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Abstract

Electrochemical Jet Processing (EJP) techniques have been traditionally limited
in application by the inherent geometric inflexibility and limited process precision
in comparison to alternative processes. It has been stated that process resultant
geometries are defined by the Gaussian in-jet energy distribution and the
hydrodynamic stagnation region formed under a jet on an impinging surface. This
thesis reports upon investigations and innovations designed to challenge these

assumptions.

EJP is an emergent manufacturing process with a unique capability of subtraction
and deposition of metals within a common machine tool. EJP demonstrates
advantages beyond traditional electrochemical machining and electrochemical
deposition including a high degree of flexibility, simplistic and therefore low-cost
plant, requiring no complex, high-cost tooling and no masking requirement to
achieve high fidelity geometries. These process traits are attractive to industry

but EJP has yet to find significant commercial use.

Electromechanical and electrochemical innovations are presented here
demonstrated by electrochemical jet machining (EJM) the subtractive mode of
EJP, which allow modulation of the properties of the inter-electrode gap leading
to a paradigm shift in the functionality, precision and application of EJP.
Electromechanical innovations demonstrate that the Gaussian energy distribution
can be modified through the articulation of the jet angle of address and modified
jet nozzles to manipulate the in-jet resistance. The outcome being the capability
to produce bespoke removal profiles with increased precision and flexibility of

form alongside refined surface finishes. Electrochemical innovations demonstrate



an increase in precision through reducing overcut and reducing the feature
shoulder radius when wusing a modified electrolyte. When these
electromechanical and electrochemical innovations are coupled together, the
overcut traditionally seen to be twice the nozzle diameter is reduced by 99%.
Therefore, features can be created at kerfs approaching the nozzle diameter.
Alongside this, a bespoke research platform has been built and developed to
exploit these findings and incorporate features such as the rotational head for
constant profiling and multiplexing of electrolytes to enhance the flexibility of the

process.

Process enhancements developed through this thesis have allowed the
manipulation of the in-jet energy density profile and dissociation of the dissolution
region from hydrodynamic phenomena thus allowing surface structuring by EJP

to be developed well beyond the state-of-the-art.



Publications

Included in this thesis

Clare A. Speidel, A. Bisterov, I. Jackson-Crisp, A. Mitchell-Smith, J. (2018),
Precision Enhanced Electrochemical Jet Processing, CIRP - Annals
Manufacturing Technology

Mitchell-Smith J., Speidel A., Bisterov I., Clare A. T., (2018). Electrolyte
multiplexing in electrochemical jet processing, Procedia CIRP
Mitchell-Smith J., Speidel A., Clare A. T., (2017). Advancing electrochemical
jet methods through manipulation of the angle of address, Journal of
Materials Processing Technology

Mitchell-Smith, J. Speidel, A. Clare, A.T. (2017), Transitory electrochemical
masking for jet processing methods. Journal of Manufacturing Processes
Mitchell-Smith, J., Speidel, A., Gaskill, J., Clare, A.T. (2017), Energy
distribution modulation by mechanical design for electrochemical jet
processing techniques. International Journal of Machine Tools and
Manufacture

Walker, J.C. Kamps, T.J., Lam, J.W., Mitchell-Smith, J., Clare, A. T. (2017)
Tribological behaviour of an electrochemical jet machined textured Al-Si
automotive cylinder liner material. Wear

Mitchell-Smith, J., and Clare, A. T., (2016). Electrochemical Jet Machining of
Titanium: Overcoming Passivation Layers with Ultrasonic

Assistance. Procedia CIRP



Mitchell-Smith, J., Murray, J. W., Kunieda, M., Clare, A. T., (2014) Electrolyte

jet machining for surface texturing of Inconel 718, Proceedings of INSECT

2014

Not included in this thesis

Speidel, A. Su, R. Mitchell-Smith, J. Dryburgh, P. Bisterov, I. Pieris, D. Li, W.
Patel, R. Clark, M. Clare, A. T. Crystallographic texture can be rapidly
determined by electrochemical surface analytics, (2018), Acta Materialia
Speidel, A. Mitchell-Smith, J. Bisterov, I. Clare, A. T. The importance of
microstructure in electrochemical jet processing, (2018), Journal of
Materials Processing Technology

Bisterov, I. Mitchell-Smith, J. Speidel, A. Clare, A.T. Specific and
programmable surface structuring by electrochemical jet processing (2018),
Procedia CIRP

Speidel, A. Mitchell-Smith, J. Bisterov, I. Clare. A. T. (2018). The importance
of material precondition in electrochemical jet machining, Procedia CIRP
Clare, A. T., Speidel, A., Mitchell-Smith, J., Patwhardan, S. V., (2017),
Electrolyte Design for suspended particulates in Electrolyte Jet Processing
CIRP Annals — Manufacturing Technology

Speidel, A., Walsh, D., Mitchell-Smith, J., Clare, A. T., (2016). Electrolyte Jet
Machining of Titanium Alloys Using Novel Electrolyte Solutions. Procedia
CIRP

Speidel, A., Lutey, A. H. A., Mitchell-Smith, J., Rance, G. A., Liverani, E.,

Ascari, A., Clare, A. T., (2016) Surface modification of mild steel using a



combination of laser and electrochemical processes, Surface and Coatings

Technology,

Conferences

» “Electrolyte Jet Machining for Surface Texturing of Inconel 718" 10t
International Symposium on Electrochemical Machining Technology
(INSECT) November 13" -14 2014 Saarland University, Saarbrucken,
Germany. Paper presented and published DOI: 10.13140/2.1.4832.2242

« Ultrasonic Assistance of Electrochemical Jet Machining: An initial
investigation in Inconel 718” Computer-Aided Production Engineering (CAPE)
November 3 -4t 2015, University of Edinburgh, Edinburgh, UK. Poster
presented and published. DOI: 10.13140/RG.2.2.33683.89123

« “Electrolyte multiplexing”, 19" CIRP Conference on electrophysical and
chemical machining, April 23" - 27t 2018, Bizkaia Aretoa Conference centre,

Bilboa, Spain, Oral presentation and paper published



Acknowledgements

I would like to thank my primary supervisor Prof. Adam Clare without whom none
of the work presented here would have been possible. My continued
stubbornness to do things my way was always met with diplomacy and resolve.
His confidence in my abilities allowing me to prosper in my research, facilitating
and supporting me in every way possible to allow me to academically and
personally grow. Thank you also to my secondary supervisor Prof. Phill Dickens

for his considered input when it was needed.

| would also like to thank Dr. Emmanuel Brousseau and Prof. Dragos Axinte for
their commentary on the thesis and discussion during my Ph.D viva that greatly

improved the quality of this thesis.

On this journey | have had the delight of working with some very talented people
that have gone on to help shape me as a researcher and my work. None more
so than Alistair Speidel whose collaboration has been invaluable to my work in
every respect and continued patience with helping me to understand the finer
points of chemistry has rewarded us both. | can’t thank Alex Jackson-Crisp
enough for all his support on a personal level and technical in the laboratory with
the continued development of the machine tools alongside technical support from
sample preparation to sample scanning. Also, Dr Matthias Hirsch for helping me
through these past four years, keeping me in check, pushing me forward and

being an excellent soundboard and of course his technical knowledge.

I'd also like to thank all my collaborators in this work. lvan Bisterov who is fast
becoming Integral to this research. Dr Jennifer Gaskell for her knowledge and
collaboration on all matters mathematical and Matlab related. Dr James Murray

Vi



for his invaluable input, knowledge and willingness to help. Dr John Walker
(University of Southampton) for his collaboration across a myriad of tribological
studies and Dr Vitali Goriainov (University of Southampton) for his collaboration
with the stem cell research. The Manufacturing Metrology Team at the University
of Nottingham who have been paramount in the analysis and understanding of
the results presented here in their knowledge and continual access to equipment

and software.

Finally, I'd like to thank my parents for all their support in times of need and my
long-suffering wife Claire and my children Oscar and Jasper for their unwavering
and unconditional love, support, devotion and keeping my feet firmly on the

ground.

Vii



Contents

AADSTITACT ... [
PUBIICALIONS ... iii
Included in thiS theSIS........coooo i, iii
Not included iN thiS theSIS ... \Y
(O70] g1 (=71 =T Lol 1S PP %
ACKNOWIEUAGEMENTS ... vi
LISt Of FIQUIES....cceeieeiie et e e e e et e e e e e e e eeanes Xiv
LISt Of TaDIES ... XXX
NOMENCIAIUIE ... XXXIi
Y o] o] £ SV = 11 o] o S XXXiil
I 011 Yo [T £ o SRR 34
1.1, AIMS Of tNESIS...cieieiiieiii et e e e e e e e e eeeanes 37
1.2. Outling Of tNeSIS ...cooviiiiiiiiiiee e 39
2. LItErature FEVIEW ........ccoeiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeee ettt 43
P22 T [ 1 (o T[0T 1o o I 43
2.2. Definition and Development of electrochemical jet processing ........... 43

2.3. Parameter influence on deterministic feature precision and flexibility in

EJP 51
P20 70 S 1 01 {0 ¥ od 1o o 51
2.3.2. CUIMTENEAENSILY . .eeeii e e 51

viii



2.3.3. Nozzle traverse speed / dwell time ...........cccovvvveiiiiiiiee e, 59
2.3.4. Inter-electrode gap (IEG) .....cccooeiiiiiiiiiiiiiieeeeeeeeeeiie e 62
2.3.5.  EIeCtrolyte flIoW .......cooeiiiiiiiiie e 68
2.3.6. Influence of material on geometric flexibility and precision in EJP 74
2.3.7. Summary of identified research gaps associated with parameter
INFIUBNCE ...t 82

2.4. The Influence of electrochemical factors on feature geometric flexibility

and preciSioN Of EJP. .......oi e 83
2.4 1. INTOAUCTION......uiiiiiiiiee ettt a e e 83
2.4.2.  SUDLraCVE MOAE.......uuiiiiiiiiiiiiiiiiiiii e 84
2.4.3.  AAAItIVE MOUE......uuiiiiiiiiiiiiiiitiiiii e 87
2.4.4. Summary of identified research gaps associated with the

electrochemical INfluENCE ON EJP ......onoie e 89

2.5. The influence of electro-mechanical design on geometric flexibility and

fEALUIE PrECISION ...vvii i 90
2.5. 1. INErOAUCTION......uiiiiiiiiee ittt a e 90
2.5.2. System architeCture..........cccooeeeiiiiiiiiiice e 91
2.5.3.  EIECIrOlYte SUPPIY ..evvviiiiiiiiiiiiiiiiiiiiiiiiiiiiii e 93
2.5.4. POWEr SUPPIY UNIT...ouuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeaees 94
2.5.5. NOZZIE ..ot 100
2.5.6. HyDbrid ProCeSSING......cccvuuiiiiiiiii e 103



2.5.7. Summary of the identified research gaps associated with

electromechanical influence ON EJP ... 108
2.6. COMPELING PrOCESSES ....vvvvririrrunnnnintrieninineerareeeseenaesneeeeeanseeaeeeenanaeanne 109
2.6.1.  INrOAUCTION....uutuiiiiiiiiiiiiiiiii e 109
2.6.2. Energy beam-based process development ............cccccvvviniiinnnnns 117

2.6.3. Summary of the identified research gaps relating to competing

PrOCESSES ..ttt ittt ettt e e e 124
2.7. ApPlicationS Of EJP .....ccooiecie e 125
2.7.1. INErOAUCTION......uiiiiiiiiieie et e e 125
2.7.2.  AAAItIVE MOUE......uuiiiiiiiiiiiiiiiiiii b 125
2.7.3.  SUDLraCtive MOAE.........uuuiiiiiiiiiiiiiiiiiii e 126

2.7.4. Summary of identified research gaps relating to the application of

EJP 132
2.8. Overall summary of identified research gaps within the literature...... 133
I T =Y d a To o (o] (oo V20U 136
3.1 INEFOAUCTION ...ttt 136
3.2. Generation 1 research platform ............cccccuvveiiiiiiiiiiiiiiiiie 136
3.3. Generation 1.5 — Platform development.............ccuuvveiiiiiiiiiiiniiiininnns 140
3.4. Generation 2 maching tool................uuviiiiiiiiiiiiiiie 145
G TN 1Y/ [ o o XY o 0] o )V 2P 148
3.5.1. Scanning Electron MICIOSCOPE .........cvveviiiiiiieeeiiie e 148
3.5.2. Energy-dispersive X-ray SPECtrOSCOPY .....cevvverereeeeeiieieeeieeeeeeeeenn 149



G LG T = 1 0] (o o P 150

3.6.1.  FOCUS VAITALION ... 150
3.7, ANAIYSIS TOO0IS ....oviiiiei e 152
7.1, IMAGET. . s 152
3.7.2. DigitalSurf MountainSMap ...........ccuviiiiiieeieeeeeceee e 152
3.8, Validation MEIICS. .....ccoiiiiiiiiiieeeee e 153
3.8.1. Metrics to describe macro-scale features (form) ...........cccc.oeeee. 153
3.8.2. Metrics to describe micro-scale features (finish) ........................ 157
3.8.3.  Standard deviation............ccooeeeeiiiiiiieee 161
4. Parameter influence on the machining of high value alloys..................... 162
4.1, INFOTUCTION .t e e e e e e e e e 162
N Y =1 T To (] (o o VPSP 166
4.3. Preliminary investigation — Identifying parameter effect.................... 167
4.4. Material response to energy variation ...............cccceueeeeeeemmimmnnennnnnnnnns 171
4.3. Chapter SUMIMAIY ........uuuiiiieiiiiiiiiiiiiiiieieiiiiebe bbb eaeaeeaneeanne 191

5. Enhanced geometrical flexibility and precision by electro-mechanical

INNOVALION ...ttt 193
5.1, INtrOTUCHION ...eviiiiiiiiiiiiiiiiie e 193
5.2. Manipulation of the angle of jet address...........ccccovvvviiiiiiiiiiiieeeiii, 194

5.2. 1. INrOUCTION ..o 194
5.2.2.  MethOodolOgy .....coooeeieeeeeeeeeeeeeeee 196
5.2.3. Results and diSCUSSION ........ccoeeeiiiiiiiieeei e 199



5.3. Modulation of in-jet PropertieS........ccouveruuiiiiieeeeeeeeeieee e 211

5.3. 1. INtrOAUCTION ... 211
5.3.2. Simulation of in-jet resistance modulation .................ccccoeeeeeee. 214
5.3.3.  Nozzle design definition...........cooooeeeiiiiii 220

5.3.4. Experimental validation of energy modulation, and scalability.... 224

5.3.5. Validation of nozzle design and simulation................ccccccevvvvnnnnn. 228
5.3.6. Process fidelity and scalability ................ccoooviiiiiiiii e, 239
5.4. Dynamic tooling for electrochemical jet profiling .............ccccccvvvennnnne 243
5.4. 1. INrOAUCTION.....cciiiieeeeeeeeeee e 243
5.4.2. MethOdoIOgY .....ccooeeieieeeeee e 247
5.4.3. Application of rotary head in constant profiling mode.................. 248
5.4.4. Application of rotary head in dynamic profiling mode ................. 252
5.4.5. Validation of rotary head in application................cc.ccoeevrrriininnnnn.. 254
5.5. Chapter summary of key findingS..............uuuuuummiiimiiiiiiiiiiiiiiiiiiiiiiiennne 255

6. Enhanced geometrical flexibility and precision through electrochemical

INMNOVALION ...t 257
G N [ 11 (0T U1 1o [N 257
6.2. Generation of a transitory electrochemical masking effect................ 258

6.2.1.  INtrOAUCTION.....uuuiiiiiiiiiiiiiiii e 258
6.2.2. MethOodOIOgY ........uuuiuuiiiiiiiiiiiiiiiiiiii 261
6.2.3.  SUIMACE PrOCESSING ...uvvuvuriiiiiiiiiiiiiiiiiiiiiiiiiiiiieeiiieiinbnibeeeneeaeeeennees 266
6.2.4. ProCess MECNANICS ..........uuuuuuuuuuuiiiiiiiiiiiiiiiiiiiiiiniiineeeeeeeeeneeaeeaaes 275



6.3. Electrolyte Multiplexing for enhanced process flexibility.................... 281

6.3.1.  INtrOAUCTION.....uutiiiiiiiiiiiiiiit e 281
6.3.2.  MethodolOgy .........uuuuimmiiiiiiiiiiiiiiiii 282
6.3.3. Results and DiSCUSSION ...........uuuuuuiimimmiiiiiiiiiiiiiiiiiiiiieiiineeeieeieenens 286
6.4. Chapter summary of key findings..........ccccooveieiiiiiiiiii e, 291
7. Ultra-precise electrochemical jet processing .........cccccevvvviiiiieeeeeeeevinnnnnnn. 293
7.1, INEFOAUCTION ...ttt e 293
7.1.1. Machining Mode effeCt ..............uuuuiiiiiiiiiiiiiiiiiiiis 294
7.1.2.  MethodOIOgY ........uuumuiiiiiiiiiiiiiiiiiiii e 295
7.01.3. RESUIES ..eeiiiiiiiiiiiiiiei e 297
7.2. Chapter SUMMAIY ......ccooiiiiiiiiiee e e e e e 302
8. CONCIUSION ...t 303
8.1. Machining of high value alloys ............cooiiiiiiiiiii e, 304
8.2. Electromechanical iInNOVAation ..................eueuviiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeene 306
8.3. Electrochemical INNOVALION .............uuuiiiiiiiiiiiiiiiiiiiiiiiiiiieee 308
8.4. A NEW APPIOACH ....eiiiiiiiiiiiiiit i 310
8.5, FULUIE WOIK ...t 313
REIEIENCES ... . 315
AADPEINTIX: e 333
1. Statement of requirements (SoR) for EJP machine tool .............cccccco...... 333
2. Example of design iteration Map .........cceeevviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee 336
3. Machine upgrades Gen. 1t0 Gen. 1.5......cccooiiiiiiiiiiiiiiii e 337

Xiii



4. Key improvements over Gen. 1.5 platform ..........ccccovvviiiiiiii e, 338
5. Application of energy modulation in deposition...............cceevveeeeieeeeiiinnnnnn. 341

6. Tribological behaviour of an electrochemical jet machined textured Al-Si

automotive cylinder liner material tribological testing methodology................ 347

7. Stem cell differentia methodology..........ccovviviiiiiiiiiiiiiiiiieeee 363

List of Figures

Figure 1.1: Definition of electrochemical jet processing and how it fits in with

common electrolytic teChNIQUES ...........cooviiiiiiiiiiiiiee 35
Figure 1.2: Thesis overview showing content of main chapters...................... 39
Figure 2.1: Schematic of EJP process in subtractive mode ..................oeeee. 44

Figure 2.2: Schematic of generalised electrochemical reaction in electrochemical
jet processing in (a) subtractive mode (b) additive mode..............cceeevvvriinnnnnnn. 45
Figure 2.3: Schematic of the earliest found patent related to EJP developed by
the National Research Development Corporation (UK) August 24, 1953......... 47

Figure 2.4: Electrochemical hole drilling processes utilising jet architecture [28]

Figure 2.5:Effect of applied current on current distribution in impingement
region(a) Alkire et al. [1982] [36], (b) Yoneda et al. [1995] [11]......cccvvvvrrrrrnnn. 55
Figure 2.6: Demonstration of decreasing roughness as current density increases
in Stainless steel whilst maintaining a constant electrical charge [55].............. 57
Figure 2.7: Principle of surface finishing through consideration of the diffusion

LAYET [55] . 58

Xiv



Figure 2.8: Simplified potential profile found in the IEG derived from Wilson [1971]

Figure 2.9: Schematic of an electrical representation of the IEG featuring the
electrical dOUDIE [AYET .........iii e 65
Figure 2.10: Effect of changing IEG width on a) distribution of copper deposition
[69] b) change in gradient of electrical potential [19]...........cccevvviiiiiiiiiieeeieeeenns 67
Figure 2.11: Schematic of electrolyte jet with designated fluid flow areas and
boundary relatioNShIPS ...........uiiiiii e 69
Figure 2.12: Process model developed for carbide inclusion to demonstrate the
changing current density at the surface as a function of dissolution time (t = 0.3
S) [LOL] vttt ettt ettt ettt et ettt et ettt ettt ettt ettt ettt eeeed 81
Figure 2.13: Schematic of Jet-EC tuning system [123] ........cccoovvviiiiiieeeeneeennnns 92
Figure 2.14: Turning operations with EJP (a) variable contour turning on a 3 mm
shaft [123] (b) use of a flat jet for greater efficiency in turning process and
resultant (c) fabrication of tungsten carbide micro rods [99]..........cccceeviiiiinnnns 93
Figure 2.15: EJP architecture configurations demonstrating the alternative
methods of electrolyte supply (a) gear pump [75] (b) compressed air [5]......... 94

Figure 2.16: Schematic to describe the current output modulation used in EJP

Figure 2.17: Schematic overview of the principles of enhance fidelity in feature
generation in pulse ECM by consideration of the DL in the IEG....................... 97
Figure 2.18: Optical images of the nozzle (a) without air assistance and the
resulting machining (b) with air-assistance and the resultant machining

demonstrating the reduction in stray cutting [83]..........cccvvviiiiiiiiiiiiiiiiiiiiieenne. 100

XV



Figure 2.19: Schematics of inclusion of compressed-air assistance to the jet
stream (a) showing inclusion within the head but not designed to aid the jet
specifically [30] (b) showing how the air-stream aids the clearance of the hydraulic
jump when coaxial and (c) showing a patented design of inclusion of a co-axial
air-stream into the head to assist the jet [129] .....cccooeeeiviiiiiiiiiii e, 101
Figure 2.20: Design of the slit nozzle and application of the flat jet produced by it.
(a) Design of the slit nozzle for turning [99] (b) large area surface texturing [55]
(c) The application of the flat jet in turning to produce micro-rods and (d) in large
area surface texturing to a mirror-like finish. ..............ccccoiiiii . 103
Figure 2.21: Electrochemical jet hybrid processes (a) electrochemical slurry jet
machining [79] (b) Laser assisted electrochemical jet machining [136].......... 107
Figure 2.22:General classification of micro-manufacturing processes [144] .. 109
Figure 2.24: Overhead and cross-section SEM images of micro-grooves
machined for analysis of wear behaviour [175] .......ccccoooeiieiiiiiiiiiiiiieeeeeeeeeas 114
Figure 2.25: Schematic of the principles of holographic control of laser beam
PIOfIIE [LO5] .. e e e e e e e e e e aaaaa 118
Figure 2.26: Schematic of removal profile effect based on abrasive waterjet
derived from Srinivasu et al. [2009] [53], whereby the maximum energy density
is maintained in line of sight of the beam address regardless of the approach

angle a) angle of address normal to the workpiece surface, b) reduced angle of

Figure 2.27: Micro-machined features in (a) stainless steel for improved contact

fatigue life of a rolling bearing [2] (b) Ti6Al-4V for enhanced bone in-growth on

IMPIant SUACES [92] ......cooiiiiiii 127

XVi



Figure 2.28: Surface structuring for enhanced heat transfer capability carried out
by (a) subtractive mode EJP (b) Laser ablation [248] ..........ccoovviiiiiiiieeiiinnnnns 128
Figure 2.29: Examples of adhesion-controlling patterns on superhydrophobic
surface. (a) Water droplets of 20 uL stayed firmly on the surface patterned by the
6 x 6 dimples, which were processed for 5 s each at 300 V with a 520 ym inner
diameter nozzle. (b) Water droplets pinned on a tilted patterned surface. (c) Water
droplets all slid off the surface at a tilted angle of about 41°. (d) Heart-shaped
patterned water droplets on the surface. (e) 20 uL water droplets were pinned by
the 2 x 2 dimples on a superhydrophobic surface. (f) Side view of (e). (g) Droplets
slid at designed angles at appointed positions [251]..........ccccceeevviieiiviiiiiiinnnnn. 130
Figure 3.1: Platform development timeline (Gen. 1) 2014 start of project (Gen 1.5)
2015/ 2016 development of capabilities for enhanced functionality (Gen. 2) 2017
re-model for enhanced capability, precision and operator ease..................... 136
Figure 3.2: Schematic overview of a generic EJP architecture highlighting
essential features included in most reported apparatus. ...............ccoeevvvvvnnnnnn. 137
Figure 3.3: Top down design methodology employed in design and realisation of
generation 1 maching t00l............ooouuiiiiiii e 138
Figure 3.4:Images of the generation 1 platform (a) showing updates to the z-axis
and platform (b) in original configuration showing the work area ................... 139
Figure 3.5: Early examples of machining utilising simplistic toolpaths affecting
material removal including keyholing at the beginning of feature striations, low
material removal due to poor power supply and control, unsymmetrical machining
profile due to manufacturing issues and flow lines due to poor electrolyte supply

and pump control. scale bars top left 250 um and bottom right 1 mm............ 140

XVii



Figure 3.6: The machine head went through considerable development as part of
Generation 1 platform development. Seen here machining surface textures for
reduced wear the updated head bracket, shroud and work holding making
extensive use of 3D printing teChNIQUES. .............ciiiiiieiiieeeee e, 142
Figure 3.8: Generation 2 machine tool with some of the major developments
RIGhIIGhted (2017) ..cooeeiee e 145
Figure 3.9: Bottom up design methodology employed in the design and realisation
of the generation 2 platform ... 146
Figure 3.10: Sectioned general assemble drawing from the final generation 2
drawing pack, surrounded by images taken during the construction of the
MACHINE TO0.... . e 147
Figure 3.11: Working principle of focus variation microscopy [256]................ 151
Figure 3.12: (a) Definition of basic geometrical metrics of depth, dissolution kerf
and cross-sectional area (b) SEM image showing the transition from un-
machined substrate surface into the dissolution region easily identifiable in
microscopy. Scale bar 500 PM......coooriiiiiiii e 154
Figure 3.13: Schematic to show the definition of more specific metrics used in this
study (a) the definition of overcut (b) definition of sidewall slope across the middle
60% of total depth and (c) the definition of precision using the top 20% of the total
EPTN. e 155
Figure 3.14: Schematic representation of topography distributions relating to (a)
Skewness and (D) KUIMOSIS .......uuuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiibiebbbbbeb e 159
Figure 3.15: Surface defined by Material ratio (mr) and Bearing curve relating to

TNE V-PAIAMETEIS ... bbb 160

Xviii



Figure 4.1: Composition of Inconel 718 (a) SEM images of etched Inconel
substrate at varying magnifications, the niobium precipitates can clearly be seen
at the grain boundaries (b) EDS surface scan of the Inconel substrate showing
the chemical composition prior to any machining (c) EDS elemental map of the
un-machined surface showing the distribution of the constitute elements (d) EDS
point analysis confirming the presence of a Niobium precipitate phase. ........ 168
Figure 4.2: Preliminary investigation into the geometric influence of parameter
variation when machining Inconel 718 across the capability of the generation 1
platform (a) nozzle traverse speed (b) supplied current to the IEG (c) nozzle tip
stand-off from the workpiece surface and (d) electrolyte jet speed as measured
At thE NOZZIE LD e e e 170
Figure 4.3: sample striations machined in Inconel 718 created to assess
geometry and surface finish at varying current densities ..............cccceevvvvvnnnnn. 172

Figure 4.4: Resultant machined profile using a 0.25 mm 1|.D. nozzle with 2.3 M

Figure 4.5: Identified regimes of Anodic dissolution as a function of J for Inconel
718 producing a variance in surface texture that can be grouped into 4 dissolution
(=10 1 1= USSP 174
Figure 4.6: EDS surface maps of machined surface of Inconel 718 demonstrating
the preferential machining of the nickel matrix leaving the y' phase containing
Molybdenum and Niobium less affected. ............ccooeeeii, 175
Figure 4.7: “wash-out’ leading to crater like topography (a) mechanism of
evolving surface under preferential machining regime (b) SEM of large Nb carbide
precipitate with dissolution occurring around the boundary just before “wash-out”

occurs. Scale bar 10 ym. (c) SEM image of surface with increasing current

XiX



density from 400 A/cm? (left) to 800 A/cm? (right) showing the increasing craters
left behind as the nickel matrix is eroded away from only the grain boundaries to
being consistent across the surface. Scale bar 250 uym.............ccoooeeiiiis 176
Figure 4.8: Inconel 718 Elemental composition at the surface as a function of the
(o 11350 ] (U140 g I €=o 11 = P 177
Figure 4.9: profile roughness (Ra) as a function of increasing current density for
Inconel 718 when machined with 2.3 M NaNOs (error bars are the standard
deviation of the sample from the mean) with corresponding dissolution regime
and process mechanics responsible for surface finish..................cccevviinnnnnnn. 178
Figure 4.10: EDX surface analysis of Titanium grade 5 machined within the first
3 machining regimes considering the main material elements that lead to changes
in topography (a) machined at 35 A/cm?, (b) 112 A/cm?, (c) 300 A/cm? All
machined with NaCl. All scale bars 50 M ...........c.ciiiiiiiiiiiiiice e, 180
Figure 4.11: Surface roughness (Sa) as a function of increasing current density
for titanium grade 5 when machined with 2.3 M NaCl with corresponding
dissolution regimes OUtliNed..............uuiiiiii i 182
Figure 4.12: Profile depth with respect to applied mean current density across
titanium, nickel super-alloy and magnesium utilising sodium chloride and sodium
Nitrate EleCtrolYteS .......cooi i 183
Figure 4.13: Damaged machined Inconel 718 surface due to arcing during
processing leaving a re-cast layer on the surface. Scale bar is 500 pym......... 185
Figure 4.14: Aspect ratio with respect to applied mean current density across
titanium, nickel super-alloy and magnesium utilising sodium chloride and sodium

NItrate ElEeCtrOIYTES ......coo i 186

XX



Figure 4.15: Formation of passivating layers (TiO) on titanium substrate during
machining with NaNOs electrolytes. (a) large scale layer formation over the
machined surface. Scale bar 500 uym (b) close-up of passivation build up scale
DA DO M .. 187
Figure 4.16: Machining performance of titanium grade 5 as a function of
increasing current density on samples with an as-received surface and with oxide
layers removed prior to machining ..........ccooviieiiiiiiiiic e, 188
Figure 4.17: Schematic of passivation layers leading to poor precision (a) normal
machining mode whereby material dissolution is concentrated at the bottom of
the resultant profile (b) when a passivation layer is formed preferential machining
is diverted to the side walls of the cut (c) Example of features cut using NacCl
where passivation can still occur at lower J values leading instability in the
process so poor geometrical definition added to the poor geometrical control
occurring due to the use of NaCl. Scale bar is 500 uym (d) features created using
NaNOs at a high current density with a repeating toolpath extremely poor edge
definition and surface finish is noticeable Scale baris 250 ym ...................... 189
Figure 4.18: Demonstration of Meso- and Micro-scale surface feature generation
in Inconel 718. Tinted SEM images of varying features using 0.15 mm I.D.
nozzles for deterministic surface structuring (orange tint) and 1 mm 1.D. nozzles
(blue tint) creating differing surface finishes due to changes in current density. All
Scale bars are 250 HIM .. ..o 190
Figure 5.1: Apparatus used to create the varying incident jet angles noting the
global co-ordinates system used throughout..............ccovvviviiiiiiiii e, 196
Figure 5.2: schematic of machining approach convention (a) being of normal

convention and (b) being push / pull convention. ..........cccccvviiiiiiie e, 198

XXi



Figure 5.3: Example profiles taken from striations created with the angled head
using the normal CONVENLION ...........cooviiiiiiii e e 200
Figure 5.4: Comparison of the adjacent and opposite striation wall slopes through
the rotation Of the JEt .......cco i 202
Figure 5.5: Schematic of varying current pathways as a function of nozzle and jet
angle. Points A, B and C are discrete arbitrary points located on the surface under
the nozzle. (a) and (c) showing the preferential pathways of the primary and
secondary current paths with an inclined nozzle. (b) and (d) showing the further
influence the electrolyte jet has at redirecting and converging these pathways
leading to an asymmetrical machined profile. ..........ccccoooiiiiiiiiii 203
Figure 5.6: Examples of profiles taken using the push / pull convention........ 205
Figure 5.7:Profiles from push / pull convention overlaid to demonstrate changing
energy distribution through different approach angles ...........ccccooooovviiiininnnnnn. 206
Figure 5.8: Extracted example surfaces and SEM micrographs of resultant
surface (7.5k x Magnification, all scale bars are 10 um) from cuts at 22.5° (a), 90°
(D) NG L57.5% (C). +.vveveeeeeeeeeeeeeeeeeeeeeeee et e eeee e e e e s es st et et et et et et et et e et et e eeeeenes 208
Figure 5.9: Schematic of energy distribution affecting surface finish (a) push
mode (b) normal mode (C) pull MOAE ........ccooeeeiiiiiiiice e, 209
Figure 5.10: Impact of varying electrolyte jet speed on resultant profile. a) with
the nozzle inclined at 22.5°, b) 67.5° and c) 90° to the workpiece surface noting
the invariance of depth at tilted regimes............cccccuiiiiiiiiiiiiiiis 210
Figure 5.11: (a) resistance is seen to increase as the distance between the nozzle
tip and workpiece surface increases. By redesigning the geometry of the nozzle
tip, localised resistance can be modulated in-jet (b) thus allowing current

distribution to be manipulated iN-jet...........ccouvviiiiiiiiiiiiiiii 213

XXii



Figure 5.12: Graphical representations of the current distribution expected from
the CAD designs in the bottom left corner of the graph creating preferential
current paths by lowered localised resistance at discreet points. This achieves a
higher weighting of the total current supplied at highly localised points across the
nozzle profile expressed as a percentage of the total current supplied (a) standard
nozzle tip (b) central point element (c) symmetrical twin element (d) off-side single
[oT0] ] 101 =T 0 1 T= o | USSP 216
Figure 5.13: A flow chart of the stochastic simulation process as described in the
text. If a surface element is exposed and the probability of removal is greater than
a random number, rg[0,1], then the element will be dissolved. ...................... 219
Figure 5.14: Normalised 3D simulations of the expected striation profile created
by stacking re-iterated sim profiles along a striation length (L), considering the
dissolution effect caused by the current distribution at each discreet point across
the kerf (x) for (a) standard nozzle, (b) centre point element (CPE), (c) off-centre
single point element (OSPE) and (d) symmetrical twin element (STE) .......... 220
Figure 5.15: Schematic of the modified nozzle tip showing the definition of terms
FOF TN DI . 221
Figure 5.16: Coordinates system implemented for calculation of DIF ............ 223
Figure 5.17: Graphical representation of the extended DIF equation for evaluation
of a single element of the NC NOZzle............cooovviiiiiiiiiiiiiiiiiiiiiieeeee 224
Figure 5.18: Tinted SEM images showing the standard and modified nozzles
using a simple planar approach prepared by wire EDM. (a) Standard nozzle, (b)
centre point element (CPE), (c) symmetrical twin element (STE) and (d) off-centre

single point element (OSPE). All scale bars are 500............cccooeveeeivveeiiinnnnnnn. 226

XXiii



Figure 5.19: Freeform nozzles designs focussing on the area of each individual
nozzle element (a) Wide castellated nozzle design (WC) (b) Narrow Castellated
nozzle design (NC). All scale bars are 500 UM .........cceieieieiiiiiiiiiiiii e, 227
Figure 5.20: Nozzle designs realised to evaluate the effectiveness of the DIF and
scalability of the process (a) steps with a 1mm I.D. nozzle, (b) STE design with a

0.5mm I.D. nozzle and (c) OSPE design with a 0.25mm I.D. nozzle. All scale bars

Figure 5.21: (a) Example resultant machined profiles from a single pass (black
line) and compared to the simulation derived profiles (red point cloud) (b) Tinted
SEM images of the sectioned resultant varied profile channels with 4 passes over
the striation showing full geometrical evolution. All scale bars are 500 pum.... 229
Figure 5.22: Extracted surface and profile from areal scans showing comparison
of evolving response profile over four passes of (a) standard nozzle and (b) CPE
nozzle demonstrating little change to the profile shape regardless of repeating
striations due to the nozzle design type. Scale bars for nozzles 500 ym ....... 231
Figure 5.23: Utilising an STE nozzle (a) consecutive passes were made over the
same striation equal to a 16 second dwell time after four passes. (b) Electrical
field strength map shown for the jet zone when approaching a flat surface. (c)
EFSM for interaction zone when approaching a pre-machined surface and the
influence this has upon field distribution. Note that arbitrary units are applied for
electric field strength. (d) Schematic of an STE nozzle showing the distance (ds)
of the main element tip to the work surface becoming greater towards the centre
of the jet. (e) showing the distance of the main element tips to a variable surface
having become equal across the entire jet (f) With increasing passes the shorter

path length is now to the central feature so shifts machining focus................ 232

XXiV



Figure 5.24: More complex 3D designs can be used to enhance the resultant
geometry but making changes to the area of elements at specific distances from
the work-piece influencing the geometry of the resultant profile. (a) Shows the
profiles created by nozzles with varying area the castellated and narrow
castellated when compared to the STE nozzle on which they are based but with
further material removed (b) demonstrating the differing resistance created by the
nozzles the castellated and narrow castellated demonstrates the ability of the
nozzle design to affect the machining process and careful consideration of area
and distance enables a lower than standard resistance increasing process
EFfICIENCY . oo ——— 235
Figure 5.25: Surface and profile extracted from an areal scan of the NC nozzle
with increasing number of passes. Scale bar for nozzle is 500 pm................ 236
Figure 5.26: Inconel 718 machined by a selection of nozzles. (a) 3D surface
generated from areal scan. (b,c,d,e,f,g) Tinted SEM images extracts of the
machined piece demonstrating the range of surfaces that these nozzle designs
can create. All scale bars are 500 M ........ccooviiiiiiiiiii e e e 238
Figure 5.27: SEM images of machine features with an STE nozzle with a modified
parameter set to produce different micro-texturing finishes (a) straight cut striation
with increased current density and increased jet velocity (b) pocket intersecting a
straight cut striation with increased jet velocity but lower traverse speed giving a
rougher surface finish. All scale bars are 500 UM .........cccccvvvviiiiiiiiiiiiiiinnnnn. 239
Figure 5.28: Comparison of extracted machined resultant profiles compared to
the simulated profile from the DIF equation (a) 0.25 mm I.D. OSPE nozzle. (b)

0.5 mm STE nozzle and (c) 1 mm Steps nozzle. All scale bars 500 um......... 240

XXV



Figure 5.29: Example images samples features machined using the steps
nozzles generated from areal surface scans showing single pass (shallowest cut)
through 2, 3 and 4 passes with the final deepest groove being created with four
passes at 0.1 mm/s traverse speed. Scale bar for nozzle is 500 um ............. 241
Figure 5.30: Variation of machining parameters with a 0.5 mm [.D. nozzle (a)
variation of current density (b) variation of Jet speed..............ccevvvviiiiiiiinneenn. 242
Figure 5.31: (a) currently response profile is consistent in a single direction, (b)
when direction changes response profile no longer tracks the toolpath and
response profile changes (c) profile would remain constant if head can rotate to
allow the nozzle to track the toolpath in X and Y.........ccccvviiiiiiiii e, 244
Figure 5.32: Schematic of rotary head design detailing the key features which
AllOW tOO] @rtICUIALION .....ceie i 245

Figure 5.33: Rotary head mounted on the x-axis of the generation 2 machine tool

Figure 5.34: 3D surface reconstructions from constant profiling experiments using
an STE nozzle (a), (b), (c) and comparison of profiles with and without rotary head
(1-7) at extracted points denoted on the 3D surface. ...........ccccceeieeiiceeiinnnns 249
Figure 5.35: Comparison of toolpath vector and nozzle orientation (a) without
rotary head and (b) with rotary head engaged ............ccccccvvviiiiiiiiiiiiiiiiinnnnnn. 251
Figure 5.36: Demonstration of rotary head in dynamic mode carrying out 90°
rotation over 15 mm channel (a) with OSPE nozzle and (b) with CPE nozzle.
Scale bars are 0.5 MM ... 253
Figure 5.37: Utilising the OSPE nozzle with the rotary head to apply edge shaping

to medical grade stainless steel. SEM images of (a) saw-tooth design at 65° (b)

XXVi



serrated edge at 65° (c) serrated edge at 80° and (d) reverse side of serrated
edge. All scale bars 1 MmM.......coooriiiiii e 254
Figure 6.11: Energy filtering mechanism description (a) comparison of electrolyte
efficiency across the range of electrolytes tested including increasing ratios of Nal
(b) description of the mechanism occurring leading to exclusion of current levels
at discrete points in the energy distribution, the machined profile being the mirror
of the energy denSity CUIVE. .........ooeviiiiiiie e 276
Figure 6.12: Optical micrograph of three machined lines all using the identical
toolpaths and machine parameters but with differing electrolytes, to demonstrate
the point at which the applied current exceeds the energy filter required to initiate
dissolution of the material. ............coooiiiiiiiiiii e 277
Figure 6.13: impact of variation of electrolyte jet speed on (a) in-process
resistance and (b) profile area removed with differing electrolytes................. 280
Figure 6.14: Schematic of the multiplexing system used in this study which allows
rapid electrolyte eXChange. ...........coooviiiiiiii e 283
Figure 6.15: Exemplar resultant profiles from striations machined with two passes
of the same electrolyte and two passes with differing electrolytes applied
sequentially in this case Nal20 and NaCl............ccccooooiiiiiiiiiiii e, 286
Figure 6.16: Exemplar resultant profiles from striations machined with two passes
of NaCl and two passes with differing electrolytes applied sequentially in this case
Nal20, NACI AN NANOS .....cvniiiiieeeeeee e e e e e e e e 288
Figure 6.17: Optical images of the sequentially machined striations under

identical lighting conditions (a) Nal20/NaCl and (b) NaCl/Nal20. All scale bars are

XXVii



Figure 6.18: Graduated surface textures as a function of faded electrolytes (a)
optical image of overall surface demonstrating the contrasting texture as the
applied electrolytes open and close (b) extracted 3D reconstruction of the surface
texture created with NaCl (c) extracted 3D reconstruction of the point of fade
where NaNO3s becomes the dominant texture (d) extracted 3D reconstruction of
the surface created With NaNO3...........cuviiiiiiiiiii e 291
Figure 7.1: (a) The conventional perpendicular machining mode (baseline). (b)
The contrasting arrangement used here, which exploits nozzle tilting, thin-film
transitory filtering and modulation of energy density. This makes use of an off-
centre single point element (OSPE) nozzle, to generate features = nozzle internal
(o[ F= T 1T (=Y a0 0 TR 295
Figure 7.2: 0.06 mm I.D. OSPE nozzle orientation set at 67.5° in the generation
2 platform (b) schematic of machining mode definitions ................ccccovvvvnnnnn. 297
Figure 7.3: Exemplar resultant profiles showing the changes in geometrical
features with different machine modes (a) Profiles machined with 400 A/cm? and
0.25 mm 1.D. nozzle showing the kerf of the machined striation observing the 187
pm reduction in kerf possible when the machine modes are used together (b)
reconstructed 3D image with optical overlay of a striation machined with ideal
COMPOUNT ProOfil@....cceviiiiiiiiiiiiiiiiiie e 298
Figure 7.4: Stacked bar chart showing the overall effect of each machining mode
on profile geometry and contribution to enhancement of individual profile features
fora 250 M 1.D. NOZZIE .......cooeeeeie e 299
Figure 7.5: Subtractive EJP with a 60 um I.D. nozzle (a) surface 3D reconstruction
of striation machined with a “to scale” jet imposed for comparison (b) SEM images

of the striation created with mode 1 and the baseline demonstrating the kerf

XXViii



reduction (scale bars 25 ym) (c) SEM image of a striation which has deformed
and jumped to one side likely due to nozzle blockage(scale bar 50 ym) and an
optical image of again another machining fault showing the fragility of the process
in its current guise at this scale (scale bar 100 um) .........coooviiiiiiiii e, 301
Figure Appl: Schematic of the fluid management system incorporated in
generation 2 Maching t00l...........ooeuuiiiiiiie e 339
Figure App 2: Example of a looping program architecture used for peripheral
control in this case for the electrolyte recirculation system ..............cccccevvveen. 339
Figure App 3: air flow management (a) schematic of compressed air system (b)
excerpt from 3D model showing extraction system sectioned (c) image of
extraction system and compressed air system during machine construction. 339
Figure App 4: Generation 2 Control and power architecture schematic......... 340
Figure App 5 Morphology and roughness at 0.2mm/s feed rate, 0.1M CuSo4
concentration. a) 4.4 A/lcm? b) 9.3 Alcm? ¢) 15.2 A/lcm? d) 39.2 A/cm?. Note
increased height scale on cand d...........ccccoooiiiiiiiiiiiiii e, 343
Figure App.6: Exemplar profiles of additive features generated with modified
nozzles (a) OSPE nozzle (shown in insert) (b) STE nozzle (shown in insert). Scale
Dars are 500 M ......uiiii e 346
Figure App 7: Coloured SEM images of deposition structures (a) STE nozzle
design (b) OSPE N0zzle deSign .......cccevviiiiiiiiiiiiiiiiiiiiiieiieeeeeeeeeeeeeeeeeeeeeeeeee 347
Figure App 6.1: Extracted profile section of aspect ratio tests with actual
parameters used iN the CENIIE..........ooiiiiiiie 351
Figure App 6.2: Schematic of EJP sample generation tool path including actual

Machined SAMPIE ... 352

XXIX



Figure App 6.3: comparison of features created for reduced wear surface by (a)
laser (b) laser after post process edge removal (c) by EJP with Si particle
remaining. All scale bars are 100 M ......coooiiiiiiiiiiiiii e 354
Figure App.6.4: Analysis of dimple array (a) optical image, (b) surface
reconstruction depth map and (c) profile of created dimples.......................... 355
Figure App.6.5: Angled SEM image of dimple revealing the etched structure
around the inclusion (scale bar 200 Pm) ..., 356
Figure App.6.6: SEM images of the worn textured Al-Si surface after sliding wear
tests at 100 N, 10 Hz demonstrating the different wear patterns created by the
texture inclusion(a)and (b). Higher magnification images of the areas on the
surface directly below the dimple (c) and to the right (d)........cccooeeeieviiiiiinnnnnn. 357
Figure App.6.7: SEM imaging from the transition area between wear regimes and
EDS data from the areas marked Aand B ..o 358
Figure App.6.8: Stribeck curves for textured and un-textured surfaces at a)50N;
D)LOON; C)L50N AN A)200N. .....vevveeeeeeeeeeeeeeeeeee e e e et et oot et et et e et e e e e et ereeeeene, 359

Figure App.6.9: Average coefficient of friction for tests conducted at 100N and

List of Tables

Table 2.1: Comparison of EJP process attributes with comparable processes

....................................................................................................................... 112
Table 3.1: Machine sub-systems and associated component systems.......... 139
Table 3.2: Current capabilities as of 2016 for Generation 1.5 platform .......... 144

Table 4.1: Nominal material composition of nickel -super-alloy Inconel 718.. 166

Table 4.2: Nominal material composition of titanium grade 5......................... 167



Table 6.1. Electrolyte composition and conductivity for the range of

concentrations used within this study. All measurements taken at 22°C (o 0.2 °C)

Table 6.2: Sample designation with defined electrolytes and sequential

o] o 1ot 2SS o [ ] o [ PP 285
Table 7.4: Machining modes and description used within this study.............. 296
Table App 6.1: Nominal weight percentage of a A390 alloy [299].................. 349
Table App 6.2 EJP and Laser parameter Set .......ccooeeeevvvvveiiiiiiiee e, 351

Table App.7.1 Processing parameters for 3 batches of titanium samples based
oN fINAING IN SECHION 4 ..oeeeeii e e 365
Table 8.1 Primer sequences used for gPCR (Dr R. Tare, Bone and Joint

ETL =T (ol 1 1] (o 11 o) P 370

XXXi



Nomenclature

Vhoz

Viet

ds

dn

oz

dl

Current density (A/cm?)

Nozzle translation speed
(mm/s)

Electrolyte jet speed (m/s)

Electrical potential (Volts)

Current (mA)

Resistance (Q)

Nozzle angle of incidence with
reference to the substrate
surface (°)

Minimum distance from nozzle
tip to surface (um)

Specific distance of the
individual modified nozzle
feature from substrate surface

(um)

Single point or element on the
surface of the nozzle tip facing
the substrate surface (S)

Single point or element on the
substrate facing the nozzle tip
element (N)

Radius of the nozzle (mm)

Radial distance from stagnation
point (Sp) to the edge of the
stagnation region

MRR

CPA

CWS

Aa

Ar

Aexp

Eeff

anZ

Material removal rate (g/s)

Standard deviation

Profile depth or height (um)

Dissolution or deposition kerf
width

Area of profile cross-section
(um?)

Feature shoulder precision
(MM / pm)

Slope of side wall in deposited
or removed profile (um / ym)

Annulus area of nozzle tip
surface facing the incident
surface (mm?)

Area of current focussing
feature facing the incident
surface (mm?)

Area of profile expected from
calculation (mm?)

Electrolyte current efficiency
(%)
Diameter of the nozzle

Stagnation point of jet flow on
impingement

XXXii



Abbreviations

ECM
EJP

EJM

EJD

PSU
HMI
IEG

STE

STD
WC

DIF

Electrochemical Machining
Electrochemical Jet
Processing

Electrochemical Jet Machining
(subtractive mode of EJP)
Electrochemical Jet Deposition
(additive mode of EJP)

Power supply unit

Human machine interface
Inter-electrode gap — nozzle tip
to surface stand-off (mm)
Symmetrical twin element
nozzle design

Standard nozzle type

Wide castellated nozzle design

Design impact factor

SSC
CNC

MME

ECE

I.D.
O.D.
CPU

OSPE

CPE
NC

SHE

Skeletal stem cell

Computer Numerical Control

Machining mode effect

Electrochemical equivalence

Internal diameter

Outside diameter

Central processing Unit
(machine)

Off-centre single point nozzle
design

Centre point nozzle design
Narrow castellated nozzle
design

Standard hydrogen electrode

XXXiii



1. Introduction

The requirement for manufacturing technology to cut costs, increase throughput,
precision, efficiency and flexibility drives the need for new technologies. This is
coupled with a drive to maximise component performance through the use of
advanced materials and highly optimised design. This presents a problem within
manufacturing to satisfy the needs of the complex component at the same time

as maintaining a streamlined process.

Electrochemical Jet Processing (EJP) represents an emergent technique for
satisfying this need within a high value, precision, environment. EJP presents the
potential to manipulate metals at the microscopic level allowing removal and
addition of material within the same process, in successive operations and
without the need for re-fixturing. Therefore, improving process fidelity and

streamlining the process chain of high value components.

EJP is an umbrella term used to define an unsubmerged, free-air jet process,
utilising electrolysis for either removal (subtractive mode) or deposition (additive

mode) of material. (Figure 1.1)
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Figure 1.1: Definition of electrochemical jet processing and how it fits in with common electrolytic
techniques

The innovations and analysis presented in this work are intended to be applied
to EJP as a whole (additive and subtractive). However, advances and innovations
are demonstrated in subtractive mode being electrolyte jet machining (EJM). This
IS intentional for two reasons identified from the literature review (Chapter 2).
Firstly, subtractive mode currently presents itself as having a greater scope for
development, innovations and applications of the process when compared to jet
plating, which the number of patents and process definition is a testament too.
Secondly, deposition of metals from a solute form is inherently toxic. Specific
chemistry-based advances in this field of widening the spectrum of materials
deposited, including co-deposition and enhancing the sustainability of the
process are beyond the scope of this thesis. It is intended to demonstrate through
the innovations presented here that the precision and flexibility of the features
created by EJM can rival competing processes such as laser and electrical
discharge machining but at a fraction of the cost and without the material

implications of using a thermal based processing technology.
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Electrochemical jet machining is a highly localised variant of electrochemical
machining (ECM). Both ECM and EJM are anodic dissolution processes based
on the electrolysis work of Faraday [1]. Both processes are capable of material
removal without affecting a components surface integrity and physical properties
such as hardness and toughness have no effect on machinability. However, EJM
differs significantly from ECM in that EJM is capable of selective material removal
without the need for masking due to hydraulic phenomenon, unlike ECM
(discussed in latter chapters). The electrolyte is also delivered as a jet in an
unsubmerged manner unlike ECM which is a submerged process. Due to this
EJM can deliver far higher mass transport rates due to the electrolyte flow at the
point of machining in comparison to ECM. Also, due to the impinging jet size and
cooling effect of the high electrolyte flow, much higher current density values are

achievable, whilst maintaining an electrochemical removal mechanism.

EJM, in its simplest form, comprises of a nozzle and substrate as electrodes, a
free-jet of electrolyte emanating from the nozzle and impinging on a substrate
surface. A power source connected between electrodes creates a potential
difference thus forming an electrolytic cell. The polarity of the substrate and
nozzle denoting the orientation of the redox reaction as to whether material is

deposited or removed at the substrate.

Currently EJM is understood to be a two-dimensional planner processing
technology, restricted in feature generation by the in-jet Gaussian energy
distribution and coupling of feature size to the in-jet hydrodynamic stagnation
region formed in an impinging jet scenario. This limits the shape and kerf of the
features generated either in subtractive or additive modes, which in-turn limits the
application of EJM in comparison to alternative technologies.
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This thesis intends to identify an underdeveloped and applicable material to EJM
applications and analyse its behaviour in process. The knowledge gained from
this enables a suitable demonstration material for further developments. It is
intended to develop innovations that seek to dissociate EJM from the current
process restrictions thereby presenting itself as a viable micro-machining
technology with distinct advantages over competing technology. These
innovations can then be applied in appropriate application case studies for

demonstration.

