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ABSTRACT

A novel dendrite-free electrorefining of aluminum scrap was investigated by using AlCl31-Ethyl-3-methyl-imidazolium chloride (EMIC) ionic liquid electrolyte. Electrodeposition of
aluminum were conducted on copper/aluminum cathodes at voltage of 1.5 V, temperatures (50110ºC), stirring rate (0-120 rpm), molar ratio (MR) of AlCl3:EMIC (1.25-2.0) and electrode
surface modification (modified/unmodified). The study was focused to investigate the effect of
process variables on deposit morphology, cathode current density and their role in production of
dendrite-free aluminum. The deposits were characterized using scanning electron microscope
(SEM), energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD). Modified electrodes
and stirring rate (60 rpm) eliminate dendritic deposition by reducing cathode overpotential below
critical overpotential ( ηcrt ≈ -0.54 V) for dendrite formation. Pure aluminum (>99%) was
deposited with current efficiency of 84-99%.
Chronoamperometry study was conducted using AlCl3-EMIC and AlCl3-1-Butyl-3methyl-imidazolium chloride (BMIC) (MR = 1.65:1) at 90ºC to understand the mechanism of
aluminum electrodeposition and find out diffusion parameter of electroactive species Al2C7¯ . It
was concluded that electrodeposition of aluminum is a diffusion controlled instantaneous
nucleation process and diffusion coefficient of Al2C7¯ was found to be 5.2-6.9 × 10-11 m2/s and
2.2 × 10-11 m2/s for AlCl3-EMIC and AlCl3-BMIC, respectively.
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A novel production route of Ti-Al alloys was investigated using AlCl3-BMIC-TiCl4 (MR
= 2:1:0.019) and AlCl3-BMIC (MR = 2:1) electrolytes at constant voltages of 1.5-3.0 V and
temperatures (70-125°C). Ti sheet was used as anode and cathode. Characterization of
electrodeposited Ti-Al alloys was carried out using SEM, EDS, XRD and inductively coupled
plasma-optical emission spectrometer (ICP-OES). Effect of voltage and temperature on cathode
current density, current efficiency, composition and morphology of Ti-Al alloys were
determined. The Ti-Al alloys containing about 13-27 atom % Ti were produced using both
electrolytes. The current efficiency of AlCl3-BMIC was varies between 79-87%. But lower
current efficiency (25-38%) was obtained for AlCl3-BMIC-TiCl4 electrolytes due to the
formation of TiCl3 passive layer on the electrodes. To increase the productivity, constant current
method (160-210 A/m2) was implemented.
This fundamental study on low temperature production of dendrite-free aluminum and
Al-Ti alloys is not only efficient but also opens a novel route in aluminum and titanium process
metallurgy.

iii

DEDICATION

To my parents, family and Olympia.

iv

ACKNOWLEDGMENTS

During the course of this study, I have benefited immensely from interactions with many
professors, colleagues and friends. Without their help and encouragement, this work would not
have been possible.
I would especially like to thank my advisor, Dr. Ramana G Reddy, for his support,
guidance and foresight throughout my graduate study. He has constantly strived to instill great
qualities in me. His practical and technical knowledge, problem solving skills, perseverance and
organization skills will always be an inspiration for me.
I am grateful to Dr. Garry W Warren, Dr. Subhadra Gupta, Dr. Yuping Bao and Dr.
Derrick R Dean for serving on my committee.
With high regards I would like to thank Dr. Venkat Kamavaram, Dr. Mingming Zhang
and other group members for advising experimental procedure, assistance and discussion. I
would like to thank Mr. Bob Fanning for assistance in sample preparation. I would like to thank
Ms. Jan Creitz, and Ms. Lyndall Wilson for their help with the administrative affairs. I would
like to express my sincere thanks to all my family members and friends for their unending
support.
I would like to thank the two people in this world who have been with me and
experienced every second of my journey towards accomplishing my doctoral degree: My
Parents, my salutations to them. Without their love, support and encouragement, this would not
have been possible. Though geographically they were miles away from me, they never made the
v

distance conspicuous. Taking all the trouble they could to capture a smile on my face, doing all
they could to encourage me, providing me with all the motivation I needed, they have taught me
to “never give up”. Today, I shall take this opportunity to thank my mother Kajal Pradhan and
father Kartick Pradhan for helping me reach where I am, for I know it would not have been
possible without them.
In a special way, I would like to thank my dearest Olympia, who is fighting for her life in
hospital. Her inspiration, understanding, support, encouragement and love during the past few
years made this dissertation possible. I am always looking forward to her speedy recovery.
I may have missed out on thanking a few people who have been of help to me in
completing my dissertation. I take this opportunity to thank each of them and would like to
apologize for having missed out on mentioning their name.
My experience at The University of Alabama needless to say has been an eventful
journey and I thank each person who has contributed in making my sojourn at this beautiful
place a memorable one. This place has bestowed upon me lingering memories, which I will
treasure for a lifetime.

vi

CONTENTS

ABSTRACT.................................................................................................................................... ii
DEDICATION ............................................................................................................................... iv
ACKNOWLEDGMENTS .............................................................................................................. v
LIST OF TABLES ......................................................................................................................... xi
LIST OF FIGURES ..................................................................................................................... xiii
CHAPTER 1: INTRODUCTION ................................................................................................... 1
1.1 Aluminum Production and Industrial Outlook ..................................................................... 1
1.1.1 Primary aluminum production ....................................................................................... 4
1.1.2 Secondary aluminum production ................................................................................... 6
1.2 Titanium-Aluminum Alloy Production and Industrial Outlook ......................................... 10
CHAPTER 2: LITERATURE REVIEW ...................................................................................... 15
2.1 Ionic Liquids ....................................................................................................................... 15
2.2 Chloroaluminate Ionic Liquids ........................................................................................... 17
2.3 Electrorefining of Aluminum.............................................................................................. 20
2.3.1 Morphology of electrodeposit ...................................................................................... 21
2.3.2 Current density-overpotential relationship in electrodeposition .................................. 24
2.3.3 Chronoamperometry study of electrodeposition .......................................................... 29
2.4 Electrodeposition of Titanium-Aluminum Alloys .............................................................. 35
CHAPTER 3: RESEARCH OBJECTIVES .................................................................................. 40
vii

3.1 Dendrite-free Aluminum Electrorefining ........................................................................... 40
3.2 Novel Production Route for Ti-Al Alloys .......................................................................... 41
CHAPTER 4: EXPERIMENTAL PROCEDURE ........................................................................ 42
4.1 Ionic Liquid Synthesis ........................................................................................................ 42
4.1.1 Synthesis of 1-butyl-3-methyl imidazolium chloride (BMIC) .................................... 42
4.1.2 1-ethyll-3-methyl imidazolium chloride (EMIC) ........................................................ 44
4.2 Preparation of Chloroaluminate Melt ................................................................................. 44
4.3 Experimental Setup ............................................................................................................. 45
4.3.1 Electrorefining reactor for Al electrorefining .............................................................. 45
4.3.2 Electrodeposition reactor for Ti-Al alloy..................................................................... 48
4.3.2.1 Constant Voltage Production ................................................................................ 48
4.3.2.2 Constant Current Production................................................................................. 50
4.3.3 Electrochemical study of AlCl3-BMIC and AlCl3-EMIC ............................................ 51
4.4 Characterization Techniques ............................................................................................... 53
4.4.1 Ionic liquid characterization ........................................................................................ 53
4.4.2 SEM and EDS analysis ................................................................................................ 53
4.4.3 XRD analysis ............................................................................................................... 54
4.4.4 ICP analysis ................................................................................................................. 54
4.4.5 Conductivity measurement of ionic liquid electrolyte ................................................. 54
CHAPTER 5: DENDRITE-FREE ALUMINUM ELECTRODEPOSITION .............................. 56
5.1 Electrode Reactions and Microstructures ........................................................................... 56
5.2 Efficiency and Energy Consumption Calculations ............................................................. 59
5.3 Characterization of Electrodeposits .................................................................................... 61

viii

5.4 Effect of Electrode Surface Modification ........................................................................... 64
5.5 Determination of i0 and αc................................................................................................... 67
5.6 Effect of Cathode Overpotential and Theoretical Justification........................................... 70
5.7 Effect of Temperature ......................................................................................................... 78
5.8 Effect of Stirring Rate ......................................................................................................... 81
5.9 Effect of Electrolyte Composition ...................................................................................... 85
CHAPTER 6: ELECTROCHEMICAL STUDIES IN ALUMINUM
ELECTRODEPOSITION ............................................................................................................. 90
6.1 Chronoamperometry (CA) Study of AlCl3-BMIC .............................................................. 91
6.2 Chronoamperometric (CA) Study of AlCl3-EMIC ........................................................... 101
CHAPTER 7: NOVEL PRODUCTION ROUTE FOR Ti-Al ALLOYS ................................... 107
7.1 Constant Voltage Production of Ti-Al Alloys .................................................................. 108
7.1.1 Electrodeposition from AlCl3-BMIC-TiCl4 electrolyte ............................................. 108
7.1.1.1 Current Efficiency Calculation ........................................................................... 113
7.1.1.2 Cathodic Current Response................................................................................. 114
7.1.1.3 Effect of Applied Voltage ................................................................................... 115
7.1.1.4. Effect of Temperature ........................................................................................ 120
7.1.2 Electrodeposition from AlCl3-BMIC electrolyte ....................................................... 124
7.1.2.1 Cathodic Current Response................................................................................. 126
7.1.2.2 Effect of Applied Voltage ................................................................................... 128
7.1.2.3 Effect of Temperature ......................................................................................... 133
7.2 Constant Current Production of Ti-Al alloys .................................................................... 136
CHAPTER 8: CONCLUSIONS AND SUGGESTIONS ........................................................... 145

ix

8.1 Conclusions ....................................................................................................................... 145
8.2 Suggestions for Future Work ............................................................................................ 147
REFERENCES ........................................................................................................................... 149
APPENDIX A ............................................................................................................................. 158
APPENDIX B ............................................................................................................................. 161
APPENDIX C ............................................................................................................................. 163
APPENDIX D ............................................................................................................................. 166

