 

in this situation will be much poorer and actual composite performance 

would reveal much lower d33 values. 
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From equation 5.2 it is apparent that S( v) must be minimised to result in 

an increased d33 for the overall composite. This presents an interesting 

issue for polymer selection. Currently there are only a few resins available 

for DLP but if possible for piezoelectric composite applications the 

compliance should be minimised so that it approximates more closely the 

. compliance of the more rigid ceramic filler. 

The trend observed in Figure 66 can be subjected to a reduction factor 

based on a typical strain transfer ratio for ceramic/polymer composites. 

Bowen et al [147] have presented a model which deals with 3-3 

piezoelectric composites in which orientation of the filler may vary. This 

assumes that there is linkage between particles in the field direction but not 

necessarily transverse to this. This gives rise to a more 'unit cell' like 

approach to which finite element analysis can be applied. 

If a cross section through a sample is assumed to be typical and BaTi03 

particles are assumed to be circular with a diameter of 1.75Jlm (Figure 53) 

then a ratio can obtained between compliance and thus the fraction of load 

endured by each constituent can be found; 

Figure 67 An 'ideal' slice through a 
piezo/polymer composite. 

If the total number of piezoelectric particles in the cross section is taken to 

be, n, then the area of piezoelectric (Ap) and matrix (AM) material can be 

given as follows; 
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Ap = O.766nJr x 10-12 (5.4) 

(5.5) 

Thus a more accurate mean d33 can be obtained by using the above to 

estimate the fraction of the load on the composite bourn by the 

piezoelectric constituent. 

(5.6) 

This is applied to give Figure 68. It is clear that the greater the BaTi03 

content the higher the mean d33 of the composite. In reality these 

composites may not display perfect linkage between ceramic particles in 

the field direction. This will serve to further diminish the mean d33. This 

effect will decrease as v increases as probability of linkage will also 

increase. This model is used to predict performance of composite cross 

sections detailed later. 
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Figure 68 Predicted piezoelectric response 
based upon ceramic particulates in 
composite cross section. 
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Compositional Variation 

Given the predicted perfonnance of the R5IBaTi03 composites, build tests 

with DLP apparatus were undertaken. Varying compositions were tested, 

by adding specific amounts of BaTi03 to photo polymer before mixing. 

Each composition required customised build parameters to achieve 

acceptable parts i.e. cured cuboids (1xlOxlOmm) that could survive 

cleaning and secondary curing. Cleaning was achieved by ultrasonically 

bathing the components in isopropanol at room temperature. 

Similarly to the on silicon scenario the content of BaTi03 was maximised. 

However, the limiting factor in this case was the observed viscosity of the 

mixture. Over loading the resin resulted in an overly viscous material that 

was shown to cure on exposure to daylight but would not flow sufficiently 

to finish a build process. 

These composites were then subjected to brittle fracture perpendicular to 

the build direction, the results of which can be seen in Figure 69. Starting 

with the lowest BaTi03 content, a), the ceramic content is low and powder 

dispersion is poor. BaTi03 is clearly observed as the bright areas where 

charge is accumulating despite gold coating. Striations are observed in all 

samples as a product of brittle fracture and indicate steps in individual 

build layers. This is typical of DLP polymer failure modes which will be 

examined further in Chapter 6. 
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Figure 69 SEM of varying compositions of 
R5fBaTiO) composites (Hitachi). 
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Based on the distribution of powder particles in Figure 69, the Bowen 

model can be used to predict the associated d33 value assuming perfect 

linkage between cross sections. The predicted values are given in Table 9. 

Ceramic by Weight 
(%) 

7.7 

15.4 

23 . \ 

30.8 

Ceramic by Volume Mean 
(%) Particles/ \ 00J,lm2 

J.7 0.7 

3.7 1.5 

6 2.5 

9 3.75 
Table 9 Predicted plezoelectnc response 
based on the particle distribution observed in 
Figure 69 

Mean d33 
(pelN) 

34.3 

50.8 

61 

67.9 

Sample d) shows a BaTiO) content that would be more likely to yield 

predictable piezoelectric properties as linkage is more prevalent. However, 

it is expected that the strength of the material is likely to be significantly 

affected by higher filler content. 

To completely pole these composites an electric field should be applied at 

a temperature in excess of 130°C, the Curie temperature of BaTiO). This 

places a further demand upon the polymer matrix, which must be able to 

maintain dimensional integrity at this temperature. Furthermore such field 

strengths are in excess of that required to cause breakdown in air at s.t.p. 

To prevent breakdown poling is nonnally conducted under oil which has a 

significantly higher permittivity than air. 

Figure 70 Tensile fracture surface of 
BaTiO/R5 composite (leol). 

Should a maximum poling condition be achievable the theory in the 

previous section predicts that an R5IBaTiO) composite containing 30.8% 

by weight BaTiO) might produce a d33 of 67 .9pCIN. 
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5. Processing of Piezoelectric Materials 

Further fracture surface analysis of sample d) from Figure 69 was 

undertaken to investigate the adherence between matrix and ceramic filler. 

These are shown in Figure 70. 

From the protruding filler particles and the craters left from ' pull out', it is 

evident that the filler adheres to the resin. This can be clearly seen in 

Figure 70b) in which filler particles and similar sized craters are in close 

proximity. Had the cohesion not been good then the ceramic particles 

would not populate the fracture surface. 

specimens. 

To measure the mechanical properties of these composites, small tensile 

test specimens were constructed. The design of the tensile test samples can 

be seen in Figure 71 . This also demonstrates that such composites 

processes by DLP will display good fidelity to the design intent. 

Process Limitations 

High aspect ratio specimen parts have been built USIng the DLP 

methodology however; they have not been functionalised by poling. 