1.1. Aims of thesis

The aim of this work is to understand and advance EJM through enhancing the
flexibility not only of the process itself but also of the feature profiles alongside
increasing the feature precision achievable. Throughout this thesis flexibility of
process is defined as the capability of the process to perform different functions
such as machining at different scales. Flexibility of feature profile differs in that it
can be understood as analogous to using different tools to obtain a different
response profile. The response profile being shape of material removed or
deposited. Increased precision is defined throughout as minimised Kkerf,
maximised depth, feature side walls approaching vertical and any radius at the

feature to surface shoulder being minimised.

An expansive literature review was carried out of additive and subtractive mode
EJP which identifies current knowledge gaps in the processing technology.
Fulfilment of the identified knowledge gaps through research and development of

directed process innovations is intended to fundamentally change the process
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capability of EJM. Therefore, demonstrating it as a low-cost, low-impact micro-

machining technology.

To reach these aims the following three areas will be explored and form the basis

of the results presented here:

Fundamental analysis of complex alloy response. The suitability and
behaviour of common application high value engineering alloys has yet to
be fully explored in EJM. Prior investigation has, for the most part,
concentrated on the basic generalised mechanics of dissolution whilst not
considering material specifics leading to defined form and finish.
Although, considerable research has been carried out in general ECM, as
is shown throughout this work ECM material response often does not
correspond to EJM. Therefore, the dissolution response and the definition
of a process window for relevant materials to form a fundamental
understanding has yet to be fully understood and defined in EJM.

Platform and processing innovations for advanced EJM capability.
Little emphasis has been made within EJM to look at processing from a
platform point of view. In general, the use of simple laboratory style
machining arrangements or modified ECM die-sink machine tools have
been employed in current research with no commercially viable machine
available. To carry-out research in EJM, therefore takes a commitment to
develop a research platform. The task of development of this machine tool
from process fundamentals is intended to be integral to this research,
without which this research would not be possible. Through development
of the tool and by identifying areas for improvement significant

advancement of EJM can be sought.
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e Defining applications. EJM currently is not used in its entirety in
industrial application. Identifying application areas and implementing the
process in a highly advantageous manner will define the success of the
process. The understanding of the material response and hardware
innovations will lead to novel applications fully exploiting the process and

leading to a wider contribution to society as a whole.

1.2. Outline of thesis

This body of work is intended to follow a; define, design, characterise, innovate

and apply format (Figure 1.2).

o C Develop an @ Fundamental | ®  Develop = Demonstrate

« Knowledge -=' EJP platform - analysis of the ' © jnnovative = EJM

© gaps in current 9 O  idontif = y Y

Q research are 8 fo camy-out | ke identified Q solutions to << capability

BT fundamental ® mater{'gls c advance EJM through

researchand @  specific ~—  capability combining
incorporate 5 response to innovations
innovations EJM

(chapter 2) ’ (chapter 3) ’ (chapter 4) ’ (chapter 5&6) > (chapter 7)

Figure 1.2: Thesis overview showing content of main chapters

A comprehensive review of literature pertaining to this investigation is presented
in Chapter 2 covering both additive and subtractive mode EJP. It is necessary to
consider both aspects of EJP not just EJM, as significant research has been
carried out in this area which will be applicable to EJM, but perhaps not yet
demonstrated. Topics of the review include an introduction to EJP as a whole and
how it has developed. Identification of the fundamental processing parameters
that define the process and its capability, and the research around them. This
includes materials used and machine definable parameters such a current

density and electrolyte jet speed. The review considers electrochemical and
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electromechanical factors and innovations and their influence on the precision
and flexibility in EJP. This includes platform and hardware developments and
electrolyte considerations. Alternative micro-machining processes are
investigated and assessed against the advantages of EJM. This is to help
understand how EJM fits with alternative process capabilities and identify
technological areas where EJM cannot compete. Finally, a summary is given of
the current applications of EJP, again aiming to identify the intended future

market and applications where EJP is relevant.

Chapter 3 presents a detailed breakdown of all experimental methods, analysis
and characterisation processes used in the work. This also includes an overview
of the development of the machine tool from an early generation one platform
used for fundamental development of the process, to a more industrially focussed
generation 2 platform incorporating some of the innovations developed

throughout this project.

In Chapter 4 the dissolution response of Inconel 718 is analysed and compared
to that found with titanium grade 5. These two materials identified in Chapter 2
as being of particular interest to high value applications where EJP could develop
a niche. The impact of machine controllable parameters on the resultant
machined form is experimentally investigated. Using this information, the effect
of energy variance on the workpiece regarding form and finish is investigated
further, identifying the dissolution mechanism of complex alloys and a
comparison of performance and dissolution characteristics of titanium and nickel

superalloys.
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The results obtained in Chapter 4 are then utilised throughout the following
chapters as the base of the innovations presented. Chapter 5 contains research
and development of innovations utilising electromechanical design.
Investigations are carried out into the changing of the angle of jet address and
the impact on the resultant profile. That investigation provided insight that lead to
the ability to modulate the energy density profile found in-jet. A model is
developed to substantiate the hypothesis that resistance can be modulated in-jet
through modifications to the nozzle tip design. This results in the ability to change
the shape of the response profile created. The profiled nozzles that are
responsible for this are coupled to a further mechanical innovation of rotary
articulation of the end effector. This in turn results in the ability to maintain
constant bespoke profiles throughout the toolpath or create dynamic changes to
the resultant toolpath without changing any hardware as a function of spatial

consideration.

Chapter 6 introduces advancements in EJM derived through electrochemical
means. Presented here is the use of electrolyte doping to create a transitory
masking effect at the target surface to enhance the precision of machined
geometry. The electrochemical mechanics of this innovation are developed to
describe the causation effect as current filtering and re-fresh rate. The ability to
change profile spatial properties through the effects of electrolytes alone are then
utilised in a hardware innovation of electrolyte multiplexing whereby the differing
characteristics of the electrolytes are manipulated for preferential machining

regimes.

Chapter 7 introduces the application of EJM to ultra-precise machining. This
demonstrates the compound effect of the electromechanical and electrochemical
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advances from chapter 5 and 6 which when combined and shows the effect of
overcut commonly associated with EJM can be eradicated. This achieves not
only kerf equivalent to the jet diameter but small length scales in line with
competing processes. Demonstrating that EJM resultant geometries are no

longer restricted by energy distribution and hydrodynamic characteristics.

Finally, Chapter 8 presents the overall conclusions of the research work in this
thesis and identifies how this research and innovation development have fulfilled
the research gaps alluded to in Chapter 2. Also outlined are the future possibilities
for continuation of this work and extend the research findings that have been

presented here in order to further advance electrochemical jet processes.
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2. Literature review

2.1. Introduction

This chapter provides an overview of EJP from the fundamentals of parameter
influence on the deposition and removal of material to mechanical and chemical
influences within the process. The review will encompass both additive and
subtractive mode electrochemical jet processing and gives consideration of the
competing processes and developments of such, along with a review of the
current applications of EJP. Through this literature review, design cues are
sought to aid the development of the research platform, alongside this current
knowledge gaps are identified and in doing so, the scope of the thesis will be

defined.

2.2. Definition and Development of electrochemical jet

processing

Electrolytic jet processes consist of a nozzle, acting as an electrode, supplying a
stream or jet of electrolyte which acts as a carrier and a workpiece with opposite
polarity. An electrical potential difference is applied between the two electrodes
and forms an electrolytic cell (Figure 2.1). An important distinction of EJP is the
description of the jet as an un-submerged, free-air jet process, meaning the jet
emerges from the nozzle and moves through a region that is considerable less

viscous than the jet fluid, before impingement.
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Figure 2.1: Schematic of EJP process in subtractive mode

EJP is the amalgamation of electrochemical jet machining (EJM) [2-5] and

electrochemical jet deposition (EJD) [6-9] within a unified machine tool.

This technique can achieve jetted deposition of material with a cathodic
workpiece, analogous to electroplating, as well as jetted material removal with an
anodic workpiece (Figure 2.2). In EJP the electrolyte is accelerated through the
nozzle and expelled at a supercritical speed so that when impinged on the
incident surface it forms a thin film radially around the jet. The film then slows as
it radiates away from the impingement zone until an hydraulic jump [10] occurs
(see section 2.3.5.). This causes a thin, high resistance area adjacent to the
impingement zone to be maintained. The energy density therefore is
concentrated directly beneath the nozzle in a Gaussian distribution [11] and not
in the thin film area surrounding. This phenomenon restricts the development of

current flow allowing for mask-less, precision deposition or removal of material.
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Figure 2.2: Schematic of generalised electrochemical reaction in electrochemical jet processing in (a)
subtractive mode (b) additive mode

If the flow rate is not high enough then the hydraulic jump does not occur, and
the energy density field cannot be successfully focused and contained hence
localised machining is not achieved (discussed in section 2.3.5). This can be
further aided by an air shroud co-axial to the nozzle (Figure 2.1) (discussed in

section 2.5.5).

EJP achieves many of the same advantages of ECM where by material properties
such as hardness and toughness have no bearing on machinability [12, 13].
Machined surface features exhibit no thermal loading thereby avoiding increased
residual stress or formation of white layers [5]. Through polarity reversal
deposition of metals is achieved without the cost and complexity of alternative

methods.

The term electrochemical jet processing (EJP) is used throughout this thesis and
is derived from electrochemical machining (ECM) and electroplating (see Figure

1.1). These technologies were developed from the principles defined by Faraday
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(1791 - 1867) for anodic dissolution of a metal and Luigi V. Brugnatelli (1761 —
1818) who defined the methodology of electroplating. Electroplating grew quickly
in its application due to its ability to turn cheap materials into expensive looking
objects. The first major patents being awarded to George and Henry Elkington
(British patent numbers 7304; 1837 and 8447; 1840) [14] thanks to the work of
John Wright (1808 — 1844) a surgeon from Birmingham. This spawned
commercial interests such as Elkington and Mason (1842 — 1861) successfully
plating gold and silver objects. It was some time before the first patent related to
ECM was filed in 1929 by W. Gusseff [15] (British patent 335,003) recognising
the basic architecture and operating features required to exploit the principles of
Faraday. This patent identified the significant differences to electrolytic polishing
developed by E. Shpitalsky (1911) of far higher electrolyte flow between the
electrodes and vastly increased current density (100 A/cm? compared to 10
Alcm?) [16]. ECM then received little attention, with the first notable research
paper on the subject being by C.F. Burgess published by the electrochemical
society (1941) [17] defining the differences of ECM from the mechanical
machining process. However, with the development of advanced alloys during
the late 1950’s and 1960’s displaying high hardness and toughness forming
components of increasing design complexity (notable gas turbines and forging
dies), therefore making them difficult to machine by traditional shear-based
methods, highlighted the advantages of ECM. The first industrial machine tool
was introduced by Anocut Engineering company of Chicago, USA (1959)
followed by increasing research, development and introduction of new methods

and machine tools across the USSR, USA, Western Europe and Japan [18].
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Subtractive mode EJP is also referred to as electrochemical jet machining [2, 19],
electrolyte jet machining [4, 5, 20] and Jet-ECM [21, 22]. Throughout this thesis
the term electrochemical jet machining (EJM) will be used to describe subtractive
mode EJP. There are a wide range of similar nozzle based ECM technologies,
the earliest found patent of which relating to this was in 1953 and entitled
electrolytic shaping (Figure 2.3) [23]. This describes a method of removing metal
from a workpiece comprising a jet of electrolyte impinging on an anodic
workpiece, the direction of the jet either remaining fixed or in a predetermined
path. It further describes an adaption of this process akin to turning whereby the
workpiece is rotated and a jet of electrolyte impinges radially on the surface.
Nannichi [1961] [24], further demonstrated in publication some of the advantages

that could be gained in the use of high-speed collimated jets.
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Figure 2.3: Schematic of the earliest found patent related to EJP developed by the National Research
Development Corporation (UK) August 24, 1953

However, the application of electrolytic jets was reserved for fine hole drilling [25],
sample polishing [26] and etching [27] often using highly acidic electrolytes.

Figure 2.4 shows schematic of these drilling processes each with their individual
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characteristics [19, 28]. The majority use insulated or glass nozzles which move
towards the workpiece in the z direction as dissolution of the substrate occurs.
Drilling applications remained the staple industrial application for subtractive
mode EJP, for example in creating cooling holes in turbine blades [13, 29].
However, the use of highly toxic acidified solutions meant that this application

was to have a limited shelf life due to hazardous waste and handling concerns.

Electroch

hole drilling
processes

Figure 2.4: Electrochemical hole drilling processes utilising jet architecture [28]

Fletcher et al. [1974] [30], filed a patent entitled “scanning nozzle plating system”
which describes a method for selective plating using a high-pressure jet impinging
on a substrate surface. The deposition only occurring in locations in which the
voltage amplitude is above a minimum known value. The patent describes in
detail the machine architecture required of an orthogonal X, Y axis coupled with
a controller to create deposition patterns. The deposition patterns are generated

using a scanner, copying an already defined pattern and storing it in a recorder
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which can be played back to the controller. No more technical detail is given as
to how this is achieved only describing the possible methodology. It goes on
further to describe how this method can also be used for selective etching by
directing a constant flow of etching solution towards the substrate, etching only
occurring during periods where the voltage amplitude is above a predetermined
level. It must be noted that the electrolyte pressures described in this patent are
extremely high by current standards (500 — 700 psi). Few other details regarding
material removal is given. Melcher et al. [1981] [31], followed this filling a patent
based on the selective removal of material entitled “Method for mask-less
chemical and electrochemical machining” in which a method is described as “To
machine, a stream or jet of electrolyte impinges on the workpiece, and the stream
is maintained at a lower electrical potential than the workpiece. Since the
workpiece is anodic with respect to the stream, metal ions will be transferred to
the stream from the workpiece resulting in selective etching”. The use of a jet
however, was not implicit to the patent as the main focus of the patent was
selectivity, which could also be achieved in an electrolyte bath using a laser
focusing on the workpiece through the bath. von Gutfeld et al. [1983] [32], then
expanded on this earlier work, though only focussing on deposition, with the
inclusion of a free-air jet defining the characteristics of the jet as being collimated
and un-submerged. Presenting the advantages of using this type of process as
able to provide a rapid resupply of fresh ions into the region of plating, so enabling
higher current densities as the process is not limited by mass transfer rates
associated with other plating technologies. This was then followed with a further
patent by this group relating directly to laser assistance in 1985 [33] for enhanced

removal and deposition using an un-submerged jet.
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The first demonstrations of translating electrolytic jets being used for machining
simple grooves was by Datta et al. [1989] [34] in the micromachining of nickel
and steel. This is the first time the distinct advantages of the jet process over
conventional ECM is outlined stating the high current densities that can be
created which directly relates to the high material removal rates that can be
achieved, and the selective, mask-less nature of the process, alongside the use
of non-acidic common salt electrolytes. A further review paper on the subject in
the same year [35] reiterates these findings and makes comparison to other

chemical and electrochemical processes.

During the early nineties electrochemical jet processing techniques in the form
known today, started to become more established as a research avenue. Kunieda
[1993] [2], published a paper on the creation of micro indents to improve rolling
contact fatigue. The first time a paper had been released using a full CNC
operated machine where the nozzle was translated for the application of surface
texturing of a component surface. Kunieda and Yoneda in 1995 [11] went on to
detail the energy distribution and processing shape simulation within electrolytic
solution jet machining. Their findings further supported by Kozak et al. [1996] [19]
where a similar model was developed. Both of which form the basis of the current

understanding of EJP in-jet energy distribution.

Additive mode EJP also continued to develop during the development of
subtractive mode EJP. From the early rudimentary work of Alkire et al. [1982]
[36] through developments in the technology and understanding [6, Bocking
[1994] [37], 38], [Dover et al. [1996] [39], 40], and Kunieda et al. [1998] [7] were

now all able to carry out micro-fabrication of 3D structures, aligned with rapid
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prototyping / tooling techniques termed high speed selective jet electrodeposition

(HSSJE).

Both processing modes of EJP had now achieved a level of maturity in process
development that meant they can be defined in their own right as a stand-alone

process with a common architecture.

2.3. Parameter influence on deterministic feature precision and

flexibility in EJP

2.3.1. Introduction

Consideration of the variation of process parameters is fundamental to the
understanding of any process behaviour. Hence in EJP this is a major research
focus. The following section reviews the literature pertaining to this, identifying
these underlying concepts being required to underpin any future innovations to

improve the flexibility and precision of EJP.

2.3.2. Current density

Energy application in ECM processes is generally quantified by current density
(J). This is defined in ECM processes as the ratio of the machining current to the

machining area [18] Equation 1.

=

eV
= Equation 1

Where J is the mean current density, | applied current, A the machined surface

area, Ke electrolyte conductivity, V the applied potential difference and h the

working gap between electrodes (IEG) [16].
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The importance of current density in electrochemical processes can be
demonstrated by consideration of Faradays first law of electrolysis (1833) [1]

defined as:

“The amount of chemical change produced by current at an electrode-electrolyte

boundary is proportional to the quantity of electricity used.”

Therefore, the mass of a substance (m) deposited or removed at an electrode is
directly proportional to the quantity of charge (Q) passed and is defined by
Equation 2:

m = zQ Equation 2
Where z is the electrochemical equivalent (ECE) which is defined as the mass of

a substance produced at an electrode during the electrolysis reaction by one

Coulomb of charge.
Noting that
Q=1It Equation 3

Where 1 is time and current is therefore proportional to the amount of material

removed or deposited.

In EJP, current density is commonly regarded as the applied mean current
density by the cross-sectional area of the electrolyte jet exiting the nozzle [5]. This
is ideally demonstrated when Ohms law is applied to the IEG of a typical jet

arrangement:

d 2
V =1IR =TL’%]R Equation 4

Where V is voltage, R resistance and dne; Nozzle diameter.
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However, this is merely an assumption and bears little relationship to the
complexities of the current density and its distribution within the IEG. It does allow
an easy comparison between parameters and machining modes and as
previously stated relates directly, with a linear relationship to material removal.
This has been demonstrated in EJM by Datta et al. [1989] [34] and Liu et al.
[2016] [41], and by Bocking [1991] [42] in deposition. However, Bocking
commented that beyond 10 A/cm? the quality of the deposition structure becomes
poor with dendritic like structures forming. It should be noted however that time
of exposure by the jet plays an integral part (see Equation 3). However, in EJP
the material removal or deposition occurs in a specific direction, removal gets
deeper and deposition gets higher, not wider, as current density increases so

defining the mask-less nature of EJP [43].

Across the majority of studies 100 A/cm? was noted to be a commonly applied
value and falls in with commonly accepted ECM parameters of 50 to 150 A/cm?
[16] where anodic dissolution is the only machining mechanism in effect. This is
termed ECM conditions, beyond which unstable machining conditions occur,
leading to excess gas generation at the electrodes and increased probability of
electrical discharge (arc and spark) within the IEG [18]. This definition of values
however is unlikely to be relevant to EJP in subtractive mode due to the high flow
of electrolyte, relatively high translation speeds, large IEG and small interaction
zone (these are fully defined in the following sections). This minimises the heating
effect in the IEG caused by current flowing through a resistance (joule heating)
and rapidly removing debris in comparison to die-sinking ECM. Schubert et al.
[2011] [43], when investigating the electric potential in jet-ECM stated that they

could achieve up to 2100 A/cm?. This further highlights the deficiency of using
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current density as a controllable and defining metric. In that study and successive
studies [44-46] where these high J values are quoted, a fixed voltage is used.
The high current density is achieved by enlarging the IEG and so increasing
resistance. To compensate for this, the current value is required to increase in
order to maintain the balance (noting the relationship in ohms law, Equation 4)
rather than by what is required in the removal of material. Therefore, current is
used in overcoming resistance rather than anodic dissolution, the material
liberated would be the same as with a much lower current density but smaller
IEG. This is the reason why in the case of some simulations [47] the simulated
depth always exceeds the actual depth from experimentation. The energy found
at the surface is less than that at the end of the nozzle (set as a boundary
condition) having been reduced by the resistance found in the jet due to the
electrolyte conductivity, bubble formation and debris and passivation effects of

the material, depleting the energy which is available for removal at the surface.

Kozak et al. [1996] [19], developed a more intricate method to calculate current
density which determines the current density by considering the electrolyte
conductivity changes due to temperature effects of joule heating for given values
of voltage and size of IEG. Kozak et al. state that MRR becomes limited by the
boiling of electrolyte due to joule heating leading to cavitation and unstable
machining conditions. It was found that the calculated level of current density is
almost twice that determined when the changes in electrolyte conductivity are
disregarded. The model was found to provide good adherence to actual
experimental removal rates. This however, still does not accurately depict current
density as it only considers a single arbitrary element within the jet rather than at

the surface.
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The difficultly in describing mathematically what is occurring at the surface is due
to the complexity of all the contributory boundary conditions, but also the
distribution of the current density or potential gradient beneath the nozzle. Alkire
et al. [1982] [36], developed a fundamental mathematical model for the
distribution of current along the workpiece surface under an impinging un-
submerged jet. The model was then verified using a segmented electrode that
could measure the current radially every 3 um from the jet axis with insulating
layers in-between (Figure 2.5a). It should be noted that this model was developed

and verified for use with additive mode EJP hence the low current density values

used.
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Figure 2.5:Effect of applied current on current distribution in impingement region(a) Alkire et al. [1982]
[36], (b) Yoneda et al. [1995] [11]

Yoneda et al. [1995] [11] (Figure 2.5b) and Kozak et al. [1996] [19], in subtractive
mode EJP and Rajput et al. [2015] [48] in additive mode, further developed more
sophisticated models of the expected distribution of the current density profile

based on the potential gradient developed within the jet and according to the
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boundaries of the jet stream. These can be deemed to be correct when the typical
removal profile is considered. Kozak et al. also considered the current density
profile could change as a function of increasing voltage, changing nozzle-tip to
surface stand-off, nozzle diameter, electrolyte pressure and jet dwell. This
Gaussian type distribution is consistent with the energy distribution found within
alternative energy beam processes such as laser [49] , electron [50], focused ion-
beam (FIB) [51] and water jet [52, 53] which results in profiles which exhibit

tapered sides, a rounded apex and diffused edge definition.

Surface finish on a machined feature is another effect which is strongly
dependant on applied current density. Various studies have noted that as current
density increases, surface roughness tends to reduce. Natsu et al. [2007] [5] and
[Kawanaka et al. [2014] [54], 55] proved this by exploiting the relationship in
Equation 3. An inverse relationship was established between current and dwell
time. A series of pits was machined and for each pit as current density increased
so dwell was reduced to achieve a constant charge. Therefore, the depth of each
pit remained constant at 50 um. It is obvious from Figure 2.6 the reduction in
surface roughness is directly attributable to the increase in current density rather
than any consideration arising from increasing pit depth (increasing IEG) or
change in overall charge as the charge supplied is constant due to the balance

of current and time.
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Figure 2.6: Demonstration of decreasing roughness as current density increases in Stainless steel
whilst maintaining a constant electrical charge [55]

Kawanaka et al. [2015] [55], explained this phenomenon using the diffusion layer
theory (concentration boundary layer). This is described as “a region in the vicinity
of an electrode where the concentrations are different from their value in the bulk
solution” [56]. Defined by Nernst with the concept of a stagnation diffusion layer
across which the solute diffuses from the solid surface into the bulk solution and
forms a linear concentration profile [57]. The effect of this is a limiting value of the
faradaic current available at the surface. At low current density (<50 A/cm?) the
diffusion layer is thin; therefore, the dissolution is even across the surface and
protrusions are machined at the same rate as valleys on the surface (Figure
2.7a). Hence the roughness remains constant regardless of overall material
removal and exacerbated by material considerations of passivation (see section
2.3.6). With increasing current density, the diffusion layer increases. The potential
gradient under the jet and concentration of molecules and ions, governing the
electrochemical reactions at protrusions above the mean surface being steeper
than those in the valleys because the interface between the bulk flow and
diffusion layer becomes flat (Figure 2.7b). The protrusions are therefore
machined at a higher rate reducing roughness. However, the diffusion layer at
current densities >200 A/cm? become so thick (Figure 2.7¢) that once again

dissolution rates over the surface equalise and so dissolution is unable to
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efficiently focus on the protrusions. The surface becoming more randomised
leading to a less effective reduction of surface roughness. This hypothesis for the
higher current density is however in contradiction of earlier work in the same
material [5] where the roughness is seen to be stable and consistent beyond 200
A/cm? showing no indication of increasing roughness. This could simply be due
to how the roughness measurements were obtained however requires further

investigation to clarify.

Electrolyte flow Electrolyte flow

Diffusion layer

(a) Low current density. (b) Best current density. (c) High current density.

Figure 2.7: Principle of surface finishing through consideration of the diffusion layer [55]

The implication of current density in additive mode EJP has also been
investigated. Although due to the inherent nuances required in deposition, where
consideration of the material nucleation rate is required due to changes in current
density, it is possible to more easily define a rigid current density level. Bocking
[1992] [58], determined the maximum current density in gold and copper
deposition under a stationary jet, that could still produce quality deposits with high
deposition rates up to 3.4 um/s as 6.5 A/cm?. For comparison the deposition rates
of similar plating technologies was in the region of 0.5 to 1 um/s [42]. Beyond this
deposition rate, deposits were nodular and dendritic in structure and repeated
layers would serve to worsen this [39]. Below this current density, deposition rates
were seen to be low and the adhesion and morphology of the structure poor.

Investigation into the process beyond this work have sought to use current
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densities related to these guideline parameters [7, 9, 38, 40] even when

considered with nozzle traverse speed.

2.3.3. Nozzle traverse speed / dwell time

As noted in Equation 2 and Equation 3 exposure time is as relevant as the level
of current in the level of material liberation or deposition. Often not considered in
mathematical modelling of EJP as found in the work of Kozak et al. [1996] [19]
and Yoneda et al. [1995] [11] where the model is assumed to be axisymmetric,
static and stable for mathematical simplicity of calculation. In the case of Kozak
current density was calculated at t=0, when compared to experimental values,
machined pit diameters showed a 14% error to the model due to the dwell time.
However, these assumptions allow for a two-dimensional model to be extracted.
Due to the improvement of computing power, practitioners such as Hackert-
Oschatzchen et al. [2015] [47] still using a stationary jet, have factored a
dissolution time into the model. This demonstrates the change in shape of the
material removed noting an increase in depth with increasing time. When
factoring in hydrodynamic influences (again with respect to time) the simulation
also showed the lack of increase in diameter of the machined pits which was then
demonstrated to be correct in the experimental validation. Natsu et al. [2007] [5]
and Kozak et al. [1996] [19] found the same phenomenon when machining pits
that a longer dwell time lead to deeper pits, but Natsu et. al. also found when
machining grooves into the workpiece the same relationship between traverse

speed and groove depth was evident.

The relationship of current and dwell has been further demonstrated [5] in the

previous section where an algorithm was created exploiting this relationship to
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maintain a consistent machining depth not only in pits but in grooves for a set
value of speed and current density. Natsu et al. [2007] [5], found that surface
roughness was not affected by machining time. Through machining pits at the
same current density but for increasing dwell times, the surface roughness
remained almost constant throughout even as the pits became deeper with longer
dwell. The nozzle traverse speed (scan speed) was used as the primary function
along with tool path by Natsu et al. [2008] [59] in order to create complex 3D
geometries by superimposing elemental curved grooves. Good correspondence
to the target superimposed feature profile was achieved although errors were
found in some cases due to anomalies that are discussed in the following

sections.

Kai et al. [2012] [60], also carried out investigations using traverse speed and
repeated passes for the purpose of slot and plate cutting. It was found that using
the side wall of the jet approaching a plate, thicknesses up to 3 mm were able to
be cut by reducing translation speed to 0.3 um/s in a single pass. In comparison
with the jet approach being normal to the substrate surface, with extremely slow
translation speeds, perforation was possible through 80 um thick plate. However,
the resultant slots were not symmetrical in the cross-section and with a high
degree of profile variance and poor perforation at the slot beginning. They further
demonstrated that increasing the number of passes over the same toolpath can
be seen as analogous to increased dwell or reduced speed which was also
remarked upon by Natsu et al. [2007] [5]. This was demonstrated through cutting
thin plates using a faster speed and repeated striations. This achieved a much
more uniform and repeatable profile albeit with a higher taper, although the

reasons behind this are not fully explained. The methodology of repeating the
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number of scans over the same toolpath was also demonstrated [5] to have
another advantage of reducing surface roughness, the more scans that are made
reduces the level of roughness (Rz =0.4 ym 1 pass to =0.1 um seventh pass).
Although this would seem in contradiction to earlier statements that dwell time
had no influence over surface roughness, it is hypothesised that using high nozzle
traverse speeds, minimises the time the machine surface is exposed to low
current density areas found at the periphery of the jet. Considering that as stated
in the previous section, low current densities are responsible for a higher surface
roughness. Kawanaka et al. [2015] [55], further expanded on this, finding they
could achieve a mirror finish over a large area regardless of current density,
although it must be above the decomposition current required for the material
(see section 2.3.6.). The number of reciprocating translations was changed in
proportion to the translating speed and inversely proportion to current density.
Therefore, the lowest surface roughness was achieved with a 100 mm/s
translation speed, 94 A/cm? current density and 200 repeated scans. This was
found to be comparable to the lowest possible roughness with a stationary jet and
with increasing current density the repeating translations method achieves lower

surface roughness than a stationary jet.

In additive mode EJP the relationship between current density and traverse
speed again is a subject of investigation. It was shown that there is an optimum
scan speed for the process due to the finite nucleation time for copper deposition
being 1.5 mm/s [6], although this should be taken in consideration of the current
density. Above this only the trailing edge of the jet will produce enough time for

full nucleation to occur and so the current density is focussed in this area.

61



Resulting in a low quality deposition structure with undesirable vertical columnar

growth occurring [39].

2.3.4. Inter-electrode gap (IEG)

The inter-electrode gap (IEG) in subtractive mode EJP has received little
research in comparison to general ECM where the interactions between
electrodes, electrolyte, flow, tooling and resultant features has been investigated
[12, 17, 18, 61, 62]. In comparison investigation of the IEG in EJP has been
restricted in the most part to the effect on kerf by changes to the size of the IEG
as part of process kinematic studies. lkeda et al. [2006] [20] noted during his
investigation on the use of multiple nozzle arrays, that as the IEG is reduced from
1.7 mm down to 0.5 mm the pit diameters dropped from =0.475 mm down to =0.4
mm from a nozzle 1.D. of 0.26 mm. It was however commented that the pits
started to become more oval at the reduced standoff. Although this study looked
at close packing jet arrays for large area coverage and the effect was thought to
be due to the interaction with the other jets in the nozzle array. Kunieda et al.
[2011] [63] found the same trend when machining with a newly designed slit
nozzle (see section 2.5.5) whereby the width of the groove cut increased from
=75 ym to =100 um as the IEG increased from 1 mm to 3 mm. However, at IEG
values <1 mm the width was observed to be larger at 110 ym, roughly two times
that of the nozzle width. This relationship of machined kerf approximating to two
times the nozzle 1.D. is found throughout EJP and is discussed further in section
2.3.5. Schubert et al. [2011] [43] found that with increasing the IEG from 10 um
to 100 um there was a decrease in groove kerf as the IEG increased. This was

due to the inability to define a free jet at smaller distances, so the nozzle is
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completely immersed leading to a loss in precision of dissolution. It was also
observed that at reduced distances a greater depth is achieved due to a reduction
in resistance found in the IEG therefore allowing greater dissolution energy at the

surface.

Previously in-jet resistance had been largely ignored as subtractive mode EJP
had been described as tolerant to significant changes in the gap width of the IEG
[5, 64]. This is however reliant firstly on the power supply to the electrolytic cell
being able to compensate for an increase in resistance by increasing the
electrical potential in order to maintain a constant current (see Equation 4).
Secondly there should be no latency in the power supply unit (PSU) in the
reaction to these changes in the resistance. This effect of increasing resistance
for changing IEG sizes could help explain the errors found by Natsu et al. [2008]
[59] where by a 30 um difference was found between simulation and actual
machined profile at the depth maxima. This was investigated further by machining
grooves at an IEG of 0.3 and 0.42 mm, relating to the changes during the prior
feature generation. They found the kerf of the groove to be wider with the larger
standoff, concluding that generated gap width should be taken into account

during precision machining.

The concept of the electrolyte being analogous to an ohmic resistor is common
place in the modelling of ECM processes [65]. The resistance in the IEG occurs
due to several individual phenomena all of which must be overcome to allow
current to flow. These can be seen in the simplified potential profile shown in
Figure 2.8. The electrode potential between the substrate and electrolyte being
the readiness of ions to discharge and form a barrier to the rate of reaction. Thus,
additional energy is required so that ions discharge at the required rate known as
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the activation polarisation (or activation over-potential). Films formed on the
surface of the electrodes (discussed later in this chapter and throughout this
thesis) such as metal hydroxides inhibit the flow of current, this potential loss

being known as ohmic overvoltage.

Anode potential

Activation polarisation Anode
Ohmic overvoltage overpotential

Concentration polarisation

Ohmic resistance of electrolyte

Total cell potential

Concentration polarisation

Ohmic overvoltage
Activation polarisation

Cathode
overpotential

Cathode potential

Figure 2.8: Simplified potential profile found in the IEG derived from Wilson [1971] [18]

Inert loose oxide films and metal hydroxide layers allow current to pass through
electrolyte pathways through the structure, however more tenacious oxide films
will only pass ions through diffusion greatly reducing dissolution rates. The
migration of ions to the electrode surface under applied electrical conditions
causes concentrations to form (diffusion layer) which ions must pass through
inhibiting the ions release of charge at the electrode surface and newly formed
ions dissipating into the bulk electrolyte. The energy required to overcome the
concentration polarisation being the concentration overvoltage. It should be noted
one of the distinct advantages of subtractive mode EJP is the high rate of fluid
flow which vastly reduces concentration polarisation allowing much higher current

flow than a stagnant or low flow rate scenario.
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Further expansion to the description of the IEG is the incorporation of the
electrical or electrochemical double layer [66] (DL) (initially based on a model
proposed by Helmholtz (1853)) which is compared to an electrical resistor

capacitor circuit (RC circuit) [67, 68] (Figure 2.9).

Faradaic
impedance

IEG

Figure 2.9: Schematic of an electrical representation of the IEG featuring the electrical double layer

Where Ra and Rc is electron transfer resistance at the electrode surface, Re the
electrolyte resistance, and Ca and Cc the double layer capacitance. The
combination of the resistor and capacitor at the electrode surface being referred
to as the Faradaic impedance. The double layer forms on the surface of any
object when exposed to a fluid consisting of two parallel layers of charge. The
first layer being the surface charge of ions adsorbed onto the object due to
chemical interactions and the second layer being the diffuse layer comprising of
free ions attracted to the first layer through electrical attraction and thermal

motion. This is the basis for precision improvements by pulsed power supplies
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and will be discussed further in section 2.5.4. Hackert-Oschatzchen. et al. [2014]
[46], developed a method to combat these changes in the IEG by exploiting this
resistance model. This gap control strategy similar to that developed by Bilgi et
al. [2004] [13] for deep hole electrochemical drilling with a dynamic cathode feed
mechanism. Short circuiting between nozzle and workpiece is sensed by a
current sensing comparator circuit and the quill feed retarded. Hackert et. al
instead used fluctuations in resistance, the starting point of the geometry to be
machined used as a datum to which all other movements of the nozzle are
relative. As machining of the desired geometry takes place the electric current
within the IEG is continually monitored. If the current decreases by 1 mA, the
nozzle is fed towards the surface until the current established at the starting point
is resumed. If the current increases by 1 mA the nozzle is fed away from the
surface until the datum current is established. Although the method was observed
to be successful, some error was found in the resultant geometry due to the way
the control strategy was implemented. The latency in the controller to react to
changes in the resistance and resolution of the stages meant a delay in the

changing of the IEG so leading to deviations in the resultant profile.

Investigation into the IEG on additive mode EJP has again been mainly
concerned with the initial setting of the nozzle tip stand-off. Karakus et al. [1994]
[69], observed that when the nozzle tip stand-off is reduced, the profile of the
metal deposits became more localised under the nozzle side wall giving a more
even deposition distribution under the nozzle as opposed to the Gaussian
distribution. In this case a ratio between IEG (H in this case) and jet I.D. (d in this
case) was developed, the variation was experimentally observed between H/d =

0.25 (125 um IEG) and H/d = 4 (2 mm IEG) using a 0.5 mm nozzle (Figure 2.10a).
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This can also be compared to Kozak et al. [1996] [19] who hypothesised current
distribution for changing nozzle stand-off again as a function of H/d (Figure 2.10b)
in subtractive EJP. This has not been proven experimentally in subtractive mode
EJP as the vastly reduced IEG required to demonstrate this would have the
associated problems of maintaining a free jet to achieve profile precision, but also
where a high enough current density is required to form a precision shape there

is a high chance of electrical flash-over between the nozzle and workpiece.

Bocking [1994] [37], carried out a detailed analysis of the effects of changing the
nozzle stand-off on precision, quality and mass transfer rates. He concluded
selectivity (precision) of the depositions was improved for H/d values under 1 due
to the current density distribution and definition of the electrolyte flow. At IEG
values of H/d <1 the effects of secondary current distribution (found in the radial

area on the surface beyond the jet diameter) are vastly reduced.
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Figure 2.10: Effect of changing IEG width on a) distribution of copper deposition [69] b) change in
gradient of electrical potential [19]

This will be pronounced if the IR (voltage) drop between electrodes is less than
the total over-potential at the anode and cathode, therefore primary current

distribution will dominate. This is based on spatial factors rather temporal factors
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as related to charge (Equation 4). Therefore, deposition rates were seen to be
increased in the impingement area. Also, at values of H/d >1 jet flow is affected
by the surrounding air leading to a reduction in flow at the jet periphery. However,
this is noted to only really have an effect at H/d >4 and is dependent on the jet

speed.

2.3.5. Electrolyte flow

There is considerable literature surrounding impinging jets both in submerged
form and free jet states [70-72] due to the high heat- and mass-transfer rates
encountered. Therefore, the understanding and definition of flow regimes and
parameter variation impact is well understood regarding a radial jet impacting on
a flat surface. Figure 2.11 shows a two-dimensional schematic of the jet flow
composed from observations within the literature that relates to the architecture
found with EJP. The relationship as defined in the previous section between the
size of the IEG (in this case denoted as H) and nozzle internal diameter remains
as a boundary condition for discussion of the flow characteristics being relevant
for EJP. It has been noted that increases in H/dnoz lead to increases in turbulence
in the stagnation zone. This is seen to be undesirable both in additive and
subtractive mode EJP as this will lead to un-stable machining conditions [73]. The

impingement region or stagnation region can be defined as [74]:

d =<1 Equation 5
noz

Where d' is the radial distance from the stagnation point S, to the edge of the
stagnation region upon translating into the wall jet and dno; is the inside diameter
of the nozzle (Figure 2.11).
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Figure 2.11: Schematic of electrolyte jet with designated fluid flow areas and boundary relationships

This can be correlated with the twice nozzle diameter associated with removal
and deposition feature kerfs in EJP [19, 60, 75, 76] the jet being described as the
factor that restricts the dissolution area [5, 11, 77]. Beyond this the stagnation
region of the impinging jet flow field, transforms into the radial wall jet region and
a boundary layer forms at the workpiece surface. This creates a highly resistive
thin film layer where dissolution is inhibited. A minimum required jet velocity of 20
m/s [4, 75] has been defined as necessary to create the thin film layer (wall jet).
The thin film exits radially away from the impingement zone at a supercritical flow
regime decreasing in velocity as the hydrodynamic boundary layer near the
surface thickens owing to viscous drag [36] (Figure 2.11). At the point where the

boundary layer encompasses the fluid layer, a sudden transition occurs to a
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subcritical flow regime in order to conserve momentum and incites a hydraulic
jump, identified by a sudden increase in film thickness [78]. Hardware innovations
described in section 2.5.5 however, show that this minimum jet speed is not

necessarily required.

Kozak et al. [1996] [19], factored in variation in electrolyte supply pressure into
the 2D mathematical model that was created to define the anodic dissolution rate.
Good agreement was found between predicted rates of dissolution and actual,
showing that dissolution slowed marginally as jet velocity increased, even at
reduced IEG and high potential (1.4 mm/min to 1.25 mm/min @ 250 V and IEG
2 mm). The diameter of the machined dimple was also observed to be larger at
0.6 MPa than at 1 MPa (1.5 mm to 1.6 mm respectively @ 250V, IEG of 2 mm
and 0.8 mm diameter nozzle). Liu et al. [2014] [79], also found that with increasing
jet pressure (1.5 MPa to 3 MPa) MRR experienced a marginal decrease from 13
pg/min to 11.9 pg/min. This was attributed to the effect of joule heating in the
electrolyte stream. As jet velocity is lowered so temperature of the jet increases
as the effect of the high refresh rate of the electrolyte aiding cooling is restricted.
Increased temperature leads to increased conductivity of the electrolyte. Thus,
resistance drops allowing a higher charge to be seen at the surface and generate
higher material removal. This effect is much more aggressive at higher potentials
and smaller IEG’s. The generation of hydrogen at the cathode was also seen to
be dependent on the electrolyte flow rate with the greatest generation of hydrogen
occurring at the lowest electrolyte flow (1.2 cm?3/s) and highest applied current (1
A). These observations are partly re-affirmed by Lipiec et al. [2013] [64] who also
found that, in this case groove depth, decreased with increasing pressure and

applied voltage. However, in contradiction, the width of the groove was observed
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to increase with the increase in pressure. Identified as caused by increasing
pressure extending the impact area of the jet stream so de-localising the
dissolution process. It is worthy of note that the electrolyte supply pressure was
higher than that used by Kozak being varied between 3 MPa and 7 MPa.
Typically, most practitioners use 0.5 MPa in subtractive mode EJP which
achieves the = 20 m/s jet speed as noted earlier. Lipiec et al. also investigated
the influence of electrolyte pressure on MRR. It was found that at 2 MPa, MRR
decreases with increasing resistance (increasing electrical potential) which
supports Kozak et al. findings, but at 100 MPa MRR increases with increasing
electrical potential which is in contradiction. This would imply that there are likely
two mechanisms of material removal occurring. The significantly higher
electrolyte jet pressures introducing an erosion process mechanic beyond simply
corrosion which is expected in subtractive mode EJP. This secondary phase
coupled with the dissolution phase resulting in higher MRR. This can also be
observed when slurry is introduced into the jet-stream for the purpose of
introducing an erosion mechanism to increase MRR [79, 80]. In Liu et al. [2014]
[79] the comparison of electrochemical slurry jet machining (ESJM) (introduced
in section 2.5.6) and subtractive mode EJP, showed little difference to surface
roughness (Ra) with increasing jet pressure. A slight increase was observed from
3.55 ym at 1.5 MPa to 3.91 ym at 3 MPa. It should be noted though that these
roughness figures are considerable higher than those typically found in EJP being

<1 um [54].

Hackert-Oschatzchen et al. [2015] [47], factored in hydrodynamic effects from the
impinging jet into the process model and investigated the secondary machining

effects as a result of electrolyte rebound due to ejection during machining.
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Utilising a dynamic jet shape (although movement is static in translation) it was
demonstrated that as machining progresses, so the flow conditions become
increasingly unstable. This is accompanied with the radial wall now detaching
from the workpiece surface and ejecting at increasing angles towards the point
of jet origin. Although not fully shown in the model due to boundary conditions,
but found experimentally, at machining times >2 s the ejected electrolyte contacts
the nozzle making a secondary, unstable, current pathway for dissolution. This
undesirable effect leads to poor edge and profile definition, and extended kerf of
the machined features. This could explain the deleterious effects found by Kai et
al. [2012] [60] when attempting to cut plate material at relatively low speeds and
suggests a minimum translation speed for precision machining. The
hydrodynamic effects are likely to differ when considered with a translating nozzle

due to the available electrolyte ejection routes from already machined geometry.

In additive EJP, Bocking [1994] [37] observed that jet velocity had a significant
effect on the quality of deposits. However, unlike subtractive mode EJP,
increasing jet velocity was seen to have little effect on the selectivity of the
depositions. It was hypothesised that selectivity may be improved at higher jet
speeds but only at relatively higher current densities, but this would be at the
expense of deposition quality as mentioned in section 2.3. This is in contradiction
to Fan et al. [2015] [81] who found with increased jet speed from 2 m/s to 10 m/s
spot size increased from 5.5 mm to 6.2 mm. It is, however, unclear as to the other
parameters used or the quality of the depositions in this study. Bocking also
observed that as deposits grow in height, the electrolyte flow is no longer
perpendicular to the surface. The flow into the wall jet becomes accelerated so

reducing the thickness of the boundary and diffusion layers. Consequently,
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allowing a higher current density to develop at the periphery of the deposit in the
transition region before formation of the wall jet. This can be observed by
preferential deposition under the nozzle initially becoming thicker across the
whole region up to the radial wall giving a more domed appearance with a lower
side-wall-slope of the deposits. This could explain the findings of Fan et al. [2015]
[81] where a slight increase in electroforming rate was seen between 1 m/s and
10 m/s (8 mg/min to 8.25 mg/min). In this case however it was explained that is
was due to the reduced time that the copper ions had to travel, this being the
equivalent to reducing electrolyte resistance. The increased number of copper
ions per unit time will therefore lead to an increase of electroforming current
density. Qiao et al. [2005] [9], found that through variation of jet speed from 4
m/s to 9 m/s they were able to vary the content of cobalt when depositing Co-Ni
alloys. As with Bocking they acknowledged that increasing the jet speed reduces
the diffusion layer thickness therefore the metal ion concentration increases and
as cobalt is the lesser noble constituent of the Co-Ni alloy it is preferentially
deposited. Although this is not stated by Kawanaka et al. [2015] [55] reviewed in
section 2.3. where increases in current density lead to a thickening of the diffusion
layer affecting the resultant surface roughness. It has been indicated in additive
mode EJP the increasing of jet speed would lead to the reduction of the diffusion
layer. Thus, it can be inferred that this would also influence the resultant surface
roughness. Perhaps identifying an ideal jet speed for minimal surface roughness,
although this is not a result that has been found in this consideration of the
literature. Qiao et al. also found that increasing jet speed lead to refinement in

grain structure of the deposits for this same reason of increased localised current
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density due to reduced diffusion layer thickness which would support Bocking’s

observations that the quality of depositions improved with increased jet speed.

2.3.6. Influence of material on geometric flexibility and precision in EJP

The ability of a material to dissolve under ECM conditions can be considered as
one of the major limiting factors of performance in subtractive mode EJP. Material
with respect to additive mode EJP is dealt with under section 2.4 for electrolytes.
The material physical properties of hardness, toughness and strength have no
bearing on the machinability of a material by ECM and instead is reliant on the
materials electrochemical equivalent (ECE) [82]. The electrochemical
equivalence as defined in 2.3 is the mass of an element that can be liberated for
1 coulomb of charge. Every material element possesses a differing ECE
dependant on the materials atomic weight and valance. It should be noted
however that valence can change during electrochemical machining [18]. When
the ECE is combined with Faradays laws (section 2.3) (Equation 5) can be used

to calculate the theoretical rate of removal:

_ Al

~,F Equation 6

Where m is the mass of material removed, | is the current passed for time t. A is

the atomic weight of the dissolving ions, Z is the valence and F is faradays

constant [16]. F is a proportionality constant equal to 96,500 C, being the charge
required to liberate the chemical equivalent weight of a single element or
molecule. This equation forms the basis of a number of process models [11, 19,
22] for differing materials. During the machining of complex alloys, the difference

in ECE between these alloys and their distribution within phases can, in part,
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explain the differences found in machinability and surface finish between
materials (reference to section 2.3 can provide further information). Natsu et al.
[2007] [5], described this process in stainless steel (grade 304) stating that
dissolution of a material element will not occur until a decomposition charge is
reached that is required for each individual element. This being the ECE defined

as A/ zF. Therefore, at low current densities, individual elements will dissolve at

different rates leaving an uneven surface. Where certain elements are more
prevalent in a specific phase, that phase is likely to machine at a different rate
and therefore effect the overall form of a machined feature beyond just the
surface finish. Natsu et al. goes on further to state that as current density
increases, so the decomposition charge required to dissolve all elements is
reached and the machining rate becomes equal across all material constituents.
When this is considered with the results found in this paper and subsequent
publications around the subject [54, 55] this theory in specifically stainless steel

holds true for current density values <100 A/cm?.

Often materials employed in subtractive EJP studies are used only as example
target sample materials rather than any specific considerations of the material
response. These tend to be materials that are generally processed by ECM which
are difficult or in-efficient to be processed by other means. For example Kozak et
al. [1996] [19] used a nickel superalloy Inconel 600 for experimental validation of
the process model and Hackert et al. [2007] [4], [83] also used another nickel
based superalloy, Nimonic 80A, for demonstration of machine processing
capability. However, Ni-superalloys represent significant usage in the high-value-
add industries most applicable to EJP (discussed in detail later in this chapter).

They are applied in high temperature and hostile environments often in gas and
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fluid facing applications. Favoured due to their high yield, fatigue and ultimate
tensile strength, and the ability to retain corrosion and oxidation resistance at

elevated temperatures with good creep resistance [84].

Although these qualities are favoured in service, it makes In718 difficult to
process by shear-based processes (American Iron and Steel Institute (AISI)
machinability rating 0.3 compared to B1112 grade Steel machinability rating of 1)
due to high material toughness, poor thermal conductivity and abrasive carbide
precipitate inclusion. This, in turn, leads to increased high temperatures in the
cutting region creating work-hardening of the surface and the requirement for

further finishing process steps [85].

Steels have received a great deal of interest within EJP research. Stainless steels
(grades 304 and 316) have been used extensively for demonstration of
processing techniques [4, 5, 20-22, 59, 75, 86] rather than material response.
Datta et al. [1989] [34], compared the response of nickel (Ni 99.6%, C 0.1%) and
steel (Fe 98.5%, C 0.6%) in material removal and current efficiency. To assess
the effect of stray current effects the volume of material removal was denoted as
a ratio to depth (v / d) machined with identical machining parameters. A lower
value denoting less stray cutting effects. It was observed that nickel achieved a

v/ d value of 0.015 cm3/ cm in comparison to steel achieving a peak of 0.03 cm?

/ cm. Nickel having deeper narrower dimples than steel for the same parameters.
It is also of interest to note the nickel achieved virtually the same ratio of volume
removed to depth regardless of current density (up to 80 A/cm?). In comparison
steel exhibited a steep rise in ratio up to 40 A/cm? where upon it saw a slight

decrease up to the maximum current density. Although there is no commentary
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to this, it is likely that these effects are a consequence of passivation layers
(surface oxidation) forming (also demonstrated in other materials), initially
restricting dissolution in the steel which are overcome at 40 A/cm? this
phenomenon not occurring in the nickel. It was also observed that at current
densities below 50 A/cm? resulted in crystallographic, grain boundary preferential

machining giving poor surface quality.

Hackert-Oschatzchen et al. [2011] [87] conducted research into the material
response of steels to subtractive mode EJP machined by NaNOs. Four different
types of steel were compared; hardened tool steel (1.2379) characterised by the
high amount of carbide inclusions, stainless steels 1.4301 and 1.451
characterised by the corrosion resistance of CrNi content with 1.451 also
containing titanium and a non-tempered stainless steel 1.5920 with much lower
Cr and Ni content and so high Fe content offering high strength and ductility over
the previous stainless steels. Tool steel was found to produce much rougher
finish for comparable machining conditions than the other steels. This is due to
the carbide inclusions being resistant to dissolution and so standing proud of the
machined surface with the martensite in the structure being dissolved
preferentially. Steel 1.451 produced a smooth finish although the grain
boundaries are visible and poorly machined inclusions are apparent. The
inclusions were identified as titanium and oxygen under EDS, a TiO2 layer formed
on the titanium alloying element. It is stated that the TiO2 layer blocks the anodic
current and cannot be electrochemically dissolved with a neutral electrolyte.
Finally, the steel 1.5920 demonstrates no visible inclusions however, the perlite
and ferrite crystal structure are obvious. When the different steels were machined

with varying charge (created by varying traverse speed) the widths of striations
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were found to have little variance (as discussed in previous sections). However,
steel 1.5920 was found to achieve a greater depth (depth decreasing as traverse
rate was increased in-line with the finding in section 2.3.3) across the
experimental range. Steel 1.2379 achieving the next largest depth for comparable
machining conditions. The corrosion resistant steels 1.4301 and 1.4541,
achieving the least, and virtually identical depth across the range. This occurred
due to the ECE calculated for each steel, although in this case it is termed the
specific dissolution volume as it also factors in the material density. Steel 1.5920
demonstrates the highest specific dissolution (2.42x10° cm?/As) and 1.4301 and
1.4541 having the lowest (2.15 and 2.17 respectively). This relationship is further
outlined in the consideration of the current efficiency for each material. This
follows the same pattern with steel 1.5920 achieving the highest efficiency at
=~120%. This is explained by consideration of the iron content of each steel which
follows the same pattern of highest content having the highest efficiency and
therefore dissolution volume due to the propensity of iron to electrochemically
dissolve in a bivalent manner (Fe?* and Fe?®) [88]. Although there is little
investigation of this phenomena at the charge densities experienced in EJP. The
findings throughout this work outline the importance of the correlation between

the combined ECE of a material and machining performance.