x

LIST OF TABLES

Table 1.1 Properties of titanium compared to other metals [33]. ................................................. 11
Table 2.1 Applications of ionic liquids in different fields. ............................................................16
Table 2.2 Effect of experimental parameters on dendrite formation. ............................................24
Table 4.1 Composition of aluminum scrap anode (A390 and A360) for electrorefining. .............46
Table 4.2 Experimental parameters for electrorefining of aluminum............................................47
Table 4.3 Experimental parameters for electrorefining of aluminum using 3-electrode
system. ............................................................................................................................48
Table 4.4 Experimental parameters for production of Ti-Al alloys using constant
voltages. ..........................................................................................................................49
Table 4.5 Experimental parameters for production of Ti-Al alloys using constant
currents. ...........................................................................................................................50
Table 5.1 Summary of experimental results carried out using A390 anode for
experimental time of 5 hours (molar ratio, MR = 1.65:1, applied voltage = 1.5
V, temperature = 90±3°C and stirring speed = 60 rpm). ................................................57
Table 5.2 Summary of experimental results carried out using A360 anode for
experimental time of 5 hours. .........................................................................................58
Table 5.3 Calculated ηConc and IR drop at different molar ratio using aluminum cathode
and A360 anode (applied voltage = 1.5 V, temperature = 90±3°C and stirring
speed = 60 rpm). .............................................................................................................88
Table 6.1 Diffusion coefficient (D) of Al2Cl7¯ species in various ionic liquids. ..........................96
Table 6.2 Number density of the active sites on the copper substrate calculated from
Gunawardena model for AlCl3-BMIC. .........................................................................100
Table 6.3 The diffusion coefficients (D) values of Al2Cl7¯ ions for AlCl3-EMIC ionic
liquid. ............................................................................................................................103
xi

Table 6.4 Number density of the active sites on the copper substrate calculated from
Gunawardena model for AlCl3-EMIC. ........................................................................ 105
Table 7.1 Summery of results carried out using different voltages and temperatures................ 110
Table 7.2 The EDS analysis of particles shown in Fig. 10. ........................................................ 120
Table 7.3 Summery of results carried out at different voltages and temperatures. .................... 124
Table 7.4 The EDS Analysis of Particles Shown in Fig. 7.22. ................................................... 133
Table 7.5 Summery of results carried out at different cathode current densities and
temperatures. ................................................................................................................ 138

xii

LIST OF FIGURES

Fig. 1.1. Global aluminum market [3]. ............................................................................................3
Fig. 1.2. U.S Production of primary and secondary aluminum from 1940-2010 [3].......................3
Fig. 1.3 Energy consumption of U.S. primary aluminum operations [2]. .......................................4
Fig. 1.4 Hall-Héroult electrolytic cell for aluminum production [1]. ..............................................5
Fig. 1.5 Three-Layer electrolytic process for aluminum refining [1]. .............................................8
Fig. 1.6 (a)Titanium applications in different fields, (b) major consumer countries in 2005
and (c) major titanium sponge producer in the world in 2006 [34]. ...............................12
Fig. 2.1 Typical anion and cation of ionic liquid for electrodeposition/electrorefining. ...............17
Fig. 2.2 Structure of BMIC and EMIC ionic liquids used in electrodeposition. ...........................18
Fig. 2.3 Equilibrium diagram of AlCl3-EMIC system, where Xi is the chloroaluminate
anionic concentration (1 = Cl¯ , 4 = AlCl4¯ , 7 = Al2Cl7¯ , 10 = Al3Cl10¯ , 13 =
Al4Cl13¯ , and 6 = Al2Cl6) [69, 70]. .................................................................................19
Fig. 2.4 Morphology requirement for different electrodeposition process. ...................................23
Fig. 2.5 Graphical waveforms for a step potential chronoamperometric experiment:(a)
potential program; (b) simulated concentration profile at different times; and (c)
current response with time. .............................................................................................32
Fig. 2.6 Three-dimensional nucleation with hemispherical diffusion controlled growth of
nuclei: (a) typical current response; and (b) schematic of nuclei growth
demonstrating overlap of hemispherical diffusion zones resulting in linear
diffusion to substrate. ......................................................................................................34
Fig. 4.1 Flow sheet for synthesis of 1-butyl-3-methyl imidazolium chloride (BMIC) ionic
liquid. ..............................................................................................................................43
Fig. 4.2 (a) Schematic and (b) actual of electrorefining reactor [23, 31, 32]. ...............................46

xiii

Fig. 4.3 Photograph of the actual experimental setup for electrorefining. ....................................47
Fig. 4.4 Photographs of (a) Ti-Al alloy deposited on Ti cathode (b) dissolved Ti anode. ............50
Fig. 4.5 (a) Schematic and (b) actual electrochemical cell. ...........................................................52
Fig. 4.6 Actual electrochemical experimental setup showing the cell and EG&G PARC
model 273A potentiostat/galvanostat®............................................................................52
Fig. 5.1 X-ray diffraction pattern of electrodeposit [23]. ..............................................................61
Fig. 5.2 EDS analysis of electrodeposit [23]. ................................................................................62
Fig. 5.3 Cross-sectional SEM image and SEM micrographs of (a) aluminum dendrites
and (b) granular aluminum electrodeposit obtained on unmodified and modified
copper cathode, respectively (Anode = A390, molar ratio = 1.65:1, applied
voltage = 1.5 V, temperature = 90±3°C and stirring speed = 60 rpm) [23]....................63
Fig. 5.4 Cross-sectional SEM image and SEM micrographs of (a) aluminum dendrites
and (b) granular aluminum electrodeposit obtained on unmodified and modified
aluminum cathode, respectively (Anode = A360, molar ratio = 1.65:1, applied
voltage = 1.5 V, temperature = 90±3°C and stirring speed = 60 rpm). ..........................64
Fig. 5.5 Deposit morphology of aluminum at different time intervals using modified and
unmodified copper cathode and A390 anode (molar ratio = 1.65:1, applied
voltage = 1.5 V, temperature = 90±3°C and stirring speed = 60 rpm) [23]....................66
Fig. 5.6 Deposit morphology of aluminum at different time intervals using modified and
unmodified aluminum cathode and A360 anode (molar ratio = 1.65:1, applied
voltage = 1.5 V, temperature = 90±3°C and stirring speed = 60 rpm) [32]....................66
Fig. 5.7 Effect of electrode surface modification on cathode current density using
copper/aluminum cathode and A390 anode (molar ratio = 1.65:1, applied
voltage = 1.5 V, temperature = 90±3°C and stirring speed = 60 rpm) [23]....................67
Fig. 5.8 Cathodic polarization curve shows the variation of cathode overpotential with
log(i) for aluminum/copper cathode and A390 anode (molar ratio = 1.65:1,
applied voltage = 1.5 V, temperature = 90±3°C and stirring speed = 60 rpm)
[23]. .................................................................................................................................69
Fig. 5.9 Effect of electrode surface modification on cathode current density using
copper/aluminum cathode and A360 anode (molar ratio = 1.65:1, applied
voltage = 1.5 V, temperature = 90±3°C and stirring speed = 60 rpm) [32]....................70

xiv

Fig. 5.10 Variation of cathodic overpotential with time using unmodified and modified
copper/aluminum cathode and A390 anode (molar ratio = 1.65:1, applied
voltage = 1.5 V, temperature = 90±3°C and stirring speed = 60 rpm) [23]....................71
Fig. 5.11 Variation of cathodic overpotential with time using unmodified and modified
copper/aluminum cathode and A360 anode (molar ratio = 1.65:1, applied
voltage = 1.5 V, temperature = 90±3°C and stirring speed = 60 rpm) [32]....................72
Fig. 5.12 Variation of cathode current density with time at different cathode
overpotentials (-0.25 V to -0.65 V) using modified aluminum cathode and A390
anode (molar ratio = 1.65:1, applied voltage = 1.5 V, temperature = 90±3°C and
stirring speed = 60 rpm) [23]. .........................................................................................73
Fig. 5.13 SEM micrographs of aluminum deposit using modified aluminum cathode and
A390 anode at different cathode overpotentials: (a) -0.25 V, (b) -0.45 V, (c) 0.55 V, (d) -0.575 V, (e) -0.60 V, (f) -0.625 V (molar ratio = 1.65:1,
temperature = 90±3°C and stirring speed = 60 rpm) [23]...............................................74
Fig. 5.14 Polarization curve for electrodeposited aluminum using modified aluminum
cathode and A390 anode (molar ratio = 1.65:1, applied voltage = 1.5 V,
temperature = 90±3°C and stirring speed = 60 rpm) [23]...............................................75
Fig. 5.15 Dendrite-free deposit of aluminum at different time intervals using unmodified
aluminum cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.0
V, temperature = 90±3°C and stirring speed = 60 rpm). ................................................77
Fig. 5.16 Variation of cathodic overpotential with time using unmodified aluminum
cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.0 V,
temperature = 90±3°C and stirring speed = 60 rpm). .....................................................78
Fig. 5.17 Variation of cathode current density at different temperatures using modified
aluminum cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5
V and stirring speed = 60 rpm). ......................................................................................79
Fig. 5.18 SEM micrographs of deposits at different temperatures using modified
aluminum cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5
V and stirring speed = 60 rpm). ......................................................................................80
Fig. 5.19 Variation of cathode current density at different temperatures using modified
aluminum cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5
V and stirring speed = 0 rpm). ........................................................................................81
Fig. 5.20 Variation of cathode overpotential at different temperatures using modified
aluminum cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5
V and stirring speed = 0 rpm). ........................................................................................82