The design and manufacture process flow has been demonstrated to be 

appropriate but advancements to the manufacturing process must be made 

to result in functional piezoelectric components. 
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5. Processing of Piezoelectric Materials 

Poling in a layer-wise manner is one way in which this may be achieved. 

For this to be made possible significant changes must be made to the DLP 

apparatus to include a poling step. 

It is also apparent that while DLP processed the composite successfully the 

part finish was lacking with respect to purpose made resin feedstocks. It is 

expected that finer grained BaTi03 filler particles may improve this effect. 

Such finer particles would be more likely to remain in suspension during 

the build process. However this was not an issue in this case. 

Conclusions 

The selective laser sintering process has been investigated as a method for 

the fabrication of electroceramic thin films on silicon substrates. Methods 

of forming pre-positioned layers of barium titanate have been investigated 

by spin-coating the feedstock powder mixed with a commercial polymer 

photo-resist. 

Attempts were made to develop a piezoelectric ceramic / piezoelectric 

polymer layer based material. The material shown to exhibit the 

piezoelectric effect but was incompatible with the manufacturing apparatus 

available. Although standalone it presents no advantage with regard to 

LBMTs, it is possible to provide custom moulds manufactured by LBMTs 

which could be used to mould such composites. 

The ceramic-photoresist composite was deposited directly onto a silicon 

substrate pre-oxidised to form an electrically insulating layer. A nickel film 

was deposited before deposition of the ceramic - polymer layer which 

served to promote adhesion and uniformity during the spin-coating 

process. A range of laser power processing conditions were identified in 

which barium titanate layers could be consolidated. The microstructure of 
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barium titanate films is sensitive to the SLS laser processing conditions, 

with the optimum laser powers for the processing of the BaTi03-polymer 

found to be around 85-100kW/cm2. Selective laser sintering powers above 

150kW/cm2 tended to ablate areas of the film resulting in undesirable 

cracks and holes. Although these materials were not tested directly for 

piezoelectric properties, materials analysis indicates that the correct phases 

are present for the material to exhibit piezoelectric response. 

Mixtures of the DLP photopolymer R5 have been blended with BaTi03 

and their performance as piezoelectric composites predicted. Polymer 

matrix piezoelectric materials present advantages over their neat ceramic 

counterparts in that they present a higher likelihood for biocompatibility. 
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6. Digital Light Processing 

Introduction 

DLP has the potential to deliver custom engineering components to a high 

tolerance. Structural components are unlikely to be realised with DLP due 

to the poor mechanical properties of the currently available materials. 

However, it is proposed that components for some electrical devices can be 

manufactured with this technique. The use of DLP presents a cost effective 

way of realising parts that would be costly and often impossible to produce 

through conventional CAD/CAM routes. 

One such electrical application which requires bespoke components is 

quadrupole mass spectrometry. These spectrometers use electrical fields to 

produce, filter, and collect ions allowing mass analysis. Ion paths in these 

devices are governed by the precise electrical fields which are determined 

by the physical geometry of the electrodes. Thus the performance of such 

devices is highly dependent upon electrode geometries and precision 

assembly. 

The polymer materials available for use with DLP are not conductive and 

must be coated to operate as electrodes. This chapter firstly investigates the 

material properties, failure mechanics and resolution of the DLP process. 

The DLP process has been applied to a prototype mass spectrometer 

application to produce various components and their viability is examined. 

Of particular interest is the mass filter section which requires custom 

spacing, profiles and lengths which are easily modified using this design 

and manufacture approach. 
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Properties of Components Built by DLP 

Mechanical Properties 

Tensile tests were conducted on ' dog bone' test parts manufactured by 

DLP in orientations perpendicular to the build direction (Figure 72). Tests 

were also conducted on samples built parallel to the build direction; 

however failure was almost always recorded away from the required zone 

in tensile test pieces. 

load • Build 
Direct ion 

• 

1 t-~ - --
I--a)-

Figure 72 Build orientation of tensile test 
specimens with respect to layers. a) parallel 

Figure 73 The development o f ten ile test 
specimens for small envelope DLP parts a) 
modified a fter BS EN ISO 527-2 [1 48] b) a 
customi ed design. 

Load 

...... 

The limited size of the build envelope (20.03 x 27.77mm) meant that 

tensile test structure based on standards for tensile testing for polymers 

could not be satisfied. Therefore a design which was effectively a 

miniaturised version of BS EN ISO 527-2 was initially used . This test 

regularly failed at the shoulder and not in the desired middle gauge section. 

This was counteracted by increasing the chamfer at the shoulder in a 

customised design. 
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Tensile tests conducted on R5 resin processed by DLP are compared with 

those properties listed by the manufacturer in Table 11. For these tests the 

recommended parameter set was used for R5 as 25 Jlm layer thickness. The 

manufacturer does not account for variation in build orientation when 

applied to the DLP manufacturing process nor is pre test treatment such as 

secondary curing taken into account. It is expected that a significant loss of 

mechanical properties will occur as the R5 ages in sunlight. This is not 

addressed in ASTM 638M as quoted in [88]. 