The passivation effect which can be considered as a condition of anode
polarisation, whereby inert layers are formed on the target surface as oxides
during the process of anodic dissolution are due to the availability of oxidising
ions from the electrolyte, dissolved oxygen and air bubbles [89]. These oxides
demonstrate a high dielectric constant and high electrical resistance and inhibit

machining [18]. Generation of these passive layers during the processing of
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titanium [87], demonstrates the difficulty in processing it by EJP. Although some
level of de-passivation is achieved hydrodynamically in EJP due to the constant
flow of jetted fresh electrolyte between the electrodes. However, this is offset by
the high electrolyte flow supplying oxidising ions and dissolved oxygen at the thick
film area directly below the nozzle leading to increased passivity at the workpiece
surface. The desired use of titanium in aerospace [90] and biomedical
applications [91] has meant the more recent research in subtractive mode EJP
has started to consider the machining of titanium alloys. Lu et al. [2005] [92] used
subtractive mode EJP to machine high-aspect hole arrays in Ti6Al-4V using a
NaBr electrolyte to combat the passivation effects [93]. Liu et al. [2016] [41] and
[94] conducted a full parametric study into the machining of titanium TB6
comparing both NaCl and NaNOs electrolytes. Through the experimental
research a value for charge (Q) was determined which would ensure uniform
dissolution of the TB6 substrate in a NaCl electrolyte which was stated as 492 C

/ cm?2.

Machining of metal matrix composites (MMC) is a more recent material grouping
that has provided much interest in EJP research. The inclusion of high hardness
often ceramic particles in a metal matrix (binder), creates difficulties in machining
by traditional means due to high tooling wear rates [95]. The machining of
cemented carbides through subtractive mode EJP was initially proposed by
Kunieda et al. [2012] [96] and later expanded by Mizugai et al. [2013] [97]. It was
found that tungsten carbides (WC-Co) could be machined with NaNOs using a
direct current power supply, due to the creation of NaOH at the nozzle (cathodic
reduction reaction) enabling machining to take place. The carbides forming an

inert passivation layer in the same manner as titanium inhibiting machining.
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Hackert-Oschétzchen et al. [2013] [98], also investigated the machining of
cemented tungsten carbides utilising a doped electrolyte already containing
NaOH, finding that this allowed machining to take place (further discussed in
section 2.4). Miyoshi et al. [2016] [99], applied this methodology to
electrochemical jet turning (EJT) (discussed further in section 2.5.2) of cemented
carbide rods. Using a flat jet, they successfully created micro rods 36 pm in
diameter with features of an aspect ratio of 20. The grain size of the tungsten
carbide was seen to influence the feature size that was possible to achieve. The
finer the grain resulting in higher material removal and smoother surface.
Hackert-Oschétzchen et al. [2016] [100], considered the machining of Al-Si
MMC’s with pH-neutral electrolytes further discussed in section 2.4. They also
investigated the effect of the volume of SiC particle inclusion on machining
performance. This was assessed between 5% and 10% volume inclusion.
However, no significant influence was found on machinability of the material by

EJP.

One of the issues identified across all cases is the selective machining of the
metal matrix over the carbide inclusions. Hackert-Oschéatzchen et al. [2016] [101]
developed a Multiphysics simulation of these dissolution effects to inform the
process design. The inert nature of SiC inclusions and the effect on current
density distribution within the jet for an evolving surface (Figure 2.12) can be seen

in the simulation.
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Figure 2.12: Process model developed for carbide inclusion to demonstrate the changing current
density at the surface as a function of dissolution time (t = 0.3 s) [101]

As machining time progresses it can be observed that the area available for
dissolution reduces as the surface recedes around the SiC particle. This leads to
an increase in localised current density which can be seen to concentrate at the
interface between the lower J regions formed over the particle and the matrix, so
generating a higher dissolution rate at this point. This means that the dissolution
rate will not be constant for this type of non-homogenous material with the
dissolution increasing exponentially as more of the particle is revealed and
available surface reduced leading to increased J values to the point where the
particle is removed. Understanding of this effect is key to the machining strategies

required for MMC'’s.
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2.3.7. Summary of identified research gaps associated with parameter

influence

Through the review of the literature concerning the influence of parameter

selection and choice of substrate on precision and capability the key gaps in

current knowledge can be identified:

Energy and its distribution, seen at the surface, defines the volume of
material liberated or deposited. Thus, the geometric form of material
removal or deposition is limited by the Gaussian distribution of the energy
with the peak at the centre of the jet dissipating towards the peripheral of
the jet impingement zone which is considered deleterious. No
consideration has been given in EJP to understand the influences on this
effect and how it may be manipulated for better effect

Kawanaka et al. [2015] [55] hypothesis that the diffusion layer is
responsible for the surface finish with respect to the level of applied energy
is not yet fully validated. This is important to the understanding of the
resultant finish and manipulation of the process mechanics across a
variety of relevant materials.

Little consideration has been given to the localised properties within the
IEG, so called “in-jet” properties in comparison of global properties i.e.
changing the overall IEG. The energy at the surface is influenced by many
factors the most important of which are the applied mean current and
resistivity within the IEG caused by localised spatial and electrochemical
influences. Understanding and manipulation of these may instigate

changes in precision and profile shape flexibility.
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The stagnation region under the jet is seen as defining the dissolution or
deposition width and within optimum IEG conditions, translating to
approximately twice the 1.D. of the nozzle. Control or dissociation of this
boundary factor would be required to implement changes in precision
The effect on feature width and precision through increased jet speed is
unclear with contradictory results being presented therefore requires
further investigation.

Important materials in the manufacturing area of subjective EJP
application have so far been largely un-characterised such as nickel
superalloys. Understanding of the parameter influence and intimate
dissolution mechanisms of the material are required to demonstrate the

viability of EJP.

2.4. The Influence of electrochemical factors on feature

geometric flexibility and precision of EJP.

2.4.1. Introduction

The electrolyte in ECM processes is a major factor in determining material
removal rate, accuracy, surface texture and surface integrity [18]. Type of
electrolyte, and level of concentration shapes the attributes of the IEG, its
conductivity denoting the level and distribution of energy available at the target
surface. A wide range of electrolyte types, concentrations and additives have
been used in ECM and electroplating. However, this is not the case in EJP. In the
case of ECM processing of titanium for example, several strategic electrolytes

have been developed to deal with passivation effects [18]. Bannard [1976] [102],
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developed potassium bromide-based electrolytes to achieve increased precision
and performance when machining titanium. Specific types of electrolyte have
been investigated [103, 104] alongside concentration [12, 105], which have been
shown to improve precision of machined features. Further examples of this can
be found with Ryu [2009] [106] who developed a citric acid electrolyte and Yang
et al. [2011] [107] who developed an electrolyte from mineral water, in both cases
to enhance the sustainability of the process. This diversity of electrolyte type and
exploitation of chemical effect within research in subtractive mode EJP has yet to

be fully explored.

2.4.2. Subtractive mode

Early electrolytic jet processes, especially drilling operations, were reliant on
acidified electrolytes [24, 34, 108] thought to be required to overcome polarisation
effects in the IEG due to the impinging jet (breakdown of the metal hydroxyl ions
Figure 2.2). This was led by the common use of aggressive electrolytes in ECM
to gain high removal rates and accuracy, exemplified by their use in
electrochemical etching and polishing by cylindrical jets [109]. However, Datta et
al. [1989] [34] found that electrolytic jet processes are capable of delivering far
higher current densities than those used in ECM or jet polishing. Meaning the
formation of passivation layers by the impinging jet can be overcome without the
use of acid electrolytes. The high refresh rates of the electrolyte in EJP enables
continual fresh electrolyte at the jet interface with the surface. This allows the
removal of heat and debris and allowing increases in current without introducing
un-stable machining conditions. Datta et al. investigated the use of neutral

passivating and non-passivating salt electrolytes Sodium Nitrate (NaNOs) and
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Sodium Chloride (NaCl) respectively, albeit at high concentrations by today’s
standards (5M). It was found that sodium nitrate minimised stray cutting whilst
still maintaining relatively high MRR in comparison to chloride solutions. It was
also demonstrated that NaCl maintained a constant current efficiency (Equation
21) (=90%) from 10 A/cm? to 80 A/cm? unaffected by material or increasing
current density. In comparison NaNOs displayed an increasing current efficiency
as current density increased. This differed between materials, nickel
demonstrating a logarithmic type curve still increasing at 75 A/lcm? (75%) with a
sharp increase in efficiency up to 20 A/cm?. In comparison steel demonstrating a
linear increase in efficiency up to =80% at 60 A/cm? before decreasing. Directly
influenced by Datta et al. work Lu et al. [2005] [92] used a 5 M solution of NaBr
(sodium bromide) to machine titanium. Although no account is given for this
choice or as a comparison to alternative electrolytes, it is likely to have been

steered by Bannard [1976] [110] work in the ECM of titanium.

NaNOs and NaCl have remained as the common choice for subtractive mode
EJP to the present day due to their relative low toxicity, cost and ready availability
[111]. The precision created by the use of nitrate solution was further discussed
by Natsu et al. [2008] [59], stating that when a passivating electrolyte is used, the
generation of oxygen at the anode leads to oxide film formation in low current
density areas. Thus, inhibiting machining further at the peripheries of the energy
distribution and enhancing precision. Hackert-Oschétzchen et al. [2013] [98],
compared both chloride and nitrate solutions for the machining of carbide metals,
finding both solutions adequate to machine cobalt. However, the neutral salts had
little impact on tungsten carbide (WC-Co), so a doped electrolyte containing

alkaline electrolyte of sodium nitrate and sodium hydroxide was developed [112].
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The addition of NaOH being required to remove the inert WO3 oxide layer that
forms on the carbide which hinders machining of the substrate. This was capable
of good quality material removal albeit the resultant machined geometry was
observed to have a peak in the centre creating a “w” profile. The definition of the
profile shape of the central peak and overall kerf were able to be varied through
electrolyte composition and parameter selection. Kunieda et al. [2012] [96] and
Mizugai et al. [2013] [97] however noted that utilising a simple NaNOs electrolyte
enables machining of tungsten carbide with DC current as NaOH is formed on
the inner surface of the cathodic nozzle (cathodic reaction Na*+OH = NaOH
(sodium hydroxide)). This then transfers to the substrate surface directly below
the nozzle edges, in-jet. This leads to preferential material removal at the
periphery of the pit in comparison to the centre so creating the central peaked
feature as found by Hackert et al. However, in their case it was further
exacerbated by the addition of the dopant. To create a profile more akin to a
traditional profile Kunieda et al. developed a ceramic nozzle which meant the

NaOH developed in the nozzle body rather than nozzle edge, and so mixed

through the electrolyte achieving a more consistent resultant profile.

Kawanaka et al. [2014] [54], compared the surface texture that was achievable in
stainless-steel using both chloride- and nitrate-based electrolytes for selective
surface texturing on components. They concluded that larger pores on the
surface were generated when a NaCl electrolyte was used compared to NaNOs,
giving a more aggressive and rougher finish. Hackert-Oschatzchen et al. [2016]
[100], also compared NaNOs and NaCl of equal conductivity (185 mS/cm) for
machining of aluminium matrix composites. Both NaNOz and NaCl were identified

as being capable of machining AI-SiC MMC'’s. It was observed that NaNOs
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generated a passivation effect on the Al surface which restricted the depth that
could be generated. To produce repeatable features using NaNOs slightly higher
energy was required to machine the material due to the formation of passivation
layers. It was also observed that machining with NaCl produced dimple depth
twice that, on average, of those produced with NaNOs. Although diameter of the
machined dimple remained constant regardless of electrolyte used. NaCl is well
understood to be a more aggressive electrolyte demonstrating greater throwing

power due to increased electrolyte conductivity [113].

Across all literature, since the work of Datta, concentration of both NaCl and
NaNOs has remained relatively consistent maintaining = 20% wt of salt to solution
so achieving = 2M NaNOs concentration and = 3M NaCl. Little consideration has
been made between the variations of the concentration of solutions within the
same experimental investigation. The exception to this is Liu et al. [2016] [41]
investigation into the machining of titanium TB6. It was found that high
concentrations of NaCl can achieve excellent removal rates and mirror like
surface finishing, but at the expense of inferior accuracy and excessive overcut.
Therefore, the optimum concentration was 15% wt. which gave a good
compromise between finish, performance and accuracy. This corresponds to the
concentration levels suggested by Bannard [1974] [114] for NaNO3z and NacCl that

are common-place in ECM.

2.4.3. Additive mode

As the electrolyte forms the deposited material and therefore the end product in
additive EJP, there is some diversity in the type of electrolytes in comparison to

subtractive mode. Fletcher et al. [1974] [30] patent on jet plating referred to
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copper based electrolytes and this has formed the basis of the majority of
research into microfabrication by this technique. Dover et al. [1996] [39], used an
acidified copper sulphate solution (0.5M sulphuric acid and 0.8M copper
sulphate) to manufacture 3D objects. Kunieda et al. [1998] [7], investigated the
differences between applying copper sulphate and copper nitrate aqueous
solutions. It was concluded that copper nitrate electrolytes increased precision,
giving a more concentrated solution under the nozzle as deposition did not occur
in low current areas. Bocking [1994] [37], considered the deposition of gold noting
its suitability for the process due to it only requiring a small over-potential (see
section 2.3.4 for definition) for reduction from the ionic state to a metallic state.
Acid citrate gold electrolyte was investigated alongside the deposition of an acid
sulphate copper [42]. It was found that both copper and gold reacted similarly to
parameter changes. Increased electrolyte temperature, electrolyte velocity and
metal ion concentration led to increased plating rates. The concentration however
had a ceiling limit in gold of 0.7M and 0.8M for copper. These concentrations
were maintained later by Dover et al. [1996] [39] and Rajput et al. [2015] [8] using
copper sulphate and sulphuric acid. However Kunieda et al. [1998] [7] used 1.5M
concentration (=20% wt), although citing Bocking’s work gave no rationale for this
choice. Fan et al. [2015] [81] also used a 1.5M concentration this time of copper
sulphate in their parametric study of jet electrodeposition of copper parts, again

without rationale.

Qiao et al. [2005] [9], carried out an extensive investigation into the deposition of
nano-crystalline Ni-Co alloys. Complex electrolytes were used based on chloride-
sulphate solutions of cobalt sulphate (0.2M), Nickel chloride (0.8M) and boric acid

(0.4M) and balanced to a pH of 3.1 using sulphuric acid. In some sample sets
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saccharin was also added to refine the grain size of the deposited layer. It was
noted that with increasing current density, cobalt ions in the feedstock, jet speed
and reduction of electrolyte temperature causes the cobalt content in the deposits
to increase and the grain size to become finer. It was also shown that the phase
content changed from face-centred cubic (fcc) when cobalt content is below
60.39% to a mixture of fcc and hexagonal close-packed (hcp) phase when above.
Both Thiemig et al. [2007] [115] and Osborne et al. [2007] [116] researched the
capability of an electrolytic jet to co-deposit nano-composite films. In both cases
a copper sulphate and sulphuric acid [116] electrolyte was used typically of 1M
with a pH of 1.5 and incorporated nickel from a sulphate bath containing boric
acid (39% wt.) [115]. Aluminia nanopatrticles were then held in suspension in the
electrolyte feedstock. In both cases a parametric study was carried out and the
rate of particle incorporation noted. In both cases the particulate loading in the
electrolyte was found to linearly increase the co-deposition of particle volume. It
was also found that increasing current density had an opposing effect on particle
inclusion in the deposition, dependant on the size of the particles, increasing for
50 nm and reducing for larger 1 ym particles, although it was unclear as to the
reasoning behind this. It was also found that decreasing the acidity of the solution

from a pH of 0.8 to 1.5 increased particle incorporation into the deposits.

2.4.4. Summary of identified research gaps associated with the

electrochemical influence on EJP

The influence of the electrolyte which defines the chemistry element in EJP was

reviewed through the literature. The key findings are presented as:
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2.5.

Changes in the chemical composition of the electrolyte when combined
with a specific material found the resultant machined profile was changed.
This requires investigation and exploitation with relation to the aims of this
thesis and has not been fully considered beyond changing the pH level in
EJP.

Different base electrolytes display different characteristics regarding the
precision and resultant profile geometry in subtractive mode which can be
understood by observation of the individual electrolytes current efficiency.
It is likely that this in combination with the previous point, may offer insight
into addressing the thesis aims and has yet to be explored in EJP.

All electrolytes for deposition considered through review are acidified, this
is problematic in modern sustainable manufacturing processes due to
operator handling and disposal. To enhance the methods industry
acceptance would require lowering of the toxicity which has yet to be

considered.

The influence of electro-mechanical design on geometric

flexibility and feature precision

2.5.1. Introduction

There are several patents that relate to the hardware design and innovations of
both additive and subtractive EJP platforms [23, 30, 31, 117-120]. Hardware of a
typical EJP platform consists of four constituent parts; nozzle, power supply,

electrolyte supply and actuation. These areas will be individually reviewed over
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the following sections in view of the aims of this thesis of improvement of
precision, resultant profile flexibility, along with design cues for the platform

development.

2.5.2. System architecture

Actuation across all planer EJP systems remains typically common in an X,y,z
axis configuration. The nozzle, in all cases, is maintained perpendicular to the
target surface, with the tip of the nozzle parallel with the surface. Therefore, EJP
is considered a two-dimensional planar machining technology. The main
difference between platforms is the stacking of the axis and the mounting
orientation of the nozzle relative to the axis. Bocking [1991] [42], Datta et al.
[1989] [34], Lu et al. [2005] [92], Sen et al. [2005] [121], and Lipiec et al. [2013]
[64] all maintained the nozzle orientation horizontally with the workpiece vertical,
in all other cases the nozzle is kept vertical and the workpiece horizontal as is the
case with most energy beam processes. Although no direct research has taken
place into the orientation effects of the nozzle it is inferred that in deep hole drilling
[122] the vertical orientation of the workpiece aids evacuation of the debris from
the hole although the pressure of the jet should render this unnecessary. The
three main stacking arrangements of the axis are; stationary workpiece and
nozzle is moved in X, y, z [41], nozzle is mounted to the x and z axis and the
workpiece is moved in y [75], and the nozzle is mounted on the z axis and the
workpiece moved in x and y [20]. One of the most significant changes that has
been introduced in the architecture of EJP is the use of a rotary axis to hold the
workpiece. Lu et al. [2005] [92] and Kunieda [1993] [2] used the rotary axis for

positioning in order to machine holes around a curved component enabling the
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jet to remain perpendicular to the surface it was machining at all times (see Figure
2.27). Hackert et al. [2010] [123] used this arrangement in a different manner

named Jet-EC turning (Figure 2.13).

Work piece  Rotating spindle

Bearing.

Figure 2.13: Schematic of Jet-EC tuning system [123]

The workpiece could be rotated up to 6000 RPM while the jet was applied
perpendicular to the workpiece enabling material removal. Profile, cylindrical and
contour turning processes were carried out using 50 ym and 100 um 1.D. nozzles.
In contour turning, through decreasing the nozzle motion in the x direction from
1000 um/s to 20 pm/s over a distance of 2 mm it was possible to create a
decreasing diameter rod (Figure 2.14a). Miyoshi et al. [2016] [99] employed a flat
jet (Figure 2.14b) (discussed in detail later in this section) to produce micro rods
of tungsten carbide using this same arrangement. Utilising their earlier work in
cemented carbides (discussed in section 2.3.6 and 2.4) they were able to reduce

a cemented carbide rod from a diameter of 300 ym down to 36 um (Figure 2.14c).
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Figure 2.14: Turning operations with EJP (a) variable contour turning on a 3 mm shaft [123] (b) use of a
flat jet for greater efficiency in turning process and resultant (c) fabrication of tungsten
carbide micro rods [99]

Lipiec et al. [2013] [64] used a variation on this technique whereby the jet was
configured facing the end of the bar. This enabled the machining of grooves in

the bar-end and face turning operations replicating traditional lathe techniques.

2.5.3. Electrolyte supply

The supply of electrolyte to the nozzle is required to be pulsation free to avoid
detrimental surface effects caused by non-uniform flow leading to unstable
anodic films whilst machining [18] and capable of producing a 20 m/s jet speed
with the appropriate nozzle (see section 2.3.5). Across all reviewed platforms
electrolyte delivery is carried out in one of two ways. Either utilisation of a micro-
pump using gears to pump the fluid by displacement (Figure 2.15a) or a
compressed air system whereby a reservoir of electrolyte is pressurised by

compressed air to force it to the nozzle at the required flow rate (Figure 2.15b).
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Figure 2.15: EJP architecture configurations demonstrating the alternative methods of electrolyte
supply (a) gear pump [75] (b) compressed air [5]

Although no comparison experiments are available in the literature between the
two systems, it is likely that the choice between the systems is down to usability
and packaging within the machine tool. The gear pump arrangement giving a
much more compact and flexible arrangement avoiding health and safety issues

associated with pressurised containers.

2.5.4. Power supply unit

The power supply unit (PSU) is critical in EJP applications defining the ability to
deposit or remove material. From the literature three main types of PSU are used

in EJP; direct current (DC), alternating current (AC) and pulsed DC (Figure 2.16).
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Figure 2.16: Schematic to describe the current output modulation used in EJP

Direct current is the most common power supply type. Produced by a unipolar
power supply DC current is unidirectional only flowing in one direction. In the case
of EJP this means the electrodes will remain in a fixed polarity while the current
flows in a constant direction. In comparison alternating current (AC) periodically
reverses direction. In relation to EJP this means the electrodes periodically swop
polarity dependent on the frequency required. This has limited use in EJP.
Typically, either deposition or removal should be taking place at the workpiece
surface, not both in the same process which is the outcome of using an AC
supply. The single niche application that has been identified by Mizugai et al.
[2013] [97] for machining cemented carbide substrates (outlined further in section
2.3.6 and 2.4). Using a square-wave shaped AC supply so there are discrete
changes in polarity rather than a sweeping one as found with a sine-wave profile,
they were able to machine tungsten carbide without addition of NaOH required to
breakdown the WO3 passivating films. This is because as the workpiece becomes
positive (noting it is usually set to negative for machining) NaOH is generated at
the surface. This will then breakdown the films, therefore as the polarity of the

electrodes is then reversed back to machining mode material removal can take
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place. This enabled an even machining effect across the profile in comparison to
DC which tended to have a higher rate machining at the periphery of the pit than
the centre. They were also able increase selectivity and generate a dimple with
less overcut using a 50% Duty factor (5 Hz frequency) when compared to using
a DC supply. This is due to the distribution of NaOH following the current density
distribution, therefore higher rates of machining occur towards the centre of the
jet footprint. The drawback of using this method is that when the nozzle becomes
the anode, material is removed from the nozzle therefore changing the jet shape
and hindering selectivity. To combat this a ceramic nozzle was used which was
inert to dissolution. Pulse power supplies whereby the DC signal is periodically
switched on and off has received considerable research interest in ECM [12, 66,
67, 124, 125]. The application of a pulsed supply is advantageous in three ways.
In ECM reductions in the size of the IEG lead directly to increased accuracy of
the geometry produced due to localisation of current pathways so restricting stray
current [105, 126]. However, a reduction in the gap distance leads to a higher
possibility of machining debris build up in the gap causing shorting between the
electrodes and possible damage to the workpiece and or tool. During the current
off period of the cycle, high flow flushing of the IEG can take place to ensure the
gap remains clear for the next power on pulse operation. The effect of this
increased clearing ability means higher energy can be used in the pulse on times
to generate greater material removal without the decreased IEG becoming fouled
leading to shorts and flow restriction. This also helps to offset the increased
machining times encountered due to the pulse off period in the cycle where no
material is being removed. Secondly with the increased energy and small IEG

there is an increased heating of the electrolyte due to joule heating phenomena.
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The pulse off period allows the electrolyte and surfaces surrounding it to cool and
disperse the heat, minimising build-up which can lead to boiling of the electrolyte
causing cavitation and unstable machining conditions. The pulse off period allows
a stable and uniform process in the IEG. The final advantage gained comes from
the way the double layer in the IEG reacts under pulsed conditions. Referring to
Figure 2.9 and section 2.3.4, the IEG is described as consisting of a capacitor at
each electrode with a resistor in the electrolyte between. This double layer (DL)
works like a parallel plate capacitor requiring charging time before machining can
take place, charging occurring at the start of the pulse on period and discharging
initialising at the beginning of the pulse off period. Therefore, a reference DC
voltage is required to be constantly supplied to inhibit tool erosion and maintain
polarity. If we consider the DL at discrete points across the IEG (Figure 2.17), the
shorter current path at a protruding feature leads to a smaller resistance at that

point (Rez2 < Re1).

Figure 2.17: Schematic overview of the principles of enhance fidelity in feature generation in pulse
ECM by consideration of the DL in the IEG
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Therefore, (noting Equation 4) a reduction in resistance allows for an increase in
current available to firstly charge the DL, then for dissolution. As less current is
available in the longer path, charging of the DL takes longer than at the protrusion
which maintains a preferential current path. Therefore, machining will initiate
faster at the protrusion than elsewhere. If the pulse on time is shorter than that
required for the DL to be overcome (typically ranging from 5 to 5000 ns [127]) at
areas with a large IEG then machining will not occur at these points. Hence
anodic dissolution is localised, and higher fidelity can be maintained to the design

intent of the features.

The introduction of a pulsed power supply in EJP has been demonstrated in both
additive and subtractive modes. Bocking [1994] [37] experimented with pulsed
power supplies for the deposition of gold. It was observed that at low duty cycle
(< 30%) and short pulse on time (< 0.2 ms) smooth deposits can be created.
Outside of this, the deposits were found to be nodular in appearance in
comparison to those made with DC supply, the smoothest deposits however were
also produced with lower deposition rates than with a DC supply. It should be
noted that the pulse on time used in this study is quite large in comparison to that
found in subtractive mode ECM, so this may account for the lack of

improvements.

Application of a pulsed power supply in subtractive mode EJP has been shown
to have mixed results. Hackert-Oschéatzchen et al. [2012] [75] commented that
EJP could achieve higher dissolution rates than pulsed ECM because there was
no need for a flushing regime due to the high velocity and supply of electrolyte
directly into the impingement area so continual machining is possible. Yu et al.
[2010] [3] observed that when drilling micro-holes the use of pulsed power (50%
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duty cycle and 0.25 ms pulse duration) minimised the stray cutting area around
the entrance to the hole making a cleaner hole with better surface finish, although
not noticeably reducing the hole diameter. It was claimed that the flushing in the
pulse off period was partly responsible for this disagreeing with Hackert-
Oschéatzchen et al, however this maybe the case in drilling operations where flow
is confined to a single point and ejection of debris from the hole is restricted.
Again, the comparatively long pulse on time in comparison to pulse ECM could
explain the lack of reduction in diameter in comparison to the DC machined hole.
Martin et al. [2016] [128] applied a pulse supply to create a surface with
predefined waviness on a WC6Co substrate using a NaNOs + NaOH hybrid
electrolyte (as discussed in section 2.4.2). It was found that a defined surface
waviness could be created across an entire surface through rastering a jet across
the surface adjusting the step-over to vary the waviness. Removal depth of each
rastered pass was found to be controllable by adapting the duty cycle of the pulse
on time, larger duty cycles creating a larger depth. It was also suggested that the
use of a pulsed power supply would inhibit the formation of passivating layers
leading to increased removal depths, although this was not experimentally
proven. Kawanaka et al. [2015] [55] employed pulse power for generation of
mirror like surfaces and compared to both DC and AC current supplies (see
section 2.3). When DC is used a very high nozzle translation is required to
generate low roughness surfaces because of low current density developing at
the jet peripheral. When a pulsed supply is used, mirror-like finishing cannot be

achieved with pulse durations longer than 100 ps. However, it was found using a

duty cycle of less than 1 % a mirror-like finish can be achieved with much lower
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translation speeds than DC (0.1 mm/s as compared to 100 mm/s) which

underpins the concept of pulse application, to filter out low current areas.

2.5.5. Nozzle

Further hardware development found in EJP includes the nozzle and hardware
surrounding it. One of the major developments seen in this area is the addition of
air assistance around the nozzle which was first seen in the Fletcher et al. [1974]
[30] patent. Described as air streams driving the non-plated solution and the
droplets off the surface without disturbing the jet stream (Figure 2.19a). The
application of air-assistance was not reported in literature until Hackert et al.
[2008] [83] where the use of an additional jet of compressed air was introduced
directed at the nozzle tip via an external tube. It was demonstrated that the use
of an air-assist could restrict stray cutting and enhance feature geometry by

allowing a small IEG (100 um) and maintaining a free jet (Figure 2.18)
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Figure 2.18: Optical images of the nozzle (a) without air assistance and the resulting machining (b) with
air-assistance and the resultant machining demonstrating the reduction in stray cutting [83]
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This work was then expanded upon by Kai et al. [2012] [60] who applied the
airstream coaxially to the jet forming part of a patent for the machine architecture
(Figure 2.19¢) [129]. It was noted that the airstream gives momentum to the radial
electrolyte flow moving the hydraulic jump away from the jet impingement area
and reducing the thin film thickness minimising stray current. It was demonstrated
that even with very low electrolyte flow rates the thin-film required for selective
machining could be created. For comparison, without air assistance supply
pressure was maintained at >0.5 MPa (= 20 m/s jet speed) to achieve selective
machining, with air it could be reduced to 0.05 MPa and still achieve selective

machining.
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Figure 2.19: Schematics of inclusion of compressed-air assistance to the jet stream (a) showing
inclusion within the head but not designed to aid the jet specifically [30] (b) showing how the
air-stream aids the clearance of the hydraulic jump when coaxial and (c) showing a patented
design of inclusion of a co-axial air-stream into the head to assist the jet [129]

Kai et al. also found the air assistance improved deep hole drilling. It was stated
that with deep hole drilling in EJP because the hole is constantly filled with
electrolyte, the applied energy dissipates to the side walls widening the hole
rather than progressing depth. This meant the maximum depth that could be
machined was 125 pum regardless of processing time. However, with air-
assistance the depth continued as a function of time up to a maximum of 180 um

at 30 s.
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There has also been some development with the type of nozzle used for specific
operations. Ikeda et al. [2006] [20] developed the concept of using multiple
standard cylindrical nozzles placed in an array to create a large area coverage.
The spacing of the nozzles was seen to be critical as the removal profile under
the jet has an effect on the neighbouring jets removal profile and machining
accuracy deteriorates. Kunieda et al. [2010] [130] further developed the idea of
increasing the machining efficiency through large area coverage by using a slit
type nozzle. The slit type nozzle was first seen associated with additive mode
EJP by Alkire et al. [1987] [131] but was intended only as an analytical tool for
the assessment of a two-dimensional fluid jet flow. Kunieda et al. first iteration of
this was created by machining a long thin slit into the side of a nozzle tube and
then sealing the normal aperture. This was used to machine a thin metal wire and
enabled a dimple to be formed around the circumference of the wire facing the
jet and maintaining a constant depth all the way round with a single application.
This was developed further [63] by developing a bespoke nozzle system
producing a flat jet (Figure 2.20a). They found that machining speed could be
increased in groove machining as the jet now produced a long but still thin
footprint (nozzle aperture 2290 pum x 20 um). This nozzle was then applied to
turning operations (Figure 2.20b, c) which allows impact across a larger area of
the circumference of a machined part, reducing cycle times. This further allows
the operations of grooving, parting-off and face turning to be quickly and
efficiently carried out alongside turning down the outside diameter (O.D.) of micro
rods including cemented carbide rods [99]. Kawanaka et al. [2015] [55] also found
application for the flat jet in large area mirror-like finishing (Figure 2.20d), as the

coverage is increased in comparison to a cylindrical nozzle. Also, as the slits are
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very thin the low current area of the jet is minimised due to the increased gradient
of the current distribution therefore creating a lower roughness final finish more
easily (see section 2.3.2). The slit nozzle to produce the flat jet now compromised
of 5 separate parts, a flat Teflon spacer being used to form the nozzle shape
which means the nozzle could be used with bipolar supplies without degradation

and can be varied easily as per application.
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2.5.6. Hybrid processing

Attempts to negate the deleterious effects of the characteristic bell type energy
distribution curve found in EJP and therefore improve the dimensional accuracy,
aspect ratio and increase material removal and deposition rates, include the
innovation of the hybrid EJM processes (Figure 2.21). Hybrid processes
integrating EJP have been developed in both subtractive and additive modes.

The addition of a laser, coaxially to the jet, using the jet as a beam guide has
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found a great deal of interest in the literature. Puippe et al. [1981] [132] and Von
Gutfeld et al. [1982] [133] found that very high plating rates could be achieved
through the addition of a laser to electroplating in an electrolyte bath building on
their patent [31]. Gold was deposited on nickel-plated beryllium-copper
substrates depositing 0.5 mm diameter spots at the rate of 10 um/s utilising
cyanide-based chemistry, faster than previously reported rates for gold plating.
This was attributed to a localised increase in temperature leading to an increase
in the charge transfer rate and micro-stirring of the solution because of localised
thermal gradients. The effect of possible boiling was also identified due to high
laser powers. The technique was identified as being most useful for selective
small area plating. von Gutfeld et al. [1983] [32] then applied this knowledge of
laser enhancement to a free-standing jet as a method of high-speed maskless
patterning. Wholly concerned with deposition it was considered that the laser was
entirely responsible for the selective nature of the deposition and did not consider
the jet itself could provide the selectivity through increased jet speeds. Jet speeds
of 10 m/s were used in this study which as mentioned previously would not
achieve the required hydrodynamic effects for selectivity. The jet was merely an
enhanced method for increasing the refresh rate of ions into the impingement
area allowing higher mass transport rates due to increased current density.
Following work in this area [134, 135] maintained the use of lower speed jets
acknowledging the possibility of selectivity contributions of a free standing jet and
the thin film area reducing conductivity. No in-depth analysis was given alongside
any information on the size of the IEG, however applications within the micro-
electronics industry were identified. Datta et al. [1989] [34] carried out an

experimental comparison of laser assisted and non-assisted subtractive mode
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EJP utilising NaNOs and NaCl electrolytes. It was concluded that the addition of
laser when used with non-passivating electrolytes (NacCl) significantly reduces
overcut during micro-machining in comparison to NaNOs. This is due to the
localised conductivity increase at the centre of the jet from heating, creating a
steeper spatial energy distribution curve, noting from section 2.4 the
characteristics of chloride electrolytes. However, when the laser is applied with
NaNOs it enhances oxygen evolution at the workpiece surface so negating any

benefits of the laser, not achieving any reduction in overcut compared to NaNOs.

DeSilva et al. [2004] [136] developed a process model for laser enhanced
removal to explain the dissolution localisation effects (Figure 2.21b). This was
used to demonstrate that the laser energy component supplied to the process
has a direct effect on the electrochemical dissolution velocity explaining the
localisation effects leading to higher MRR and precision. Although no electrolyte
type was mentioned in the article it was demonstrated that the addition of laser
can yield up to 54% increased MRR and up to 38% increase in precision. This
work was developed [137] further across multiple materials citing an increase in
material removal over non-laser assisted jet removal of 20% (Hasteloy), 25%
(Titanium), 33% (stainless-steel) and 54% (aluminium alloy) and reduction in
taper of 38, 40, 41 and 65% respectively along with a 20% reduction in surface
roughness of the holes machined. It was also noted that this was done with 20%
wt NaNO3s which would appear to be in contradiction to Datta et al. earlier findings.
Further studies have taken place which instead compare laser hole drilling with
addition of an electrolyte jet. This is intended to improve the near surface

morphology, minimising the heat effect zone and re-cast layer.
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Zhang et al. [2009] [138], [139-141] observed that the addition of an
electrochemical jet in high power laser drilling operations effectively removes
spatter and recast developed by laser ablation. Although a consequence of this
is a slight annular overcut around the entrance of the hole indicative with the
removal profile in EJP. Material removal is mainly carried out by the laser
ablation, EJP only providing an auxiliary effect mainly due to the large IEG (up to
9 mm). The cooling effect of refreshing electrolyte aids reduction of the HAZ
although this is at a sacrifice of process efficiency achieving around 70% of laser

ablation on its own.

Electrochemical slurry-jet machining provides a further adaptation of subtractive
mode EJP [79, 80] (Figure 2.21a). The anodic dissolution mechanism being
complemented by the application of an abrasive slurry in-jet combining the
mechanisms of erosion and corrosion. Addition of Al2O3 abrasive particles to the
jet stream generated material removal rates up to 3 times that of the jet alone
when a high fraction of particle inclusion was used. This was found to be
especially useful in machining tungsten carbide producing a much higher
precision cut in comparison to electrochemical jet methods. This is due to the
formation of passivation layers which the abrasive system would remove, keeping
the surface clean for anodic dissolution. It was noted that to obtain the best
surface finish and MRR, a balance between erosion and corrosion must be
obtained by careful consideration of supply pressure and abrasive

concentrations.
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Figure 2.21: Electrochemical jet hybrid processes (a) electrochemical slurry jet machining [79] (b) Laser
assisted electrochemical jet machining [136]

A hybrid system was developed in additive EJP to tackle the process issue of
uneven deposition layers, meaning parts greater than 0.5 mm in height could not
be built [39]. This is because if there is any protrusion from the cathodic surface
it provides a preferential current pathway causing intensification of the electric
field at that specific point, so generating preferential deposition and allowing
further magnification of the protrusion. Katoh et al. [1997] [142] and Kunieda et
al. [1998] [7] developed a lapping system whereby an abrasive lapping machine
was used across the deposition surface after every deposition layer in order to
create a flat smooth surface before the next layer was applied. For the optimised
study a 150 um layer height was deposited, then 100 um in depth from the top of
the deposit would be removed after every layer. Using this method walls over 2
mm were easily created, however the side profile of the walls was still distorted

with over-hangs and each layer definition being easily visible.
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2.5.7. Summary of the identified research gaps associated with

electromechanical influence on EJP

The influence of the electro-mechanical design and innovation on flexibility and

precision in EJP was reviewed through the literature. The key findings of

knowledge gaps are presented as:

Currently the machine tool architecture in EJP can be described as a
simplistic, two-dimensional processing technique maintaining the nozzle
perpendicular to the workpiece. Exploitation of further articulation degrees

of freedom and its effect has yet to be understood.

Modifications to the machine tool complexity have not been undertaken
beyond the inclusion of air assistance coaxially to the jet. The same
simplistic machine architecture has been maintained. Increased

architecture technicity will lead to process enhancements.

The influences of the hardware in relation to the IEG have not been fully
considered. Especially when considering highly localised strategies
effecting the surface response to electrochemical and mechanical
influences. Improvements have only considered increases in process

efficiency i.e. processing larger areas faster.

Although hybrid processing routes provide some increases in precision,
results are often contradictory. However, the increased technical
complexity of these systems and difficulty of balancing the competing

removal mechanics to produce advantage limit their application. Finding
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more simplistic methods of achieving increases in precision and

geometrical flexibility would be highly advantageous.

2.6. Competing processes

2.6.1. Introduction

To ascertain if a process is comparable to EJP the key attributes of EJP can be
compared to alternative processes, which are identified from the literature. Only
processes of the typical generated feature length scales found in EJP of meso-
to micro-scale (5 mm to 0.1 um) [143] are considered. Examples of these

technologies can be seen in Figure 2.22 taken from Rajurkar et al. [2006] [144].
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EJP does not require heat to affect material unlike laser beam micromachining
(LBMM) [145] or electrical discharge machining (EDM) [146]. Removal therefore
does not impart thermal loading into the workpiece surface causing a heat
affected area or recast layer [92] (Figure 2.23a,b) and can therefore be described
as athermal. EJP is non-contact therefore does not impart residual stresses,
cracks, burrs or damage to the material structure of the workpiece [5] (Figure
2.23c) like shear or erosion based techniques such as micro-milling [147] or
abrasive water jet (AWJ) [148]. EJP is considered to not require specialist tooling
as the energy density combined with the electrolyte jet is responsible for material
removal and so is analogous to the tooling in the traditional sense. EJP is
considered mask-less as it can selectively add or deposit material without the
need for prior mask creation. Other electrochemical micro machining (EMM)
techniques, by comparison, require a mask to create complex precision features.
Material removal is achieved using through mask electrochemical micro
machining (THEMM) [149] and deposition using the Lithographic,
Galvanoformung and Abformung (LIGA) process of through mask electroplating
using electron beam, ion beam or X-ray lithography to create the masking [150].
Both of these technologies however are also considered hybrid technologies
therefore requiring multiple and often highly complex manufacturing process

steps, in comparison EJP is considered a one step process [92].
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Figure 2.23: Resultant surface effects across varying processing techniques (a) EDM processing showing
formation of re-cast layer in stainless steel [151] (b) Micro grooves machined with nano-second excimer
UV laser ablation in titanium showing extreme case of heat affected zone and recast layer [152] (c) Micro-
milling of stainless steel showing burrs formed at the feature edges and poor surface finish [153] (d) for

comparison micro grooves machined by subtractive mode EJP in Nimonic 80A [4]

A further distinct advantage of EJP is the ease of which material can be removed
or deposited within the same machine architecture with minimal changes required
of reversal of polarity and change of electrolyte feedstock [7]. The final attribute
associated with EJP is the low complexity required of the platform. This can be
defined by it requiring four main elements (as described in section 2.5). In order
to effect material removal or deposition, none of these components are required
to be technically sophisticated [92]. This simplicity translates to a relatively low
capital expenditure when compared to similar processes with comparable
capabilities. Table 2.1 shows these process attributes related to EJP and lists the

micro-machining technologies that also possess these attributes.
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Table 2.1: Comparison of EJP process attributes with comparable processes

Process Attribute Comparable process

No tooling Micro AWJ [154], Laser beam [155],

Focussed ion beam (FIB) [156]

Non-contact Micro-EDM [157], EMM [127], Laser,
FIB, Micro-AWJ

Athermal EMM, Micro-AWJ

Mask-less Micro-EDM, Micro-AWJ, Pulsed-EMM

[104], Conventional micro-milling
[158]
Subtractive and additive modes in the Laser (SLM) [159], FIB, micro-
same machine architecture EDM/EDC [160]

Simplistic machine architecture Conventional micro-milling

Table 2.1 demonstrates there are several processing technologies that are
comparable in attributes to EJP. Micro-AWJ, although not capable of deposition,
possesses many of the attributes of subtractive mode EJP. It is also capable of
higher removal rates than EJP and the ability to machine a wide range of
materials including chemically inert substrates [161]. However, surface residual
stress, surface damage, burrs and possibility of embedded grit [162] make the
technique difficult to employ in applications where the surface integrity of a
component must be assured. It is also been reported by Axinte et al. [2014] [163]
that cut tolerances of £ 10 um with repeatability of 3 um are achievable. In
comparison subtractive mode EJP has been reported to achieve cut tolerances

of £ 5 ym [164]. The resultant kerf in micro-AWJ has been reported by Liu [2010]
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[165] to be as low as 150 pm, stating that clogging of the nozzle would limit kerf
reductions further, although the use of plain water jet micro-machining [166]
(without abrasives) may negate this issue. Although kerf in AWJ is comparable
to the majority of subtractive mode EJP reported it has been demonstrated that
kerfs as low as 70 um can be created using 50 ym internal diameter nozzles [123,

130].

Micro electrical discharge machining / coating (micro-EDM / EDC) is also
comparable to several of the attributes of EJP. Although EDC has yet to be
functionally demonstrated in selective precision structuring beyond simply
coating, the use of the sacrificial electrode to deposit material [167] will mean the
deposition will follow the form of the electrode. However, this could present a
process limitation of the available feedstock for micro-structuring. Micro-EDM has
been widely demonstrated in research and industry for the machining of high
aspect ratio features beyond that currently demonstrated by EJP [168], with
notable research dedicated to deep hole drilling [169]. However, the tooling
defines the kerf of any features created and therefore manufacturing techniques
of the electrodes become the limiting factor. It is a worthwhile observation that
both additive and subtractive mode EJP have been used to fabricate micro-EDM
electrodes [40, 99]. Kerfs down to 20 um have been reported for EDM drilling and
die-sinking operations with feature tolerances of + 1 uym, although milling kerf is
much larger at = 100 ym [170] due to tooling considerations. However as
discussed by Hackert-Oschéatzchen et al. [2012] [75] the crater-like topographies
characterised in the surface finish of EDM along with the heat affected zone
creates surface finishes significantly poorer than EJP which achieves Rz values

of <1pum.
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Other energy beam processes such as FIB are capable of both additive and
subtractive machining within the same structure [171] although the length scales
found in FIB research are < 10 ym [156] and often demonstrated down to <1 pm
[172]. The technical complexity and therefore cost required to do this makes FIB
difficult to employ in an industrially robust environment. Laser based micro
machining (LBMM) processes however appear to provide an almost comparable
process to EJP. Hallmann et al. [2015] [159] for example, demonstrated the
combined additive and subtractive modes using selective laser sintering (SLM)
and laser ablation for the manufacturing of medical implants with SLM being used
for the fabrication of the part and laser ablation used to impart preferential surface
textures. LBMM additive and subtractive technologies can now demonstrate a
level of process maturity. Such process derivations as direct metal deposition
(DMD) [173] have been combined with CNC milling in commercial machining
centres [174]. LBMM in specific circumstances can achieve a similar surface
finish to EJP and achieve slightly higher aspect ratios with smaller profile kerfs
[175]. However, it should be noted that this is often achieved at the expense of

near-surface quality (Figure 2.24).
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Figure 2.24: Overhead and cross-section SEM images of micro-grooves machined for analysis of wear
behaviour [175]
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Dimensional accuracy combined with surface quality has somewhat been
addressed using high frequency optical pulsing of lasers in the pico- and femto-
second ranges. Through use of ultrafast lasers, the heat affected zone is vastly
reduced. This is due to the reduction of hydrodynamic expansion as the
absorption of laser radiation and ablation occur concurrently allowing precise
control of the energy deposition. The absorption length of the laser radiation is
greater than the thermal diffusion length, therefore the heat conduction can be
neglected as evaporation remains the dominant mechanism, with ablation
occurring in the vapour phases [176]. Therefore thermal diffusion is minimal
leading to a vastly reduced liquid phase reducing the re-cast layer and heat
affected zone (HAZ) [177]. This results in a much finer and more reliable micro-
machining technique particularly where the machining of temperature sensitive
applications are concerned, with minimal cross section components such as
biomedical stents [178]. It should be noted however that these components still
require finishing by electrochemical means to remove sharp edges and burs in a
commercial setting. The further implication of using ultra-fast lasers is the
increased capital investment required and reduced material removal rates. It is
not just the laser source, (powerful enough to ablate metals, up to 100W) that is
required capable of fast pulsing, but the means by which to control the pulse,
diagnostic systems for pulse energy control and validation, optics trains (fibre
optics are preferred in manufacturing systems), safety costs associated with high
intensity light sources, and typical translation and suitable machine architecture
(servo driven smooth system). It is reported that these systems combined can
cost upwards of £250k with relatively small working volume, although costs

continue to reduce as competition and market factors change [179, 180].
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Another process that has benefitted from pulsed generation is electrochemical
micro-machining (EMM) [124]. The use of pulsing EMM is the same as EJP as
described in section 2.5.4. As EMM is a submerged process and the resultant
feature is reliant on the cathodic tooling, often masking is still required to create
precision features. The use of a pulsed energy supply means a higher instant
current density can be applied during the pulse on time and IEG recovery during
pulse off time (debris clearance), therefore the IEG can be vastly reduced to <50
pm [104]. This means mask-less geometry is possible and vastly enhanced [88]
along with improved surface finish. However, as with micro-EDM the resultant
geometry is still reliant on the ability to generate the tooling which is not only
technically difficult but costly. Consideration must be made within the tooling to
allow for adequate electrolyte flow to clear the debris which is often delivered
axially to the tool. The machined geometry therefore must allow for a flow path
around the tool and ejection. This leads to overcut, although careful parameter
selection and use of the pulsed supply can minimise this [181]. Due to the small
IEG, flushing procedures are also required to clear the debris from the IEG and
avoid shorts between the electrodes which is carried out during the pulse off time
[125]. Inherently this adds time to the process cycle and complexity to process
planning for the machining of complex shapes [75]. Although these flushing
sequences can be used for monitoring of the IEG. This is currently a limiting factor
of precision in EMM, the precision of the geometry is inherently linked to the ability
to maintain a consistent and small IEG [104]. This is not the case in EJP.
Selective deposition is possible through EMM in reverse polarity requiring

masking technology, often photoresist [182] or insulating film such as Ta20s
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which are machined to create the mask [183]. This induces a great number of

process steps, increasing process complexity and reducing process efficiency.

2.6.2. Energy beam-based process development

Most processes that compare well to EJP can be described as energy beam
based (EBB) processes, the jet in EJM and micro-AWJ being synonymous to the
energy beam. Thus, the development of more mature processes set the
benchmark for what EJP needs to be capable of achieving. One of the major
influencing factors of EBB processes is the energy distribution within the beam.
As outlined by Yoneda et al. [1995] [11] and Kozak et al. [1996] [19] the energy
distribution in EJP is considered to be of a Gaussian nature producing a bell curve
which is reflected in the resultant profile geometry. This has also been found to
be the case across other EBB processes (see section 2.3). The resulting profiles
exhibit tapered sides, a rounded apex and diffused edge definition. This type of
profile is unfavourable across applications such as microelectromechanical
systems (MEMS), microoptoelectro-mechanical systems and microfluidic
systems [184] which have previously been dominated by fabrication in polymers
and glasses. However, with the increased desire for repetitive use, higher
temperatures, higher pressures and aggressive environments the use of metal
components has become desirable [185]. Alongside this the cost and time
reduction, and flexibility of non-lithographic methods are advantageous.
Generally squarer uniform profiles or specific constant profiles are required such
as equal flow channels in heatsinks [186, 187] or micro-channel design for

enhanced mixing [188]. The EBB tapered profiles also present difficulty in
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integrating the profile into computer-aided manufacturing (CAM) systems to

predict required removal for complex feature generation.

Significant work has been undertaken in the field of laser processing to modify
the defined energy distributions away from the Gaussian distribution to create a
more even distribution of energy across the machined surface. This is coupled
with a more flexible and desirable deposited or machined profile. Beam shaping
can be carried out in a number of ways [189-192]. Holographs generated by
custom optics have been used to define the incident energy distribution across a
number of applications including laser welding, wire-based deposition and
ablation [193-195] (Figure 2.25). This represents a step forward in the flexibility

and capability of laser processing.
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Figure 2.25: Schematic of the principles of holographic control of laser beam profile [195]

Another area of energy beam processes that has received considerable research
interest is how the energy distribution within beam, therefore the resultant
geometry, is affected by changes to the beam approach angle. This is potentially
an important research area as consideration of approach angle is a key concern

in industrial usage of all energy beam processes.
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Examples of this type of investigation can be found across many energy beam
processes. In abrasive water jet (AWJ) it was initially investigated by Venkatesh
[1984] [196] to find the optimum angle for increased depth of cut and later as part
of a complete empirical study for overall volume removal [197]. Hashish [1993]
[198] also considered changing the angle of approach for the effect on volume
removal, and more recently an assessment of AWJ for 3D milling through
changing the jet impingement angle was carried out by Srinivasu et al. [2009]
[53]. In focussed ion-beam micro-milling, Xu et al. [1992] [199] considered the
influence on deposition rates and milling quality as a function of beam incidence
angle. For laser based processes, such as ablation, Tokarev et al. [1995] [200]
developed a self-limiting method for polishing of diamond films utilising changes
in the beam angle of incidence. George et al. [2004] [201] investigated the
angular dependence of focused laser ablation with nanosecond pulses and the
resultant geometry in polymers for the development of simulations for direct-write
applications. In comparison Palmer et al. [2004] [202] and Yang et al. [2004] [203]
investigated the effect of changing the angle of incidence in femtosecond laser
processing through varying the substrate angle to understand the influence of a
changing topography on the resultant profiles. Groenendijk et al. [2006] [204]
carried out similar experiments to study the effect on the formation of periodic
microstructures for large area surface texturing and the parameter influence on
their formation linking the liquid phase of ablation with the formation of ripples.
Guo et al. [2007] [205] found they could use a changing angle of incidence for
laser writing across a large area without the use of projection masks by
manipulation of the resultant features due to the changing incident angle

alongside parameter changes.
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Throughout these investigations it was found that the energy density maxima are
maintained in line of sight of the approaching beam regardless of surface
considerations and the angle of address. This was demonstrated by George et
al. [201] who found that ablation depth along the direction of the incident laser
beam is independent of the angle of incidence in laser ablation and Srinivasu et
al. [53] found the same phenomena in AWJ, whereby the slope of the kerf trailing
edge decreases with the lowering of the approach angle alongside the maximum
kerf depth which remains in line with the jet axis (Figure 2.26). It was also noted
by Srinivasu et al. that the kerf width increased as the angle of incidence with
respect to the surface decreased, due to the increased width of the jet foot print

as the jet plume becomes divergent or defocussed at larger nozzle stand-offs.