xv

Fig. 5.21 SEM micrographs of deposits at different temperatures using modified
aluminum cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5
V and stirring speed = 0 rpm). ........................................................................................83
Fig. 5.22 Variation of cathode current density at different stirring rate using modified
aluminum cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5
V and temperature = 90±3°C). ........................................................................................84
Fig. 5.23 Variation of cathode overpotential at different stirring rate using modified
aluminum cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5
V, temperature = 90±3°C). .............................................................................................84
Fig. 5.24 SEM micrographs of deposits at different stirring rate using modified aluminum
cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5 V and
temperature = 90±3°C). ..................................................................................................85
Fig. 5.25 Variation of cathode current density at different electrolyte composition (MR)
using modified aluminum cathode and A360 anode (applied voltage = 1.5 V,
temperature = 90±3°C and stirring speed = 60 rpm). .....................................................86
Fig. 5.26 Variation of cathode overpotential at different electrolyte composition (MR)
using modified aluminum cathode and A360 anode (applied voltage = 1.5 V,
temperature = 90±3°C and stirring speed = 60 rpm). .....................................................87
Fig. 5.27 SEM micrograph of aluminum deposited at different concentration ratios (MR)
using modified aluminum cathode and A360 anode (applied voltage = 1.5 V,
temperature = 90±3°C and stirring speed = 60 rpm). .....................................................89
Fig. 6.1 Chronoamperometric current density vs. time transients for Al deposition using
AlCl3-BMIC electrolyte at 90ºC. ....................................................................................92
Fig. 6.2 Comparison of Plot of (i / im )2 vs. t / tm obtained from chronoamperometry
experiments for electrodeposition of aluminum from AlCl3-BMIC at 90ºC with
the theoretical plots derived for instantaneous and progressive nucleation. ...................93
Fig. 6.3 Variation of current (I) with time (t –½) for the decreasing portion of i vs. t
transients obtained at -0.5 V and -0.6 V. ........................................................................95
Fig. 6.4 XRD of the electrodeposited aluminum. ..........................................................................96
Fig. 6.5 SEM image of electrodeposited aluminum on copper cathode from AlCl3-BMIC
ionic liquid at -0.7 V for 15 s. .........................................................................................97
Fig. 6.6 Variation of current (I) as function of square root of time (t ½) for rising portion
of current density vs. time transients at different overoverpotentials shown in
Fig. 6.1. ...........................................................................................................................99

xvi

Fig. 6.7 Chronoamperometric current density vs. time transients for Al deposition using
AlCl3-EMIC electrolyte at 90°C. ..................................................................................101
Fig. 6.8 Comparison of Plot of (i / im )2 vs. t / tm obtained from chronoamperometry
experiments for electrodeposition of aluminum from AlCl3-EMIC at 90°C with
the theoretical plots derived for instantaneous and progressive nucleation. .................102
Fig. 6.9 Variation of current (I) with time (t –½) for the decreasing portion of I vs. t
transients obtained at -0.6 V and -0.7 V from Fig. 6.7. ................................................103
Fig. 6.10 Variation of current (I) as function of square root of time (t ½) for rising portion
of current density vs. time transients at different overoverpotentials shown in
Fig. 6.1. .........................................................................................................................104
Fig. 6.11 SEM image of electrodeposited aluminum on copper cathode from AlCl3-EMIC
ionic liquid at -0.7 V for 15 s. .......................................................................................105
Fig. 7.1 XRD pattern of electrodeposited sample obtained using voltage of 3.0 V [60].............111
Fig. 7.2 Passivating layer of TiCl3 on (a) Ti anode and (b) Ti cathode. ......................................112
Fig. 7.3 XRD analysis of precipitate on cathode [60]..................................................................112
Fig. 7.4 EDS analysis of precipitate on cathode [60]. .................................................................112
Fig. 7.5 Variation of cathodic current density with time using different voltages at 100 ±
3°C [60].........................................................................................................................115
Fig. 7.6 Variation of average current density with voltage at 100 ± 3°C [60].............................116
Fig. 7.7 Variation of cathodic current efficiency with voltage at 100 ± 3°C [60]. ......................116
Fig. 7.8 Variation of average atom% of Ti and Al with voltage at 100 ± 3°C [60]. ...................117
Fig. 7.9 SEM micrographs of Ti-Al alloy electrodeposits using different voltages (a) 1.5
V, (b) 2.0 V, (c) 2.5 V and (d) 3.0 V at 100 ± 3°C [60]. ..............................................118
Fig. 7.10 SEM micrograph of Ti-Al alloy electrodeposited using 3.0 V and at 100 ± 3°C
[60]. ...............................................................................................................................119
Fig. 7.11 Variation of average cathodic current density with temperature using voltage of
2.5 V [60]. .....................................................................................................................121
Fig. 7.12 Variation of cathode current efficiency with temperature using voltage of 2.5 V
[60]. ...............................................................................................................................121

xvii

Fig. 7.13 Variation of average atom% of Ti and Al with temperature using voltage of 2.5
V [60]. ...........................................................................................................................122
Fig. 7.14 SEM micrographs of Ti-Al alloy electrodeposits at different temperatures (a)
70°C, (b) 85°C, (c) 100°C and (d) 125°C using voltage of 2.5 V [60].........................123
Fig. 7.15 XRD pattern of electrodeposited sample using 2.5V and at 100 ± 3°C [61]. ..............126
Fig. 7.16 Variation of cathodic current density with time for different voltages at 100 ±
3°C [61].........................................................................................................................127
Fig. 7.17 Cathodic polarization curve shows the variation of cathode voltage with log (i)
at different voltages at 100 ± 3°C [61]..........................................................................128
Fig. 7.18 Variation of average current density with voltages at 100 ± 3°C [61]. ........................129
Fig. 7.19 Variation of cathodic current efficiency with voltages at 100 ± 3°C [61]. ..................130
Fig. 7.20 Variation of average atom% of Ti and Al with voltage at 100 ± 3°C [61]. .................131
Fig. 7.21 SEM micrographs of Ti-Al electrodeposits at different voltages (a) 1.5 V, (b)
2.0 V, (c) 2.5 V and (d) 3.0 V at 100 ± 3°C [61]. .........................................................132
Fig. 7.22 SEM micrograph of electrodeposited Ti-Al alloy using 2.0 V and 100 ± 3°C
[61]. ...............................................................................................................................133
Fig. 7.23 Variation of average cathodic current density with temperature using voltage of
2.5 V [61]. .....................................................................................................................134
Fig. 7.24 Variation of average atom% of Ti and Al with temperature using voltage 2.5 V
[61]. ...............................................................................................................................135
Fig. 7.25 SEM micrographs of Ti-Al electrodeposits at different temperatures (a) 70°C,
(b) 85°C, (c) 100°C and (d) 125°C using voltage of 2.5 V [61]. ..................................136
Fig. 7.26 Photographs of (a) Ti-Al alloy deposited on Ti cathode (b) Ti anode dissolved
using cathode current density 135 A/m2 and temperature 100 ± 3°C. ..........................137
Fig. 7.27 Variation of cathodic voltage with time using different cathode current densities
at 100 ± 3°C. .................................................................................................................139
Fig. 7.28 Variation of cathodic current efficiency with current density 100 ± 3°C. ...................140
Fig. 7.29 Variation of average atom% of Ti and Al with cathode current density at 100 ±
3°C. ...............................................................................................................................141

xviii

Fig. 7.30 SEM micrographs of Ti-Al electrodeposit using different cathode current
densities at 100 ± 3°C. ...............................................................................................142
Fig. 7.31 Variation of current efficiency with temperature using 135 A/m2. ..............................143
Fig. 7.32 Variation of average atom% of Ti and Al with temperature using 135 A/m2. .............143

xix

CHAPTER 1
INTRODUCTION

Since metals have been discovered back in 8000 BC, humans are still developing the
process of metal extraction. In early stages of process metallurgy mostly concentrated on copper
and iron along with other metals found in native state like silver, gold and mercury. With
invasion of industrial civilization, extractive and process metallurgy took the leading step for
mass production of metals and alloys for construction and infrastructure development. From the
prehistoric metals to the new generation super alloys and composites, metals have been an
integral part of modern human development and its demand still increasing. Extensive
application of metals in a wide variety of engineering applications has created an increased
demand and that can be fulfilled only by economical and eco-friendly production. Furthermore,
aside from the conventional metal extraction from natural resources, the new development of
recycling or refining of waste or scrap metal is not only cost effective and energy efficient but
also a endless process of metal recovery.

1.1 Aluminum Production and Industrial Outlook
Aluminum is the third most abundant metal on the earth’s crust (8%). Pure aluminum, a
silvery-white metal, is remarkable in many ways. It can be rolled, extruded, cast, formed and
machined as readily as, if not more readily than, competing metals such as iron and titanium. It’s
high strength-to-weight ratio is a distinct advantage in many structural applications. Furthermore,
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its excellent corrosion resistance, high electrical conductivity (about 60% that of copper), high
thermal conductivity and less expensive aids a true replacement for copper in electrical
transmission lines. Pure aluminum, which lacks strength, but alloying with small amounts of
copper, magnesium, silicon, manganese and titanium and other elements, impart a variety of
useful properties. These alloys are of vital importance in the construction of modern aircraft and
rockets. Aluminum, evaporated in a vacuum, forms a highly reflective coating for both visible
light and radiant heat. These coatings soon form a thin layer of protective oxide (Al2O3) and do
not deteriorate as does the silver coatings. They are used to coat telescope mirrors and to make
decorative paper, packages, and toys. Applications of aluminum alloy and its composites in
automotives can significantly reduce the fuel consumption and pollutant emissions [1].
Aluminum metal production processes are classified as: primary aluminum if it is
produced from ore and secondary aluminum if it is produced predominantly from recycled scrap
material. Primary aluminum metal production consists of bauxite mining, refining bauxite to
produce alumina, and finally, smelting alumina to produce aluminum. Secondary aluminum is
produced by sorting, melting and treating scrap aluminum. Primary and secondary aluminum
metal are further processed using traditional metal working technologies-rolling, extrusion,
forging, shaping and casting into products.
The markets for aluminum industry’s raw materials and products are global as shown in
Fig. 1.1. Global primary aluminum production has been growing at a rate of 3.6 percent annually
over the last ten years [2, 3]. In U.S, the primary aluminum production has decreased by about
34% over the last 20 years (1990-2010) and it was suppressed by increase in secondary
aluminum production by 39% as shown in Fig. 1.2 [3]. Aluminum is still in the growth phase of
the product cycle. Demand for aluminum is increasing, mainly due to aluminum substitution for
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other materials in the transportation sector and other lightweight applications. Its light weight,
corrosion resistance and processing possibilities coupled with its ease and value for recycling
strengthen its position as the material of choice in many applications. Measured in either mass
produced or economic value, aluminum’s use exceeds that of any other metal except iron. It is
important in virtually all segments of worldwide manufacturing.
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Fig. 1.1. Global aluminum market [3].