Bum 
time 
Standard range exposure 4500 

Brightness 530-580 

10 Typical build parameters 
processing the R5 feedstock. The parameters 
used in this study are labelled in red. 

6500 

530-580 

The parameters detailed in Table 10 have been used to plot a linear 

relationship between layer thickness and exposure time. This allows a semi 

continuous parameter set forming the basis of ' adaptive slicing'. This 

permits the development of varying layer thicknesses through part height. 
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Figure 74 The linear relationship between 
exposure time and build layer thickness. 
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Investigations based on processed R5 showed a significant difference in 

tensile strength between build orientations. However, a greater concern is 

the variation within the same sample type. The small size of the test 

specimens is likely to contribute to this variation. This also indicates that 

random errors may be responsible for failure and that mechanical 

performance cannot be accurately predicted. Causes of these random errors 

may include faults within build layers or foreign bodies which cause stress 

concentrations and premature failure. 
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wr-------------------------------~----~ 

Tensile extension (mm ) 

Figure 75 Typical load-extension curves for R5 
tensile test samples according to ISO 527-2. 
Summarised in Table 11 . 
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Test Method Description Result (mean) 
ASTM638M 31-39 MPa 
ISO 527-2 Tensile Strength 27MPa 
Custom 36.2 MPa 
ASTM638M 

Elongation at 
11-25 % 

ISO 527-2 17% 
Custom 

Break 
40 % 

ASTM638M 16% 
ISO 527-2 Elongation at Yield 5% 
Custom 8% 
ASTM638M 

Modulus of 
1,245-1 ,510 MPa 

ISO 527-2 347MPa 
Custom 

Elasticity 
404 MPa 

Table II TensIle test results performed on 
DLP specimens. ASTM tests as performed 
by Envisiontec (145) 

This is typical with parts manufactured by LBMTs. Variation in material 

properties are also widely reported in SLS/SLM. This may arise from 

several factors including location on substrate (in all directions within the 

same build) and variation between builds. If these processes are to gain 

wide spread acceptance, the reliability of parts manufactured by these 

techniques must be improved significantly. 

Failure Mechanics 

Selected, failed tensile test specimens were gold coated and later subjected 

to microscopic analysis. These fracture surfaces can be observed in Figure 

76. 

Figure 76a shows a DLP rod (built at 25f.lm layer thickness, ERM mode 

off) which has failed across an individual build layer interface. The groove 

between two build layers acts like a notch and results in a stress 

concentration. It is also likely that cross linking within build layers will be 

greater than cross linking between layers making the 'join' weaker. On 

exposure of an individual build layer the degree of cross linkage can be 

thought of as uniform through the layer cross section. This weakness 

cannot be compensated for during the build process as further exposure 

will cause embrittlement and poorer adhesion between build layers. 
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Figure 76 Assorted images of failure 
observed in DLP tensile test pieces (Hitachi). 

Figure 76b shows failure perpendicular to the build direction in a tensile 

test specimen of 50~m layer thickness with ERM mode on. The chevron 

features observed here indicate the point of initiation of the failure. The 

staircase effect can be clearly observed around circumference of the 

specimen. It is frequently observed in specimens with greater layer 

thicknesses that failure is not limited to individual build layers but some 

peeling occurs between layers. The striations observed in this figure are 

boundaries between exposed layers. The failure appears to emanate from a 

surface defect. This may have been introduced in the cleaning stage post 

build. 

Figure 76c and d show the failure between two layers in more detail. 

'Islands' of the uppermost layer remain bonded to the layer below while 

the rest of the layer has been removed. This is likely due to localised 

regions in which cross linking between adjacent layers has been especially 

high. 
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Figure 76e shows a detail of a fracture propagation point within the centre 

of a tensile test piece. This is undoubtedly a foreign body (possible a 

remnant from a previous build) which has become lodged within the build 

during exposure and become partially free during the tensile test. 

Crack/tear lines are clearly seen to emanate from the point which would 

exhibit the highest stress concentrations. 

Figure 77 Fibril fonnalion in R5 fracture 
surfaces (leol) . 

Fracture surfaces underwent further analysis Figure 77. At this 

magnification the formation of fibrils can be clearly observed. These are 

bunches of polymer chains which have been stretched before finally failing 

and remain as fibre like structures upon the fracture surface. 

Such surfaces are commonly observed in bulk PMMA tensile test failures 

and are also responsible for crazing. Crazing is observed in polymers 

which are not tested to failure. It occurs when the so-called fibrils are 

stretched and a plastic strain is induced. 

Figure 78 Crazing and fibril fonnalion in 
PMM A polymers [8 1) 
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This strain can be observed in transparent polymers as a hazing. The 

hazing effect is caused by variations in refractive index as the fibrils vary 

in density in the strained region Figure 78 . 

Surfa ce Roughness Analysis 

The surface roughness of parts manufactured by LBMTs varies depending 

on how the surface is orientated relative to the build direction. In DLP the 

top and bottom surfaces are defined by the surface roughness of the base 

(at the bottom) and the glass substrate at the top, Figure 17. These are 

smoother than the side faces which will suffer from the ' staircase ' effect. 

Surface roughness is an important parameter to evaluate for DLP 

components which will be used in mass filter/electrode applications as the 

electric field from electrodes will be better if surface roughness is 

minimised, Figure 79. 

Side A 

Figure 79 Variation in surface roughness for 
a simple cube by LBMTs (side A in z-x 
plane, side b in x-y plane). 

Side B 

White light interferometry was used to evaluate the surface roughness of 

DLP parts. Some scope exists within the DLP parameter set to adjust the 

build layer thickness and also to employ the enhanced resolution mode 

(ERM). The ERM causes two exposures per build layer to occur. Software 

splits the exposure time in half. The images for each exposure are dithered 

by one voxels width. This should result in a better approximation to the 

design intent and thus a smoother surface (see page 56). 
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Specimen Type Measurement Mean value 

R. 577nm 

50~m (ERM on) 
R, 703nm 
Rz 3.35~m 

Rt 3.48J.1m 

R.. 7l6nm 

50~m (ERM oft) 
R, 891.66nm 
Rz 6.16~m 

Rt 7.23J.1m 
R. 434nm 

25~m (ERM on) 
R, 541nm 
Rz 4.2J.1m 
Rt 4.4J.1m 
R. 749nm 

25~m (ERM oft) R. 895nm 
R, 3.97J.1m 
R, 4.18J.1m 

Table 12 Surface roughness of DLP planar 
faces. 

