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Abstract 
Electrochemical machining (ECM) is a non-conventional machining 
technique capable of machining any conductive substrate, regardless of its 
physical properties e.g. hardness. ECM became an attractive method due to 
its ability to machine substrates without creating a defective surface layer.  

ECM utilises electrolysis; a small gap is maintained between two electrodes 
whilst a favourable potential is applied between them to remove material 
from the workpiece. The parameters are adjusted to obtain the desired 
machining results i.e. surface finish, machining resolution and machining 
rate.  

Much work has been conducted for the anodic dissolution of stainless steels 
and brass but little work outside of these materials is available. This work 
demonstrates the applicability of ECM for a new range of materials; 
superconductors and semiconductors, along with the application of ECM for 
medical needle production and an alteration to the machine set up to 
anodically dissolve titanium metal at reduced potentials.  

Through a series of electrochemical techniques, namely polarisation curves, 
machining potentials were defined for a cuprate superconductor and a 
semiconductor. These were then demonstrated as suitable settings by 
completing tests on an electrochemical machine. Hypodermic needles were 
created on an electrochemical machine and polarisation curves of titanium 
with the addition of ultrasonic vibrations were used to demonstrate the 
anodic dissolution of titanium at much reduced potentials.  
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toff Pulse off-time 
ton Pulse on-time 
V Voltage 
z Valence number 
λ Wavelength of light 
ρ Specific electrolyte resistivity 
τ Time constant for double layer charging 
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Chapter 1 – Introduction 
Electrochemical machining (ECM) is a non-conventional machining 
technique capable of machining a conductive work piece irrespective of its 
physical properties e.g. hardness. ECM utilises an electrolysis process called 
anodic dissolution. It is a non-contact, heat and stress-free material removal 
process, whereby a DC current is applied between two electrodes 
submerged in an electrolyte, usually salt water, which is continuously flushed 
through the gap between the electrodes. Material is removed from the 
anode, the positively charged electrode, replicating the tool electrode in 
reverse. (McGeough 1988) 

Much work has been conducted in the ECM field using stainless steels, 
brass and super alloy. However, little work has been published considering 
less common materials, such as semiconductors and superconductors both 
of which are hard to machine conventionally due to their brittleness. Titanium 
alloys have also been machined with ECM but require high potentials due to 
the chemical resistance of the oxide layer which forms on the surface.  

1.1 Aim and Objectives 
Electrochemical machining is still a specialised machining technique with 
niche customers across a range of industries, from aerospace, automotive 
and medical sectors to name a few. However, ECM only currently targets a 
few brackets of materials, namely stainless steels and super-alloys which 
pose difficulties with conventional machining due to their hardness or other 
physical properties. 

Some materials, such as titanium, require high machining voltages to break 
through the passive surface layer. This makes the process energy intensive, 
increasing the cost of machining this type of material. 

This research aims to expand the range of target materials that can be 
machined with ECM into superconductor and semiconductor materials, as 
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well as reducing the machining voltages required for the anodic dissolution of 
pure titanium metal.  

This thesis also proposes to outline a method to electrochemically sharpen 
hypodermic needles with a single process step at a superior surface finish 
than that of those currently produced via mechanical grinding.  

1.2 Description of Chapters 
This section gives a brief summary of what can be found in the chapters to 
follow: 

 Chapter 2 – Literature Review – This chapter gives an overview of the 
electrochemical machining process along with how each machining 
parameter, e.g. voltage, electrolyte concentration etc., affects the outcome in 
terms of resolution and surface finish amongst other things. 
 Chapter 3 – Anodic Dissolution of Superconductors – This chapter 
provides experimental methods and results of the anodic dissolution of 
gadolinium barium copper oxide (GdBCO) in a non-aqueous electrolyte. 
 Chapter 4 – Anodic Dissolution of Semiconductors - This chapter 
details experimental methods and results for the anodic dissolution of indium 
antimonide (InSb) and how some machining parameters affected the overall 
result.  
 Chapter 5 –Anodic Dissolution of Titanium with the Addition of 
Ultrasonic Vibrations – This chapter highlights the importance of titanium 
metal and discusses the difficulties encountered with conventional and non-
conventional machining of this material. This chapter goes on to provide a 
potential solution to reducing the potentials required for the anodic 
dissolution of pure titanium metal in ECM.  
 Chapter 6 – Electrochemical Production of Hypodermic Needle Tips – 
This chapter gives an insight into the methods and experimental results 
obtained from a series of experiments to produce hypodermic needle tips on 
an ECM machine. It discusses suitable electrolytes and brief details on a tool 
design.  
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 Chapter 7 – Conclusions and Further Work – This chapter gives a 
complete summary of the work covered in this thesis along with details of 
further work which enhance this body of work. 
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Chapter 2 – Literature Review 
2.1 Introduction 
Micro-machining has gained importance in recent years due to a drive 
towards miniaturisation which has focussed research into many 
micromachining techniques. Conventional machining techniques, such as 
drilling and milling are unsuitable for many micro-machining applications due 
to the stresses imparted on the work pieces. (Leese & Ivanov 2016b) 

Non-conventional machining techniques such as electro-discharge 
machining (EDM), laser beam machining (LBM), electron beam machining 
(EBM), ultrasonic machining (USM) and electrochemical machining (ECM) 
have all been utilised in micro-machining. However, EDM, LBM and EBM are 
all thermal machining processes, creating a heat-affected layer on the work 
piece surface during machining which then forms micro-cracks at the surface 
or change the material properties. USM is used primarily to machine brittle 
materials where conventional machining would cause crack formation. ECM, 
however, is a heat-free, stress-free machining technique. Whilst ECM 
theoretically has atomic-scale machining accuracy, it has not been used as 
commonly as the other methods due to the occurrence of stray erosion and 
inaccuracies when machining.  

Much research has been conducted over the last two decades to understand 
and develop the ECM process on the micro-scale; from applying nano-
second potential pulses to reducing the inter-electrode gap (IEG) to using 
passivating electrolytes. These changes will be discussed in more detail later 
in this thesis.  

ECM is a technique which utilises an electrolysis process called anodic 
dissolution. Anodic dissolution is the opposite reaction to electrolytic plating 
which is used to improve parts properties (e.g. corrosion resistance) or 
physical appearance (e.g. in the jewellery industry where less expensive 
metals are plated with smaller amounts of precious metals). ECM has many 
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advantages over other traditional machining techniques; any conductive 
material can be machined regardless of its mechanical properties e.g. 
hardness; it’s a virtually stress-free process with very little tool wear; complex 
shapes can also be obtained in one machining step which wouldn’t be 
ordinarily reached with conventional machining techniques. This work will 
review research conducted in electrochemical micromachining (ECMM) 
Figure 2-1 shows a flow diagram for the structure of this chapter. 

 
Figure 2-1 Diagram for structure of the chapter 

2.2 The ECM Process 

Electrochemical machining is a machining technique based on electrolysis. 
Electrolysis uses the passage of current between two electrodes immersed 
in a conductive solution, called an electrolyte, to perform chemical reactions 
at the electrodes. Current is passed between a work piece, which is the 
positively charged electrode, termed the anode and a tool, which is the 
negatively charged electrode, termed the cathode. Electrons are carried 
through the electrolyte in the form of ions. Depending on the potential 
applied, material can either be deposited or removed from the electrodes.  

Anodic dissolution removes material according to Faraday’s Law, see 
Equation 1:  
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=                      (1) 

Where m is the mass removed in g, Q is the charge passed in C (Q=It where 
I is current and t is time in s), F is Faraday constant (96485 C mol-1), M is the 
molar mass of the work piece in g mol-1 and z is the valence number 
(number of electrons transferred per ion) which is a dimensionless number.  

 
Figure 2-2: ECM Process a) with a complex tool (viewed from the side) 
and b) with a simple cylindrical tool (viewed from above) The arrow 
shows the path of the tool. The black dot is the tool. 

The tool in ECM is advanced toward the work piece at a constant feed rate to 
maintain a constant IEG. A steady state gap is formed dependent on a 
number of factors which will be discussed later in this chapter. A negative 
copy of the tool is replicated in the work piece. Either a complex tool can be 
designed or a simple cylindrical tool can be moved in the X-Y plane to create 
complex features in a way similar to computer numerical control (CNC) 
milling, as shown in Figure 2-2.         
           (1) 
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Using the dissolution of iron in sodium chloride (NaCl) as an example, the 
dissolution process will be discussed in more detail. Iron is known to actively 
dissolve in a simple salt solution of NaCl. Ions in the electrolyte are affected 
by three transport mechanisms; diffusion, convection and migration. Diffusion 
is the movement of ions from a region of high concentration to a lower 
concentration. Iron ions are dissolved at the anode surface and diffuse 
across a thin, stagnant layer of electrolyte at the electrode surface toward the 
bulk electrolyte where iron ion concentration is much lower. Convection is 
movement induced by an external force; in the case of ECM the electrolyte is 
forced through the IEG at high pressure and speed which carries ions away 
from the IEG. Migration is the movement of ions due to a potential field, i.e. 
positive ions are electrostatically attracted to a negatively charged cathode 
tool and vice versa. In this example, iron is dissolved at the anode and 
hydrogen gas is evolved at the cathode; the reactions are as follows.  

Anode: Fe  Fe2+ + 2e- 

Cathode: 2H+ + 2 e-  H2↑ 

Iron is not deposited on the cathode as the iron ions react with hydroxide 
ions in the solution to form iron hydroxide (Fe(OH)2) which is insoluble so 
precipitates to form a sludge. The solid reaction products are filtered from the 
electrolyte. Figure 2-3 shows a visual representation of the basic reactions 
occurring during ECM.  

The electrolyte is flushed through the IEG to remove reaction products which 
may cause sparks or short circuits during machining due to increased 
electrical resistivity in the IEG. The electrolyte also removes heat from the 
reaction region caused by Joule Heating. If the reaction products are not 
removed from the machining zone, a metal hydroxide layer could build up at 
the work piece surface limiting the reaction. 
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Figure 2-3 Schematic of the basic reactions during ECM (Leese & Ivanov 
2016c) 

2.3 Electrochemical Micro-Machining 

Electrochemical micro-machining (ECMM) is an advanced version ECM 
where machining is confined to much smaller areas on the work piece to 
create high aspect ratio holes, shapes and tools on the micro-scale. There 
are many factors which affect machining accuracy; including electrolyte 
selection; electrolyte concentration; pulse frequency and duration; IEG size; 
voltage and feed rate. 
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2.3.1 Electrolyte Selection 

The electrolyte in ECMM is a crucial parameter; it provides the conditions 
needed for reactions to occur, namely a conductive environment. The ideal 
electrolyte should have high conductivity, low viscosity, be non-corrosive and 
inexpensive. The most common electrolytes used are sodium chloride (NaCl) 
and sodium nitrate (NaNO3) although many others are used.  

The electrolyte chosen depends on the work piece material and the desired 
result, i.e. accuracy, material removal rate (MRR) or surface finish. Table 2-1 
shows some electrolytes used for a range of metals commonly machined 
with ECM (Wendt & Kreysa 2013). 

There are two main types of electrolyte; passive and non-passive 
electrolytes. Passive electrolytes contain oxidising anions such as nitrate. 
These provide better precision due to the formation of a protective oxide film. 
Oxygen is usually evolved in the stray current regions. Non-passive 
electrolytes contain more aggressive anions, such as chloride. 
(Bhattacharyya et al. 2004) The material removal rate is usually much higher 
with these electrolytes but the precision is lower in comparison to passive 
electrolytes (Da Silva Neto et al. 2006).   

Acidic electrolytes are sometimes chosen to prevent the build-up of solid 
machining products which can collect in the IEG slowing machining. 
Tungsten carbide (WC-Co) is machined with sulphuric acid (H2SO4) as 
tungsten and cobalt can be machined simultaneously. (Choi et al. 2013) 
Some metals also show enhanced machining in basic electrolytes, e.g. 
tungsten in sodium hydroxide (NaOH). 

All of the electrolyte examples above are aqueous electrolytes. Some 
materials are water-sensitive so an aqueous electrolyte is inappropriate. In 
these cases non-aqueous electrolytes are used, such as glycerol based 
electrolytes. The conductivities of organic-based electrolytes are low in 
comparison to aqueous electrolytes due to difficulties in dissolving salts in 
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them. This results in lower machining rates but enhances machining 
precision. High resistivity electrolytes, such as glycerol-based electrolytes, 
are commonly used for electro-polishing, another variant of ECM, as the 
difference in current density between peaks and troughs is greater, resulting 
in preferential dissolution.(Inman et al. 2011) 

2.3.2 Electrolyte Concentration 

Electrolyte concentration also plays a role in machining accuracy and 
machining rates in ECMM. The concentration of the electrolyte determines its 
electrical conductivity; the higher the concentration, the higher the electrolyte 
conductivity. Many studies have been conducted researching how electrolyte 
concentration affects ECM and ECMM machining. (Ayyappan & Sivakumar 
2014a; Ayyappan & Sivakumar 2014b; Bannard 1977; Bhattacharyya & 
Munda 2003; Das & Saha 2014; Datta 1993; Datta & Landolt 2000; Fan et al. 
2012; Ghoshal & Bhattacharyya 2013; Jain et al. 2012; Jain & Gehlot 2015; 
Rathod et al. 2014; Saravanan et al. 2012; Bhattacharyya et al. 2004; M. 
Wang et al. 2010; Wu et al. 2013; Zhang 2010; Trimmer et al. 2003; De Silva 
et al. 2003) Accuracy is highly important when machining micro-features as 
errors appear much larger at this small scale.  

Bhattacharyya et al (Bhattacharyya et al. 2004) observed that with a lower 
concentration, higher voltage and a moderate value for pulse-on time that 
machining accuracy was improved with a moderate MRR. Ayyappan et al 
(Ayyappan & Sivakumar 2014a) observed that a higher concentration lead to 
a higher MRR and better surface finish in an oxygenated electrolyte of NaCl 
for 20MnCr5 steel . Ayyappan et al (Ayyappan & Sivakumar 2014b) also 
stated that a higher electrolyte concentration ‘allows for more ions for 
ionization’ which in turn increases MRR. Bannard (Bannard 1977) observed 
that the dissolution current was higher for higher electrolyte concentrations 
and the increase in kinetics is why highly concentrated electrolytes are 
employed in ECM. Bhattacharyya and Munda (Bhattacharyya & Munda 
2003) presented results which showed that a lower concentration in 
combination with a   
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Table 2-1 Common electrolytes for a range of metals (Wendt & Kreysa 
2013)  

Metal Electrolyte Remarks 
Aluminium and 

its alloys 
NaNO3  (100-400 g 

dm-3) Excellent surface finishing 
Cobalt and its 

alloys 
NaClO3  (100-600 

g dm-3) 
Excellent dimensional control, 

excellent surface finishing 
Molybdenum NaOH   (40-100 g 

dm-3) 
NaOH consumed and must be 

added continuously 

Nickel and its 
alloys 

NaNO3 (100-400 g 
dm-3) good surface finishing 

NaClO3 (100-600 g 
dm-3) 

good dimensional control, good 
surface finishing and low metal 

removal rate 

Titanium and its 
alloys 

NaCl (180 g dm-3) 
+ NaBr (60 g dm-3) 
+ NaF (2.5 g dm-3) 

good dimensional control, good 
surface finishing and good 

machining rate 
NaClO3 (100-600 g 

dm-3) 
Bright surface finish, good 
machining rate above 24V 

Tungsten NaOH (40-100 g 
dm-3) 

NaOH consumed and must be 
added continuously 

Steel and iron 
alloys 

NaClO3 (100-600 g 
dm-3) 

Excellent dimensional control, 
brilliant surface finish, high metal 

removal rate, fire hazards when dry 
NaClO3(100-400 g 

dm-3) 
Good dimensional control, lower fire 

hazard, good surface finish and 
good machining rate 

NaNO3 (100-400 g 
dm-3) 

Good dimensional control, fire 
hazard when dry, low metal removal 

rates, rough surface finish 
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larger machining voltage and a ‘moderate pulse on time’ produced more 
accurate shapes at a moderate MRR as the stray current effect is less.  

Das and Saha (Das & Saha 2014) were attempting to create cylindrical 
micro-tools with ECMM and found that the reaction was non-uniform at 
higher electrolyte concentrations, possibly due to the difficulties in thoroughly 
cleaning the IEG changing the conductivity of the solution between the 
electrodes. This lead to shorter cylindrical tools formed in higher 
concentration electrolytes. Higher concentrations (> 3 M) were detrimental to 
the surface finish. Datta (Datta 1993) observed that the anion type and 
concentration affected the MRR. The formation of a salt film on the anode 
surface may occur more readily at higher salt concentrations leading to a 
better surface finish.  Datta and Landolt (Datta & Landolt 2000) later 
witnessed that the current distribution is dependent on the electrolyte 
concentration. This was observed during electrochemical deposition, the 
process analogous, yet opposite, to ECM. During electrochemical micro-
drilling with a mixed electrolyte of hydrochloric acid (HCl) and sodium 
chloride (NaCl) Fan et al (Fan et al. 2012) showed that the machining 
overcut increased as the sodium chloride concentration was increased. 
Although above a certain NaCl concentration (> 0.35 M) the overcut began to 
decrease when in combination with 0.3 M HCl. It cannot be certain this is a 
trend which occurs repeatedly in ECM as this was not confirmed for the 
mixed electrolyte containing 0.1 M HCl. 

Ghosal et al (Ghoshal & Bhattacharyya 2013) created micro-channels in S- 
304 stainless steel with a sulphuric acid electrolyte (H2SO4). They found that 
the channel width varied more with a less concentrated electrolyte. This was 
thought to occur due to the small number of ions in the solution taking part in 
ECMM which could cause micro-sparks increasing the standard deviation of 
the channel width. They also showed that a very low concentration (0.1 M) 
created a larger overcut than a 0.2 M and 0.3 M electrolyte, yet the 0.3 M 
electrolyte created a larger overcut than the 0.2 M electrolyte. They 
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concluded for their application that 0.2 M H2SO4 was the optimal 
concentration.  

Jain et al (Jain et al. 2012) found that hole diameter first increased as the 
concentration increased but then decreases. They attributed this to the 
reduced ion mobility in solution because of the high concentration. In another 
case, Jain and Gehlot (Jain & Gehlot 2015) were investigating the effects of 
several variables on the produced shape with through-mask ECMM. They 
observed that undercut initially increased with concentration but then began 
to decrease with an increase in electrolyte concentration. In this case it was 
explained by an increase in current density which facilitated a shorter 
machining time in the vertical direction. This also meant the machining time 
in the lateral direction was reduced and here the effect of the machining time 
dominated over the increased current density, reducing the undercut.  

Rathod et al (Rathod et al. 2014) created micro-grooves in stainless steel 
using a sulphuric acid electrolyte. Concentrations were only varied between 
0.15 and 0.30 M. Up to 0.25 M, they observed an increase in overcut as the 
concentration was increased. Above 0.25 M the overcut began to reduce in 
size. This was explained by way of an increase in gas bubbles generated at 
the micro-tool surface, decreasing machining. Saravanan et al (Saravanan et 
al. 2012) observed the MRR increased with electrolyte concentration 
machining a super-duplex stainless steel (SDSS) using a sodium nitrate 
electrolyte with concentrations ranging between 0.4 and 0.5 M. 

Wang et al (M. Wang et al. 2010) stated that the electrolyte concentration 
affected the current density distribution which in turn affected the current 
efficiency and accuracy with a higher concentration creating larger overcuts. 
Wu et al (Wu et al. 2013) created nano-tools with ECM for use in ECMM. 
They found the tool diameter increased with increased concentration. This is 
because the material removed per unit of time increases with concentration 
and the tip was being over-etched at higher electrolyte concentrations 
causing the tip to drop off.    
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Zhang (Zhang 2010) stated that high electrolyte concentration increases 
electrolyte conductivity and therefore a high current efficiency could be 
achieved. Trimmer et al (Trimmer et al. 2003) indicated a lower concentration 
lead to higher conductivities which “necessitates shorter current paths and 
increases resolution of machining”. They also stated that there is a lower limit 
to the concentration that can be used in ECM. This is because the ion 
content in the gap is not sufficient to completely charge the double layer 
capacitance.  

De Silva et al (De Silva et al. 2003) observed that using a lower 
concentration increased the Joule heating in the gap which could cause 
process variations unless steps were taken to avoid this. They also 
performed experiments to confirm that the current density decreases much 
more quickly as the gap is increased at lower concentrations, showing that 
higher accuracy machining can be achieved with lower concentration 
electrolytes.  

Most studies concluded a low electrolyte concentration was more beneficial 
when machining micro-features as it kept conductivities to a minimum which 
prevented large machining overcuts even though a compromise was made 
with respect to the MRR. This is different to macro-ECM operations where an 
importance is placed on the machining rate and compromises on accuracy 
and surface finish.   

2.3.3 Pulse Frequency and Duration 

Pulsed electrochemical machining (PECM) and ECMM utilise a pulsed 
potential as supposed to the constant potential used in ECM in order to 
achieve better resolution. Pulses are usually applied as a square wave with 
variations in amplitude (voltage), frequency and duration. Figure 2-4 shows 
an example waveform used during PECM.   
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Figure 2-4 Pulsed Potential Wave 

During PECM the pulse-off time is not usually equal to the pulse-on-time as 
shown in Figure 2-4.  The pulse-off time is usually longer in duration than the 
pulse-on time to allow sufficient time for the electrolyte in the IEG to be 
completely refreshed, taking with it any reaction products. It also allows time 
for the double layer capacitor to fully discharge.   

High frequency pulsed potential during ECM restricts the electrochemical 
reactions to regions on the work piece in close proximity of the tool. This 
phenomena is based on the time constant for electrical double layer (EDL) 
charging which varies with the “local separation between the electrodes” 
(Schuster et al. 2000). During nanosecond duration pulses, the time constant 
for charging the EDLs is small enough to allow significant charging only at 
electrode separations in the nano- to micro-meter range.  Rates of 
electrochemical reactions are exponentially dependent on the potential drop 
in the double layer, resulting in the reactions being confined to the regions of 
the work piece in close proximity to the tool electrode which is fully polarised.  

The EDL, on both electrodes, is a capacitor which becomes charged when a 
voltage is applied between them. The charging current has to pass through 
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the electrolyte, with the resistance encountered proportional to the length of 
the current path. Therefore the time constant is locally varied as: 

= =                      (2) 

where R is the resistivity of the electrolyte along the current path, C is the 
capacitance, ρ is the specific electrolyte resistivity, d is the local separation 
and   is the specific EDL capacity.  Due to this “the electrodes will only be 
significantly charged where the local  does not substantially exceed the 
pulse duration”. (Schuster et al. 2000) Where the electrodes are in close 
proximity, both the electrode separation and electrolyte resistance are low, 
whereas regions further away only become weakly polarised. For 
electrochemical reactions which are exponentially dependent on the potential 
drop in the EDL, reactions are strongly confined to the regions in close 
proximity of the tool. See Figure 2-5 for a model of the IEG.  

Many researchers have investigated the influence of applying pulsed 
potential during ECM (Cook et al. 1967; Meijer & Veringa 1984; Van Damme 
et al. 2006; Zhang et al. 2011; Smets et al. 2010; Jo et al. 2009; Fan et al. 
2012; Choi et al. 2013; Schuster et al. 2000; Kock et al. 2003; Bhattacharyya 
& Munda 2003; Bilgi et al. 2007; Das & Saha 2014; Trimmer et al. 2003; 
Zhang 2010; Saravanan et al. 2012; Lee et al. 2010; Xu et al. 2015; Cagnon 
et al. 2003; Bhattacharyya et al. 2002; Rajurkar et al. 1993; Sun et al. 2001; 
Datta & Landolt 1983; Mathew & Sundaram 2012; Rajurkar et al. 1998; 
Ghoshal & Bhattacharyya 2013; Rathod et al. 2014). 
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Figure 2-5 Model of the inter-electrode gap (Kozak et al. 2008) 

Cook, Loutrel and Meslink (Cook et al. 1967) seem to be the first group to 
design and apply a pulsed power supply to an ECM system. The intention 
was to apply a short negative pulse after a positive pulse to remove the 
passive layer which was forming on the work piece, with the aim to improve 
material removal rates and allow machining of difficult to machine materials 
such as tungsten carbide (WC). 

Choi et al (Choi et al. 2013) machined a tungsten carbide alloy (WC-Co) 
using a pulse duration of 100 ns with a pulse period of 1 µs. They noted that 
the pulse duration must be long enough to dissolve the oxide layer to prevent 
damage to the tool. Bhattacharyya and Munda (Bhattacharyya & Munda 
2003) observed that with pulsed voltage the work piece dissolved uniformly 
whereas in direct current (DC) ECM when the IEG is very small, deposits can 
form on the tool leading to non-uniform machining at the work piece surface. 
Das and Saha (Das & Saha 2014) developed a pulse power supply to create 
micro-tools from WC-Co. They found that the cylindrical tool length increased 
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as the pulse on time increased but above 1800 ns spark machining is 
initiated, causing a deterioration in surface quality.  

Fan et al (Fan et al. 2012) observed smaller over cuts and straighter edged 
holes for higher applied frequencies with the same duty cycle, where the duty 
cycle is defined as: 

 =  ×                  (3) 

The same researchers also reported that over cut increased with increased 
pulse duration. This they attributed to the increased polarisation of the EDL 
and an increased production of hydrogen evolution which results in non-
uniform machining.  

Ghoshal et al (Ghoshal & Bhattacharyya 2013) produced taper-less holes in 
SS-304 stainless steel with a low concentration sulphuric acid electrolyte and 
a frequency of 5 MHz and a duty cycle of 40 % which relates to a pulse on 
time of 80 ns. Saravanan et al (Saravanan et al. 2012) observed that MRR 
increased as duty cycle was increased but decreased as frequency was 
increased. In this case they did not consider how these parameters affected 
the machining over-cut.  

Zhang (Zhang 2010) witnessed that a short pulse on time with a long 
machining time led to a higher current efficiency at the macro-scale. Trimmer 
et al (Trimmer et al. 2003) utilised short voltage pulses to restrict stray 
machining to create high aspect ratio holes and complex patterns. They 
observed that a shorter pulse in combination with a low electrolyte 
concentration gave the best machining resolution.  