Aluminum Production, million MT

5

Primary
Secondary

4

3

2

1

0
1940

1950

1960

1970

1980

1990

2000

2010

2020

Year

Fig. 1.2. U.S Production of primary and secondary aluminum from 1940-2010 [3].
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1.1.1 Primary aluminum production
Primary aluminum (aluminum from ore) is globally produced by the Hall-Hèroult process.
The bulk of energy use in aluminum production is related to the electricity required for primary
electrolysis. Since energy costs are approximately one third of the total cost of smelting primary
aluminum (see Fig 1.3), smelter production has been moving from sites close to consumer markets to
sites with low electricity costs. India, China and Russia have emerged as major metal producers.
Other countries entering the world market include Canada, Australia, Brazil, Norway and countries
in the Persian Gulf area with low energy cost production.

Fig. 1.3 Energy consumption of U.S. primary aluminum operations [2].

In Hall-Héroult process, molten cryolite (Na3AlF6) in which 2–8% of alumina (Al2O3) is
dissolved is used as electrolyte. To lower the melting point of industrial cryolite-alumina
mixtures other salts, such as aluminum fluoride (AlF3) and calcium fluoride (CaF2); sometimes
lithium carbonate (Li2CO3) and less frequently magnesium fluoride (MgF2) are added. These
additions also improve current efficiency and reduce evaporation losses. For each ton of
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aluminum produced, the smelting process consumes, in addition to electrical energy, about 1.95
ton of alumina, 0.5 ton of anode coke, and small amounts of fluoride salts. The electrolysis cell
(pot) is shaped like a shallow rectangular basin as shown in Fig. 1.4 [1].

Anode bar
Frozen crust
of cryolyte

Carbon anode

Carbon anode

Molten bath
Current controller bar

Steel shell

Molten aluminum

Carbon
lining

Thermal insulation

Fig. 1.4 Hall-Héroult electrolytic cell for aluminum production [1].

It consists of a steel shell with a lining of fireclay brick for heat insulation, which is also
lined with carbon bricks to hold the fused salt electrolyte. Steel bars carry electric current
through the insulating bricks into carbon cathode floor of the cell. Carbon anode blocks are
suspended on steel rods, and dip into the electrolyte. As electric current flows through
electrolyte, dissolved alumina dissociates into its component elements: metallic aluminum at
cathode and oxygen gas at anode. Oxygen reacts with carbon anodes, liberating gases such as
CO and CO2. Liquid aluminum settles on the bottom of the cell since it is denser (specific gravity
2.3 at 960 °C) than the electrolyte (specific gravity 2.1). Periodically, aluminum is siphoned off
by vacuum into crucibles and more alumina was added into the bath. Although the reaction
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mechanism for Hall-Héroult process is still imperfectly understood, the overall reaction for
aluminum smelting is shown in Eq. 1.1.

2 Al2O3 (cryolyte) + 3C (anode) = 4 Al (l ) + 3CO2 ( g )

(1.1)

Aluminum smelting is highly energy intensive (see Fig. 1.3), as a result most of the
smelters are located in areas which have access to abundant power resources (hydro-electric,
natural gas, coal or nuclear). On an average, around the world, it takes about 15.7 kWh of
electricity to produce one kilogram of aluminum from alumina. Design and process
improvements have progressively reduced this number from about 18.5 kWh/kg in 1950 to 13.5
kWh/kg in 2000 [2]. It was forecasted that with use of advance anode and cathode system this
may be further reduced to 10 kWh/kg within next two decades [2]. Advancements in energy
efficiency have been steady, but slow. Today, the commercial aluminum producers like ALCOA
(Aluminum Company of America) and ALCAN (Aluminum Company of Canada) implemented
more energy efficient process based on Hall-Héroult process still consume about 12.5 kWh/kg
with 96% current efficiency. Even after achieving high current efficiency, long-range research
efforts have focused on advanced electrode systems that decrease the anode-cathode distance,
which is a major component of ohmic resistance and thereby improve the overall energy
efficiency of the cell [2].

1.1.2 Secondary aluminum production
Secondary aluminum is produced globally from recycled aluminum scrap. There has been
a tremendous increase in secondary aluminum production due to the increasing cost of primary
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aluminum production as shown in Fig. 1.2. It was estimated that in U.S. alone, secondary
aluminum production increased more than 250% over a period from 1970 to 2010.
Recovering aluminum from wastes and scraps requires less than 6% of the energy of
aluminum production from bauxite mining. Recycling is the largest contributor to the energy
savings involved in the production of aluminum. Other major concern of the aluminum smelting
process is the emissions of greenhouse gases. Fumes leaving the cells contain mainly CO2, CO,
and SO2 if the anode coke contains sulfur, together with smaller amounts of fluorine compounds
and dust. Most of the gaseous fluorine exists as hydrogen fluoride (HF), and dust contains mostly
fluorine compounds such as cryolite and aluminum fluoride, as well as some alumina.
Purity of aluminum produced by the Hall-Héroult electrolytic process seldom exceed
99.5. However, for electrical applications and canning, higher degree of purity atleast 99.99% is
required. Therefore, an additional refining process implemented to produce high purity
aluminum (99.99% or 99.999%). The two methods used for the production of high purity
aluminum are the three-layer electrolytic process and the segregation process. Aluminum was
commercially electrorefined using the three-layer process as shown in Fig. 1.5. The electrolytic
refining cell has a bottom layer of molten impure aluminum as anode layer; an intermediate layer
consisting of mixture of fluoride salts (AlF-36%, Na3AlF6-30%, BaF-18% and CaF-16%) as
electrolyte, and the top layer of molten purified aluminum which serves as cathode. Impure
aluminum from anode is transported to cathode via the electrolytic layer and gets refined to high
purity molten aluminum, which floats to the surface due to density difference between electrolyte
and aluminum produced [1]. But high operating temperatures (700-900°C), low current
efficiency (90-95%), high energy consumption (17-18 kWh/kg) and huge pollutant emission
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(CO, CO2, fluoride vapor) made scientists to search for a novel, low temperature, highly efficient
and environmentally friendly process.

Graphite electrode
Pure aluminum
Magnesite insulation

Electrolyte (density
= 2.8 g/cc)
Commercial
aluminum
or scrap

Anode

Al-Cu anode (28-30%Cu, density = 4.5 g/cc)

Carbon anode

Fig. 1.5 Three-Layer electrolytic process for aluminum refining [1].

A great deal of research was done on alternative processes for producing metallic
aluminum. The most interesting outcome of these investigations was the aluminum chloride
reduction process developed by ALCOA [1, 4]. In this process, alumina obtained from Bayer
process is chlorinated under reducing conditions in presence of carbon at 700–900 °C to produce
a mixture containing AlCl3, CO, and CO2.
Aluminum cannot be electrolyzed from aqueous solutions because of its large negative
reduction potential and thus hydrogen gets liberated in cathode instead of aluminum deposition.
Many non-aqueous electrolytes such as fused AlCl3-MCl (M = Na, Li, K) were developed for
aluminum electro-deposition at low temperatures. However, dendritic and crystalline aluminum
deposits instead of smooth and coherent deposits, high melting point, high viscosity, and are very
corrosive nature of molten salt made them unsuitable for industrial aluminum electrorefining.
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The electrolysis of aluminum was investigated in several organic solutions such as AlCl3LiAlH4 [5], AlBr3-alkylbenzene-toluene [6], AlBr3-MBr-alkylbenzene [7], AlCl3-DMSO4 and
AlCl3-DMSO4-LiCl [8], AlCl3-TMPAC (trimethylphenylammonium chloride) [9] and AlCl3BTMAC (benzyl-trimethyl- ammonium chloride) [9]. However, due to low electrochemical
window, low electrical conductivity, high volatility and inflammability, these processes were
limited to industrial application.
A new class of organic electrolytes namely, room temperature ionic liquids (RTIL) was
developed to electrorefining aluminum at room temperatures because of their large liquidus
temperature range, negligible volatility, wide electrochemical window, high thermal, and high
electrical conductivities. Aluminum electrodeposition was investigated in different ionic liquid
electrolytes- AlCl3-1-ethyl pyridinium bromide (EtpyBr) [10], AlCl3-1-ethyl pyridinium chloride
(EtpyCl)[10]. However, due to narrow liquidus temperatures and small electrochemical window,
these electrolytes were unsuitable for commercial aluminum production. Wilkes et al. [11]
developed a new class of low melting salts comprising AlCl3 and 1-methyl-3-ethyl imidazolium
chloride (EMIC). These melts have wide electrochemical window and a large liquidus
temperature range. Electrodeposition of aluminum in AlCl3-EMIC [12] and AlCl3-EMICbenzene [13] electrolytic mixtures was investigated with little success. Thin deposits (< 0.2 µm)
in the former electrolyte and low conductivity of electrolyte in the later case necessitating
addition of co-solvents, made both the liquids unsuitable for aluminum electrorefining. Reddy et
al. [14-23] and other researchers [12, 24-28] electrodeposited aluminum using mostly AlCl3BMIC (1-butyl-3-methyl imidazolium chloride), AlCl3-HMIC (1-hexyl-3-methy imidazolium
chloride) and AlCl3-EMIC (1-ethyl-3-methyl imidazolium chloride).
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No research has been emphasized so far to eliminate dendritic aluminum deposition
which is most obvious in electrorefining/electrowinning cell. In electrorefining cell, coarse
grained, rough and adhesive deposits are required to increase production efficiency and rate. But
dendritic deposition which is commonly observed in electrorefining hinders production process
in many ways: (a) due to it’s non-adherent nature, it adds additional cost for further handling and
processing; (b) inflated into the electrolyte in three dimension (preferential growth), which
decreases current density, current efficiency and prevents further deposition on the substrate; (c)
dendritic arm causes short-circuits between anodes and cathodes which leads to production shutdown and reduce efficiency of the process. Wiechmann et al. [29] has estimated that elimination
of short-circuiting can improve earning up to 15% by increasing current efficiency, current
density in industrial copper electrorefining process. Hence, elimination of dendritic aluminum
electrodeposit is one of major focus in this study to ensure a smooth, efficient and economic
operation.
In this dissertation, we have investigated the effect of electrode surface modification,
cathode overpotential, cathode materials, temperature, stirring rate and electrolyte concentration
on deposit morphology, current density and current efficiency of aluminum deposit using AlCl3
and EMIC electrolyte and concluded with optimized condition for dendrite-free aluminum
deposition [23, 30-32].