Significant progress has also been made in process modelling of typical energy
beam process which may enable a more intuitive process model for EJP than
those described in section 2.3. EJP also being a time-dependant process reliant
on energy constraints to affect material removal. This would enable the
generation of freeform surfaces and allow the process model to deliver complete
control parameters to generate a defined surface thus solving the inverse
problem. Across a number of EB process such as laser [206] and abrasive water
jet [207, 208] alongside EJM [11] the use of finite element analysis (FEA) has
been considered either considering the high velocity particles [209] or energy
density considered across the elemental mesh [210] or even multiphysics
approaches coupling multiple physical phenomenon [45, 211]. However, these
methods are computational expensive and so difficult to apply when larger
surface area is considered and too timely to employ on-line [212]. A further

approach has been developed to define the footprint of a particular energy-beam
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process that has intended not to consider material constraints as these are often
considered a variable, especially in advanced alloys which are inhomogeneous
when considered at the microscale. It has also been demonstrated some
machining methods alter the near surface microstructure of material during
processing thus effecting boundary conditions of the simulation [213]. This more
mathematically efficient process model utilises partial differential equations to
govern process footprint evolution, considering the surface, toolpath vector and
erosion or etching rate function which is dependent on energy distribution and
considering the dependence of the MRR on the gradient of the evolving surface.
This has developed from initial simpler solutions for example in the etching of
glass by powder blasting [214-216] to much more advanced methodologies
considering more complex toolpaths and machine dynamics [217, 218]. More
recent evolutions of the surface evolution equation are intended to be applicable
for multiple energy beam processes. A solution to the linear inverse problem was
first considered suitable for constant angle of jet address to the surface thus
shallow removal [219]. This was further developed where non-linear effects are
considered achieving a surface evolution equation whereby the machining
footprint can be defined for deep removal and greater complexity of toolpath and
thus resolved to identify machining parameters required for a large area freeform
surface [220]. This methodology requires defining the etching rate function to
define the cross-sectional profile of the footprint. It has been shown to be possible
to generate this from a minimised empirical data set gained from a specific
calibration machining routine [221] gaining an average kerf profile thus, energy
distribution and as such the etching rate function. This step can be avoided when

the energy distribution is already known for example in FIB [51] or AWJ [212]
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when a simplified Gaussian distribution can be applied, thus the calibration step

is not required, producing a highly efficient surface evolution modelling process.

A further area of process development that has been exploited by energy beam
machining is the creation of large area micro-surface texturing. There is a strive
within manufacturing to optimise component potential through the application of
next-generation, high-integrity surfaces [222-224] which presents a significant
manufacturing challenge. Advantages have been demonstrated for anti-fouling,
drag-reduction, enhanced adhesion [225, 226] and enhanced osseointegration
[91, 227] in applications where complex surface structuring has been previously
employed. Previously creation of these complex surface structures have required
contrived process chains involving polymer deposition [228, 229]. However,
energy beam processes can provide a one-step fabrication method to create
these surfaces on metal components. Processes such as FIB and micro laser
milling have been used to create micro and nano-scale deterministic repeatable
surface structures reliant on biomimetic design cues [230]. Lasers have also been
employed in non-deterministic surface texturing, whereby the parameters and
attributes of process and material interaction have been manipulated to efficiently

create a sub-micron scale texture across a component surface.
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Figure 2.26: Schematic of removal profile effect based on abrasive waterjet derived from Srinivasu et
al. [2009] [53], whereby the maximum energy density is maintained in line of sight of the
beam address regardless of the approach angle a) angle of address normal to the workpiece
surface, b) reduced angle of address

Example application areas where this technique has been used include;
enhanced adhesion surfaces [231], biomedical applications [232, 233] often
specifically to promote a cell response in implants [234, 235], increased stiction
in interference fit applications [236] and creating superhydrophobic surfaces
[237-239]. In biomedical applications the use of textured surfaces in skeletal
implants has received a great deal of interest for enhanced bone to tissue
anchorage [240-242], lubrication in metal-on-metal implants [243] and enhanced
osseointegration [227, 244]. Traditionally surface topography changes had been
carried out using acid etching techniques [245] whereby the component would be

immersed in a strong acid solution (HCL, HF, HNO3) heated above 100°C in order
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to produce micro pits on the surface, length of immersion and solute

concentration imparting the required roughness to the surface. Although a

relatively straightforward method it requires multiple process steps of pre- and

post-treatment and the cost and sustainability of the process due to its hazardous

nature in comparison to laser processing makes it difficult to employ in industry.

2.6.3. Summary of the identified research gaps relating to competing

processes

Consideration of comparable processes to EJP and the development thereof was

reviewed through the literature. The key findings are:

Although several technologies share distinct attribute similarities to EJP
none can match all. However, several technologies demonstrate
advantages over EJP that could make them currently more viable of
increased precision and flexibility. Therefore, EJP is required to address

this in order to enhance its viability.

Several electromechanical innovations have been presented in these
technologies to enhance precision and manufacturing flexibility. Laser
beam processing for example, has demonstrated it can be used not only
for deterministic micro structured feature manufacture but also for large
area non-deterministic texturing of surfaces. EJP has yet to exploit this

capability in a meaningful manner.

It also been demonstrated in laser beam manufacture that the resultant
energy density curve affecting the removal profile can be manipulated in
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an advantageous manner. It would be necessary for EJP to demonstrate
this type of innovation to make the process more viable in micro

manufacturing.

e Changing of the angle of incidence in comparable technologies has been
intently researched allowing process innovation. This is not an area that

has been investigated in EJP.

e When compared to laser processing EJP still lacks the precision and
flexibility to be competitive although the low cost and zero thermal impact

could make it preferential.

2.7. Applications of EJP

2.7.1. Introduction

EJP in both additive and subtractive modes have so far found limited application
in industry. However, a wide number of applications for EJP have been
demonstrated through research. All of these are centred on the length scales
appropriate to EJP, demonstrated throughout this review, of meso- to micro-scale
manufacturing. To understand if EJP is industrially relevant and identify the
requirements needed in EJP, the following section reviews the research and

industrial applications where EJP has been employed.

2.7.2. Additive mode

In additive mode EJP the majority of applications have centred around the

electronics industry such as; the direct writing of microwave integrated circuit
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substrate (MICS) [182], reel-to-reel fabrication of components and conductors
and the direct writing of etch resist for printed circuit boards (PCB) [37]. Fletcher
et al. [1974] [30] developed the scanning nozzle plating system as part of NASA.
It was developed specifically for the deposition of copper on bespoke circuit
boards. Bocking et al. [1994] [38] also found industrial application in the

electronics industry for the deposition of gold for electrical connectors.

Although both Bocking et al. [1995] [246] and Kunieda et al. [1998] [7] were both
able to microfabricate small components they both alluded to the inherent

problem of high walled structures in EJP (discussed in section 2.5.6).

Dover et al. [1996] [39] investigated the use of additive EJP for rapid tooling
including successful generation of moulding tools for micro-injection moulding
and tooling for EDM alongside assessing the wear rates for the EJP created EDM

tools [40].

2.7.3. Subtractive mode

In subtractive mode EJP the main industrial application was the drilling of micro-
holes in gas turbine blades [15, 28]. Although it must be noted that the machine
architecture and process parameters differed considerably to the current
definition of EJP (see section 2.2 for further discussion). However the use of acid
based electrolytes (see section 2.4 for further discussion) meant that these
operations were phased out of production by the late 1990’s to be replaced by
laser and more recently micro-EDM [29]. Subtractive mode EJP has been
employed by the Fujii Manufacturing Company Ltd. (Japan) integrated with

stamping processes for the selective removal of burrs caused by fine grooving in
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stainless steel for the creation of orthopaedic stainless steel accessories [247]. It
is noted that the use of EJP reduces manufacturing costs by 20% and reduces

delivery time by 50% when compared to post-process finishing by hand.

Subtractive mode EJP has seen a much greater diversification of applications
demonstrated in research than additive mode. Kunieda [1993] [2] demonstrated
that rolling bearing contact fatigue life could be improved by the machining of
micro idents in the bearing surface (Figure 2.27a) so creating an improved
lubrication regime and prolonging fatigue life, noting that the machining
technique does not induce stresses into the surface so is ideally suited for this
type of application. Lu et al. [2005] [92] demonstrated EJP for the machining of
bio-medical applications. Specifically creating blind holes hundreds of microns in
diameter with an aspect ratio just over 1.3, across the curved surface of an
implant where extensive bone-in-growth is required, therefore being beneficial for

osseointegration (Figure 2.27b).
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Figure 2.27: Micro-machined features in (a) stainless steel for improved contact fatigue life of a rolling
bearing [2] (b) Ti6AI-4V for enhanced bone in-growth on implant surfaces [92]
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Kunieda et al. [2010] [130] again used the machining of micro geometries into a
component for an enhanced effect, in this case dimples into a saw wire to carry
abrasives more efficiently to improve efficiency and accuracy in the slicing of hard
and brittle materials. Schubert et al. [2011] [248] used EJP for the realisation of
micro-structured surfaces for thermodynamic applications, identifying and
designing specific micro-geometries to achieve enhanced heat transfer. EJP was
used alongside laser for a direct comparison of the two processing routes in
creating identical surfaces with high potential for convection and nucleate boiling
processes. EJP was found to deliver a high exactness to the feature design with
excellent surface qualities. Laser machined surfaces were found to have a
rougher finish which could offer additional positive effects on heat transfer

phenomena (Figure 2.28).

e
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Figure 2.28: Surface structuring for enhanced heat transfer capability carried out by (a) subtractive
mode EJP (b) Laser ablation [248]
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Schubert et al. [2011] [249] employed micro-structuring with EJP for improved
tribological efficiency of powertrain components and forming tools. A repeated
dimple pattern was developed and tested for hydrodynamic effect across the
lubrication regimes. The aim was to reduce the friction coefficient along the three
regimes and shift the Stribeck curve to overcome the boundary and mixed
lubrication regimes at lower operating velocities. It was found that patterned
surfaces of spherical-segment cavities (dimples) yielded a friction coefficient
reduction of up to 27 % dependent on loading parameters. Reducing wear on
hot-forging tools using thermal-spray coatings was also considered. It was
intended that the cyclic properties and adhesion of these coatings could be
improved by the application of deterministic surface structures by EJP on the
substrate to be coated. However, no experimental evidence was provided for this
application. Kato et al. [2013] [250] investigated the application of surface
texturing of moulds used in polymer injection moulding. Through varying the
process parameters used to create dimple structures on the surface they were
able to create differing textural qualities on the mould surface. These textures
were then tested for reproducibility and durability in process. It was found that at
high mould temperatures the surface textures transferred well to the moulded
components. It was also noted that little wear of the surface structures occurred

during use, even at low temperatures.

Yang et al. [2016] [251] combined subtractive mode EJP to control and regulate
the adhesion of water droplets for implementation in water harvesting and trace
analysis of aqueous solutions. They first electrochemically etched the entire
surface of Al alloy plates creating a superhydrophobic surface. EJP was then

used to machine dimples into the surface at varying dwell times and varying
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voltage. It should be noted that the voltage used in some of the experiments was
very high which would introduce further material removal mechanisms beyond
purely electrochemical dissolution. These include discharge machining, where a
glow discharge is produced at the nozzle tip due to hydrogen evolution [252] and
electrolyte heating [181]. It was observed that by varying the processing time
and voltage of the individual dimples would change the roughness and structure
of the dimple surface and therefore the hydrophobicity experienced across the
surface. There results mimicking the findings of Natsu et al. [2007] [5] that a
higher energy experienced by the surface (in this case increased voltage and
dwell) leads to a smoother surface. Adhesion force of the droplets was found to
increase with increasing processing time and increased applied voltage. This
effect was manipulated, and they were able to design surfaces that would shed
droplets at pre-determined angles and resist movement until the chosen angle

was selected, so allowing a selection mechanism (Figure 2.29)

N =A fﬁik E

Figure 2.29: Examples of adhesion-controlling patterns on superhydrophobic surface. (a) Water
droplets of 20 uL stayed firmly on the surface patterned by the 6 x 6 dimples, which were
processed for 5 s each at 300 V with a 520 um inner diameter nozzle. (b) Water droplets
pinned on a tilted patterned surface. (c) Water droplets all slid off the surface at a tilted angle
of about 41°. (d) Heart-shaped patterned water droplets on the surface. (e) 20 uL water
droplets were pinned by the 2 x 2 dimples on a superhydrophobic surface. (f) Side view of
(e). (g) Droplets slid at designed angles at appointed positions [251]
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To create more complex surface features allowing higher complexity in
application requires a more advanced approach to energy delivery or parameter
control in EJP. Minimal research has been conducted in this area to create
repeatably and efficient 3D surface structures when in comparison to alternative
processing methods (see section 2.6). Natsu et al. [2007] [5] used an approach
of superimposing simple patterns to create grooves with alternative cross-
sectional profiles to that created by the standard bell type removal profile. This
was achieved by controlling the position and scanning speed of the nozzle to
create features of different depths. Grooves were then overlaid over each other
to form a single groove with the required profile shape. Natsu et al. [2008] [59]
further expanded this through superimposing elemental curved grooves further
adding to the shapes that could be created. Through maintaining a constant
current density, as defined by Natsu’s earlier work a constant surface finish,
repeated curved grooves at differing speeds, and toolpaths could be combined
to create a single 3D structure. This is some way analogous as a traditional
computer aided manufacturing (CAM) software would vary speeds and feeds on
a milling operation for generation of a part. Natsu applied this methodology over
several machined features achieving consistency with the expected profile.
Hackert-Oschétzchen et al. [2012] [75] utilised variation of the parameter set of
EJP along with toolpath to create complex surface structures informed by an FEM
process model. Through varying speed, energy and scan repetition numbers over
discrete areas, a complex surface pattern could be created with changing depth
of features and pocketing areas of the surface. It should be noted that the bell-
type removal profile was maintained throughout. Schubert et al. [2016] [86] used

a combination of the two previous techniques of superimposition and discrete
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parameter control, again based on a mathematical model to inform the final
machining process. Using overlaid toolpaths that varied in direction, line spacing
(step-over), speed and energy, a V-shaped target profile geometry was achieved
with a kerf of =3 mm and depth 0.4 mm involving hundreds of superimposed

single lines.

2.7.4. Summary of identified research gaps relating to the application of EJP

Reviewing the available literature on applications of additive and subtractive EJP

the key findings are presented as:

e Additive EJP has found industrial application in the micro-electronics
sector where the ability to create bespoke and conducting features is
highly desirable. It has demonstrated only limited application in micro-
scale fabrication

e The application of subtractive EJP has been limited industrially but shown
by research has scope for implication. The surface texture patterns
however have been very simplistic, deterministic geometry on a meso-
scale in well understood materials often with limited industrial relevance.

¢ A limited number of approaches in generating complex surface structures
have been proposed in subtractive EJP. These demonstrate complex,
protracted approaches to the generation of surface structures. A simpler

mechanism for this would be advantageous.
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2.8. Overall summary of identified research gaps within the

literature

This chapter has introduced EJP from its fundamental parameters and
electrochemical and electromechanical developments, to comparison with

competing processes along with applications.

Considering the literature reviewed it is clear that additive mode EJP has received
considerable interest from understanding of the fundamental mechanism to
implementation of this knowledge in application. Furthering of this knowledge
beyond adaptions and enhancements which serve both modes of EJP are within
the realms of advanced chemistry, including greener deposition chemistries and
enhanced material selection, which is beyond the scope of this thesis. Although
much of this fundamental knowledge is also applicable to subtractive mode EJP
and as such has been demonstrated, the specific research gaps are more

apparent in subtractive mode.

To advance the EJP process by tackling the current knowledge gaps, the issues

identified through the literature review are summarised below:

e Fundamental understanding of key material response - The
fundamental understanding and definition of the influencing factors on an
electrolytic unsubmerged jet is theoretically well defined. However, in EJM
these are only generalised and not specific to materials and often theories
are not fully validated with conflicting evidence provided. The
understanding of the dissolution mechanism of advanced and robust
engineering alloys is limited. Such materials as nickel superalloys and

titanium are industrially relevant for the high-value-add market sectors
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[253, 254]. Itis intended to test the theories of Kunieda [1993] [2], Kozak
et al. [1996] [19] and Datta et al. [1989] [34] of the effect on material
removal by changing process parameters and ascertain if they still apply
in titanium and nickel superalloys. Information on the effect on feature
geometrics would be valuable to ascertain a bench mark for future
innovations through chapters 5, 6 and 7. The consideration of Kawanaka
et al. [2014] [54], [55] theories on the mechanisms relating to the response
of the workpiece surface to parameter variation and the contributing
factors to the resultant surface finish will also be investigated, identified as
key in understanding overall process mechanisms. Investigations
presented in chapter 4 are intended to fulfil this identified knowledge gap.
Adaption of the energy distribution - The Gaussian energy distribution
is identified as being responsible for the resultant profile in EJP. Alongside
this the stagnation region below the nozzle is responsible for the kerf in
EJP. Both are considered boundary conditions in EJP. To provide greater
flexibility to the process and increase precision by reducing kerf these
would need to change. Addressing the mechanical (chapter 5) and
electrochemical influences (chapter 6) on the IEG, such as spatial and
chemical changes influencing in-jet properties thus allowing manipulation
of the process energy at surface, may provide insight into possible routes
to increasing flexibility and precision of resultant features and allow a new
approach to EJP (chapter 7).

Architecture development - Processing platforms in EJP have remained
simplistic laboratory orientated hardware. Development of this to a more

industrially focussed platform would allow EJP to demonstrate a higher

134



level of technical and application complexity in line with comparable
processes. Development of the base research platform is intended to be
dealt with through the methodology section demonstrating the progress
through 2 generations of machine. However significant architecture
development will accompany both mechanical and electrochemical
innovations in chapters 5 and 6.

Application development - Demonstrated applications in EJP have been
generally simplistic in nature and often not fully validated. Through this
review EJM would appear to offer the potential of flexibility in control both
of deterministic and non-deterministic features (form and finish). With
enhancements highlighted of increased precision and form flexibility it
would be possible to create these complex features in a one-step process,
reproducible across large areas and at a low cost. This has yet to be
delivered. However, application and demonstration work of this nature,
although likely to require innovations developed throughout this thesis,
would require extensive external collaboration for analysis therefore would
be beyond the scope of this thesis and as such will be dealt with in the

accompanying appendixes.
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3. Methodology

3.1. Introduction

The following chapter describes not only the methods, techniques and metrics of
analysis used throughout this investigation but, also a brief overview of the design
and manufacture of the EJP machine over three generations of development from
initial laboratory proof of concept at the beginning of the project to a transferable

research platform (Figure 3.1) carried out as an integral part of this work.

Figure 3.1: Platform development timeline (Gen. 1) 2014 start of project (Gen 1.5) 2015/ 2016
development of capabilities for enhanced functionality (Gen. 2) 2017 re-model for enhanced
capability, precision and operator ease

3.2. Generation 1 research platform

The first-generation platform was based on literature review of Kunieda [1993]
[2], Hackert et al. [2007] [4] and Bocking et al. [1994] [38] research (outlined in
section 2) which demonstrated the basic architecture required for electrochemical
jet machining and deposition shown in Figure 3.2.

136
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Figure 3.2: Schematic overview of a generic EJP architecture highlighting essential features included in
most reported apparatus.

A top down design approach was used as there was no prior design knowledge
(Figure 3.3). Therefore, it was required to re-engineer the platform from a concept
based on research. From review an overall vision for the architecture could be
conceptualised. The sub-systems required could then be identified to meet the
chosen concept (Table 3.1). Through careful consideration of these sub-systems
options, individual components were evaluated through traditional decision matrix
analysis, design morphology analysis and design rationale diagrams (DRD). This

enabled progression toward the optimisation of the final machine design.
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Top down

design
Sub-system Sub-system Sub-system
development development development
8
Sub-system Sub-system Sub-system
verification verification verification
8

Sub-system integration into design concept
I

Concept validation and development

Figure 3.3: Top down design methodology employed in design and realisation of generation 1 machine
tool

A statement of requirements (SoR) was set out to incorporate all these findings
and include rudimental machine and safety design concerns (Appendix 1). With
incorporation of these requirements a simplistic machine tool was manufactured
(Figure 3.4) capable of producing material removal following simplistic toolpaths

(Figure 3.5).
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Table 3.1: Machine sub-systems and associated component systems

Sub-system Components
1 Machine structure Frame, translation axis, machine table, Mounts (axis,
head, table)
2 Fluid management Air supply, Electrolyte supply, electrolyte feedstock

storage, filtration, recirculation, waste scavenging, waste
storage

3 Workpiece interaction Head Assemble (encompassing the complete unit from
the interface with the actuator (head bracket) to the
interaction with the workpiece (end-effector)), end-
effector (responsible for jet creation and electrification
(electrode)), co-axial air shroud, workpiece holding
(including workpiece electrification), power supply to the
end effector (PSU)

4 Control Axis movement, feedback and output, PSU variation,
electrolyte supply variation, compressed air variation,

safety system

Electrolyte storage and supply Electrolyte jet (cathode) with
a b air shroud

Workpiece contact
(anode)

Machine Control enclosure

Figure 3.4:Images of the generation 1 platform (a) showing updates to the z-axis and platform (b) in
original configuration showing the work area
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In its initial form the platform was deemed unreliable demonstrating inadequate
precision, poor performance and repeatability generated in the most part by sub-

system sub-optimisation and errors generated through operator difficulties.

Figure 3.5: Early examples of machining utilising simplistic toolpaths affecting material removal
including keyholing at the beginning of feature striations, low material removal due to poor
power supply and control, unsymmetrical machining profile due to manufacturing issues and
flow lines due to poor electrolyte supply and pump control. scale bars fop left 250 um and
bottom right 1 mm

3.3. Generation 1.5 — Platform development

Issues were identified of the original platform of poor operation of the z axis,
unstable machining table, poor parameter control, inefficiency of process (current
leak down), insufficient power supply, unworkable datum setting method, poor

safety systems, no machine or parameter characterisation, ineffective electrolyte
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containment and capture, coating forming on nozzle during machining and

ineffective air shroud.

The first two years of the project were then concerned with development of the
machine tool to an interim stage, Gen. 1.5. Through addressing the identified
concerns by redesign of the sub-systems (an example of this process is shown
in Appendix 2) and developing platform hardware innovations flexibility, precision

and repeatability were greatly improved.

Updates to the Gen. 1 platform to evolve into Gen. 1.5 are detailed fully in

Appendix 3 but consist of:

e development of a nozzle touch sense system for ease of datum setting in
X, Y, and z directions,

e multiple electrolyte control,

e head development for increased precision, longevity, ease of operation
and electrical isolation (Figure 3.6)

e Component upgrades including the PSU and electrolyte supply

e Machine architecture to incorporate higher safety standards and new

innovations in hardware
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Head bracket Electrolyte supply

Nozzle electrical
supply —

Air shroud

Workpiece Nozzle ,’ Workpiece electrode

Work-holding table

Figure 3.6: The machine head went through considerable development as part of Generation 1 platform
development. Seen here machining surface textures for reduced wear the updated head
bracket, shroud and work holding making extensive use of 3D printing techniques.

Through these improvements the final machine capabilities (Table 3.2) were
improved enough to make a reliable research platform, although requiring an

expert user, and form the basis for further research developments.
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Work Envelope 200 x
200 x 150 mm, 3
Precision Micro-
stepping axis 1.25 um
resolution

Multiple
Electrolyte supply

tanks
Motion and Peripheral

Control

Power Supply

User interface

Motion and Peripheral
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Axis Control &
Feedback

Electrolyte Supply

Compressed Air
3 Supply
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SEE SRR Current Limited
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Figure 3.7: Generation 1.5 machine tool with upgrades 2015 /16
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Table 3.2: Current capabilities as of 2016 for Generation 1.5 platform

Work envelope

Available pump flow

Available power

Power increment resolution

Nozzle traverse speed

Nozzle positional resolution

Nozzle positional accuracy

Nozzle positional Repeatability

Electrolyte Storage capability

Electrolyte waste capability

Flush capability

Electrode polarity

IEG setting capability

Axis capability

Operator Usability

200x200x100 mm (x, v, z)

0.07 - 0.768 I/m (1 mm I.D. nozzle)

W (750 V, Amps)

10 mA

0.01 — 100 mm/s

1.25 uym (x, Y, 2)

Poor (no feedback)

Poor (no feedback)

2 x 12 Litres

40 litres

12 litres manual / automatic

Interchangeable, manual switch

Programmable with manual isolation required

X and Y on overhead gantry, Z independent
and required to move machining table leading
to poor stability. 4% axis available to drive

orientation of A or C.

Expert knowledge required, all systems
required to be programmed, difficult
housekeeping including fill and empty of
electrolytes and several manual operations

required.

144



3.4. Generation 2 machine tool

The generation 2 platform was designed to address the architecture, operational,
and safety issues found as the Gen 1.5 platform was developed. It was also
intended to incorporate into to the machine design innovations developed on the

Gen. 1.5 platform (Figure 3.8).

Integrated motion controller

running integrated CAD /

CAM systems with G-code.

EtherCAT and CANBus to CNC PSU 600 W

llluminated dash gzng_m_ taIII sg)sterzszi:cluding supply. Polarity to Standard laptop docked
panel giving visual A Ilgl a 10 an the IEGis also CNC  to the machine via
information as to nalogue extendable arm and
machine condition \ linked via ethernet
and peripheral stattN,* N allowing toolpath and
\ \ peripheral programming
Servo driven, high

precision, 3 Axis (X,
Y, Z) in gantry
configuration with
idler axis

=i GPEN CHECK]
TANKT TANK2 TRET TANKZ A
< TANKD TANKA TANKS TARRA f\ﬁ 3
Q) e Pwge Fush  Waste =
B G e

Touchscreen with GUI
enabling operator use
without the laptop present
including loading of pre-
loaded programs,
automatic datum finding in
X, Y, Z and axis jogging
functions

Interchangeable
end-effector with
CNC compressed air
fed shroud and
interchangeable
nozzles

Electrolyte storage,
held in individual
cassettes, capable of
delivering up to 4

Electrolyte mist
removed and fed
through a drying

electrolytes

concurr)gntl or system to remove
et salts from the air

sequentially

Machining waste storage with
integrated re-cycling system or
diversion to waste including debris
removal and electrolyte health

Separate integrated
flush system capable
of flushing all
peripherals including

monitoring . _ ) pumps and work
Approximately 1 km of cabling used in area evacuation
the wiring loom, 100 m of piping, 4 high filters

precision pumps, 15 solenoids, 150
litres of tank space. Working volume
250 x 250 x 200 mm, machine
dimensions 1024 x 1024 x 2005 mm

Figure 3.8: Generation 2 machine tool with some of the major developments highlighted (2017)
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The generation 2 machine was intended to be more industrially focussed in its
design approach and in fact incorporated a bottom-up design methodology
(Figure 3.9). This allowed for a more iterative approach and optimisation of sub-
systems that had already been defined on the previous generations thereby
allowing integration into a single more complex system, function of the sub-
systems and their integration defining form. Components that where already
proven such as supply pumps and the configurations of sub-systems can be

easily integrated.

This re-design of the machine tool was implemented to increase precision,
reliability and repeatability of the process. To achieve this, each influencing factor
of the process is monitored and controlled, including electrolyte supply and
health, energy supply, jet characteristics and machine kinematics. In depth

details of which are given in Appendix 4.

Machine design validation

Bottom up
design B

Sub-system integration to form a machine design

Figure 3.9: Bottom up design methodology employed in the design and realisation of the generation 2
platform
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Control and electronics,
isolated from the rest of the
machine fed by a dry riser
containing all linking wiring.
Contains CPU, I/O
expansion bus, servo axis
drivers, PSU's, contactor
and fuses

Work area, enclosed Perspex
tank, extraction and filtration,
X, Y, Z servo axis in overhead
gantry configuration with idler
stage mounted to an axis
cradle, peg board optically flat
table, dual bi-folding inter-
locked access doors

2000 mm

Electrolyte storage
and supply inc. #2

Waste, flush, pump housing and
recirculation buffer, control solenoids
tanks inc. #1 pump accessible through
housing and high drawer mechanism

flow waste pump

Figure 3.10: Sectioned general assemble drawing from the final generation 2 drawing pack, surrounded
by images taken during the construction of the machine tool

With these overall improvements to the machine architecture (Sectioned final GA
and images taken during manufacture shown in Figure 3.10) and systems control

the generation 2 machine has now stepped away from a purely research platform.
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Aimed as much at platform development as process development, to now a more
user-friendly machine tool capable of high throughput, increased precision, and

enhanced safety purely focussed on process and applications development.

3.5. Microscopy

3.5.1. Scanning Electron Microscope

Characterisation of the surface topographies created by EJM requires
characterisation at the millimetre through to sub-micron scale often at an angle
and with a need for a large depth of focus. Therefore, electron microscopy
techniques are prevalent throughout this work as the depth of field exhibited by
electron microscopy is much greater than that of optical microscopy. This allows
a better view of the deterministic surface structuring alongside complex non-
deterministic surface finishes. This is due to the depth of field becoming greater
when the distance to the object is much larger than the diameter of the limiting
aperture of the lens. Hence, for optical microscopes to achieve higher resolutions,
larger lenses must be used and so the depth of field is typically poor. In electron
microscopy, the limiting aperture lens must be made relatively small, and

therefore the depth of field is relatively large. [255]

SEM uses electron energies typically between 10-40 kV to produce and detect
two main types of electrons by a fine electron beam being rastered across the
substrate surface. Secondary electrons (SE) originate from the surface / near-
surface regions of the workpiece. They are the result of inelastic interactions
between the primary electron beam generated from the standard tungsten

filament of field emission gun (FEG) which when impinged on the surface causes
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excitation of atoms of the surface and ejection of electrons from the atoms
valence shell with some kinetic energy, the intensity of which is dependent on the
surface morphology, chemistry and physical state. These electrons, termed
secondary electrons are then detected by an Everhart-Thornley detector and
through a photomultiplier displayed as a two-dimensional intensity distribution
forming an image of the surface. Back-scattered electrons (BSE) are caused by
reflection of the incident electrons generated from the electron gun, with atoms
which are normal to their path, resulting in 180° scattering back of the electrons
and form a contribution to the secondary image. Dedicated backscattered
electron detectors are positioned are required above the sample in a ring type
arrangement, concentric with the electron beam. BSE imaging is dependent on
atomic number (heavy elements = high atomic number) which is characteristic of
the elements in the imaged surface resulting in higher contrast for heavier
elements. This provides greater contrast to topographic images than secondary

electrons alone.

In this thesis SEM was performed using a FEI Quanta 650 ESEM (High vacuum
mode), Philips XL30 SEM and Hitachi S-2000N equipped with back-scattered
detector for qualitative compositional analysis all located at the University of

Nottingham.

3.5.2. Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) uses the X-ray spectrum emitted
from a substrate when a focussed electron beam (in the same fashion as SEM)
bombards the substrate surface with sufficient energy to generate X-rays

enabling localised information about the substrate chemical composition. X-ray
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detectors are often coupled to SEM due to sharing the same requirement of an
electron beam. Through comparison with a software-based library (In this case
Oxford instruments AztecEnergy and INCA on the FEI Quanta 650 and Philips
XL30 SEM respectively) of the reflected line intensities in the x-ray spectrum to
known composition calibration sample intensities. Elemental spectra can be
developed as a point on a surface, line or through rastering the electron beam to
create complete surface maps. This technique is used during this thesis in the
characterisation of stock materials and identifying the dissolution mechanisms
through tracking the changing elemental compositions of substrate surfaces

under differing machining conditions.

3.6. Metrology

3.6.1. Focus variation

For assessments of surface topography generated during this thesis, focus
variation microscopy (FVM) was used extensively to investigate the features
generated allowing data to be extracted describing geometry of form and finish

for analysis and surface reconstructions.

FVM is an optical technique with digital processing. A stack of images is acquired
through a pre-defined Z direction range exceeding the scale limits of the feature
to be measured with regards to the objective lens. For each pixel in an image
from the stack a focus value, being the contrast of a pixel in relation to the
neighbouring pixels, is defined. Thus, the more in focus the image is the higher
the focus value. For each pixel a mathematical fitting procedure is applied to the

focus values at each z-level and the detected z-coordinate of a pixel is
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determined corresponding to the z-level with the highest focus value. Therefore,
a complete image of the feature with all elements in focus can be assembled,
through the feature z range using pixels from different z-levels corresponding to

the z-level with the highest focus value of neighbouring pixels (Figure 3.11) [256,

r Windowing = Neighbouring pixels

257].

/Defected Z-position
e F,(x,y) max

Vertical scanning

Figure 3.11: Working principle of focus variation microscopy [256]

Focus value F,(x, y)

Thus, FVM can exploit a small depth of field for enhanced detail and large vertical
scanning paths to cover large features. Alongside this illumination is not limited
to being coaxial therefore the measurement of steep surface flanks is possible
beyond that of other measurement techniques [258]. This is especially useful in
this thesis due to the multiple scale of features that are controllable by EJM and
allows analysis of both form geometry and specific precision of features whilst
considering surface finish which is the key thrust of this thesis. Throughout this
thesis FVM analysis was carried out exclusively on an Alicona G5 infinite focus

FVM with a vertical resolution of 10 nm and lateral resolution of 400 nm.
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3.7. Analysis tools

3.7.1. ImageJ

ImageJ is a Java based imaging software originally developed for medical and
biological applications [259]. Also referred to as Fiji (Fiji is Just ImageJ) which is
the imageJ software with additional processing plugins [260]. It is an open source
image manipulation software capable of reading and writing common image data
and carrying out operations on individual pixels, image regions, whole images or
stacks of images creating a volume. It is capable of carrying out convolution, edge
detection, Fourier transforms, histograms and statistical particle analysis,
sophisticated editing and colour manipulation including dilation and erosion. In
this body of work the main use were visualisation operations. Through using SEM
images and thresholding the hue saturation value (HSV) [261] found between
different features on a surface the surface area coverage or size of these
individual features can be calculated by the program once an appropriate scale

has been configured.

3.7.2. DigitalSurf MountainsMap

MountainsMap is a surface analysis software used in conjunction with both SEM
(section 3.5.1) and FVM (section 3.6.1) outputs. It is used extensively throughout
this thesis for analysis of data produced in order to measure features in surface
topography of large scale form and small surface finish to generate quantitative
data. The software was also used to generate qualitative data via real-time
imaging of surface topography and allow colour overlays to highlight surface

features and geometrics. Alongside this 3D reconstructions of surface
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topography of multi-focus stacking images can be created. The software allows
analysis of surface texture and roughness in accordance to ISO and national
standards allowing the correct filtering to be applied (see section 3.8) such as

cut-off values for surface roughness.

3.8. Validation Metrics

To ascertain if the key process indicators (KPI) of increased precision and
process flexibility are met it is necessary to use a set of metrics to evaluate the
measurable effects of innovations made within this body of work. These effects
can be assessed across two separate length scales, form and finish. There are
any number of standardised metrics (the ones used throughout this study are
defined here) which can be used to evaluate the changes in surface finish typical
at length scales less than 5 ym. However, with the larger length scale of form it
requires the definition of new spatial metrics beyond simply depth and width that
address the KPI that are to be achieved. These metrics should allow for
repeatable comparison between resulting features. Thus, are proposed as a
useful method around which evaluation of independent geometrical features of
the resultant feature can be made therefore easily identifying enhancements

made through innovation.

3.8.1. Metrics to describe macro-scale features (form)

To be able to assess the impact of variations process parameters and hardware
developments several metrics to define the geometrical shape and surface finish
of any machined features can be applied. When considering the response profile,

geometrical analysis of the profile data through the DigitalSurf Mountains
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software (see previous section) can be carried out to obtain basic information

about the response profile (Figure 3.12).

Depth of cut or height of deposition (D), defined as the distance from the
substrate surface to the peak maxima of the material removed or
deposited in the z direction.

Dissolution or deposition kerf (K), defined as the maximum width of the
dissolution effected region at the substrate surface. Recognised by
deviation in the Z coordinate when translating in the X coordinate either in
the positive Z direction in deposition mode or negative in subtractive mode
from the mean substrate surface level facing the jet. This is easily
recognisable in optical images due to the change in surface texture from
the substrate surface (Figure 3.12b), but can be difficult with small removal
volumes in profile analysis so care must be taken to identify the correct
areas through 3D reconstructions and ensuring the sample is prepared to

a level of flatness before machining.

Dissolution kerf (mm)

12 14
Kerf (mm) Cross-sectional L 1
profile area

Figure 3.12: (a) Definition of basic geometrical metrics of depth, dissolution kerf and cross-sectional

area (b) SEM image showing the transition from un-machined substrate surface into the
dissolution region easily identifiable in microscopy. Scale bar 500 um
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As this process is essentially carried out manually in the software this can
also introduce a level of human error into the measurement. Random error
does not affect the mean value only the variability around the mean value,
therefore a large sample set should be used across each striation to

enable averaging reducing deviation due random error.

e Cross-sectional profile area (CPA) defined as the area of material removed
or deposited when taken as a cross-section perpendicular through the
feature. This is an automated process carried out through the analysis
software. Through selection of the correct method the software calculates
the area based on a theoretical filling of the profile to a water line at the
top or base of the feature. In subtractive mode this corresponds to the

dissolution kerf.

More complex metrics are used to describe specific features of a resultant profile
geometry. These are used when identifying process improvements pertaining to

increases in taper, precision and overcut.

Cut wall
Profile slope
depth (D) (cws)

- - Y _ -

cm e

Figure 3.13: Schematic to show the definition of more specific metrics used in this study (a) the
definition of overcut (b) definition of sidewall slope across the middle 60% of total depth and
(c) the definition of precision using the top 20% of the total depth.
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Total overcut (Figure 3.13) is defined as the remaining area of the removed
profile on both sides of the resultant feature. This is achieved by removing
the idealised profile, being the area removed directly below the nozzle, the
width corresponding to the nozzle 1.D., for the full depth or height of the
resultant feature. Minimising overcut is also seen as advantageous within
the process as not only does this demonstrate an increase in fidelity of the
response profile to that expected, but also makes the process more easily
implemented into component design for manufacture.

Cut wall slope (CWS), (Figure 3.13) is defined in this case as the gradient
of the side wall in rise over run format. Side wall slope was extracted from
the bulk of the edge ignoring both the radius at the top (top 20% of the
total depth) and bottom of the wall (bottom 20% of the total depth)
pertaining to the 60% about the middle of the maxima depth of the profile.
This is analogous to the taper defined in machining processes and allows
comparison between the profiles that are created, greater slope giving a
more uniform squarer cross section and a lower slope value giving a more
triangulated profile.

Feature shoulder precision (P) (Figure 3.13) is defined as the slope of the
side wall taken to a depth of 20% of the total depth from the top substrate
surface. This allows comparison of the individual inovations ability to
influence low current areas. The greater the slope, the greater the
precision, as the un-wanted rounding effects on the shoulder of the cut are
minimised and this therefore reflects on the overall kerf dissolution in

comparison to the nozzle I.D.
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3.8.2. Metrics to describe micro-scale features (finish)

Alongside geometrical information about the surface features created through
EJM it is also necessary to consider the finish that can be achieved. Not only on
the features themselves as a by-product of the machining process but, as will be
demonstrated later, the creation of non-deterministic microscale surface textures
that can be regarded as a surface finish and cannot be easily quantified through
the aforementioned metrics due to their complexity. The type of measurement
metrics used in this thesis can be divided into 2D profile measurements and 3D
areal measurements. 2D Profile measurements are used in the assessing the
topography inside cut machine channels and deposited features where extracting
surface information can be difficult to acquire and analyse with confidence due to
the restriction caused by the feature geometry. Where possible 3D areal
parameters were used especially when assessing large area surface texturing
due to their ability to more accurately describe not only the complete topography
but the functionality of the surface [262]. In the first instance the simplest
quantification of a surface textural quality is the definition of the roughness of the
surface. Considering a 2D profile approach the standard used throughout this

thesis is the roughness arithmetical mean deviation (Ra) (Equation 7):

l
1
Ra = 7]|Z(X)| d Equation 7
0

Described as the arithmetical mean of the absolute ordinate values in Z co-

ordinate at discrete points (X) within a sampling length, |, by taking the mean

amplitude [263].
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Throughout all analysis, filtration and evaluation is carried out in line with 1ISO
4288:1996. In comparison roughness calculated using arithmetic mean height
within a defined sampling patch (Sa) generates a less subjective roughness value
by definition of a much greater sample size accounting for a much greater amount
of the topography. Sa is used wherever possible for a general descriptor of

surface finish quality, low Sa equalling a smoother surface (Equation 8) [264].

1
Sa = Z.]LlZ(x' y)ldxdy Equation 8

Described as the arithmetical mean of a surface by taking the absolute ordinate
values in Z co-ordinate at discrete points (X, Y) within a sample patch, A, by taking

the mean amplitude.

However, roughness parameters do not describe anything about the spatial
frequency of the irregularities, patterns or shape of the surface topography.
Further quantitative information can be attained to help characterise the type of
surface that had been created. A number of parameters to define the surfaces
created were chosen from those defined in ISO 25178 3D [265] including height
parameters of Skewness (Ssk) Kurtosis (Sku) (Figure 3.14) used to describe the
geometry, symmetry and randomness of the surface and volume parameters
relating to the areal material ratio curve (bearing area curve) which is established
by evaluating material ratio (mr) (Figure 3.15) at various levels between 0% being
the highest point on the surface to 100% which represents the lowest point on

the surface within the evaluated area.

The most commonly used parameters throughout the analysis in this thesis are

defined as [266].
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e Skewness (Ssk) — This demonstrates the profile symmetry about the mean
value of the heights within the sample (mean plane). For a surface with a
random (or Gaussian) height distribution that is symmetrical about the
mean, the Skewness is zero, if the bulk is above the mean it will be
indicates the predominance of peaks or below the predominance of valley
structures.

e Kurtosis (Sku) — Demonstrates the spread of the height distribution of the
texture. An ideal or Gaussian distribution has a value of 3. Below 3 shows
a bumpy surface whereas above shows a spiky surface with high peaks.
Further away from the ideal value shows a greater localisation or grouping

of features rather than a uniform distribution.

\ ssk<0
\valleys

Mean plane Mean plane

Figure 3.14: Schematic representation of topography distributions relating to (a) skewness and (b)
Kurtosis

e Peak Material Volume (Vmp) — Volume of material calculated within the
peak set at 10%

e Dales Void Volume (Vwv) — Volume of fluid retention in the deepest valleys
of the surface set at 80%

e Core void volume (Vvc) / Core Material Volume (Vmc) - These describe

the void volume and material volume respectively at the bulk of the
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material avoiding the highest peaks and deepest voids between mrl and

mr2 set as 10% and 80% respectively

These metrics along with the roughness values allow the level of definition of
surfaces required for this work in for the comparison of different surfaces created
by parameter and process variation. Although there are a great many other
parameters available to describe surface topography, this is not the main thrust
of this work. The parameters selected are intended to give the reader an overview
of the changes in surface texture and a descriptive value of possible functionality
using bearing areal ratio curve diagrams. Further reading on 2D and 3D texture
parameter definition and derivation can be found in the works of Leach [2013]
[262], Blateyron [2013] [264] and Waterworth [2006] [267], alongside the “good
practice guides” produced by the National Physical Laboratory. All of which have

been fundamental in the authors understanding of this area.

0% ---

mrl

mr2

100%

_100x (a+b+c)

mr L

Figure 3.15: Surface defined by Material ratio (mr) and Bearing curve relating to the v-parameters
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3.8.3. Standard deviation

When numerical data from a metric is presented this is accompanied with the
standard deviation presented as either a percentage or numerical value
dependant on which is more relevant in that case. Standard deviation (0)
throughout this thesis represents the standard deviation of the population about

the mean value represented by Equation 9:

, x—p)2
o= ¥ Equation 9

Where X is the sample measurement, u is the mean and N the population. This

informs the reader as to the expected variation of the process in generating that
feature. Thus, assumptions can be made especially when considering
performance improvements, whether the improvement is repeatable and if it is
even an improvement at all over the baseline presented. When errors bars are
presented in graphs this also uses the same method. If error bars overlap
between two separate measured points, it is indeterminate whether there is any
difference in the two measurements in X number of repeats. When the standard

deviation is presented as a percentage this is calculated as per Equation 10:
c% = %X 100 Equation 10

When the standard deviation is less than 1% of the mean this considered to be

within the error of measurement so specific values are not reported.
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4. Parameter influence on the machining of high value

alloys

4.1. Introduction

From the review of the available literature (see section 2.3.6) it was clear that
although some investigations had been carried out into specific materials, namely
steels (including stainless), cemented carbides and MMC'’s, and to a degree
Titanium (Ti-10V-2Fe-3Al), materials appropriate to the applications where EJM
would find natural applications in low-volume, high-value industries (aerospace,
biomedical, automotive and tooling) have yet to be thoroughly researched as

being appropriate for EJM.

Nickel superalloys were identified in Chapter 2 as being valuable to the intended
high-value-add markets that the process traits of EJM are suited to. Currently the
understanding of material response of Ni-superalloy is underdeveloped having
only been used as a process demonstration. Inconel 718 (In718) is a commonly
used Ni-superalloy favoured in high value industries of aerospace, power
generation (nuclear and gas turbines) and the automotive industry [268].
However, it is known to be inefficient to process by shear based and thermal
based processes due to the material properties as outlined in the review of the

literature (section 2.3.6).

IN718 is considered a complex alloy consisting of 16 separate elements (see
Table 4.1 for full material composition) and therefore a high degree of variation in
the ECE throughout the alloy. In718 is described as a precipitate hardened nickel-

based alloy consisting of dual phases alloy y and y’. Designed to be strengthened

162



by the y’ phase including Al, Ti, Nb and Ta elements, the y phase forming the
nickel matrix. The large Niobium carbide precipitates at the grain boundaries (&
phase) obvious in the centre of Figure 4.1a and identified through EDS (Figure
4.1d), are used to control grain size during heat treatment and thermomechanical

processing and also serve to enhance some of the mechanical properties.

As discussed in section 2.7, material physical properties do not influence
machinability by EJM. Thus, In718 provides an excellent demonstration of the
advantages of EJM over conventional techniques when creating micro-machined
surface geometry (outlined as one of the primary application areas for EJP in
subtractive mode in section 2.7.). Itis necessary for a thorough material response
analysis to be carried out to form a benchmark by which other developments
throughout this thesis can be assessed. This will identify ideal processing
parameters along with difficulties and allow characterisation of material response
allowing appropriate solutions to be formed and improvements to be quantified in

the following chapters.

Alongside In718, to compare and contrast the dissolution mechanisms and
machining performance of In718 and to demonstrate a wider capability of EJM, a
further relevant material was used for comparison. This would usually be
achieved through literature review however, in the case of EJM there is little
published data of EJM on application relevant materials. Thus, to understand the
capability of electrolytic jet methods in processing In718 requires the processing

of a further comparison material.

Titanium, in this case grade 5 or Ti-6Al-4V (see Table 4.2 for composition), is

another important material, due to its high strength to weight ratios, excellent
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biocompatibility and high corrosion resistance [269] making it ideal for high value
applications in aerospace and for biomedical application, specifically skeletal
implants [270, 271]. Titanium grade 5 is a two-phase material, described as an
alpha-beta alloy containing both an alpha stabiliser and beta stabiliser, in this
case aluminium and vanadium respectively. Table 4.2 demonstrates it as a
simpler alloy in comparison to In718, containing eight elements. The majority
alloy being pure titanium (=90%). Therefore, reaction to dissolution will be more
likely to be defined by the properties of the pure base element when compared
to In718 (nickel content =50%). Titanium demonstrates an ECE of 0.4468 g/Ah
when compared to nickel of 1.09 g/Ah. When the ECE is calculated across all

elements (taking note of Equation 3) using Equation 11,

Aq An Equation 11
ECE=)»%;-—+ %, — ........... +%,, - —
Z /01 z'F A)Z Zy'F /On b4

the ECE only reduces to 1.067 g/Ah. Therefore, In718 should demonstrate a
much higher MRR in process than Ti-6Al-4V, identified in section 2.3.6 as having
received some prior research interest. The dissolution mechanisms of titanium
are understood and the difficulties in processing this material with passivating
electrolytes have been identified. However there has been minimal directed
research as to its overall machining performance in relation to EJM parameters

and comparison to other materials.

The material machining capability of EJM is reliant on several basic process
parameters each with its own influence on the processability of materials as

defined in section 2.3:

e Electrolyte composition

e Material composition and pre-condition
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e Current Density
e Nozzle traverse speed
e Stand-off of the nozzle tip to workpiece - IEG

e Electrolyte flow rate / jet speed

However, as outlined in section 2.3 the primary factor is the energy density
developed at the workpiece surface of which current density (J), nozzle traverse
speed (Vnoz), Nozzle tip stand-off (IEG) and electrolyte jet speed (vjet) (calculated
by flow rate with a specific nozzle 1.D.) all have an influence over the available
dissolution energy. These are all machine tool relevant and defined as a
requirement in section 3.1 to be fully flexible and controllable as part of the
machine control architecture. Material composition is not varied as this body of
work is concerned with the fundamental dynamic processing conditions whereby
the material can be set as a benchmark condition to assess parameter changes.
However, pre-condition is considered pertaining to the passivation effect in
titanium and the general effect of surface oxides on machining performance.
These two areas are however under further investigation within the immediate
research team utilising the same research platform designed for this work [272,

273].

In the first instance preliminary machining trials are carried out utilising parameter
ranges found in the literature to establish the effect of the four-main machine
controllable parameters on the depth and width of the striations. From this the
main contributing parameter/s can be used to carry-out an in-depth analysis of

the dissolution effect of EJM on In718 and Ti grade 5.
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4.2. Methodology

20 x 20 mm samples of In718 and Ti grade 5 were water-jet cut from rolled plate,
composition shown in Table 4.1 and Table 4.2 respectively. Unless stated
otherwise, these samples were ground and polished to 1 pum surface finish (Ra).
The In718 structure and distribution of the elements can be seen in Figure 4.1. A
characterisation by EDS and SEM of the base metal was carried out to ascertain
a control not only for the elements but also the un-machined microstructure to

allow comparison to experimental findings.

Table 4.1: Nominal material composition of nickel -super-alloy Inconel 718

In 718 A B C Cr Co Cu Fe Mn Mo Ni Nb P Si S Ta Ti

Weight

0.006
0.08
0.3
17
0.015
0.35
0.015
0.05

%

0.2-0.8
17-21
0.35
2.8-33
50 - 55
475-5.5

0.65-1.15

All test samples were machined with simple striations across a workpiece with a
pre-determined NC program repeated in every case with five repeats of any
parameter change proposed. Electrolyte composition in this chapter is confined
to the two commonly used electrolytes of NaNOz and NaCl as identified in section

2.4 with a constant concentration of 2.3 M in both cases.

Results were then analysed for geometric and surface information as described

in section 3.
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Table 4.2: Nominal material composition of titanium grade 5
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4.3. Preliminary investigation — Identifying parameter effect

A simplistic initial investigation was carried out to determine the trends pertaining
to the level of influence of these parameters on the depth and width of the
machined striation (Figure 4.2). Using a 0.25 mm |.D. nozzle the four parameters
were varied across the generation 1.5 machine parameters (see section 3.1)
machined into In718. Where a parameter was varied the others remained
constant: supplied current = 0.15 A, IEG = 0.5 mm Vnoz = 1 mm/s and Vjet = 20

m/s. These parameters being established from review of the literature.
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Figure 4.1: Composition of Inconel 718 (a) SEM images of etched Inconel substrate at varying
magnifications, the niobium precipitates can clearly be seen at the grain boundaries (b) EDS
surface scan of the Inconel substrate showing the chemical composition prior to any
machining (c) EDS elemental map of the un-machined surface showing the distribution of the
constitute elements (d) EDS point analysis confirming the presence of a Niobium precipitate
phase.
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Observed in Figure 4.2, nozzle traverse speed and IEG supply current have
opposing effects as they increase in-line with what has been reported in other
energy beam processes. As the traverse speed of the nozzle is decreased, with
a constant supplied current, the greater the depth and width (increased material
removal) occurs due to the increasing interaction time at a discrete point (dwell).
At these slow speeds excessive machining of the side-walls occurs showing the
same pattern found when a spot is continually machined without movement over
increased time [70]. At slow speeds, poor edge definition occurred accompanied
by arcing outside the IEG possibly due to high material removal and limited
flushing causing debris to collect in the IEG. In comparison, as supplied current
is increased so material removal increases. Again, as supplied current increases
the width also increases as the distance to the base of the cut becomes large
therefore preferential machining starts to take place at the side walls,
demonstrating the self-limiting nature of EJP. Considering Figure 4.2c and d in
variation of the size of the IEG and flow-rate little difference is seen over the
capabilities of the generation 1.5 platform, which is different to those found in
alternative energy beam processes. In the case of variance of the IEG, this
directly relates to the variation of resistance (as noted in section 2.3.4). Therefore,
because the electrode potential is allowed to float this will overcome any changes
relating to increased IEG by simply allowing the potential to increase, thus
compensating for the increased resistance to maintain the ratio defined by
Equation 4. This will continue to the limit of the PSU. Increasing flow-rate to the
nozzle also appears to have a limited effect within this range, and in these

circumstances, on the geometry of the striation. This is because the dominant
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mechanism of material removal in EIJM is controlled corrosion not erosion. These

findings are supported by review of the literature in Chapter 2.
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Figure 4.2: Preliminary investigation into the geometric influence of parameter variation when
machining Inconel 718 across the capability of the generation 1 platform (a) nozzle traverse
speed (b) supplied current to the IEG (c) nozzle tip stand-off from the workpiece surface and
(d) electrolyte jet speed as measured at the nozzle tip

In order to study the dissolution effect of changing energy in the chosen material
and carry out a comparison to an alternative material, it was decided to limit the

variation to the main influencing factor to the “as supplied mean current density”

():

(Fully described in Equation 1) and keep all other parameters as a constant.
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Utilising the findings from the preliminary investigation, the effects of the J
variation are investigated and discussed. This is carried out by variation of the
supplied current (whilst the electrical potential is allowed to float) within the limits
of machine capability (see section 3.1). This allows for an identification of an
appropriate process window, as changes in traverse speed and IEG can be
substituted for changes in applied current. Further to this it serves to identify
additional issues concerning the processing of materials and where

improvements can be made in methodology to improve material response.