Standard 
Deviation 

To verify this effect and to evaluate surface roughness, four specimens 

were prepared according to, Table 12. The roughness values have their 

usual designation (Ra=arithmetic average, Rq=root mean squared, Rz=mean 

peak to valley and Rt=maximum peak to valley). 

In order to understand the effect of the ERM, 3D maps from the 

corresponding samples were prepared, Figure 80. The difference between 

the two settings is evident. 

In Figure 80a) and b) the apparent 'troughs' between consecutive voxel 

blocks is significantly lower than for when ERM mode is switched off 

(Figure 80c and d). Clearly a different texture is observed in the first two 

Images. This is likely to be caused by changes in the polymerisation 

process as the second exposure occurs. Individual voxels are still 

discernable but their adhesion at the surface appears to be much better. It is 

likely from this evidence that specimens prepared in this way would 

display a higher tensile strength due to fewer crack propagation points, 

other factors remaining constant. 
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Build Direction -------... ~ 

Figure 80 Surface profiles of DLP planar 
surfaces a)50llm (ERM on) b)251lm (ERM 
on) c)251lm (ERM oft) d)50llm (ERM 
off).(Wyko) 

.. 

Figure 80c) and d) show clearly the dimple shapes of individual voxels. 

The size of these dimples is consistent with the layer thickness selected to 

build them. This analysis also permits an approximation for the size of 

voxels using this apparatus. From measurements over an array of voxels in 

this plane there dimensions are given as 15).tm x 15).tm x 50).tm and 15).tm 

x 15).tm x 25).tm for each corresponding layer thickness. The activation of 

ERM mode comes with a time penalty whjch occurs because twice as 

many layer exposures must be completed. Builds with ERM mode 

activated wilI usualIy take around 30% longer. 

DLP Resolution Testing 

Evaluation of the smalIest feature size that could be built using the DLP 

apparatus was made. AlI tests were conducted at the manufacturers advised 

parameter set at 25).tm layer thickness with ERM on. Figure 81 shows the 

result of reducing walI thickness. AlI of the walIs display a thjckness error 
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of ±7.5f..lm (the half width of a voxel). At approximately 50f..lm, the walls 

are no longer intact and begin to fail. This trend increases until little or no 

wall survives at around 25J.!m. 

Figure 8 1 Failure in DLP progressively 
thinning walls (Hitachi) . 

Failed walls can no longer be considered to display fidelity to the design 

intent as they are of the order of one voxel width based on the 

measurements made in Figure 80. This suggests that there is a good 

correlation between the optical resolution and the resolution limited by 

material integrity during the build process. 

A significant error is apparent in the thickness of these walls even when 

thickness is distant from the integer number of voxels used in the exposure. 

For example, if the design intent is a wall of width 60f..lm then this is 

clearly very close to 4 voxel widths. However, in the case of the 40 or 

35J.!m the error is more significant. The image generation software should 

select the nearest integer number of voxels so for the 35f..lm a wall a 

minimum error of 14.3% based solely the errors introduced by voxel 

number alone. 

This study defines a limitation of the capabilities of the apparatus. 

Although features can be built which are at the optical and mechanical 

resolution of the machine the percentage errors introduced by this method 

make it inappropriate for some applications. This may be acceptable in 

circumstances in which arrays of features are required in which some 

variation is permitted such as surface texturing. 
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Figure 82 Voxel size and failure of thin 
walls. 

The failure of walls through 'pull away' can also be seen in Figure 82. This 

optical micrograph also reveals the voxel geometry as the voxel edges are 

subject to a greater degree ofpolymerisation (through light spillage) during 

the build process. It is apparent that the walls fail because they are not wide 

enough to endure the repeated tensile load in the semi-cured state which is 

invoked by the peeling stage in the build. Walls 3 and 4 have survived the 

build process; however they have folded during cleaning or post-build 

curing. This is likely due to shrinkage when further cross linking causes 

consolidation of the material. 

Figure 83 Failure in progressively thinning 
spaces between walls (Hitachi ). 

Further analysis was undertaken to evaluate the limits with regard to 

spacing between features within a build. This was achieved by maintaining 

a constant wall thickness and varying the space between consecutive walls 

(Figure 83). When the gap between walls reaches 80llm then the walls 

cease to be resolvable. 

138 



a) 

6. Digital Light Processing 
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Figure 84 Blockage of thin walls through 
non clearance of resin a) the design intent 
and b) 'wall merging' (Hitachi) 

An enlarged image of this failure can be seen in Figure 84. The separate 

walls can be identified but a meniscus feature is observed between walls 

indicating a retreat of uncured resin. This presents a further limit to 

resolution; namely resin removal in constricted spaces. This effect 

becomes a dominant factor when large aspect ratios are required. Walls 

depicted in Figure 82d) also display this failure. 

Figure 85c) shows a slender extrusion of the text ' Test'. This demonstrates 

a typical fault (which is also observed to some degree in the thin walls) 

when building features with a large aspect ratio in the build direction. The 

repeated influence of curing shrinkage and stretching (caused by the

peeling stage) has deformed the text and a constriction has occurred. This 

is contrast to the design intent which was for a uniform cross section 

throughout the height of the text. 