1.2 Titanium-Aluminum Alloy Production and Industrial Outlook
Titanium is plying an increasingly important role in this age of special alloys. The two
most useful properties of this metal are corrosion resistance and the highest strength-to-weight
ratio. In its unalloyed condition, titanium is as strong as steels, but 45% lighter. The most noted
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chemical property of titanium is its excellent resistance to corrosion and is better than even 18-8
stainless steel as shown in Table 1.1 [33]. Ti is almost as resistant as platinum, capable of
withstanding attack by dilute sulfuric acid and hydrochloric acid as well as chlorine gas, chloride
solutions, and most organic acids. Titanium can be alloyed with iron, aluminum, vanadium,
molybdenum, among other elements, to produce strong lightweight alloys for aerospace (jet
engines, missiles, and spacecraft), military, industrial process (chemicals and petro-chemicals,
desalination plants, pulp, and paper), automotive, agri-food, medical prostheses, orthopedic
implants, dental and endodontic instruments and files, dental implants, sporting goods, jewelry,
mobile phones, and other applications. Fig. 1.6 shows the broad categorized of titanium and
titanium alloy applications, major consumers and producers in the world [34].

Table 1.1 Properties of titanium compared to other metals [33].
Metal

Weight1

Strength1

Strength/
Weight1

Corrosion
(in sea water)

Life
Expectancy2

Titanium

1.00

1.00

1.00

1.00

Unlimited

Aluminum

0.57

0.29

0.51

0.36

2 years

Steel

1.67

0.59

0.35

0.06

1 year

Stainless Steel

1.67

0.59

0.35

0.31

200 years

1

Values are relative representation compared to one pound of titanium.
All material properties are listed to titanium, except life expectancy, which lists time for
corrosion to penetrate 16-gauge plate exposed to sea water on one side.

2
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49.4%

Aerospace
Industrial applications
Consumer and other

12.7%

37.9%

(a)
15%

12%
6%

North America
European Union
24%
China
Japan
Russia
Chinese taipai and South Korea
Other

10%
3%
30%

(b)
19%
9%
Japan
Russia
Kazakhstan
USA
China
Ukraine

11%
24%

8%

29%

(c)
Fig. 1.6 (a)Titanium applications in different fields, (b) major consumer countries in 2005 and
(c) major titanium sponge producer in the world in 2006 [34].

Overall, global total titanium and titanium demand was grown 28% from its 2003 level to
peak at 64,000 tons in 2007 with average growth rate of 6%. The growth in different sector in
next decades will be [35]:
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•

Commercial aircraft demand growth of 7%;

•

Military aircraft demand growth of 5%;

•

Industrial demand growth of 5%;

•

Consumer demand growth of 10%.

Alloying to pure aluminum with copper, magnesium, silicon, manganese, titanium or
other elements not only improves its mechanical properties but also improve its physio-chemical
properties useful for many applications. Ti addition to Al not only improves the mechanical
properties but also improves high temperature oxidation and pitting corrosion resistance [36, 37].
For the past three decades several attempts had been made to establish new greener and energy
efficient production route for titanium and titanium alloys to replace conventional Kroll process.
But no alternative process had yet established. Electrodeposition is very attractive process for
producing Ti-Al alloys since the use of high temperature consolidation in unnecessary,
compositional homogeneity is maintained and finer grain size is achieved. Due to the high
hydrogen overpotential of reactive metals like Al, Ti and their alloys, they can not be produced
from an aqueous electrolyte. To search for electrolysis processes, several researchers
investigated high temperature electrodeposition of titanium and its alloy using molten
chloride/fluoride electrolytes [38-48]. These fused salts have many disadvantages such as high
melting point, high viscosity, and high corrosivity. To overcome these difficulties, roomtemperature-ionic-liquids (RTIL) were investigated for their unique chemical and physical
properties. Very few literatures were available [49-57] on synthesis of titanium and titaniumaluminum alloys. Most of their study was concentrated on electrochemical studies rather than
electrodeposition.
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In this dissertation, we have discussed a novel low temperature electrochemical
production route for Ti-Al alloys from AlCl3-1-butyl-3-methyl imidazolium chloride (BMIC) at
low temperature (70- 125°C). The research was also emphasized on optimization of process
variables such as electrolyte composition, cell voltage/current and temperature and their effect on
cathode current density, current efficiency, composition and morphology of Ti-Al alloys [58-61].
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CHAPTER 2
LITERATURE REVIEW

2.1 Ionic Liquids
Ionic liquids are the salts having melting point ranging from room temperature to 100ºC
[62]. Most of the ionic liquids are liquids at room temperature. They are entirely composed
entirely of ions rather than molecules. Most ionic liquids are made of an organic cation and an
inorganic, polyatomic anion. Since there are many known and prospective cations and anions,
the potential number of ionic liquids is huge. In recent years “room temperature ionic liquids
(RTIL) or low-temperature molten salts (LTMS) are gaining interest because of their superior
chemical and physical properties compared to high temperature conventional molten salt
electrolytes. In the last two decades there has been an extensive research on development and
application of ionic liquids, mainly due to their potential to replace many volatile organic
chemical solvents (VOCs) in several industrial applications shown in Fig. 2.1.
Various cations and anions can produce many different kinds of ionic liquids for different
applications. Typical ionic liquid cations include pyridinium and imidazolium, as shown in Fig.
2.2. Common anions are tetrachloroaluminate (AlCl4¯ ), hexafluorophosphate (PF6¯ ),
tetrafluoroborate (BF4¯ ) and bis(trifluoromethylsulfonyl)imide (Tf2N) etc. An important group
ofionic liquids for the metal electrolysis, metal extraction and refining is the chloroaluminate
ionic liquids, made from combination of AlCl3 with organic salts such as pyridinium chloride or

15

imidazolium chloride. In present research, chloroaluminate ionic liquids electrolytes were used
for electrolysis of aluminum, titanium based materials, including alloys and scrap alloys.

Table 2.1 Applications of ionic liquids in different fields.
Area of application

Applications

Biotechnology

Enzyme reaction
Purification of proteins
Fuel desulphurization

Material processing

Coating

Energy

Chemistry

Others

Metal Extraction
Separation
Membranes
Extractive distillation
Metal deposition
Analytic (stationary phase)
Lubricants
Surfactants
Fuel cell
Batteries
Capacitors
Photovoltaic
Heat storage fluids
Metal refinement
Organic synthesis
Chiral synthesis
Polymerization
Catalysis
Light emitting electrochemical cells (LECs)
Liquid crystals
Nano particles
Artificial muscles (robotics)
Oils/advanced fluids
Electrosynthesis of conducting
Polymers
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-
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−
4
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NO3−

nitrate

CH 3 SO3−

X-

P
R3

tetrachloroaluminate

−
6

PF

R1
Imidazolium

AlCl4−

R2

(CF3 SO2 ) 2 N
R3

mesylate

CF3 SO3−

Cl

−

triflate
−

bis(trifluoromethylsulfonyl)imide
chloride

Tetra alkylphosphonium

Fig. 2.1 Typical anion and cation of ionic liquid for electrodeposition/electrorefining.

2.2 Chloroaluminate Ionic Liquids
Chloroaluminate ionic liquids are the mixture of alkali halides and aluminum chloride as
shown in Fig. 2.2. Most of the chloroaluminate ionic liquids studied in the last few decades were
developed to replace conventional high temperature molten salts NaCl/LiCl/KCl with a new
class of low melting and less corrosive electrolyte in thermal battery applications.
Chloroaluminates are new class of salts that are not simple binary mixtures, because the
Lewis acid-base chemistry of the system results in a series of anions: Cl¯ , [AlCl3] ¯ , [Al2Cl7] ¯ ,
and [Al3Cl10] ¯ . The first chloroaluminate melts were reported by Hurley and Weir (1951), based
on a combination of AlCl3 with 1-butyl pyridinium chloride in the relative molar proportions 2:1
(XAlCl3 = 0.66) [10].

Osteryoung and Wilkes have developed the technology of room

temperature chloroaluminate melts based on 1-alkyl pyridinium and [RMIM] + cations [11]. The
alkyl pyridinium cations lack both chemical, electrochemical stability and are relatively easy to
reduce [62]. Di-alkyl imidazolium chloroaluminate melts have wide liquidus temperature range
and wide electrochemical window [63]. The di-alkyl imidazolium halides studied extensively for

17

the technological applications mentioned in the previous section are chlorides. In the last two
decades,

most

of

the

researchers

concentrating

on

developing

commercial

electroplating/electrowinning/electrodeposition/electrorefining cells used mostly AlCl3-1-butyl3-methyl imidazolium chloride (BMIC) and AlCl3-1-ethyl-3-methyl imidazolium chloride
(EMIC) [12-28, 30, 32, 64-68]. The structure of 1-butyl-3-methyl imidazolium chloride (BMIC)
and 1-ethyl-3-methyl imidazolium chloride (EMIC) are shown in Fig. 2.2.

Cl-

ClN+

N+

N

1-butyl-3-methyl imidazolium chloride

N

1-ethyl-3-methyl imidazolium chloride

Fig. 2.2 Structure of BMIC and EMIC ionic liquids used in electrodeposition.

Chloroaluminate ionic liquids are formed by mixing Lewis acid (anhydrous AlCl3) with
halide salt. It was previously [62] reported that on treating the quaternary halide salt (Q+X¯ ) with
Lewis acid (MXn) generally results in the formation of more than one anionic species, depending
on the relative proportions of

Q+X¯ and MXn. The reactions between 1-ethyl-3-methyl

imidazolium chloride (EMIC) and AlCl3 were represented as a series of equilibrium according to
Eq. 2.1-2.3, where R1 and R2 refer to the alkyl groups such as ethyl and methyl, respectively.