All parameters were maintained as a constant of: Vnoz (0.5 mm/s), Vjet (16 m/s),

and IEG (0.5 mm), but with varying current for individual lines (Figure 4.3)
between 1 A/cm? and 700 A/cm?. Although the platform has the capability to go
beyond this, because of the instability of machining with arcs and flash-over it

was deemed unnecessary to continue beyond this value.

4.4. Material response to energy variation

Initial investigations were carried out to ascertain the influence of varying current
density on surface finish and therefore define the dissolution mechanism. Due to
the complex nature and distribution (Figure 4.1) of the alloying elements, each
displaying varying ECE, this leads to an increased sensitivity to the energy seen
at the surface. Therefore Inconel 718 processed by EJM exhibits a high variation

in surface finish.
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Figure 4.3: sample striations machined in Inconel 718 created to assess geometry and surface finish at
varying current densities

It can be observed in Figure 4.3 and Figure 4.4 that the resultant machined profile
mimics that of the expected Gaussian current density profile. This profile is
consistent throughout features machined by EJP. As noted in the literature review
this can be seen as a limiting factor in EJP when compared to competing

processes which have gone some way to address this.

Profile depth (LLm)

Figure 4.4: Resultant machined profile using a 0.25 mm 1.D. nozzle with 2.3 M NaNO3

Analysis of the cut face reveals that by varying the applied current, a variance in
the surface finish can be achieved. This gives a measurable difference in the

surface topography due to the changing influence on the material elements.
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Through varying J, the resultant surface topography can be seen to be non-
deterministic, however there are obvious dissolution state changes that allow the

surfaces to be grouped quantitatively and qualitatively.

From Figure 4.5 the changes in surface topography as current density increases
can be visualised. Considering regime 1 as the lowest current density range, the
machining mechanism has less reliance on the material composition and more
on the processes ability to breakdown the anodic film allowing dissolution to begin
[18]. Comparing regime 1 to Figure 4.1 and images in regime 4 that fully reveal
the grain structure, the dissolution pattern bears little resemblance, this has also
been observed in other materials [54]. Surface dissolution is highly localised, only
occurring at certain points where the potential gradient is peaking, allowing
breakdown of the anodic film. Demonstrating, at this low J, dissolution is not equal
across the area of jet impingement. From the 1 A/cm? image the work-piece
surface is still visible as the flat grey areas. These low J striations are observed

to be shallow and demonstrate a non-continuous kerf until >10A/cm?2.
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Regime 1.

Sporadic removal
Current Density
Range: 1 — 40 A/lcm?

Regime 2.
Selective removal
Current Density
Range: 40 — 200
Alcm?2

Regime 3.
Equilibrium removal
Current Density
Range: 200 — 400
Alcm?

Regime 4.
Aggressive removal
Current Density
Range: 400 — 1100
Alcm?

Figure 4.5: Identified regimes of Anodic dissolution as a function of J for Inconel 718 producing a
variance in surface texture that can be grouped into 4 dissolution regimes

In comparison regime 2 shows the start of surface texture dependent on material
characteristics. The difference in anode potential of the different alloying
elements and grain orientation [274] achieves different etching rates leading to
an un-even surface texture, pitting and the grain boundary definition becoming
visible showing the same grain structure as the etched sample in Figure 4.1. This

can be further related to the EDS surface analysis in Figure 4.6.
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Gamma Nickel Matrix preferentially machined

Gamma prime phase un-machined standing
proud from matrix

Figure 4.6: EDS surface maps of machined surface of Inconel 718 demonstrating the preferential
machining of the nickel matrix leaving the y' phase containing Molybdenum and Niobium less
affected.

At this point in the current density evolution, an undulating surface is starting to
form where the y’ phase fails to dissolve at the same rate as the nickel matrix,
due to the high Nb and Mo content having a much lower ECE than nickel at 0.69
g/Ah and 0.89 g/Ah respectively. This dissolution behaviour has also been
demonstrated in EJM of Stainless steel which also contains a high variation of

similar metallic elements [17].

As the matrix is removed, in some cases, the y’ phase is no longer held allowing
them to be “washed out” by the electrolyte flow leaving a void behind (Figure 4.7).
This is especially prevalent with the undissolved, large, Niobium carbide
precipitates leaving large craters behind found at the grain boundaries (seen in
Figure 4.7 b and c). This phenomenon appears through all dissolution regimes
often sporadic until high J in regime 4 (Figure 4.5) where it is consistent on the
machined surface giving a highly porous surface. This phenomenon is completely

material dependent due to the precipitate structure of Inconel 718.
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Jet approaching substrate evenly
across the surface

— Matrix dissolves preferentially leaving
high resistance element standing proud
of the surface

machining at boundary interface. Force

/ \] Matrix dissolution accelerated by

from Jet lifts and washes away

/
D\g resistant element

Surface is now matrix element rich but
left rough with craters. Matrix continues
to be machined but higher asperities

&:Q equal lower resistance in the jet
therefore machine at an increased rate

Surface is now brought to a low

roughness topography by equilibrium 1 1
machining conditions with a matrix rich .
C————— 1  metallurgy Increasing J _

Figure 4.7: “‘wash-out” leading to crater like topography (a) mechanism of evolving surface under
preferential machining regime (b) SEM of large Nb carbide precipitate with dissolution
occurring around the boundary just before “wash-out” occurs. Scale bar 10 um. (c) SEM
image of surface with increasing current density from 400 A/lcm? (left) to 800 Alcm?
(right) showing the increasing craters left behind as the nickel matrix is eroded away
from only the grain boundaries to being consistent across the surface. Scale bar 250 um

Regime 3 demonstrates a common dissolution rate between elements and
phases as J is higher than required to overcome the dissolution potential of all
material components. This can be observed from the elemental analysis of the
first 3 regimes in Figure 4.8, whereby the elemental balance is much more akin
to that found in the control surface. It must be noted that it was found to be difficult
to create regime 4 over a large area that could be analysed due to the very high
current densities involved and the resultant deep cut features. It is likely these
high J values would be reserved for deep micro machining. Although the pitting
and general poor quality of the finish may cause problems in service so an
alternative method such as repeated scans as alluded to in the literature review

(section 2.3.3), would be required for deep features. Similarly, it has been
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discussed in ECM [275] that at regime 3 J level current used for the dissolution

of metal is constant and in balance to that used for gas evolution.
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Figure 4.8: Inconel 718 Elemental composition at the surface as a function of the dissolution regime

This would typically demonstrate the ideal process window with the lowest
surface roughness finish and a much less defined surface texture (see Figure
4.9). Noting here the increase in surface roughness beyond this point that

confirms Kawanaka et al. [2015] [55] hypothesis in a different material discussed

in section 2.3.2.
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Figure 4.9: profile roughness (Ra) as a function of increasing current density for Inconel 718 when
machined with 2.3 M NaNOs (error bars are the standard deviation of the sample from the
mean) with corresponding dissolution regime and process mechanics responsible for surface
finish

This confirms that the role of the diffusion layer found in electrolysis [276] is
applicable in EJM, which ensures current concentration at asperities found on the
surface [18]. Still some preferential machining of the voids left behind by the
larger Niobium precipitates and grain boundaries occurs, but they are much less
prevalent and highly localised. It does appear from the example images in regime
3 that the texturing is not consistent across the trench with sporadic areas that
demonstrate out of regime texture. This is likely due to variation in the dissolution
process from the effects of passivation, debris build up, inhomogeneity in the

material or fluctuation in process parameters. This effects the distribution and
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intensity of the current density field demonstrating the somewhat stochastic

nature of EJM.

Regime 4 at high J values shows a much more aggressive pitting effect having
similarities to the electro-chemically etched control sample in Figure 4.1. This is
due to preferential attack at grain boundaries and surface features. The surface
texture is defined purely by the material morphology as aggressive inter-granular
corrosion occurs and the porosity of the surface increases. Cavitation occurs due
to gas evolution, hydrogen saturation at the cathode leading to bubbles in the
electrolyte stream and oxygen evolution at the work-piece surface. This bubble
formation within the surface pockets causing unstable machining conditions and
possible localised boiling of the electrolyte from Joule heating effect [16, 19]. This
contributes to the severity of the texture and leads to sparking and arcing showing
a possible current limit to the process within this machine architecture. Surface
texture visually becomes rougher and formation of deep voids from extreme
preferential machining occurring in these pockets allowing pooling more than the

plateau surface above increasing the variation in topography of the surface.

Titanium also presents obvious dissolution regimes (Figure 4.10) over an
increasing current density range. The alpha phase is seen to preferentially
machine over the beta phase as J increases. In Figure 4.10a, the initial
microstructure is revealed leaving the alpha structure to stand proud of the beta
matrix. The reasons behind this are not as obvious as that found in In718. In this
case the ECE of alpha stabiliser aluminium and beta stabiliser Vanadium (the
main constituent differences between the phases) are very close at 0.09 mg/C
(Al) and 0.1 mg/C. However, aluminium makes up a higher weight % of the mass.
This in turn means that on initial exposure to the jet the alpha phase, due to its
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higher presence at the fluid facing surface, will preferentially machine along with

the titanium surrounding it.

B control

[ Regime 1
B Regime 2
[ Regime 3

Weight %

Titanium Alumininium Vanadium

Elements

Figure 4.10: EDX surface analysis of Titanium grade 5 machined within the first 3 machining regimes
considering the main material elements that lead to changes in topography (a) machined at
35 Alcm?, (b) 112 Alcm?, (c) 300 A/cm? All machined with NaCl. All scale bars 50 yum

Alongside this aluminium demonstrates a much higher electrical conductivity than
vanadium (Al = 3.5x107 S/m compared to V = 5x10% S/m) which means it will form
preferential pathways through the material allowing higher anodic dissolution
rates at discrete points on the surface where aluminium concentration is the
highest. This leads to a highly textured surface effect during the selective
machining regime (Figure 4.10b). However, as J increases, a more equilibrium

phase occurs where by mass transport-controlled dissolution creates a levelling
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effect due to an increased diffusion layer thickness. This means that as
protrusions created by the material differences, as described previously, are
preferentially machined by concentrations in energy seen at the surface [55]
which also overrides charge transfer kinetics due to grain orientation, boundaries,
dislocations and inclusions [277] also seen in Inconel 718. This can also be noted
from the surface roughness plot in Figure 4.11 which follows the same trend as
Figure 4.9 decreasing to minimum roughness at 300 A/cm? which is within the
equilibrium phase, beyond this the roughness increases dramatically. This
dramatic increase may be due to the increased resistance because of the
passivating nature of the material causing joule heating and cavitation as
discussed in section 2.3.2. It should also be noted that the roughness values are
higher here than for In718 partly because this is surface roughness as opposed
to profile roughness. When surface roughness is extracted, it incorporates the
complete surface area of the striation including areas affected by lower current
density at the edge of the features which tend towards being rougher (Equation
8) as opposed to Ra which is extracted as a profile in the high J areas in the
centre of the cut which tend towards being smoother so omitting the rougher
areas (Equation 7). This was done deliberately to demonstrate that Kawanaka et
al. [2015] [55] hypothesis still holds true, even when the entire machined surface

is considered and in a significantly different material.
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Figure 4.11: Surface roughness (Sa) as a function of increasing current density for titanium grade 5
when machined with 2.3 M NaCl with corresponding dissolution regimes outlined

These changes in the dissolution mechanism noted in both In718 and Ti grade 5
also directly relate to the machining performance. Denoted in section 3.8.1 as
kerf, depth and profile area. Observed in Figure 4.12, as J increases so the cut

depth increases in a linear fashion.
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Figure 4.12: Profile depth with respect to applied mean current density across titanium, nickel super-
alloy and magnesium utilising sodium chloride and sodium nitrate electrolytes

In consideration of Figure 4.12 and Figure 4.14 it can be seen Titanium exceeds
Inconel 718 material removal at comparable J values and electrolyte. This is the
opposite of what is expected from consideration of the ECE values. This is likely
due to two reasons. Firstly, In718 is designed specifically for high corrosion
resistance. This is largely due to the passivation film that forms on the surface
resisting corrosion [278], thus resisting machining by EJM. Secondly, the
dissolution of Titanium is complex with multiple possible oxidation states (+2, 3,
4). Even considering the same oxidation state for both Ti and Ni when the
standard electrode potential of Ti (how readily the electrode material goes into an
oxidised state in solution and the potential required to pull the ions back to a

reduced form in comparison to that of a standard hydrogen electrode (SHE)) is
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compared to nickel (E® Tis) — Ti%*@aq) + 21 = 1.63 V vs. SHE compared to Nis)
— Ni?*@ag) + 2 = 0.25 V vs. SHE) [279] the Ti demonstrates a far higher
willingness to be in an oxidised state. However, as previously mentioned the
dissolution of Ti is complex and competing anode reactions hinder this removal.
One example is considering a higher oxidation state (Ti — Ti** + 3e), under
dissolution, insoluble hydroxides are formed in the electrolyte (Figure 2.2) (Ti%* +
30H" — Ti(OH)z3) this is then oxidised by the influx of oxygen (2Ti(OH)s + 1/202
— 2H2TiO3 + Hz) to form titanium oxide (TiOz) which is insoluble in water and
easily adheres to the surface. This passivation film then inhibits further dissolution
of the surface until it can be overcome and will be discussed later in this chapter.
It must be noted that this is only one of many reactions that form oxide layers on
the surface during dissolution and there is a direct relationship between
increasing J leading to joule heating leading to a stronger oxidation reaction.
Thus, elevating the amount of insoluble species at the surface leading to an
increase in surface roughness demonstrated by Chen et al. [2016] [280] and

evident in Figure 4.11.

Above 600 A/cm? the process can be seen to become unstable with increased
deviation in the measured depth. This is likely to occur due to a combination of
factors. It is possible at this point material removal is large enough to cause metal
particulates (sludge) to remain within the IEG leading to micro-sparking and
inconsistent surface finish [181]. This is especially prevalent in EJM as within the
impingement zone directly below the nozzle a stagnation point forms on the
surface where fluid flow is brought to rest which is also the point of the current
density maxima. Excessive gas evolution at the electrodes which hampers

material removal is known to occur at high current densities [281]. This can be
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observed by the fall off in depth of the Inconel 718 at 700 A/cm? whereby
excessive hydrogen evolution at the nozzle has restricted the current flow in the
IEG. The excessive gas evolution can also be ignited by sparking leading to
formation of an arc plasma accompanied with a loud popping sound. This enables
stray current to transfer outside of the jet and leading to damage of the workpiece

surface (Figure 4.13).

Figure 4.13: Damaged machined Inconel 718 surface due to arcing during processing leaving a re-cast
layer on the surface. Scale bar is 500 um.

Due to the low ECE of the inclusions in the y’ phase and the propensity to form a
passive anodic film, In718 shows the lowest mean depth of the resultant profile
regardless of the electrolyte used. Considering Figure 4.14 it is clear however
that although depth increases as current density increases so does the aspect

ratio, in this case calculated as depth over width. This supports research outlined
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in the literature review that the width of the cuts remains a constant regardless of

the increases in J at approximately twice the I.D. of the nozzle.
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Figure 4.14: Aspect ratio with respect to applied mean current density across titanium, nickel super-
alloy and magnesium utilising sodium chloride and sodium nitrate electrolytes

However, as J increases and so according to Faradays law, the material liberated
must also increase but, as observed, this is only in the singular direction into the
workpiece. This is due to the hydrodynamic effect of the thin film developed upon
jet impingement of the workpiece surface and is not dependent on energy control
at the surface and as such remains a constant. Therefore, parameter control of
the energy displays little influence over the kerf. It follows that to increase
precision of the technique and reduce kerf would require further manipulation of
the electromechanical factors within the IEG which is addressed in the following

chapters.
186



As previously alluded to when considering the performance, the largest effect on
the dissolution and precision of titanium is the propensity to form passivation
layers on the surface during machining (Figure 4.15). This is especially prevalent
when using passivating electrolytes such as NaNOs which is why in Figure 4.12
the only results for titanium are those machined with NaCl. This does not display,
to such a large extent, the same willingness to generate passivation effects, but

at the expense of feature precision (Figure 4.17c).

Figure 4.15: Formation of passivating layers (TiO) on titanium substrate during machining with NaNO3
electrolytes. (a) large scale layer formation over the machined surface. Scale bar 500 um (b)
close-up of passivation build up scale bar 50 um

Considering Figure 4.16, the effect of the passivating layers can be seen when
two samples are machined with different pre-conditions, with increasing current
density. One surface is “as received” and the other was prepared with a
mechanical polish to 1 ym (Ra) immediately before being processed to minimise
the chance of oxide formation. There is a distinct difference in the material
removal achieved between the un-machined and polished precondition of the
material below 300A/cm?. At lower J values the polished sample achieves up to
three times the depth of the un-polished sample and in a more consistent fashion

with minimal deviation. At 300 A/cm? the un-polished sample starts to overcome
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the ohmic overvoltage required to overcome passivation and depth starts to
increase rapidly. At 400 A/cm? both samples appear to achieve complete de-
composition voltage [59] and material removal increases. Although the polished
sample obtains a greater depth, perhaps due to residual passive layers
continuing to inhibit performance of the un-polished sample. It is also seen that
the deviation from the mean depth is high across all samples showing an
increasingly unstable process as passivation breakdown and return occurs

throughout the striation length which can be seen in Figure 4.17d.
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Figure 4.16: Machining performance of titanium grade 5 as a function of increasing current density on
samples with an as-received surface and with oxide layers removed prior to machining

The effect of passivation layers on kerf and depth can be explained by
consideration of the schematic in Figure 4.17. In Figure 4.17a under normal
machining condition the majority of machining energy is concentrated at the base
of the resultant profile restricted at the sides by the thin film area at the surface.
However, as shown in Figure 4.17b when passivation layers form in the major
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machining direction preferential machining moves to the side walls so widening
the kerf. This can be seen in Figure 4.17c where NaCl has been used to machine
an as-received surface. The undulating surface of the resultant machined
geometry and poor edge definition are immediately obvious. This is exacerbated
still further in Figure 4.17d when a pattern is machined into titanium using high
current densities and a repeating toolpath. As passivating layers build at the base
of the cut, so the kerf widens, then as potential exceeds the polarising effect of
the oxide machining resumes at the base, giving an inconsistent kerf edge and

demonstrates the inherent instability of the process in these conditions.
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Figure 4.17: Schematic of passivation layers leading to poor precision (a) normal machining mode
whereby material dissolution is concentrated at the bottom of the resultant profile (b) when a
passivation layer is formed preferential machining is diverted to the side walls of the cut (c)
Example of features cut using NaCl where passivation can still occur at lower J values
leading instability in the process so poor geometrical definition added to the poor geometrical
control occurring due to the use of NaCl. Scale bar is 500 um (d) features created using
NaNOs at a high current density with a repeating toolpath extremely poor edge definition and
surface finish is noticeable Scale bar is 250 um
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The knowledge gained through this chapter is demonstrated in Figure 4.18 where
examples of meso- and micro-scale features have been created in In718. In
comparison to alternative processing techniques described in section 2.6 the
control and flexibility of the process is evident not only in the creation of
deterministic features, but also the ability to control the surface finish and

generation of micro textures in deterministic patterns.

Figure 4.18: Demonstration of Meso- and Micro-scale surface feature generation in Inconel 718. Tinted
SEM images of varying features using 0.15 mm 1.D. nozzles for deterministic surface
structuring (orange tint) and 1 mm 1.D. nozzles (blue tint) creating differing surface finishes
due to changes in current density. All scale bars are 250 um
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4.3. Chapter summary

Ni-superalloy Inconel 718 and titanium grade 5 were analysed for their response
to EJM, both materials demonstrating distinct characteristics. A process window
was defined supporting the findings of the literature review for alternative
materials. Applied energy is demonstrated as the greatest influence on
performance and the variation of which can accurately represent changes to

material performance and surface finish.
The key findings of this chapter are:

e |EG and electrolyte flow rate are seen to have minimal influence on
performance across values tested.

e The diffusion layer, as hypothesised by Kawanaka et al. [2015] [55] is
demonstrated to be responsible for the surface finish.

e The lowest surface roughness in both materials is achieved at 300 A/cm?
beyond which roughness increases.

e Both materials go through obvious dissolution state changes as J values
increase

e Kerf is not greatly influenced by material and parameter choice and
equates to = 2 times nozzle 1.D. Polarising effects in the IEG can lead to a
high level of deviation.

e Consideration of the electrode redox potential of both materials is required
alongside the electrochemical equiveillance to understand MRR.

e An erosion material removal mechanism is identified alongside the

expected corrosion mechanic due to “wash-out” of precipitates.
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e The passivation layer generated during processing of titanium presents a
significant barrier to processing. Correct choice of electrolyte and process
parameters will overcome the problem to a degree but precision,
especially regarding edge definition and performance may still suffer as a
result.

e EJM is able to comprehensively change the surface topography and
material composition as a function of changing processing energy at the

fluid facing surface.

The complexities of the electrochemical reactions in the IEG make it difficult to
accurately predict material response without empirical knowledge, hence the
importance of such studies as this. Inconel 718 is demonstrated as an excellent
substrate for processing by electrochemical jet technigues, especially when
comparing the ease and efficiency it is processed in comparison to shear based
techniques. Coupled with In718’s sensitivity to changes in energy and the
importance of the material outlined in the literature review to the expected
markets for EJM, In718 and the knowledge gained throughout this chapter form

the basis for innovations demonstrated throughout this thesis.
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5. Enhanced geometrical flexibility and precision by

electro-mechanical innovation

5.1. Introduction

Outlined in section 1.1, one of the primary objectives of this body of work is to
investigate process developments that can be employed in EIJM to satisfy the key
research areas identified in Chapter 2. From the literature review, it is clear, that
electro-mechanical developments to system and processing architecture have
yet to be exploited. A multitude of approaches in generating complex surface
structures have been previously employed in subtractive EJM. Superimposition
of toolpaths [5, 59], variation of process parameters [75] and combinations of
machining strategies [86] to effect profile changes have all been investigated.
These demonstrate complex protracted approaches to the generation of complex
surface structures that need to be created repeatably and efficiently. Simpler,
more fundamental mechanisms for this would be advantageous. Much of the prior
research emphasis has been concentrated on using simplistic laboratory-based
apparatus without modification, understanding or exploitation of the inter-
electrode gap. In comparison to general ECM and alternative energy beam
processes where this is well understood and exploited. However, it is not true to
say that innovations found elsewhere are in anyway transferable to
electrochemical jet processing techniques as is demonstrated over the following
section. EJM exhibits opportunities for exploitation and flexibility that are not

available in other techniques.
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The following chapter details investigations to understand the process mechanics
and innovations concerned with manipulation of electro-mechanical properties
within the IEG supported by hardware developments for the enhanced feature

flexibility, precision and process function.

5.2. Manipulation of the angle of jet address

5.2.1. Introduction

As outlined in the literature review prior work has considered EJP as a two-
dimensional machining technique where the nozzle is maintained normal to the
work-piece at all times (section 2.5.). In comparison extensive research in
alternative energy beam micro-machining techniques has considered the
changing of the angle of approach to enhance process flexibility and for specific

response (see section 2.6.2).

EJP is distinct from other energy beam processes, in that the energy distribution
is governed by electrical field effects with respect to spatial considerations of the
surface. It is therefore proposed that resultant profiles from EJM would not follow

the same findings identified with other processes.

A common simplification for EJP modelling dictates that the energy distribution
remains as a constant Gaussian distribution (see section 2.3.2) regardless of the
spatial influence of standoff, workpiece geometry and traverse speed. Therefore,
erroneous or indeed purposeful changes to the jet address have not yet been

considered by researchers.

It is well recognised that the IEG in ECM can be considered partially as a

simplified resistor (section 2.3.4). If current is constant and voltage allowed to
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float, regardless of changing resistance (resulting from variation of the IEG)
constant applied current density will be maintained and as such material removal
will remain constant. This is true when considering the IEG as a whole (Equation

4).

It is proposed here, that as the nozzle is rotated away from the normal to the
workpiece (standard EJP practice) the resulting tip contour is no longer parallel.
Since resistance is dependent on spatial considerations of discreet areas
between electrodes (Equation 12), localised in-jet resistance across the
impingement area becomes dependant on the current pathway at a specific point

defined by the localised resistance.

R = l
- ApE Equation 12

Where pg is the specific resistivity of the electrolyte. This in turn is hypothesised

to lead to a change in the shape of the resultant machined profile as the maxima

of the energy distribution is shifted.

As noted in the literature review (section 2.7.3), prior work in generating 3D
structures in EJM has involved complex approaches to the generation of surface
structures. Articulation of the jet in two further axis would negate some of the

need for this complexity.

The purpose of this work is to explore the profiles which occur as a result of
variation in the incident jet angle. Furthermore, this works intends to identify the
fundamental mechanisms which effect material removal mechanics and to enable

further implementation of this methodology.
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5.2.2. Methodology

To enable this experimentation a new end effector was designed and
manufactured (Figure 5.1) using fused filament fabrication (FFF). The
standardised stainless-steel insert, Luer lock adaptor and nozzle were
incorporated (as detailed in the Chapter 3) into a head that can be set at varying
indexed angles to alter the impingement angle of the jet against the workpiece (6
= 22.5° 45°, 67.5°, 90°, 112.5°, 135° 157.5°). The axial air shroud was also
incorporated although modified to allow for clearance to the workpiece and the

air inlets at lower angles.

Manual setting of angle
of incidence ()

Nozzle electrical
contact (cathode)

Compressed air
feed to nozzle
shroud

Stainless steel

electrolyte jet Nozzle electrolyte

nozzle supply
z
Y
Workpiece
X wg?kr;)?l:z; 8 electrical contact
A (anode)

Figure 5.1: Apparatus used to create the varying incident jet angles noting the global co-ordinates
system used throughout
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5.2.2.1. Influence of angle of address
During experiments some process parameters remained constant. The
electrolyte (NaNOs, 2.3 M) was maintained at 22°C, and supplied using a 500 pm
internal diameter (1.D.) stainless-steel nozzle. The IEG was set at 250 um from
the nearest nozzle edge to the workpiece. Current was maintained at 410 mA (J
=200 A/cm?) and electrolyte flow rate at 0.27 I/min (Vje:= 23 m/s) with a traverse
feed of 0.5 mm/min throughout. Compressed air was fed to the air shroud at 4
bar. Single pass striations were repeated across a nickel superalloy (Inconel 718)

workpiece (the expected response now defined in Chapter 3.8.3) at each 6 value.

The striations were machined in both directions across the workpiece with what
is referred to in this instance as the “normal” convention (Figure 5.2a). This is
defined as the nozzle being maintained perpendicular to the traverse direction of
the head, with the head being articulated in the Y direction through each 6 angle.
Secondly, repeated striations were machined with the nozzle being translated
axially to the traverse direction of the head (Figure 5.2b) again through all 6
angles giving rise to a “push / pull” convention where the nozzle tip can be seen

to push or pull the electrolyte jet.
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Figure 5.2: schematic of machining approach convention (a) being of normal convention and (b) being push /
pull convention.

The resulting machined striations were then analysed using the defined
experimental method (see section 3.8) to quantitatively assess the slopes of the
cut wall, area of the material removed and depth / width of the resultant profile.
The resultant surface textures from the machining push / pull machining
convention were analysed under SEM as these are seen to be similar to the
‘climbing’ phenomena observed in conventional milling operations. In this case,

it can be described as push mode (climb) and pull mode (conventional).

Profile roughness (Ra) was also extracted in accordance with the methods
detailed in section 3.8. This was carried out to ascertain if there is any advantage

to adopting a particular machining strategy.

198



5.2.2.2. Influence of jet speed variation
To ascertain the influence of jet ejection on the response profile, a secondary set
of experiments was devised. Repeated striations were carried out using the head
indexed at 22.5° and 67.5° using the pre-defined normal machining convention.
For each angle, the jet speed of the impinging electrolyte was varied through 3
steps, 4 m/s, 14 m/s and 29 m/s covering the complete capability of the
generation 2 machine tool. The resultant profiles from this were then compared
to those previously obtained to geometrically assess any variation in the resultant

profile attributable to variation in jet speed.

5.2.3. Results and discussion

5.2.3.1. Normal convention
Considering the resultant profiles of the initial experimentation (examples of
which can be seen in Figure 5.3) the profile is shown to be dependent primarily
upon approach angle and as dissimilar to that found in any other beam type

process as denoted in the literature review (Figure 2.26).

It can be considered as opposite to that found in comparable processes whereby
the peak in energy is maintained in line of sight of the axial centre line of the beam
regardless of approach. Therefore, the slope of the adjacent edge would be of a
shallower slope as the angle of incidence lessens and the opposite wall would
become steeper and, in some processes, even create an under-cut. This is the

reverse of the findings reported here.
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Figure 5.3: Example profiles taken from striations created with the angled head using the normal
convention

The cross-sectional area of the profiles shows little variation across all angles of
address achieving a mean area of 18323 um? with a maximum deviation of 3.5%
across all angles of address. The depth and width of the striations show variation
throughout the different approach angles. The width being the mean taken from
22° sample profiles and 157.5° profiles is 1219 ym (o 2.4%) compared to the
width at 90° being 1031 um (0 1.4%). The maximum depth also shows a reduction
from 41 pm (0 <1%) measured as the mean depth of 22° sample profiles and
157.5° profiles to 33 um (o <1%) for the jet normal to the surface. This

demonstrates that there is no change in the dissolution mechanism as the area
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removed is unaffected so in agreement with Faraday’s law thus, the applied
energy per unit volume material removed remaining constant. However, the
profile geometry is unequivocally affected by the approach angle with the profile

displaying an asymmetrical appearance.

Considering Figure 5.4, it is demonstrated that the resultant profiles achieve a
high degree of symmetry about the 90° position. The adjacent walls at 22.5° and
157.5° having a variation of 2.2% (368 ym/mm to 360 ym/mm) between the mean
slope values and 5.6% variation between the opposite walls (68 pm/mm to 73
pm/mm). The total deviation of the adjacent walls being 7% between opposing
angle pairs and 2.3% for the opposite wall of opposing angle pairs. The profile

created at 90° shows a 3% variation between the slopes of the cut walls.

The variation in symmetry is attributed to assembly tolerances leading to reduced
precision when indexing the head as allied work reported by the author with
Walker et al. [2017] [282], where angle of address is not varied, the deviation

seen here is not present.

The overall trend can be clearly seen in Figure 5.4. The adjacent slope
decreasing as the jet angle approaches 90° whilst the opposite angle increases.

The reverse occurring beyond 90°.

Taking the mean of the cut walls for the pair 22.5° and 157.5° the adjacent wall
has a ratio of 5:1 times steeper than the opposite wall. This ratio then reduces to
4.5:1 for the 45° / 135° pair and 2.2:1 for the slope of adjacent to opposite ratio

for the 67.5° / 112.5° pair. The 90° angle having a =1:1 ratio.
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Figure 5.4: Comparison of the adjacent and opposite striation wall slopes through the rotation of the jet

The reason for this trend being different to that found in other jetting techniques
can be understood by consideration of Figure 5.5. The 2D schematic describes
the two main influencing factors; changing localised resistance in the IEG due to
the changing nozzle angle, therefore the distance to the surface at discrete points
and secondly the spatial changes due to the nature of the electrolyte jet itself
causing a confluence of current pathways. The air around the jet acting as a
dielectric to confine the current paths within the jet. With the nozzle perpendicular
to the surface, the current density distribution is understood to be Gaussian [11]
with equal resistance across the nozzle tip. Using discrete, arbitrary points A, B
and C on the workpiece surface, Figure 5.5 highlights the mechanics attributed
to the creation of the asymmetrical profiles. Figure 5.5a, shows the nozzle
addressed at 67.5° with no jet present. Point C on the nozzle tip is now closer to

the surface so will provide the lowest resistance point and therefore a preferential
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current pathway and so leading to enhanced material removal at this point.
However, the spacing of the primary current paths, which are the most direct path

from surface to nozzle tip remain constant.
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Figure 5.5: Schematic of varying current pathways as a function of nozzle and jet angle. Points A, B
and C are discrete arbitrary points located on the surface under the nozzle. (a) and (c)
showing the preferential pathways of the primary and secondary current paths with an
inclined nozzle. (b) and (d) showing the further influence the electrolyte jet has at redirecting
and converging these pathways leading to an asymmetrical machined profile.

In Figure 5.5b the electrolyte jet is superimposed to the electrostatic scenario.
Here we can see the spacing between the primary current paths has changed
due to the jet bringing point C closer to point B. This is at the expense of the
current pathway becoming longer so less preferential at point A. The secondary
current paths with less influence on the overall machined shape can also now be
seen to be more confined and centred about the B / C zone. Considering the
example profile in Figure 5.3 for 67.5°, the slight shift to the right for the deepest
point, therefore maximum current density corresponding to this, can clearly be

seen. Figure 5.5c¢, shown without the jet, continues to show the exaggerated
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trend. The resistance at point C is now significantly reduced in comparison to any
other point on the surface. As the nozzle tip face is now rotated away further
points A and B are significantly further away than previously allowing point C to
be the preferential pathway and the spacing between the primary current
pathways is reduced making the energy density more confined. However, the
points maintain an even spacing thus the impact on the dissolution shape is
reduced in comparison to when the jet is incorporated. Noting that the secondary
current paths are spread away from the nozzle. Considering Figure 5.5d, with the
jet incorporated, all primary current paths across the nozzle now converge at a
single point, that being the path of least resistance. Only secondary current
pathways spread across the jet. Observing the resultant profile from Figure 5.3
for 22.5° the maximum depth that is achieved corresponding to the peak in
applied energy is seen at the extreme right of the profile. At this angle, it is also
possible that electrolyte ejection effects from the cut could affect the slope of the
opposite wall elongating the intersection with the un-machined surface where

little current is expected to flow.

At this point it can be proposed that the distribution of the current density field
takes on a skewed Gaussian distribution where the peak of the current density is

shifted from the centre of the cut in line with the rotation of the nozzle.

5.2.3.2. Push/ pull convention
The resultant profiles using the push / pull convention (examples of which can be
seen in Figure 5.6) do not demonstrate the same changes in symmetry as seen
with the normal convention with profiles remaining symmetrical throughout. The
mean variation across all the sample striations from the left-hand slope to the

right-hand slope being 1.1%. The resultant profile area again shows little variation
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with a mean area across all sampled profiles of 18608 um? (1.5% difference to

the mean area from the normal convention) with a maximum deviation of 1.5%.

There are however changes to the profile geometry. The same trend in depth
change from the normal convention is seen in the push / pull convention. Taking
the mean depths from the samples of 22° and 157.5° giving 37.7 um depth (o
1%) compares to the depth at 90° approach of 28 um (o 1.6%). The side walls
show a reduction in slope from the steepest side walls at 22.5° / 157.5° being 123
pm/mm (0 4%) to 104 um/mm (o 2.6%) at 45° / 135° and 95 um/mm (o 3.5%) for

the angle pair 67.5° / 112.5°.
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Figure 5.6: Examples of profiles taken using the push / pull convention
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The differences can be observed in Figure 5.7 where all the profiles are overlaid
on the same axis. The reduction in kerf is obvious as the nozzle rotates, from
1.17 mm (o = 2.2%) with the nozzle perpendicular to the surface to 0.948 mm (o
=1.5%) for the 22.5° / 157.5° approaches achieving = 20% reduction in kerf. The
conflux effect seen in the normal convention profile is mimicked in the push / pull
profiles. Higher angles of address having a deeper, narrower profile with a
sharper apex compared to the profile with the jet being perpendicular, causing a
wider, shallower more rounded distribution of energy. This is due to the
equilibrium distance of all points around the nozzle contour and less confluence

nature of the jet as previously noted in the normal convention.
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Figure 5.7:Profiles from push / pull convention overlaid to demonstrate changing energy distribution
through different approach angles
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The change in current density distribution is due directly to the angle of approach.
This is further supported when the resultant finish is considered from the push /

pull experiments seen in Figure 5.8.

In the push mode of Figure 5.8a, (6 = 22.5°) surface roughness is shown to be
significantly lower when compared to the pull mode of operation. This is obvious
not only in the surface scans but in the accompanying SEM micrograph (Figure
5.8). This results in a mean Ra across all samples of 0.04 ym (o 0.004 pm)
achieving a high lustre, reflective, appearance corresponding with a near mirror
finish as defined by Prakash et al. [1981] [283] and in EJM by Kawanaka et al.
[2015] [55]. When the nozzle is at 90° associated with the traditional approach
(Figure 5.8b) the resultant finish is markedly different with preferential etching of
grain boundaries and the largely nickel matrix, leading to a high degree of
precipitate “wash out” (see Chapter 4). This “preferential” machining regime
results in a much higher roughness leading to an Ra of 0.14 pm (o 0.006 pm).
Figure 5.8c demonstrates the resultant finish obtained from the pull mode (6 =
157.5°). The form of the profile mirrors that found at 22.5° meaning the workpiece
has been subjected to the same applied energy so affecting the same overall
dissolution noting the same colour scale for maximum depth. However, the
surface can be seen to have undergone a more “sporadic” dissolution effect
whereby the breakdown of oxide layers and debris removal is unequal across the
surface. Thus, leading to uneven dissolution regimes and a higher roughness in

comparison to the two previous modes with an Ra of 0.2 ym (o 0.02 pm).
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Figure 5.8: Extracted example surfaces and SEM micrographs of resultant surface (7.5k x
Magnification, all scale bars are 10 um) from cuts at 22.5° (a), 90° (b) and 157.5° (c).

These surface texturing effects are commonly associated with the level of current
density as observed at the surface, in line with observations by Kawanaka et al.
[2014] [54] (section 2.3.2). Consideration of Figure 5.9 highlights that the trailing
edge of the jet dominates the final surface finish. In push mode (Figure 5.9a) the
energy density at the trailing edge is seen to be at the maximum therefore leading
to the smoothest resultant finish. In comparison at the other extreme in pull mode
(Figure 5.9¢), the IEG is at its largest at the trailing edge, therefore, the energy
level is at the lowest leading to a low energy dissolution regime. The normal mode
(Figure 5.9b) although having the trailing edge in the lowest area of current
density, the IEG is considerable smaller than that at the trailing edge of the pull
mode. Therefore, as resistance is directly related to the gap between the
electrodes and resistance is inversely proportional to current so, the smaller IEG

at that point in the normal mode means a higher current transfer is possible. This
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is demonstrated by the lower surface roughness of the normal mode than the pull

mode.
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Figure 5.9: Schematic of energy distribution affecting surface finish (a) push mode (b) normal mode (c)
pull mode

5.2.3.3. The effect of jet velocity on the resultant profile
Figure 5.10 shows the resultant profiles created when the nozzle is angled at
22.5°,67.5° and 90° to the workpiece surface and the jet-speed varied through 4
m/s, 14 m/s and 29 m/s covering the range possible with pump used in this

apparatus.

It should be noted that achieving precision machining at the lowest jet speeds
demonstrated here is only possible due to the use of the nozzle air shroud which
creates a thin film area reported with higher jet velocities, where a hydraulic jump

is observed at the periphery of a thin film (see section 2.3.5).
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Figure 5.10: Impact of varying electrolyte jet speed on resultant profile. a) with the nozzle inclined at
22.5°, b) 67.5° and c) 90° to the workpiece surface noting the invariance of depth at tilted
regimes

Observed in Figure 5.10a and b, there is little impact on the resultant profile within
the range tested here. The created profile also mimics those profiles found
previously with the lower angles achieving greater depth due to the higher
localised current density. Both sets of striations demonstrate a mean profile area
of 18493 um? and a standard deviation of 1.7% across all samples which is less
than 1% difference from the profiles created earlier, showing there is no
noticeable impact of varying jet speed. This further demonstrates the
mechanisms of current transfer dominating the resultant profile, rather than any
ejection effects in contradiction to findings in the literature review (section 2.3.5).
The variation seen in Figure 5.10c of the depth reduction of 19% (o <1%) at the

lowest jet speed compared to the highest speed and increase in kerf width. This
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is explained by the increasing jet speed enabling clearing of debris and localised
oxidisation within the cut, leading to a reduction in current flow to the surface
directly below the jet. Interestingly, this phenomenon is not encountered when
the nozzle is inclined. This may be due to the ejection of debris and other
polarising artefacts from the IEG having a facilitated exit route. While in the
normal mode a stagnation point will occur in the jet centre and inhibit debris

ejection.

5.3. Modulation of in-jet properties

5.3.1. Introduction

Prior work on the angle of address (Section 5.2) found that the angle of jet
approach directly affected the resultant kerf profile that was created. It was shown
that this was due to altering the resistance in-jet and so both precision and
geometrical changes to the profile could be adapted through modulation of the

resistance between jet and target surface.

As noted in the literature review (section 2.6), energy beam processes are
currently limited by a characteristic energy profile (Figure 2.1) which is the
principle factor in determining the dissolution profile. However, some techniques
such as laser beam processing have gone someway to addressing this by
adapting this energy distribution through various beam shaping strategies
(section 2.6.2) and are capable of creating distinct meso- and micro-surface

geometries.

The ability to create non-uniform kerf profiles has not been seen before in
electrochemical jet processes, either in deposition or dissolution. This type of
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flexibility would enable the process to create a higher level of replicating surface
patterning or allow the process to be more analogous to other micro-machining
techniques where a different tool shape is used to create different feature

geometries.

An initial experiment was carried out to establish the change in resistance that
can be expected by changing the size of the IEG of a standard 1 mm |.D. nozzle.
The voltage required to achieve 750 mA was recorded for each 0.2 mm step
height up to 2.75 mm stand-off. Using Ohms law (Equation 4) the resistance could
then be calculated. The results of this can be seen in Figure 5.11a, showing that
when using a standard profile nozzle, resistance increases from 15 Q at a nozzle
stand-off of 200 ym through to 200 Q at 2.75 mm stand-off when used with a 2.3
M NaNOs electrolyte. As expected a linear trend is seen between resistance and
nozzle tip to surface distance. Further demonstrating the electrolyte column can

therefore be regarded analogous to a resistor in an electrical circuit.

Considering Figure 5.11b, if the nozzle is considered in single geometric plane it
can be hypothesised that by discretely changing the stand-off distance across
the nozzle tip would lead too localised changes in resistance, therefore current
distribution, and so localised changes in material deposition or removal. It is
proposed that the accepted definition of ‘stand-off’ (inter-electrode gap) is no
longer sufficient. Instead, a new parameter is required which defines the spacing
between nozzle rim contour and the work. This must accommodate spatial- and
temporal-variation as the work piece shape evolves during machining. The result
being the creation of preferential current pathways and therefore material

removal can be modulated across the area of jet impingement.
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Figure 5.11: (a) resistance is seen to increase as the distance between the nozzle tip and workpiece
surface increases. By redesigning the geometry of the nozzle tip, localised resistance can be
modulated in-jet (b) thus allowing current distribution to be manipulated in-jet.

A preliminary study was undertaken here to investigate the hypothesis that
localised variation of in-jet resistance can be induced and so affect the resultant
profile created. A simplistic computationally efficient 2D model is used in the first
instance to test the hypothesis and understand the physical process mechanics
by applying a modulated current density profile beyond that of a typical single
point Gaussian distribution. Based on the results of the simulation, basic nozzle
designs were implemented and experimentally tested. The resultant profiles are
then compared to the simulation results to understand if this approach is valid. A
design equation is developed to incorporate the two major effects of material
transfer in an electrochemical cell; variance of distance between electrodes and
area of facing electrodes at any single point. This is then utilised to understand
the effects of nozzle geometry against response profile and demonstrating the

validity of the equation.
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5.3.2. Simulation of in-jet resistance modulation

Several process models have been proposed both in EJM and alternative energy
beam processes. (see sections 2.3.2 and 2.6.2). In order to form the cross-
sectional profile these simulations often rely on a typical Gaussian energy
distribution taking into account process specifics such as calculation of the
electrical potential across a uniform IEG [210] or empirical knowledge such as
particle distribution [208]. Alternatively, they require a calibration profile to
ascertain the removal shape [217, 219] as an input to the model which can then
be used to simulate process changes, even to the extent of predicting the
required inputs to form a surface shape [220]. However from the observations in
section 5.2 EJM does not behave in the same manner as other energy beam
processes as the removal profile can be manipulated and instead spatial
considerations in relation to Ohm’s law have the greatest influence along with
material considerations denoted in chapter 4. As prediction of the cross-sectional
profile shape caused by changing spatial qualities within the IEG was the focus
of this work rather than development of a process footprint allowing formation of
an overall freeform surface, other more complex surface evolution models were
not considered that require empirical calibration data of the dissolution shape so
define the etching rate function. It was therefore felt that a simplistic model could
be devised using faradays law to predict profile removal area and understanding
the impact of spatial changes on the current available for dissolution, i.e.
resistance, at any single point across the profile, could be used to understand the
impact of a variable IEG. However, to simulate more complex feature surface
would require adaption and implementation of the aforementioned surface
evolution models. Thus, to assess the hypothesis a simplistic 2D simulation was
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created using MATLAB based on the following boundary conditions. Utilising the
measured resistance data from Figure 5.11a, it is possible to approximate the
shape of the removal profile by considering the percentage of total current that
will be available for dissolution with relation to resistance at any single point
across the nozzle contour. For example, the resistance on the CPE nozzle at the
centre (point 0) with a 0.5 mm IEG will be =40 Q in comparison at the edge of the
nozzle (point 1 or -1) the resistance will be =110 Q with an IEG of 1.5 mm at that
point. Thus, there will be 2.7 times less current available for dissolution at the
edge in comparison to the centre. Using the minimum and maximum points of
current created by the nozzle features and the boundary condition of kerf being
double that of the nozzle 1.D. a normal distribution is then assigned around these
giving an approximation of the current distribution. The area under the curve
being equal to the total current density. This is proportional to the total material

removed across the 2D section (Figure 5.12).

Novel nozzle designs were created to establish the greatest contrast to what
would be expected from a standard Gaussian energy distribution found with
standard tip (Figure 5.12a). Termed as the central point element (CPE) design
(Figure 5.12b), symmetrical twin element (STE) design (Figure 5.12c) and the off-

centre single point (OSPE) design (Figure 5.12d).
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Figure 5.12: Graphical representations of the current distribution expected from the CAD designs in the
bottom left corner of the graph creating preferential current paths by lowered localised
resistance at discreet points. This achieves a higher weighting of the total current supplied at
highly localised points across the nozzle profile expressed as a percentage of the total
current supplied (a) standard nozzle tip (b) central point element (c) symmetrical twin
element (d) off-side single point element

Figure 5.12 clearly demonstrates that the current distribution across the profile is
altered by that found in the standard nozzle tip due to the changing resistance at
discreet points. To further understand the modulation of in-jet resistance from the
two-dimensional nozzle tip designs, the MATLAB model was further developed
in conjunction with Dr. Jennifer Gaskell (Centre for mathematical medicine and
Biology, University of Nottingham) to simulate the jet interaction environment
between tool and target surface. Variance can be seen in experimental work,
even across the length of the sample. This arises due to the natural fluctuations

from valence variation, hydrodynamic effects, including wash away of large
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undissolved precipitates, and grain boundary effects (as noted in chapter 3.8.3).
The model captures this stochastic nature of EJM through inclusion of

probabilistic dissolution.

In this model, all machine parameters are assumed to remain constant. Joule
heating and erosion effects due to hydrodynamic effects are not considered.
Physical properties of the electrolyte are not investigated apart from the
electrolyte current efficiency, which is taken to be constant. The material is
considered to be homogenous taking the electrochemical equivalence (ECE) as
a weighted average from the constituent elements defined for In718 in Chapter

3.8.3.

The current density distribution for each nozzle is calculated from the resistance
generated as a function of distance from nozzle tip to contour. Using these 2D
representations, the current distribution can be applied to the progressing

dissolution.

The electrolysis model was constructed from Faraday's First Law of Electrolysis
(Equation 6), adapted for progressing dissolution, which gives the expected value

for mass removed (in grams) to be:

_ tm I(T)M
m= J‘0 Fz dr Equation 13

where t,, is the total machining time, I(7) is the current integrated over time step

T, M is the molar mass, F is Faradays constant and z is the material valence.
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The total cross-sectional area expected to be removed is thus:

_ [ m®)
Aexp - f oL Eeffdx’ Equation 14

where x is the distance across the cross-sectional area in the x co-ordinate

(Figure 5.14), p is the material density of a single 2D section within the profile
(m?), and E.ss is the electrolyte current efficiency (%) calculated from prior

experimental work in chapter 4 and compared to theoretical mass removal m.

The model removes elements of the substrate stochastically with respect to a
probability of removal (pg) which is governed by supplied current density
weighted by the percentage available for dissolution from the initial simulation,
electrolyte, electrochemical equivalent (ECE) of the material elements and

condition of neighbouring elements (Equation 15).

ECE-I1(x)dt % 1 Equation 15

Pr pL Aexp

The code for the stochastic simulation was commissioned using the previously
defined boundary conditions and generated by Dr Gaskell based on the program

architecture shown in Figure 5.13
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Figure 5.13: A flow chart of the stochastic simulation process as described in the text. If a surface
element is exposed and the probability of removal is greater than a random number, r€[0,1],
then the element will be dissolved.

For each time step, each exposed element of the surface will have a respective
probability of removal compared to a random number, r € [0,1]. If pgr< r, the

element is not dissolved. This process continues until the total machining time
(tm) has been applied (with pg scaled accordingly), or alternatively, until the total

area removed across the 3D surface approximates the area expected, Aexp. The
model provides a predicted surface profile for any nozzle geometry, nozzle

distance, and current density combination.

Using these simulated profiles, the process can be reiterated stacking the profiles
to create a three-dimensional simulation of the expected profile along a striation
length (L) (Figure 5.14). The stochastic nature of the simulation can be seen by

the variation in the repeated profiles.
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Figure 5.14: Normalised 3D simulations of the expected striation profile created by stacking re-iterated
sim profiles along a striation length (L), considering the dissolution effect caused by the
current distribution at each discreet point across the kerf (x) for (a) standard nozzle, (b)
centre point element (CPE), (c) off-centre single point element (OSPE) and (d) symmetrical
twin element (STE)

5.3.3. Nozzle design definition

To further explore the influence of nozzle tip design on the modulation of current
distribution two approaches were taken to the design of the nozzle tips. Firstly, a
planar approach to design was taken (as demonstrated in the initial model) to
establish the influence of changing the distance between the nozzle rim contour
and the interaction surface. Secondly, a free-form approach was taken to assess
the influence of the area of each nozzle contour feature facing the interaction

surface.
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These complex nozzle tip geometries require a new metric other than the simple
nozzle stand-off distance to understand the impact of the nozzle design on the
resultant profile created. This is termed the nozzle design impact factor (DIF).
This takes into consideration not only the distance of the parallel surface of the
nozzle to the workpiece surface but also the area of the nozzle surface. This is
expressed in Equation 16.

Afp ds
Ay dy Equation 16

DIF =

Where Af is the area of the specific feature facing the surface and Aa is the
annulus area of the nozzle tip, dsis the minimum distance of the nozzle tip from
the surface and dn being the distance of the individual nozzle feature from the

surface (Figure 5.15).
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Figure 5.15: Schematic of the modified nozzle tip showing the definition of terms for the DIF
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Higher DIF values will therefore lead to higher localised material removal due to
lower localised resistance. This in turn means a lower voltage is required to
generate the determined current density within the jet. Using the DIF value allows
the performance of nozzle features to be evaluated and their weighted effect on

the resultant profile to be predicted.

The relationship seen in Equation 16, although useful in assessing design
elements of a simple nozzle design feature, is required to be expanded to address

more complex designs (Equation 17, Figure 5.16).

d
DIFsurface(x»Y) = fﬂ ——— df

—T dys(x,y,0) Equation 17

Where dy is the Euclidean distance between a nozzle element (N) and substrate

surface element (S), located at ( Xy, Yy, Zy) and (Xs, Vs, Zs),

st(x,y, 9) = \/sz + Ayz + AZZ

Equation 18

= \](xs —x3)2+ (ys —ywn)? + dy’

As the height of the surface is taken as zs = 0.

Equation 17 gives the impact of the nozzle any point on the surface in x and .
To ascertain the influence on cross-sectional profile during translation it is
necessary to integrate along the direction of motion which is assumed to be y

thus the equation becomes Equation 19:
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DIF (x) = f f dy dé

(x.y,e) Equation 19
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Figure 5.16: Coordinates system and derivation for calculation of the DIF

It is possible to assess the impact of the nozzle as a whole or any individual

feature by quantifying the area under the contour of the nozzle. Effectively the
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larger the area, the larger the resistance and so the lower the impact (Figure

5.17).

e Area Under = Impact factor of Individual Nozzle element

Distance from
Surface
(=
=
1

ya
Nozzle rim contour Nozzle Circumference X

Figure 5.17: Graphical representation of the extended DIF equation for evaluation of a single element
of the NC nozzle
The contour of the nozzle is removed from the design intent and unwrapped into
a two-dimensional profile, the abscissa being the circumference of the nozzle and
the ordinate being the distance from the interaction surface. The total area under

the curve between -71 and 71 giving the impact of the nozzle as previously

described. The impact of any design feature can also be evaluated, seen as x in

Figure 5.17 and compared to any other feature in the design.