The degree of chamfering appears to vary through the height of the thin 

walls. It can be attributed to the degree of polymerisation varying through 

the height of the wall. At the lower build layers (at the foot of the wall) 

more exposures will we experienced to those which follow . 
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Figure 85 Assorted micrographs of DLP 
features (Hitachi). 

From previous it can be observed that the thinnest resolvable thin wall is 

close to the theoretical limit of the optical resolution of the apparatus i.e. 

voxel size. However, 'real' life applications which may call upon such fine 

features are likely to be more complex and so limited by resin clearance. 

One such example which would be subject to the resin clearance effect is 

the manufacture of capillaries. If the design intent is for a circular tube of 

inside diameter IOOllm then this is clearly possible from an optical 

resolution stance. If the aspect ratio of the capillary is significant 

(length/cross section>50) then cleaning uncured resin from the void proves 

to be impossible despite mechanical agitation, ultrasonic agitation and 

forced purging. This is attributed to visco-elastic effects displayed by the 

resin within the capillary. This occurs as liquids are confined in capillaries 

they display both viscosity and eleasticity. 

Therefore the cleaning of fine and enclosed features must be of concern at 

the point of design. 
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DLP for Mass Spectrometry 

The flexibility of DLP as a manufacturing process for prototype electrical 

devices is now examined, particularly with regard to the tolerances 

obtainable and the ability to apply a conductive coating to the R5 material. 

Quadrupole mass spectrometers (QMS) consist of three main sub 

assemblies; an ion source, mass filter and ion detection all mounted in a 

high vacuum vessel. Optimisation of a QMS system may require the 

geometry of electrodes to be adjusted. This is often a costly process 

requiring custom machining techniques. Modifications will be made more 

difficult by the fme features and complex surfaces which constitute the 

ideal design. 

The use of LBMTs deals simultaneously with the cost of manufacturing 

prototypes and also allows for the manufacture of geometries which have 

been widely reported as ideal [149]. DLP components do not require 

custom tooling or custom machining strategies. Therefore they will be 

significantly cheaper than conventionally manufactured components for 

prototype mass spectrometers. 

Digital manufacture also facilitates the integration of new/replacement 

components into existing assemblies. Geometrical data can be incorporated 

from several sources. For example the design software allows importing of 

data points from spreadsheet packages or metrology sources. These can be 

converted directly into code for LBMTs. 

Ion Source 

When a sample is admitted to a mass spectrometer ionisation is commonly 

achieved using an Electron Impact Ion Source (EllS). These use 

incandescent filaments to emit electrons and ionise atoms or molecules 

present. The filament is commonly located in close proximity to a 
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cylindrical mesh cage held at positive potential where ions are accelerated 

(Figure 86a). 

A prototype EllS was manufactured using DLP. This was first designed 

using a CAD package and built in four main components (Figure 86c). 

These were intended to mimic the performance of the conventional EllS 

exactly. The elements consisted of: one extracting lens attached to the 

cage; two focusing lenses at negative dc voltages to focus ions towards the 

QMF and one decelerating lens held at OV to reduce the ion energies 

before they enter the QMF. All components were evaporation gold coated 

to ensure the surfaces were conductive. 

A good aperture alignment and hole precision is required for ion extraction 

and focusing. The EllS pictured in Figure 86b) has exit aperture and Einzel 

lenses of diameter 400Jlm. These were aligned using DLP manufactured 

pins which can also be seen in Figure 86b). The mechanical tolerances 

upon assembly achieved were of sufficient standard to attempt testing. 

In initial tests, without a mass filter, zero ion current was detected exiting 

the assembly and it was deduced that the EllS was not acting as a source of 

ions. The reason for this was apparent upon removal of the lenses and cage 

(Figure 86b). Due to the proximity of the cage to the incandescent 

filaments the cage and the gold coating was significantly degraded due to a 

deformation of the underlying polymer. 

The filaments must be located close to the EllS cage to ensure that the 

emitted electrons have a high probability of impacting with a sample atom 

and thus cause ionisation. This suggests that the DLP process (or at least 

DLP in combination R5 is not a suitable process for building electron 

impact ion sources. 
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Figure 86 Prototype DLP ion source for use 
with mass spectrometers a) CAD model b) 
assembly after testing c) Cage plate with 
three Einzellenses. 

In light of the results obtained from the EllS. An alternative spark gap ion 

source (SOlS) was proposed. This was intended to use the spark developed 

when electrical breakdown is observed, to ionise the atoms of the sample 

gas. Although high electrical fields are required to cause breakdown this 

would occur at relatively low currents so power consumption would be low 

and temperatures reduced. 

Figure 87 Prototype DLP spark gap ion 
source. 

A prototype SOlS with 1 mrn exit aperture diameter and 500)lm spark gap 

was manufactured as a demonstrator (Figure 87) which incorporated a DLP 

mounting to precisely locate and electrically isolate a probe pin. 
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Tests to evaluate the voltage required to cause breakdown were made at 

various pressures and were found to obey the Paschen curve (Figure 88a). 

Ideally the SGIS would operate at as high a pressure as possible so that 

power consumption of the entire unit would be minimised (i.e. lower 

vacuum required and spark potential minimised). However, if the unit is 

operated at a higher pressure, the mean free path of ions is significantly 

reduced and the signal detected will be degraded. 

Figure 88a) shows the current obtained at various pressures. This test was 

performed using a conventional focussing rig without a mass filter and is 

intended only to demonstrate ion emission. In this case the ion source did 

emit but further experimentation will be required to increase ion emission 

current so that low noise mass spectra may be acquired. 

I 
i 
1 
j 

Figure 88 a) Ion emission current using the 
DLP SOlS b) voltage required to cause spark 
discharge for prototype DLP ion source. 