(R1R2I)+Cl¯ + AlCl3 = (R1R2I)+(AlCl4)¯

(2.1)

(R1R2I)+(AlCl4)¯ + AlCl3 = (R1R2I)+(Al2Cl7)¯

(2.2)
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(R1R2I)+(Al2Cl7)¯ + AlCl3 = (R1R2I)+(Al3Cl10)¯

(2.3)

(R1R2I)+(Al3Cl10)¯ + AlCl3 = (R1R2I)+(Al4Cl13)¯

(2.4)

Where (R1R2I)Cl is present in a molar excess over AlCl3, only equilibrium (Eq. 2.1) need
be considered, and the ionic liquid is termed basic. The dominant anions in basic melts are Cl¯
and AlCl4¯ . On the other hand when a molar excess of AlCl3 over (R1R2I)Cl is present, an acidic
ionic liquid is formed, and equilibria (Eq. 2.2) and (Eq. 2.3) predominate. On adding excess of
AlCl3 to the acidic melts, chloroaluminate anions such as Al2Cl7¯ , Al3Cl10¯ , and Al4Cl13¯ are
formed. These ions stay in equilibrium with AlCl4¯ at lower concentration of AlCl3, whereas; at
high concentrations they maintain the equilibrium with dimeric Al2Cl6. The ionic equibrium for
AlCl3-EMIC system is shown in Fig. 2.3 [69, 70].

1.0
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0.8
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0.6
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10 13
0.4

0.2

0.0
0.0

0.1
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0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

X (AlCl3)

Fig. 2.3 Equilibrium diagram of AlCl3-EMIC system, where Xi is the chloroaluminate anionic
concentration (1 = Cl¯ , 4 = AlCl4¯ , 7 = Al2Cl7¯ , 10 = Al3Cl10¯ , 13 = Al4Cl13¯ , and 6 = Al2Cl6)
[69, 70].
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In brief, chloroaluminate systems are governed by the following primary equilibrium, Eq.
2.4 with an equilibrium rate constant, K = 10-16.3 [71].

2(AlCl4) ¯ = (Al2Cl7)¯ + Cl¯

(2.5)

Similar equilibria can be expected for the other ionic liquids in the same homologous series of 1ethyl-3-methyl imidazolium chloride EMIC. These include 1-butyl-3-methyl imidazolium
chloride (BMIC), which differ from EMIC only in the nature of side chain attached to the main
ring.

2.3 Electrorefining of Aluminum
Electrorefining is an electrochemical technique suitable for refining metals produced by
electrowinning or smelting process. It is a secondary refining process where the yield is a very
high purity metal. Electrorefining is used commercially in production of metals such as Cu, Ni,
Zn, Pb, and Sn. Electrorefining is accomplished in an electrolytic cell, with impure metal as
anode and cathodes are either the metal to be refined or a sheet of stronger metal coated with that
metal. The electrolyte is normally an acidic solution in which the anode metal can dissolve and
impurities are insoluble. The impurities are generally nobler than the metal being electrorefined.
During electrorefining, the impurities fall to the bottom of the cell and are collected as “anode
slime” for recovering precious metals, for example, Au, Ag, and Pt in copper electrorefining
process.
Electrorefining of aluminum involves dissolution of impure aluminum at anode and
deposition of pure aluminum at cathode. Dissolution of impure aluminum in the solution by

20

application of electrical forces is termed as electrodissolution. Electrodeposition is the deposition
of a conductive metal from an electrolytic solution by the application of an electric current or
potential. The advantages of electrorefining over other refining techniques are that very high
purity metal can be obtained and precious metals are recovered in a concentrated state at anode.
Markets for aluminum and aluminum alloy products are fast expanding for last few decades. The
demands can be met either by efficient production or by efficient recycling in terms of energy
saving and reduced volumes of waste pollutant emissions. Recycling of aluminum scrap can save
70% less energy than producing aluminum from ore. In the last two decades, researchers have
studied electrodeposition of aluminum and aluminum alloys using ionic liquid electrolytes using
different electro-analytical techniques such as cyclic voltammetry, chronoamperometry and
chronopotentiometry etc [12, 24-28, 64-68]. But bulk electrodeposition and electrorefining was
reported in few [13]. In recent years, Reddy and co-workers [14-23, 31, 32, 72] have reported
bulk electrowinning and electrorefining of aluminum using AlCl3 and 1-butyl-3-methyl
imidazolium chloride (BMIC)/1-ethyl-3-methyl-imidazolium chloride (EMIC)/HMIC (1-hexyl3-methylimidazolium chloride) chloroaluminate ionic liquid electrolytes at low temperature,
which yield high purity aluminum deposits with zero pollutant emissions. But dendritic
deposition which is commonly observed in electrorefining hinders the process in many ways as
described in the earlier chapter. Hence, dendrite-free aluminum electrodeposit is the main focus
in this study to ensure a smooth, efficient and economic operation.

2.3.1 Morphology of electrodeposit
Morphology of electrodeposit depends mainly on the kinetic parameters for the
electrodeposition process such as deposition overpotential and current density. The morphology
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of electrodeposited metal also depends on other variables – electrolyte composition, additives,
substrate materials and substrate surface preparation, temperature and deposition times etc.
Deposit morphology was categorized mainly in three types [73].
1. Compact
2. Spongy, granular (grains, boulder) etc.
3. Dendritic

Compact deposits are obtained at low or medium exchange current density and lower
overpotential. Spongy, boulder and granular type of deposit are formed at large exchange current
density and lower overpotential. Dendritic deposits are obtained by very large exchange current
density and large overpotential. In the limiting case dendrites grow practically all overpotential
in the electrodeposition of metal that have low melting point (e.g. Sn, Pb etc). Fig. 2.4 shows the
deposit morphology requirement for different electrodeposition process mainly1. Electroplating and electroforming
2. Electrorefining and electrowinning
3. Metal powder production
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Compact

Electroplating/Electroforming

Medium and low exchange
current density, lower
overpotential

Require fine grained, smooth, strongly
adhesive, glassy, i.e. to be easily polished.

Electrorefining/Electrowinning
Spongy and granular

Relatively coarse grained, rough, but adhesive
deposits are required. They have to be of high purity
and firm enough to endure handling before melting
and casting into shapes for further processing.

Large exchange
current densities, low
overpotential

Dendrite

Metal Powder Production

Very large exchange
current density, higher
overpotential

Prefer a controlled particle size and
weakly adhesive.

Fig. 2.4 Morphology requirement for different electrodeposition process.

Two phenomenon seem to distinguish dendritic deposition from carrot-like growth [73]:
1. A certain well-defined critical cathode overpotential value exist below which dendrite do
not grow.
2. Dendrite exhibit highly ordered structure and grow and branch in well-defined direction.
It is a skeleton of mono-crystal and consists of stalk and branches, thereby resembling a
tree.

From the electrochemical point of view, dendrite can be defined as a surface protrusion that
grows under activation control, while deposition to the macro-electrode is predominantly under
diffusion control. Dendrites are formed at overpotential larger than certain critical value. The
critical overpotential of dendritic growth ( ηcrt ) initiation can be determined by plotting cathode
overpotential with cathode current density, which is called polarization diagram.
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Although cathode overpotential and current density mostly determine the dendritic
morphology of electrodeposit, other process parameters also have significant effect of dendrite
formation and they are listed in Table 2.2.

Table 2.2 Effect of experimental parameters on dendrite formation.
Parameters

Effect on Dendrite Formation

Electrolyte Composition

Decreasing concentration of supporting electrolyte, prevent
dendrite formation.
Increasing concentration of depositing ion, prevent
dendrite formation.

Additives

Decrease viscosity of the electrolyte, prevent dendrite
formation.

Substrate Materials

Crystallographic misfit between the substrate and deposit
metal affects deposit morphology.

Substrate Surface Preparation

Initial electrode surface conditions, such as roughness,
contamination and oxidation enhance dendrite formation.

Impurities

Presence of indium, bismuth, arsenic and lead impurities
prevent dendrite formation.

Electrolyte Agitation/Stirring

Increasing stirring rate or velocity of electrolyte motion,
prevent dendritic formation.

Temperature

Increasing temperature prevents dendritic formation.

Deposition Time

Higher deposition time enhances dendrite deposit.

2.3.2 Current density-overpotential relationship in electrodeposition
Polarization diagram or current density-overpotential relationship is an important tool for
predicting

electrochemical

deposition

rate

and

deposit

morphology.

electrodeposition reaction for metal (M) deposition is shown in Eq. 2.6.
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The

simplest

M n + + ne − = M

(2.6)

The general form of current density-overpotential relationship for the above reaction can
be derived based on Butler-Volmer equation and is shown below [73, 74].

 a M n +
i = i0  iM n+
 aeq


 aM
 . f c −  iM
a

 eq


 
 . f a 
 

(2.7)

Where,
i = overall current density of cell, A/m2.

i0 = exchange current density of cell, A/m2.
n+

aiM = activity of M n + ion at current density i .
n+

aeqM = activity of M n + ion at equilibrium state.
aiM = activity of metal M ion at current density i .

aeqM = activity of metal M ion at equilibrium state.
Considering cathodic current density and overpotential as positive, f a and f c are expressed as:

 α Fη 
f c = exp  c

 RT 

and

 α Fη 
f a = exp  − a

 RT 
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(2.8)

Where, α is the charge transfer coefficient, F is Faraday’s constant (96500 coulomb/equivalent),

η is the overpotential (V), R is the universal gas constant (8.314 J/mol/K) and T is the absolute
temperature (°K). The suffix “ a ” and “ c ” refers to anode and cathode, respectively.