Schuster et al (Schuster et al. 2000) are credited with applying pulsed 
voltages to improve resolution in ECM and take the applicability of ECM into 
micro- and nano technologies. Their calculations show a pulse of 30 ns 
should produce machining with a resolution of 1 µm.  
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Meijer and Veringa (Meijer & Veringa 1984) observed that PECM resulted in 
a better surface finish and tool reproduction than ECM. Van Damme et al 
and Smets et al (Van Damme et al. 2006; Smets et al. 2010) created models 
of the PECM process. They observed an off time > 90 ms allows the 
electrolyte in the IEG to be completely refreshed to bulk conditions, meaning 
each pulse is independent of the last pulse. As the pulses increase in length, 
a viscous salt layer builds on the work piece surface, eliminating water from 
the electrode surface. This prevents oxygen evolution, increasing the 
machining efficiency as the pulse length increases because metal dissolution 
becomes the only reaction.   

Zhang et al (Zhang et al. 2011) produced complex shapes in nickel (Ni) 
sheets using a 40 ns pulse. There was no stray machining observed due to 
the short length of the voltage pulse applied and large pulse off time (460 ns) 
in comparison to the on time.  

Jo et al (Jo et al. 2009) concluded that the IEG could be controlled by 
altering the pulse on time which in turn controls the hole diameter. This can 
be altered during machining, resulting in holes with a smaller entrance hole 
than inside, see Figure 2-6.  

 
Figure 2-6 Groove array in a micro-hole (Jo et al. 2009) 
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Kock et al (Kock et al. 2003) showed that PECM can be used to create 
complex 3D structures down to nanometer precision. The authors used a 
frequency of 33 MHz with 3 ns pulses of 2.0 V to machine 3D micro-
structures into a nickel work piece. Bilgi et al (Bilgi et al. 2007) utilised PECM 
for deep hole drilling. The pulses, along with an insulated tool, ensured there 
was no tapering of holes at the entry hole.  

Lee et al (Lee et al. 2010) used PECM to machine a nickel-titanium shape 
memory alloy. The authors saw an increase of machining inaccuracy when 
the duty cycle was raised above 50 % with a pulse on time varying between 
10 and 75 µs. Xu et al (Xu et al. 2015) observed that as the pulse duration 
was increased from  25 ns to 40 ns the surface roughness remained low but 
above 40 ns the surface roughness increased.  

Cagnon et al (Cagnon et al. 2003) performed PECM with two steps; a fast 
rough cut, followed by a slower fine cut. This was achieved by varying the 
pulse on time from 143 ns for the rough cut to 50 ns for the fine cut. The 
authors created several complex, 3D micro-structures in stainless steel. 
Bhattacharyya (Bhattacharyya et al. 2002) reported that PECM results in 
more accurate machining as it eliminates reaction products, including heat, 
from the IEG during the pulse off time maintaining a consistent electrolyte 
conductivity and therefore an equal MRR across the machining profile. 

Rajurkar et al (Rajurkar et al. 1993) produced a model to ascertain the IEG 
characteristics. They observed that for very short pulse times the localisation 
was improved. Sun et al (Sun et al. 2001) modified a PECM process to 
include a very short cathodic pulse in order to remove the anodic film that 
can form at the work piece surface. This would allow an improved surface 
finish. They called this “modulated reverse electric field ECM (MREF-ECM)”. 
This process also benefits from the improved dimensional accuracy 
observed with PECM. 

Datta and Landolt (Datta & Landolt 1983) developed an electrochemical saw 
with a pulsed voltage. They report that the use of a pulsed voltage negates 
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the use of a complex electrolyte pumping systems whilst applying extremely 
high current densities as the off time allows removal of reaction products and 
effects of Joule heating from the inter-electrode gap. Mathew and Sundaram 
(Mathew & Sundaram 2012) created micro-tools with PECM starting with a 
diameter of 50 µm which was reduced to 13.7 µm; achievable due to the high 
control of the machining process seen in PECM.  

Rajurkar, Zhu and Wei (Rajurkar et al. 1998) created a model which 
confirmed the effectiveness of using short pulses to enhance localisation. In 
this case a pulse duration of 1-3 ms with a duty cycle of 50 % was sufficient 
for the desired accuracy. Rathod et al (Rathod et al. 2014) applied the same 
frequency pulses but varied the duty cycle, which changes the pulse on time 
and the pulse on/off time ratio. A higher duty cycle resulted in a larger over 
cut but surface roughness and width variation along the length of the 
machined channel improved with increased frequency and decreased duty 
cycle.  

2.3.4 Inter-Electrode Gap (IEG) 

As discussed in the above section, the IEG is a critical parameter and 
maintaining a constant gap during machining is a challenge many 
researchers have tried to combat through modelling and in-line measurement 
systems. (Rajurkar et al. 1995; Bilgi et al. 2007; Muir et al. 2007; Kozak et al. 
2004; Bhattacharyya et al. 2004; Schuster et al. 2000; Rajurkar et al. 1993; 
Jain & Rajurkar 1991; Fang et al. 2014; Clifton et al. 2003; Kozak et al. 2008; 
Jain & Pandey 1979; Bhattacharyya & Munda 2003; Jo et al. 2009; Zhang et 
al. 2011; Bhattacharyya et al. 2002; Y. Wang et al. 2010; Zeng et al. 2012; 
Das & Saha 2014; Mathew & Sundaram 2012; Jain & Pandey 1980; Da Silva 
Neto et al. 2006; Jain & Pandey 1982; Labib et al. 2011; Zhang 2010; Kozak 
et al. 1998; Sharma et al. 2002; Kock et al. 2003; Rajurkar et al. 2006) The 
gap maintained in PECM and ECMM is much smaller than in DC-ECM, in the 
range of 5-50 µm compared to 100-600 µm. (Bhattacharyya et al. 2004; 
Zhang 2010) This is because a smaller IEG leads to better resolution, crucial 
from ECMM. 
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Figure 2-7 shows how the potential varies across the IEG. The smaller the 
IEG the smaller the applied potential has to be to reach the machining 
potential as the ohmic drop caused by the electrolyte resistance is reduced. 
This is used to the researchers’ advantage. There is preferential dissolution 
of material which is closer to the tool electrode due to the higher potential 
creating a higher current density at that point. 

Researchers investigated how the IEG size affected several factors during 
machining. Bilgi et al (Bilgi et al. 2007) observed that a smaller IEG led to a 
higher MRR. Jo et al (Jo et al. 2009) realised the working gap varied with the 
pulse voltage and duration. They used this observation to create complex 
internal shapes, Figure 2-6. Bhattacharyya et al (Bhattacharyya et al. 2002) 
reduced the IEG to micrometer scale by lowering the voltage and electrolyte 
concentration, resulting in higher resolution machining. Zhang et al (Zhang et 
al. 2011) found it much easier to control the IEG when nanosecond voltage 
pulses were applied due to the small amount of material removed with each 
pulse.  

 
Figure 2-7: Potential profile within the IEG (Engineer on a Disk n.d.) 

Zeng et al (Zeng et al. 2012) observed a better surface finish with a smaller 
IEG. Kock et al (Kock et al. 2003) showed that with very short pulses, the 
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IEG increased linearly with pulse duration and Sharma et al (Sharma et al. 
2002) observed that a relatively high feed rate with a low applied voltage 
resulted in a small IEG. Kozak et al (Kozak et al. 1998) proposed that using 
smaller surface area tools facilitated smaller IEG which in turn improved 
machining resolution.  

Rajurkar et al (Rajurkar et al. 1995) created a model to determine the 
minimum IEG with the onset of electrolyte boiling being the limiting factor. 
The same author (Rajurkar et al. 1993) had previously modelled the IEG and 
the development of bubbles in the IEG and how this affected machining. 
They reported a very thin layer of bubbles or an even distribution of bubbles 
throughout the gap resulted in equal machining across the whole electrode 
interface.  

Jain and Pandey (Jain & Pandey 1982) suggested the IEG acted as a pure 
ohmic resistor. Kozak et al and Fang et al (Kozak et al. 2004; Fang et al. 
2014) created models which predicted the IEG shape and size with Fang 
modelling the current distribution lines within the IEG too. Clifton (Clifton et 
al. 2003) also modelled the IEG but used C-functions to “map out parameter 
interdependence, resulting from non-ideal conditions”.  

Jain et al (Jain & Rajurkar 1991; Jain & Pandey 1980) and Mathew et al 
(Mathew & Sundaram 2012) created models of the IEG to design an ideal 
tool shape based on predictions for the resulting anode shape, see Figure 2-
8 for a flow diagram demonstrating all considerations in the model. Jain and 
Pandey (Jain & Pandey 1979) developed a model of the IEG in ECM. They 
noted a decrease in the IEG resulted in a greater temperature and 
conductivity rise in the electrolyte. Kozak et al (Kozak et al. 2008) developed 
a model calculation whereby the electric field within the IEG is described by 
Laplace’s equation to define the limiting gap size for a given pulse length, 
voltage and electrolyte concentration.  
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Figure 2-8 Process Simulation Parameters (Jain & Rajurkar 1991) 
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Other researchers developed methods to maintain the chosen IEG distance 
during machining. Da Silva Neto (Da Silva Neto et al. 2006) noted improper 
control of the IEG led to poor tool replication; in their case the surface finish 
was negatively affected and Rajurkar et al (Rajurkar et al. 2006) noted it was 
important for proper control of the IEG to prevent short circuits or arcing 
occurring during machining.  Schuster et al (Schuster et al. 2000), 
Bhattacharyya and Munda (Bhattacharyya & Munda 2003) and Das and 
Saha (Das & Saha 2014) all used a current detection method to maintain the 
IEG. A small voltage was applied between the tool and work piece; the tool 
was slowly moved towards the work piece, monitoring the current. When it is 
registered that electrodes are in contact, the tool is stopped and retracted by 
the chosen IEG distance.  

Wang et al (Y. Wang et al. 2010) developed a soft-computer numerical 
control system which monitored the process and automated functions such 
as gap detection and adjustment. Labib et al (Labib et al. 2011) developed a 
fuzzy logic control system, whereby the short circuit situation could be 
avoided which the researchers thought could ultimately lead to a better 
surface finish. Muir et al (Muir et al. 2007) utilised an ultrasonic method 
which would measure the IEG without disrupting the machining process.  

2.3.5 Voltage  

From Faraday’s Law, see  Equation 1, one can predict that the applied 
voltage in ECM will affect the amount of material removed through the 
relationship V = IR where V is the voltage and R is the resistance. (De Silva 
et al. 2003) In this case R is the resistance of the electrolyte. With these two 
equations, it is possible to presume that a higher voltage will result in a 
higher current passing which would increase the amount of material removed 
during the same time period with a lower voltage. Many researchers have 
demonstrated this to be true. (Fan et al. 2012; Datta & Landolt 1983; 
Bhattacharyya & Munda 2003; Bilgi et al. 2004; Rathod et al. 2014; Kozak et 
al. 2008; Saravanan et al. 2012; Xu et al. 2015; Jain & Pandey 1980; 
Acharya et al. 1986; Tandon et al. 1990; Ayyappan & Sivakumar 2014b; De 
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Silva et al. 2003; Cook et al. 1967; Bilgi et al. 2007; Wu et al. 2013) Wagner 
and Wang (Wagner 2002; M. Wang et al. 2010) also stated the current 
density is a function of the applied voltage. However, when the potential is 
raised above a particular voltage (dependent on the work piece material and 
electrolyte combination) the MRR decreased. They explained this by an 
increase in hydrogen gas generation at the tool electrode. These bubbles, 
trapped in the IEG, increased the resistivity of the electrolyte, decreasing the 
current density at the work piece, decreasing MRR. (Bhattacharyya & Munda 
2003; Rathod et al. 2014; Bilgi et al. 2007)  

Although a higher voltage leads to a higher MRR it has other effects which 
may be detrimental to machining. Cook (Cook et al. 1967), Cagnon (Cagnon 
et al. 2003), Datta (Datta & Landolt 1983) and Bilgi (Bilgi et al. 2004)  all 
noted that damage to the tool occurred when high voltages were used 
caused by sparking which affected machining accuracy. Tandon (Tandon et 
al. 1990) was investigating electrochemical spark machining but observed 
that a higher voltage increased the rate of tool wear.  

Machining resolution also decreased as the machining voltage was 
increased, illustrating that lower voltages are more appropriate for ECMM to 
keep over cut to a minimum. Bhattacharyya (Bhattacharyya & Munda 2003), 
Fan (Fan et al. 2012), Ghoshal (Ghoshal & Bhattacharyya 2013), V. Jain 
(Jain et al. 2012; Jain et al. 2007), Rathod (Rathod et al. 2014), Kozak 
(Kozak et al. 2004; Kozak et al. 2008), Datta (Datta & Landolt 1983),Fang 
(Fang et al. 2014), Bilgi (Bilgi et al. 2004; Bilgi et al. 2008; Bilgi et al. 2007), 
Tandon (Tandon et al. 1990), N. Jain (Jain et al. 2007), Rao (Rao et al. 
2008) all observed an increased overcut when machining with a higher 
voltage, which resulted in more rounded edges. Sharma (Sharma et al. 
2002) stated “good holes can be obtained by a combination of low voltage 
and comparatively high feed rate”.  Acharya (Acharya et al. 1986) stated that 
the optimum voltage for a high MRR was higher than the optimum voltage 
required for geometrical accuracy.  
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Several authors also observed improved surface finish with a higher applied 
voltage. (Cagnon et al. 2003; Inman et al. 2011; Xu et al. 2015; Zeng et al. 
2012; Ayyappan & Sivakumar 2014a) Xu (Xu et al. 2015) noted an initial 
improvement in surface finish as the voltage increased. However, in their 
case, as the voltage was increased above 6 V the surface roughness 
increased.   Sjöström (Sjöström & Su 2011) stated that a lower applied 
voltage may lead to a better surface finish but at the cost of a lower MRR.  

Choi (Choi et al. 2013), Bhattacharyya (Bhattacharyya & Munda 2003; 
Bhattacharyya et al. 2002), Kozak (Kozak et al. 2008), Cook (Cook et al. 
1967) and Jo (Jo et al. 2009) all stated that the IEG could be lowered by the 
application of a lower machining voltage, which in turn increased the 
machining accuracy. Kozak (Kozak et al. 2008)  showed that the limiting gap 
becomes smaller with a smaller applied voltage. Jo (Jo et al. 2009) took 
advantage of this knowledge to create complex internal structures, see 
Figure 2-6.  

Inman (Inman et al. 2011) and Zhang (Zhang 2010) realised a higher 
machining voltage was necessary to break through passive layers at the 
work piece surface. Bhattacharyya (Bhattacharyya & Munda 2003) 
recognized an increase in Joule heating upon the application of a higher 
voltage. This caused changes in the local electrolyte conductivity, leading to 
an inaccurate tool replication in the work piece. Das (Das & Saha 2014) 
noted an increased cylindrical length, when fabricating cylindrical micro tools, 
with increased voltage up to 21 V. Above 21 V, the authors suspected the 
end of the micro tool was falling away due to increased machining at the 
electrolyte air interface.  

The direction of the reaction at the work piece (deposition or dissolution) at a 
given potential can be predicted by the Nernst equation, see Equation 4.  

= + .                    (4) 
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Where  is the formal potential of the couple O/R, R is the gas constant, T 
is the temperature, n is the number of electrons involved, F is the Faraday 
constant and  and  are the concentrations of the oxidant and reductant 
respectively. (Pletcher 2009) The equation can be used to determine the 
ratio of oxidant to reductant species in the system at a given potential by 
using the equilibrium potential as a starting point. The equilibrium potential is 
the potential at which there are equal concentrations of both oxidant and 
reductant species. Datta (Datta 1993) observed that at potentials above the 
limiting current density new anodic reactions could occur, notably a change 
in dissolution valency or oxygen evolution at the work piece.  

2.3.6 Tool Feed Rate  

The too feed rate is a crucial parameter in ECMM to minimise overcut and 
maximise MRR and maintain constant IEG. Cook et al (Cook et al. 1967) first 
observed that the feed rate was dependent on the current density, with Singh 
(Singh et al. 2008) also stating that the feed rate influences the IEG. More 
material is removed per unit time when the current density is higher which 
facilitates a higher tool feed rate.  

Many papers report the use of a constant feed rate during ECM. The aim 
was to use a feed rate which matched the dissolution rate so the IEG could 
be kept constant throughout machining. (Muir et al. 2007; Jain & Jain 2007) 
Researchers found if too high a feed rate was used the IEG would rapidly 
decrease in width, eventually causing a short circuit which creates sparks 
and damages the tool or work piece. (Bilgi et al. 2004; Datta & Landolt 1983; 
Zhang et al. 2011; Cagnon et al. 2003; Jain & Pandey 1979; Rathod et al. 
2014) Ghoshal (Ghoshal & Bhattacharyya 2013) realised the optimum feed 
rate was the maximum feed rate which did not induce sparking between the 
electrodes.  

Authors observed that the MRR increased with feed rate (Da Silva Neto et al. 
2006; Ayyappan & Sivakumar 2014a; Jain & Pandey 1980; Rao et al. 2008; 
Acharya et al. 1986; Jain & Pandey 1979; Zeng et al. 2012) but it could lead 
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to non-uniform dissolution as reported by Jain (Jain & Pandey 1979). This 
could be due to the increased temperature rise when the feed rate is 
increased. The increase in feed rate can lead to electrolyte boiling or 
choking. (Jain & Pandey 1979; Jain & Pandey 1980)  

Many researchers studying the effect of feed rate on the ECM process noted 
a decrease in the machining overcut as the tool feed rate was increased. 
(Kozak et al. 2004; Jain et al. 2012; Da Silva Neto et al. 2006; Bilgi et al. 
2004; Fan et al. 2012; Datta & Landolt 1983; Jain & Pandey 1982; Zeng et 
al. 2012) This is probably due to the observation that a higher feed rate 
decreased the IEG (Kozak et al. 2004; Singh et al. 2008; Clifton et al. 2003; 
Bilgi et al. 2007), which, as previously discussed, increases machining 
resolution. Some also reported a decrease in surface roughness with an 
increase in feed rate. (Da Silva Neto et al. 2006; Zeng et al. 2012) In a 
couple of papers, authors reported an increase in dimensional inaccuracy 
with an increase in feed rate (Jain & Jain 2007; Rao et al. 2008). Kozak 
(Kozak et al. 2004) also reported above a certain feed rate, 63  mm/min, the 
sharpness of the edges decreased.  

Whilst most authors reported the use of a fixed feed rate during machining, 
Labib (Labib et al. 2011) and Jain (Jain & Jain 2007) maintained a constant 
IEG by adjusting the feed rate accordingly. This prevented the equilibrium 
IEG becoming established, possibly allowing a smaller IEG to be maintained 
throughout machining.  

2.3.7 Other Alterations to ECM 

Having discussed all of the common parameters controlled for precise ECM 
above, other alterations to the ECM process will now be explored. All of the 
alterations aimed to improve MRR or decrease machining overcut.  

One of the most common alterations made to ECMM was the addition of 
ultrasonic vibrations (USV) to either the work piece or the tool. (Huaiqian et 
al. 2008; Bhattacharyya et al. 2002; Xu et al. 2015) Observations were made 
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that the application of USV enhanced ion transport and improved surface 
roughness both when amplitude and frequency were increased. 

Qu et al (Qu et al. 2013) pulsated the electrolyte instead of vibrating one of 
the electrodes. The authors reported an improvement in the surface 
roughness and increased MRR when the electrolyte pulsating frequency was 
increased. A maximum frequency of 20 Hz was applied. 

Trying to improve machining precision, researchers began investigating ways 
to restrict and control the potential field between the tool and the work piece. 
Tools were insulated which prevented machining in the side gap. Another 
alteration was the development of a dual-pole tool. The cathodic tool was 
initially insulated and then an insoluble anodic layer was added on top. 
This reduces the chances of over-cut due to stray machining by changing the 
electric field within the gap. (Zhu & Xu 2002; Bhattacharyya et al. 2004) 

A similar technique, termed the confined etchant layer technique (CELT), 
was developed in 1992 (Tian et al. 1992). This technique utilised the 
electrochemical generation of corrosive chemicals in the vicinity of the 
electrodes. The machining was confined by the use of a micro-electrode and 
an excess of a sequestering ion was employed in the electrolyte to prevent a 
build-up of the corrosive ions away from the tool electrode.  

2.4 Conclusion 

A vast amount of research has already been conducted, observing the 
effects of electrolyte choice, concentration, pulse frequency and duration, 
IEG, voltage, tool feed rate and other alterations such as the application of 
ultrasonic vibrations to one of the electrodes.  

Very little work has also been conducted on ECM machining of 
semiconductor materials outside of doped silicon materials. A wide range of 
semiconductor materials are being used more commonly in electronic 
equipment, some of which are brittle and difficult to machine with 
conventional machining processes. It is proposed to determine whether ECM 
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is a suitable machining method for some of these semiconductors, including 
indium antimonide (InSb) and gallium arsenide (GaAs).  

Another interesting field is the machining of superconductors. Most high 
temperature superconductors are based on the perovskite crystal structure 
with internal layers throughout the structure which are crucial to the 
superconductivity of the material. Traditional, contact machining techniques 
can damage these layers through the application of physical pressure on the 
material. ECM is an ideal technique for machining superconductors as it is a 
non-contact, stress-free and heat-free technique.  

Also, there has been no work, to the author’s knowledge, investigating the 
effect of crystal structure, comparing the results obtained in ECM for 
polycrystalline, monocrystalline and amorphous materials. This would be of 
interest with the aim to developing more precise machining results and 
manufacturing of microelectromechanical systems (MEMS) devices as well 
as testing the boundaries of achievable roughness and feature size. 
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Chapter 3 – Anodic dissolution of Superconductors 
3.1  Introduction 
3.1.1 What is Superconductivity? 

 
Figure 3-1 Meissner Effect in action: A magnet levitating above Yttrium 
barium copper oxide (YBa2Cu3O7) cooled to -196°C (Bobroff & Bouquet 
2010) 

Superconductivity is a quantum mechanical phenomenon whereby certain 
materials exhibit zero electrical resistance when cooled below a critical 
temperature, close to absolute zero (0 Kelvin) in most cases (Anon n.d.). 
This means superconductive materials can carry a current indefinitely without 
the loss of energy (Vortex Business Solutions 2013). Metallic 
superconductive materials also exclude an applied magnetic field from their 
core when cooled below the critical temperature of the material in question, 
termed the Meissner Effect (Hyperphysics n.d.). This property is observed by 
the levitation of small permanent magnet above a superconducting material, 
as shown in Figure 3-1. It does this by setting up electric currents near the 
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surface, creating a magnetic field which cancels the applied magnetic field 
within the bulk of the superconductor.  

3.1.2 Brief History of Superconductivity 

Superconductivity was first discovered in 1911 by Dutch physicist Heike 
Kamerlingh Onnes. (Anon n.d.) The earliest superconductors were only 
superconductive when cooled to near absolute zero which was reached by 
dousing the material in liquid helium. The first observation of 
superconductivity was of solid mercury at a temperature of 4.2 K.  

In 1986, Bednorz and Müller discovered a material which became 
superconductive at just 35 K (Bednorz & Müller 1986), something that 
physicists thought impossible due to BCS theory (Bardeen-Cooper-Schreiffer 
theory), which forbade superconductivity above 30 K (Bristol n.d.).  

BCS theory describes electron pairing into Cooper pairs, at energies close to 
the Fermi level at low temperatures, through the interaction with the crystal 
lattice. Cooper pairs are electron pairs which are coupling over a range of 
hundreds of nanometres, three orders of magnitude larger than the lattice 
spacing. Electron pairs can behave differently to single electrons and can 
condense into the same energy level. The electron pairs have a slightly lower 
energy level, leaving a band gap on the order of 0.001 eV which prevents 
collision interactions which leads to ordinary resistivity. At temperatures 
where the thermal energy is smaller than the band gap, zero resistance is 
observed.   

Just a year later, M K Wu, Torng and Ashburn and Paul Chu with his 
students from the University of Houston discovered the first so-called ‘high 
temperature superconductor’ (HTS), yttrium barium copper oxide (YBCO) 
with a critical temperature of 92 K (Wu et al. 1987). This was an important 
step forward as it was the first material that became superconductive above 
the boiling point of liquid nitrogen, 77 K, making superconductors more 



34 
 

accessible due to the high availability of liquid nitrogen in comparison to 
liquid helium. Liquid nitrogen is also less expensive than liquid helium.  

3.1.3 Superconductor Applications 

Superconductors, both high and low temperature, have applications in many 
fields outside of research; including transport, physics, military, 
electronics/power and medical industries(Vortex Business Solutions 2013).  

Maglev (magnetic levitation) trains employ superconductors to reduce friction 
between the train and the tracks making transportation more energy efficient. 
The first commercial Maglev train was in Birmingham, England, but closed in 
1995 after 11 years of service. Their wider use has been restricted by 
political and environmental concerns as strong magnetic fields are a potential 
bio-hazard, thought to effect the immune system (Eck n.d.). 

Superconductors are also used in particle colliders to accelerate charged 
particles to near the speed of light (Eck n.d.). The most renowned use of a 
particle collider is the large hadron collider (LHC) at CERN in Switzerland, 
where the Higgs-Boson particle was first discovered in July 2012 (CERN 
n.d.).  

Military uses for SCs include the use of superconducting quantum 
interference devices (SQUIDs), for the detection of land mines, and ‘E-
bombs’ which deliver a large electromagnetic pulse that can disable the 
enemies’ electronic equipment. The ‘E-bomb’ was first used in warfare in 
2003 when US troops attacked an Iraqi broadcast facility. SQUIDs also show 
potential to image the body to a certain depth without the high magnetic 
fields associated with MRI imaging (Eck n.d.). 

Magnetic resonance imaging (MRI) scanners used routinely in hospitals to 
aid diagnosis, also require superconductors; sensitivity and resolution are 
increased with an increase in the magnetic field (Stafford 2003). Commercial 
MRI scanners are available from 0.2 T up to 7 T at present. MRIs have 
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reduced the need for exploratory surgery (Vortex Business Solutions 2013). 
T is the symbol for Tesla, the unit for the strength of a magnetic field. 

Superconductors also have beneficial uses within the electronics industry, as 
might be expected, due to zero electrical resistance under certain conditions. 
Electric generators using superconductors have an efficiency of over 99% 
(Eck n.d.). Their physical size is also around half of that of a standard 
generator. 