5.3.4. Experimental validation of energy modulation, and scalability

The generation 1.5 EJP CNC platform (Section 3.3) was used throughout the
experimentation. As with the prior work Inconel 718 was again used as the target

demonstrator material reliant on the findings of chapter 4.

Machining samples were created by carrying out striations across the workpiece
surface with the nozzle orientation set by fixture to create the desired profile as
denoted in the simulation. Repeated passes were carried out in separate
striations passing over the same toolpath consecutively, increasing passes by

one per striation (up to four).
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Geometrical analysis of the profile data was carried out in-line with the
experimental procedure (section 3) to obtain depth, width, area, overcut and side
wall slope (defined in section 3.6) of each of the resultant profiles. Standard
deviation (o) is consistent across all results as the deviation from the mean taken

over 30 individual samples.

During experimentation, the electrolyte jet velocity for the 1 mm 1.D. nozzle was
set at 13 m/s for the initial experimental validation and 16 m/s in all other cases.
For the 0.5 mm 1.D. nozzle 16 m/s was used except for the form variation due to
jet speed experiments where it was varied from 3 m/s to 25 m/s. For the 0.25 mm
[.D. nozzle 16 m/s was used in all cases. The electrolyte used throughout was a
2.3 M solution of NaNOs. Analytical grade reagents and deionised water were
used. Electrolytes were maintained at 22°C during all experiments. Nozzle tip
stand-off from the workpiece, in all cases, was initially set at 0.25 mm. A constant
applied current was set at 900 mA (J =100 A/cm?) for 1 mm nozzle, 210 mA (J =
100 A/cm?) for the 0.5 mm nozzle, except during parameter variation where it
ranged from 80 A/cm? to 200 A/cm? and 100 mA (J = 200 A/cm?) for the 0.25 mm
nozzle. Voltage was left to float as this was seen to vary dependant on the nozzle
geometry and subsequent resistance. Each pass was carried out at 0.5 mm/s
translation speed for all work except where specified the translation speed was

reduced to 0.1 mm/s.

Standardised stainless steel, cylindrical, straight walled nozzles were used as the
control and the base for the modified nozzle tip geometries. The patterns were
generated in CAD and toolpaths generated in CAM. Using wire electrical
discharge machining (WEDM), the modified geometry was cut into the standard

nozzle tips (Figure 5.18, Figure 5.19 and Figure 5.20).
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Figure 5.18: Tinted SEM images showing the standard and modified nozzles using a simple planar
approach prepared by wire EDM. (a) Standard nozzle, (b) centre point element (CPE), (c)
symmetrical twin element (STE) and (d) off-centre single point element (OSPE). All scale
bars are 500

The initial planar design nozzle contours were designed to be counter-intuitive to
the known current density distribution found with a cylindrical nozzle. Using 1 mm
I.D. nozzles, these were tested to demonstrate the resultant profile could be
modified by simply moving the focal point of the current density distribution.
These rudimentary designs are referred to as (Figure 5.18b) centre point element
(CPE), (Figure 5.18c) symmetrical twin element (STE) and (Figure 5.18d) off-

centre single point element (OSPE).

Free form nozzles (Figure 5.19) were designed and tested again using 1 mm |.D.
nozzles. This was carried out with consideration to the area of the elements of
the nozzle tip contour and their position. The resultant profiles were analysed to
assess the influence of the changing area of each nozzle tip element, the nozzle
as a whole and the resistance characteristics of the nozzle. These are referred to
as the wide castellated nozzle (WC) (Figure 5.19a) and the narrow castellated

nozzle (NC) (Figure 5.19Db).
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(WC) (NC)

Figure 5.19: Freeform nozzles designs focussing on the area of each individual nozzle element (a)
Wide castellated nozzle design (WC) (b) Narrow Castellated nozzle design (NC). All scale
bars are 500 um

The nozzles in Figure 5.20 were machined to experimentally assess the fidelity
achievable between nozzle shape and resultant profile with respect to the DIF of
the individual nozzle features and the scalability of the process. Figure 5.20a
shows not only individual steps machined into the section to give three different
resistance points but also the side wall of the nozzle is thinned therefore reducing
the circumference and area at a localised section. Figure 5.20b copies the STE
design from previous design except scaled and cut into a 500 ym |.D. nozzle and
Figure 5.20c uses a scaled version of the OSPE design on a 250 ym 1.D. nozzle.
Using these smaller nozzles will show experimentally if the energy modulation
translates to a smaller scale when reducing distances between nozzle features

and the hydrodynamic effects found in a more constrained nozzle.
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Figure 5.20: Nozzle designs realised to evaluate the effectiveness of the DIF and scalability of the
process (a) steps with a 1mm I.D. nozzle, (b) STE design with a 0.5mm |.D. nozzle and (c)
OSPE design with a 0.25mm I.D. nozzle. All scale bars 0.5 mm

5.3.5. Validation of nozzle design and simulation

The total current delivered is similar in all nozzle types, but the distribution is
modified as a result of the nozzle geometry. This is demonstrated by the area of
material removed in the resultant profiles, seen in Figure 5.21 being within a 3.5%
deviation of the mean resultant profile area of 39000 um? the variation coming

from the varying DIF of each nozzle.

The OSPE nozzle exhibits the deepest cut at 50 um (o <1%) compared to the
standard nozzle generating only a 35 um (o0 <1%) deep cut. The STE design
shows a cut depth just over half that of the OSPE nozzle at 28 um (0 <1%) at the
tip location of each feature. Along with the obvious form changes in the resultant
profile (Figure 5.21b), there are also more subtle changes. The overcut area of
the STE nozzle beyond the ideal column below the nozzle is increased from 9300
um? (o 7%) in the standard resultant profile to 10100 um? (o 7%) for the STE

resultant profile. However, the side walls demonstrate an increase of 19% in
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slope, (83.6 um/mm (0 <1%) as compared to 70.4 um/mm (o 4%) of the standard
profile. This is due to the floor of the profile being wider as the current focuses
under the twin elements at the edge of the jet. In comparison, the CPE resultant
profile displays a side wall slope of 53.8 um/mm (o 3%) as the current profile is

concentrated to the centre of the jet.
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Figure 5.21: (a) Example resultant machined profiles from a single pass (black line) and compared to
the simulation derived profiles (red point cloud) (b) Tinted SEM images of the sectioned
resultant varied profile channels with 4 passes over the striation showing full geometrical
evolution. All scale bars are 500 pm.

From Figure 5.21a discrete surface point simulation results (shown in red) exhibit
good agreement in the cases of the standard, CPE and OSPE resultant profiles
(shown in black) achieved after a single pass. The two-dimensional profile
simulations were generated using the probability of dissolution of each element
under the jet. This considers the applied current at that point (Figure 5.12b), the
electrolyte current efficiency, known material constants and jet interaction
availability for each element at the surface. For the standard nozzle profile, the
simulation shows an area removal of 39200 um?2. This can be compared to the

actual response profile of 39100 um? (o <1%) removed by the standard nozzle
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showing a variance of 0.2% simulation to actual. However, the standard response
profile is marked by an increased removal observed at the bottom corners of the
cut. This is likely due to hydrodynamic effects and a modified ejection path as
dissolution advances. This ejection profile phenomena has been previously noted
to occur during machining [47] utilising a cylindrical nozzle. For the CPE, STE
and OSPE nozzles it demonstrates a mean variation of 4.8 % from simulation to
actual. In the case of the CPE, electrolyte ejection from the cut is facilitated by
the nozzle geometry and the cut profile, contrasting effects seen in the other
nozzles. This permits a more accurate simulation. Jet ejection at the nozzle is not
observed to change significantly but interaction and ejection from the machined
feature does. Jet-rebounding effects causing re-machining [47] have been
reported, however, given the edge effect upon the fluid flow regime, this

phenomenon is proposed not to contribute significantly here.

The CPE nozzle shows a maintained focus of the energy density to the centre of
the feature due to the design of the nozzle. This achieves a high resistance at the
periphery of the jet is maintained regardless of the evolving surface profile in the

same manner as the standard nozzle (Figure 5.22).
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Figure 5.22: Extracted surface and profile from areal scans showing comparison of evolving response
profile over four passes of (a) standard nozzle and (b) CPE nozzle demonstrating little
change to the profile shape regardless of repeating striations due to the nozzle design type.
Scale bars for nozzles 500 um

The STE nozzle response profile differs whereby the simulation shows a variation
in form with a higher peak in the centre of the cut. The actual cross-sectional area
removed being 36700 um? (o <1%) giving an 8 % variation from the theoretical
value. This variation can be emulated to a degree by simulation of the electrical
field effect occurring during machining and highlights the evolution of the cut
profile. However, in this case the nozzle design is detrimental to the fidelity of the
response profile to nozzle geometry. In Figure 5.23a, surface scans of striations
cut with an STE nozzle over 4 passes demonstrate how the geometry develops
for a typical surface feature. The depth increases from 28.6 um (o <1%) in a
single pass to 112 um (o <1%) after four passes. While the depth increases the
bottom of the profile flattens and taper decreases with a slope of 83.6 pum / mm

(0 <1%) after 1 pass to 274 um / mm (o 2.4%) after 4 passes.
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Figure 5.23: Utilising an STE nozzle (a) consecutive passes were made over the same striation equal
to a 16 second dwell time after four passes. (b) Electrical field strength map shown for the jet
zone when approaching a flat surface. (c) EFSM for interaction zone when approaching a
pre-machined surface and the influence this has upon field distribution. Note that arbitrary
units are applied for electric field strength. (d) Schematic of an STE nozzle showing the
distance (ds) of the main element tip to the work surface becoming greater towards the
centre of the jet. (e) showing the distance of the main element tips to a variable surface
having become equal across the entire jet (f) With increasing passes the shorter path length
is now to the central feature so shifts machining focus

Considering Figure 5.23b, the electrical field effect is simulated in MATLAB for
the initial pass against the flat surface by applying the generalised Equation 20

from Coulomb’s law for continuous charge distribution (units: N/C).

1
ATEGEy

r—=ri

f dApo(r') —

lr=r'|3 Equation 20

E(r) =

Where &, ;. is the electrolyte permittivity, p, (") is charge density r is the position

of the point at which the electric field is calculated, r' is the location of the charge

and dA.is an infinitesimal element of area.
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High field strength areas can be clearly seen below the nozzle tips (primary
machining zone) where regions of least resistance i.e. where the path from rim
contour to workpiece is the shortest giving the largest removal rates. While areas
having a lower field strength surround these and give rise to a secondary lower-
rate machining zone. With machining time, the form of the surface being
machined changes. The effect of this can be seen in Figure 5.23c where the
electrical field simulation is now acting on a non-parallel surface. This is
consistent with machining of a pre-existing feature. Here the field strength is
shown to be larger in the primary machining zone extending into the central area.
As such a shift occurs in the rate of machining of the central feature. Unlike
conventional ECM, the form of the response profile does not come directly from
the nozzle rather from the interaction the nozzle has with the electrolyte jet. As
nozzle tip stand-off is constant throughout from the initial setting, so the
subsequent profiles produced may differ as a function of jet dwell or repeat
striations. The reasoning behind this changing profile can be seen in Figure 5.23
d,e,f. As the jet impinges on a flat surface, the distance between the nozzle tip
and the workpiece surface is at its shortest so achieving the most direct path. As
the distance becomes greater towards the centre of the jet so electrical influence
is decreased resulting in attenuated removal creating the initial profile. In
comparison (Figure 5.23e) where machining of a feature created by a previous
pass the distance between the nozzle tips and the interaction surface is now
equal across the jet so maintaining the profile. It can be postulated that at this
point hydrodynamic effects now start to affect the profile. Due to the rising centre
feature, the stagnation point at the centre of the jet is now exacerbated (as

defined in section 2.3.5). The impinging jet is forced either side of the central
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feature into the base of the valley where effectively a longer interaction is seen at
the surface. Therefore, removal at the valley floor is increased and subtle
deepening of the valleys occurs taking the distance to the nozzle tips out of
equilibrium at discreet points. On a successive pass (Figure 5.23f), the distance
to the interaction surface directly under the nozzle tips is now longer than that to
the central feature giving a more favourable point for initial current attachment.
Therefore, preferential machining takes place with a further shift in the primary
machining zone to remove the central feature leaving a flat base to the profile.
This effect was observed in Chapter 4 when machining titanium albeit in that case
due to polarisation effects masking areas of the profile which do not occur in this
material. This aims to not only demonstrate the flexibility achievable with these
modified nozzles but also that EJM can be self-limiting with appropriate nozzle

and dynamic removal considerations.

Freeform modification of nozzles in multiple planes was then undertaken. Wide
castellation (WC) and narrow castellation (NC) nozzles are shown in Figure 5.24.
The machined profiles were compared to the resultant STE profile in Figure 5.24a
over a single pass. Marked changes to the profile can be seen from the profile
scans, the WC profile showing a wider profile with a more pronounced double
apex than the STE profile (exhibiting a side wall slope of 62.3 pm / mm (o 2%)
compared to 83.6 um / mm (0 <1%)). The NC nozzle demonstrates superior
geometric enhancement with a height increase of the central feature of 168% (o
22%, the high deviation likely due to varying hydrodynamic effects) over the STE
created profile and a reduction of 65% in the side wall taper with a slope of 187

um / mm (o 4.4%).
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Figure 5.24b shows the comparison of in-jet resistance to the standard nozzle.
As expected the majority of nozzle designs had an increase in resistance when
compared to the standard nozzle (increasing from 25 Q for the standard up to 45
Q) for the OSPE). The exception to this is the NC nozzle which shows a reduction

of jet electrical resistance to 23 Q.
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Figure 5.24: More complex 3D designs can be used to enhance the resultant geometry but making
changes to the area of elements at specific distances from the work-piece influencing the
geometry of the resultant profile. (a) Shows the profiles created by nozzles with varying area
the castellated and narrow castellated when compared to the STE nozzle on which they are
based but with further material removed (b) demonstrating the differing resistance created by
the nozzles the castellated and narrow castellated demonstrates the ability of the nozzle
design to affect the machining process and careful consideration of area and distance
enables a lower than standard resistance increasing process efficiency.

This is apparent when considering the resultant profiles from the NC and WC
nozzles. The area of the four element tips in the NC nozzle being 125000 pm?
when compared to the WC design having an element tip area of 64000 um?. This
gives a DIF for the NC nozzle elements of 0.13 compared to the WC nozzle which
has a DIF of 0.06. When considering the complete tip contour of all facing
surfaces at the varying distances from the surface the DIF for the WC nozzle is

0.14 compared to the DIF of the NC nozzle being 0.42.
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When considering Figure 5.25 showing the profile of the NC nozzle over
increasing passes the geometry can be seen to again evolve in a similar fashion
to that of the STE nozzle (Figure 5.25 a) and in contrast to that of the standard or
CPE nozzle resultant profiles (Figure 5.22). This type of internal geometry can be
considered as not being consistent across the range of surface energy delivered
and so are prone to a high degree of variation dependant on process parameters
and therefore consideration of this must be taken into account when developing
the desired geometry. In the case of the NC nozzle the central feature is still
noticeable after four passes due to its greater prominence in the initial passes

from the marked current density profile.
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Figure 5.25: Surface and profile extracted from an areal scan of the NC nozzle with increasing number
of passes. Scale bar for nozzle is 500 um

Figure 5.26 demonstrates the capability of these nozzles to achieve patterns with
complex profiles and interactions which are simplistically and efficiently created
with a one step process in a difficult material to competitively machine by other
means over large areas. The array of features demonstrated also exhibits the

flexibility of this process. STE and OSPE nozzles were used in combination.
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OSPE nozzles were first used at 0.1 mm/s feed, cutting the block in the Y direction
over a single pass (Figure 5.26 e,f). Using the STE nozzle cuts were then made
in the X direction to intersect the first two cuts (Figure 5.26 f, g) being single
passes at 0.1 mm/s, the third cut being four passes over the same direction with
constant parameters resulting in a much deeper cut (= 600 um). It can be
observed, the loss of the distinctive ‘W’ shape with multiple passes generating a
flatter valley bottom as noted previously (Figure 5.26b) and the ramping in of the
features created in the NC program to avoid key-holing and unstable processing
conditions. The shallower features created in the x direction are formed by a
bouncing type tool path (further defined in Appendix 6) with alternating start
points at 0.5 mm/s (Figure 5.26 b, c, d). Shallower features are observed where
the substrate has changed thickness and the stand-off distance has become

drastically reduced.
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Figure 5.26: Inconel 718 machined by a selection of nozzles. (a) 3D surface generated from areal scan.
(b,c,d,e,f,g) Tinted SEM images extracts of the machined piece demonstrating the range of
surfaces that these nozzle designs can create. All scale bars are 500 pm

Through parameter variation not only can meso-scale surface structures be
created but the microscale finish can be altered across the features as defined
by the energy density variation demonstrated by Figure 4.5 in Chapter 4. By
lowering jet velocity, low current density areas can be controllably created at the
periphery of the features as the jet is no longer as tightly masked. This is observed
in Figure 5.26. A rougher finish is achieved here than at the centre of the features
where energy density is higher. In contrast, Figure 5.27, alternative finishes are

achieved by the use of a higher jet speed, current density and slower traverse
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speed leading to greater edge definition, greater variation in surface texture and

deeper cuts due to the changing dissolution mechanisms.

I

Figure 5.27: SEM images of machine features with an STE nozzle with a modified parameter set to
produce different micro-texturing finishes (a) straight cut striation with increased current
density and increased jet velocity (b) pocket intersecting a straight cut striation with
increased jet velocity but lower traverse speed giving a rougher surface finish. All scale bars
are 500 pm

5.3.6. Process fidelity and scalability

Figure 5.28 shows resultant profiles extracted from the striations of the steps
nozzle (Figure 5.28a), 500 um STE 9 (Figure 5.28b) and 250 yum OSPE (Figure
5.28c), after a single pass. The resultant profile of the stepped nozzle (Figure
5.28c and Figure 5.29) shows a limit to the fidelity which can be achieved in
comparison to the nozzle shape. The influence of the steps can be observed as
distinctly different rates of dissolution occurring under the various features. The
influence of the jet exiting the cavity has, to a degree, merged these areas. With
the extending distance to the surface of the steps the DIF reduces from 0.3 for
the nearest step to the surface through 0.07 of the second step to 0.05 for the
third step. Even though the third step has by far the largest area the influence of

steps two and three is minimal. This can be seen in Figure 5.29 where the
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increasing number of steps makes this area of dissolution more prominent with
every pass. The extreme version of this being the deepest cut where the influence
of the highest step has been minimised. The area of the first step would need to
be greatly reduced for greater distinction between the steps in the resultant

profile.
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Figure 5.28: Comparison of extracted machined resultant profiles compared to the simulated profile
from the DIF equation (a) 0.25 mm |.D. OSPE nozzle. (b) 0.5 mm STE nozzle and (c) 1 mm
Steps nozzle. All scale bars 500 um

When compared to the OSPE nozzle design from section 5.3.5 which has a
simple design with graduation of decreasing DIF across the nozzle, so reflected
in a linear graduation of the response profile away from the longest nozzle edge.
Alternatively, when this is compared to the response profile of the steps nozzle
this gives a curved effect away from the deepest part of the profile due to the

sudden and stepped changes in the DIF.

It is worthy of note that the reduced kerf, being under the expected minimum of

twice the nozzle I.D. thought to be defined by the stagnation region noted in
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section 2.3.5 (1.64 mm, o 3.5%). This is also found with the similar designed 1
mm [.D. OSPE nozzle (2 mm o <1%) and again demonstrates alongside the
changing of the angle of address that the kerf should no longer be thought to be
defined by hydrodynamic effects. Also observed is the sharper intersection with
the un-machined surface to the right of the profile. When comparing the distance
from the deepest part of the valley to the dissolution interface with the unchanged
surface, the steps nozzle measures a mean of 292 um (o 6%), compared to the
OSPE nozzle measuring 507 um (o 3%) resulting in a 152% increase in side-wall
steepness (219 ym / mm o0 6% to 551 ym / mm o 6%). This is due to the thinning
of the outside wall at this point on the nozzle giving a sudden increase in
resistance aiding ejection through limiting rebound effects (described in section
2.3.5) therefore minimising the spread of dissolution. The 500 ym STE nozzle
(Figure 5.28b) shows the characteristic “W” shape usually associated with this
design of nozzle. Even though the horizontal distance between the nozzle tip is

reduced the twin valleys of the resultant profile remain, albeit at a much closer

proximity, giving a sharper apex to the central feature.
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Figure 5.29: Example images samples features machined using the steps nozzles generated from areal
surface scans showing single pass (shallowest cut) through 2, 3 and 4 passes with the final
deepest groove being created with four passes at 0.1 mm/s traverse speed. Scale bar for
nozzle is 500 um
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Similarly, for the 250 ym OSPE nozzle (Figure 5.28a) the resultant profile also
remains consistent with that that observed with the 1 mm I.D. OSPE nozzle
demonstrating accurate scalability traits across both 500 ym [.D. and 250 ym

nozzles with the designs tested throughout the range of the sizes.

As the 500 um STE nozzle was shown to maintain the expected profile further
tests were carried out across multiple samples. Due to the reduced diameter of
the nozzle, a higher degree of variation could be obtained within the apparatus
for current density and electrolyte jet speed (Figure 5.30) therefore the impact of

parameter variation on the profile geometry could be assessed.
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Figure 5.30: Variation of machining parameters with a 0.5 mm 1.D. nozzle (a) variation of current
density (b) variation of Jet speed

Figure 5.30a, shows the multiple striations machined in single passes with
increasing current density. As expected, in line with prior work, as current density
increases so the material removal and therefore depth increases. However, the
‘W’ shape is maintained throughout only increasing in definition due to the
localised peaks in current density increasing and overcoming any polarisation

effects. This is contrast to the repeating passes due to the jet being impinged on
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an un-machined surface, so the focal point of the current density profile is
unchanged. Figure 5.30b shows the effect of increasing electrolyte jet speed.
Only at 3 m/s and 8 m/s is there a noticeable difference in volume removal due
to polarisation effects such as removal of oxide films formed and possible
increase in the diffusion boundary thickness which inhibits the current density
peaks and effectively evens out the current density curve. Machined at 100 A/cm?
the expected profile is generated in all cases with little variation in the side walls
slope. However, there is noticeable variation to the profile shape of the central
feature between the jet speeds and supports earlier findings where the central
feature shows high dimension deviation due to variable hydrodynamic effects

directly under the jet.

5.4. Dynamic tooling for electrochemical jet profiling

5.4.1. Introduction

It is preferable to use a number of advanced manufacturing techniques for
profiling in low machinability alloys for repeating surface feature generation.
However, such techniques as EJM, Micro-ECM and Micro-EDM are currently only
able to create 2D single direction linear profiles due to the contouring of the tool
being unidirectional, hence the current use of cylindrical tooling which can vector
independent of x-y direction and utilise complex tool path procedures. This is not

efficient or effective for this type of application.

To maximise the potential of the ability to modify the resultant profile geometry in
EJM shown in the prior section a method must be devised to allow the profile to

remain constant across a varying toolpath direction (Figure 5.31).
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Figure 5.31: (a) currently response profile is consistent in a single direction, (b) when direction changes
response profile no longer tracks the toolpath and response profile changes (c) profile would
remain constant if head can rotate to allow the nozzle to track the toolpath in X and Y

In response to this, a method was devised to allow rotation of the head allowing
the profile created by the nozzle to remain consistent and track the vector of the
advancing tool-path (Figure 5.31c). A 4™ axis system was devised to allow 360°
rotation of the nozzle (Figure 5.32). This design incorporated the stainless-steel
head insert which carries the Luer lock adaptor, nozzle and electrolyte tube push
fits used throughout this work (see section 3.1 for full definition). The insert holder
is fabricated from ABS to form the electrical isolation barrier and allows
connection to the stepper motor which is controlled in the same manner as the

main axis.
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Figure 5.32: Schematic of rotary head design detailing the key features which allow tool articulation

The insert holder is press-fitted into the bearing in order to maintain stability
throughout rotation. The air shroud used is a common component as described
in section 3 but with the air inlets re-designed to allow clearance in rotation. The

head is then mounted to the x-axis carriageway (Figure 5.33).
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Figure 5.33: Rotary head mounted on the x-axis of the generation 2 machine tool

It was decided to control rotation of the tool rather than the sample fixture for a

number of reasons:

e Maintain the machine architecture intent of isolating electronic
components and moving parts above the natural electrolyte drain direction
and main working area

e Ease of interchangeable heads within each, and across both, machine
tools without disruption to the machine architecture.

e Reduce any latency and backlash in rotational translation through
minimising rotational inertia and simplifying the rotational mechanism

e Simplifying control system and CAM implementation through the rotational
axis being permanently coupled to the nozzle axis and independent from

sample placement allowing consistent datums
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e Maximising machine work volume by allowing rotation of the nozzle

anywhere within the work envelope

It is also possible to exploit the functionality of the rotary head further by indexing
the nozzle into different positions as regards the direction of travel. An example
of this would be the CPE nozzle (Figure 5.18b). When used in the intended
direction produces a triangular type tool path (Figure 5.21). However, once the
nozzle is rotated by 90° it will then produce a completely different profile more
akin to an STE nozzle (Figure 5.21) and an infinite number of differing profiles in-
between. These changes can be carried out dynamically as a function of the
toolpath program allowing a constantly changing and evolving profile as per the

surface design intent.

5.4.2. Methodology

To demonstrate the viability of the rotary head with a modified nozzle a tangential
control routine was implemented in the control software to continuously monitor
the direction of the toolpath in the X-Y plane and assign a constant angle of the
nozzle axis with relation to the direction vector of the tool path. Three simple
toolpaths were designed to test the articulation of the head and the resultant
profile produced. Toolpaths forming a circle, a square and a triangle. In each case
the intended orientation of the nozzle is set initially in line with the Y axis. This
allows investigation of how the resultant geometry created is affected by travelling
in a constant curve, at trajectories between the X-Y planes and in the X-Y plane
and the associated effects when turning tight corners in the toolpath. The features
were machined over three passes with Nal20 electrolyte (see chapter 6) using a

1 mm STE nozzle, a traverse speed of 0.5 mm/s, IEG of 0.3 mm and current
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density of 100 A/cm?. The pattern was repeated with the rotary head engaged

and with it dis-engaged.

The multi-tooling effect of indexing the nozzle was then investigated by using both
the CPE nozzle design and the OSPE nozzle design. For each nozzle, a striation
was machined with the head dynamically changing rotation as a function of the
toolpath. The rotary head is connected in the software to a virtual gearbox which
takes input from the positional increments of the X and Y axis. Therefore, the
nozzle changes orientation from 0° through to 90° over the length of the striation,
in this case 15 mm. The results were then imaged in-line with section 3.6. and

the results presented.

5.4.3. Application of rotary head in constant profiling mode

In Figure 5.34 the resultant profiles can be seen when machining with an STE
nozzle (Figure 5.34a). 3D surface maps of the features created with the rotary
head engaged can be seen in Figure 5.34b, c, d. Profiles were extracted from the
toolpaths at the points shown on the maps numbered 1-7 and the comparison is
shown in the profile graphs Figure 5.34e, f, g between the rotary head engaged
and dis-engaged. When considering the surface maps, the impact of the rotary
head is acutely obvious. With the rotary system engaged the feature profiles can

be seen to generate the expected profiles from section 5.3 in every direction.
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Figure 5.34: 3D surface reconstructions from constant profiling experiments using an STE nozzle (a),
(b), (c) and comparison of profiles with and without rotary head (1-7) at extracted points
denoted on the 3D surface.
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From the extracted profiles with the rotary head disengaged and using the STE
nozzle, profiles can be observed to be variable as expected. The profile extracted
from the circle (Figure 5.34e) at section 1 show a reduced impact of the STE
nozzle on the profile geometry with the two valleys created by the nozzle being
closer than expected and a much less pronounced central peak than would be
expected using the Nal20 electrolyte. This is due to the nozzle remaining in a
fixed position, so the nozzle is essential at a slight angle to the toolpath vector at
the point where the profile has been extracted. Thus, the energy distribution over
the surface is not representative of what the nozzle is creating but by a
combination of nozzle and direction of travel (Figure 5.35a). Due to the diameter
of the circle feature and the diameter of the nozzle it never achieves a profile
representative of the nozzle. At profile slice two, the nozzle produces a typical
bell type curve as the nozzle is now essentially un-modified in its influence on the

resultant profile.

In comparison the profiles with rotation achieve an expected profile as the nozzle
orientation is constantly adjusted to form a tangential direction with the curve
(Figure 5.35b) and maintain a constant profile. There is a noticeable effect when
the curve feature is generated which is not seen across the rotary profiles from
the square (Figure 5.34c) and the triangle (Figure 5.34d) which bear almost

identical profiles at each extracted section (3-7).
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Figure 5.35: Comparison of toolpath vector and nozzle orientation (a) without rotary head and (b) with
rotary head engaged

The valley closest to the centre of the curve is deeper and wider than the valley
closest to the outside of the circle, =10 um deeper and = 80 um wider. The areas
(as seen in the previous section) show 1.1% difference between the profiles
extracted from Figure 5.34¢g 5,6,7 with rotation (119100 ym? o <1%) and the area
of the profiles of the circle (Figure 5.34e 1, 2) with rotation (120500 ym? o <1%).
Therefore, the global energy applied to the IEG is the same, but the localised
energy is being re-distributed to favour the inside valley making the outside valley
shallower and thinner. This is due to the speed differential between the inside
and outside of the edges of the feature. The inside edge travelling marginally
slower to allow the curve to form. As noted in Chapter 4, a slower traverse speed
leads to an energy increase seen at the surface therefore a greater removal rate,
hence the inner valley is deeper. In Figure 5.34f the profiles form three similar
profiles. The toolpath from where section 3 is taken being in the Y direction,
therefore the non-rotational profile mimics the rotational one. Only in the X
direction does it then differ, the non-rotational profile adopting the typical
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Gaussian profile. The profiles from the triangle (Figure 5.34g) demonstrate the
profiles taken from the three slices (5-7) bearing no resemblance between the
rotated and non-rotated profiles. The rotated profiles maintaining the constant
profile. The un-rotated profiles in two cases (profiles 5 and 7) create the bell type
curve as found with the standard nozzle as the orientation of the nozzle is
masking any effects of the modified energy distribution. The profile from section
6 is more akin to from the circle in section 1, where the nozzle is no longer
following the toolpath therefore the centre peak is reduced, and the valleys are
closer together. It can also be seen in Figure 5.34c, d where the toolpaths
intersect at the corners in order to keep a sharp edge of the inside shape a radius
is not created instead the toolpath exceeds the feature distance then adjusted to
start the next line prior to the start of the feature. This means these areas have
double the amount of interaction with the jet in opposing directions so eradicating

the central feature and instead creating a square and triangular pocket.

5.4.4. Application of rotary head in dynamic profiling mode

When the tooling is applied in dynamic mode whereby the software gearbox is
engaged to rotate the head through 90° over 15 mm travel in the X direction the
profile can be seen to constantly change between two defined profiles (Figure
5.36). In Figure 5.36a the OSPE nozzle is used set initially as shown with the
point set off to one side to create the profile as previously demonstrated for this
nozzle. As the nozzle traverses in the x direction so the orientation of the nozzle
incrementally changes as a function of the distance travelled. The deepest part
of the profile, corresponding with the point of the nozzle tip, can be observed to

curve from the left of the profile to the centre. As the point approaches the centre
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so the profile becomes deeper by =20 um and material removal across the kerf

is more localised to the centre however, the overall dissolution kerf remains

constant throughout the channel.
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Figure 5.36: Demonstration of rotary head in dynamic mode carrying out 90° rotation over 15 mm
channel (a) with OSPE nozzle and (b) with CPE nozzle. Scale bars are 0.5 mm

Figure 5.36b demonstrates and evolving channel shape using the CPE nozzle.
In this case the nozzle is initially set to give a wide, flat bottom profile more akin

to the STE type profile and then rotated to achieve the profile associated with the
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CPE nozzle being a triangle type profile. Again, an increase in depth occurs due
to the energy density modulation as the profile becomes more pointed. In this
case however it is interesting to note the nozzle is not absolutely vertical when
initially set, seen in the first profile as the cut floor not being level. This leads to
runout in the system across the toolpath creating a curvature in the channel rather

than a straight channel as seen in Figure 5.36a.

5.4.5. Validation of rotary head in application

Utilising the OSPE nozzle (Figure 5.18d) with the rotary head engaged features
were machined into 0.8 mm thick medical grade scalpel blades to demonstrate

the application (Figure 5.37).

Figure 5.37: Utilising the OSPE nozzle with the rotary head to apply edge shaping to medical grade
stainless steel. SEM images of (a) saw-tooth design at 65° (b) serrated edge at 65° (c)
serrated edge at 80° and (d) reverse side of serrated edge. All scale bars 1 mm

Different toolpaths were adopted to create differing cutting type features. The saw
tooth type feature Figure 5.37a and the more typical serrated edge in Figure

5.37b were each created with 8 successive passes taking a total of = 5 minutes
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to create each sample. The IEG being reduced by 30 ym after each pass. Figure
5.37c and d show the quality of the edge that is created without any secondary

finishing process being carried out and no surface damage as expected.

5.5. Chapter summary of key findings

The motivation behind this chapter was to propose and develop innovative
solutions to enhance the geometrical flexibility and precision in EJM through
electro-mechanical means inspired by the findings of the literature review. This
has been achieved through manipulation of the resistance found in-jet, ergo, the
current density distribution across the surface through altering the mechanical

influences on the electrical properties of the IEG.
The key findings of this chapter were:

e Through simple articulation of the incident jet it is possible to locally
modulate in-jet resistance therefore distorting the energy distribution
perceived at the work surface thus effecting the resultant form and finish
which differs greatly from that found in alternative energy beam processes.

e The position of the trailing edge of the jet dominates the surface finish
created in push / pull modes and as such in push mode smoother more
polished surfaces can be achieved.

e The use of low incident angles between the jet and surface enables
increases in depth and reduction in kerf due to a confluence of current
pathways produced by electrolyte jet approach and the restricted contour

of the nozzle tip addressing the surface.
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Discrete changes to resistance in-jet were affected by geometric
modification of the nozzle apertures allowing modulation of the current
density profile and thus allowing flexibility of the resultant profile shape.
The design impact factor (DIF) was introduced to enable the assessment
of the design of nozzle tip elements, both area of the tip contour facing the
incident surface and its distance from the surface.

Alongside increased flexibility precision improvements were found over
the standard nozzle such as reductions in side wall taper, reduced kerf
and flat cut base more analogous with traditional cutting profiles.

A 4" axis system was devised which allowed the rotational positioning of
the nozzle with respect to the toolpath vector. Thus maintaining a constant
profile to be created regardless of the toolpath geometry

A further methodology was developed allowing for dynamic tooling
whereby the profile can be modulated as a function of position within the

toolpath.
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6. Enhanced geometrical flexibility and precision

through electrochemical innovation

6.1. Introduction

To further the enhancements of precision and profile geometrical flexibility it was
highlighted by the literature review (section 2.4) that electrochemistry has a
significant influence on the resultant features. The electrochemistry of EJM is an
area which is underdeveloped and presents opportunity when compared to the
level of investigation in general ECM. It was observed in the literature review that
even considering the common subtractive mode electrolytes sodium chloride
(NaCl) and sodium nitrate (NaNOs), they both display differing removal
characteristics. NaCl is aggressive and so provides good MRR but poor precision
in the form of poor kerf control. NaNOs having the opposite traits of good precision
but lesser MRR by comparison. It was also noted that additions to the bulk
electrolyte could cause specific changes to the resultant profile, often due to

material considerations (section 2.3.6).

Therefore, the possibility to manipulate the electrochemistry through
electrochemical innovation resulting in changes in precision and resultant
geometry presents itself as a worthwhile research avenue to achieve the aims of

this thesis.

The following chapter details investigations to understand and develop
innovations concerned with manipulation of electrochemical properties within the
IEG and the underlying process mechanics for enhanced feature flexibility,

precision and process function.
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6.2. Generation of a transitory electrochemical masking effect

6.2.1. Introduction

The modifications to the nozzle tip detailed in section 5.3 enable variation of the
machined profile away from the typical profile attributed to the Gaussian energy
distribution profile. This modulation of the resistance in-jet allows the response
profile geometry to achieve not only application specific profiles but, more
favourable profiles with reduced side wall taper and flat cut floors analogous to
more conventional machining methods. It is proposed that these enhancements
can be further exploited by coupling with an enhanced electrolyte designed to
amplify the effect. Electrolyte feedstocks have been investigated in order to
enhance resultant finish in EJM (see section 2.4). However, electrochemistry
manipulation to alter characteristics within the IEG has not been a design criterion

and subject to optimisation in previous studies.

6.2.1.1. Profile fidelity enhancements
The relationship between current density and current efficiency is exaggerated
for EJP techniques due to large spatial current density differentials which were
exploited in section 5.3. This causes localised regions where current density
exceeds the well-understood activation threshold and thus the onset of machining
(see sections 2.3.2 and 2.4). Rounded profile features and significant side wall
taper are observed due to the extremes in current density found across the jet
when using conventional (NaNO3 and NaCl) electrolytes. This is problematic

since material removal/deposition rate is proportional to current density.
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The effect of electrolyte composition has been reported to affect dimensional
accuracy in the more established practice of electrochemical machining (ECM)
(see section 2.4.). However, these innovations, although effective in general
ECM, are not so applicable to EJM. This being due to the aforementioned large

spatial current density differentials across the jet diameter.

Previous attempts to negate this deleterious effect and therefore improve the
dimensional accuracy and aspect ratio of the deterministic feature were outlined
in the literature review (see section 2.5.6) covering the innovation of hybrid EJM

processes.

It is hypothesised that significant process enhancements can be achieved by
exploiting in-jet electrochemical reactions through doping of conventional
electrolytes as opposed to altering process architecture. In this case the use of
Sodium lodide (Nal) is introduced as a doping agent into a NaNOs based
electrolyte, noting from section 2.4 NaNOs that is already known to possess the
best precision characteristics. Under electrolysis with inert electrodes Sodium

lodide is known to readily oxidise to iodine [284] :

-2
Anodic half-reaction: 21~ — I,

+1
Cathodic half-reaction: Na* = Na

It is proposed that when considering the standard electrode potential of nickel
Nis) — Ni%*@ag) + 21 = 0.25 V vs. SHE (as taken from Chapter 4) in comparison
to lodide (E° 2l “(aq) — l2(aq) + 2€" = 0.621 V vs. SHE) [285], the propensity of lodide
to readily oxidise is greater, therefore this reaction will preferentially divert energy

away from anodic dissolution. This would therefore generate a competing
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reaction at the anode which would cause an increase in the faradaic impedance
(see section 2.3.4). The supplied energy to the IEG would be required to exceed
the energy that is required for the conversion to iodine in order to initiate material
removal. This would effectively remove the low current density areas having a
filtering effect and so creating an electrochemically induced temporary mask. It is
proposed that when coupled with modified nozzles, predefined and high-fidelity
profile geometries can be created. This study aims to demonstrate that a step
change in process fidelity and flexibility can be achieved through optimisation of

the electrochemistry specific to jet processes.

6.2.1.2. Current efficiency
Evaluating the experimental volume of material removal across a range of current
densities allows comparison to the theoretical maximum removal obtained
through Faraday’s law (see section 2.3.6). Thus giving, n, the current efficiency

for a particular electrolyte solution (Equation 21).

n= W Equation 21

Where M is the experimentally observed mass removal, A, the incident surface
area, z the assumed dissolution valence, F the Faraday constant and | the
current.

Consideration of the energy efficiency profile across a range of current densities
and for varying concentrations of Nal would allow the characterisation of the

effects of the dopant on the current available for dissolution.
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In section 5.3.4 secondary machining zones were identified in EJM at the
periphery of the jet where current density is lowest. In order to enhance the
precision of the process it is desirable to elevate the activation current density for
the electrolyte to enable work piece dissolution.

lodide would not usually present itself as a viable alternative to nitrate and
chloride electrolytes due to the higher cost and negligible increase in conductivity
over comparable solutions. However, if the hypothesis is correct that through
addition of the dopant to form an anodic film, a transitory masking effect is created
when an electrical potential is applied, it would justify the inclusion of Nal. It is
proposed that the evolution of the anodic film would require an energy transfer
resulting in reduced current available to invoke machining. This could negate
some of the deleterious effects observed when using other common electrolytes

in low current density regions.

6.2.2. Methodology

The experimental procedure in all experiments was carried out on the generation
2 machine tool details of which can be found in Chapter 3. Inconel 718 was
selected as the substrate in this case due to the sensitivity of this material to
current density modulation and the effect on the resultant surface finish as

demonstrated in Chapter 4.

Throughout these experiments, and for simplification, the doped electrolytes will
be referred to as Nal, with the corresponding percentage (of the ionic strength),

of the sodium iodide component following it as shown in Table 6.1

261



Table 6.1: Electrolyte composition and conductivity for the range of concentrations used within this study.
All measurements taken at 22°C (0 0.2 °C)

Electrolyte Component Overall Electrolyte Electrolyte Conductivity
Composition Ratio lonic Strength and (ms/cm)
(M) Molar

Concentration (M)

NaCl 2.3:0 2.3 165.4 (0 0.1%)
NaNO3 2.3:0 2.3 136.6 (0 0.03%)
NaNO3 1.8:0 1.8 116 (0 0.1%)
NaNOs + 5 % Nal (Nal5) 2.185:0.115 2.3 137.7 (0 0.1%)
NaNOs + 10 % Nal (Nal10) 2.07:0.23 2.3 139.7 (0 0.1%)
NaNOs + 15 % Nal (Nal15) 1.955 : 0.345 2.3 141.8 (0 0.1%)
NaNOs + 20 % Nal (Nal20) 1.84:0.46 2.3 143.3 (0 0.2%)
NaNOs + 30 % Nal (Nal30) 1.61:0.69 2.3 145.6 (0 0.1%)
NaNOs + 40 % Nal (Nal40) 1.38:0.92 2.3 149.4 (0 0.1%)

During surface processing and electrolyte efficiency experimentation, the
electrolyte velocity was maintained at 16 m/s (1 mm 1.D. nozzle), 25 m/s (0.5 mm
[.D. nozzle) and 16 m/s (0.25 mm L|.D. nozzle). For the refresh rate
experimentation, detailed later, jet speed was varied from 4 m/s to 29 m/s (the
upper and lower bounds of machine capability). The IEG was set initially at 0.25
mm for the modified and 1 mm I.D. nozzle and 0.5 mm in all other cases. For
surface structuring a constant applied current of 900 mA (J =100 A/cm?) for 1 mm
nozzle, 900 mA (J = 400 A/cm?) for the 0.5 mm nozzle and 200 mA (J = 400
A/cm?) for 0.25 mm nozzle. Where J is the predicted mean current density at the

nozzle. In the case of the electrolyte efficiency test, current density ranged from
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20 A/lcm?to 200 A/cm?. The refresh rate and incident iodide concentration were
both appraised at 100 A/cm?. The electrical potential was left to float as this was
seen to vary dependant on the nozzle geometry, electrolyte conductivity, and
surface geometry, and therefore subsequent resistance. Where nozzle
translation was used, speed was maintained at 0.5 mm/s, except for experiments
reported in Figure 6.9 where 0.1mm/s was used.

The resultant machined profiles were imaged and analysed as per the described
method in section 3.5.1, 3.6.1 and 3.7.2. The analysis was carried out to obtain
depth, width, area, overcut and side wall slope (taper) of each of the resultant

profiles as defined in section 3.8.

6.2.2.1. Current efficiency testing
To obtain experimentally derived material removal, an array of 5x5 dimples was
machined at varying current density levels up to 200 A/cm?. Each dimple was
created using a specific bouncing toolpath (Figure 6.1) to maintain fidelity to
experimental parameters, with a dwell time of 4 seconds using a standard 0.5

mm |.D. nozzle.
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Figure 6.1: Schematic of the toolpath used to create dimples and accompanying example SEM image of
the resultant features created. Scale bar is 1 mm

The dimple arrays were then scanned using a focus variation microscope in the
same manner as the machined profiles, to obtain the volume of material removed
for each current density with different electrolytes; NaNOs, NaCl and the doped
electrolyte series. Electrolyte compositions are outlined in Table 6.1. From the
extracted volumes, the experimental material removal can be calculated by

incorporation of the material density (Equation 21).

6.2.2.2. Surface processing
In the same manner as section 5.3.3 standardised stainless steel, cylindrical,
straight walled nozzles (Figure 6.2a) with internal diameters (I.D.) of 1 mm, 0.5
mm, 0.25 mm and 0.15 mm were used to demonstrate the electrolyte and as the
base for the modified nozzle tip geometries. The STE nozzle design (Figure 6.2b)
was employed to highlight areas where the hybrid electrolyte is advantageous in
reducing secondary machining zones over a conventional electrolyte. The STE
modified nozzle with an 1.D. of 1 mm was employed to create multiple pass

striations for comparison of response profiles.
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Figure 6.2: Nozzle types used within this study (a) standard nozzle (b) 1mm I.D. symmetrical twin
element nozzle (STE), (c) 0.25 mm I.D. off-centre single point nozzle design (OSPE), (d) 0.5 mm I.D.
STE nozzle, (e) 1 mm I.D. double channel cut nozzle (DCC) and (f) 1 mm I.D. steps nozzle design. All
scale bars 500um.

Figure 6.2d - f shows a range of nozzles used to demonstrate the capability of
this methodology to create surface structures with the modified nozzle tips and
enhanced electrolyte demonstrating the scalability of the methodology. Figure
6.2c being a 0.25 mm 1.D. nozzle cut with off-centre single point element (OSPE).
Figure 6.2d being an STE design except in this instance cut into a 0.5 mm nozzle.
Figure 6.2e and f are complex nozzle designs cut into 1 mm [.D. nozzles to
achieve a specific cut with a secondary, smaller indent at the base of the cut and

minimised taper.
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6.2.3. Surface Processing

6.2.3.1. Enhanced Precision
In Figure 6.3 an effect of Nal addition to the electrolyte can be observed. In Figure
6.3b iodine can be seen to be forming under the jet impingement area as a dark
cloud, in comparison to Figure 6.3a, where only NaNOs was used. Here no
coloration of the thin film area is observed. It is interesting to note that iodine
saturation within the electrolyte thin film, is visible up to 2 mm from the nozzle
axis, where the iodide is oxidised. This is well within the resistive thin film area,

where the current developed is extremely low and material removal will not occur.

Hydraulic b
jump

T A —
shroud
Electrolyte
— jet
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7 ! —
(E— lodine / L
Thin film area formation

Figure 6.3: Photographs of the interaction zones whilst machining at 20 A/cm? (a) with
NaNO3 (2.3 M) and (b) Nal20 (2.3 M), showing the formation of the iodine radial about
the jet zone. Scale bars are 2 mm

The justification for the selection of Nal as a dopant can be seen in Figure 6.4
where exemplar 3D surface maps generated from areal scans of dimples are
presented along with the corresponding 2D dimple profiles. Figure 6.4a
demonstrates a dimple created with a 1.8 M solution of NaNOs showing the

contour lines corresponding to the colour-scale changes. In Figure 6.4b identical
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process parameters were used but Nal was added to the electrolyte solution, to

make a 2.3 M solution (Nal20, Table 6.1).
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Figure 6.4: 3D surface map of compared machined dimples (a) using a 1.8 M solution of NaNO3 and (b)
with Nal20, (c) comparison of the extracted 2D profiles from the dimples.

Prior research [105] has identified that a reduction in electrolyte concentration
leads to an increase in precision. However, in this case, although the
concentration and conductivity has increased in Figure 6.4b with the addition of
Nal, a 10% reduction in area of the dimple profile from 62541 ym? (o <1%) to
56128 um? (o <1%) has occurred, recalling Table 6.1. This change in area can
be observed in Figure 6.4c, the reduction in rounding at the surface to feature
interface on Nal20 compared to 1.8M NaNOs and the reduction in depth.

In Figure 6.5 SEM of dimples machined with 200 A/cm? using three different
electrolytes NaNOs (a), NaCl (b) and NallO0 (c) are shown. These are
accompanied with respective surface scans. The obvious difference is observed

in the SEM images at the shoulder interface precision (P) of the dimple to
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substrate surface. Comparing the red contour band of all three images the
enhanced electrolyte shows a thinner more defined band at which the same

gradient occurs at a shallower depth range.

88388

100

8

Figure 6.5: Tinted SEM images tilted at 60° of machined pits and associated contour information from

surface scans of dimples machined at 200 A/cm? in (a) NaNO3 (b) NaCl (c) Nal10. Scale bars 500 ym

When the precision of the three samples is compared, the enhanced electrolyte
shows a mean side wall slope of 0.29 um / um (o = 0.01 um) achieving a 58%
increase when compared to the NaCl electrolyte and 45% when compared to the
NaNOs electrolyte. It is worth noting that chloride, although exhibiting the worst
geometry definition of the three electrolytes, achieves a greater machining depth
of 104 um (o <1 %) compared to 92 um (o 1.7 %) for the NaNOs and 90 um (o 2
%) for the Nall0. This is a result of the consistently higher current efficiency of

this electrolyte across a broad range of current densities.

The resultant profiles seen in Figure 6.6, machined with the standard nozzle at

100 A/cm?, continues to demonstrate the same trend in the enhancement of the
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geometry definition at the dimple shoulder despite the reduction in applied
energy. A reduction in overcut of 59% is seen when Nal20 is used (2607 um? ¢
5.8%) as compared to NaCl (6377 pm? o <1%). A 43% reduction is also observed

when compared to NaNOz (4544 um? o 6%).

-10-
-20-

-30 4

Depth (um)

-404

-50 4

-60 T T T T v T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Kerf (mm)

Figure 6.6: Comparison of machined profiles using 3 different electrolytes. Profile scans

taken from the dimples produced using a standard nozzle at 100 A/cm?2,

This change in the removal profile in comparison to NaNOs3 occurs at all current
densities tested in this study. This is consistent with the hypothesis for this work
that some energy will be preferentially utilised in oxidation of the dopant as
opposed to direct machining. It should be noted that for this reason, iodide
enhanced electrolytes are not recommended in applications whereby high
material removal rates are sought over process dimensional accuracy. This is
demonstrated in Figure 6.7 where the precision metric obtained from dimples at
200 A/cm? is compared to the material removal rate (MRR) across the range of

electrolytes tested.
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Figure 6.7: Comparison of material removal and precision across the variation of electrolytes at 200
Alcm? Reconstructed and sectioned 3D images of exemplar machined dimples from the samples
machined with NaCl, Nal20 and Nal40 all represented on the same scale. All scale bars are 250 ym

The trend can be seen whereby NaCl demonstrates the highest removal rate at
0.078 mg/s (o <1%) then decreasing by 8% to 0.069 mg/s (o 2.4%) with the use
of NaNOs. MRR is reduced by the introduction, and increasing Nal concentration,
culminating in a reduction of 34% in the MRR compared to the straight NaNO3
solution with Nal40 having an MRR of 0.046 mg/s (o <1%). Therefore, under
these process conditions, for every 1% increase in Nal added there is
approximately a 1.2% decrease in MRR. Conversely, the precision of the feature
shoulder is seen to increase from NaCl showing the lowest slope at 152 ym/mm
(0 4%) to a 25% increase with the use of NaNOs (190.8 ym/mm o 7%).
Culminating with a 206% increase in P when a 20% addition of Nal is used (583.6
Mm/mm o 7%) compared to a straight NaNOs solution and 284% increase when
compared to NaCl. Feature shoulder precision can be seen to improve by 50%

for every 5% extra ratio of Nal that is added up to this point, beyond which
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precision appears to decrease at this current density level. As material removal
becomes reduced at this current density level, the dimple profile area drops to
47200 um? (o <1%) for Nal40 compared to 55700 um? (o <1 %) for Nal20,
meaning the side wall slope is very low and is reflected in the evaluated precision
the side-wall slope dominating the shoulder precision. Increasing the applied

energy would lead to increasing P values.

6.2.3.2. Enhanced feature generation
The application of more complex nozzle designs to affect a distinct profile
demonstrates the enhancements that are achievable through implementation of
the doped electrolyte. When the electrolytes are coupled with modified nozzle
tips, the increase in fidelity of the response profile to the nozzle tip geometry is
exaggerated. In the case of Figure 6.8a, an STE nozzle is used over 4 passes.
Several distinct areas of change are observed. Firstly, a reduction in width by
10% to 1.74 mm (o <1%) with the Nall10 electrolyte. Secondly, the slope on the
side walls can also be seen to increase by 34% to 0.35 um/um (o 2.4%).
Furthermore, the radius at the shoulder and apex of the troughs is reduced giving

a reduction in overcut of 14% from 40181 um? (o 2.2%) to 34496 um? (o 1.8%).
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Figure 6.8: (a) Comparison of NaNOs and Nal10 profiles produced with an STE nozzle used over 4
passes demonstrating the increase feature fidelity in discrete areas that can be achieved when used
with a modified nozzle and hybrid electrolyte. (b) 3D reconstruction of a sample cut with an STE nozzle
and NalNOs (c) 3D reconstruction of a sample cut with an STE nozzle and Nal10

Figure 6.8 shows that even when used with an enhanced electrolyte there is a
still a limit to the precision of the geometry that can be achieved. It is apparent
though, that these features influence the overall profile created since they are
significantly different to those generated with the equivalent NaNOs electrolyte.
Again, it is demonstrated that the fidelity to the intent from the nozzle design is
also influenced by secondary factors which includes hydrodynamic and changing
resistance profiles as the cut feature evolves (see section 5.3.5). This is in
contrast to other energy beam techniques where the end-effector geometry
directly denotes the response profile.