The ratio of activities of metal ions for the cathodic reaction in Eq. 2.7 may be written as:

 a M n+
 i
 a M n+
 eq


i
 = 1−

iL


(2.9)

Where, iL is the limiting diffusion current density (A/m2). Similarly, the activity ratio of metal for
anodic reaction can be written as:

 aiM
 a M
 eq


 2γ V 
 = exp 

 RTrel 


(2.10)

Where, γ is the surface energy of metal (J/m2), V is the molar volume of electrodeposited metal
(m3) and rel is the radius of electrode (m). For spherical electrode Eq. 2.7 can be written by
substituting cathodic and anodic term by Eq. 2.9 and Eq. 2.10, respectively and is shown in Eq.
2.11.


i
i = i0 1 −
 iL , sp


 2γ V
 . f c − exp 
 RTrel
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. fa 
 

(2.11)

After rearranging, the overall current density ( i ) for a spherical electrode can be
represented as:


i
i = i0 1 −
 iL , sp


 2γ V
 . f c − exp 
 RTrel



 2γ V
i0  f c − f a .exp 
 RTrel
i= 
i .f
1+ 0 c
iL , sp

 
. fa 
 





(2.12)

(2.13)

Where, iL , sp is the limiting diffusion current density (A/m2) for spherical electrode and can be
expressed as:

iL , sp

nFDC0∗
=
rel

(2.14)

Where, n is the number of electron involved into the electrochemical reaction, D is the
diffusion coefficient of electroactive species (m2/s) and C0∗ is the bulk concentration of reacting
species (mol/m3).
But for sufficiently large spherical electrode (large rel ) and sheet electrode the surface
energy term in Eq. 2.13 will be negligible and can be rewritten as:
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i=

i0 [ f c − f a ]
i .f
1+ 0 c
iL

(2.15)

Where, iL is the limiting diffusion current density (A/m2) and the expression is shown in Eq.
2.16.

iL =

nFDC0∗

(2.16)

δ

Where, δ is the diffusion layer thickness for flat electrode (m).
As discussed before, the initiation of dendritic electrodeposition mostly depends on
cathodic current density and overpotential, it is essential to derive an equation that will determine
the critical overpotential and current density of dendritic growth. iL is one of the tools to
determine deposit morphology. If the applied current density is larger than iL , the deposit will be
dendritic and later powdery. The critical overpotential (ηcrt ) at which dendritic growth starts can
be determined from cathode current density-overpotential diagram. Dendrites grow faster on the
flat electrode surface. The condition for initiation of dendritic growth is [73]:

iL ≤ i0

h

δ

(2.17)

. f crt

Where h is the height of the growing dendrite (m), δ is the diffusion boundary layer thickness
(m) and f crt corresponds to ηcrt . Now taking the cathodic expression in Eq. 2.8 and substituting
in Eq. 2.17, ηcrt can be expressed as:
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ηcrt =

RT  iL δ 
ln  . 
α c F  i0 h 

(2.18)

The minimum overpotential, at which the dendritic growth will be initiated (when, h = δ )
is given by Eq. 2.19.

ηcrt =

RT  iL 
ln  
α c F  i0 

(2.19)

Eq. 2.19 clearly shows that ηcrt is dependent on critical current density iL and which in
terns depends on concentration of reducible ion (see Eq. 2.16). With increasing concentration of
reducible ion, iL increases and ηcrt increases as well. Higher value of ηcrt will reduce the
chances of dendritic deposition.

2.3.3 Chronoamperometry study of electrodeposition

Electrochemical study on electrodeposition is an important tool to characterize the ionic
liquids and to investigate the behavior of electrolyte at electrode interface. Controlled-potential
method like Chronoamperometry (CA) is useful for investigating kinetics and electrode reaction
mechanisms such as diffusion and nucleation.
Controlled-potential experiments involve measurement of current response for oxidation
or reduction reaction of the electrochemically active species as a function of electrode potential.
Current response is governed by (a) rate of mass transfer of species to the electrode and (b) rate
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of electron transfer at electrode-solution interface. The three forms of mass transfers that govern
the current in an electrode reaction are: (i) electromigration, (ii) diffusion, and (iii) convection.
The combined effect of these three modes of transport is described by the Nernst-Planck
equation [75], expressed for a one dimension, x is shown in Eq. 2.20.

J ( x, t ) = −

nFDC0∗ δϕ ( x, t )
δ C ( x, t )
−D
+ C0∗v( x, t )
δx
δx
RT

(2.20)

Where, J ( x, t ) is the flux of the electroactive species at a distance x from the surface (m), D is
diffusion coefficient (m2/s) and C0∗ is bulk concentration of the species (mol/m3).
The potential gradient δϕ ( x, t ) / δ x is the migration component; concentration gradient

δ C ( x, t ) / δ x is the diffusion component and v( x, t ) is the convection component of the total
flux. Of the three modes of mass transport, electromigration is the least desirable when
performing controlled-potential experiments. Electromigration involves the movement of
charged particles due to the potential gradient. The migration component can be completely
eliminated by adding an inert electrolyte (supporting electrolyte), whose concentration is much
larger than that of the electroactive species. The ions resulting from the dissolution of the
supporting electrolyte screen the ions of interest and minimize their attraction to the charged
electrode. However, ionic melts such as AlCl3-BMIC and AlCl3-BMIC are essentially an ionic
solvent and does not require the addition of a supporting electrolyte.
Chronoamperometry is based on the diffusion of an electrochemically active species to
the electrode surface in an unstirred or convection-free solution. Diffusion is a form of mass
transport resulting from concentration gradient, δ C ( x, t ) / δ x and it occurs when the species in
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solution flows from regions of high concentration to regions of low concentration. As a result of
electrolysis, a concentration gradient develops between the electrode surface and bulk solution.
The current responses from the experiments are directly related to δ C ( x, t ) / δ x) [75].

i = nFAD [δ C ( x, t ) / δ x)]

(2.21)

Convection is caused by movement of the bulk solution. Natural convection caused by
vibrations and uneven heating are generally undesirable. Care must be taken to reduce these
effects during the electrochemical measurements by minimizing stirring (either mechanical or
thermal) in the system. Generally, small electrode area ( A ) and large solution volume would
ensure that the mass transport of electroactive species occurs only by diffusion since the passage
of current does not alter the bulk concentration of electroactive species.
Chronoamperometry is a potential step method in which the potential of an electrode
placed in unstirred solution is stepped from an initial potential (E1), where no faradic process
occur to a more negative potential (E2), where the kinetics of reduction or oxidation is
considerably high that E2 can be considered to be in mass-transfer-limited region as shown in
Fig. 2.5 (a). In electrodeposition of metal, current results from reduction of Mn+ to M on the
electrode surface. The diffusion layer is the region of solution depleted of Mn+ relative to the
bulk solution, and it has a thickness of δ x . Initially, the concentration gradient δ C ( x, t ) / δ x) is
large and diffusion layer thickness δ x is small. With the passing of time, the diffusion layer
thickness increases and concentration gradient decreases since Mn+ diffuses to, and is reduced at
the working electrode.
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Fig. 2.5 Graphical waveforms for a step potential chronoamperometric experiment: (a) potential
program; (b) simulated concentration profile at different times; and (c) current response with
time.

The magnitude of current is directly proportional to concentration gradient from Eq. 2.22;
therefore, current decreases with increasing time. For conditions involving linear diffusion to a
planar disk electrode, the current response to a potential step is given by the Cottrell equation
[75].

i (t ) = π −1/ 2 nFAD1/ 2C0∗t −1/2
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(2.22)

Where, i is the current (A/m2), A is the active area of the electrode (m2), D is the diffusion
coefficient (m2/s), C0∗ is the concentration of the electroactive species (mol/m3), F is the
Faraday constant, n is the charge involved and t is the time (s).
The typical potential waveform, concentration profile and current response with time for
chronoamperometry study are shown in Fig. 2.5. When the electrodeposition of metals involves
an overpotential driven nucleation process such as the Volmer-Weber mechanism [76], the
current response to the potential step deviates from Cottrell behavior. Instead of linear diffusion
of Mn+ to the entire electrode surface, diffusion is restricted to the nuclei growing at the occupied
active sites.
Nucleation can be detected by a characteristic deviation of the current-time response. Fig.
2.6(a) shows a typical current-time response for a potential step observed during an overpotential
driven nucleation process. Immediately after the application of potential pulse, a small current
flows due to the double layer charging. The charging current is followed by a brief induction
period, and at the conclusion of which, the current increases as a result of nucleation and growth
of metal deposit. During the nucleation and growth of metal deposit, diffusion occurs in multiple
hemispherical fields surrounding the growing crystallite. The increasing current eventually
reaches broad maxima im , because the individual diffusion zones of the growing crystallite
coalesce. The magnitude of im and the time at which it occurs, tm, depend upon the overpotential,

η . After im has been reached, the current begins to decrease and approach the typical t −1/ 2 decay
expected for the linear diffusion to a planar surface, Eq. 2.21. Fig. 2.6(b) schematically shows
the nucleation process and illustrates how the change in the diffusion mechanism from
hemispherical to planar occurs when the hemispherical diffusion zones begin to overlap.
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Fig. 2.6 Three-dimensional nucleation with hemispherical diffusion controlled growth of nuclei:
(a) typical current response; and (b) schematic of nuclei growth demonstrating overlap of
hemispherical diffusion zones resulting in linear diffusion to substrate.

Chronoamperometry can be used to investigate the 3D-hemispherical controlled growth
nucleation mechanisms. Moreover, the dimensionless current-time transients for the different
mechanism have been modeled. For instance, the dimensionless current responses for
instantaneous and progressive nucleation are described by Eq. 2.23 and Eq. 2.24, respectively
[77, 78].

(i / im ) 2 = 1.9542(tm′ / t ′){1 − exp[ −1.2564(t ′ / tm′ )]}2
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(2.23)

(i / im )2 = 1.2254(tm′ / t ′){1 − exp[−2.3367(t ′ / tm′ ) 2 ]}2

(2.24)

Where, t ′ / tm′ = ( t − t0 ) / ( tm − t0 ) . An exact evaluation of induction time or delay time t0 , which
normally increases considerably with decreasing overpotential can be done by non-linear
regression analysis at different overpotentials [78]. In determining the nucleation mechanism,
experimental dimensionless current-time transients are plotted along with the theoretical
transients for progressive and instantaneous nucleation.