3.1.4 Structure of Superconductors 

High temperature cuprate superconductor structures are based on the 
perovskite structure; layers of copper oxide are separated by metals (in the 
case of YBCO these would be Yttrium and Barium). The perovskite structure 
is the unit cell, the simplest repeating unit, of the compound. Figure 3-2 
shows the unit cell of YBCO superconductor. The more copper oxide layers, 
the higher the critical temperature.(Arteche n.d.) Electric currents are carried 
by oxygen holes in the copper oxide sheets; due to this the conductivity 
parallel to the copper oxide sheets is much higher than that of the 
perpendicular direction.  

Another commonly used superconductor is magnesium diboride (MgB2). The 
critical temperature for MgB2 is 39 K, below the boiling point of liquid 
nitrogen, but it is an inexpensive material making it an attractive alternative to 
the cuprate perovskite superconductors (READE n.d.). Its structure is also a 
layered formation but it behaves more like a metallic superconductor than a 
cuprate superconductor.  
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Figure 3-2 YBCO Perovskite Structure (Haj33 2009) 

3.1.5 Benefits of Single Crystal Superconductors 

Single crystal superconductors have a very high critical current density whilst 
poly-crystals have a very low critical current density meaning only a small 
current can be passed while maintaining superconductivity (Hilgenkamp & 
Mannhart 2002). Current density is the amount of current that can be carried 
per unit area of cross section. The problem is due to grain boundaries within 
the material. When the angle or orientation between grains is greater than 
10° the supercurrent cannot cross the boundary (Graser et al. 2010) resulting 
in high resistances within the structure, diminishing the maximum current 
flow.  It is for this reason that single crystal superconductors are beneficial. 

As previously explained, superconductors exhibit the Meissner Effect which 
sees magnetic fields excluded from the bulk. In type II superconductors (e.g. 
YBCO) raising the applied magnetic field sees the magnetic field penetrate 
into the superconductor bulk but resistivity remains zero as the current is not 
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too high. Raising the magnetic field higher destroys the material due to 
massive internal strains due to the repulsion of the lines of magnetic flux 
within the material.  Single crystals are beneficial here as they allow higher 
magnetic fields to be applied, as higher currents can be accommodated than 
in polycrystalline materials.  

3.1.6 Processing Superconductors 

Superconductors, such as YCBO, are brittle ceramics; this poses processing 
problems. Micro-cracks occur during the sample preparation due to the 
mechanical stresses from cooling and the unit cell rearrangement from 
tetragonal to the superconducting orthorhombic phase. (Isfort et al. 2003; 
Diko et al. 1995; Richardson & De Jonghe 1990) These micro-cracks can 
crack further with post-formation drilling which disrupts the superconductive 
properties of the material. (Kósa & Vajda 2007) Drilling has to be done 
slowly, applying little pressure with low rotational speeds to prevent cracks 
forming in the structure.  

This chapter aims to propose an alternative method for post-formation drilling 
or shaping of superconductive materials, mainly gadolinium barium copper 
oxide (GdBa2Cu3O7) doped with silver (Ag), through the application of 
electrochemical machining techniques. GdBCO-Ag is a superconductive 
material comparative to YBCO. The Ag inclusions add strength to the 
material. As far as this research is aware, no attempts have been made to 
use electrochemical machining methods to process superconductive 
materials. 

3.1.7 Gadolinium Barium Copper Oxide (GdBCO) 

The gadolinium barium copper oxide samples are monocrystalline material 
with silver inclusions to increase the mechanical strength of the material. The 
sample contains 70 % Gd123, 20 % Gd211 and 10 % Ag. Gd123 is GdBCO 
with the following chemical formula GdB2Cu3O7 whereas Gd211 has the 
chemical formula Gd2BCuO5. Only Gd123 is superconducting. Gd123 forms 
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the crystal with silver and Gd211 particles are trapped in the Gd123 matrix, 
see Figure 3-3.  

Gd123 is a black material whilst Gd211 is green in colour. As Gd211 is 
dispersed within Gd123 the green is not visible. The spherical Ag particles 
are not visible individually by eye but they do give the material a slight 
shimmer. 

 
Figure 3-3 Gd123 matrix with trapped Ag (pale grey) and Gd211 (dark 
grey) particles 

Cuprate superconductors, GdBCO-Ag included, are water sensitive. The 
presence of water causes changes in stoichiometry, e.g. YBa2Cu3O7 in the 
presence of water forms Y2Ba4Cu8O16 (Günther et al. 1996) which is not a 
superconductive compound.  

3.1.8 Motivation for the Work 

A colleague at Brunel University, Dr Hari-Babu Nadendla, working within the 
Brunel Centre for Advanced Solidification Technology (BCAST), approached 
the Ivanov research group about processing their single crystal cuprate 
superconductors. They had difficulties when trying to cut thin tubular shells 
from cylindrical samples. Due to the fragile nature of the material, cracks 
along the ac-plane (see Figure 3-2) propagate, connecting small cracks that 
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lie along the ab-plane. (Gombos et al. 2012) Cracks along the ab-plane do 
not interrupt the material’s superconducting properties but cracks along the 
ac-plane diminish the material’s superconducting capabilities.  

3.2 Method 
3.2.1 Polarisation Curves 

Polarisation curves are used in the ECM to determine the ideal machining 
potential. A potential is scanned across a voltage range and the current 
response in monitored. From the current response, the electrochemical 
behaviour at the work piece surface can be described.  

3.2.1.1 Attaching GdBCO-Ag Samples to Copper Wires 

Small samples of GdBCO-Ag pre-prepared by University of Cambridge but 
received from BCAST at Brunel University were attached to insulated copper 
wires with silver-loaded epoxy and left to cure in an oven at 55 °C for ten 
minutes.  

3.2.1.2 Preparing the Electrolyte 

3.0 M sodium chloride (NaCl) was used as the electrolyte. The electrolyte 
was made with ACS grade NaCl from Sigma Aldrich and deionised water 
from an ELGA PURELAB Option Q water purifier.  

3.2.1.3 The Cell Setup 

A 3-electrode set up was used for the polarisation curve experiment, see 
Figure 3-4. The reference electrode was a Sigma Aldrich double junction 
silver/silver chloride reference electrode and a homemade platinum flag as 
the counter electrode. The working electrode was the GdBCO-Ag sample 
attached to a copper wire. Care was taken to ensure the silver epoxy on 
either the counter electrode or the working electrode was not in the 
electrolyte so as to avoid mixed potentials. This was to guarantee the current 
response was only from the dissolution of the working electrode and other 
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associated reactions e.g. hydrogen evolution at the counter electrode 
surface. The solution was not subjected to any external convection forces. 

 
Figure 3-4 Electrochemical cell set up 

3.2.1.4 The Polarisation Curve Experiment 

The potential was applied using an IviumStat potentiostat. The potential was 
scanned from -0.5 V to 10.0 V at a scan rate of 2 mV s-1. The counter 
electrode and working electrode were held close together (approximately 5 
mm) to replicate the ECM conditions as closely as possible. The electrodes 
were connected to the potentiostat via banana plugs to ensure a good 
electrical connection. The counter and working electrodes were not inserted 
into the electrolyte until the potential had been applied to minimise the length 
of time the superconductor was in contact with the aqueous electrolyte. 
Polarisation curves allow the determination of the dissolution potential that 
would be used on the electrochemical machine.  

Reference 
electrode 

Counter 
electrode 
Working 
electrode 
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3.2.2 Using the ECM Machine to cut GdBCO-Ag samples with Aqueous 
Electrolytes 
3.2.2.1 Placing GdBCO-Ag samples in the ECM Machine 

A brass plate was created that could be held in the ECM machine with 
screws to allow electrical connection to the GdBCO-Ag sample. The GdBCO-
Ag samples were attached to the brass plate with silver-loaded epoxy which 
was cured in the oven at 55 °C for ten minutes. The brass plate set up is 
show in Figure 3-5.  

 
Figure 3-5 Brass plate connected to GdBCO-Ag sample with silver-
loaded epoxy 

3.2.2.2 The Tool 

The tool used for machining the GdBCO-Ag samples was platinum wire (Pt) 
due to the chemical stability of the metal. The Pt wire was formed into a 
circular shape with a vertical strut to allow connection to the tool holder on 
the ECM machine. This shape was chosen as experiments were planned to 
cut thin shells of material from GdBCO-Ag cylindrical samples, see Figure 
3-6, which cannot currently be done by any known method due to the 
brittleness and fragility of the material. The tool had an internal diameter of 
18 mm. This allowed for a 2 mm shell to be cut from a 20 mm diameter 
GdBCO-Ag sample.  
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3.2.2.3 Touch-n-Go Operation 

One of the crucial parameters in electrochemical machining is the IEG. 
Before machining can commence, the gap must first be established. To do 
this the ECM machine makes small movements of the tool towards the work 
piece surface along the z-axis. A small voltage (< 2 V) is applied at a 
frequency of 50 kHz and a 50 % duty cycle whilst the tool is moved towards 
the work piece. When a short circuit is detected the tool retracts and 
continues to descend using increments half the size previously used. This is 
repeated until an accuracy of 0.1 µm or better is achieved. (Spieser 2015) An 
initial IEG of 5 µm was used.  

3.2.2.4 ECM Machine Settings for Machining 

Once the gap had been established machining could begin. The control 
algorithm for the tool movement during machining was set to ‘adaptive feed-
rate’ which monitors the number of times the over-current protector (OCP) is 
triggered and adjusts the feed-rate accordingly, i.e. the feed rate is adjusted 
to reduce the number of times the OCP is triggered.  

 
Figure 3-6 Target geometry 
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To begin with a constant potential was applied to confirm the ideal potential 
shown in the polarisation curves was suitable for machining. 

Once the potential was shown to be suitable for the anodic dissolution of 
GdBCO-Ag, machining was carried out under pulsed-potential conditions. 
The frequency, duty cycle and maximum/minimum pulse current were varied 
in order to improve machining precision whilst maintaining a high machining 
rate. 

3.2.3 Polarisation Curves in Non-Aqueous Electrolytes 
3.2.3.1 Attaching the GdBCO-Ag Samples to Copper Wire 

Small samples of GdBCO-Ag pre-received from BCAST at Brunel University 
were attached to insulated copper wires with silver-loaded epoxy and left to 
cure in an oven at 55 °C for ten minutes.  

3.2.3.2 Preparing the Electrolytes 

Sodium chloride, sodium bromide and sodium chlorate were used as the 
electrolytes at differing concentrations with methanol, glycerol, formamide or 
formic acid as the solvent. Sodium chlorate was only dissolved in glycerol. All 
chemicals were ACS Grade from Sigma Aldrich, apart from the glycerol 
which was food grade from Classikool.  

3.2.3.3 The Cell Set Up 

A 3 electrode set up was used for the polarisation curves in methanol 
electrolytes. The reference electrode used was a homemade platinum flag 
electrode due to the Ag/AgCl reference electrode being an aqueous 
electrolyte which would add uncertainty to the applied potential due to 
unknown measurements.  The counter electrode was also a homemade 
platinum flag electrode. The working electrode was the small samples of 
GdBCO-Ag attached to the copper wires. Care was taken to ensure the silver 
epoxy on all the electrodes was not inserted into the electrolyte to avoid 
mixed potential readings. The silver epoxy could also dissolve in the 
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methanol electrolyte, detaching the GdBCO-Ag sample from the wire before 
the experiment was finished.  

3.2.3.4 The Polarisation Experiment in Non-Aqueous Electrolytes 

The potential was applied using an IviumStat potentiostat. The potential was 
scanned from -2.0 V to 10.0 V at a scan rate of 2 mV s-1. The counter 
electrode and working electrode were held close together (approx. 5 mm at 
the closest point) to replicate the ECM process as closely as possible. The 
electrodes were connected to the potentiostat via banana plugs for a strong 
electrical connection. Polarisation curves allow the determination of the 
dissolution potential that would be used on the electrochemical machine. 
Polarisation curves were carried out using a combination of solvents and 
solutes, which can be seen in Table 3-1, in order to determine the best 
solvent-electrolyte combination for the anodic dissolution of gadolinium 
barium copper oxide with silver inclusions.  
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Table 3-1. Experiment Design for Non-Aqueous Polarisation Curves 

Salt Solvent Concentration (M) 
NaBr Methanol 1.50 
NaBr Methanol 1.00 
NaBr Methanol 0.25 
NaBr Methanol 0.10 
NaBr Formic Acid 2.25 
NaBr Formic Acid 1.50 
NaBr Formic Acid 0.75 
NaBr Glycerol 4.50 
NaBr Glycerol 2.25 
NaBr Glycerol 1.50 
NaBr Glycerol 0.75 
NaBr Formamide 2.25 
NaBr Formamide 1.50 
NaBr Formamide 0.75 
NaCl Methanol 0.25 
NaCl Methanol 0.10 
NaCl Formic Acid 1.00 
NaCl Formic Acid 0.75 
NaCl Formic Acid 0.50 
NaCl Glycerol 1.75 
NaCl Glycerol 1.00 
NaCl Glycerol 0.75 
NaCl Glycerol 0.50 
NaCl Formamide 1.75 
NaCl Formamide 1.00 
NaCl Formamide 0.75 
NaCl Formamide 0.50 

NaClO3 Glycerol 0.40 
NaClO3 Glycerol 0.20 
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3.2.4 Electrochemical Machining of GdBCO-Ag with Non-Aqueous 
Electrolytes 
3.2.4.1 Attaching the GdBCO-Ag sample to the ECM Machine 

The electrochemical machining experiments were carried out at pECM 
Systems Ltd in Barnsley as the machine there is more powerful than the 
machine built in-house at Brunel University and has a controllable z-feed 
rate. 

A custom made work piece holder was created from a piece of copper to 
mount the GdBCO-Ag sample to the ECM machine. The GdBCO-Ag sample 
is a 2 cm diameter section of a cylinder so a 2 cm diameter hole was created 
in the copper into which the work piece was placed and clamped using a 
screw as can be seen in Figure 3-7. The electrical connection was made 
through the copper holder.  

 
Figure 3-7 ECM machine set up for GdBCO-Ag machining 
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3.2.4.2 The tool 

A platinum ring with upstand was used as the tool as shown in Figure 3-8. 
Platinum was chosen due to its chemical inertness. The tool had an internal 
diameter of 18 mm. This allowed for a 2 mm shell to be cut from a 20 mm 
diameter GdBCO-Ag sample.  

3.2.4.3 The Electrochemical Machining Experiments 

Once the work piece and tool had been placed into the ECM machine the 
inter-electrode gap needed to be established. A multimeter was attached 
between the tool and the work piece to detect when physical contact had 
been made between the two electrodes. Once contact had been established, 
the z-axis was moved 0.1 mm away from the contact point. The initial IEG 
was therefore set at 0.1 mm.  

 
Figure 3-8 Platinum Tool used for ECM experiments with GdBCO-Ag 

The aim was to create a 1 mm deep groove in the sample, closely replicating 
the tool diameter of 0.25 mm. The voltage and maximum current were 
altered during the experimentation whilst the feed rate was set at 0.5 mm 
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min-1 for all tests. The voltage was varied between 8.5 and 20.0 V whilst the 
maximum current was varied between 10 and 30 A.  

3.3 Results & Discussion 
3.3.1 Polarisation Curves in Aqueous Electrolytes 

Polarisation curves were used here to determine if common aqueous 
electrolytes used in commercial electrochemical machining processes were 
also suitable to machine GdBCO-Ag; and if suitable to define the potential at 
which dissolution is achievable.  Although GdBCO-Ag is a water sensitive 
material, water has been used as a coolant to machine these materials 
conventionally. (Kósa & Vajda 2007; Habisreuther et al. 2001) If the GdBCO-
Ag sample was exposed to water for only a short period of time it would not 
necessarily have detrimental effects to the material’s superconductive 
properties by affecting the delicate chemical balance. Habisreuther et al 
(Habisreuther et al. 2001) did not observe any negative effects of water on 
the SC sample and the parts were dried immediately after each step.   

A low scan rate (2 mV s-1) was chosen to gain as much detailed information 
as possible regarding Faradaic current by minimising the charging or 
capacitive current observed. The capacitive current is current associated with 
charging/discharging the electrode and does not contribute to any 
electrochemical change at the electrode surface (Pletcher 2009). When 
charging the electrode, the electrolyte molecules near the electrode surface 
rearrange themselves to balance the charge from the metal. Using high scan 
rates increases this non-Faradaic current as the potential of the electrode is 
changing at a high speed which can ‘mask’ some Faradaic information, i.e. 
the non-Faradaic current can become much higher than the Faradaic 
current, swamping the useful information.  

Figure 3-9 shows the polarisation curve for a GdBCO-Ag sample with 
approximately 8 mm3 (2 x 2 x 2 mm) of material in the electrolyte when first 
inserted. Current began flowing around 1.25 V vs Ag/AgCl, this is the 
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activation potential. The energy required to dissolve material from the anode 
is reached and as a result, current begins to flow. A peak is observed at 
around 3.3 V. This is due to the decreasing surface area as material is 
dissolved. By 4.5 V vs Ag/AgCl the sample that was in contact with the 
electrolyte was completely dissolved. This sees the current response drop to 
zero as the electrical circuit has been broken.  

The suggested electrochemical reactions taking place at the anode are: 

 → +                           (5) 

  → +                          (6) 

 → +                       (7) 

along with oxygen evolution due to the breakdown of water at the anode: 

 → ↑ + +                           (8) 

Evidence of oxygen evolution is seen in the polarisation curve by the 
variation in current over the peak in Figure 3-9. Oxygen bubbles temporarily 
block the work piece surface, resulting in a drop in observed current. Once 
the bubbles reach a critical diameter, the bubbles either burst or release from 
the electrode surface and float to the electrolyte surface, exposing the work 
piece surface to the electrolyte, increasing the current response. A single 
experiment is shown in Figure 3-9 which represents a typical result but 
replications of the experiment will not yield identical results due to the 
stochastic nature of the bubble formation at the electrode surface.  
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Figure 3-9 Polarisation Curve for GdBCO-Ag in 3.0 M aqueous NaCl at a 
scan rate of 2 mV s-1 (2 x 2 x 2 mm working electrode, 8 x 15 x 0.25 mm 
counter electrode) solution not degassed, natural levels of oxygen 
present 

Images of the sample surface were taken before and after the polarisation 
experiment using a JEOL 6000 table top scanning electron microscope 
(SEM) machine with an inbuilt energy dispersive X-ray spectroscopy (EDS) 
function. EDS can reveal elemental information. High energy electrons are 
directed at the sample which excites an electron from an inner shell of an 
atom creating an electron hole. An electron from a higher energy shell then 
fills this hole. The difference in energy between the inner and outer shell can 
then be released as an X-ray. The energy of the released X-ray is 
characteristic of a certain element. This allows for elemental composition 
analysis of the sample.  Figure 3-10 shows SEM images of the GdBCO-Ag 
sample before and after the polarisation curve in 3.0 M NaCl. 
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Figure 3-10 SEM Images of GdBCO-Ag sample a) before polarisation 
curve in 3.0 M NaCl b) after polarisation curve in 3.0 M NaCl 
The surface of the GdBCO-Ag sample, before the polarisation curve was 
conducted, is relatively uniform with some air pockets and areas where small 
particles are trapped in the matrix. This is expected as there is a small 
amount of Gd211 particles trapped within the Gd123 single crystal as well as 
silver particles.  

After the polarisation curve experiment the surface looks radically different 
with small round protrusions from the surface. This suggests one or more 
components of the sample were not machined at the same rate as the 
others. Energy-dispersive X-ray spectroscopy (EDS) analysis was conducted 
to determine the composition of these small protrusions. It was found that the 
silver inclusions had not been machined at the same rate as the bulk 
superconductor material; Figure 3-11 shows an EDS map of an area on the 
surface after the polarisation experiment. The silver inclusions are known to 
improve the superconducting properties and the mechanical behaviour of the 
material (Konstantopoulou et al. 2014). There are dark areas on the EDS 
map where the electron source cannot reach due to the uneven surface as 
EDS is a ‘line-of-sight’ technique. However, it is still possible to say the small 
round protrusions are silver from the EDS map produced in Figure 3-11. The 
ideal situation would see all components machined at the same rate.  

a b 
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Figure 3-11a) SEM image corresponding to the mapped area b) EDS 
map image of GdBCO-Ag after polarisation curve mapping the silver 
distribution (red) c) the barium distribution (green) d) the gadolinium 
distribution (blue) e) overlaid images b, c and d.  

The barium and gadolinium occupy the same space on the map; as a result 
the colours have mixed giving a turquoise colour in Figure 3-11e. Oxygen 
has not been included in the analysis.  

a b 

c d 

e 
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Sodium chloride did successfully machine GdBCO-Ag although not ideally as 
silver was not dissolved at the same rate at the remaining elements. This is 
because silver chloride is insoluble so it is unlikely that silver was being 
anodically dissolved. The addition of sodium nitrate to the electrolyte may 
assist in the dissolution of silver as silver nitrate is one of the very few 
soluble silver salts. 

3.3.2 Electrochemical Machining with an Aqueous Electrolyte 

The electrolyte used for the electrochemical machining in aqueous 
electrolyte was 1.0 M NaCl after it was demonstrated NaCl was able to 
anodically dissolve GdBCO-Ag, although it did not remove the Ag particles 
electrochemically. A lower concentration was chosen than used in the 
polarisation curves with the aim of high resolution machining.  

The machining potential was chosen to be 7.0 V. This potential should allow 
a reasonable MRR and should give a high quality surface finish providing the 
silver particles are small.  

Initial ECM experiments, using a constant potential of 7.0 V, demonstrated 
relatively fast machining rates; but little localisation was to be expected due 
to the natural evolution of the current distribution over time. The composition 
of the material is 70 % superconducting Gd123 (that is GdBa2Cu3O6-7) and 
20 % non-superconducting Gd211 (that is Gd2BaCuO5) with 10 % silver 
inclusions to improve the strength of the material. As machining progressed 
a green colour began to appear at the surface, this can be observed in 
Figure 3-12. Gd211 naturally has a green colour so it is believed the Gd123 
component was being machined at a higher rate than the Gd211 component. 
This is undesirable, as stated earlier, Gd123 is the superconductive phase. 
Ideally, all three components (Gd123, Gd211 and Ag) would be machined at 
the same rate, inducing no colour, nor overall chemical change in the 
material.  
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Figure 3-12 GdBCO-Ag sample after ECM machining in 1.0 M NaCl 

It was decided it would be best to use non-aqueous electrolytes as the SC 
sample was being exposed to the aqueous environment for extended periods 
of time which could cause loss of SC properties in the sample. Also, the 
green colour indicates preferential dissolution of the SC component over the 
other components in an aqueous electrolyte.  

3.3.3 Polarisation Curves in Non-Aqueous Electrolytes 

Non-aqueous solvents have been demonstrated in ECM with metal 
workpieces with the aim to prevent passivation  (Sjöström & Su 2011; 
Landolt et al. 2003; Fushimi et al. 2009; Fushimi & Habazaki 2008) so 
stretching the idea to SCs was not a difficult decision to make.  Non-aqueous 
solvents do not allow for such high solute concentrations due to the lower 
dielectric constants and as such the currents drawn during polarisation 
experiments are much lower than those observed in aqueous electrolytes. 
(Pletcher 2009) With lower currents the material removal rate will be 
proportionally lower but this is something that has to be accepted due to the 
susceptibility of the SC to aqueous environments.  

Glycerol was expected to dissolve high salt content in comparison to the 
other solvents being studied (methanol, formamide and formic acid). 
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However, glycerol is a viscous solvent (1.41 Pa s at 20 °C, compared to 
0.001 Pa s for water at 20 °C) resulting in low diffusion rates of ions through 
the electrolyte. With low diffusion rates both to and from the work piece the 
reaction is limited; this is confirmed by the low currents observed in 
polarisation curves using glycerol as the solvent, see Figure 3-13. The 
polarisation curve in Figure 3-13 uses the highest concentration of any of the 
salts studied, which resulted in the highest observed currents amongst the 
glycerol-based electrolytes. The current was too low to observe any 
significant anodic dissolution. Also, in a viscous, non-polar electrolyte, 
charging the EDL takes a longer time due to reduced ion mobility  

 

Figure 3-13 Polarisation Curve of GdBCO-Ag in 2.25 M NaBr in Glycerol 
scan rate 2 mV s-1, 2 x 2 x 2 mm GdBCO-Ag sample, 8 x 10 x 0.25 mm 
platinum counter electrode, electrolyte not degassed. 

Unfortunately this showed that glycerol-based electrolytes were not suitable 
for the anodic dissolution of GdBCO-Ag at room temperature due to the 
viscosity.  
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As sodium chlorate was only paired with glycerol in the experimental plan, 
sodium chlorate will not be discussed further with respect to the anodic 
dissolution of GdBCO-Ag in non-aqueous electrolytes.  

The viscosities of the three remaining solvents did not pose the same 
difficulties and the results of the polarisation experiments will be discussed 
below.  

Sodium chloride and sodium bromide were dissolved in methanol to study 
their suitability as electrolytes for the anodic dissolution of GdBCO-Ag. 
Methanol allowed the least amount of salt to be dissolved of all of the 
solvents studied; with a maximum concentration of 1.3 mol dm-3 for NaBr and 
only 0.19 mol dm-3 for NaCl. With low electrolyte concentrations, it was 
expected that the conductivity of the solution would be low also. Low 
electrolyte conductivity does not facilitate high currents to be passed due to 
an increase in resistance. As a result, polarisation curves in methanol 
showed a low current response; a maximum of 110 mA was observed when 
using saturated NaBr, as can be seen in Figure 3-14.  

Current begins to flow around 1.5 V in the polarisation experiments for both 
NaBr and NaCl in methanol, indicating similar activation potentials for both 
salts. For both 0.1 M NaBr and 0.1 M NaCl there is a sudden current drop 
between 4.3 and 4.7 V. For 0.1 M NaCl the current doesn’t begin to rise until 
6.3 V suggesting the SC surface becomes passivated and unresponsive. As 
this drop is not observed for the saturated NaCl electrolyte or for the higher 
concentrations of NaBr, it is suspected the methanol is complexing, or 
bonding, to the surface preventing further reaction with the salt.  At higher 
concentrations there are fewer methanol molecules at the surface in 
comparison, as such fewer methanol molecules will complex to the surface 
and the higher salt concentration facilitates dissolution over passivation. The 
current begins to drop linearly with potential for saturated NaBr suggesting 
material removal and the decrease in surface area of the sample. There is a 
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Figure 3-14 Polarisation curve of GdBCO-Ag in various concentrations 
of NaBr and NaCl in Methanol at a scan rate of 2 mV s-1 at room 
temperature, working electrodes dimensions of 2 x 2 x 2 mm and a 
counter electrode with dimensions 8 x 10 x 0.25 mm. 

large fluctuation in current in this region, between 6.5 V and the end of the 
experiment, which is associated with the removal and instant reformation of a 
surface film. This surface film could be a metal bromide film or a metal oxide. 
The surface film would need to be analysed for chemical composition to 
determine this.  