In Figure 6.9, the innovation demonstrated previously is deployed for the purpose
of demonstrating the new capabilities available to EJP practitioners. Here,
Inconel 718 is processed using a number of nozzles with Nall0 electrolyte to

investigate the application of previously generated geometries on a smaller scale
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and to investigate the fidelity of features that can be achieved using complex
nozzle designs.

The principle of nozzle design is applied to create an OSPE type geometry on a
250 pum nozzle (Figure 6.9a) and STE geometry on a 500 pm nozzle (Figure
6.9b). In doing so the scalability of this technique is highlighted. Using smaller
nozzles leads to reduced kerf width while maintaining the desired profile. Utilising
higher jet speeds, current densities (~400 A/cm?) and slower head traverse
speeds (~0.1 mm/s) to obtain enhanced precision features with these smaller
nozzles, Figure 6.9e.

New nozzle designs were also realised to test the ability of the process to
maintain profile fidelity. Figure 6.9e-k show a surface scan transposed into a 3D
image and accompanying SEM images. This demonstrates how response
profiles can be combined, through superimposition, to create an application-
ready surface, for example, in microfluidic reactors, biomimetic surfaces or
mechanical interlocking interfaces. Complete surface processing was undertaken
in under 45 minutes including nozzle changes. The use of additional tooling was
not required. All four profiles seen in Figure 6.9a—d were taken from this sample

and demonstrate both the depth and profile achieved by a single pass.
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Figure 6.9: All features were machined using Nal10 and applied to varying nozzle designs at differing
scales (a) 250 pm I.D. nozzle cut with an OSPE geometry and the resultant profile shown below. (b)
500 um 1.D. nozzle with resultant geometry below. (c, d) 1 mm nozzle cut with an intentionally complex
pattern to test the fidelity of the profile that can be created with the resultant profile below. (e) Shows a
scanned surface map converted into a 3D image where all the above nozzles have been used to create
features. (f) From the trench created by nozzle c. (g) and (h) using nozzle (a) in two differing directions
giving a different effect in both directions. (i) Deep pits created by nozzle (b) next to patterning created
by nozzle (a) going into deep trench created by nozzle (d). (j) Nozzle (a) leading from pits created by
nozzle (b). (k) Ribs created by nozzle (b). All scale bars are 500 pm.

Figure 6.10 shows the application of the enhanced electrolyte with a standard
150 pm nozzle to create repeated surface structures with sharp angular
interfaces. Although the rounded base is still prevalent due to the use of a
standard nozzle, sharpness of the feature shoulder and reduced taper at the top
section of the profile relating to the increase in the precision metric is obvious.
The slight undercut and curved top edge created in one direction occurs due to
the electrolyte interaction with the already machined geometry. Upon successive

machining passes the recessed regions are exposed diverting ejecting fluid flow.

274



This effect can be minimised or exploited by careful consideration of the toolpath

and associated process parameters.

Figure 6.10: SEM images of repeating surface structures developed to demonstrate process capability
for enhanced adhesion. Machining undertaken with a 0.15 mm I.D. nozzle. All scale bars are 500 ym

6.2.4. Process mechanics

From the results obtained through experimentation, the enhancement to
precision and fidelity of the resultant features created is obvious through the
range of Nal-doped electrolytes used. The removal effects in the first instance
appear to concur with the original hypothesis. However, noting the increasing
conductivity of the Nal-doped electrolytes (Table 6.1) as the concentration
increases, the resultant profiles demonstrate a counterintuitive trend of
significantly reducing MRR. The mechanism involved therefore requiring greater

investigation.

6.2.4.1. Current filtering
Improvements can start to be explained by consideration of current efficiency
characteristic of each electrolyte (Figure 6.11a). Here individual electrolyte
current efficiency has been obtained from experimental comparison to theoretical
values as outlined in section 6.2.1. There is a stark difference in current efficiency

at the lower current densities (< 60 A/cm?) between the electrolytes.
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comparison to NacCl, all the NaNO3 based electrolytes exhibit a much lower
efficiency at low current densities. It is worth noting that it was deemed at this
point not to take the inclusion of Nal further than 40% due to low MRR at these

current density levels and the cost implications for large-area processing.
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Figure 6.11: Energy filtering mechanism description (a) comparison of electrolyte efficiency across the
range of electrolytes tested including increasing ratios of Nal (b) description of the
mechanism occurring leading to exclusion of current levels at discrete points in the energy
distribution, the machined profile being the mirror of the energy density curve.

At 20 A/cm?, Nal20 exhibits an efficiency of 1.3% (0 <1%) in comparison to
NaNO3 at 26% (o <1%) efficiency, and NaCl at 66% (o 1.3%) efficiency. In
comparison, at 200 A/cm?, Nal20 exhibits an efficiency of 62% (o <1%), when

compared to NaNO3 at 73 % (o 1.8%), and NaCl at 84% (o <1%).
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Since the current efficiency at low mean current density is lower for the Nal-doped
electrolytes, the threshold energy required for material removal is not achieved
at the periphery of the feature. Hence, material removal is inhibited in these
secondary machining zones, and a sharper edge definition is observed, shown
by the highlighted regions in Figure 6.8a. This can then be compared to the higher
current density areas at the centre of the pit where the efficiency differential
between electrolytes is markedly reduced. Therefore, the energy density profile
will demonstrate a steeper slope for the enhanced electrolyte resulting in less
overcut as shown by the mechanism schematic in Figure 6.11b whereby the

resultant machined profile will be a mirror of the energy density curve.

This phenomenon can be further observed in Figure 6.12, where 3 lines were
machined with mean current densities increasing from 4 A/cm? to 50 A/cm? in 3

mm steps at 0.5 mm/s. The lines were machined with NaNO3, Nal20 and Nal40.

Nal40

Nal20

NaNO,

Figure 6.12: Optical micrograph of three machined lines all using the identical toolpaths and machine
parameters but with differing electrolytes, to demonstrate the point at which the applied
current exceeds the energy filter required to initiate dissolution of the material.
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It can be observed from Figure 6.12 that as the current density increases from
left to right, the filtering effect of the Nal addition, to achieve masking, can be
clearly seen. The NaNOs (control) line showing an initial light texturing effect at 4
Alcm? as the dissolution energy required for the material is reached. From that
point on the texturing continues to become more defined to 32 A/cm? where the
mechanism has stabilised and becomes a consistent width. In comparison, the
lines for Nal20 and Nal40 demonstrate different regimes. The Gaussian energy
distribution is obvious as surface texturing starts to appear at the point where the
energy distribution is highest in the centre of the jet and filling out to the width of
the final line as current increases, noting the reduced width of the textured area
in comparison to the NaNO3 throughout. The Nal20 line surface initiating
dissolution at 8 A/cm? and achieving a consistent line width by 36 A/cm?. The
Nal40 line starts to achieve dissolution a step further on than the Nal20 line at 12
Alcm?, although with a much lighter and thinner texturing. In line with this, the
Nal40 electrolyte does not achieve a consistent line until 1 step beyond the Nal20
at 38 A/lcm?. The difference in dissolution kerf, pertaining to precision can again
by observed with the NaNOs line having a final width of 1.97 mm in comparison
to the Nal20 of 1.69 mm and the Nal40 of 1.45 mm demonstrating a 26%

reduction for the Nal40 electrolyte.

It can be established that the reduction in current efficiency is not dependent on
electrolyte conductivities. This assertion is supported by the measured
conductivities (Table 6.1), and the known linear relationship between electrical
potential as defined by Ohms law. In addition, equimolar ionic strength solutions
were used throughout this study, with all electrolytes having similar theoretical

activity coefficients.
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These results unequivocally prove the hypothesis to be correct that addition of an
Nal dopant will cause a transitory filtering effect due to competing anodic
reactions. The energy required for this change in oxidation state noted in the
hypothesis, occurring at the anode surface is understood to be responsible for
the restriction of the current available for anodic dissolution of the substrate due
to increased faradaic impedance. This is a preferential route offering less
resistance in comparison to the oxidation of the substrate surface, so limiting
current efficiency (Figure 6.11b). Therefore, as concentration increases these, in
this case beneficial, side reactions have an increasing effect on the Faraday

efficiency seen in the process.

This competing electrode reaction supresses the anodic dissolution of the nickel-
based substrate, leading to the experimental observation (Figure 6.12) of a
varying decomposition potential of the anode below which the current efficiency
approaches 0%. This cut-off point is different for each electrolyte tested and
increases with iodide concentration as more energy is diverted to the preferential
activity of oxidising iodide to iodine. The addition of iodide at varying
concentrations therefore leads to superior edge definition and reduced overcut.
It should be noted that this is effect is also dependent upon the work piece
material electrode potential in comparison to the standard electrode potential of
the conversion from iodide to iodine. Also, the increase in conductivity goes
someway to offset the reduced MRR so maintaining a balance between the

increase in precision and MRR is vital.

Refresh rate
In order to further assess the mechanism leading to increased precision, a series
of experiments were conducted varying the electrolyte jet speed across the range
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available; 4, 10, 19, 27 and 29 m/s. Considering Figure 6.13, where resistance
and removed profile area are compared to jet speed, a second influencing
mechanism can be identified in relation to the current filtering effect, relating to
the iodide concentration at the work surface. It is shown in Figure 6.13a that as
the electrolyte jet speed is increased there is negligible change in the in-process
resistance experienced in the IEG, for NaNOs electrolytes, beyond the initial
increase up to 10 m/s associated with a transition in debris clearance regimes as
noted in section 5.2.3. In comparison, the Nal-doped electrolytes have higher,
and increasing, resistance with jet speed. This is counterintuitive since the
conductivity of these electrolytes exhibits the opposite resistance trend. This is
attributed to the readiness with which the transitory iodine mask forms in these
electrolytes. At the highest jet speed, with a constant J of 100 A/cm?, the NAI40

electrolyte shows a 62% increase from 162 Q (o 2.2%) to 263 Q (o 3.6%).
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Figure 6.13: impact of variation of electrolyte jet speed on (a) in-process resistance and (b) profile area
removed with differing electrolytes

In conjunction with this, in Figure 6.13b the relationship with jet speed to the area
removed can be observed. The NaNOs electrolyte displays a negligible change

in area removal of 4% (o0 2%) over the range of jet speeds, the Nal20 in
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comparison demonstrates a 9% (o 2%) reduction in area from the lowest to
highest jet speeds. However, the Nal40 experiences a drop of 39% (o 2%) over
the jet speed range having an area 42% (o 2.2%) less than NaNOs at 29 m/s.

From these results, the second influencing mechanism can be elucidated; the
refresh rate. It is clear that the concentration of iodide present in the feedstock is
not the only contributing factor, but also the rate at which it is refreshed at the
surface. The higher the iodide refresh rate (consistent with increased jet speed),
the greater the proportion of energy diverted from material removal to iodide

oxidation.

6.3. Electrolyte Multiplexing for enhanced process flexibility

6.3.1. Introduction

As observed in the literature review and demonstrated in Chapter 4 and section
6.2 differing electrolytes used in EJM can produce significantly different form and
finish with the same applied energy. The purpose of this work is to exploit these
characteristic differences through hardware additions designed into the
generation 2 EJP machine tool to enhance the process capability of

electrochemical jet techniques.

A high degree of variation of surface features along different length scales has
been demonstrated throughout this thesis to be possible using EJM through
variation of parameters and by mechanical design. Furthermore, by utilising
differing electrolytes it is possible to vary the deterministic mesoscale through
electrolyte selection and the addition of dopants to the electrolyte in order to

increase precision of machined features as demonstrated in section 6.2. It is also
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possible to effect the non-deterministic microscale surface finish through
manipulation of the electrolyte in response to the chosen workpiece material
[272]. From this research it can be observed that different electrolytes exhibit
different traits in material removal rate (MRR), precision and surface finish. Often
a single electrolyte is incapable of satisfying all process design criterion and
instead is selected as a compromise. This research is intended to build upon this
prior knowledge to develop machining strategies that utilise the different
advantages found with differing electrolytes for the optimisation of feature
generation. Through demonstration of applying differing electrolytes concurrently
and sequentially, the electrolyte can be considered as analogous to tooling
changes in conventional machining. Thus, application of this methodology allows

for greater flexibility and efficient machining strategies.

6.3.2. Methodology

As part of the Generation 2 machine tool (see section 3.4) an electrolyte
multiplexing system was incorporated as per the design requirements (Figure
6.14). Four separate 12 litre electrolyte supply tanks (ST) are used each with an
CNC solenoid. Two tanks share a single precision gear pump. These lines are
fed into a 3/2-way valve which can either feed the nozzle or be diverted to a large
bore pipe connected to waste. The effect of this means the electrolyte lines can
be easily purged allowing for quick change over of electrolyte type. This can be
achieved in less than 3 seconds (measured by changing between clear and

coloured electrolyte) including nozzle clearance.
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Figure 6.14: Schematic of the multiplexing system used in this study
which allows rapid electrolyte exchange.

Utilising this configuration means it is possible to mix and vary electrolyte
composition as part of the machining program. Each pump is controllable and
operable independently over the full range of the possible flow rates. Therefore,
each pump allows the electrolyte to be proportionally supplied creating dynamic

mixing of electrolyte composition ‘in flight'.

To demonstrate this new capability a series of experiments were designed.
Different electrolytes were applied in series to establish a best practice for meso-
scale feature generation. This requires a quick switch between electrolyte on
successive passes so makes use of the purging system. A second set of
experiments was developed to demonstrate how this methodology could be used

to create a functionally graded surface by fading between electrolytes within the
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same toolpath. As described in Chapter 3, all parameters are set by the main
control program remaining constant during the form and finish experiments
reported here. Current density was set at 250 A/cm?, when used with a stainless-
steel nozzle of 500 um internal diameter. IEG was set initially at 0.5mm. Nozzle
traverse speed was 0.5 mm/s and for these experiments pump flow rate was set

to achieve a jet speed of 29 m/s.

For the assessment of form and finish, multiple striations were created with two
passes in opposite directions over a coincident toolpath machined into an Inconel
718 workpiece noting the resultant form and finish is well understood from
Chapter 4. Table 6.2 shows the sample designation with the definition of the
electrolytes used in each case and the sequential order in which they are used
over successive passes in alternating directions over the same tool path. The
electrolytes were maintained at 22°C and a 2.3 M concentration throughout. The
electrolytes selected for this investigation include both NaCl and NaNOs
electrolytes for which in the previous sections, the differing attributes, have been
clearly demonstrated. Also selected is the Nal20 hybrid electrolyte reported in
section 6.2 for its ability to increase precision specific to EJM. The drawback of
Nal20 is the lower material removal compared to that found in NaNO3s and NacCl.
For the functionally graded surface demonstration both NaCl and NaNOs were

used.
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Table 6.2: Sample designation with defined electrolytes and sequential processing order

Sample designation Electrolytes Forward pass Reverse pass

NaCl 2.3 M Sodium Chloride (NaCl) NaCl NaCl

NaCl/Nal20 2.3 M Sodium Chloride (NaCl), 2.3 M 80% Sodium NaCl Nal20
Nitrate + 20% Sodium lodide (Nal20)

Nal20 2.3 M 80% Sodium Nitrate + 20% Sodium lodide Nal20 Nal20
(Nal20)

Nal20/NaCl 2.3 M Sodium Chloride (NaCl), 2.3 M 80% Sodium Nal20 NaCl
Nitrate (NaNOgz) + 20% Sodium lodide (Nal20)

NaCl/NaNO; 2.3 M Sodium Chloride (NaCl), 2.3 M Sodium Nitrate NaCl NaNO;
(NaNO3)

NaNOg/NaCl 2.3 M Sodium Chloride (NaCl), 2.3 M Sodium Nitrate ~ NaNO; NaCl
(NaNO3)

NaNO; 2.3 M Sodium Nitrate (NaNO3) NaNO; NaNO;

Both electrolytes were fed to the nozzle at the same flow rate through the same
pump but dispensed at different times along the toolpath. Each line of the surface
was created in the same direction following the same programmed tool path and

solenoid control for each line.

All parameters were maintained as previously described except current density
which was reduced to 100 A/cm? to limit material removal as this intended to
demonstrate changing surface texture effects rather than form. The solenoids
were then set to open and close as a function of time with respect to the known
traverse speed giving a repeatable pattern. As the nozzle traversed back to the
beginning of the next line with a 0.5mm step over, the electrolyte lines are purged

in time for the succeeding electrolyte.

Imaging and analysis of the feature geometry and surface finish was carried out
as described in section 3.6.1 and 3.7.2 and described as per the metrics outlined

in section 3.8.
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6.3.3. Results and Discussion

6.3.3.1. Form
Considering Figure 6.15, the difference in resultant profile shape due to the
electrolyte type can be observed. Using a NaCl electrolyte gains the greatest
performance removing a mean area of 50090 um? (o <1%) and mean depth of
87.2 ym (o0 <1%) across all samples tested. In comparison, the resultant profile
of the Nal20 electrolyte achieves 18% less maximum depth (71.4 ym o <1%) and

22% less area (39305 um? o <1%) across the range of samples analysed.
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Figure 6.15: Exemplar resultant profiles from striations machined with two
passes of the same electrolyte and two passes with differing
electrolytes applied sequentially in this case Nal20 and NacCl

It was demonstrated in the previous section that this type of electrolyte achieves
a narrower dissolution kerf, in this case achieving a 14% reduced width in

comparison to NaCl and achieves a sharper interface between the cut area and

286



the workpiece surface. When the differing electrolytes are applied sequentially it
can be observed that the resultant profile is a compromise between the precision
of Nal20 and material removal performance of NaCl. The width of the striation

being 6% more than Nal20 but 9% less than NaCL.

The depth is also 10% deeper (mean 78.7 um o <1%) than Nal20, but, 11%
shallower than NaCl. It is worth noting that the sharp intersection between
striation wall and workpiece surface is somewhat lost due to the flatter current
efficiency profile found with NaCl (see section 2.4). This enables material
dissolution even at low current densities found at the peripherals of the jet which
in turn overwrites the enhanced precision obtained using Nal20. This
compromise is achieved without creating a specific electrolyte type simply
through sequential application. However, there is little difference in form between
which order the electrolytes are applied which is also seen in Figure 6.16. Here

NaNOs is applied sequentially with NaCl and compared to the previous results.
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Figure 6.16: Exemplar resultant profiles from striations machined with
two passes of NaCl and two passes with differing electrolytes
applied sequentially in this case Nal20, NaCl and NaNO3

Again, the differing current efficiency profiles as described in section 6.2.4 of the
individual electrolytes denote the shape of the resultant profile when combined.
The NaNOs sequentially applied with NaCl gives a much steeper side wall and
lower radius intersection with the un-machined surface albeit with a mean
striation cut width of 1.14 uym (o 2%), 8% wider than NaCl and 19% wider than
the Nal20/NaCl combination. The NaNOs/NaCl combination produces a similar
depth to Nal20/NaCl with 2% less depth at 77 ym (o <1%) and 13% less than the

twin pass of NacCl.

6.3.3.2. Surface Finish
Although a good comprise is found between performance and precision when
using electrolytes sequentially there is little dependence on the order in which the
electrolytes are applied to affect changes to the resultant profile. This is not the

case with the resultant finish.
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In Figure 6.17 the difference in surface finish is visually obvious. The optical
images demonstrate the Nal20/NaCl striation (Figure 6.17a) to have a much
higher lustre finish than the NaCl/Nal20 striation associated with NacCl
electrolytes (Figure 6.17b). The exposure of the grain boundaries can also be
seen as inter-granular corrosion has occurred again a trait of NaCl electrolytes
when used with Ni-based alloys. In comparison the NaCl/Nal20 demonstrates the
surface finish associated with NaNO3s producing a dark tainted surface albeit with
a proposed higher integrity surface as no inter-granular corrosion is present which
can be associated with a change of mechanical properties at the near surface

[286].

| I |

Figure 6.17: Optical images of the sequentially machined striations under identical
lighting conditions (a) Nal20/NaCl and (b) NaCl/Nal20. All scale bars are
500 um

This is supported by the profile roughness (Ra) figures extracted from the samples
in Figure 6.17. The NaCl/Nal20 striations having a mean surface roughness of
0.11 um (o 11%) which reduces by 40% when the electrolyte order is reversed

to 0.07 ym (o 10%). This is comparable to the profile roughness (Ra) from the
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twin pass of NaCl achieving 0.07 ym (o 6%) and Nal20 0.1 ym (o 17%) which

demonstrates the resultant finish is not a compound effect.

6.3.3.3. Graduated surfaces
Manipulating the multiplex electrolyte system and the correspondent resultant
surface finish of differing electrolytes, a graduated surface finish can be simply
created (Figure 6.18). As part of the toolpath program, it is possible to run the
feed pumps, separately and concurrently, and open and close valves supplying
the feedstocks as a function of the toolpath. This allows for discrete surface

finishes to be applied as per the component design intent.

In the case of Figure 6.18, a repeating single direction linear toolpath was used.
Figure 6.18a being the optical image of the surface created showing the regularity
and therefore predictability of the fade between electrolytes as the solenoids open
and close. Alongside the change in surface roughness from NaCl, producing a
surface roughness (Sa) of 0.13 ym (0 22%) to 0.23 uym for NaNOs (o 15%), there
is an optical difference. The surface transforming from a high lustre finish
commonly associated with using NaCl (Figure 6.18b) with Ni alloys [18], to a
matte finish due to the adherent oxide formation associated with Ni alloys
machined with NaNOs (Figure 6.18d) at this current density level. The transition
being seen in Figure 6.18c. The latency in the system, when the purge function
is not used, can be seen when noting the point at which the solenoid controlling
the NaNOs is opened when compared to the point which it becomes the dominant
texture. This occurs at approximately 6 mm after the solenoid is opened (equating
to approximately 12 s), although a slight darkening of the surface appears much
quicker. Even with both solenoids open the texture from the NaNOs supply

remains dominant once established.
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Figure 6.18: Graduated surface textures as a function of faded electrolytes (a)
optical image of overall surface demonstrating the contrasting texture as
the applied electrolytes open and close (b) extracted 3D reconstruction of
the surface texture created with NaCl (c) extracted 3D reconstruction of
the point of fade where NaNOz becomes the dominant texture (d)
extracted 3D reconstruction of the surface created with NaNO3s

6.4. Chapter summary of key findings

The purpose of this chapter was to explore the possibilities of exploiting
characteristics and innovations pertaining to the electrochemistry in the IEG to
enhance precision and geometrical flexibility of the resultant profile. Inspired by
the findings of the literature review, this has been achieved through using
additives to the electrolyte in the form of a dopant to compound profile
enhancement through implementation of a transitory electrochemical mask. This
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has then been coupled with hardware innovations in the Gen. 2 machining centre

along with dissolution characteristics of Inconel found in Chapter 4 in common

electrolytes to allow enhancement of the feature flexibility of EJM.

The main findings of the chapter are as follows:

An iodide-doped electrolyte was developed and demonstrated to create a
transitory masking effect leading to a limitation of low-level current
associated so increasing precision.

Significant precision improvements, such as lower side wall taper and
superior feature shoulder resolution are achieved due to modulated
activation thresholds.

The process mechanisms of current filtering and re-fresh rate are
introduced to explain the enhanced effects of sodium iodide in a doped
electrolyte.

A new hardware methodology was introduced which allows the
simultaneous or concurrent use of multiple electrolyte types extending the
flexibility of the process and functionality of the machine tool

An ideal combination of electrolytes (NaCl / Nal20) is defined which when
applied sequentially analogous to a roughing and finishing strategy found
in conventional machining techniques.

The differing finishing characteristics of each electrolyte can also be
exploited demonstrating the generation of not only discrete areas of
surface roughness but graduated surfaces that repeatedly produce

differing optical properties.
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7. Ultra-precise electrochemical jet processing

7.1. Introduction

In each of the prior sections 5.2, 5.3 and 6.2 it has been seen that advances are
made not only in the type of profiles created, but in each case advancements
have been made that aid the overall precision of EJM. Whether this be increasing
depth, reducing kerf or minimising the radius at the surface-to-cut interface.
Identified through the literature review in section 2.3.5, the kerf in EJP is generally
considered to be controlled by the development of the stagnation region below

the nozzle as defined in Figure 2.11.

It was hypothesised that by combining the machining modes from the angle of
address, modified nozzle tips and transitory masking, that most effected
improvements of the geometry of the resultant machined profile, a compounded
effect could be achieved beyond what is expected from the standard configuration
(Figure 7.1a) termed ultra-precise electrochemical jet processing (Figure 7.1b).
This would demonstrate the dissociation of the dissolution regime, from the
hydrodynamic regime developed by the impinging jet stream. The aim being to
minimise overcut towards that of the I.D. of the nozzle, reduce deleterious effects
at the edge of the profile and maximise depth therefore achieving the best
possible aspect ratio. It is proposed that the combination of these innovations,
the compound effect of each process enhancement will be greater than the
individual contributions. This would bring EJM in line with other surface
structuring processes identified in section 2.6 such as laser ablation, micro-EDM,
abrasive water-jet micro-machining (AWJ-MM) and electrochemical micro-
machining (ECMM).
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7.1.1. Machining mode effect

To quantify the contribution or effect that each mode has on the resultant profile
and compare this to the cumulative machining mode it is necessary to derive a
metric to allow easy comparison, termed the machining mode effect (MME)

Equation 22:

Machining mode ef fect (MME)

-(Kbaseline - mode 1)] I(Dmode 1 Dbaseline)

Kbaselme Dbaseline

Equation 22

-(Pmode 1 Pbaseline)l

Pbaseline

+ -(CWSmode 1 CWSbaseline)l
CWSbaseline

Utilising the defined metrics in section 3.8.1 which are used to define the changes
in profile form, where CWS is the mean cut-wall slope, D is the profile depth, P is
the precision of the feature shoulder interface and K is the profile kerf. The metric
can be used to assess the individual contribution to changes in the separate
areas of the profile that describe the geometry made by changes to the machining
mode. It also describes the overall effect that combining features gives in
improvement of the geometry giving a final MME for each machining mode. The
metrics generated for the standard configuration (Figure 7.1a) is denoted as the
baseline and all other measurement of improvement are normalised with respect
to this value. For an ideal machining scenario, with a fixed current and traverse
speed, K should be minimised, while D, P and CWS should be maximised. An

increased MME represents an improved set of machining conditions and
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precision. Where the machining mode has a negative effect on a metric in

comparison to the baseline it is denoted as a negative value.

Electrolyte feed

Compressed
air feed

(-) Cathode

(+) Anode
.(
, Primary current
__——— N - pathways
Standard OSPE nozzle

nozzle Nal40

NaNo, Electrolyte jet

Electrolyte jet Thin-film transitory 7
\ filter\ ’ > 22.5°

Machining direction Machining direction

Standard Kerf = 21.D.,,. Ultra-precise Kerf= IL.D.,,.

Figure 7.1: (a) The conventional perpendicular machining mode (baseline). (b) The contrasting
arrangement used here, which exploits nozzle tilting, thin-film transitory filtering and
modulation of energy density. This makes use of an off-centre single point element (OSPE)
nozzle, to generate features = nozzle internal diameter (1.D.).

7.1.2. Methodology

Machined striations were created in an In718 workpiece allowing the known
material response from Chapters 4 and 6 when utilising the doped NaNOs

electrolyte. Beginning with the baseline standard configuration, augmentations
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were made in a piece-wise manner shown in Table 7.1. Machining effect
comparison was undertaken using nozzles of equivalent I.D. (250 um), and
demonstrated using a 60 pum nozzle 1.D. This shows the scalability of
augmentations hereby proposed. This includes using a standard (STD) nozzle
and OSPE nozzle from section 5.3. However, in this case the OSPE nozzle is
orientated so that the single point current focussing feature is aligned with the
trailing edge of the jet (Figure 7.2), so when the head is articulated to 22.5° the

focussing feature is closest to the workpiece surface as noted in section 5.2.

Table 7.1: Machining modes and description used within this study

Baseline Standard nozzle, 8 = 90°, NaNO3z
Mode 1 — Electrolyte Standard nozzle, 8 = 90°, Nal40 (see section 6.2)
Mode 2 — Nozzle OSPE nozzle, 4 = 90°, NaNO:s (see section 5.3)

Mode 3 — Angle of address  Standard nozzle, § = 22.5° (push mode), NaNOs (see section

5.2)

Mode 4 — Compound OSPE nozzle, § = 22.5° (push mode), Nal40

The striations were machined using two current densities (200 and 400 A/cm?).
Demonstration of the effects at two different current densities is critical since

material removal phenomena adopt distinct regimes with increasing current

density. Vjetis set at 25 m/s and Vnoz is set at 0.5 mm/s and IEG is initially set at

0.3 mm across all experiments.
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Machining direction

Figure 7.2: 0.06 mm |.D. OSPE nozzle orientation set at 67.5° in the generation 2 platform (b)
schematic of machining mode definitions

7.1.3. Results

Exemplar resultant profiles from the different modes can be observed in Figure
7.3 when machined with 400 A/cm? and a 0.25 mm |.D. nozzle. It can be observed
from the response profiles in Figure 7.3a that each machining mode results in a
differing profile geometry. In this case the reduction in kerf is demonstrated for
each mode. Considering overcut to be defined as the total dissolution kerf minus
the I.D. of the nozzle, it is shown that by compounding all the modes (mode 4)
80% of the overcut generated by the baseline mode is removed (reduced from
243 uym, 0 3.4% (baseline) to 49 um, o 8.4 % (mode 4)) (Figure 7.3b). Each mode
demonstrates individual geometric enhancements. Mode 1 with the addition of
Nal40 obtains a 96% improvement in precision at the cut to surface interface
(0.084 ym/pm to 0.166 um/um) albeit at the expense of profile maximum depth
showing a reduction of 11% (34.32 ym o 0.9% to 30.52 ym o 0.9%). In
comparison when a shaped nozzle is used (mode 2) overall kerf is reduced from
493 um (0 1.7%) to 425 ym (o 1.1%), feature shoulder precision increased by

51% to 0.128 ym/um (o 3.0%), and the side-wall slope is increased by 20% (0.3
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pm/um o <1%), compared to the baseline of 0.25 pym/um (o 2.3%). The

application of angle of address in mode 3 would appear to make one of the largest

single contributions, achieving a 40% reduction in kerf to 366 ym (o 1.8%), and

a 30% increase in depth to 44.8 ym (o 2.3%), and a 70% increase in cut-side-

wall slope to 0.44 pm/um (o 2.8%).

Depth (um)

493 um +1.7%

425 um + 1%
390 um +1.7%

366 um + 1.8%

: 299 um + 1.3%
i

=~
o~
4
~
b/ffq/ﬂ/ﬂ/wp‘f/fnyf/ :\
200 -

7!]/7/!}7‘1/11///!!//III//UI U
400 f
60g
Baseline - STD nozzle NaNO,

OSPE nozzle NaNO; (28% Overcut reduction)

——— STD nozzle Nal40 (42% Overcut reduction)

—— STD nozzle 67.5° Address NaNO; (52% Overcut reduction)

—— OSPE nozzle 67.5° Address Nal40 (80% Overcut reduction)

Figure 7.3: Exemplar resultant profiles showing the changes in geometrical features with different
machine modes (a) Profiles machined with 400 A/cm? and 0.25 mm |.D. nozzle showing the
kerf of the machined striation observing the 187 um reduction in kerf possible when the
machine modes are used together (b) reconstructed 3D image with optical overlay of a
striation machined with ideal compound profile

Through the application of the MME (Equation 21), it is possible to assess the

contributions each mode makes to the overall improvement of the profile

geometry. Considering Figure 7.4, the individual effect that each mode has on

kerf reduction, maximum depth increase, feature shoulder precision and cut side-
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wall slope can be seen alongside the changing effect due to the change in applied
mean current density. The overall effects are reduced as J is increased. From the
200 A/cm? trials, the effect of combining all the modes in fact slightly reduces the
overall effectiveness on geometry improvement. This is due to the inclusion of
Nal40 which noted from the result in mode 1, displays a negative effect on the
maximum depth (supported by the findings in section 6.2). This correlates to the
amount the effect on depth is reduced in the combined mode 4. However, the
inclusion of Nal40 does have a further effect of increasing precision by 172% (o
2.5%) and reducing dissolution kerf to 252 um (o <1%). This effectively

eradicates overcut achieving a 99% reduction.
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Figure 7.4: Stacked bar chart showing the overall effect of each machining mode on profile geometry
and contribution to enhancement of individual profile features for a 250 um 1.D. nozzle
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At a current density of 200 A/cm?, the contribution to MME is dominated by the
nozzle profile and angled address. Here, the tilted OSPE nozzle significantly
enhances the precision of the cut. In addition, this serves to increase the depth
of cut. The application of Nal4O electrolyte to this configuration reduces the depth

of cut, which results in an increased cut-wall slope.

Thus, under these machining conditions, there is no benefit of exploiting the
transitory masking technique, beyond the effects exhibited by applying the OSPE
nozzle and adjusting the angle of address. This behaviour can be attributed to
the oxidation reaction as described in section 6.2, which takes place in Nal4O
electrolyte during processing. The iodide oxidation reducing the material removal
rate (MRR) across the jet profile and not only at the periphery. Therefore, the
effect is to be expected since the percentage difference of energy density at the
jet periphery at low current density, as compared to higher current density, is

reduced.

When a current density of 400 A/cm? is applied, the contribution of these effects
changes. While the combination from the OSPE and tilted arrangements results
in the most significant response at this energy density, the apparent effect of
transitory filtering decreases. This is most obvious with respect to the reduced
kerf width. In addition, the deleterious effect of reducing depth is reduced to the
degree whereby the aggregated effect of all process enhancements results in an

overall increased MME.

The methodology was also demonstrated at a reduced scale employing a 0.06
mm 1.D. nozzle (Figure 7.5). Although difficulties in manufacture of the OSPE

nozzle at this scale without deforming the jet aperture and blockage and precision
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deficiencies generated from the head mounting meant it was difficult to carry-out
a meaning full study at this scale. Features using modes 1 and the baseline could
reliable be generated, modes 2, 3 and thus mode 4 displayed poor accuracy and

repeatability (Figure 7.5c, d)

@ 60 um nozzle

Electrolyte jet

Inconel 718
workpiece surface

Baseline

—J — | I

Figure 7.5: EJM with a 60 um I.D. nozzle (a) surface 3D reconstruction of striation machined with a “to
scale” jet imposed for comparison (b) SEM images of the striation created with mode 1 and
the baseline demonstrating the kerf reduction (scale bars 25 um) (c) SEM image of a
striation which has deformed and jumped to one side likely due to nozzle blockage(scale bar
50 um) and an optical image of again another machining fault showing the fragility of the
process in its current guise at this scale (scale bar 100 um)

However even with mode 1, reduction in kerf is observed. At 400A/cm? the
overcut is reduced by 78%, to the value of 9 um with giving a kerf of 69.8 ym (o
2.3%) (Figure 7.5a, b) and at 200 A/cm? a reduction of 97% to 1.48 ym giving a
kerf width of 61.48 ym (0 <1%). This represents a significant enhancement over

the state-of-the-art. CWS is increased by 46%, from 0.24 um/um (o 4.8%) to 0.36
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um/um (o 3.1%) for 400 A/cm? and increased by 40%, from 0.13 pum/um (o 5%)
to 0.19 pum/um (o 7.8%). These observations correlating with formative

experimentation at increased scale.

7.2. Chapter summary

Innovations from Chapters 5 and 6 were coupled together to create a level of
precision not seen before in EJP. It has been demonstrated here, that through
combination of advanced machining modes in EJM, precision can be enhanced

beyond that observed in individual modes.
The main findings of this chapter were as follows:

e A compounding effect on precision and performance in EJM is achieved
through combining electrochemical and electromechanical innovations
made in previous chapters.

e The machining mode evaluation (MME) metric was developed to define
the contribution that multiple innovations make to the overall enhancement
of the feature geometry. The specific contribution from a given machining
mode is shown to be dependent on available energy.

e |t was demonstrated that overcut in the response profile, traditionally
defined by the stagnation region, can be reduced by upto 99%, so
achieving kerfs approaching the nozzle 1.D. thus demonstrating complete

dissociation from this boundary condition
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8. Conclusion

Electrochemical jet machining is a novel and yet emergent manufacturing
technology. A derivative of electrochemical machining, it demonstrates the
advantages of ease of material removal in traditionally difficult to machine metals,
as the material properties of hardness and toughness do not influence
machinability, along with zero thermal loading of the material microstructure. EJM
specifically displays further advantages over ECM of not requiring any masking
technology to preferentially remove material, no tooling costs as the electrolyte
jet is responsible for material removal, thus no wear of the nozzles is observed.
This is accomplished via a simplistic machine architecture as the machining
mechanisms do not impart forces into the machine structure. Alongside this the
technology required to affect material removal is minimal and simplistic in nature

leading to low-cost processing mechanism.

However, EJM currently displays several drawbacks that inhibit wider integration
in process chains in comparison to alternative processing methods, thus

restricting EJM in realising process maturity.

This thesis reports investigations from a fundamental perspective demonstrating
the advancement of EJM beyond the state-of-the-art. This was achieved by
consideration of the aims of the research (chapter 1.1) and identified knowledge
gaps (chapter 2.8). Through greater understanding of the dissolution
mechanisms in complex alloys (chapter 4), increased flexibility of the process in
hardware application thus, resultant feature geometry (chapter 5) and increased
precision beyond what has been previously reported (chapter 6 and 7), a step

change in the capability of EJM and thus significant contribution to the field has
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been achieved. A summary of the major contributions of this thesis are given in

the following sections.

8.1. Machining of high value alloys

In line with the aims of this thesis of “Fundamental analysis of complex alloy
response” and the research gap identified from the literature review of
understanding of key material response of Inconel 718 and Titanium Ti-6Al-4V,

from the research carried out in chapter 4 these conclusions can be drawn:

The dissolution mechanism specific to EJM of complex alloys has been

elucidated

An in-depth investigation into the effects on dissolution of complex alloys as a
function of EJM specific parameters was carried out. The findings support prior
general ECM knowledge of the association of energy with material removal and
surface finish. However, for the first-time distinct dissolution regimes were
identified and characterised specific to EJM. This demonstrated the effect of the
process on the surface structure of both Inconel 718 and Titanium Ti-6V-4Al as
a function of applied energy. Described as sporadic, selective, equilibrium and
aggressive dissolution regimes (Figure 4.5), so called because of the perceived
effect on the surface related to the breakdown of the individual material elements.
This allows idealised process parameters to be selected to achieve the desired
finish. The concept of element “wash-out” was identified and described,
demonstrating a secondary material removal mechanism of erosion that had not
previously been reported, this being specific to complex alloys. It was found that
constituent material elements such as inert phases or corrosion resistant
elements do not dissolve at the same rate as the material bulk, therefore are
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washed out of the bulk rather than dissolved as the material around it is removed.
This can lead to increased material removal rates and is especially pertinent to
Inconel 718 with its large niobium carbide precipitates found at grain boundaries
which was observed to lead to pitting. This is integral to jet-based processes due

to the impinging jet and not found in typical ECM.

Electrochemical equiveillance cannot be used alone in describing material
removal rate and consideration of the anode redox potential must be

observed.

Although a materials ECE forms the basis of Faradays law, and as such the
fundamental of many proposed processing models, from this work, for modern
complex alloys, it has been found to not be wholly representative in EJM. The
nature of modern alloys is such that they are often designed specifically for
corrosion resistance. This is the case with Inconel 718. From calculation of
Inconel’'s ECE it would suggest a far higher MRR than Ti-6V-4Al. Through
experimental work carried out here, this was found not to be the case. However,
when we consider the redox potential of both Inconel 718 and Ti-6V-4Al it can be
observed that titanium is much more readily oxidizable than Inconel therefore will
yield greater material loss under electrochemical conditions, which supports the
findings here. There are also other contributing factors identified through this
work, such as the formation of oxides which hinder the dissolution process. Again,
due to the nuances of the EJM process it was shown that materials processed by
EJM are much more susceptible to the formation of oxide layers from impinging
oxygen entrapment than would be expected in ECM. The material removal effect
is therefore much more complex in EJM than would be expected in ECM and
strategies to overcome this must be considered.
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8.2. Electromechanical innovation

As defined in the knowledge gaps a key boundary condition associated with EJM
Is the Gaussian distribution of energy in the IEG thus limiting the flexibility of the
features that can be created. From the research and development of hardware

innovations within this thesis, this is demonstrated to no longer be the case.

In-jet energy distribution can now be modulated achieving flexibility in

profile formation.

For the first time it was demonstrated that process resistance could be altered
discretely, in-jet, therefore allowing modulation of the energy distribution.
Traditionally the energy distribution found within the IEG was described as
Gaussian type distribution thus, achieving a bell type removal profile as found in
typical energy beam processes. Through the research presented here it was
hypothesised and demonstrated that this traditional boundary condition need not
be the case. Considering the spatial influences within the IEG, an entirely novel
approach to EJM was conceived. Initially variation of the angle of address of the
jet was investigated (chapter 5.2), finding that the profile shape changed
dependant on angle of jet address. Utilising two modes of approach, normal
convention and push/pull convention, for the first time, thinner, deeper profiles
were created without changing machining parameters. The resultant profile was
found to differ from, and form the opposite asymmetric shape, to that created by
other energy beam processes. The process mechanics were fully elucidated
showing that the distance between discrete points on the nozzle and the changing
attitude of the nozzle tip with respect to the surface were responsible. Building on

these initial findings, nozzle tips were modified to create discrete areas of
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variation in the IEG within the jet itself (chapter 5.3). This was intended to cause
changes in localised resistance, replicating the findings from the angle of address
experiments whilst maintaining a perpendicular jet and a constant global
resistance. As resistance is directly related to current as described by Ohms law,
as such the current density profile is altered. This leads to controlled flexibility in
the resultant machined profile not seen before in EJM. Profiles were created
entirely counterintuitive to the typical bell-type removal profiles, varying the
positioning of the depth maxima of the profile and achieving multiple valleys within
the same profile. This level of flexibility achieving the aims of this thesis for EJM

and allows single step creation of complex machined profiles.

The Design Impact Factor (DIF) is introduced

To understand the effects of nozzle modification, the DIF equation was developed
(chapter 5.3.3). The main influencing factors of area of a nozzle feature facing
the surface and the distance from the workpiece surface were combined into an
equation to allow the assessment of the impact of a nozzle design. Unlike
traditional die-sinking ECM where the tool is wholly responsible for the shape of
the machined feature, this is not the case in EJM as it is a combined interaction
with the jet and in relation to other features on the nozzle tip. The DIF allows a
true assessment of the relationship between nozzle design features and the
profile that will be generated and is intended to form the basis for future process

modelling in this area.
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A new approach of constant and dynamic tooling was created for complex

channel profiling.

To utilise the novel approach of increased flexibility afforded by modulating the
energy distribution, further hardware innovation was required. A rotary head 4"
axis system was introduced as a new approach, allowing the profile created by
the modified nozzle tip to remain constant regardless of toolpath vector and
minimise any error from design intent (chapter 5.4). Further to this it was
demonstrated for the first time in electrochemical processes that a constantly
evolving feature profile could be created over a defined toolpath within a single
pass through utilisation of the control software, the rotary head and shaped

nozzle tips.

8.3. Electrochemical Innovation

Further to the discussed knowledge gaps (chapter 2.8) achievable precision of
the process is noted as a key research area, increasing of which would bring it

in-line with competing technologies and make it a viable alternative.
Kerf definition is now dissociated from hydrodynamic influence.

For the first time in EJM, it was shown that the formation of the stagnation zone
under an impinging jet and the following creation of the radial wall jet need not
define the kerf of features created (chapter 6.2). This has been a long-established
boundary condition in EJM that within acceptable EJM processing conditions the
kerf of a cut will be = 2 times the nozzle I.D. due to hydrodynamic effects. Through
the introduction of sodium iodide as a doping agent never before seen in EJM,

conflicting anodic reactions are created. Thus, the applied energy goes through
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filtering mechanism due to the introduction of Nal. The doping agent preferentially
requiring energy for the facile route of iodide to iodine conversion, so diverting
energy available for material removal. The effect of this is to remove areas of low
current from the current density distribution found at the periphery of the
impinging jet area so minimising overall machining kerf. This reduction of the
specific area at the shoulder of the profile means the radius is minimised so
achieving a much sharper more defined edge to the feature which has not
previously been achieved in EJM and reduction in overcut up to 60% albeit at the
expense of depth of cut. Thus, it is unequivocally shown that the generation of
the stagnation region need no longer be a consideration in the precision of EJM

thus dissociating precision from hydrodynamic considerations.

Machine technicity enhancement for increased processing flexibility

through electrolyte multiplexing.

The manipulation of nuances associated with different electrolytes and their
removal traits has been largely ignored in EJM. For the first time it was
demonstrated that the individual advantages of Sodium Chloride, Sodium Nitrate
and doped electrolytes as demonstrated in section 6.2 could be utilised with a
new methodology of electrolyte multiplexing. One of the key drivers throughout
this thesis as defined in both the aims of the thesis and identified in the knowledge
gaps, is architecture development and increasing process and hardware
flexibility. Thus, the introduction of an enhanced machine technicity through more
complex machine architecture achieves this. Utilising sequential processing of
NaCl to affect large area material removal, followed by Nal20 to enhance the
precision of features generated, created an efficient processing strategy akin to
traditional roughing and finishing machining strategies. It was further
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demonstrated that the system could be employed to create dynamic surface
textures. This enables a graduated surface finish over a large area to be created
by utilising the surface finish achievable through different electrolyte application.
This demonstrates a low-cost alternative to other processing technologies to
efficiently change the surface qualities such as optical appearance and lustre of

a surface.

8.4. A new approach

Breaking with tradition, through this work, a new approach to EJM was pioneered.
This demonstrated that the boundary conditions of the energy distribution within
the jet and development of the stagnation region beneath the jet need not dictate
the precision achievable in EJM and combining innovations can have a

compounding effect.
A new metric, Machining Mode Evaluation (MME) is developed

To identify and quantify where improvements have been made in introducing
different machining innovations, a new metric was developed (chapter 7.1.1). The
MME is designed to consider improvement within specific regions of the resultant
machined profile, such as depth, kerf, feature shoulder radius, and then combine
them to identify if an overall improvement in the resultant profile has been
achieved. Using metrics specific to the type of profile generated by an energy
beam (chapter 3.8) combined in a single equation, gives a simple way to evaluate
not only singular process innovations but different combinations and obtain
quantitative information as to the best combinations and the influences they have

as a function of changing process parameters.
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Through a combination of innovations, a new approach to EJM has been

explicated.

Through combining innovations detailed throughout this thesis, an entirely new
approach to processing by electrochemical jet techniques was expounded.
Utilising angle of jet address at 22.5° (chapter 5.2) to focus the electric field, a
shaped nozzle, in this case the OSPE, (chapter 5.3) to confine the electric field
to a single point on the nozzle and the doped electrolyte Nal20 to filter out the
low current density areas at the peripheral of the jet (chapter 6.2) a step change
in the precision of EJM is achieved (chapter 7). This approach culminating in the
eradication of overcut as defined as the kerf matching the nozzle 1.D. This
exceeds the previously achieved increases in precision throughout the thesis by
any single innovation and demonstrates the compounding approach of combining
these innovations to achieve a greatly enhanced process. Instead restriction and
manipulation of the energy distribution within the IEG is shown to fulfil one of the
primary identified knowledge gaps of increasing precision in-line with competing

processes.

In order to highlight some of the applications of the work presented in this thesis,
in combination with external collaborators, EJM was demonstrated as an
alternative to laser processing. Firstly, in producing repeating surface texture for
the reduction of wear in automotive cylinder liners in a non-conventional material
Al-Si (Appendix 6). The knowledge in processing a complex alloy gained through

this work proved invaluable to produce features preferential to those created by
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laser. Secondly, in producing large area non-deterministic surface texturing for
enhanced implant osseointegration. Three distinct topographies were derived
from the findings in Chapter 3.8.3 and assed for cell uptake full details of which
can be found in Appendix 7. Lastly, as there is a common architecture between
EJM and electrochemical jet deposition as noted in the thesis introduction and
literature review with the term EJP. As such the approach of in-jet energy
modulation was applied and demonstrated to change the profile shape of

deposited copper features which can be seen in Appendix 5

This thesis has made important contributions to the advancement and
implementation of electrochemical jet processing techniques through
fundamental innovations allowing a step-change in process flexibility, geometric
form flexibility and precision. As such has fulfilled the identified research gaps.
The findings throughout this work demonstrate that electrolytic jet processes
need not be restricted by common boundary conditions developed from in-
common processing technologies and EJM specific process mechanics can be
employed to achieve results beyond what has been expected from consideration
of the literature. This thesis is intended to exemplify the advantages of EJM over
comparison technologies and demonstrate that continued development of the
technology highlights its place as a viable and competitive micro-machining

technology.
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8.5. Future work

Several areas of suggested further work have been identified by the

investigations in this thesis.

It was noted in Chapter 3.8.3 that jet speed appeared to have little influence on
the form or performance of removal. However, all the evidence from the literature
in the response of the diffusion layer for example to increasing applied energy,
would suggest that variation of jet speed should have a larger influence than is
demonstrated through this work. Although some variation is seen at very low flow
rates and on the internal geometry of features in Chapter 5. It would seem likely
that a hypothesis could be formed that variation of jet speed would have the same
effect on surface finish that current density has. This could provide a more
efficient avenue for optimising surface finish than increasing current density.
Alongside this the assessment of the effects on profile geometry especially when
geometry steps are overlaid and so the jet is interacting with prior geometry (as
seen in Chapter 6) is also worthy of investigation to further the development and

implication of EJM.

Although by and large additive mode EJP has not been demonstrated throughout
this thesis several of the hardware innovations are applicable to additive mode.
The application of modified nozzle tips is briefly shown in appendix 5 purely as a
demonstrator of the possibilities. With on-going chemical development to the
feedstock electrolytes, the use of profiled nozzles may move this technology into
a more reliable methods of large scale layered 3D structure creation. As is
demonstrated the use of an STE nozzle enables creation of a much flatter top to

the deposition negating the need for a secondary process step to allow further
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layers to be applied evenly. This coupled with the constant profiling technique
(section 5.4) may enable greater scope for the technology and enables a further

research avenue.

Reduction in feature size presented in section has introduced a new avenue in
the development of EJM. This requires an entirely new set of considerations
regarding the process and hardware. Considerations to filtration, electrolyte
supply, isolation from external vibration factors, nozzle tip manufacture, material
effects and introduced hydrodynamic flow effects at the microscale are required
to be investigated. As it has been shown that the kerf of machined features
approaching the nozzle 1.D. the reliability, accuracy and repeatability become
more susceptible to external influences. However, the rewards of a low-cost

technology capable of a sub 50 um kerf justify the research direction.

The sensitivity of the response profile to changes in nozzle tip design and
approach angle is seen in Chapter 5 highlights further innovations that can be
made in this area. Segmenting the nozzle into separate insulated elements
around the circumference to create a multi-mode nozzle would allow each
element to have individual potentials applied, therefore creating greater control
over the energy distribution. For example, this would enable a more even profiles
when creating curved features as the potential at the inside elements of the curve
could be reduced to allow for the longer dwell and would enable further flexibility

of the profile without changing the nozzle.

To enable further exploitation of the ability to modulate the energy density
distribution and allow a further step-change in micro-machining capability the use

of a more complex form of nozzle translation should be investigated. Such
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alternatives as incorporation of the rotating head and changing nozzle address

into a single head assemble with a further two degrees of freedom mounted on

the stacked X, y, z axis. Or, use of a robotic arm or snake-like actuation to allow

complete control of address and add further competency in achieving 3D

micromachining is worthy of further investigation.
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Appendix:

1. Statement of requirements (SoR) for EJP machine

tool

Req.# Requirement

1 Machine must be capable of controlled material removal utilising the
EJM process

2 The machine must be capable of machining on a sub millimetre scale

3 The machine should be capable of creating a pre-defined pattern

4 The machine should be modular in design to allow for future
expansion

5 The machine should have 3 axis (X, y, z)

6 The machine should be safe in operation and avoid direct user
interface

7 The machine in its entirety should meet all relevant safety standards

and practice in-line with HSE and UoN health and safety manual

8 All systems should be integrated as far as practicable and should

include:

e Controlled spatial movement of end-effector
e Controlled and variable electrolyte flow

e Controlled and variable electrical power (current and voltage)
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10

11

12

13

14

15

16

17

18

Nozzle spatial feedback should be provided

End-effector should be capable of a minimum traverse speed of 50

pm/s

Current density should be aimed to be able to achieve a resolution

of 2 Alcm?2

Head design should include:

e Nozzle I.D. of 200 um
e Be interchangeable to allow for different jet sizes
e Incorporate a compressed air shroud co-axially to the

electrolyte jet

End-effector should be controlled to a resolution of 1 ym in x and y

axis and 100 ym in z.