One method of achieving a larger ion emission and hence greater detector 

signal would be to use a series of probe pins mounted in an annular pattern 

around the exit aperture. By increasing the potential at each of these at 

controlled intervals with a signal generator a multiple of sparks could be 

generated simultaneously causing a higher degree of ionisation and 

therefore higher emission current. 

Modelling Using REM 

Boundary element modelling (BEM) was performed to aid in the design of 

DLP components. A numerical model was used to simulate individual 
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mass peaks and complete mass spectra based upon parts to be 

manufactured by DLP. 

This provided a means by which solid models produced in CAD can be 

subject to analysis before actually being built. This allows for design 

iterations without the investment of resource in an actual experiment. 

Figure 89 Typical predicted equipotentials 
from an ion source through Einzellenses. 

Modelling is achieved by coupling the CP03D program [150] with 

Liverpool QMS-2 program [151]. The former calculates key values along 

the ion path which are used by the latter to give sample spectra. This 

approach allows the electrostatic analysis of any profile rod or lens 

aperture. Results obtained from this technique are presented alongside 

experimental results for mass filters. 

This method can be iterated after experimentation if the filter or lens array 

is non ideal to investigate the implications for mass spectra obtained. 

Mass Filter Design and Manufacture 

The sub assembly presenting most potential for manufacture by DLP in 

this type of spectrometer is the mass filter. These components do not have 

to experience high temperatures and can be tailored when catering for 

custom needs such as mass range and resolution. 

A prototype assembly was proposed (Figure 90a) which consists of a 

housing into which electrodes slide. The housing is designed to push fit 
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directly into the existing experimental rig. This permits filters to be quickly 

interchanged. 

Figure 90 a) Prototype DLP mass filter b) 
coated and uncoated rods. 

Electrical potentials are communicated to the rods via coated polymer pins 

inserted from the outside which serve to further locate the rods. A 

comparison of coated and uncoated rods can be seen in Figure 90b. 

Regions that are gold in colour (Figure 90a) are regions which have been 

selectively gold coated using a masked evaporation technique. Masking 

was undertaken using blanks also manufactured by DLP. This 

demonstrates the first use of ' rapid masking'. 

The end-to-end resistance of the rods when gold coated was typically 40ft 

By improving the gold coating (or using an intermediate layer) the 

resistance can be further reduced, which will give more uniform driving 

voltages. This is especially important for miniature mass analyzers where 

localised deformations create patches of higher potentials which can 

increase ion bombardment heating if electrodes are not smooth enough, 

and cause the distortion of ion motion [152]. 

This assembly (Figure 90a) is further unique m that the rods have a 

hyperbolic profile. This is the ' ideal ' theoretical geometry to create the 

optimum electric field between such rods [115]. In turn this means that 

lower voltages will be required to operate the filter causing it to be less 

power hungry permitting a larger mass range CEq 6.1). 
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The design was created in CAD by importing a coordinate system from a 

spreadsheet package. This profile was the optimum for rods of this length 

and ro (Figure 93), 50mm and 2mm respectively in this case. 

Figure 9 1 Prototype mass filters a) ro=2mm 
b) ro=O.9mm c) ro=OAmm. 

Figure 91 shows the profiles of three mass filter assemblies produced by 

DLP and containing gold coated rods. The largest filter was selected for 

testing as it represented the closest model to existing filters for which the 

electronic requirements were already available. 

Figure 92 Fidelity to design intent ofro. 

The aperture size of the filter was considered to measure fidelity to the 

design intent. Ideally the finished article would be a perfect representation 

of the CAD model. It is characteristic of any manufacturing teclmique for 

this to be impossible. Resolution tests undertaken previously in this chapter 

indicate the accuracy of features made within the same build. Clearly the 

process of assembly in this case will also affect the tolerance between 

components. Figure 92 shows an optical microscopy image of the rod 

profile to evaluate rod alignment (Figure 93a) and ro separation (Figure 

93b). 
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This is especially important for quadrupole mass filters where small 

displacements of the electrodes can severely reduce the performance of the 

instrument [153]. Measurements indicate that the spacing between rod 

peaks in the x direction was 4.06mm±O.025mm and 4. l4mm±O.02Smm in 

the y direction. This corresponds to an ro average error of 1.5%±O.625% 

and 3.5%±O.625% respectively. Circular rod-based filters with ro>3mm 

manufactured by conventional means regularly surpass 1 % ro error. 

~:/ 

a) 
/ 

Design Intent - - - - - - - _. 
Position in 
assembly 

.. ,. .. --~"--

Figure 93 Possible errors between two rods 
in a mass filter assembly. 

The example given in Figure 93 shows two possible sources of error 

resulting from shifts in both x and y directions. It is feasible to expect some 

rotation about the coordinate axis. Variation in these errors may also be 

observed along the rod length. In this situation the filter will continue to 

function assuming that ~x is not so large that adjacent rods come into 

contact. The error introduced corresponding to ~x in this assembled filter 

is negligible compared to the ro error Figure 94. 

Figure 94 a) Location of hyperbola max ima 
b) max ima alignment. 
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Although these errors are deemed acceptable for the ro=2mm filter, the 

proportional error (~ro/ro) exhibited in the ro=O.9mm would be much more 

significant. Thus if the maximum absolute 2ro error (±O.165mm) observed 

in the ro=2mm filter is transferred to that of the ro=O.9mm mass filter then 

this corresponds to a percentage ro error of ±9.2% which is unsatisfactory. 

This may be reduced by building the entire filter as one part and selectively 

coating regions where required. This will avoid errors caused by assembly. 