Overall, using methanol as a solvent did not provide electrolytes with 
conductivity high enough to facilitate levels of anodic dissolution which would 
make ECM a suitable method to machine SCs.  

Sodium bromide in formic acid resulted in total or near-total dissolution of the 
sample at all concentrations. This can be seen in Figure 3-15; the current of 
each curve drops to zero or near-zero indicating there has been complete 
removal of the sample in contact with the electrolyte; this breaks the 
electrical circuit preventing further current flow. There is a small peak evident 
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in all curves shown in Figure 3-15 at around 0 V. This is evidence of the 
formation of a passive layer. As the passive layer forms, the current drops to 
zero until a potential is reached that can break down the protective layer and 
current begins to flow once more.  

The current response for 0.75 M NaBr in formic acid becomes unstable 
between 6.5 and 8.5 V. This is thought to be because of the removal and 
instant formation of a passivating surface layer.  The current profile for all 
curves appears slightly ‘fuzzy’; this is due to the evolution of carbon dioxide 
from the breakdown of the formic acid solvent. The suggested reaction is 
shown in Equation 9.  

→ + +                                      (9) 

 
Figure 3-15 Polarisation curve of GdBCO-Ag in various concentration 
of NaBr in Formic Acid at a scan rate of 2 mV s-1, working electrode 
dimensions of 2 x 2 x 2 mm and counter electrode with 8 x 10 x 0.25 
mm platinum sheet (Leese et al. 2016) 
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At lower electrolyte concentrations the reaction in Equation 9 could become 
competitive with the dissolution reaction as there is insufficient salt at the 
anode surface to prevent carbon dioxide evolution. 

At higher concentrations there are proportionally fewer formic acid molecules 
at the surface, suppressing the evolution of carbon dioxide.  The formic acid 
molecules within the surface layer are likely to be coordinated to metal ions 
which prevent them from being electrically decomposed. A similar effect has 
been observed in aqueous media where oxygen evolution is diminished at 
higher concentrations. (Van Damme et al. 2006)  

The initial current response is negative, as seen in Figure 3-15. This is due to 
the working electrode being polarised as the cathode intially. The current 
drawn is likely due to the evolution of hydrogen, demonstrated by Equation 
10. 

+ → ↑                             (10) 

The hydrogen ions present in the electrolyte originates from the dissociation 
of the formic acid solvent, as seen in Equation 11 below. 

(11) 
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Figure 3-16 EDS spectrum of GdBCO-Ag after polarisation experiment 
in 2.25 M NaBr in formic acid 

Figure 3-16 shows the EDS spectrum of the GdBCO-Ag sample after the 
polarisation experiment in 2.25 M NaBr in formic acid. EDS probes the 
surface layer and gives information regarding the elemental composition. 
Typically X-rays are emitted from a depth between 2 µm and 0.5 µm. In this 
spectrum there is a large peak assigned to the presence of silver and 
another large peak assigned to bromine. This indicates the silver component 
has not been dissolved at the same respective rate in order to keep the 
composition the same. If the sample composition has not been altered by the 
polarisation experiment the following atomic percentages should remain true; 
Gd 10.0 %, Ba 14.6 %, Cu 20.9 %, O 53.6 % and Ag 0.9 % based on the 
Gd123:Gd211:Ag ratio 7:2:1 respectively. The quantitative analysis, shown in 
Table 3-2, shows the surface is covered with a high percentage of silver and 
bromine. Ideally there should be very little bromine on the sample surface 
after polarisation as this should be washed off to leave a clean surface. Due 
to the very low atomic percentages of the other components it can be said 
the AgBr salt layer is thicker than at least 0.5 µm which is the minimum 
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probing depth of the electron beam for EDS. This was to be expected as 
AgBr is insoluble.  

Table 3-2 Quantitative Analysis from EEDS of sample after polarisation 
experiment in 2.25 M NaBr in Formic Acid 

Element Atomic Percentage 
O 5.00 
Na 0.86 
Cu 1.73 
Br 42.89 
Ag 49.37 
Ba 0.07 
Gd 0.09 

Total 100.01 

Interestingly, sodium bromide in formamide does not lead to complete 
dissolution over the period of the polarisation experiment, yet the total charge 
passed is comparatively higher. The current becomes limited; observed by 
the current plateau as the potential is increased for each concentration in 
Figure 3-17. The electrolyte concentration limits the current density 
achievable at the electrode surface. During the initial linear region, varying 
between 1.3 V and 7.1-8.1 V, the reaction is activation controlled; the rate of 
reaction is limited by the electrode potential. The limited current in the higher 
potential regions is dependent on electrolyte concentration.  

The more alkaline electrolyte appears to be less efficient for the anodic 
dissolution of GdBCO-Ag; a higher charge was passed during the 
polarisation experiment yet the material was not completely dissolved. The 
sample sizes were all very similar, approximately 2 mm x 2 mm x 2 mm (8 
mm3), which suggests other reactions are occurring at the electrode 
alongside the dissolution reactions suggested in Equations 5, 6 and 7. Other 
reactions could include oxidation of the electrolyte, e.g. chlorine gas 
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generation, salt film formation or dissolution at a higher valency due to higher 
stability of the ions at higher valence in alkaline solutions.  

 

Figure 3-17 Polarisation Curve of GdBCO-Ag samples in various 
concentrations of NaBr in Formamide with a scan rate of 2 mV s-1 and a 
working electrode dimension of 2 x 2 x 2 mm and a counter electrode 8 
x 10 x 0.25 mm 

Due to the higher current being drawn in the experiment with a formamide 
solvent compared to the formic acid solvent, yet the sample sizes being the 
same, another reaction must be occurring simultaneously at the SC surface. 
There are several orientations the formamide molecule can approach the 
anode surface; the oxygen atom has a partial negative charge, as seen in 
the second structure in Equation 12. The nitrogen atom also has an electron 
pair which could coordinate to the SC surface. The lone pair can be seen on 
the nitrogen (N) atom in the first figure in Equation 12; it is represented by 
the double dots on the nitrogen atom. The orientation the molecule 
approaches the surface could affect the reaction mechanism and/or reaction 
products. 
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  (12) 

Parmeter et al (Parmeter et al. 1988) studied the interaction of formamide 
with ruthenium. They reported several decomposition products of formamide 
on metal surface, which are shown in Figure 3-18. 

 
Figure 3-18 Possible decomposition products of formamide on metal 
surfaces reproduced from (Parmeter et al. 1988) 

As the potential was raised, the SC began to dissolve into the solution, 
visible by the diffusion of a soluble violet compound away from the anode 
surface. As the experiment progressed, the violet compound diffused 
throughout the whole solution. A black solid was observed at the bottom of 
the electrochemical cell, this is probably SC material which has been 
mechanically removed from the surface due to the dissolution of surrounding 
material as seen in Figure 3-19. 
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Figure 3-19 Pictorial representation of material removed without 
undergoing electrochemical change 

Nelson (Nelson 1953) studied the anodic dissolution of copper in a saturated 
ammonium bromide solution of formamide, a similar solution to the one used 
in this study. The author initially observed a blue solution upon electrolysis, 
which is expected due to the use of a pure copper anode; he also observed 
the formation of a few violet crystals on the cathode upon the second use of 
the electrolyte for electrolysis. The purple crystals were found to be 
tetraformamide copper (II) bromide (Cu[HCONH2]4Br2). It is possible the 
same compound is formed upon dissolution of GdBCO-Ag in NaBr with 
formamide where the formamide molecules form a complex with CuBr2 
solvating the compound. Similar complexes for the other elements in 
GdBCO-Ag can be expected to form also. The suggested complexes are 
Ba[HCONH2]4Br2 and Gd[HCONH2]3Br3. 

It is also possible for the copper within the SC material to react with the 
solvent in the following reaction, Equation 13. This was observed by Nelson. 
(Nelson 1953) 

  (13) 

For this reaction to happen, a hydrogen ion first has to be lost from the amide 
group to create the negative charge on the nitrogen. This reaction is 
expected at the cathode, evolving hydrogen gas in the process. Again, one 
can expect similar reactions and products with the other metallic components 
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of the SC material, as shown in Equation 13, forming Gd(NHCHO)3 and 
Ba(NHCHO)2. 

Gas bubbles were also seen to form on the anode as the voltage was 
increased; this has been attributed to bromine gas generation from the 
oxidation of bromide in the electrolyte. This is also observed in the 
polarisation curve where the current fluctuates slightly over the peak, 
appearing to thicken the current line.  

At the highest concentration, 2.25 M, there is a slight decrease in the current 
drawn at the anode at approximately 6.4 V vs Pt. This would suggest the 
surface become less reactive for a time; this could be due to the formation of 
a salt layer e.g. CuBr2, BaBr2 and GdBr3, which is quickly removed. It is 
possible this only formed in 2.25 M NaBr in formamide due to the higher 
concentration of salt which means the saturation concentration is reached 
more quickly. The salt film has the effect of blocking the active surface, 
reducing the current that can be passed.  

 
Figure 3-20 EDS spectrum of GdBCO-Ag after polarisation experiment 
in 2.25 M NaBr in formamide 
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As explained above there are several possible reactions which could take 
place at the anode which does not lead to anodic dissolution; if these 
reactions take place simultaneously alongside the dissolution process the 
efficiency would decrease from 100 %, seeing a higher current but less total 
anodic dissolution. Full analysis of gas products, sample surfaces and the 
electrolyte after the experiment needs to be conducted in order to uncover 
the true reactions occurring during these experiments.  

Comparing the EDS spectrum of a sample after the polarisation experiment 
in 2.25 M NaBr in formamide in Figure 3-20 to Figure 3-16, the oxygen peak 
is much larger and the silver peak is proportionally smaller. This is confirmed 
by the quantitative analysis in Table 3-3. The oxygen concentration is still 
lower than expected from a pure sample; however, there is little evidence of 
a salt layer, consistent with the polarisation curves, so it can be said the 
oxygen content from the surface layer has been diminished. This is not 
necessarily a problem; it is possible to adjust the oxygen concentration post 
processing to achieve the correct stoichiometry to ensure the material is 
superconductive. 

Table 3-3 Quantitative Analysis from EDS of sample after polarisation 
experiment in 2.25 M NaBr in Formamide 

Element Atomic Percentage 
O 34.03 
Na 0.61 
Cu 24.42 
Br 2.28 
Ag 1.89 
Ba 24.78 
Gd 11.99 

Total 100.00 

As a result, NaBr in formic acid is preferred over NaBr in formamide for the 
anodic dissolution of GdBCO-Ag due to higher dissolution efficiencies but the 
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surface needs to be washed more thoroughly to remove AgBr from the 
surface or even the addition of sodium nitrate to the electrolyte to encourage 
the dissolution of the silver particles through the formation of the soluble 
silver nitrate salt.  

Polarisation curves of GdBCO-Ag with NaCl in both formic acid and 
formamide behaved in much the same way as with NaBr in these solvents. 
Sodium chloride is less soluble in both formic acid and formamide than 
sodium bromide. However, 0.75 M NaCl in formic acid facilitated higher 
dissolution currents than 0.75 M NaBr in formic acid as shown in Figure 3-21. 
The period of unsteady current response between 6 and 8 V is thought to be 
due to the removal and rapid reformation of a film on the electrode surface. 
Again only single experiments are represented in the figure due to the 
stochastic nature of the film removal and reformation.  

 
Figure 3-21 Polarisation curve of GdBCO-Ag in 0.75 M NaBr and 0.75 M 
NaCl in formic acid with a scan rate of 2 mV s-1, working electrode 
dimensions 2 x 2 x 2 mm and counter electrode dimensions 8 x 10 x 
0.25 mm, room temperature 
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The chlorine ionic radius (181 pm) is smaller than the bromine ionic radius 
(196 pm) (Clark n.d.) which results in a higher diffusion coefficient for the 
smaller ion. Smaller ions generally increase the conductivity of a solution 
compared to larger ions as they experience less resistance moving through 
the solution. Chlorine is also more reactive than bromine due to its higher 
electronegativity. Due to the comparatively higher electronegativity, there are 
stronger forces and attractions between the chlorine ion and oppositely 
charged ions. This would mean the metal ions would be coordinated to the 
halide ion at higher rates in NaCl than in NaBr, and hence the metal ions are 
solvated at higher rates.  

Polarisation curves of GdBCO-Ag conducted in NaCl with formic acid 
resulted in the total or near total dissolution of the material submerged in the 
electrolyte, apart from for the lowest concentration; this is shown by the 
current dropping to zero in Figure 3-22. For 0.50 M NaCl in formic acid the 
total charge passed is very low and the sample appears to be completely 
dissolved by 4.5 V when the current drops to zero. However, when the 
experiment was finished, the sample was still attached to the copper wire 
which allowed electrical connection. This suggests the surface became 
passivated preventing the passage of current. This passivation is most likely 
to be the adsorption of the formic acid solvent molecules or the formation of 
an oxide layer consisting of various metal oxides (CuO, Gd2O3, BaO) 
preventing further reaction. It is suspected this is the case as the initial 
chloride concentration in the solution is low which does not favour the 
formation of a salt layer as reaching the saturation concentration would take 
a considerable length of time. 

As with NaBr in formic acid, there is a region of unsteady current in the 
polarisation experiment for 0.75 M NaCl in formic acid. This is attributed to 
removal and reformation of a surface layer on the SC sample. There is 
evidence of gas formation at the anode surface, most probably carbon 
dioxide as shown by Equation 9, by the small variation of current over the 
peak. For 1.00 M NaCl in formic acid there is a small peak around 2.5 V 
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followed by a larger peak which is present in the polarisation experiment for 
0.75 M NaCl also. The smaller peak is likely to be the formation of a salt 
layer which increases the resistance of the anode causing the current to drop 
slightly. The salt layer is removed and current begins to rise again at 3.6 V.  

 
Figure 3-22 Polarisation curves of GdBCO-Ag in various concentrations 
of NaCl in formic acid with a scan rate of 2 mV s-1, working electrode 
dimensions 2 x 2 x 2 mm and counter electrode dimensions 8 x 10 x 
0.25 mm, room temperature 

The EDS (energy-dispersive X-ray spectroscopy) spectrum in Figure 3-23 
shows minimal chloride presence on the GdBCO-Ag surface but shows a 
relatively high O peak and Cu peak, indicating the propensity to form copper 
oxide over copper chloride.   

Using the quantitative data in Table 3-4 it is possible to see the atomic 
percentages of Ag and Cl are very similar, suggesting the compound AgCl 
has formed. This is confirmed via an EDS map showing Ag and Cl clustered 
together, this is shown in Figure 3-24. The atomic percentage of Cu is in line 
with the expected value of 20.9 % but the percentages of Gd and Ba are 
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higher than expected by 4-5.5 % and the oxygen percentage is over 15 % 
lower than expected. Oxygen from the SC matrix is likely to react with other 
oxygen ions to form oxygen gas at the anode decreasing the overall oxygen 
atomic percentage in the material’s surface layer.  

 
Figure 3-23 EDS Spectrum of GdBCO-Ag sample after polarisation 
experiment in 1.00 M NaCl in formic acid 

Table 3-4 Quantitative Analysis from EDS of sample after polarisation 
experiment in 1.00 M NaCl in formic acid 

Element Atomic Percentage 
O 36.48 
Na 0.85 
Cl 4.72 
Cu 19.29 
Ag 5.14 
Ba 19.96 
Gd 13.57 

Total 100.01 
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Figure 3-24 EDS map of GdBCO-Ag sample after polarisation 
experiment in 1.00 M NaCl in formic acid showing the distribution of a) 
Ag and b) chlorine 

Polarisation experiments with NaCl in formamide, again produced similar 
results to NaBr in formamide, see Figure 3-25, with lower machining 
efficiencies than seen in formic acid as the sample was not completely 
dissolved.  

There are two periods where the current fluctuates during the polarisation 
experiment in 0.75 M NaCl in formamide; it is likely both of these periods are 
gas evolution as the overall current does not drop which would indicate 
passivation. It appears the gas evolution is suppressed for a period between 
the two regions of current fluctuation. However, both NaCl and NaBr in 
formamide did not facilitate total dissolution of GdBCO-Ag during the 
experiment time period as was seen when formic acid was used as the 
solvent. 
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Figure 3-25 Polarisation curves of GdBCO-Ag in 0.75 M NaCl and NaBr 
in formamide with a scan rate of 2 mV s-1, working electrode 
dimensions 2 x 2 x 2 mm and counter electrode dimensions 8 x 10 x 
0.25 mm at room temperature with natural gas levels 

Figure 3-26 shows the polarisation curves for the various concentrations of 
NaCl in formamide studied. As expected the lowest concentration exhibits 
the lowest current during the experiment. There is also a small period where 
gas appears to be evolved from the surface between 6.0 and 6.5 V.  

At the highest concentration studied, 1.00 M NaCl in formamide, the high 
concentration of salt suppressed gas evolution at all potentials. The 
suppression of gas evolution was also seen for NaBr in formic acid and by 
Van Damme et al (Van Damme et al. 2006) using aqueous electrolytes.  
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Figure 3-26 Polarisation curves of GdBCO-Ag in various concentrations 
of NaCl in Formamide with a scan rate of 2 mV s-1, working electrode 
dimensions 2 x 2 x 2 mm and counter electrode dimensions 8 x 10 x 
0.25 mm at room temperature with natural gas levels 

A thick green layer was observed on the SC surface for all concentrations of 
NaCl in formamide; this is consistent with the formation of a salt layer 
consisting of predominantly copper (II) chloride and copper oxide (CuO) as 
this is the most abundant element in the matrix. Gadolinium (III) chloride and 
gadolinium oxide (Gd2O3) forms white crystals; barium (II) chloride and 
barium oxide (BaO) also form white crystals. Energy-dispersive X-ray 
spectroscopy was conducted on the GdBCO-Ag sample after the polarisation 
experiment. The spectrum, in Figure 3-27, shows all of the elemental 
components present in the surface layer. Comparing the spectrum to Figure 
3-23, the peak height ratios appear very similar, indicating the two 
electrolytes behave in an approximately similar way to each other, removing 
components at the same ratio irrespective of the solvent used but not 
necessarily at the same rate.  
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Figure 3-27 EDS Spectrum of GdBCO-Ag sample after polarisation 
experiment in 1.00 M NaCl in formamide 

 

Table 3-5 shows the quantitative data regarding the atomic percentages of 
elements at the SC surface after the polarisation experiment in 1.00 M NaCl 
in formamide. This most closely represents the ideal composition across all 
tests. Again, Ag has not been machined at the same relative rate as the 
other elements to maintain the original stoichiometry but this it to be 
expected due to its stability. Silver is not known to corrode easily. The 
oxygen content is less than 4 % from the expected value and the EDS map 
reveals an even distribution of oxygen across the surface, see Figure 3-28. 
There is also oxygen present in the solvent which may have reacted with the 
SC surface which would increase the oxygen atomic percentage within the 
surface layer. The values for gadolinium are slightly increased from the ideal 
values of 10.00 %, whilst the copper value is lower than the ideal value of 
20.9 %. The barium atomic percentage is as expected.   
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Table 3-5 Quantitative Analysis from EDS of sample after polarisation 
experiment in 1.00 M NaCl in formamide 

Element Atomic Percentage 
O 49.96 
Na 1.55 
Cl 2.95 
Cu 13.29 
Ag 4.49 
Ba 14.34 
Gd 13.42 

Total 100.00 

Whilst polarisation experiments with NaCl in formamide results in a surface 
containing the closest to the ideal ratio, the material removal rate was low 
and a thick green layer was seen to form on the surface. This layer was 
easily removed with a short washing cycle using an ultrasonic bath.  

 
Figure 3-28 EDS map of GdBCO-Ag sample after polarisation in 1.00 M 
NaCl in formamide showing oxygen distribution at the surface 
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The surface finish of the machined sample is also important; the 
superconductive properties rely on good alignment of grains and a 
continuous structure. If cracks or gaps are introduced into the material the 
superconductive properties will be damaged. Figure 3-29 compares SEM 
images of the GdBCO-Ag sample after polarisation experiments in 0.75 M 
NaCl or NaBr in formic acid and formamide.  

 
Figure 3-29 SEM images of GdBCO-Ag sample after polarisation 
experiment in a) 0.75 M NaBr in formic acid b) 0.75 M NaBr in 
formamide c) 0.75 M NaCl in formic acid and d) 0.75 M NaCl in 
formamide 

There are large cracks visible in the sample after polarisation in 0.75 M NaBr 
in formic acid; this is undesirable and the very thing this study is attempting 
to avoid. However, this was using the lowest concentration salt where gas 
was seen to be evolving at the anode. As the oxygen atomic percentage is 
lower than expected it can be assumed this is released from the matrix and 
forms pockets of gas which build in pressure until the material cracks 

a b 

d c 
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releasing the gas. This does not happen at the higher concentrations as the 
gas generating mechanism is out-competed by the dissolution mechanism. 
This is confirmed when studying the SEM image of the GdBCO-Ag sample 
after the polarisation experiment in a higher concentration NaBr formic acid 
electrolyte, see Figure 3-30; there are no cracks in the sample, but the 
sample is covered with a porous film.   

 
Figure 3-30 SEM image of GdBCO-Ag sample after polarisation 
experiment in 2.25 M NaBr in formic acid 

There are no cracks in the sample after polarisation in 0.75 M NaBr in 
formamide, shown in Figure 3-29b, but there are deep pockets which run 
across the image.  

The surfaces of the samples in Figure 3-29 c and d are the most uniform 
although there are still peaks and valleys present. There is a porous surface 
layer on the sample after polarisation in 0.75 M NaCl in formamide, Figure 
3-29d, which is not present in Figure 3-29c after polarisation in 0.75 M NaCl 
in formic acid. This agrees with the observations from the polarisation 
experiments that using formic acid as the solvent facilitates more efficient 
material removal as there is no passivation of the surface; this is in part due 
to the acidic environment which facilitates a higher concentration of dissolved 
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anions to remain within the solution rather than precipitate which could occur 
at the anode surface creating a salt layer. 

Overall, a formic acid based electrolyte provides the most efficient anodic 
dissolution mechanism. A 1.00 M sodium chloride electrolyte in formic acid 
will be used for the electrochemical machining experiments. 

3.3.4 Electrochemical Machining of GdBCO-Ag with Non-Aqueous 
Electrolytes 

The polarisation experiments conducted in non-aqueous electrolytes showed 
NaCl in formic acid was the best choice. Sodium chloride is less expensive 
than sodium bromide which was a factor that also influenced the salt choice.  

Care had to be taken when using formic acid as it is an irritant, corrosive and 
it is also volatile so the working area has to be extremely well ventilated and 
full personal protective equipment had to be worn at all times.  

Initially a voltage of 20 V was applied with the machine’s standard setting for 
maximum current of 10 A. The maximum current however limited the 
machining and after the test had ended, no visible evidence of machining 
could be seen on the GdBCO-Ag sample. The machine aims to work at the 
set potential but will reduce the voltage when the maximum current is 
reached.  

The next test saw the maximum current raised to 30 A whilst the potential 
was reduced to 15 V as a precaution to prevent sparking. The IEG and the 
feed rate were kept constant. These settings resulted in the creation of a 
groove almost 2 mm wide, as can be seen in Figure 3-31 marked by the red 
lines.  
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Figure 3-31 SEM image of GdBCO-Ag sample after ECM experiment at 
15 V with a maximum current allowance of 30 A 

Previous research has shown that the applied voltage affects the machining 
resolution, with a higher voltage producing a larger overcut. The maximum 
current of 30 A proved appropriate as the limit was not reached which would 
have reduced the applied potential; the maximum current remained at 30 A 
for the remaining tests. The potential was reduced to 8.5 V as this was the 
potential indicated by the polarisation experiments which would facilitate 
dissolution and this would reduce the machining overcut.  

As the tool was made solely from 0.25 mm diameter platinum wire it was 
very flexible. As a result, the tool was not 100 % parallel with the work piece 
causing a variance in the IEG. The IEG was set from the closest point. 
Figure 3-32 shows the effect of the non-constant IEG with more significant 
machining at places which were in closer proximity to the tool. The 
machining overcut has also been reduced by decreasing the machining 
voltage, with the groove being less than 0.5 mm in width.  
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. 

Figure 3-32 SEM image of GdBCO-Ag sample after ECM experiment at 
8.5 V with a maximum current allowance of 30 A.  Red box highlights 
machined area.  

Unfortunately, the tool came into contact with the work piece during 
machining at 8.5 V which caused a large spark destroying the tool. The 
platinum wire melted onto the GdBCO-Ag sample, which can be seen in 
Figure 3-33. 

It is still unclear whether the superconductive properties of the GdBCO-Ag 
material has been affected by the anodic dissolution process, this is 
something which needs to be done in future.  

3.4 Conclusion 
ECM has been demonstrated as a suitable technique for machining ceramic 
cuprate superconductors, namely GdBCO-Ag. A non-aqueous electrolyte of 
sodium chloride in formic acid proved to be the most suitable electrolyte to 
use for the anodic dissolution of the material. Aqueous electrolytes did 
facilitate anodic dissolution; however, there appeared to be a preference for 
machining the Gd123 portion of the sample.  Machining was also very slow 
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which made an aqueous electrolyte an unsuitable choice due to GdBCO-Ag 
being water sensitive.  

 
Figure 3-33 SEM image of GdBCO-Ag sample after ECM experiment at 
8.5 V with a maximum current allowance of 30 A showing the platinum 
melt from the destruction of the tool 

A voltage of only 8.5 V with a maximum current of 30 A, a feed rate of 0.5 
mm min-1 and an IEG of 0.1 mm gave the best machining results using the 
non-aqueous electrolyte with the Impulse ECM machine at pECM Systems 
Ltd.  