The control system should reflect the resolution possible in

repeatability and accuracy

Jet access to the component should be maximised

Provision of a storage facility for supply of solution

Supply pressure from the electrolyte tank should range from 0.3 Mpa

to 0.5 Mpa

Machine must be capable of a minimum 30-minute continuous

machining run time
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19

20

21

22

23

24

25

26

Provision should be made for removal of solution and debris from the

work interface
Method must be provided to capture waste solution
The work envelope should be 200 x 200 x 200 mm

There should be ease of workpiece unloading / loading (placement)

considering the scale of components

The following systems should have dynamic capability as far as
possible to allow for continual change of parameters during

operation:

e Axis control
e Electrolyte flow

e Electrical current
Jet nozzle should be treated as a consumable
Control system should include a traditional style CNC GUI

All PC to Machine interfaces should utilise modern communication
interfaces (USB and / or Ethernet) to allow control from any modern

laptop or PC
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2. Example of design iteration map

Initial end-effector

architecture concepts Concept 1

Concept 2

Concepts chosen to develop to
CAD through evaluation matrix

Concept 3 Concept 4

Initial design based on
concepts and design
data

Shroud 1

Addition of direct air
supply port to shroud

Shroud 2

Bell shape change with
strengthening of intake
port

Shroud 3

Concept 3

Concept4  Concept5

Concept 5

Initial design based on
concepts and design
data

Head 1

Design simplified for

Head 2

test sample and cable
routing added

Test 1 concept head

Designed to isolate electrical
flow from head to actuator

Removed 5mm from height of
bell due to test results

Holding con
1

Holding concept
Probe sub ASM 1

Optimised for minimised
mass and simplified DFA

Optimised design for
reduced weight and addition

-
-

of features for alignment and
protection of nozzle

Orientation
concept 1

Orientation
concept 2

Orientation
concept 3

Production head V2

Production head V3

Probe sub ASM 2
W

Bracket 4

Design fully embodied and addition
of features for assemble alignment

to ensure vertical orientation

Designed for end-effector
—actuator interface

Bracket 1

Revised for touch probe

Bracket 2 . . .
integration + solenoid

Optimised for minimised
mass and strength

Optimised for minimised
mass and integration into
bracket

Design optimised for reduced mass,
revised cabling route, mounting
points and simplified DFA features

Centre aperture feature removed
due to manufacturing clearance
issues, top interface section
reduced to minimise contact area
at actuator interface

Example of a design iteration map used in the design and evolution of the generation 1 platform, in this

case for a re-design of the end effector
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3. Machine upgrades Gen. 1to Gen. 1.5

Nozzle touch sense — Removed due to IP consideration.

Multiple electrolyte control — Introduction of an extra electrolyte tank and rinse
tank holding deionised water has meant quick selection of a different electrolyte
types and automatic cleaning regimes of the pump and electrolyte lines can be
implemented. Controlled by solenoids from an output on the machine CPU which
is activated as part of the control program has meant ease of operator use in
machining different materials requiring different electrolytes and aid in

housekeeping of the machine and components.

Head development — Throughout the development of the Generation 1 machine
continual modifications of the head geometry and design have been required to
fit innovations and simplification of architecture. For example, the removal of the
external touch probe system (seen in Figure 3.4) to set the IEG distance, being
replaced by the touch sense system meant the head design could be vastly
simplified. The incorporation of 3D printing techniques allowed rapid design and
assessment of varying components within the head. Both the head bracket and
shroud seen in Figure 3.6, being designed and manufactured by fused filament
fabrication (FFF) [287] allowing for simplistic designs with optimised
configurations. When coated with enamel paint, and due to the load exerted on
the head, these make serviceable components that are low cost, water and air
tight, and inherently provide corrosion resistance and electrical isolation due to

their polymer construction.

Component upgrades — Throughout the course of the generation 1 machine

development limitations, and material and component failure arose as the
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technique was refined. Material wise it was found that only high grade stainless
steel (grade 316, 2205 Duplex and Superduplex) and polymers were suitable for
any component within the machine tool. Even outside the direct interaction zone
of the jet, the atomised electrolyte plume would reach and corrode any un-coated
metallic component within the machine tool body. Where components were
required to be light weight and load-bearing, aluminium alloy was used with a
coating applied to avoid oxidation. The main power supply to the IEG was also
an area that required significant improvement as the process developed with
increasing demands on power and remote capability in terms of reaction speed
and resolution to commands produced as part of the main control program. This
exemplifies one of the main ethos of the design development that all peripheral
controls should be computer numerically controlled (CNC) and controllable

dynamically by the tool path specific master control program.

Machine architecture — In the same manner as component upgrades, as the
process developed so the machine architecture was required to change with it.
This was made feasible by the adherence to the original design requirement of
the machine adopting a modular design in order to allow for changes due to
research outcomes. The main changes being the addition of a secondary module
to house the expanding peripheral control systems, PSU, electrolyte tanks and
fixturing for the controller and modification of the z-axis and machine table to

allow the motion, accuracy and resolution now required.

4. Key improvements over Gen. 1.5 platform

Fluid management (architecture schematic shown in figure App 1) — Removed due

to IP consideration
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Air management (system architecture is shown in Figure App 3) — Removed due to

IP consideration.

Removed due to IP consideration

Figure Appl: Schematic of the fluid management system incorporated in generation 2 machine
tool

Removed due to IP consideration

Figure App 2: Example of a looping program architecture used for peripheral control in this
case for the electrolyte recirculation system

Control (System architecture shown in Figure App 4) — For the Generation 2
machine design the emphasis was on complete automation of all core and
peripheral functions alongside maximising operator usability. To this ends all
functions, including those that were previously manual, such as setting polarity,
can now be controlled as a function of the master control program for an individual
part. Via a CAN-bus expansion system all peripheral systems are connected to
the machine CPU either directly to the 1/0O ports (digital or Analogue) or the via

contactors in the case of polarity, nozzle touch sense and 12 V pump supply.

Removed due to IP consideration

Figure App 3: air flow management (a) schematic of compressed air system (b) excerpt from 3D model
showing extraction system sectioned (c) image of extraction system and compressed air
system during machine construction

Contactors are now also used for the emergency stop system whereby the E-
stop button controls the contactors which allows power to flow to the 24 V, 12 V

and nozzle PSU’s alongside the axis drivers. This means that if the E-stop button
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is activated the entire machine is instantly cut dead. The axis is now driven by
servo motors rather than steppers used in the generation 1, giving superior
resolution and smoothing of the translation movement. This was deemed
necessary due to the direct relation between dwell of the jet and material removal,
therefore any latency or oscillation in the translation will directly impact on the

created feature geometry and surface roughness.

Removed due to IP consideration

Figure App 4: Generation 2 Control and power architecture schematic
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5. Application of energy modulation in deposition

It was demonstrated that modifications to the electrolyte jet nozzle tip to affect

changes in in-jet resistance are also applicable in deposition mode.

A simplistic parameter window was developed that showed that formed structure
morphology and precision is highly dependent on the energy experienced within
in the IEG and a balance must be found between current density, traverse speed

and electrolyte concentration.

Utilising the defined parameters OSPE and STE nozzle designs were employed
to create layered structures distinct from that found when a standard nozzle is
used. This shows potential for future development as a layer based additive

manufacturing technology.

However, the morphology of the structures is still found to be quite poor and prone
to peripheral artefacts when non-acidified solutions are used. Further
development of the electrolyte chemistry and refinement of processing
parameters especially relating to dynamic application is required to created

repeatable and reliable structures.
Dynamic process window definition

Experimental studies were carried out utilising the generation 1 research
platform (see section 3.1). A 0.5 mm |.D. nozzle was employed, and electrolyte
jet speed was set at 16 m/s. The IEG was initially set at 0.5 mm. Tracks of 15 mm
length were deposited on polished copper substrate (in this case the cathode) to
allow analysis at different points along the tracks. Current densities investigated

were skewed to the lower end of the machines capabilities. This decision was
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made from observations by prior research [38]. The feed rate and the

concentrations used can be seen in Table 5.1

Within these tests, the higher end of current density was not used with the lowest
copper concentration because the voltage supplied had reached its maximum
point, hence no further current would be supplied as the resistance of the solution
was too high. Attempting to run the highest current density would result in a
greater risk of arcing between the nozzle and the cathode as the easier current
pathway was external to the jet. This would jeopardise the experiment as the
nozzle would become deformed in the process, affecting the form of the impinging
jet, potentially skewing results and creating data unrepresentative of the process

as intended.

Table 5.1: Parameters used for track depositions

Parameter Magnitude
Nozzle travers speed (mm/s) 0.2,2,20

CuS04.5H20 Concentration (Moles) 0.01,0.1,1
Current Density (A/cm?) 4,9, 15, 40

In almost all cases current densities beyond 9 A/cm2 led to poor feature definition
and a rougher finish with more dendritic copper artefacts being formed on the
surface rather than contributing to the bulk. It appears there is a cut-off point of a
combination of feed rate and current density, at which few or no dendritic
structures form as can be seen in Table 5.2. The formation of dendritic structures
is clear in the 3D surface maps seen in Figure App 5, in which sharp towers
appear. These findings agree with work previously carried out by Bocking in 1994

[5] for spot deposition. It was stated that with similar parameters, beyond 5 A/cm2,
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structures with higher porosity formed. It was found that in every deposit at
20mm/s as well as many deposits with 0.01M copper sulphate concentration that
the copper deposit would not cover the impingement region, giving rise to isolated
deposition regions. This is thought to be due to the lack of energy density
available to reduce dissolved metal cations in comparison the same sporadic
occurrence of deposition occurred when a concentration of 0.1M copper sulphate
was used but this instead is due to the lack of cations present in the electrolyte

to be converted.

Feature height

Figure App 5 Morphology and roughness at 0.2mm/s feed rate, 0.1M CuSo4 concentration. a)
4.4 Alcm?2 b) 9.3 A/lcm? ¢) 15.2 A/cm? d) 39.2 A/lcm?. Note increased height scale on
candd
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Table 5.2: Qualitative information of deposition structure with varying parameters

Parameters Current Density (Alcm?)
Copper Feed rate (mm/s) 4 9 15 40
concentration (M)
Nodular,
0.01 0.2 incomplete Nodular Nodular N/A
surface
Nodular, Nodular,
0.01 2 incomplete Nodular incomplete N/A
surface surface
Nodular, Nodular,
0.1 0.2 Nodular Nodular
dendritic dendritic
Nodular,
0.1 2 Smooth Smooth Nodular
dendritic
Nodular,
1 0.2 Smooth Smooth Merged
dendritic
1 2 Smooth Smooth Smooth Nodular

The higher the concentration of the electrolytes used, the more likely a deposit is
to be smooth as is seen in Table 5.2. This pattern also follows the trend noted by
Bocking in 1994 [5], stating that a higher concentration enables a greater usable
current density. Above this usable current density deposits tend to form nodular

and dendritic structures.

It can be observed that with increased current density the width of the tracks
increases. Using the 0.1 M copper sulphate solution, the width of the deposit
plateaued as current density increased. However, with the 1 M solution, this width
continues to increase. This increase continues to the extent that the more
concentrated solution produced a larger width than the 0.1 M solution when it was
traversing at ten times the feed rate. This is likely due to the increased maximum
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current density, which therefore increases plating rate. The trend of increased
plating rate was documented by Bocking 1992 [8] when using a sulfuric acid

based copper solution.

These initial findings demonstrate the balance that is required between ionic
strength and the available energy within the jet in order to achieve precise and

homogeneous deposited structures.

A process window was selected of 1 M concentration of CuSO4.5H20, feed rate
of 2 mm/s and current density of 4 A/lcm? and an IEG of 0.5 mm. These
parameters were modified to suit a 1 mm |.D. nozzle and employed with the
OSPE and STE nozzles (Figure 5.18) with 100 passes over the same toolpath
but with a lift in the Z direction of 0.02 mm every two passes in order to maintain

the intended IEG as the deposition grew.
Results

Examples of the resultant profiles of these depositions can be seen in Figure App.
6 It is immediately obvious the modified current density field has impacted on the
shape of the deposition. There are acute similarities between the additive and
subtractive resultant profiles with a shift in the maximum feature height from the
centre as expected from a standard nozzle to one side with the OSPE nozzle
(Figure App 6a). With the STE nozzle (Figure App 6b) the maxima of the feature
is widened from that expected resembling that of a multi-pass feature with a blunt
feature tip rather than a sharper peak as expected with a typical Gaussian current

distribution.

The OSPE nozzle achieving a deposition rate of 470 nm per layer and the STE

nozzle achieving 550 nm per layer. This corresponds to increased resistance
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found with the OSPE nozzle in comparison to the STE nozzle seen in Figure App
6b and demonstrates a direct correlation between resistance within the IEG and

deposition rates.

60 60+

50 50

40 40

30 30

20 204

Feature height (um)
Feature height (um)

T T T
0.0 0.5 1.0 1.5 20 25 0.0 0.5 10 1.5 2.0 25
Feature width (mm) Feature width (mm)

Figure App.6: Exemplar profiles of additive features generated with modified nozzles (a) OSPE nozzle
(shown in insert) (b) STE nozzle (shown in insert). Scale bars are 500 um

It can be seen however in Figure App 7 that the microstructure of the depositions
is quite poor and inhomogeneous with isolated copper artefacts created on the
surface. Although the deposits are adherent to the surface and structurally solid,
further development of the chemistry and processing parameters is required to
make 3D additive structuring a variable free-form fabrication technique. Research
is currently being undertaken to this end through the use of organic and non-

organic additives in order to improve and control the resulting micro-structure .
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Figure App 7: Coloured SEM images of deposition structures (a) STE nozzle design (b) OSPE nozzle
design

6. Tribological behaviour of an electrochemical jet
machined textured Al-Si automotive cylinder liner

material tribological testing methodology

Introduction

Projected increases in worldwide automotive vehicle numbers [288] place an ever
increasing emphasis on improvements to vehicle fuel economy and reduction of
environmental emissions in an effort to achieve sustainability [289]. Vehicle light-
weighting technology is one means to achieve this objective [290, 291] and has
seen increasing research and development of aluminium alloys and composites
for use in engine applications, in particular the wear resistant eutectic Al-Si
system [292-297]. Holmberg et al [298] suggested that on average, 45% of
energy losses in a typical internal combustion engine are used to overcome

friction within the piston assembly. This has led in recent years to intensive
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research into the applicability of surface texturing to the cylinder bore surfaces.
Early work by Etsion et al. [299-301] into the applicability of laser surface texturing
to automotive contacts has led to a significant body of literature on the
applicability of this technique for improving frictional performance of reciprocating
engine components [302-312]. However, the applicability of surface texturing for
enhanced tribological properties is not universal and improvements in frictional
response of sliding couples are sensitive to both the texture geometry as well as
the contact environment. Dimple size (depth, diameter) has been identified as a
key variable of texturing performance as well as the areal coverage of the feature
density [313, 314]. Hence the precision of the application process is critical. The
sliding parameters that the contact operates under, namely the lubrication
regime, fluid viscosity and contact geometry also strongly determine if texturing

is beneficial or detrimental to the overall friction and wear performance [311].

Application of surface textures in this field, has in the most part been
demonstrated by laser micro-machining. However, as noted in section 2.6, laser
surface texturing of metallic surfaces is prone to a number of drawbacks. The
microstructure in the immediate vicinity of textured features is often altered as a
result of the heat energy input. Concurrently, the presence of surface lips or burs
around features can compromise friction and wear performance without a further
machining step to remove them [302, 305, 307-309, 311]. As noted in section 2.6
this can somewhat be overcome using femto second lasers. However, the
intended application in the automotive sector greatly influences the capital

expenditure required to implement such a system.

This study investigates the applicability of subtractive mode EJP to surface
texture a hyper-eutectic Al-Si alloy for lubricated reciprocating tribological testing
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and compares the feature generation to that created by laser for the same

application.
Methodology

This investigation was carried out in conjunction with the national centre for
advanced tribology, Southampton (nCATS) who carried out the tribological

testing and analysis. The methodology for this can be found in appendix 6.

A hyper-eutectic A390 Al-Si alloy, nominal composition indicated in Table App
6.1, was obtained from MS International GmbH, Germany, in the form of a
cylinder liner blank. Rectangular samples 58 x 20 x 4mm were prepared using an
electro-discharge machine (Sodick SLC600G), such that the long dimension was
parallel with the cylindrical liner axis. Samples were then parallel flat lapped using
a Kemet 15 lapping machine with 25 ym diamond suspension. Surfaces for
tribological testing were further polished using the same lapping procedure down
to a 6 um diamond suspension finish. To expose the load bearing primary silicon
colonies from the matrix, each sample was immersed in a 10% NaOH solution

for 180 seconds before being cleaning in de-ionised water.

Table App 6.1: Nominal weight percentage of a A390 alloy [315]

Al-Si | Si Cu Mg Zn Al

wt % 17.0 4.5 0.6 0.5 Bal.

Considering the analysis carried out in chapter 4 and noting the electrode
potential of Aluminium (E° Al(s) — AlP*@ag + 3e! = 1.662 V vs SHE) when
compared to titanium (E° Tis) — Ti*(ag) + 21 = 1.63 V vs SHE), to achieve an

aspect ratio of 0.1 it would be expected that a similar current density too that used

349



in titanium to could be employed (=400 A/cm?). This is taking into account initial
testing that found a 0.15 ym nozzle would generate = 400 um diameter dimple.
The wider than normal diameter likely due to passivation effects similar to titanium
(see Chapter 4) and the inert silicon inclusions resisting machining. However, a
further two factors need to be considered to ascertain the required applied
parameters. Firstly, as seen in the machining of titanium in Chapter 4, the low
resistivity of aluminium leads to enhanced machining of aluminium elements. This
means when machining Al substrates more energy is available at the anode
surface due to the ease of transition of charge through the substrate. Thus, less
energy is required for similar removal than titanium. Secondly, seen in the
machining of In718 (Chapter 4) the precipitate wash-out can have a large effect
on enhancing MRR. In Al-Si the silicon inclusions are large, therefore wash-out
is also likely to mean again much less energy is required to achieve the correct
depth and may lead to a high level of feature size variance. These factors alone
make it difficult to theoretically define the required energy. Due to this an initial
test was used to determine the correct energy requirement. A series of holes was
machined in an array using a fixed dwell but varied J values from 100 A/cm?
through to 400 A/cm?. From this it was found that the correct depth can be
achieved with just 220 A/cm? considerable less than that expected (Figure App
6.1), although the variance to the profile shape caused by the inert inclusions is
obvious and expected being similar to that found in the literature review in MMC’s

(see section 2.3.6)
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Figure App 6.1: Extracted profile section of aspect ratio tests with actual parameters used in the centre

The process parameter sets for both laser and EJP are shown in Table App 6.2.

These remained constant across all samples.

Table App 6.2 EJP and Laser parameter set

EJP parameters Laser parameters

Electrolyte NaCl @ 2.3 mol. Laser 2 kW IPG Ytterbium
doped, CW, fibre

IEG 500 pm Wavelength 1070 nm

Nozzle Size (1.D.) 152 pm Inclination 15°

Dwell Time 15s. Dwell 5ms

Current Density 220 Alcm2

Electrolyte Flow Rate 80 ml/min

The laser processing was carried out at the University of Southampton on a 3-
axis laser with a pre-programmed toolpath. Dimple depth was selected based on
an e-ratio (depth/diameter) of 0.1, which had been previously reported in the
literature to be the optimum ratio of low friction performance [300, 316]. A dimple
spacing distance of 5D was created, where D is the dimple diameter. For
processing by EJP a fixed current and floating voltage was used to machine a 12
x 19 array of dimples (g 420 um x Depth 42 um) created using a bouncing type

tool path, Figure App 6.2, taking = 20 minutes per sample. Between each dwell
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point used to create the dimple, the end-effector arcs rapidly away from the
surface to ensure dissolution only develops at the desired point. This occurs by
rapidly increasing stand-off therefore the in-jet resistance, so no stray current can
affect dissolution and maintains pattern precision. Repeatability of the array
positioning relative to the workpiece was maintained throughout the generation
of all samples by use of the touch sense datum system. This allows the start point
(X, Y) and nozzle stand-off (Z) to be set relative to the workpiece surfaces using

the nozzle for positional feedback.

Machining
Direction

Figure App 6.2: Schematic of EJP sample generation tool path including actual machined sample

Textured samples we tested in a lubricated reciprocating sliding line contact
configuration against a 52100 G5 roller bearing element (6mm diameter, 16mm

length, Bearing Boys, UK) using a Phoenix Tribology TE77 high frequency
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reciprocating tribometer. Prior to assembly, both the flat liner samples and
cylindrical roller bearing elements were ultrasonically cleaned and de-greased in
a solution of 60—80 petroleum ether and weighted using a precision balance to
within 1 x 10-5g. The liner was then immersed in a bath of unformulated synthetic
polyalphaolefin (PAO, SpectraSyn 4, ExxonMobil) with a kinematic viscosity of 4
cSt at 100°C. The dynamic viscosity of the lubricating fluid was determined for
the test temperature as 0.0316 Pa.s using an Anton Paar MCR302 viscometer at
21.7°C and shear rates between 10 to 1000 reciprocal seconds. A normal load
of 50N (corresponding to an initial Hertzian line contact pressure of 141.9 MPa)
was applied to the counter surface and reciprocating sliding at a stroke length of
25mm conducted at frequency increments of 1 Hz every 40 seconds between 1—
16 Hz. Once complete, the normal load was incremented 50N and the frequency
sweep repeated, up to a maximum normal load of 200N. The test was repeated
using an un-textured liner sample prepared in the same way outlined above.
Average friction coefficient data was plotted against a mid-stroke Hersey Number
to generate Stribeck curves in order to determine changes in trends arising from

the surface texturing during different lubrication regimes.

Results

The results of the laser processing can be seen in Figure App 6.3a, b and
compared to the EJP created dimple (Figure App 6.3c). Figure App 6.3a, shows
the laser created dimple demonstrating that the thermally loaded surface through
ablation leads to edge burs. Figure App 6.3b shows the laser created dimple after
post processing to remove the burs, noting that this compromises the Si particle
condition. In comparison the dimple created by EJP (Figure App 6.3c)
demonstrates clean burr-free edges requiring no post processing. The Si particle
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distribution is also un-disturbed as the preferential machining using short
processing times preferentially removes the matrix alloy leaving behind the

carbide in the same manner as the findings of In718 in chapter 3.8.3.

Figure App 6.3: comparison of features created for reduced wear surface by (a) laser (b) laser after
post process edge removal (c) by EJP with Si particle remaining. All scale bars are 100 um

The machined texture pattern was a rectangular array of hemispherical dimples,
measured at 1.50 = 0.01lmm intervals (Figure App.6.4). The average dimple
radius was measured to be 210 £ 4um, whilst the corresponding dimple depth
was measured to be 40 + 3um. This corresponded to a depth/diameter ratio, €, of
0.095 and a surface dimple area coverage of 6.2%. The colour depth map and

line profile in Figure App.6.4b and c clearly showed the absence of any burs or
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lips at the edge of each dimple, however the centre of the dimple appeared more

uneven and less hemispherical.

Profile depth

S
o
1

T

3
3

Figure App.6.4: Analysis of dimple array (a) optical image, (b) surface reconstruction depth map and (c)
profile of created dimples

Higher magnification inspection using SEM, Figure App.6.5, revealed an etched
cavity with a rough surface, corresponding to the angular morphology of primary

silicon particles. Indeed, some such particles were still present within the feature.
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Figure App.6.5: Angled SEM image of dimple revealing the etched structure around the inclusion (scale
bar 200 um)

Inspection of the surfaces post the wear tests (Figure App.6.6), show the created
dimples have maintained their form showing no signs of deterioration and the
revealed silicon still remaining intact in the dimple bases. It can be seen however
that there are noticeable topographical differences arising from the texturing. A
discontinuity in the surface damage can be observed in the space between the
textured lines according to the direction of the sliding mechanism. The
reciprocating sliding direction being horizontal (Figure App.6.6a). The most
significant amount of wear appears to have taken place between the textured
features, parallel to the sliding direction, in the centre of both Figure App.6.6a and
b. However, closer inspection of the surface topography (Figure App.6.6¢ and d)
indicates that this area is in fact raised above the surrounding surface. Inspection
of the worn counter surface did not reveal any such discontinuity as a result of
the textured pattern, presenting an evenly worn, flat surface of width 1.08 +
0.27mm. Higher magnification SEM images in Figure App.6.6b suggests
differences in the surface morphology around the primary silicon particles. It can
be seen from Figure App.6.6c, taken from within the raised area, that the primary
silicon particles are no longer raised above the surrounding matrix, being flush
with the surrounding material. In contrast, Figure App.6.6d, which was taken from
an area next to a textured feature in the same horizontal plane, indicating that the
primary silicon particles retain their step height difference from the etching phase,

being raised above the surrounding matrix.
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Figure App.6.6: SEM images of the worn textured Al-Si surface after sliding wear tests at 100 N, 10 Hz
demonstrating the different wear patterns created by the texture inclusion(a)and (b). Higher
magnification images of the areas on the surface directly below the dimple (c) and to the
right (d)

The interface of the raised area was examined in further detail with EDS (defined
in section 3.5.2) (Figure App.6.7). The area corresponding to A exhibited the
presence of Fe and Cr species only in the area of the raised tribo-layer, whilst the
area next to a dimple marked as B showed no evidence of compounds associated
with the composition of the counter-face material. Such a mechanism was similar
to that proposed by Dienwiebel et al. [2007] [295] for tribological conditioning of
an Al-Si surface, with wear debris particles re-embedding themselves into the

relatively soft aluminium matrix, leading to friction induced dispersion hardening.
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Figure App.6.7: SEM imaging from the transition area between wear regimes and EDS data from the
areas marked A and B

This tribo layer was formed due to the silicon particles in these regions being
effective as two body abrasives against the counter surface, causing an order of
magnitude increase in mass loss from the counter surface. This was due to the
similar hardness of the silicon particles (Hv 747) and the counter-surface (Hv
788). In traditional preparation of a bore lining, the mechanical honing of Al-Si
alloys produces more rounded apexes on the silicon particles, an etched
exposure of the silicon as used in this study tends to leave angular particles that
are more effective at two body abrasion as they are microscopically individually
harder than the ferrous counter surface matrix. Wear debris was subsequently
transferred to the liner and formed a compacted tribo-layer around the silicon

colonies, such that they no longer protruded above the surface.

Average coefficient of friction values for both textured and un-textured surfaces
over the range of conditions tested initially are shown in Figure App.6.8. It can be

seen that in the boundary to mixed lubrication regime, the textured surfaces
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displayed a lower coefficient of friction for all conditions tested. In particular, at

the 50N and 150N conditions, decreases in average coefficient of friction in the

mixed lubrication regime were from 0.13 for the un-textured to 0.08 for the

textured sample, approximately a 38.5% decrease.
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Figure App.6.8: Stribeck curves for textured and un-textured surfaces at a)50N; b)100N; ¢)150N and

d)200N.
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Figure App.6.9: Average coefficient of friction for tests conducted at 100N and 10Hz.

Wear testing within the boundary lubrication regime at a constant set of conditions
(100N, 10Hz), Figure App.6.9, also resulted in a decrease in the average
coefficient of friction of a textured surface (0.138 + 0.009) compared to a un-
textured surface (0.153 + 0.006), although the decrease was less than that
observed in the mixed lubrication regime, approximately 9.6% compared to
38.5%. Dimensionless wear coefficients, k, were calculated from equation (1),
using the data in Table 2 and showed that the textured liner surfaces exhibited a
lower wear rate, 8.25 x 10-4 + 9.82 x 10-5 compared to the un-textured surface,
12.58 x 10-4. The measured mass loss from the counter face surface for each
test was an order of magnitude greater than that recorded for the liner surfaces,
Table 3. Unlike the liner wear coefficients, values for the counter surface from the
un-textured test (9.16 x 10-3) and the textured tests (8.87 x 10-3 £ 4.08 x 10-4)

were remarkably similar.
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Test Mass Loss | Volume loss | Sliding Dimensionless wear
(@) (mm?) Distance (m) coefficient, k

Un-Textured 0.00047 0.175 1816.86 12.58 x 10

Textured 1 0.00034 0.124 1814.69 8.95 x 10*

Textured 2 0.00028 0.105 1816.85 7.56 x 10

Table 3. Liner wear data.

Test Mass Loss | Volume loss | Sliding Dimensionless wear
(9) (mm?) Distance (m) coefficient, k

Un-Textured 0.00476 0.610 1816.86 9.16 x 102

Textured 1 0.00494 0.633 1814.69 8.82 x 103

Textured 2 0.00464 0.594 1816.85 8.58 x 103

Table 4. Counter surface wear data.

Conclusion

Electrochemical jet machining was able to create a rectangular array of dimple
features at a spacing of 1.5mm and ¢ ratio of 0.095, with a 6.2% surface area
density. This was close to the optimal depth/diameter ratio of 0.1 and provided
good repeatability in feature size and placement in a typically difficult to machine
material. The topography within each feature did not exhibit a smooth
hemispherical surface but a high degree of angularity. This was the result of

selective electrochemical dissolution, preferentially removing aluminium from
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around the primary silicon and intermetallic phases. It was observed that in some
instances primary silicon particles were not completely detached from the
surrounding matrix, however this did not appear to affect the tribological
performance of the textured surfaces. Importantly, the electrochemical jet
machining process resulted in the manufacture of hemispherical dimples that did
not exhibit a heat affected zone, burrs or lips that are often a feature of ablative
processes of metallic materials and can compromise friction and wear
performance. This is advantageous as the electrochemical jet machining process
can be used as a time-efficient one step finishing process for creating surface
textures on aluminium-based cylinder liner materials for enhanced friction and

wear performan ce.

The textured features on the Al-Si surface appeared to promote more effective
lubrication between features along the plane of sliding, such that abrasive wear
debris is removed from the contact in these regions. This mitigates the formation
of a surface tribo-layer and concurrently reduces the contribution to the average
friction coefficient. Under boundary and mixed lubrication regimes, EJP textured
Al-Si surfaces all exhibited a reduction in average coefficient of friction values.
The greatest decrease was observed in the mixed lubrication region of the

Stribeck curve, where decreases of up to 38.5% occurred.
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7. Stem cell differentia methodology

Introduction

Through the literature review it was noted that large area non-deterministic micro-
structuring of bio-medical implants can elicit specific cell responses (see section
2.6.2). Specifically, the use of textured surfaces in skeletal implants has received
a great deal of interest. The use of lasers to create these textured surfaces was
identified through the literature review as being a credible alternative to the use
of acid etching to generate the required surface topography and as such the focus
of considerable research. However, the disadvantages identified of the mode of
energy delivery to the surface as noted in section 2.6 can create detrimental
effects to the integrity of the surface, especially when considering the re-cast
layer formed, in some instances, constitutes the micro-texture formed. Alongside
this, the technical complexity of the process leads to high capital expenditure and
relatively low throughput in comparison to acid etching techniques. It has been
demonstrated in Chapter 4 that EJP in subtractive mode is able to generate
surface features in multiple length-scale surfaces due to nuances of the mode of
energy delivery when combined with material traits. Throughout this thesis the
controllability of the process in creating differing surface topographies through
simple parameter and tool path adaptions is well demonstrated. Therefore, EJP
could offer the flexibility and sustainability of laser textured surfaces without
detrimental surface effects whilst maintaining the simplicity of acid etching.
Therefore an investigation was devised to use a common skeletal implant
material (TiI6AL-4V) identified in the literature as of interest in EJP (Sections 2.3.6

and 2.7.3) and using the material response knowledge gained in Chapter 4, to
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apply large area surface texturing across the dissolution regimes identified so
obtaining differing surface morphologies. These surfaces were then tested by the
Bone and Joint research group (University of Southampton) for cell response.
The premise being to identify if textures created by EJP could initiate different cell

responses dependant on the topography created.

Surface processing

Titanium (Ti6AI-4V) was used as the substrate throughout this study due to its
common use in structural skeletal implants (see Chapter 4 for further material
details). 20 x 20 mm samples were sectioned from a 3 mm plate. No other
preconditioning or polishing was carried out prior to machining with a surface

roughness (Sa) of 3 ym.

Three parameter sets were devised based on the information gained in Chapter
4 (Table App.7.1) that achieve significantly different topographies due to increases
in current density affecting material response. Six repeat samples were created

for each batch including 6 control samples (Batch C).

On each sample the jet was rastered across the surface with a 60% step over
(Figure App.7.1). Batch A and B process parameters are kept constant across the
surface. Batch D required a 50% decrease in applied current for the first and last
one mm of each translation across the surface (ramp in and out) to avoid unstable
conditions damaging the surface of the workpiece as the nozzle enters and exits

the workpiece.
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Table App.7.1 Processing parameters for 3 batches of titanium samples based on finding in section 4:

Parameter Batch A Batch B Batch D
Electrolyte / concentration NaCl/3 M NaCl/3 M NaCl/3 M
Nozzle I.D. mm 1 1 0.5
Applied current density (J) 35 112 285
Alcm?

Nozzle translation speed 0.5 0.5 0.5

(Vnoz) mm/s

Inter electrode gap (IEG) 0.75 0.75 0.75

mm

Electrolyte jet speed (Vi) 16 16 25

m/s

Post machining, the samples were immersed in acetone and cleaned using an

ultrasonic cleaner, then rinsed in cleaned again in an ultrasonic cleaner immersed

in deionised water. Surface characterisation was carried out in line with Chapter

3.

Nozzle Motion

60% step over
between striations

Figure App.7.1: Toolpath of nozzle with stepover to create the surface texture
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Stem cell preparation

All cultures were conducted in basal media:

Basal medium contained a-MEM, 10% FCS and 1% Penicillin-Streptomycin (P/S)
and was used to maintain human Bone Marrow Stromal/Skeletal Stem Cell

cultures.

STRO 1+ Skeletal stem cell (SSC) isolation.

Bone marrow and femoral head samples were collected from patients who were
undergoing hip replacement surgery either for hip fracture or electively and were
haematologically fit to proceed with the procedure. Collection was undertaken
with the local ethics committee approval (LREC194/99/1). If the bone marrow
sample was insufficient, it was augmented by processing cancellous bone
fragments obtained from the supplementary femoral neck. The fragments were
acquired by taking pieces of the cancellous bone from the femoral neck with
orthopaedic bone nibblers, while discarding the cortex. The bone marrow was
repeatedly agitated in a-MEM to release the osteoprogenitor cells, which were
then pelleted by centrifugation at 1100 rpm for 4 minutes at 18°C. The cell pellet
was re-suspended in 25 ml of a-MEM and filtered through a 70 ym cell strainer
to remove bone debris. To remove the red blood cells, the cell suspension was
gently layered onto Lymphoprep (Stemcell Technologies, 07801)) and
centrifuged at 2200rpm (800g) for 40min at 18°C with the brake off. The cells
were then removed from the interface layer and pelleted. To further select the
STRO 1+ SSC fraction from adult bone marrow cells, the pellet was re-
suspended in 2ml of MACS Blocking Buffer (17ml a-MEM, 2ml AB Serum human,

0.2g BSA, 1ml FCS) for 30 minutes, then rinsed in a chilled MACS buffer (1L
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PBS, 5g BSA, 0.74448g EDTA), re-suspended once more in 1ml of STRO 1
hybridoma supernatant and incubated for 30 minutes. The cells were then
washed in MACS buffer and re-suspended in 800 pl of MACS buffer and 200 pl
of MACS Goat Anti-mouse IgM MicroBeads (Miltenyl Biotec — 130048401) for 15
minutes. The cells were then washed in MACS buffer and, to achieve further
selection of STRO 1-enriched SSC fraction from bone marrow cell population,
passed through MACS Separation Columns (Miltenyl Biotec — 130042401),
before being seeded into tissue culture flasks in a-MEM, 10% FCS and 1% P/S
at 37°C in 5% CO2. When cells became 60-70% confluent, they were washed
with PBS and released using Trypsin-EDTA. The cells were pelleted and
resuspended in basal medium. Only passage 1 cells (unless otherwise specified)

were used in all experiments.
Ti 6A-4V sample preparation for cell seeding.

Substrates were carefully transferred into culture plates and sterilised for a
minimum of 24 hours in antibiotic-antimycotic solution (Life Technologies,
Invitrogen, UK) diluted to 1% in PBS. The substrates were then transferred using

sterile forceps into clean plates and washed 3 times in PBS prior to further use.
Cell seeding and culture

The STRO 1 cells were seeded at 220/cm? (500/ml x 4 ml) concentrations in 6-
well plates, either directly onto tissue culture plastic (control groups) or the ample
surfaces being tested. A 220/cm? cell seeding density has been shown previously
within the UoS Bone and Joint Research Group and by the protocol optimisation

experiments to be optimal to avoid early over confluence of the cells. The cells
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were cultured for 21 days at 37°C in 5% CO2. Medium was changed twice a

week.

Cell health assessment

CellTracker™ Green (CTG) CMFDA and ethidium homodimer-1 were used to
determine cell viability. Metabolically active cells with intact plasma membrane
are stained green with CellTracker™ Green CMFDA, while damaged or dead
cells with impaired plasma membrane integrity are stained red with ethidium
homodimer-1. 50 ug of CTG was dissolved in 10 pl of Dimethyl sulfoxide (DMSO),
along with 25 pg of ethidium homodimer, added to 5 ml of medium. This was
added to the cells in the plate wells and culture undertaken at 37°C in 5% CO:
for 1 hour. Subsequently, the medium containing the dye was removed, and fresh
medium was added for 30 minutes to remove the remaining dye. The fluorescent
imaging of the cells was then carried out, with substrates required to be reoriented

to achieve visualisation of cells on the opaque material.

The viability of the cells was examined at 21 days only, due to concerns about
the maintenance of sterility and preservation of intact culture conditions during

the substrate transfers required for fluorescent imaging.

Imaging.

Imaging of the cell cultures was performed using a Zeiss Axiovert 200 inverted
microscope with a Axiovert HR camera for white light imaging and an Axiocam
MR camera for fluorescent imaging. Zeiss Axiovision software version 4.7 was

used for image capture and analysis.
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Molecular analysis of osteogenic gene expression

Total mMRNA isolation to specify the amino acid sequence of the protein products
for gene expression, was carried out using RNeasy Qiagen kit and according to
manufacturer's protocol. The culture medium was removed, the cells were
washed in PBS, trypsinised, pelleted and subjected to lysis with Buffer RLT Plus.
The homogenised lysate was transferred to a gDNA Eliminator spin column and
centrifuged. Equal volume of 70% molecular grade ethanol was added to the flow-
through, and the sample transferred to an RNeasy spin column. Buffer RW1 and
Buffer RPE were then sequentially passed through the spin column. mRNA was
eluted with RNase-free water, and the amount was quantified in ng/ul on

NanoDrop 1000 spectrophotometer.

For each sample, the mRNA amount needed for reaction was calculated and if
necessary diluted in distilled H20 to ensure equivalent mMRNA across all samples.
The resultant MRNA samples were treated with VILO reaction mix and VILO 10x
superscript and spun down. Samples were reverse-transcribed using SuperScript
first-strand synthesis system in a Veriti 96-well Thermal Cycler (Applied
Biosystems) using “VILO RT” program. The resultant cDNA was diluted using

distilled H20.

Quantitative RT-PCR

In order to qualitatively detect gene expression SYBR® Select Master Mix was
used for the reverse transcriptase real time polymerase chain reaction (RT-PCR).
Samples were run in triplicates on 96-well plates. Specific gene reaction mix
contained SYBR® Select Master Mix, and forward and reverse gene primers

(Table 7.2) diluted in distilled H20. This was then added to cDNA loaded into
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wells. The Applied Biosystems® 7500 Real-Time PCR system was used for gene
amplification and evaluation of the expression of B-actin, ALP, Collagen 1, OPN,
OCN and Collagen 2 genes. B-actin was used as the house-keeping gene, while
Collagen 2 was used as a negative control marker. Expression of the genes of
interest was normalised to B-actin expression. As the SYBR Green method was
employed, primer sequences for the genes were validated by dissociation
curve/melt curve analysis. The efficiencies of amplification for the 3-actin primers
and primers for the bone marker genes of interest were established to be
approximately equal. The comparative cycle threshold method was utilised for
quantification of PCR amplification data. The relative transcript levels were
expressed as mean = S.D. and analysed and plotted as graphs using GraphPad

Prism 6 for Mac OS X software.

Table 7.2 Primer sequences used for gPCR (Dr R. Tare, Bone and Joint Research Group).

Species Gene Primer pairs Amplicon

Human  B-Actin F:5 GGC ATC CTC ACCCTGAAGTAJ 82 NM_001101
R: 5 AGG TGT GGT GCCAGATTTTC 3’
ALP F: 5 GGAACT CCTGACCCTTGACC 3 86 NM_000478

R: 5 TCC TGT TCA GCT CGT ACTGC 3

Collagen F:5 GAG TGC TGT CCC GTC TGC 3 52 NM_000088

lal R: 5 TTT CTT GGT CGG TGG GTG 3’

OPN F: 5 GTT TCG CAG ACC TGACATCC 3 80 NM_001251
R: 5 CATTCAACT CCTCGCTTTCC 3 830

OCN F: 5 GGC AGC GAG GTA GTG AAGAG ¥ 102 NM_001199
R: 5 CTC ACACAC CTCCCTCCT 3 662

Collagen 2al F: 5 CCT GGT CCC CCT GGT CTT GG 3 58 NM_001844

R: 5" CAT CAAATC CTC CAGCCATC 3
Mouse B-Actin F: 5 TTG CTG ACA GGATGC AGAAG 3 86 NM_007393
R: 5 GTACTT GCG CTC AGG AGG AG 3

Collagen 1al F:5 GCC AAG AAGACATCCCTGAAG3 102 NM_007742
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R: 5 TGT GGC AGA TAC AGA TCA AGC 3

OPN F: 5 GCTTGG CTT ATG GAC TGA GG & 81 NM_001204
R: 5 GGT CCTCAT CTGTGGCATC 3 203

OCN F:5 CTG ACC TCA CAGATG CCAAG 3’ 76 NM_001037
R: 5 ACCTTATTGCCC TCCTGC TT 3 939

Surface topography assessment

Samples were taken from each of the three batches and analysed against a set
of 3D and 2D measurement parameters. Batch A (Figure App.7.2) can be described
as isotropic [265] as it displays no directionality to the created topography despite

the repetitiveness of the toolpath (Figure App.7.2 Q).

The dissolution mechanism can be described as “sporadic” in-line with Chapter
3.8.3. Demonstrated by the large-scale pitting and indiscriminate and non-
deterministic point corrosion with little relation to material structure (Figure App.7.2b,
c). This type of surface is defined by the mechanism of a limited decomposition
voltage spasmodically breaking down the oxide films and Ohmic overvoltage
being inherently un-stable across the surface. The surface has a comparatively
high resultant roughness (Sa) of 18.9 uym compared to the control and
demonstrates a slightly spikey surface with a Sku (see section 3.8.2 for
definitions) value of 3.61. A few very deep pits can be seen with depths exceeding
100 pym which generates a negative skew (Ssk) value of -0.838 meaning the bulk

of the surface topography is slightly above the mean surface height.

371



Figure App.7.2: Batch A Macro-scale surface topography analysis (a) Areal scan generated from
surface analysis describing surface topography with 3D surface reconstruction showing
depth colour scale bar (b) SEM image at x7100 magnification with 75° tilt, scale bar 500 um
(c) SEM image at x100 magnification, scale bar 500 um

When considering the nano analysis of the same surface (Figure App.7.3) but within
one of the dissolution pits, the resultant topography is wholly attributed to material
microstructure in line with surface composition. The SEM images (Figure App.7.3b,
c¢) showing the vanadium rich 8 phase standing proud of the a phase pits denoting
selective machining. These pits are however shallower giving a resultant Sa of
46.7 nm and the topography in general changes to a bumpier surface with Sku
being 2.93. Grain boundaries are not well defined however it would appear grain
orientation is contributing to the surface texture as seen in the larger 3D

reconstruction in Figure App.7.3a.
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Figure App.7.3: Batch A micro analysis (a) 100x magnification surface scan giving 150 um x 150 um
patch. 10 um square patches extracted for analysis (b) SEM image from the side wall of the
dissolution pit. Scale bar 20 um (b) SEM close up image at the base of a pit. Scale bar 10
um.

Observing Figure App.7.4 batch B achieves a very different surface topography. The
topography still appears to be isotropic with the surface appearing to show no
obvious direction. Here the anodic dissolution is described as selective
demonstrating the obvious machining of grains due to orientation and
composition at the interaction surface. Corrosion is still non-deterministic, but

now more relatable to the material grain structure. Erosion by jet dynamics
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causing elemental wash out is also now observable affecting the overall structure.
The decomposition voltage is still variable although Ohmic overvoltage has been
achieved to varying degrees across the surface leading to a spike / peak based
morphology, the bulk of the material being below the mean height of the surface
morphology (Ssk 0.0306). Overall roughness (Sa) has now increased to 35 ym
with the depths of some of the valleys exceeding 300 pm. Although still
maintaining a kurtosis value above 3 (Sku 3.11) it shows a more even distribution

of the peaks than batch A.

Figure App.7.4: Batch B Macro-scale surface topography analysis (a) Areal scan generated from
surface analysis describing surface topography with 3D surface reconstruction showing
depth colour scale bar (b) SEM image at x100 magnification, scale bar 500 um (c) SEM

image at x100 magnification with 75° tilt, scale bar 500 um Cell differentia

The micro analysis demonstrates a rougher nano texture achieving a Sa of 52.5

nm. Skewness of the surface is now positive (Ssk 0.167) in the same respect as
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the macro analysis showing the further selective machining of the a phase than
batch A. However, the kurtosis is now leaning towards a bumpier type surface
(Sku 2.75) rather than spikey as opposed to the macro analysis so this would

suggest moving towards a more hierarchical two-tier surface texture.

Figure App.7.5: Batch B micro analysis (a) 100x magnification surface scan giving 150 um x 150 um
patch. 10 um square patches extracted for analysis (b) SEM image from the side wall of the
dissolution pit showing an intersection between grains. Titanium oxide can be seen present

on the surface. Scale bar 20 um (c) SEM close up image at the base of a pit. Scale bar 10
um

Batch D macro analysis (Figure App.7.6) now reveals a further difference in the

surface topography and can be considered anisotropic with obvious directionality
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to the topography relating to the rastering motion of the nozzle. This is partly due
to reduction in nozzle size to meet current density requirements and the larger
specific material removal under the nozzle due to the increased applied current
density. The mechanism of anodic dissolution can be described as in equilibrium,
observed by the flatter topography between the peaks and the micro texture being
less obvious in the SEM imaging (Figure App.7.6b and c). Overall the Sa value

is now reduced to 16.4 ym. Therefore, decomposition voltage is generally met

across all elements.

100
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200
pm
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Figure App.7.6: Batch D Macro-scale surface topography analysis (a) Areal scan generated from
surface analysis describing surface topography with 3D surface reconstruction showing
depth colour scale bar (c) SEM image at x100 magnification with 75° tilt, scale bar 500 um
(d) SEM image at x100 magnification, scale bar 250 um

The surface is also considered spikier and less uniform than batch B with a Sku
value of 3.7 which is also supported by the Ssk value increasing to 0.8 which can

be the opposite to that found in batch A.
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The micro analysis (Error! Reference source not found.) supports the macro
analysis in that the micro surface roughness (Sa) has now reduced in comparison
to both batches A and B to 35.9 nm due to the dissolution mechanism with the a
phase pits becoming shallower as the decomposition voltage of the vanadium in

the B is reached allowing dissolution of both phases.

Machining at grain boundaries can be observed due to the etching effect,
producing a much smoother finish and higher MRR in these areas seen in Error!

Reference source not found.a and c.

The micro-surface is more now more evenly distributed similar to batch A (Sku
3.1) with a near perfect distribution of features albeit spikier than batch A, which
is expected due to the more aggressive current density. Again, this is supported
by the Ssk value of -0.5 with the bulk of the material being above the mean

surface topography height.

Comparison of the volume parameters (see section 3.8.2) allows quantitative
assessment of the changing material found in the peak, core and valley areas of
the interaction surface. This can be observed to change between sample batches
at the sub-micron scale (Figure App.7.7). Batch B shows the greatest overall surface
depths (peak to valley). The surface is high in peaks above the core material
volume and low in valley pits below the mean core. Both batch A and D
demonstrate similar topography although batch D shows a flatter topography with
a lower peak to valley figure due to a smaller material amount found in all three
regions. This follows the machining regimes found whereby less preferential
machining of the Aluminium heavy a phase occurs in batch D even in comparison

to Batch A. Batch B indifference to batches A and D achieves fluid retention in
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the deepest valleys on the surface showing the lowest Vvv value with the lowest

20% of surface volume having voids section depth of 80 ym compared to batch

A and D having a void section depth of 115 um and 185 um respectively.

100 %

50 {1

100 4

150

200 S

250

300 o

Vme

nm

Parameters

Vmp
Vme
W
Vv

Figure App.7.7: Volume parameters shown on the bearing areal ratio curve taken from the micro
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analysis for sample batches A, B and D allowing direct comparison of the sub-micron-scale

Cellular response

Qualitative analysis

topography

Observing Figure App.7.8 shows the cell topological behaviour after 21 days from

fluorescent optical imaging which enables the dynamics of gene expression,

protein expression and molecular interactions of the seeded cells to be observed.

All skeletal stem cells shown are regarded as viable.
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Control

Batch A
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Figure App.7.8: 21 days live / dead cell imaging (a) x5 magnification all SSC’s in field are viable. Scale
bars are 200 um (b) x20 magnification cells have transformed with significantly greater
spread and filopodia than control. Scale bars are 50 um

Images from batch B were not possible due to the poor response and uneven
topography causing difficulty in capture within the focal plane. Figure App.7.8a,
shows the surfaces imaged at 5x magnification, where a stark contrast to the
control surface is obvious as the cells on the treated surfaces have transformed
morphologically. This is acutely obvious in batch D where the in-focus section is
within the treated area of the surface and the out of focus section is the control

surface. At 20x magnification in Figure App.7.8b the changes in the cell structure are
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acutely more defined as they change from spindle-like shaped cells with little
interaction or grouping on the control surface to cells with significantly greater
spread and multiple filopodia, suggestive of potential osteoblastic differentiation.

Batch D particularly showing a distinctly higher density of filopodium.

Quantitative analysis

The outcome from the RT-PCR carried out at the University of Southampton
reveals the gene expression after 21 days (Figure App.7.9). The values from the
control surface are normalised and the outcome from the three batches are
compared relative to the control. There is a promising enhancement of gene
expression seen on batches A and D. This supports the differentiation of SSC’s
suggested by the morphological appearance of the cells in the fluorescent
imaging and demonstrates further the poor result from batch B. Alkaline
phosphatase (ALP) is seen to be increased across all batch samples with batch
D showing over two times the amount in comparison to the control. ALP activity
is thought to signify the presence of osteoblast progenitors and are considered
pre-osteoblasts [317]. The maturity of osteoblasts however is signified by the
presence of osteocalcin and collagen type 1 [318]. High levels of these in
comparison to the control surface (seen across all three batches) would suggest
the early onset of bone formation and integration of the implant in comparison to
an un-machined surface alongside the morphological changes of becoming
larger as seen in Figure App.7.8. Osteopontin (OPN) is known to enhance cell
attachment and wound healing and bone re-modelling [319]. This is shown as
markedly reduced in Batch B below the level of the control surface. This would

render the surface created through the process parameters in batch B as
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unsuitable for implant texturing as this would cause poor healing and eventual

rejection and re-work of the implant.

Gene expression
4 *

" T [ ALP
I Collagen 1

1 Osteopontin
u [ Osteocalcin
T
1=
o [

Control Batch A Batch B Batch D

Fold relative transcript level

Sample surface

Figure App.7.9: Results of the RT-PCR with comparison of gene expression relative to that found on
the un-machined control surface. Error bars being the standard deviation about the mean.

Discussion

From these initial results there is clear suggestion that the surface textures found
in batches A and D show potential for enhancing the formation of osteoblasts,
both earlier and more vigorously than an untextured surface. Comparing the
results from the surface characterisation to the results from the cell trials, the area
where batch B differs to batch A and D, and where batches A and D are similar,

is the enlarged and deeper Vvv at the sub-micron scale found in these two

381



surfaces. Batch D which demonstrates the greatest potential has the highest
frequency of valleys but also has a reduced surface roughness likely allowing the
cells to migrate easier across the surface in comparison to the other surface with
less large obstacles, albeit with a spikier nature, at the macro-scale, the valleys
then providing an enhanced habitat. This follows prior findings that more than one
scale of surface topography is responsible for enhanced osseointegration of

implants [240, 320, 321]

Section summary

Through this initial investigation it is clear that subtractive mode EJP is capable
of being a practical alternative to both laser and acid etching to deliver surface
topographies on a typical implant material that will instigate a preferable cell
response. It has been demonstrated here that the process response described in
Chapter 4 delivers enough flexibility and variation in topography through variation
of material response to cause changes in cell uptake. The deeper pitting in
batches A and D seeming to promote the best cell response. The results
presented here are in no way considered as optimised for the application of
enhanced in-vivo response. A much deeper assessment across a wider
parameter set would be required not only to confirm surface response but isolate
cell response and therefore define a specific surface. However, it is intended, and
achieves, the demonstration that EJP can be considered as an efficient low-
impact method to apply large area surface texturing and a viable alternative

process offering distinct advantages.
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