The surface roughness at the face of the rods is also of concern. By 

building these components at the minimum layer thickness currently 

available with this DLP apparatus (25Ilm) the observed staircase effect is 

minimised. Figure 95 shows the face of a gold coated rod. It can be seen 

that the surface roughness it consistent with that recorded on planar 

samples demonstrated earlier. 

Figure 95 Active surface of prototype DLP 
electrodes (Hitachi). 

Based on the measurements obtained on this section, it was decided to test 

the ro=2mm mass filter in a standard mass spectrometer rig to evaluate its 

performance. 

Mass Filter Testing 

A commercial EllS with one focusing lens was used to provide ions for 

filter testing. The ion cage has cylindrical shape with diameter of 6mm and 

length of 10mm (similar to the DLP version in Figure 86). Three lenses 

were used to direct the ion into the filter each of O.3mm thickness and 

O.8mm separation between them. The last was a decelerating lens which 
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was separated from the top surface of the filter by 0.5mm. For testing the 

experimental 2mm mass filter and lenses with exit aperture radius (re) of 

1.5mm were used. 

During testing, the DLP mass filter (ro=2mm) was driven at frequency of 

3.686MHz. The ion source cage and the extracting lens were held at 4V, 

the focusing lens was held at -40V and the decelerating lens at OV. The 

electron emission current for ionisation was 0.8mA and operating pressure 

was 1.2xl0-4 Torr. 

Simulations were carried out for the ro=2mm and EllS with specified 

driving parameters to obtain the mass peak for 4He + ions. This data was 

used to estimate the resolution that could be expected of the experimental 

filter. This is achieved by defining ratios between the dc and rf voltages 

that the electronic control unit generates for the simulation. 

Optimum resolution (Mml ~M) for peaks in mass spectra can then be 

assessed according to; 

Mm L2Vm 
M1 = 570Vzri (6.1) 

as described in[115]. In which Mrn is the maximum ion mass, AM is the 

width of the peak at mass Mrn at 10% of its height, L is the length of the 

filter rod, Vrn is the amplitude of the rfvoltage applied across the rod and Vz 

is the extraction potential as ions enter the mass filter. This allows for a 

comparison of experimentally observed resolution with that predicted by 

modelling (Figure 96). 

In an ideal scenario, the ion current should be maximised to yield the 

greatest signal. However, in doing so the extraction voltage must also be 
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increased which increases ion energies and so reduce the filter's resolution, 

Figure 96. 
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Figure 96 a) Variation of ion current for 4He + 

ions using the DLP QMF b) Comparison of 
resolution for the DLP QMF ro=2mm and 
model results. 
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The ion motion within the ion source was modelled In a commercial 

software package with 4He + ions starting their oscillation within the cage at 

energy of O.OleY. The effects of space charge upon the ions in the ion 

source and the fringing fields when ions reach the mass filter were also 

included. The trajectories of the 4He + ions which were successfully 

extracted from EllS (position coordinates, velocity components and ion 

energies) were then loaded into the software package developed at the 

University of Liverpool, QMS-2 v8. Figure 97 shows a simulated 4He + 

peak obtained from the QMS-2 program for an ideal hyperbolic ro=2mm 

mass filter operating in the zone I stability region. 
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Figure 97 Simulated mass peak for 4He+ ions 
oscillating within the hyperbolic DLP QMF 
(CPO and Liverpool QMS-2 programs) a) 
optimised b) un-optimised. 

This predicts a resolution of 5.71 at 10% of the peak height for mass 4. 

Optimised data is also included to detail the influence of data processing. 

This peak shows a much higher resolution of 16.67. 
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Experiments using the DLP mass filter showed that it was fit for purpose. 

The experimentally obtained peak corresponding to the model above can 

be seen in Figure 98. The predicted resolution is consistent with this peak 

which has a resolution of 5.13, a deviation of -10.2% compared to the 

model. Testing was continued to investigate mass spectra as well as 

individual mass peaks. 

35 4 
mlz 

45 

Figure 98 Experimental mass peaks for 4He+ 
ions. 

5 

The data above is not an experimentally optimised resolution for this 

spectral peak but rather a resolution that has been repeatedly obtained. 

Commercial Mass Filter 

To investigate the performance of the ro=2mm DLP mass filter a test 

spectrum was obtained for comparison with a commercially available 

filter. 

The MKS Instruments mass filter has an ro = 3.175mm and electrode 

length of 100mm i.e. double that used for the DLP filter. Lens and 

extraction potentials were set according to manufacturer prescribed 

settings. This experiment was intended to demonstrate the benefits of the 

hyperbolic geometry employed in the DLP mass filter compared to that in 

the cylindrical MKS system. 
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Figure 99 Spectra for H/ D2/He mixture a) 
Commercial MKS mass filter with circular 
rods ro=3.175mm b) DLP hyperbolic mass 
filter ro=2mm. 

Figure 99a shows the experimental mass spectrum for the H2/D2/He equal 

concentration gas mixture measured using a commercial QMS with 

circular electrodes having both pre-filter and post-filter (ordinate is given 

as pressure as standard with MKS software). Deuterium and helium cannot 

be resolved. This is also the case for the DLP filter Figure 99b. 

Species 

H
2
+ 

D/ 
He+ 

MKS DLP 
Relative 

(Circular (Hyperbolic performance 
rods) rods) 

3.17 3.03 

5.88 5.13 
5.88 5.13 

Table 13 Summary of peak resolutIOns (at 
10% peak height) for a DLP mass filter and a 
conventional alternative 

-4.4% 
-12.8% 
-12.8% 

The commercial mass filter produces slightly higher resolutions. This is 

largely due to its increased length relative to the hyperbolic filter and also 

the pre and post filters. A good correlation between the ratios of peaks 

heights (MKS-l: 1.59, DLP-l: 1.53) can also be observed in Figure 99. This 

provides further evidence that the DLP manufacturing technique is well 

suited to manufacture mass filter prototypes. 
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Conclusions 

The perfonnance of components manufactured by DLP has been 

characterised. These have been shown to vary significantly from the bulk 

material properties quoted by the supplier. 