3.5 Further Work 
Firstly, the tool needs to be developed further. The tool was made from 
platinum wire which was overly flexible causing difficulties establishing the 
IEG and maintaining this throughout machining. Whilst the machining 
resolution was improved by reducing the machining voltage, the overcut was 
still larger than desired. To combat this overcut, pulsed electrochemical 
machining should be investigated.    
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Chapter 4 – Anodic Dissolution of Semiconductors 
4.1 Introduction 
4.1.1 What is a semiconductor? 

A semiconductor is a material, usually a crystalline solid, which has higher 
resistance than a conductor but lower resistance than an insulator. 
(Semiconductor n.d.) Their resistivity decreases as their temperature is 
increased; behaviour opposite of that seen in metals. Their properties can be 
altered by doping the material with other elements which lowers the 
resistance, but also allows the formation of semiconductor junctions within 
the crystal. The behaviour of electrons at these junctions forms the basis of 
modern electronics.  

Group 14 metalloid elements, silicon, germanium and indeed carbon, are 
semiconductors; crystalline and amorphous silicon is a cheap 
semiconducting material which is widely used in electronic devices. (Shriver 
et al. 2006) Aluminium, gallium and indium react with phosphorus, arsenic 
and antimony to form semiconductor materials. Gallium arsenide (GaAs) is 
the most widely used of these compound semiconductors. It is superior to 
silicon as it has higher electron mobility as well as generating less electronic 
noise than silicon devices. However, GaAs is known to decompose in air so 
needs to be kept under an inert atmosphere or encapsulated. Silicon wafers 
are also stronger than GaAs wafers meaning processing is easier.  

4.1.2 Why are semiconductors important? 

Semiconductors form the basis of modern electronics, being used in 
everything from integrated circuit boards to individual electrical components. 
The electronics industry was worth over 2 trillion euros in 2012 (Statista 
2014) and it is an ever expanding industry. As such, the industry for 
semiconductors is constantly growing with the electronics sector, estimated 
to be in excess of 300 billion Euros (Technische Universitat Munchen 2015).  
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The electrical conductivity of semiconductors can be controlled by the 
application of electric currents, electromagnetic fields and light. This makes it 
possible to create a range of devices which can ‘amplify, switch, convert 
sunlight to electricity or produce light from electricity’. (Engineering and 
Technology Wiki 2015)  

The electrical properties of semiconductors are exploited for use in many 
products from integrated circuits, to phones, to energy technologies e.g. 
solar panels, to solid state lighting. (Technische Universitat Munchen 2015) 

4.1.3 Semiconductor machining techniques 

Semiconductors used in the electronics industry are commonly made from 
single crystals so care must be taken not to create any defects in the 
material when shaping them to a suitable form.  

Silicon (Si) and gallium arsenide (GaAs) are the most commonly used 
semiconductor and are processed through a technique called 
photolithography. Photolithography uses a template mask and a photoresist 
to mark areas on the wafer which are to be etched. The method’s resolution 
is limited by the wavelength of light used with the mask to remove the 
selected areas of the photoresist to allow the semiconductor underneath to 
be exposed to a chemical etchant. The minimum feature size is given 
approximately by Equation 1:  

                              (14) 

Where CD is the critical dimension i.e. the minimum feature size,   is the 
wavelength of light used and NA is the numerical aperture of the lens as 
seen from the wafer. (Mack n.d.) 

Semiconductors have also been machined with laser beam machining (LBM) 
(Simon & Ihlemann 1996), diamond based milling (Hurley 1997), ultrasonic 
machining (USM) (Sato 1962), as well as spark erosion (Powell 1967). 
Powell et al (Powell 1967) found that indium antimonide (InSb) cracked 
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under the forces created by the sparks due to the materials very brittle 
nature. LBM creates a recast layer, regardless of the laser pulse length 
employed; Simon et al (Simon & Ihlemann 1996) observed the presence of a 
recast layer when using a laser pulse length of just 500 fs. This is an 
undesirable feature when single crystal materials have been used and 
creates inaccuracies in the machined feature size. This means that alternate 
methods can be used but an allowance for extra material removal via etching 
has to be considered to remove the defective layer. If small features are 
required, it may be best to use ECM directly.  

4.1.4 Motivation for the work 

Silicon based technology accounts for an overwhelming portion of the 
semiconductor sector and as such the machining processes are well 
established and fast moving. However, techniques for handling other 
semiconductor materials are not as well established.  

 
Figure 4-1 InSb detector mounted on a quartz substrate 

QMC Instruments Limited use indium antimonide in a bolometer. A 
bolometer is a device for measuring the power of electromagnetic radiation 
via the heating of a material with a temperature-dependent electrical 
resistance. Initially, electrical discharge machining (EDM) was used to create 
the specialised shape for the bolometer from the indium antimonide (InSb) 
wafer but QMC Instruments Ltd wished to find an alternative method to 
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create this device, shown in Figure 4-1. For the device to function correctly, 
the physical and electrical properties of the material must remain unaltered 
by the machining process. Using EDM creates a recast layer on the surface 
which can negatively affect the device’s function.  

Electrochemical machining (ECM) would be an attractive alternate machining 
method for the InSb bolometer if InSb could be anodically dissolved. As far 
as this research is aware, the anodic dissolution behaviour of InSb has not 
previously been studied. As such, this research proposes to investigate the 
anodic dissolution behaviour of doped and un-doped InSb because ECM 
provides a heat and stress-free machining process for electrically conductive 
materials, leaving the work piece properties unaltered by the process.  

4.2 Methodology 
4.2.1 Polarisation Experiments 
4.2.1.1 Attaching the InSb samples to copper wires 

Fragments of InSb wafer were fractured from a larger InSb wafer and 
attached to a copper wire using silver loaded epoxy. The silver loaded epoxy 
was cured for ten minutes at 55 °C in an oven.  

4.2.1.2 Preparing the electrolyte 

Molar concentration sodium chloride (NaCl) and sodium nitrate (NaNO3) 
electrolytes were prepared using ACS grade salts from Sigma Aldrich with 
deionised water from an ELGA PURELAB Option Q water purifier. The pH of 
the solution was not altered from its natural pH. 

4.2.1.3 The cell set up 

A standard 3 electrode cell set up was used with a Sigma Aldrich double 
junction Ag/AgCl as the reference electrode, a homemade platinum flag was 
used as the counter electrode and the InSb sample was the working 
electrode.  
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4.2.1.4 The Polarisation Experiment 

The potential in the polarisation experiment was applied using an IviumStat 
potentiostat. The potential was scanned from -0.5 to 10.0 V vs Ag/AgCl at a 
scan rate of 20 mV s-1. The electrodes were connected to the potentiostat via 
banana plugs to ensure a good electrical connection was made. Care was 
taken to ensure the silver epoxy holding the InSb sample to the copper wire 
was not inserted into the electrolyte to avoid any reactions taking place at the 
epoxy. 

4.2.2 Electrochemical Machining Experiments 
4.2.2.1 The electrochemical machine set up 

The electrochemical machining experiments were conducted at pECM 
Systems Ltd in Barnsley on an ‘Impulse ECM’ machine manufactured at 
pECM Systems Ltd. The sample was clamped to the z-axis of the ECM 
machine with a Tufnol paper laminate bar and screws, as can be seen in 
Figure 4-2. The tool was held in a V block connected to the negative 
terminal. The tool was a copper wire with a diameter of 1 mm. The tool was 
insulated on the sides with some electrical tape to prevent over machining.  

A multimeter was used to determine when contact had been made between 
the two electrodes and then the work piece was moved away 0.1 mm to 
establish the IEG. This position was defined as the starting position and 
machining could commence from this point. The end position was reached 
when the z-axis had travelled 1.0 mm from the starting point.  

The sample was machined close to where it was clamped to prevent the 
sample from snapping so easily. It could not be clamped with too much force 
either or the sample cracked.  
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Figure 4-2 ECM machine set up for InSb machining 

4.2.2.2 Machining Parameters 

A 1.7 M sodium nitrate electrolyte was used for the electrochemical 
machining experiments with the InSb samples. Sodium nitrate was chosen 
as during the polarisation experiments, NaNO3 resulted in complete 
dissolution of the sample which was inserted into the electrolyte. The 
machining voltage and electrode feed rate were altered to determine 
machining settings. A constant IEG of 0.1 mm was maintained for all 
experiments. 

The samples were very fragile so a moderate frequency of 12 Hz was used 
on the electrolyte pump to prevent the force of the electrolyte from snapping 
the sample.  

4.3 Results and Discussion 
4.3.1 Polarisation Experiments 

Polarisation experiments are utilised in electrochemical machining research 
to determine electrolyte-work piece interactions and suitable machining 
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conditions, i.e. the machining voltage. A polarisation curve shows the 
potential-current relationship. 

In this research, polarisation curves were conducted in 1.0 M NaCl and 
NaNO3. In both cases the InSb wafer was first rinsed in nitric acid (HNO3) to 
remove a thin aluminium layer on one side of the wafer. The wafer was then 
rinsed with deionised water and dried.   

Sodium chloride is a very common electrolyte choice for electrochemical 
machining applications as it contains aggressive chloride ions which help to 
prevent passive layers from forming on the electrode surface.  

The expected anodic reactions occurring during anodic dissolution of InSb 
are outlined in Equations 15 and 16. 

 → +                           (15) 

→ +                         (16) 

Antimony is most commonly found in its 3+ oxidation state although it can 
also be seen in its 5+ oxidation state, but rarely. 

Hydrogen evolution is expected at the cathode, as shown in Equation 17. 

+ → ↑                       (17) 

Indeed, the sodium chloride electrolyte facilitated the anodic dissolution of 
InSb during the polarisation experiment; the polarisation curve can be seen 
in Figure 4-3.  

Current begins flowing early in the experiment at approximately 0.2 V vs 
Ag/AgCl. At 8.5 V the current begins to drop as the surface area is 
decreased due to the anodic dissolution of the sample. There is a slight 
reduction in the current at 6.75 V; it was observed during the polarisation 
experiment that a black layer formed at this potential which indicates this film 
was mildly passivating. As the potential was raised, the black film also began 
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to dissolve, which can be seen when the observed current again begins to 
rise.   

 
Figure 4-3 Polarisation curve of InSb in 1.0 M NaCl, scan rate 2 mV s-1, 
working electrode area 2 x 2 x 2 mm, counter electrode area 8 x 10 x 
0.25 mm, room temperature and natural oxygen levels 

The black film can be seen in Figure 4-4a. This is likely to be a mixture of 
antimony and indium chlorides and oxides. Antimony can also be found in a 
non-metallic state which is black in colour. Indium oxide (In2O) is a black 
crystalline solid also. (Panda 2013)  

The sample was then washed with concentrated nitric acid which dissolved 
the black layer; see Figure 4-4b. Antimony compounds are soluble in nitric 
acid, as is antimony. (Budapest University of Technology and Economics - 
Department of Inorganic and Analytical Chemistry n.d.) Indium salts are also 
soluble in acids. (Panda 2013)  
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The surface under the salt layer was very rough although there were no deep 
pits evident on the surface so pitting corrosion was not prevalent in this 
instance.  

 
Figure 4-4 InSb sample a) after polarisation experiment in 1.00 M NaCl 
and b) and after subsequent washing in concentrated nitric acid  

Polarisation experiments were also conducted in 1.00 M NaNO3; see Figure 
4-5. Sodium nitrate is known to be a passivating electrolyte which forms a 
protective film on the work piece surface. This behaviour is exploited to 
achieve higher resolution results in ECM but a higher machining voltage is 
generally needed to overcome the passivation. However, in this case, there 
is no evidence from the polarisation curve of passivation occurring as there is 
no drop in current; a characteristic feature of passive electrolyte polarisation 
curves. Current begins flowing at 0.4 V and rises linearly with the potential 
until 6.7 V at which point the current decreases. The current decreases due 
to a reduction in the surface area of the InSb sample as it is anodically 
dissolved. The sample submerged in the electrolyte is completely dissolved 
at 9.5 V which sees the current drop to zero.  

a b 
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Figure 4-5 Polarisation curve of InSb in 1.0 M NaNO3, scan rate 2 mV s-1, 
working electrode area 2 x 2 x 2 mm, counter electrode area 8 x 10 x 
0.25 mm, room temperature and natural oxygen levels 

Whilst the polarisation experiment was taking place in NaNO3, a black layer 
formed, as it did in NaCl, but this film grew in thickness as the experiment 
was continued. This black layer was electrically active as there is no 
evidence of passivation in the polarisation curve, as explained above. 
Eventually, the black layer began peeling away in layers. There was also a 
white precipitate formed on the sample near the electrolyte-air interface. This 
is most likely a mixture of indium and antimony oxides. The InSb samples 
submerged in the electrolyte were completely dissolved during the course of 
the polarisation experiment using 1.00 M NaNO3, as can be seen in Figure 
4-6.  
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Figure 4-6 InSb sample a) before polarisation experiment and b) after 
polarisation experiment in 1.00 M NaNO3 and washing in concentrated 
nitric acid 

The surface finish cannot be easily assessed as the sample has been 
completely dissolved leaving very little of the anodically dissolved surface 
visible.  

As sodium nitrate facilitated total dissolution of the sample during the 
polarisation experiment, this was chosen to perform tests on the ECM 
machine at pECM Systems Ltd, Barnsley.  

4.3.2 Electrochemical Machining of Indium Antimonide 

From polarisation experiments, it was determined that a machining voltage in 
excess of 7.5 V would facilitate machining at a reasonable rate. A 1.7 M 
NaNO3 electrolyte was used to allow high dissolution rates.  

The ideal feed rate and voltage were to be determined with these 
experiments. A pump frequency of 12 Hz was used for all the tests as a 
higher electrolyte delivery rate resulted in fracturing the brittle samples as the 
force of the electrolyte impacting on the sample was too great. An IEG of 0.1 
mm was maintained for all tests. The voltages applied were applied as static 
voltage.  

a b 
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The aim of the testing was to create a hole through the InSb wafer, close in 
diameter to the tool used. High resolution machining, with non-tapered walls 
is imperative with semiconductors as semiconductor components’ final 
dimensions are usually on the micrometre scale. The smallest dimension 
needed for the InSb bolometer is 200 µm, as can be seen in Figure 4-7. Due 
to limitations with the machine at pECM Systems Ltd, a tool of this size could 
not be held. As a result, a 1.0 mm diameter copper wire was used as the tool 
for the ECM experiments which was held in a V-block. The tip of the copper 
wire was coated with some insulating tape to prevent stray machining and 
the front edge of the z-axis was also coated with insulating tape to prevent 
machining of the stainless steel axis.  

 
Figure 4-7 InSb element diagram and dimensions 

Voltages ranging from 8.0 V to 12.0 V were tested with feed rates ranging 
between 0.5 mm min-1 and 1.0 mm min-1, with an applied voltage of 8.0 V 
and a feed rate of 1.0 mm min-1, resulted in varied machining success, 
sometimes the dissolution rate was not high enough to support the feed rate 
resulting in contact being made between the tool and the work piece, 
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snapping the InSb wafer; other times resulted in successful machining 
without snapping the sample. Increasing the voltage to 11.0 and 12.0 V 
allowed anodic dissolution with a feed rate of 1 mm min-1. The resulting holes 
are very spherical in shape, as can be seen in Figure 4-8 even though the 
samples are broken.  

 
Figure 4-8 InSb samples after electrochemical machining at a feed rate 
of 1 mm min-1 at a) 11.0 V and b) 12.0 V 

After machining, the samples were kept on double sided tape. When the 
samples were then lifted from the tape, cracks were formed. No cracks were 
formed during the ECM process. Whilst a combination of 11.0 V and a feed 
rate of 1 mm min-1 allowed penetration through the sample, there is evidence 
of tapering of the hole and the holes are much larger in diameter than the 1 
mm tool used. The diameter of the hole in Figure 4-8b is 1.9 mm, almost 
double the diameter of the tool used. This is an unacceptable overcut.  

It is known that using a lower voltage in ECM results in a smaller machining 
overcut. (Bhattacharyya & Munda 2003) Using a lower voltage would usually 
require a slower feed rate, which would mirror the dissolution rate more 
accurately. If the feed rate is not fast enough, the machining resolution will 
decrease due to the extended machining time and residence time of the tool 
electrode in the vicinity of the work piece. As the potential is applied 
constantly, the diffusion layer continually grows into the bulk electrolyte, only 
hindered by the electrolyte flow.  

a b 
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Figure 4-9 shows SEM images of the holes created using a constant voltage 
of 8.0 V with varying feed rates from 0.5 to 1.0 mm min-1. As the feed rate is 
increased, the hole diameter decreases. This relationship is linear as shown 
in Figure 4-10.  

 
Figure 4-9 InSb samples after electrochemical machining at a voltage of 
8.0 V at a feed rate of a) 0.5 mm min-1 b) 0.7 mm min-1 c) 0.9 mm min-1 
and d) 1.0 mm min-1 

The holes still show evidence of tapering at all feed rates and despite the tool 
having been insulated with electrical tape at the end. This could be avoided 
with potential pulses; this would also improve the machining resolution. 
Despite the tapering, the surface finish of the machined surfaces is very 
good with a mirror like finish across all feed rates, although there are salt 
crystals on the surface of Figure 4-9c. The samples were washed with a 
gentle stream of deionised water.  

a b 

c d 
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Figure 4-10 relationship between feed rate and hole diameter at 8.0 V 
for ECM of InSb samples in 1.7 M NaNO3  

As can be seen from the results above; a higher feed rate with a lower 
voltage results in the highest resolution machining. Due to the 
unpredictability of using a feed rate of 1 mm min-1 with a voltage of 8.0 V this 
combination was dismissed as a suitable machining condition for InSb due to 
a high proportion of sample which could snap. The next best option for 
machining with an IEG of 0.1 mm, an electrolyte pump frequency of 12 Hz in 
a 1.7 M NaNO3 electrolyte was to apply a static potential of 8.0 V with a feed 
rate of 0.9 mm min-1 which produced a hole with a diameter of 1.38 mm.  

4.4 Conclusion 
Polarisation curves of InSb proved that both sodium chloride and sodium 
nitrate facilitates the anodic dissolution of indium antimonide. Anodic 
dissolution of InSb in both NaCl and NaNO3 both commence via a salt film 
mechanism with a black film forming in both cases. The black film 
delaminates revealing the active surface underneath.  

Sodium nitrate was chosen as the electrolyte in which to conduct 
electrochemical machining experiments. It was determined that a lower 
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potential resulted in a higher machining resolution than higher voltages and a 
faster tool feed rate also improved machining resolution due to a decrease in 
the electrode residence time at close proximity to the work piece. The 
conditions that provided the highest resolution hole used a static voltage of 
8.0 V with a feed rate of 0.9 mm min-1.  

4.5 Further Work 
Work needs to be conducted to improve the machining resolution and to 
develop a tool or a milling pathway to create the shape required for the 
bolometer. 
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Chapter 5 – Anodic Dissolution of Titanium with the Addition 
of Ultrasonic Vibrations 
5.1 Introduction 
5.1.1 Brief History of Titanium 

Titanium was first discovered in 1791 but not identified until 1795. Titanium 
proved difficult to extract from its ores; the normal reduction method of 
heating the ore in the presence of coke produced titanium carbide rather 
than titanium. It was not until 1910 that pure titanium was produced by 
heating titanium tetrachloride (TiCl4) with sodium at 700-800 °C. The current 
process for extracting titanium from its ore is called the Kroll process and is a 
variant of the latter process described, using magnesium instead of sodium. 
This is still an expensive process in comparison to other metal extraction 
techniques, and as such titanium is a costly metal. In the early 1950s, 
titanium became extensively used for military and aviation purposes after the 
United States of America (USA) Department of Defence determined titanium 
to be ‘the metal of choice’.  

5.1.2 Titanium Properties and Applications 

Titanium is a transition metal which is commonly used across many 
disciplines as it is a lightweight yet strong material. It has a similar strength to 
low-grade steel alloys but titanium is less dense, reducing mass by up to 45 
%. (Industrial Talks 2012) Titanium and its alloys find uses in aeronautical, 
medical, military, jewellery, sporting goods and high-end automobile 
industries. (Zhang et al. 2008)  

Titanium products are popular as the material has remarkable properties 
such as high compressive and tensile strength, low density, high fatigue 
resistance in air and seawater, high strength to weight ratio and excellent 
corrosion resistance. Titanium has a low modulus of elasticity (Choragudi et 
al. 2010); this makes the material highly desirable for applications that 
require flexible materials which will not crack. (Pramanik 2014) This property, 
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however, also makes it difficult to cut to size as tools tend to push the 
material away rather than cut it. This strains the material which in turn 
causes it to harden further and wears the tool faster. (Benes 2007) 

Titanium is corrosion resistant; it oxidises immediately on contact with air or 
water creating a protective, corrosion resistant titanium oxide layer, a couple 
of nanometres thick. This makes titanium ideal for naval vessels and 
aeronautical applications where the material comes in contact with salt water 
and moist conditions. It reacts similarly with nitrogen forming a protective 
nitride layer at the surface. (Manjaiah, S Narendranath, et al. 2014) 

Titanium is also a biocompatible material; it is non-toxic and it is not rejected 
by the body so it is often used for medical implants, such as hip 
replacements. (Milacron Marketing Co. 2007) The high strength of the 
material is also beneficial here due to the pressure and stresses placed on 
joints within the body. 

Titanium is used for large portions of both military and commercial aircraft 
due to its low density and high strength. It is used for “aircraft structural parts, 
cold section components of jet engines and landing gear systems”. (Asten & 
Nordberg 2013) The Blackbird SR-71 was made almost completely from 
titanium. (Merlin 2009) In 2014, in the USA, 75 % of titanium was used by the 
aerospace industry. (Bedinger 2015) It is also used in high-end automobile 
and sporting goods applications for this very reason, but it is an expensive 
material due to the methods required to extract the pure metal from its ores, 
explaining why titanium is not commonly used in commercial vehicles and 
less expensive sporting equipment.  

Titanium is also used as an alloying element to decrease the grain size, as a 
deoxidiser and to remove carbon content from stainless steels. It is also 
added to increase an alloy’s hardness.  

Due to titanium’s high chemical resistance and high corrosion resistance, it is 
used for nuclear waste storage. (Choragudi et al. 2010) Titanium oxide is a 



100 
 

bright white coloured powder which is used in many products from paint to 
paper to toothpaste. (Bedinger 2015) 

Titanium is often found in architectural structures due to its high strength. 
Due to its high chemical resistance, titanium jewellery is often found as it is 
suitable for people with allergies. (Nourbakhsh 2012) It is also highly durable. 
Titanium can be oxidised to varying amounts which change the colour of the 
surface, dependent on the oxide thickness and the water content of the film. 
(Fushimi & Habazaki 2008)   

However, titanium is considered a hard to machine material due to its high 
strength and other physical properties, such as its poor thermal conductivity. 
(Zhang et al. 2008) 

5.1.3 Conventional Machining of Titanium 

Conventionally machining titanium and its alloys with either milling or drilling 
is expensive; as with any other hard-to-machine material. With titanium, a 
small increase in cutting speed will lead to a large increase in tool edge 
wear. (Zhang et al. 2008) There is also a fire risk when drilling titanium due 
to the material’s low thermal conductivity; this forces the cutting speed to be 
kept low. Titanium is a poor thermal conductor; during mechanical drilling of 
any metal, heat is generated due to the friction between the two materials. 
With titanium, this heat is concentrated around the cutting edge as the heat 
cannot be effectively dissipated throughout the material. As a result, heat 
builds in the tool, causing high tool wear. (Anonymous 2015) The heat can 
reach such high temperatures in the machining zone that the surface can be 
damaged. (Pramanik 2014) 

Specialised tools are required to machine titanium and its alloys due to the 
high strength properties. (Machado & Wallbank 1990) These specialised 
tools come at a cost. High-speed steels or carbide drill pieces are needed to 
machine titanium; powder metallurgy tools have a more uniform structure 
with more highly controlled properties ensuring longer tool life and allowing 
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higher cutting speeds. (Choragudi et al. 2010) This, however, comes at a 
price as powder metallurgy tools are expensive in comparison to other high-
speed steel drill bits. (Choragudi et al. 2010) 

Carbide drill bits coated with titanium aluminium nitride (TiAlN) are preferred 
for machining titanium at high temperatures as the coating reduces the 
adhesion between the WC+Co powder sintered tool and the workpiece 
material. (Phantom Drills 2016) Aluminium within the coating forms 
aluminium oxide which decreases the chemical diffusion and thermal transfer 
into the tool. (Pramanik 2014) This improves the tool lifetime. Carbide tools 
are also preferred when smaller diameter cutters are necessary, as well as 
for complex geometries. (Asten & Nordberg 2013) 

Titanium also has a strong tendency to alloy and chemically react with the 
cutting tool; this is detrimental to tool life. (Zhang et al. 2008; Pramanik 2014) 
As a result, titanium cannot be drilled using a diamond tool due to high 
corrosion rates of the diamond tool at high cutting speeds. (Cheng & Huo 
2013; Pramanik 2014) As well as this, titanium chips tend to adhere to the 
tools. (Nouari & Makich 2014) 

Titanium machining usually suffers from high tool wear, high machining cost 
and low productivity due to the reasons listed above. In the aero-industry, 
consistency in tool life is of paramount importance to ensure process control 
and the quality of the part produced takes precedent over the cost of 
production (Asten & Nordberg 2013). Titanium also suffers from strain 
hardening; this causes a thin layer of material to harden when pressure is 
applied. (Asten & Nordberg 2013) This makes the surface layer resistant to 
plastic deformation and reduces the ductility of the surface after machining 
but this increases the probability of crack propagation. This is undesirable in 
the aero-industry where monocrystalline materials are commonly used, 
undoing the work of creating the mono-crystal.  
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5.1.4 Non-Conventional Machining of Titanium 

As mentioned above, conventional machining of titanium is expensive and 
slow due to the mechanical properties of the metal. As a result, non-
conventional machining techniques were looked to in order to improve 
machining efficiency and quality, including high-speed machining (HSM), 
electric discharge machining (EDM), laser beam machining (LBM), ultrasonic 
machining (USM), water jet cutting (WJC), as well as ECM. (Manjaiah, S 
Narendranath, et al. 2014; Manjaiah, S. Narendranath, et al. 2014) 

High-speed machining (HSM) is a technique used to increase productivity 
when machining hard-to-machine materials. It utilises a high spindle speed 
along with a high feed rate whilst making shallow cuts. The cutting speed is 5 
to 10 times larger than those used in conventional machining. (Choragudi et 
al. 2010) The surface finish is usually improved by implementing HSM and 
less heat is generated. However, this technique is limited by the tools 
available. Advanced tools are required which are expensive; this increases 
the cost of the technique and the products machined this way. The tools still 
have limited lifetimes as with conventional machining. (Choragudi et al. 
2010)  

Electrical discharge machining (EDM) has been used to machine titanium, 
however, the sparks used to remove material create a heat-affected zone at 
the surface. This is detrimental to the quality of the finished product, 
especially in the production of turbine blades where single crystal of a finely 
tuned nickel metal alloy is commonly used. The introduction of a heat 
affected zone negates some of the benefits of employing the single crystal, 
adding weaknesses back into the material. This can affect the integrity of the 
material. EDM is dependent on the material’s melting point rather than 
hardness. (Marinov 2008) 

The melting point of titanium is very high; this means a high energy input is 
required for thermal removal methods, such as laser beam machining (LBM). 
The microstructure of the material is also affected by the application of 
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intense heat. Laser cutting also introduces a heat affected zone on the 
surface of the machined material. Whilst machining titanium this way is 
possible it is not practical for machining large areas and there are lots of 
safety precautions when using lasers. (Anonymous n.d.) Electron beam 
machining (EBM) is a similar method to LBM but uses a focused beam of 
electrons as opposed to light and must be conducted in a vacuum chamber 
to prevent the electrons colliding with gas particles. (Marinov 2008) 

Ultrasonic machining (USM) is a machining method whereby a tool is 
vibrated at ultrasonic frequencies in close proximity to the workpiece whilst 
an abrasive slurry is passed through the small gap between the tool and the 
workpiece (Choragudi et al. 2010); material removal is facilitated by the use 
of an abrasive slurry which impacts the surface chipping material from the 
surface. The material is removed by micro-chipping. This process is 
advantageous as it is a heat-free process resulting in no heat affected layer 
on the workpiece. (Choragudi et al. 2010) Aspect ratios in USM are limited to 
around 3:1. (Zhang et al. 2008) However, ultrasonic machining suffers from 
high rates of tool wear which can affect machining precision as well as 
increase machining costs. The surface finish of this process is determined by 
the grain size of the abrasive particles but this is usually better than 
conventional twist-drilling. The material removal rate is also lower with USM 
than other methods. (Zhang et al. 2008; Choragudi et al. 2010; Marinov 
2008) 

Water jet cutting (WJC) uses high-pressure, high-velocity water jet to create 
slots in metals or ductile materials. Brittle materials will shatter under the 
force. The nozzle diameter ranges from 1.2 mm to 0.5 mm. The water can 
contain an abrasive particle which reduces cutting forces. (Marinov 2008) 

Electrochemical machining (ECM) is another non-conventional machining 
technique which can successfully be applied to machining titanium. This 
technique is already employed in the shaping of turbine blades in the aero-
industry as the process is a contact-free, heat-free and stress-free technique 
which maintains the properties imparted by creating a single crystal material 
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i.e. high strength and predictable, consistent behaviour. ECM is an attractive 
machining option as machining rates can be high; the machining is not 
dependent on the materials’ mechanical properties and can be machined 
with a softer tool (e.g. a copper tool can be used to machine steel), and the 
workpiece microstructure is unaltered by ECM. (Anonymous n.d.) 

Machining titanium with ECM is more difficult than it is for some other metals 
e.g. steel due to the chemically resistant oxide surface layer, this means a 
high potential is needed to break through passive layer. Voltages are usually 
in excess of 20 V. Highly aggressive electrolytes are also usually used to 
machine Ti, such as hydrofluoric acid, or expensive bromide salts, e.g. 
potassium bromide (KBr) (Bannard 1976) which are more capable of 
breaking through the passive layer than chlorine based electrolytes (Bannard 
1976). Using aggressive, highly corrosive electrolytes brings its own 
difficulties with electrolyte handling and disposal. Care must also be taken to 
prevent corrosion or damage to the ECM system. Chloride salts are 
preferred by most ECM users as it is an inexpensive, easily available 
resource.  

Many alterations have been made to the ECM set up, including the 
application of voltage pulses to improve machining resolution along with the 
reduction of the inter-electrode gap (IEG). Ultrasonic vibrations have also 
been applied to one of the electrodes (usually the tool) during machining. 
This has been used to improve material removal rates and the surface finish. 
There have also been examples where the electrolyte has been pulsed at 
low frequencies (1-40 Hz). (Qu et al. 2013) The authors reported an initial 
increase in machining rates and an initial decrease in surface roughness as 
the frequency of pulses was increased.  

One could attempt to prevent the passive layer forming allowing active 
dissolution of the material through the employment of non-aqueous dry 
electrolytes. This requires strict preparations of the workpiece in an oxygen- 
and moisture-free environment before being transferred to a thoroughly dried 
non-aqueous electrolyte. A high potential can initially be applied to remove 
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the passive layer and the potential subsequently reduced to avoid the 
complex preparation of excluding oxygen and moisture from the 
environment. However, using non-aqueous electrolytes makes electrolyte 
disposal more difficult and costly. The process becomes less environmentally 
friendly too.  

5.1.5 Motivation for the Work 

As titanium is commonly used across a wide range of industries, machining 
is hugely important. The methods currently employed for titanium machining 
are expensive, time-consuming or detrimental to the metal’s properties; 
excluding ECM and USM. As mentioned before USM suffers from low 
material removal rates and so is not suitable for mass production. Machining 
titanium with ECM uses high potentials which require a large amount of 
energy, although this has not deterred its use as a successful machining 
method where other processes have proved unsuitable. 

It was stated by workers at pECM Systems Ltd, that titanium metal could be 
electrochemically machined at 8 V in a NaNO3 electrolyte. Initial experiments 
conducted did not agree with this finding. However, it has been 
demonstrated with other materials how ultrasound can enhance 
electrochemical machining rates and reduce machining potentials required to 
initiate anodic dissolution. (Skoczypiec 2011) This is implemented usually by 
vibrating one of the electrodes at ultrasonic frequencies (> 20 KHz). When 
perturbations are applied to either electrode one can expect some form of 
lateral movement of the electrodes which could decrease machining 
precision. The idea here is to apply the ultrasonic vibrations directly to the 
electrolyte flowing between the tool and the workpiece, rather than to either 
of the electrodes, with the aim to reduce the machining potentials required to 
machine titanium thus reducing the energy consumption of the process as 
well as increasing machining rates. This would make ECM a more favourable 
process for titanium processing and reduce the cost of parts manufactured in 
this way. As ECM is already used for the machining of titanium and its alloys 
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in the aerospace industry there are potential energy and cost savings to be 
achieved.  

5.2 Method 
5.2.1 Preliminary Polarisation Curves in ‘Silent’ Electrolytes 
5.2.1.1 Electrolyte Preparation 

Polarisation experiments were first conducted in ‘silent’ solutions i.e. with no 
external convective forces applied to the cell in sodium chloride (NaCl), 
sodium nitrate (NaNO3) and sodium chlorate (NaClO3) at concentrations of 
0.1, 0.5 and 1.0 M. All salts used for ACS Grade from Sigma Aldrich and 
18.2 MΩ cm-1 water from an ELGA LabWater PURELAB Option-Q water 
purification system. The pH of the solution was adjusted with sodium 
hydroxide and hydrochloric acid or nitric acid depending on which salt was 
involved.  

5.2.1.2 The Cell Set Up 

A standard 3 electrode cell set up was used. The reference electrode was a 
double junction Ag/AgCl glass reference electrode from Sigma Aldrich, the 
counter electrode was a homemade platinum flag electrode and the working 
electrode was a 1 mm diameter titanium wire. The titanium wire was pre-
treated by immersing the end in concentrated nitric acid for 10 seconds and 
rinsing with acetone before drying in a stream of argon gas. The electrolyte 
was heated to the correct temperature by immersing the electrochemical cell 
in a water bath set at the corresponding temperature. 

5.2.1.3 The Polarisation Experiment 

The potential was applied using an IviumStat potentiostat. The potential was 
scanned from -0.5 V to 10.0 V at a scan rate of 5 mV s-1. The counter 
electrode and working electrode were held close together (approx. 5 mm) to 
replicate the ECM process as closely as possible. The electrodes were 
connected to the potentiostat via banana plugs for a good electrical 
connection. Polarisation curves allow the determination of the dissolution 
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potential that would be used on the electrochemical machine. For the 
experiments where the electrolyte was required to have the dissolved oxygen 
in the solution removed, nitrogen gas was bubbled through the electrolyte for 
20 minutes to displace the oxygen.  

5.2.1.4 Experimental Design 

A Taguchi orthogonal array was chosen as the experimental design to 
reduce the number of experiments to be undertaken. An L18 design was used 
where there was 1 factor with 2 levels and 7 factors with 3 levels of which 
only 4 were used. This allowed just 18 polarisation curves to be conducted 
saving resources and time. See Table 5-1 for a detailed plan of experiments. 

Table 5-1: Taguchi Design of Experiments for ‘Silent’ Electrolytes 

Run X1 X2 X3 X4 X5    Level 
1 1 1 1 1 1   1 2 3 
2 1 1 2 2 2 X1 Atmosphere Inert Oxygen - 
3 1 1 3 3 3 X2 Electrolyte NaCl NaNO3 NaClO3 
4 1 2 1 1 2 X3 pH 3 7 12 
5 1 2 2 2 3 X4 Temperature 20 40 60 
6 1 2 3 3 1 X5 Concentration 0.1 0.5 1.0 
7 1 3 1 2 1 
8 1 3 2 3 2 
9 1 3 3 1 3 
10 2 1 1 3 3 
11 2 1 2 1 1 
12 2 1 3 2 2 
13 2 2 1 2 3 
14 2 2 2 3 1 
15 2 2 3 1 2 
16 2 3 1 3 2 
17 2 3 2 1 3 
18 2 3 3 2 1 
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5.2.2 Polarisation Curves with Ultrasonic Vibrations 
5.2.2.1 Electrolyte Preparation 

Having conducted polarisation curves in different electrolytes without the 
application of ultrasonic vibrations to the electrolyte, it was decided only 
experiments in NaCl should be conducted with insonation as NaNO3 and 
NaClO3 are passive electrolytes and titanium also has a strong chemically 
resistant oxide layer which requires an aggressive electrolyte to break 
through the layer. As the currents observed in the silent system were so low 
the concentrations investigated were increased to 1.0, 2.0 or 3.0 M at the 
natural pH of the solution (approximately neutral). All salts used were ACS 
Grade from Sigma Aldrich and made up with 18.2 MΩ cm water from an 
ELGA LabWater PURELAB Option-Q water purification system. 

5.2.2.2 The Cell Setup 

A standard 3 electrode cell set up was used. The reference electrode was a 
double junction Ag/AgCl glass reference electrode from Sigma Aldrich, the 
counter electrode was a homemade platinum flag electrode and the working 
electrode was a 1 mm diameter titanium wire. The titanium wire was pre-
treated by immersing the end in concentrated nitric acid for 10 seconds and 
rinsing with acetone. The whole electrochemical cell was clamped in an 
ultrasonic bath (Skymen JP-031S) so the electrolyte was below the water 
level of the ultrasonic bath. An attempt was made to place the cell in the 
same position in the ultrasonic bath each time to try to reproduce the same 
ultrasonic profile through the electrolyte in each polarisation experiment. 

5.2.2.3 The Polarisation Experiment 

The potential was applied using an IviumStat potentiostat. The potential was 
scanned from +0.5 V to 10.0 V at a scan rate of 5 mV s-1. The counter 
electrode and working electrode were held close together (approx. 5 mm) to 
replicate the ECM process as closely as possible. The electrodes were 
connected to the potentiostat via banana plugs for a good electrical 
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connection. The ultrasound bath was turned on before the potentiostat to 
ensure insonation was applied for the entirety of the experiment. Ultrasonic 
heating occurs within the bath so to keep the experimental temperature 
within ±5 °C of the experimental temperature ice was added to the ultrasonic 
bath water. Polarisation curves allow the determination of the dissolution 
potential that would be used on the electrochemical machine. 

5.2.2.4 Experimental Design 

Having done polarisation curves in a range of electrolytes without the 
application of ultrasonic vibrations a decision was made to only continue with 
NaCl as the other electrolytes were reported to be much more strongly 
passivating. Polarisation curves were conducted in 1.0, 2.0 and 3.0 M NaCl 
to enable higher currents to pass. The experimental design in shown in Table 
5-2.  

Table 5-2 Polarisation Experimental Design with USV applied to the 
NaCl electrolyte 

Experiment No.  Concentration / M  Temperature / deg C 
1 1.0 20.0 
2 1.0 40.0 
3 1.0 60.0 
4 2.0 20.0 
5 2.0 40.0 
6 2.0 60.0 
7 3.0 20.0 
8 3.0 40.0 
9 3.0 60.0 

5.2.3 Chronoamperometry with Ultrasonic Vibrations 
5.2.3.1 Electrolyte Preparation 

1.0, 2.0 and 3.0 M NaCl electrolytes were used for the chronoamperometry 
experiments. All salts used were ACS Grade from Sigma Aldrich and made 
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up with 18.2 MΩ cm water from an ELGA LabWater PURELAB Option-Q 
water purification system. 

5.2.3.2 The Cell Set Up 

A standard 3 electrode cell set up was used. The reference electrode was a 
double junction Ag/AgCl glass reference electrode from Sigma Aldrich, the 
counter electrode was a homemade platinum flag electrode and the working 
electrode was a 1 mm diameter titanium wire. The titanium wire was pre-
treated by immersing the end in concentrated nitric acid for 10 seconds and 
rinsing with acetone. The whole electrochemical cell was clamped in a 
Skymen ultrasonic bath (JP-031S) so the electrolyte was completely below 
the water level of the ultrasonic bath. An attempt was made to place the cell 
in the same position in the ultrasonic bath each time to try to reproduce the 
same ultrasonic profile through the electrolyte. 

5.2.3.3 The Chronoamperometry Experiment 

The constant potential was applied using an IviumStat potentiostat for 40 
minutes. The counter electrode and working electrode were held close 
together (approx. 5 mm) to replicate the ECM process as closely as possible. 
The electrodes were connected to the potentiostat via banana plugs for a 
good electrical connection. The ultrasound bath was turned on before the 
potentiostat to ensure insonation was applied for the entirety of the 
experiment. Ultrasonic heating occurs within the bath so to keep the 
experimental temperature within ±5 °C of the experimental temperature ice 
was added to the ultrasonic bath water as the ultrasonic bath available did 
not have an inbuilt cooling system. The change in mass was recorded to be 
able to calculate the average material removal rate over the time of the 
experiment. 

5.2.3.4 Experimental Design 

A full factorial set of experiments was used for this as there were only 3 
factors with 3 levels, totalling just 27 experiments. The temperature was 
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varied between 20, 40 and 60 °C; concentration varied between 1.0, 2.0 and 
3.0 M and the potential was varied between 9.0, 9.5 and 10.0 V, see Table 5-
3 below.  

Table 5-3 Chronoamperometry experimental plan 

Experiment No.  Temperature / deg C Concentration / M Potential / V 
1 20.0 1.0 10.0 
2 20.0 1.0 9.5 
3 20.0 1.0 9.0 
4 20.0 2.0 10.0 
5 20.0 2.0 9.5 
6 20.0 2.0 9.0 
7 20.0 3.0 10.0 
8 20.0 3.0 9.5 
9 20.0 3.0 9.0 

10 40.0 1.0 10.0 
11 40.0 1.0 9.5 
12 40.0 1.0 9.0 
13 40.0 2.0 10.0 
14 40.0 2.0 9.5 
15 40.0 2.0 9.0 
16 40.0 3.0 10.0 
17 40.0 3.0 9.5 
18 40.0 3.0 9.0 
19 60.0 1.0 10.0 
20 60.0 1.0 9.5 
21 60.0 1.0 9.0 
22 60.0 2.0 10.0 
23 60.0 2.0 9.5 
24 60.0 2.0 9.0 
25 60.0 3.0 10.0 
26 60.0 3.0 9.5 
27 60.0 3.0 9.0 

5.3 Results and Discussion 
5.3.1 Polarisation Curves in ‘Silent’ Electrolytes 

Expectations for titanium dissolution using the IviumStat potentiostat were 
low as the maximum applied voltage the potentiostat could reach was 10.0 
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V. This was considerably below all potentials reported for titanium machining 
with ECM. A high potential (usually > 20 V) is required to break down the 
strongly passivating oxide layer which protects titanium from corrosion and 
makes it such a popular material choice across many industries. Additionally, 
a quiescent electrolyte was used in these experiments. This means there 
was no external or applied convection to the solution meaning the reaction 
products could build up at the electrode surface limiting the current that can 
be passed. 

Titanium forms a protective oxide surface layer upon contact with air or  
water, this in combination with a passive electrolyte such as sodium nitrate or 
sodium chlorate leads to a situation which requires high voltages to cause 
anodic dissolution (>> 10 V). Figure 5-1 and Figure 5-2 show polarisation 
curves conducted in NaNO3 and NaClO3 respectively. The current passed in 
all cases in very low, all below 3.5 mA but the majority of the experiments 
exhibited currents below 1.5 mA. The concentration, temperature, pH and 
the oxygen content was altered across these experiments; the dissolved 
oxygen content was altered by degassing the electrolyte before the 
commencement of the polarisation experiment which displaces the oxygen 
with nitrogen. There is an anomaly seen in Figure 5-1, experiment 4 where a 
peak is seen at approximately 6 V; experiment 4 was conducted in 0.5 M 
NaNO3, pH 3 at 20 °C which had been degassed. There is no clear reason 
as to why this one experiment differed to the others which showed current 
profiles which rose linearly with the applied potential.  

Although the current response was low, there was evidence of some reaction 
taking place. The titanium surface changed colour during the polarisation 
experiment. The natural Ti surface was a dull silver colour but at the end of 
the polarisation experiment for all salts, the surface became a pale purple 
colour. Fushimi et al (Fushimi & Habazaki 2008) observed the oxide layer 
changed colour in an ethylene glycol solution depending on the water 
content. With high water content, the passive film was violet in colour. This 
correlates well with the results observed here as the electrolyte is a purely  
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Figure 5-1 Polarisation Curves of titanium in NaNO3, scan rate 5 mV s-1, 
legend number relate to experiment number from Table 5-1 

 
Figure 5-2 Polarisation Curves of Titanium in NaClO3, scan rate 5 mV s-
1, legend number relate to experiment number from Table 5-1 
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Figure 5-3 Polarisation Curves of Titanium in NaCl, scan rate 5 mV s-1, 
legend number relate to experiment number from Table 5-1 

aqueous solution. The violet colour relates to the formation of Ti3+ ions, which 
is the most stable ion of titanium. 

The current response in NaCl is very similar to that of the passive 
electrolytes although there is a sharp peak between 8 and 10 V for the 
experiments conducted with 1.0 M NaCl at 60 °C which is shown in Figure 
5-3. There was still no evidence of anodic dissolution when examining the 
sample after the experiment.  

Changing the salt, the concentration, pH, temperature and oxygen content in 
the electrolyte did not affect the results. All tests resulted in a passive layer 
formation and did not facilitate anodic dissolution over the voltage range 
tested due to the resistant passive layer on the titanium surface. 
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5.3.2 Polarisation Curves with Ultrasonic Vibrations 

As polarisation curves in a ‘silent’ electrolyte proved unsuccessful for the 
anodic dissolution of titanium, ultrasonic vibrations (USV) applied to the 
electrolyte were investigated.  

The effect of the USVs is two-fold; firstly the vibrations increase the transport 
of ions to and from the electrode surface which in turn should increase the 
current which is passed. Secondly, USVs within a liquid cause cavitation 
bubbles (Walton 2002). These bubbles can “form micro-jets that impinge 
towards the surface” (Walton 2002), removing debris. Yeager (Yeager 1953) 
stated USVs could be used to strip “irreversibly adsorbed materials on the 
electrode surface which would otherwise reduce the active surface area of 
the electrode”. (Yeager 1953) This effect is also utilised in ultrasonic cleaners 
commonly used to clean delicate pieces of jewellery.  

It was hypothesised the USVs could remove the corrosion resistant oxide 
layer on the Ti surface, exposing the active metal underneath (Vian et al. 
2010) in order to facilitate anodic dissolution at potentials obtainable with the 
equipment available at Brunel University, as well as reducing the energy 
consumption of the process. USV have been known to reduce the potentials 
needed for constant-current electrolysis cases. (Walton 2002) 

A decision was made to use sodium chloride as the electrolyte after the 
polarisation curves in silent electrolytes, due to the presence of the 
aggressive chloride ion which would help break down or prevent the 
reformation of the passive oxide layer at such high rates. Sodium nitrate has 
a tendency to form passive layers on materials. This is good for resolution 
purposes but it is not ideal to use with materials which already have their 
own tendency to form passive, corrosion-resistant layers. The same can be 
said for sodium chlorate. 

As the currents recorded in the silent polarisation experiments were so low, a 
decision was made to increase the concentrations of the NaCl electrolyte to 
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be studied. This would allow higher currents to be passed and, as a result, 
higher MRR would be achieved.  

The polarisation curves were conducted to determine the activation potential 
for the anodic dissolution of Ti in the various concentrations of aqueous NaCl 
electrolytes. As such, only 9 experiments, repeated 3 times each, were 
conducted, as shown in Table 5-2.  

The initial polarisation curves with the addition of USV to the electrolyte are 
very encouraging. Using a concentration of only 1.0 M NaCl, the current was 
seen to pass at potentials in excess of 8.0 V vs Ag/AgCl whereas no current 
was passed at this potential when USV were not applied, as can be seen in 
Figure 5-4. Comparing the two polarisation curves in 1.0 M NaCl in Figure 
5-4, the current is higher in the range 3.0-7.0 V vs Ag/AgCl for the 
experiments where no USVs were applied. This is likely to be due to the 
formation of an oxide layer which is unable to form when ultrasound is 
applied to the electrolyte. When the USVs were applied, the concentrations 
of the active material in the electrolyte were not able to reach values high 
enough to cause considerable oxidation. This is because the USVs assist the 
transport of species in the electrolyte, both to and from the electrode surface. 
In this case, the oxidising species are carried away from the electrode 
surface with ultrasonic vibrations. 

Beyond 7.0 V vs Ag/AgCl, active dissolution of titanium is seen in the 
experiment conducted with USVs, as can be seen by the passage of current 
in Figure 5-4. The addition of insonation prevents the protective oxide layer 
from forming on the titanium surface, exposing the active metal which 
facilitates anodic dissolution. The insonation also increases the transport of 
reaction products from the electrode surface into the bulk solution, as well as 
increasing the transport of material from the bulk to the electrode surface.  

Increasing the concentration should allow a higher current to be facilitated at 
any given time, increasing the material removal rate. Figure 5-5 shows the 
polarisation curves of titanium with the addition of USV at 20 °C at various 
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concentrations. It is clear to see how the current, and therefore the charge 
passed during the course of the experiment increases with increasing 
electrolyte concentration. This behaviour was observed across all 
temperatures.  

 
Figure 5-4 Polarisation Curves of Titanium in 1.0 M NaCl with (red) and 
without (blue) ultrasonic vibrations of the electrolyte at 60 °C at a scan 
rate of 5 mV s-1.  (Leese & Ivanov 2016a) 

Increasing the temperature should also have the same overall effect as 
increasing the concentration would; the material removal can be expected to 
increase with an increase in temperature due to the improved diffusion rates. 
This can be seen in Figure 5-6, which shows the effect of temperature using 
2.0 M NaCl as the electrolyte. Again this effect was seen across the other 
concentrations investigated.  
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Figure 5-5 Polarisation Curves with USV of Titanium at 20 °C at various 
concentrations, scan rate 5 mV s-1 with natural oxygen levels 

 
Figure 5-6 Polarisation curves with USV of titanium in 2.0 M NaCl at 
various temperatures, scan rate 5 mV s-1 with natural oxygen levels 
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Controlling the temperature of the electrolyte whilst USV are applied is 
difficult due to the natural heating phenomenon of cavitation and the 
turbulence and friction induced in the liquid by the mechanical oscillations. 
The heating was less obvious at higher temperatures, with temperatures 
increasing by ten degrees at the lowest temperature (20 °C) if no measures 
were taken to prevent this. The water in the ultrasound bath was refreshed 
periodically with cool water or ice to keep the temperature more stable.  

Whilst the addition of USVs to the electrolyte has increased the current which 
passes during the experiment, the current observed is still low in comparison 
to those needed for macro-scale ECM. As such, this addition may be suitable 
for micro-ECM in its existing form.  

5.3.3 Chronoamperometry with Ultrasonic Vibrations 

Chronoamperometry experiments were conducted at several fixed potentials, 
determined by the polarisation experiments with USVs. The potentials 
studies were 9.0, 9.5 and 10.0 V. The potential was applied for 40 minutes 
(2400 s) which allowed some dissolution but not the total dissolution of the 1 
mm diameter Ti wire. This permitted the MRR at each potential to be 
calculated.  

Higher machining rates are preferable in manufacturing processes as the 
cost per part is reduced due to the decreased time required to produce each 
product. As such, the chosen voltage for the anodic dissolution of titanium 
should facilitate high MRRs. Alongside this, the potential should also enable 
high precision machining to take place. With ECM, a higher voltage usually 
results in a higher MRR up to a particular potential, dependent on workpiece 
and electrolyte choices; but a higher voltage also produces a larger overcut; 
so a compromise is usually made which balances an acceptable machining 
rate with an acceptable machining precision.  

The first 100 s of the data should be dismissed as the electrodes were 
inserted into the electrolyte after the USVs and the potential had been 



120 
 

applied, as such there is a period of time where the electrodes are either not 
in the electrolyte or are being moved around making any current feedback 
unreliable during this period.  

Very little mass change in the titanium samples was observed for any of the 
chronoamperometry tests conducted at 20 °C irrespective of the potential 
applied or the concentration used. This was expected as the current passed 
during the experiment was very low, as can be seen in Figure 5-7. The 
current remains below 0.2 A for the majority of the time period, apart from 
during experiment run 3 between 200 and 300 seconds which peaks at 0.90 
A. This result is unexpected as the highest current is seen with the lowest 
concentration and potential used. However, this does not correspond with 
the change in mass observed with only a change of 0.0007 g recorded for 
this run. As the mass change is so low, the high current peak is likely to be 
caused by a pit formation and consequent oxidation of the surface. The 
surface after the chronoamperometry experiment is shown in Figure 5-8; it 
shows only minimal corrosion but there is evidence of pitting.  