A series of hyperbolic quadrupole mass filters have been fabricated using 

DLP and proven to work as mass spectrometers. The technique was found 

to be particularly suitable for prototyping mass filters that provide ideal 

hyperbolic field or for any other devices with complex geometries. 

Compared to other rapid prototyping techniques digital light processing 

otTers significantly smaller feature sizes, which allows a higher degree of 

accuracy both in manufacture and assembly. It also has the potential to 

produce a fully integrated mass spectrometer with a single mass analyzer 

or with array of analyzers at sub-millimetre and micro scale. 

154 



7. Conclusions 

7. Conclusions 

This thesis describes the outcomes of a body of research in which layer

based manufacturing techniques have been used to process a range of 

functional materials. 

Novel techniques have been used to manufacture demonstrators/prototypes 

which have the potential to be utilised in engineering applications. Within 

the processes of refining material, parameter set and design several 

conclusions can be made which represent the core outcomes of this work. 

A commercial NiTi powder has been processed for the first time via the 

SLM technique to produce near 100% dense parts which exploit design 

freedoms granted by LBMTs. 

These NiTi components have been shown to display the shape memory 

effect and have been trained and later actuated to exhibit the shape memory 

effect. Furthermore they have been actuated by ohmic heating. 

The process of melting by laser and further reheating appears to induce the 

presence of the so-called R-phase which is normally consistent with aged 

Ni rich alloys. Processing NiTi powders in this way may serve to produce 

components which imitate those that have been aged. The presence of 

contaminants, however, cannot be ruled out as an austenite stabiliser. 

Piezoelectric-ceramic/polymer composites have been manufactured and 

been selectively sintered to silicon substrates demonstrating lithographic 

deposition techniques combined with laser interaction are capable of 

selective deposition. 

Selectively sintered regions have been consolidated by laser treatment. 

This causes partial sintering and adherence to the substrate. The processed 
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regions are typical of components which might be employed by 'lab on a 

chip'devices. 

Piezoelectric-ceramic/polymer composites have been fabricated with the 

DLP technique and used to build freeform components. Microscopic 

analysis and calculation has predicted that piezoelectric properties could be 

of the same order as materials processed by conventional methods. 

Material properties and resolution tests have been performed on samples 

built by the DLP process. These have been shown to display a high degree 

of variance. There is also significant deviation with respect to the 

manufacturer's bulk material quotations. 

DLP has been used to manufacture components for quadrupole mass 

spectrometry. DLP has been shown to be especially effective for mass 

filter manufacture more specifically the manufacture of complex profile 

electrodes. Metallisation of the plastic components which meet with 

specification have been shown to outperform conventional filters in terms 

of both cost and functionality. 
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8. Future Work 

The outcomes of this thesis present several opportunities for further work. 

These relate to further investigations into the effect of manufacturing 

parameters upon material properties and the incorporation of 

prototypes/demonstrators into new applications. 

1. Surface finish, build reliability and tolerances across SLM platforms 

are widely reported problems. Processing NiTi was typical of the 

process with respect to those factors. To minimise post processing 

and hence cost, addressing these limitations would form an excellent 

topic of research. This is likely to rely heavily upon laser/material 

interaction modeling to optimise the build approximation to the 

design intent. 

2. Although the SME has been demonstrated for SLM processed NiTi 

alloys the degree of SME with respect to manufacturing parameter 

set has not been investigated in this work. This presents significant 

challenges to prepare a range of material samples to be subjected to a 

range of training regimes and later analytical techniques. This will 

allow the enhancement of components manufactured in this way for 

product applications. Porous materials and meshes can easily be 

manufactured by SLM. Shape memory materials in this form would 

find several possible application including 'self healing' crash 

structures or perhaps temperature sensitive filters. 

3. The extent of the R-phase present in SLM processed NiTi alloys 

requires further investigation. One approach to this would be TEM 

and XRD analysis under thermally controlled conditions. 
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4. Piezoelectric / pyroelectric pads deposited on silicon substrates can 

be employed for sensory and actuation applications. Research into 

poling these pads and incorporating similar structures into MEM 

type components may be possible. The viability of this is dependent 

upon the mechanical integrity and adherence of the piezoelectric 

material. 

5. Poling of BaTi031R5 composites is a subject of ongoing research as 

is the implication of ceramic content on the resolution of the DLP 

process. Demonstrator builds performed in this study are of a limited 

height and the distribution of ceramic content through build height 

was not observed to vary greatly. This might not be the case in scaled 

up builds. 

6. Resolution and material tests were performed on a single 

machine/material combination in this study. There are several 

competing platforms (SLA, 3DP etc) and material feedstocks 

available for each. Thus a true evaluation of machine/material 

performance would require manufacturer collaboration. To date 

manufacturers of LBMT apparatus are reluctant to issue standardised 

results. This is currently under review with the formation of an 

ASTM working group [154]. The development of accepted standards 

is fundamental to the proliferation of LBMTs. 

7. Coated DLP components have been demonstrated to be highly 

effective in mass filters for spectrometry applications. There are 

various similar components such as ion traps and more complicated 

filters which could be manufactured in this way. Youssef et al [155] 

predicted an ideal quadrupole mass filter would not only be 

hyperbolic in profile but also helical (twisted) in trajectory. This was 

proposed in 1971 but has to date not been successfully realised. 
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