The highest mass change at 20 °C was seen using 3.0 M NaCl at 10.0 V 
which corresponds well with the chronoamperometry results shown in Figure 
5-7; experiment number 7 has the highest overall current across the time 
period resulting in the largest amount of material removal. The titanium 
sample after this chronoamperometry experiment can be seen in Figure 5-9. 
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Figure 5-7 Chronoamperometry experiments of titanium in various 
concentration of NaCl at various applied potentials at 20 °C with USV 
(No. 1-3 1.0 M NaCl, No. 4-6 2.0 M NaCl, No. 7-9 3.0 M NaCl; No. 1, 4 and 
7 at 10.0 V, No. 2, 5 and 8 at 9.5 V and No. 3, 6 and 9 at 9.0 V)  

 
Figure 5-8 SEM image of titanium after chronoamperometry experiment 
in 1.0 M NaCl at 9.0 V 
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Figure 5-9 SEM image of titanium after chronoamperometry experiment 
in 3.0 M NaCl at 10.0 V 

 
Figure 5-10 Chronoamperometry experiments of titanium in various 
concentrations of NaCl at various applied potentials at 60 °C with USV 
(No. 19-21 1.0 M NaCl, No. 22-24 2.0 M NaCl, No. 25-27 3.0 M NaCl; No. 
19, 22 and 25 at 10.0 V, No. 20, 23 and 26 at 9.5 V and No. 21, 24 and 27 
at 9.0 V) 
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As the temperature was increased the observed current also increased; the 
chronoamperometry results conducted at 60 °C are shown in Figure 5-10. 
This is expected as a higher temperature increases the ion mobility of 
species in the electrolyte which increases the conductivity of the electrolyte 
resulting in higher currents.   

The highest mass change across the whole set of chronoamperometry 
experiments was observed using the highest concentration, temperature and 
potential as predicted. Increasing the electrolyte concentration increases the 
availability of active ions in the solution which facilitate the anodic dissolution 
of titanium. Increasing the temperature, as previously discussed, increases 
the mobility of the ionic species in solution. It also decreases the electrolyte 
viscosity which affects the mobility rate further. A higher potential facilitates a 
higher current when other variables remain the same to maintain the current-
potential relationship V = IR.  

If this were to be transferred to an ECM machine for testing, a 3.0 M NaCl 
electrolyte would be chosen at a potential of 10.0 V initially although this may 
be reduced to 9.0 V to improve resolution at the expense of MRR.  

5.4 Conclusion 
Titanium is an important manufacturing material due to its favourable 
properties. However, titanium is difficult to machine both conventionally and 
non-conventionally using ECM; due to its hardness and poor thermal 
conductivity and its chemical stability respectively. 

It has been demonstrated in this thesis that the addition of USVs can reduce 
the dissolution potential of titanium in NaCl electrolytes at various 
temperatures and concentrations from over 10 V to 9.0 V. The USVs are 
thought to impinge on the metal surface, removing the passive oxide layer 
exposing the active metal surface to allow anodic dissolution at low applied 
potentials.  
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The highest removal rate was seen when using a concentration of 3.0 M 
NaCl with an applied potential of 10.0 V vs Ag/AgCl at 60 °C. 

5.5 Further Work 
The experimental set up of this work somewhat limited the results as to the 
applicability of the process to ECM as the IEG maintained in this work is 
much larger than those used in ECM. However, this work provides general 
conclusions to the electrochemical behaviour of titanium during anodic 
dissolution with insonation. As such, further work should be conducted on a 
real ECM set up with an ultrasonic nozzle delivering the electrolyte to the 
IEG.  

Given more time and resources, it would also be favourable to model the 
process computationally to observe the effects of the USVs on the titanium 
surface during anodic dissolution to confirm whether the oxide layer is 
removed by cavitation.  
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Chapter 6 – Electrochemical Production of Hypodermic 
Needle Tips 

6.1 Introduction 
6.1.1 History of the Needle 

The invention of the needle has been one of the most significant 
breakthroughs in medical science. The first documented use of a needle was 
during the 10th century by `Ammar ibn `Ali al-Mawsili, who is said to have 
removed a cataract from an eye via suction through a glass tube (Savage-
Smith 2000). This technique was used until the 13th century to remove fluids 
from the body, but no evidence remains to suggest needles were used to 
inject anything into the body (Anonymous 2014b). Sir Christopher Wren 
created a crude ‘needle’; he attached a pig’s bladder to a goose feather quill 
which could be inserted into veins to administer drugs directly into the blood 
stream. He injected dogs with opium. (Anonymous 2014b) 

In 1844 a needle close to the current understanding of a needle was created. 
Francis Rynd created a hollow steel needle which he used to inject drugs just 
under the skin. (Anonymous 2014b) However, Alexander Wood was 
recognised as the inventor of the hypodermic needle in 1953, although 
French scientist, Charles Pravaz, also reported a similar needle around the 
same time which was used to administer an anticoagulant into sheep to stem 
bleeding. Alexander Wood’s needle was the first reported needle which 
included a syringe. 

Needles were most commonly used to inject morphine as few other drugs 
were injectable at the time (less than 2% of drugs in 1905). However, the 
discovery of insulin in 1921 created a new market for hypodermic needles. In 
1946 the Chance Brothers began mass producing a glass syringe with inter-
changeable parts. (Anonymous 2014b) After issues with sterilisation, 
disposable plastic syringes were soon realised and a patent was filed by 
Colin Murdoch. The basic design of a needle has not changed too much 
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since.  The syringe and injection needle manufacturing market is expected to 
grow 6.6 % between 2014 and 2018 (Anonymous 2014a).  

6.1.2 Current Production Methods 

The tubes for needles are predominantly made via a process known as tube 
drawing where a steel tube is drawn through increasingly smaller dies until 
the desired diameter is reached; the outer diameter is usually below 0.66 cm 
(0.259 in). (Vita Needle Company n.d.) Once the tubes are cut into the 
correct lengths, the tip is bevelled via precise mechanical grinding. This 
process is very quick (on the scale of seconds) but grinding needles creates 
burrs and small grooves on the surface as shown in Figure 6-1a. These are 
undesirable and add to the pain felt by the patient upon injection.  The 
surface roughness is dictated by the grade of abrasive particle size on the 
sanding belt.   

 
Figure 6-1 a) SEM image of a B. Braun 25G x 5/8” Long Bevel Sterican® 
Hypodermic Needle  b) SEM image of a Becton Dickinson and Company 
25G 1 1/2 PrecisionGlide Needle  

The sharpness of the tip and the surface roughness are major factors in the 
pain felt by the patient. A sharper tip means less force is needed to penetrate 
the skin and a smoother surface finish decreases the friction between the 
needle and the skin.  One method which needle manufacturers employ to the 
decrease the surface friction is through the application of a silicon based 
coating on the needle tip (B.Braun 2002) as can be seen in Figure 6-1b.  

a b 
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The design of the needle is important for reducing the insertion force 
required to penetrate the skin. A study has been conducted which examines 
the importance of the inclination and rake angles of the needle tip (Wang et 
al. 2013). This is beyond the scope of this study where the aim is to improve 
the surface finish of the initial cut of a needle tip of a given design in order to 
decrease the force needed to insert the needle through the skin. The initial 
cut is only investigated as the ECM machine at Brunel University was built in-
house and does not have a controllable C-axis necessary for accurate 
replication between needles. This first cut is known as a ‘bias bevel’. (Wang 
et al. 2013) Nor was there time to complete iterative tool designs to create a 
complete needle with just one step.  

Current needle sharpening is limited to grinding, a process which only 
creates flat surfaces. ECM has the potential ability to create 3D sharpening 
which can be adjusted depending on the needle’s application which could 
create a needle built to further reduce penetration forces depending on the 
biophysical requirements. 

6.1.3 Motivation for the work 

Brunel University was approached by Sarix SA to begin trials for ECM as a 
sharpening method for needles. The idea being that ECM could produce a 
high quality needle with a high surface finish with one step, as supposed to 
grinding where 4 steps are needed to form the correct tip geometry. (Wang 
et al. 2013) In some cases a fifth step is also included where the needle is 
coated with silicon to reduce the surface friction.  

Electrochemical machining is a stress-free machining process which 
replicates the shape and surface finish of the tool being used. If the tool 
surface used to create the bevelled edge at the tip is mirror-finished then the 
bevelled edge would also be mirror-finished after machining. Not only that, 
there would only be the need for one manufacturing step once the tool 
design was complete.  
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As previously mentioned, this study will only focus on the bias bevel due to 
time restrictions preventing iterative tool design. The aim is to create a high 
quality machined surface which would be an improvement on the surface 
finish created by grinding.  

6.2 Method  
Nickel chromium steel tubes were sent from Sarix SA. The tubes’ external 
diameter was 400 µm. The machining time and finished product quality were 
crucial outputs in the manufacturing process which had to be competitive 
with current processing times. Due to the limited number of 400 µm diameter 
tubes sent the number of tests carried out on these was restricted. Instead 
the majority of experiments were conducted with 600 µm tubes of the same 
material. Since the initial tests were observing how the material reacted with 
different electrolytes this variance in diameter was not a crucial factor as one 
would expect the material to react in the same way, regardless of dimension.  

6.2.1 Polarisation Curves  

Firstly, polarisation curves were conducted on the NiCr steel tubes which 
would be used for the needles. This would determine a suitable electrolyte 
and concentration to be used for machining NiCr steel.  

6.2.1.1 Attaching Steel Tubes to Copper Wire 

The steel tubes were attached to copper wire via silver loaded epoxy (Circuit 
Works) and cured in an oven at 55 °C for ten minutes. The insulated copper 
wire attached to the NiCr steel tube provided an easy electrical connection to 
the potentiostat. 

6.2.1.2 Cell Set Up 

A three electrode cell was used  containing a homemade platinum flag 
counter electrode, a Sigma Aldrich double junction silver/silver chloride 
reference electrode and the NiCr tube connected to an insulated copper wire 
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with silver loaded epoxy was used as the working electrode. Care was taken 
when inserting the working electrode into the electrolyte to ensure the silver 
epoxy remained above the electrolyte level. This was to avoid mixed 
potentials and prevent the needle becoming prematurely unattached. The 
needle was inserted approximately 1 cm into the electrolyte solution. This 
was to ensure the current recorded could be compared from one run to 
another. The solution was not subjected to any external convection forces.  

The working electrode was kept in close proximity to the counter electrode 
(approx. 2 mm) in an attempt to emulate a set up typically used in ECM.  

6.2.1.3 The Polarisation Experiment 

The polarisation experiment allows the machining potential and a suitable 
electrolyte to be determined for the NiCr steel used. Polarisation curves were 
conducted by scanning the potential between -0.5 V and 10.0 V at a scan 
rate of 50 mV s-1. Five different electrolytes were used; these were sodium 
chloride (NaCl), sodium bromide (NaBr), sodium nitrate (NaNO3), sodium 
chlorate (NaClO4) and sodium hydroxide (NaOH). A polarisation curve was 
conducted with each different electrolyte at 5 different concentrations (0.5, 
1.1, 1.7, 2.3 and 3.0 M).  The surface finish was compared using an SEM 
microscope (JOEL 6000), although the surface finish would likely be different 
under real ECM applications due to the reduced inter-electrode gap in ECM 
compared with the electrode separation achieved in the polarisation 
experiments.   

6.2.2 Chronoamperometry 

After analysis of the polarisation curves chronoamperometry experiments 
were conducted. Chronoamperometry examines how the current response 
changes over time with an applied potential.  
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6.2.2.1 The Cell Set Up 

The cell set up for the chronoamperometry experiments was the same three 
electrode set up as used for the polarisation experiments.  

6.2.2.2 The Chronoamperometry experiment 

Three potentials for each electrolyte (excluding NaOH) were examined. 
Significant potentials were observed from the polarisation curve for the 
lowest concentration of each electrolyte. The first potential was the potential 
during the polarisation curve where current first began to flow. The second 
potential was taken from the linear region between the first defined potential 
and the current plateau region. The third potential was taken from the onset 
of the current plateau. If the needle had begun to dissolve before the plateau 
could be reached the potential at the peak was taken as the highest third 
potential. See Table 6-1 for the potentials used for each electrolyte.  

The length of time the potential was applied for varied between 30 s to 600 s 
(30, 240, 420 and 600 s).  

Table 6-1 Potentials investigated during chronoamperometry 
experiments for each electrolyte 

  Vmin Vmid Vmax 
NaCl 0.50 4.00 8.00 

NaNO3 1.20 4.50 8.50 
NaClO3 1.25 5.00 7.25 
NaBr 0.40 4.00 7.50 

Images were again taken with the SEM to observe the surface finish. This 
allowed a direct comparison of the surface quality produced at different 
potentials over the same time period and between electrolytes. It also 
allowed the study of the change of surface quality over time as different time 
periods were used for each electrolyte and concentration.  
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Using the results from the polarisation and chronoamperometry experiments, 
an electrolyte and suitable machining potential was defined which could be 
used on the electrochemical machine at Brunel University.  

6.2.3 Tool Design 

The required angle of the bevel cut was 15 ° from the z-axis, see Figure 6-2 
for a visual representation.  

 
Figure 6-2 Angle of the Bias Bevel Cut 

The ECM machine only has a controllable z-axis during machining which 
limited the tool design; the angle had to be incorporated into the tool design. 
If other axes had been controllable during machining, one could have utilised 
this by moving along a vector in the yz-plane of the machine to create the 
desired angle. 

The first design was very simple; a copper rod (1 cm diameter) was 
mechanically ground and polished to a 15 ° angle from the z-axis, see Figure 
6-3, to create a highly polished flat surface that could replicate the surface 
finish and angle onto the NiCr steel tube to create the bias cut.   
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Figure 6-3 A) Initial 3D Tool Design B) Initial Tool Design Outline with 
Dimensions (not to scale) 

As testing commenced, issues were highlighted with the design. The large 
flat area created an overcut on the needles causing poor shape replication 
regardless of applied potential, pulse width or electrolyte concentration. It 
became clear that to continue the study successfully an alternate tool design 
needed to be used.  

The solution had to be something which could easily be transferred from a 
research environment to industry. Insulating the needle did not seem 
practical if the process were to be scaled to industrial sizes so to reduce 
overcut, a tool was designed which would decrease the area of the tool 
which would be in close proximity to the work piece (the NiCr steel tube) 
during machining, see Figure 6-4.  The angle remained the same as the 
initial design (15°) with the addition of thin struts protruding from the flat 
angled surface. Five struts were placed across the surface, 2 struts each 200 
µm in width, 2 struts each 300 µm in width and 1 strut 400 µm in width. Each 
strut was separated by a distance of 1.35 mm which allowed them to be 
spaced evenly across the whole structure whilst being a large enough 
distance to prevent interaction with the adjacent strut during machining.  

A B 
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Figure 6-4 Modified & Final Tool Design 

6.2.4 Electrochemical Machining Experiments 
6.2.4.1 Design of Experiments 

Four machining parameters were to be investigated; the electrolyte pump 
frequency (i.e. electrolyte flow rate), the IEG, the feed rate in the z-axis and 
the voltage will be optimised. Although the polarisation and 
chronoamperometry experiments have investigated the voltage, the IEG in a 
real machining situation is much smaller than can be achieved in the initial 
testing in an electrochemical cell. As such the voltage determined will be 
used as a guide. 

For the electrochemical machining experiments, an ECM machine at pECM 
Systems Ltd was used. The machine was an ‘Impulse ECM’ machine 
manufactured at pECM Systems Ltd. The machine is more powerful and 
reliable than the machine built in-house at Brunel University with the ability to 
apply a constant feed rate as supposed to one based on the current 
feedback during machining, such as adaptive feed rate, where the feed rate 

400 μm 
300 μm  
  200 μm  
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is constantly changed throughout machining based on the number of time 
the ‘over-current protection’ system is triggered. For example, if the initial 
feed rate, set by the machine, triggers the over-current protection system 
several times in quick succession the feed rate will be reduced gradually until 
the protection system is no longer triggered. Whilst this protects the tool and 
the work piece from damage caused by sparks, reproducibility cannot be 
achieved from one run to the next.  

6.2.4.2 Electrochemical Machine Set Up 

The steel tube work piece was held in a V-block with a plastic block, 
connected to the positive terminal of the ECM machine. The tool was held on 
the z-axis connected to the negative terminal. The tool was positioned so 
one of the struts was central to the work piece in the x-axis but behind the 
work piece in the y-axis as seen in both Figure 6-5 and Figure 6-6. The 
alignment of the tool with the steel tube was done by eye so some 
misalignment is inevitable although the x-axis was not moved between each 
run so as to maintain some reproducibility in the experiments.  

 
Figure 6-5 Electrode set up for needle machining 
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Figure 6-6 3D Model of the Electrode Set Up During Electrochemical 
Machining Needles 

A multi-meter was used to determine when contact had been made between 
the electrodes, the tool was then moved a set distance away from the work 
piece in the z-axis to set the IEG. This position was defined as the starting 
position. With the start position defined, machining could commence. The 
bevel length is an important factor when forming the needle. The bevel must 
pass through the cylinder completely, leaving a level surface. To ensure the 
bevel length is correct, the z-axis must move a minimum distance. For a 600 
µm tube, the z-axis must descend a minimum of 2.24 mm; see Equation 18 
or Figure 6-7 for a visual representation.  

= .  = .                   (18) 
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Figure 6-7 Calculation for Minimum z-axis Machining Length 

After the newly formed needle was removed from the ECM, the needles were 
washed in an ultrasonic bath (Skymen JP-030S) for 10 seconds filled with 
purified water to remove any salt residue from the surface. The needles were 
then rinsed with acetone and dried in a stream of nitrogen gas.  

6.2.4.3 Analysis of Results 

There are several important factors to consider when machining a needle; 
the surface roughness of the machined surface, the machining precision and 
accuracy and the machining time per needle.  

The aim was to produce a high quality machined needle surface within a time 
competitive to the current grinding methods. It was crucial the machined 
surface produced was planar with no rounded edges. The surface also has 
to be of lower surface roughness than produced through grinding. This is of 
paramount importance; if ECM does not improve the quality of the final 
product there is little incentive for the process to be changed from its current 
methods. Equally, if the time taken to machine a single needle is not 
competitive with grinding times the cost per needle would increase, which 
would be a disincentive for switching production methods.  

The surface roughness was visually observed with high-magnification 
scanning electron microscopy (SEM) images. The shape of the bias bevel 
was also observed visually with SEM images and optical microscope images. 
The machining time of each needle was recorded. The machining was 
defined as finished when the z-axis had moved 1.5 mm.  
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6.3 Results and Discussion 
6.3.1 Polarisation Curves 

A total of 25 polarisation experiments were conducted; 5 electrolytes at 5 
different concentrations which were repeated twice. Only 2 repetitions were 
conducted due to the limited materials available but more repetitions would 
have been more favourable. An attempt was made to insert the work piece to 
the same depth for each run but this was done by eye so some 
discrepancies are unavoidable.   

As expected, for each electrolyte, as the concentration increased the 
maximum current observed also increased, unless the surface area of the 
needle decreased due to dissolution; in which case a drop in current was 
observed, as seen with sodium chloride in Figure 6-8. This is because there 
are more ions available in the solution to carry the charge. An increase in 
concentration reduces the electrical resistance of the electrolyte, allowing a 

 
Figure 6-8 Graph Showing the Effect Concentration has on Maximum 
Current Passed During a Polarisation Experiment 
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higher current to be passed. See Figure 6-8 for a graphical representation of 
how concentration affected the maximum observed current for the 
electrolytes investigated. 

Sodium hydroxide shows the highest current across the selection of 
electrolytes investigated. With the maximum current being the highest for 
sodium hydroxide, one would expect the removal rate to be highest. 
However, when the tubes were examined with a scanning electron 
microscope (SEM) no anodic dissolution had occurred, see Figure 6-9. One 
can assign the current to the evolution of oxygen at the work piece surface 
rather than anodic dissolution. This observation allowed sodium hydroxide to 
be excluded as a suitable electrolyte for anodic dissolution of nickel 
chromium steel used for the metal shaft of hypodermic needles. It may be 
possible to anodically dissolve the NiCr steel with NaOH but at a much 
higher potential than is achievable with the IviumStat potentiostat. 

 
Figure 6-9 SEM image (27x Magnification) of NiCr Steel Tube after 
Polarisation Experiment in 3.0 M Sodium Hydroxide 

The 4 other salt electrolytes successfully facilitated the anodic dissolution of 
the nickel chromium steel, albeit at different rates.  
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Polarisation curves in sodium chlorate produced the lowest current over the 
range of concentrations studied.  This resulted in low material removal 
compared to the other electrolytes. SEM images confirm this and appear to 
show inter-granular attack, see Figure 6-10. The white material on the right 
hand side of the image in Figure 6-10 is salt. As NaClO3 is known to be a 
passive electrolyte, it is possible to assume the salt was electrochemically 
formed. These salt films are formed because the rate of transport of 
dissolving metal ions into the bulk electrolyte is rate limiting. (Lohrengel et al. 
2003) Whilst salt films can reduce machining overcut the films significantly 
reduce the machining rates and increase the machining potential.  

 
Figure 6-10 SEM Image (150x Magnification) of NiCr Steel Tube after 
Polarisation Experiment in 1.1 M NaClO3 

Polarisation Curves in sodium bromide show a linear increase in maximum 
current over the concentration range. This is the expected trend. Sodium 
bromide is an electrolyte which facilitates active dissolution due to the 
presence of the aggressive anion bromide. (Bhattacharyya et al. 2004) One 
problem with aggressive anions is that they can cause pitting rather than 
even dissolution across the work piece. Chloride ions can penetrate the 
protective oxide film present on stainless steels which can initiate pitting. 
Pitting can also occur due to selective dissolution of one component. At low 
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concentrations, pitting did occur on the NiCr steel tubes, as seen in Figure 
6-11. The surface is not evenly machined; there has been selective attack 
which has resulted in a rough surface finish. As the concentration of NaBr 
was increased, the surface finish improved, see Figure 6-12. This is because 
the dissolution is more complete with a higher concentration due to the 
higher current which can be passed through the cell.  

Sodium chloride is one of the most commonly used salts for electrochemical 
machining as it is inexpensive and safe to use. Sodium chloride is a non-
passive electrolyte, like sodium bromide, so one would expect to see active 
dissolution. The maximum current initially increased as concentration was 
increased but beyond 1.7 M the maximum current began to decrease. One 
would suggest that there is selective dissolution at the region where the 
needle crosses the air-electrolyte interface; this caused a small amount of 
material to be removed without undergoing anodic dissolution itself. This has 
been observed before by several authors (Wu et al. 2013; Lim & Kim 2001; 
Lim et al. 2003). This was explained by reaction products building at the 
electrode surface, these particles at the electrode are ‘dragged down’ by 
gravity causing a thickening of the surface layer at the electrode tip. This 
thinning of the surface layer at the electrolyte-air interface in comparison to 
the tip allows higher dissolution rates in comparison to the rest of the 
electrode, which causes the lower electrode portion to fall away before being 
electrochemically removed. Also, the electrode near the air-electrolyte 
interface is less likely to experience bubble formation as the oxygen can 
diffuse to the electrolyte surface and into the atmosphere easily. This means 
there are no bubbles which block the electrode surface. 

Figure 6-13 shows an SEM image of the steel tube after polarisation in 3.0 M 
NaCl, it shows the typical taper shape associated with enhanced dissolution 
at the electrolyte-air interface. The surface is also highly polished towards 
the tip but shows some pitting corrosion to the left of the image.  

Another commonly used electrolyte in ECM is sodium nitrate. Sodium nitrate, 
like sodium chlorate, is a passive electrolyte so one would expect a 
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protective layer to form on the work piece surface; this is evident in Figure 
6-14. It also demonstrates how a passive electrolyte can enhance machining 
precision, as seen by the flat, taper-less cut, with no stray machining. 

 
Figure 6-11 SEM (27x Magnification) of NiCr Steel Tube after 
Polarisation Experiment in 0.5 M NaBr 

 
Figure 6-12 SEM (27x Magnification) of NiCr Steel Tube after 
Polarisation Experiment in 3.0 M NaBr 



142 
 

 
Figure 6-13 SEM (150x Magnification) of NiCr Steel Tube after 
Polarisation Experiment in 3.0 M NaCl 

 
Figure 6-14 SEM (150x Magnification) of NiCr Steel Tube after 
Polarisation Experiment in 3.0 M NaNO3 

From the polarisation curves one can determine the potential at which anodic 
dissolution begins. For sodium nitrate and sodium chlorate, a distinctive 
shape characteristic for passive electrolytes is presented, see Figure 6-15. 
As the protective layer forms the current drops to near zero until a potential is 
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reached which provides enough energy to break down the passive layer; 
dissolution in this region is known as transpassive dissolution. Both are 
passive electrolytes which form protective salt films on the work piece 
surface. The potential stated as the initial potential at which anodic 
dissolution begins is the beginning of the transpassive region; this is because 
the region of active dissolution shows only low currents, approximately 3 mA, 
which is unsuitable if machining is to be competitive with current grinding 
methods.   

 
Figure 6-15 2 V Section of a Polarisation Curve for NiCr steel in 2.3 mol 
dm-3 Sodium Nitrate (scan rate = 2 mV s-1) 

Sodium chloride and sodium bromide are both non-passive electrolytes 
which facilitate active dissolution. The potentials listed as the onset of current 
is truly when the current begins to flow and as such, show the lowest onset 
potential, see Figure 6-16, bar sodium hydroxide; but, as already discussed 
NaOH has been discounted as a suitable electrolyte for this purpose. This 
suggests that NaBr and NaCl would provide the lowest energy machining 
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options for needle manufacturing, with NaNO3 and NaClO3 providing higher 
energy but potentially more precise results.  

From the results of the polarisation experiments one can only conclude that 
NaOH is an unsuitable electrolyte from machining NiCr needles, as all the 
other electrolytes successfully anodically dissolved the material. 

 
Figure 6-16 Average Onset Potential for All Concentrations for Each 
Electrolyte Excluding NaOH 

6.3.2 Chronoamperometry 

Chronoamperometry studies the current response over time with respect to a 
constant applied potential. It was used to observe how the needle surface 
changed with time with a small IEG, approximately 2 mm. This was done for 
3 potentials, for 4 different time periods, across the 4 electrolytes which 
successfully dissolved the NiCr steel in the polarisation experiments (NaCl, 
NaBr, NaNO3, and NaClO3) at 5 different concentrations.  A total of 240 
experiments were conducted here to give a thorough picture of the 
machining evolution.  
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As expected, for all electrolytes, using the lowest potential, see Table 6-1, 
there was little to no machining. The potential was the point when current 
had begun to flow; as such the currents passed were small; too small to 
remove significant amounts of material over the length of the experiment 
across all concentrations. Figure 6-17 shows the low currents passed during 
a 600 s chronoamperometry experiment in 0.5-3.0 M NaCl with the minimum 
potential of 0.5 V vs Ag/AgCl applied. The currents for all other electrolytes 
are comparable to those seen in Figure 6-17.  

 
Figure 6-17 Chronoamperometry results in 0.5-3.0 M NaCl at 0.5 V vs 
Ag/AgCl for 600 s 

Since one of the critical parameters of the final needle is the surface finish 
the SEM images will first be analysed to determine which electrolyte results 
in the best surface roughness visually. A high quality surface finish is of 
utmost importance in the needle manufacture, so an electrolyte which 
causes irregularities in the surface profile is unsuitable.  

As mentioned previously, sodium chloride is a non-passive electrolyte, 
containing aggressive chloride ions. Consequently, passivation is not 
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expected to occur at the work piece surface. However, chloride ions are 
associated with corrosion, particularly pitting corrosion. There is evidence of 
pitting in Figure 6-18, although it appears as though the pitting is reduced as 
the applied potential is increased. At lower potentials, close to the pitting 
potential, there is selective pitting, potentially at grain boundaries. However, 
at higher potentials, the potential is so high it does not discriminate certain 
areas of the needle and so ‘pits’ across the whole surface equally, appearing 
as though the amount of pitting has reduced. 

 
Figure 6-18a) SEM image of NiCr Steel Tube after 240 s at 4.0 V in 0.5 M 
NaCl b) SEM image of NiCr Steel Tube after 240 s at 8.0 V in 0.5 M NaCl 

No improvement was seen in the surface finish across the cut face as the 
concentration was increased after chronoamperometry at the same potential, 
for the same period of time. The highest quality surface finish achieved in 
NaCl at 8.0 V vs Ag/AgCl was with 1.1 M after 240 s as seen in Figure 6-19. 
Wika (Wika 2012) observed that as the chloride concentration increased, the 
pitting potential decreased. This results in an increased susceptibility to 
pitting occurring at higher chloride concentrations. There appears to be an 
increase in pitting corrosion at the point where the steel tube met the 
electrolyte as the concentration was increased. In Figure 6-19a there is a 
smooth transition between machined to non-machined areas whereas in 
Figure 6-19d there is extensive pitting on the far left where the steel tube was 
inserted into the electrolyte in line with Wika’s observations.  

a b 
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Figure 6-19a) SEM image of NiCr Steel Tube after 240 s at 8.0 V in 1.1 M 
NaCl b) SEM image of NiCr Steel Tube after 240 s at 8.0 V in 1.7 M NaCl 
c) SEM image of NiCr Steel Tube after 240 s at 8.0 V in 2.3 M NaCl d) 
SEM image of NiCr Steel Tube after 240 s at 8.0 V in 3.0 M NaCl 

Overall, sodium chloride would not likely produce a product with a surface 
finish competitive with those currently achieved through grinding with the 
necessary accuracy.  

The other active electrolyte studied for needle manufacture was sodium 
bromide. As with sodium chloride, pitting was observed on the steel surface, 
see Figure 6-20a. Again, as the higher potential is used a decrease in pitting 
was observed, as can be seen in Figure 6-20.  

a b 

c d 
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Figure 6-20a SEM image of NiCr Steel Tube after 240 s at 4.0 V in 0.5 M 
NaBr b) SEM image of NiCr Steel Tube after 240 s at 7.5 V in 0.5 M NaBr 

The ionic radius of bromide is slightly larger than the chloride ionic radius so 
diffusion through the passive oxide layer, formed on stainless steel in an 
oxidising atmosphere e.g. water, will be slower in comparison to that seen in 
NaCl. As a result, pitting caused by aggressive anion diffusion through the 
oxide film would be less prominent in NaBr. More likely, the pitting is driven 
by the applied potential. From the polarisation curve experiments it was seen 
that dissolution began at the lowest potential in NaBr, see Figure 6-16. As 
such, it can be expected that the pitting potential will be lower in NaBr that in 
NaCl. With a lower pitting potential, it would be expected to see a higher 
proportion of pitting on the surface, and indeed Figure 6-21 shows this. The 
pits formed in NaBr are mostly complete, penetrating the full depth of the 
tube wall, whereas the pits in NaCl do not fully penetrate the tube wall and 
are much smaller in diameter. 

As was observed with NaCl, pitting was increased as the aggressive anion 
concentration was increased in NaBr. This can be seen in Figure 6-22 with a 
highly pitted surface observed in Figure 6-22c. Bromide and chloride 
chemistry is very similar as the two elements are from the same group on the 
periodic table. Consequently, it can be assumed there will also be an 
increased susceptibility to pitting as the NaBr concentration is increased.  

 

a b 
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Figure 6-21a) SEM image of NiCr Steel Tube after 240 s at 4.0 V in 0.5 M 
NaCl b) SEM image of NiCr Steel Tube after 240 s at 4.0 V in 0.5 M NaBr 

 
Figure 6-22 SEM image of NiCr Steel Tube after 240 s at a) 7.5 V in 1.1 M 
NaBr b) 7.5 V in 1.7 M NaBr c) 7.5 V in 2.3 M NaBr d) 7.5 V in 3.0 M NaBr 

From the chronoamperometry results in NaBr, it can be said that it is not a 
suitable electrolyte for the manufacture of needles due to excessive pitting 
corrosion which causes a poor surface finish. This would not be competitive 
with the surface finish achieved with current production methods for needles.  

a b 

c d 

a b 
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Sodium nitrate and sodium chlorate are both passive electrolytes. Passive 
electrolytes facilitate precise machining due to the formation of resistive 
oxide layers at areas with lower current density. Current density is a function 
of the current path length. Shorter current path lengths encounter lower 
electrolyte resistance so higher current densities are achieved. With larger 
electrode distances the electrolyte resistance is increased, resulting in lower 
current densities. This prevents stray machining, leading to more precise 
results.  

With sodium nitrate, a low concentration (0.5 M) prevented the higher current 
densities required to favour the dissolution reaction. Thus, a passive film was 
preferentially formed at all potentials with 0.5 M NaNO3. Even after treatment 
in the ultrasonic bath, the salt layer remains on the steel surface, see Figure 
6-23.  

As the NaNO3 concentration is increased, higher current densities can be 
achieved due to the increase in electrical conductivity of the electrolyte. As 
previously mentioned higher current densities facilitate anodic dissolution, 
rather than passivation in NaNO3. As the concentration is increased, it is 
expected to observe an increase in material removal and a decrease in oxide 
formation on the steel surface. Figure 6-24 does indeed show an increase in 
material removal, with complete dissolution of the material submerged in the 
electrolyte. There is also minimal decrease in the oxide layer present on the 
steel surface as the concentration is increased.  
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Figure 6-23 SEM image of NiCr Steel Tube after 240 s at 8.5 V in 0.5 M 
NaNO3 

 
Figure 6-24 SEM image of NiCr Steel Tube after 420 s at a) 8.5 V in 1.1 M 
NaNO3 b) 8.5 V in 1.7 M NaNO3 c) 8.5 V in 2.3 M NaNO3 d) 8.5 V in 3.0 M 
NaNO3 

a b 

c d 
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The quality of the cut improves as the concentration increases as well. The 
aim is to create a distinct cut which is not rounded or thinned at any point. 
The sharpest cut is seen with the highest concentration 3.0 M NaNO3 as 
shown in Figure 6-24d at 8.0 V vs Ag/AgCl. The surface is also much 
smoother than at any other concentration at 8.0 V.  

Figure 6-25 compares SEM images of the machined tip at varying 
concentrations at 4.5 V and 8.0 V. At 1.1 M NaNO3 the surface finish at 4.5 V 
is more rutted than at 8.5 V. This is in part due to the current densities 
reached at 4.5 V are less than at 8.5 V because of  the relationship shown in 
Equation 19.  

=                  (19) 

As the concentration is increased the surface finish appears to be improved 
at the lower potential of 4.5 V. In previous research, authors have observed 
brighter surfaces at high concentrations as the saturation limit for metal 
dissolution products at the electrode surface is reached. The salt film 
mechanism is commonly exploited for surface brightening. The diffusion of 
dissolution products to the bulk electrolyte becomes the rate determining 
step and reduces the dissolution rate. (Landolt et al. 2003) The dissolution 
rate difference is particularly clear in 1.7 M NaNO3 where the steel tube is 
completely dissolved at 4.5 V but remains partially intact at 8.5 V. Machining 
precision also decreases as the concentration is increased. This cannot be 
observed in these chronoamperometry experiments however as there is total 
dissolution of the samples at higher concentrations so when choosing an 
appropriate potential to begin testing with the electrochemical machine only 
the surface finish can be taken into full consideration keeping in mind the 
known effect concentration has on precision.  

Observing the SEM images in Figure 6-25, a good surface finish is achieved 
at all potentials for 2.3 and 3.0 M NaNO3 and at 4.5 V in 1.7 M NaNO3. 
Knowing that higher potentials and higher concentrations can lead to poorer 
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machining precision, 1.7 M NaNO3 at 4.5 V seems to be the ideal machining 
voltage and electrolyte concentration to still achieve a good surface finish.  

Sodium chlorate is also a passive electrolyte and the same behaviours as 
observed with sodium nitrate are to be expected. With 0.5 M NaClO3 there 
was no machining at any applied potential as the current densities are too 
low to facilitate anodic dissolution but sufficient enough to cause passivation. 
There is evidence of this passive layer at the tip of the tube which has not 
been removed by insonation in deionised water after the chronoamperometry 
experiment, see Figure 6-26.  

As the concentration of NaClO3 is increased, initially the salt layer increased 
in thickness until 2.3 M. With 2.3 and 3.0 M, anodic dissolution is present 
with a better surface finish at the higher concentration, as shown in Figure 
6-27. The chlorate ion is larger than the chloride ion so diffusion through the 
electrolyte to the steel surface would be slower. This meant the chlorate ions 
which form complexes with the metal dissolution ions are less readily 
available resulting in the saturation limit of the dissolution products being 
reached forming a salt layer. A higher concentration of NaClO3 was required 
to have the same effect as NaNO3.  

Figure 6-28 compares the effect of applied potential at NaClO3 
concentrations between 1.7 M and 3.0 M. There was no machining at 0.5 M 
or 1.1 M so these have not been compared. At 1.7 M there is little oxide 
formation or dissolution at 5.0 V but a large salt layer is present at 7.25 V. 
Figure 6-29 shows the current response for the 2 experiments discussed. At 
7.25 V there is an initial peak current of around 1.1 A which can be 
associated with oxide formation. This peak is less obvious at 5.0 V which 
corresponds to the reduced oxide film observed at this potential.  
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Figure 6-25 SEM image of NiCr Steel Tube after 420 s at a) 4.5 V in 1.1 M 
NaNO3 b) 8.5 V in 1.1 M NaNO3 c) 4.5 V in 1.7 M NaNO3 d) 8.5 V in 1.7 M 
NaNO3 e) 4.5 V in 2.3 M NaNO3 f) 8.5 V in 2.3 M NaNO3 g) 4.5 V in 3.0 M 
NaNO3 h) 8.5 V in 3.0 M NaNO3  

a b 

c d 

e f 

g h 
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Figure 6-26 SEM image of NiCr Steel Tube after 600 s at 7.25 V in 0.5 M 
NaClO3 

 
Figure 6-27 SEM image of NiCr Steel Tube after 600 s at a) 7.25 V in 1.1 
M NaClO3 b) 7.25 V in 1.7 M NaClO3 c) 7.25 V in 2.3 M NaClO3 d) 7.25 V in 
3.0 M NaClO3 

a b 

c d 
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At 2.3 M there is a similar amount of salt formation at both potentials. This 
suggests the rate of anodic dissolution has a similar rate to the salt formation 
at this concentration and at both potentials. Initially the reactions seem to be 
dominated by oxide formation as the current drops quickly from the onset 
suggesting the surface is becoming blocked. The current response can be 
seen in Figure 6-30. However, after approximately 70 s at 7.25 V and 180 s 
at 5.00 V the current begins to drop less rapidly and forms almost a plateau, 
this suggests the rates of dissolution and oxide formation are beginning to 
converge. 

At 3.0 M there is a clear distinction between the 5.0 V and 7.25 V 
chronoamperometry results. At 5.0 V there is a heavy salt/oxide layer which 
is not present at 7.25 V. The current density at 5.0 V is not high enough to 
only facilitate anodic dissolution so an oxide layer forms.  At 7.25 V in 3.0 M 
NaClO3 the current begins high and rapidly decreases due to the high 
dissolution rate. By 300 s the current has dropped to zero after complete 
dissolution of the steel in the electrolyte, see Figure 6-31. The machined 
surface also appears very smooth in comparison to any of the surfaces in 
Figure 6-28.  
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Figure 6-28 SEM image of NiCr Steel Tube after 600 s at a) 5.0 V in 1.7 M 
NaClO3 b) 7.25 V in 1.7 M NaClO3 c) 5.0 V in 2.3 M NaClO3 d) 7.25 V in 2.3 
M NaClO3 e) 5.0 V in 3.0 M NaClO3 f) 7.25 V in 3.0 M NaClO3 

a b 

c d 

e f 
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Figure 6-29 Chronoamperometry results of NiCr steel in 1.7 M NaClO3 at 
5.0 V and 7.25 V vs Ag/AgCl 

 
Figure 6-30 Chronoamperometry results of NiCr steel in 2.3 M NaClO3 at 
5.0 V and 7.25 V vs Ag/AgCl 
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Figure 6-31 Chronoamperometry results of NiCr steel in 3.0 M NaClO3 at 
5.0 V and 7.25 V vs Ag/AgCl 

If NaClO3 were to be used in the electrochemical machining experiments the 
best concentration and potential to use would be 3.0 M at 7.25 V. However, 
as mentioned before high concentrations and voltages lead to poorer 
machining precision. As a result, it was decided to continue the 
electrochemical machining experiments with 1.7 M NaNO3 at 4.5 V.  

6.3.3 Electrochemical Machining Experiments 

Having considered the results from the polarisation experiments and the 
chronoamperometry experiments, electrochemical machining was carried out 
with sodium nitrate at 1.7 M which equates to a specific gravity of 1.09. The 
voltage of 4.5 V, determined from the chronoamperometry experiments, was 
used as a guide with voltages in excess of this being used for machining. 
The IEG was varied between 0.05 mm and 0.20 mm, the feed rate was 
varied between 1 mm/min and 3 mm/min and the frequency of the electrolyte 
pump was varied between 7.1 Hz and 20 Hz. The maximum voltage used 
was 16.0 V.  
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A feed rate in excess of 1 mm/min induced sparking regardless of the IEG, 
electrolyte pump frequency or voltage applied.  As such, all experiments 
were conducted using a feed rate of 1 mm/min resulting in a machining time 
of 90 s per needle. Whilst this is not competitive with grinding methods it may 
eliminate the need to coat the needles with silicon to decrease the surface 
friction which may in turn reduce the processing costs by removing one of 
the processing steps. 

An IEG of 0.05 mm in the z-direction resulted in the best replication of the 
machining angle. A larger gap resulted in higher machining rates at the tube 
tip creating a highly angled tip which did not replicate the angle of the tool. 
Decreasing the IEG to 0.05 mm improved the machining precision with 
regards to replicating the angle from the tool in the work piece as can be 
seen in Figure 6-32. 

  
Figure 6-32 SEM image of needle manufacture using 7.0 V, 12.00 Hz 
flow with a 1 mm/min feed rate at a) 0.05 mm IEG and b) 0.10 mm IEG 

Reducing the IEG has been proven to improve machining resolution so it is 
no surprise that this has been observed here also but the ideal IEG has to be 
determined in each individual case. Here 0.05 mm was determined as the 
ideal IEG.  

The electrolyte flow in the IEG is very important to ensure the complete 
removal of reaction products, including heat and gases produced by the 
reactions at either electrode. A compromise has to be made when selecting 

a b 
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the correct flow rate, a high flow rate ensures the IEG is kept free of reaction 
products but a flow rate too high will cause turbulent flow which can cause 
over-machining and under-machining in areas of stagnant electrolyte or 
eddies creating discrepancies between the desired shape and the outcome.  
A flow rate too low will not maintain a consistent electrolyte concentration 
profile in the IEG with a build-up of reaction products being present towards 
the electrolyte exit. An excessive build-up of reaction products can lead to 
sparking, damaging either the tool or the work piece.  

Figure 6-33 shows the results of changing the frequency of the electrolyte 
pump; a higher frequency relates to a higher flow rate. As the pump 
frequency is increased the surface finish appears visually improved and the 
length of the bevel is increased, highlighting that the machining is constant 
across the gap.  

 
Figure 6-33 SEM images showing needles using 8.0 V with 1 mm/min 
feed rate and 0.05 mm gap at a) 7.1 Hz b) 12 Hz and c) 15 Hz on the 
electrolyte pump 

a b 

c 
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The ideal bevel length, as previously mentioned is 2.24 mm for a 600 µm 
diameter tube; Figure 6-33c shows the closest match to this length with a 
bevel length of 1.88 mm. Pump frequencies above 15 Hz visibly deflected 
the work piece, as such rendering higher pump frequencies unsuitable.   

The final parameter which was investigated was the voltage. A voltage of 4.5 
V did not facilitate machining. This is because the cables used from the 
power supply to the electrodes were 1.5 cm in diameter and would have 
drawn a large inductance reducing the voltage that was actually applied 
between the electrodes. As such voltages as high as 8.5 V were used at a 
feed rate of 1mm/min. In past research, higher voltages have been used to 
obtain a mirror like finish but lower voltages have been utilised to maintain 
machining resolution. The surface finish is important to reduce the friction of 
the surface allowing less force to be used to insert the needle into the skin.  

Figure 6-34 shows the SEM images of needles manufactured using differing 
voltages.  

The bevel length increases as the potential is increased from 7.0 V to 8.5 V 
leading more towards the desired length, this is likely because the machining 
rate is well matched to the feed rate at the higher voltages. However, there is 
still some stray machining which is most obvious at 8.5 V with deep pits on 
the tube shaft.  

The best combination of parameters tested in this study was using a feed 
rate of 1 mm/min, 15 Hz frequency on the pump, a 0.05 mm gap and a 
voltage of 8.0 V, shown in Figure 6-34c. 
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Figure 6-34 SEM images showing needles using 1 mm/min feed rate, 
0.05 mm gap and 15 Hz on the electrolyte pump at a) 7.0 V b) 7.5 V c) 
8.0 V and d) 8.5 V 

Pulsating the voltage would minimise the stray machining by increasing the 
machining resolution by one of two mechanisms depending on the pulse 
length; either the distance into the solution the diffusion layer reaches will be 
reduced preventing the stray machining or the time constant for the pulse 
length and IEG width will not facilitate complete double layer charging of the 
work piece at greater distances from the tool, restricting the machining to 
areas of the work piece in close proximity to the tool. Electrochemical 
machining can only occur when the electrochemical double layer is fully 
charged. Adding pulses to the voltage profile increases the total machining 
time as the length of time where active dissolution is occurring is decreased. 
This is not favourable when trying to deliver a product in a competitive time 
frame to the methods already available.  

a b 

c d 
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Another solution, and perhaps a more suitable alternative, to prevent stray 
machining would be to mask areas of the work piece to prevent anodic 
dissolution. This could be done by creating a shroud for the work piece to 
slot into which left only the areas of the work piece to be machined exposed. 
Figure 6-35  shows the proposed design for such a shroud.  

 
Figure 6-35 Model of proposed shroud to eliminate stray machining on 
needle shaft. The top surface has been removed to show the proposed 
internal design 

6.4 Conclusion 
Having conducted preliminary polarisation and chronoamperometry 
experiments, it was determined that sodium nitrate at a concentration of 1.7 
M was the optimum electrolyte for needle production at a voltage of 4.5 V 
after having shown that this combination provides the best surface finish with 
little stray machining.  
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Figure 6-36 3D needle shape made with the in-house ECM machine at 
Brunel, applied potential of 8 V 100 % duty cycle using adaptive feed 
rate. Initial IEG of 5 μm.  

Figure 6-36 shows a 3D shape which has no flat edges, this demonstrates 
the ECM process is not limited to producing flat cuts as grinding is. This 3D 
shape may provide additional benefits, including reducing the penetration 
force necessary to pierce the skin making an injection less painful for the 
patient.  

Electrochemical machining experiments were conducted at pECM Systems 
Ltd. It was observed that the cables on the ECM machine had high 
inductance so a higher voltage had to be applied to achieve anodic 
dissolution. The ideal parameters for replicating the tool angle on the work 
piece was found to be a voltage of 8.0 V with a feed rate of 1mm/min after 
establishing a gap of 0.05 mm and a frequency of 15 Hz on the pump for the 
electrolyte delivery.  

There was still evidence of stray machining, however, which may be resolved 
by the application of pulses to the voltage or using a shroud to protect areas 
of the work piece where machining is undesirable.  
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6.5 Further Work 
Given more time, a more suitable tool would be designed which would be 
capable of producing the final needle tip shape in one process. A shroud 
may also need to be developed to prevent stray machining, along with the 
application of voltage pulses to further reduce stray machining. 
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7 Conclusions and Further Work 
7.1 Conclusions 
The following conclusions can be drawn from the research conducted in this 
body of work: 

7.1.1 Conclusions regarding the literature Review 

An extensive literature review was conducted which provided insights into 
the electrochemical machining process.  

It highlighted that little work had been conducted on workpieces outside of 
stainless steels and brass alloys. It also highlighted that anodically dissolving 
titanium metal, an important engineering material, required high voltages to 
facilitate machining.  

7.1.2 Conclusions regarding Anodic Dissolution of Superconductors 

Ceramic cuprate superconductors are an important group of materials due to 
the high temperatures at which the material becomes superconductive. 
These materials are very brittle though and conventional machining 
techniques cause internal cracks within the material, reducing or destroying 
the superconductive properties of the material. An alternative method was 
needed to be able to process the materials without affecting the 
superconductive properties. 

It was demonstrated that electrochemical machining is a suitable method for 
machining ceramic cuprate superconductors, namely gadolinium barium 
copper oxide with a silver inclusion (GdBCO-Ag). This, however, requires a 
non-aqueous electrolyte due to the water-sensitivity of the material. 

7.1.3 Conclusions regarding Anodic Dissolution of Semiconductors 

Semiconductors are used widely across the electronics sector. After being 
approached by QMC Instruments Ltd, work began on the anodic dissolution 
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of indium antimonide (InSb) with the final aim of achieving a desired shape 
for a bolometer.  

Whilst the final shape was not achieved, this work demonstrated the 
electrochemical machining is a suitable method to machine InSb at potentials 
below 10 V using an aqueous electrolyte. A surface mirror finish was 
achieved.   

7.1.4 Conclusions regarding Anodic Dissolution of Titanium with the 
Addition of Ultrasonic Vibrations 

Titanium is an important manufacturing material due to its favourable 
properties. It is strong, yet half the weight of steel and it is chemically 
resistant, making it an ideal material choice for tough environments e.g. sea 
water or within the human body.  

Titanium is difficult to machine conventionally due to its hardness and its 
poor thermal conductivity. Electrochemical machining is not dependent on a 
material’s hardness so is an attractive alternative manufacturing method. 
However, high potentials are required to overcome the passive oxide layer 
which protects titanium making it such an attractive material choice. This 
work illustrated that the addition of ultrasonic vibrations to the electrolyte 
facilitated the anodic dissolution of titanium in sodium chloride electrolytes at 
voltages below 10 V.  

7.1.5 Conclusions regarding the Electrochemical Production of 
Hypodermic Needle Tips 

Hypodermic needles are currently manufactured using mechanical grinding. 
This leaves a poor surface finish on the needle tip so they are subsequently 
coated in silicon to reduce the friction and therefore the force needed to 
pierce the skin. A hypodermic needle is created by three separate cuts.  

In theory, ECM should provide a production method capable of achieving the 
desired shape and surface finish with only one step. This work showed that 
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electrochemical machining is capable of producing the initial cut, as is 
currently made via mechanical grinding, with high precision and with a good 
quality surface finish.  

7.1.6 Contributions to Knowledge 

The research contained within this thesis contributes the following 
knowledge: 

 The demonstration of the suitability of ECM for the anodic dissolution 
of GdBCO-Ag. 

 The demonstration of the suitability of ECM for the anodic dissolution 
of InSb. 

 The addition of ultrasonic vibrations to the electrolyte which reduces 
the required machining potential significantly.  

 The first demonstration of the suitability of ECM for the 
electrochemical production of hypodermic needles. 

7.2 Future Work 
The author proposes the following future work to be undertaken: 

 The application of pulsed potential in order to improve machining 
resolution of superconductor dissolution. 

 Design of a tool suitable for forming shells of superconductive material 
which can withstand the pressures of the electrolyte flow without 
flexing.  

 Improving the machining resolution for semiconductor dissolution 
along with a pathway design in order to create the desired shape of 
the bolometer. 

 Ultrasonic vibrations of the electrolyte need to be applied in a real 
ECM situation when machining titanium.  

 Modelling the effects of the ultrasonic vibrations on the machining 
mechanism of titanium.  
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 A tool needs to be designed which will facilitate the production of 
hypodermic needles in one step.  

 A shroud also needs to be made to prevent stray machining on the 
shaft of the hypodermic needle during machining.  

7.3 Publications 
 Chapter 6 – Micro-electrochemical Machining  

Atanas Ivanov, Rebecca Leese, Alexandre Spieser 
Micromanufacturing Engineering and Technology (Second Edition), 
2015, 121-145 
DOI:10.1016/B978-0-323-31149-6.00006-2 

 The Potential to Machine Superconductors with Electrochemical 
Machining 
Rebecca J. Leese, Atanas Ivanov, Hari Babu-Nadendla 
Journal of Multiscale Modelling, 2016  
DOI: 10.1142/S1756973716400011 

 Electrochemical micromachining: An introduction 
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 Comparison of polarisation curves and chronoamperometry 
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