2.4 Electrodeposition of Titanium-Aluminum Alloys

Electrodepositing titanium and its alloys such as titanium–aluminum metal composites at
low temperatures is of special interest. They have been widely used in aerospace industry
because of their high tensile strength and ductility with excellent high temperature mechanic
properties and corrosion resistance. Unfortunately the electrochemical mechanism for titanium
deposition is more complicated than other metals such as aluminum because of its oxidation
states, Ti(II), Ti(III) and Ti(IV). For the last two decades, many researchers have tried to replace
existing Kroll’s process of titanium production with more energy efficient and cost effective
alternative extraction process using molten salt electrolytes such as NaCl-KCl [44, 47, 79], KClLiCl [38, 42, 44], LiCl-CsCl [38, 44], CaCl2-NaCl [46] and AlCl3-alkali halides [40, 41, 80].
Extensive electrochemical and cyclic voltammetry studies of the titanium have been reported
recently both in high temperature molten salts and organic room temperature ionic liquids [55,
81]. The electrochemical studies of TiCl4 in a strongly Lewis acidic room temperature molten
salt showed that Ti4+ was reducible to Ti3+ and Ti2+ in two steps with one-electron charge
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transfer each, while Ti3+ was deposited at the electrode as a dark thin film, mostly the TiCl3
organic salts [81].
Stafford et al. [80] studied the electrochemistry of titanium using 2A1C13-NaC1
electrolyte. They reported the oxidation of titanium yield Ti(II), Ti(III), and Ti(IV) complexes.
The divalent species Ti(II) leads to electrodeposit A1-Ti alloys, while the trivalent species is
sparingly soluble. Cyclic voltammetry study on a tungsten electrode with varying Ti(II)
concentration was used to examine the kinetics of the precipitation reaction associated with
Ti(III). At higher Ti(II) concentrations and slower sweep rates the electrode was passivated by
the Ti(III) precipitation. Slow sweep rate voltammetry suggests that the current densityoverpotential characteristics of the passivation reaction were dominated by the resistance
associated with the precipitate film. The film blocked the electrode preventing oxidation of Ti(II)
to Ti(IV). Even the study of the dissolution kinetics of titanium metal revealed similar
passivation phenomena due to Ti(III) precipitation. However, at more oxidizing potentials the
protective nature of the passive film breaks down with the generation of Ti(IV).
Similar observations were reported by Tsuda et al. in their recent studies [57]. The Al-Ti
alloy was deposited on Cu rotating disk and wire electrode from an acidic AlCl3-EMIC-TiCl2
electrolyte at room temperatures. Al-Ti alloys containing up to 19 atom% of Ti was produced
from saturated solution of Ti(II) in the 2:1 molar ratio of AlCl3 and EMIC at low current
densities. They reported a small amount of purple precipitate identical to solid TiCl3 was present
in the 1.5:1 molar ratio melt after the dissolution of TiCl2, but was not obvious in the 2:1 molar
ratio melt. The X-ray diffraction (XRD), they obtained were indexed to a disordered facecentered cubic (FCC) structure and were very similar to that of pure aluminum. No pattern of AlTi alloy was found. But they observed two distinct changes in the diffraction patterns: firstly,
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0.33% decreases in the aluminum lattice parameter which is due to the smaller Ti atoms
substitutes for Al in the FCC lattice and secondly, significant broadening of the X-ray reflections
with increasing Ti metal content. These two observations confirmed the formation of Al-Ti
alloys in the deposit.
Legrand et al. [45] investigated the stability of Ti(II) species in AlCl3-DMSO2 (dimethylsulfone) electrolyte at 130°C using voltammetry and chronopotentiometry. The reduction of
Ti(III) to Ti(II) involves an electrochemical-chemical mechanism, i.e. reversible electron transfer
followed by a homogeneous oxidation reaction of Ti(II) to Ti(III) with DMSO2 acting as an
oxidizing species. Through current reversal chronopotentiometry (CRC) measurements, the
value of the pseudo-first-order rate constant k for the chemical step was assessed to be 0.21 ±
0.03 s-1.
Linga et al. [51] studied the electrochemistry of Ti(1V) basic AlCl3-BPC (nbutylpyridinium chloride). They found that Ti(IV) to exist as two electrochemically reducible
species, one an oxide complex, which were in slow equilibrium; both were diffusion controlled,
which was determined by pulse voltammetry. The E1/2 value for the first wave, where the species
is assumed to be TiCl62¯ , was -0.343 V vs. Al reference electrode and is independent of the melt
acidity. The second reduction, where the species was assumed as TiOC142-, occurred at -0.77 V
and shows a half-wave potential variation with melt acidity, indicating the involvement of two
chloride ions per Ti(1V). Only one oxidation wave, presumably that of a Ti(II1) chloro complex
which appears to passivate in the melt.
Katayama et al. [50] investigated the electrochemical reduction of tetravalent titanium
species in hydrophobic l-n-butyl-l-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide roomtemperature ionic liquid. The results showed that titanium tetrabromide was soluble in the
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studied ionic liquids in the presence of BMPBr as a Lewis base. The stepwise reduction from
Ti4+ to Ti3+ and probably Ti2+ was observed in BMPTFSI containing TiBr4 without BMPBr. The
potentiostatic cathodic reduction yielded observable deposits at 180 °C. The reduction of Ti4+
species at -2.3 V led to the deposition of some Ti compounds with TFSI¯ anions. The
electrodeposit containing Ti without TFSI− anions was obtained by the potentiostatic cathodic
reduction below -3.0 V.
O'Grady [54] studied an electrochemical process to reduce the oxide of titanium (Ti)
using room temperature ionic liquids. A titanium foil was oxidized in a furnace first then ionic
liquid mixture of aluminum chloride and 1-ethyl-3-methylimidazolium chloride (EMIC) was
used to reduce the oxide. It was observed that the resistivity of the oxide film decreased as
titanium oxide film was reduced to metal.
Mukhopadhyay et al. [53] recently reported titanium nanowire formation on the step
edges of a highly oriented pyrolytic graphite (HOPG) obtained by electrodeposition from a 0.24
M TiCl4 in the ionic liquid 1-methyl-3-butylimidazolium bis(trifluoromethyl)sulfonyl)imide
([BMIm]BTA) at room temperature. TiCl4 was first reduced to TiCl2 and then reduced to
metallic Ti. The formation of first nanowire was induced at the step edge of HOPG substrate at a
potential of -1.0 V versus the [Fe]+/[Fe] redox couple; subsequent straight and highly aligned
wires grew in parallel to the first. The author also deposited titanium from the same ionic liquid
at room temperature on a Au(111) substrate [52]. The process of electrodeposition was studied
by cyclic voltammetry, chronoamperometry and in situ scanning tunneling microscopy (STM).
The results showed that two dimensional (2D) clusters formed preferentially on the substrate in
the under-potential deposition range. At a potential of -1.8 V a dense layer of three dimensional
(3D) clusters of titanium of 1-2 nm thickness was formed.
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Takenaka et al. [56] electroplated Al-Ti alloys using AlCl3-BPC (n-butylpyridiniumchloride) ionic liquid electrolytes containing TiCln (n = 2, 3, 4) on nickel substrate using
potentiostatic electrolysis at 300-450 K. Although they have deposited dense and compact
metallic co-deposited Al and Ti (up to 27 atom %), no intermetallic compound of Ti-Al was
detected even the deposit contain more than 10 atom% of Ti.
Ali et al. [49] deposited Al-Ti alloys on platinum electrode and mild steel using AlCl3BPC-TiCl4 (molar ratio 6.14:3.07:0.09) ionic liquid electrolyte by controlled-potential and pulse
potential method. They have reported that use of higher concentration of TiCl4 (>0.1 mol/dm3)
disrupted the electrodeposition process of Al and Al-Ti alloys. Although they have tried to
deposit only pure Ti, but no deposit of pure Ti was found without co-deposition of Al and Ti.
The efficiency of the process was reported about 97%.
In summary, Ti-Al alloys are very attractive materials for a wide range of applications
aerospace to high performance engine and structural applications. The low temperature
electrochemical production of Ti-Al alloys using ionic liquid is not only energy efficient but also
eliminates high temperature melting and consolidation processes. But due the complex
electrochemistry of titanium in chloroaluminate ionic liquid electrolyte and passivation of
electrode surface with TiCl3 made the process difficult to electrodeposit titanium. Although,
several researchers reported the electrodeposition of Ti-Al alloys using electro-analytical
techniques, but they did not successful in producing substancial amount of electrodeposit which
can be implemented for large scale process. In this dissertation, we reported a novel low
temperature production route for Ti-Al alloys using ionic liquid electrolyte which is extendable
for large scale production.
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CHAPTER 3
RESEARCH OBJECTIVES

The primary objectives of the present research are: (a) dendrite-free aluminum
electrorefining using low temperature ionic liquid electrolytes and (b) developing a novel low
temperature bulk production route for titanium-aluminum alloys.

3.1 Dendrite-free Aluminum Electrorefining

Although there were several low temperature production of aluminum using ionic liquid
was developed, no study was emphasized on elimination of dendritic electrodeposition of
aluminum because dendrites have adverse effects on current efficiency, current density and
production cost. Hence, dendrite-free aluminum electrodeposit is essential to ensure a smooth,
efficient and economic operation. In this context, the research work was focused on:
1. Developing bulk electrorefining of aluminum scrap (A360 and A390) using 1-butyl-3methyl imidazolium chloride (BMIC) at low temperatures.
2. Optimization of process parameters such as cathode overpotential, electrode surface
modification, temperature, stirring rate and electrolyte composition and their effect on
morphology of deposit, current efficiency and current density.
3. Investigate the nucleation and growth phenomenon of aluminum electrodeposition by
electro-analytical technique.
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The results from this study are presented in Chapter 5 and 6 of this dissertation.

3.2 Novel Production Route for Ti-Al Alloys

The research objective was focused on a novel process development of Ti-Al alloys using
low temperature ionic liquid electrolyte. Although there were several literatures available to
understand the electrochemical phenomenon of titanium and aluminum ions in ionic liquid
electrolytes, but the bulk electrodeposition of Ti-Al alloys using ionic liquid at low temperature
was not reported. So, it is a challenging task in terms of process viability and complex
electrochemistry. The project consists of the following complementary tasks:
1. Developing bulk electrodeposition of Ti-Al alloys using 1-ethyl-3-methyl imidazolium
chloride (EMIC) at low temperatures.
2. Optimization of process parameters such as applied voltage/current and temperature and
their effect on current density, current efficiency and deposit microstructure.

The above objectives are realized through systematic experimentation and comprehensive
analysis of the process. The results are presented in Chapter 7.
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CHAPTER 4
EXPERIMENTAL PROCEDURE

4.1 Ionic Liquid Synthesis

Ionic liquids (di-alkyl imidazolium chlorides) are synthesized at our laboratory, The
University of Alabama by following the procedure reported in the literature [11, 14, 15, 18, 19,
21, 22, 60-62]. The most important requirement for synthesizing ionic liquid is to keep free of
moisture as it often extremely hygroscopic. The reagents are generally liquids and mutually
miscible, while the halide salt products are usually immiscible in the starting materials. Since the
reagents are immiscible with the halide salt product, they will form as a separate phase. In order
to purify the halide product it is washed with solvent. Moreover, the halide salts are generally
denser than the solvents, so removal of excess solvent and starting material can be achieved
simply by decantation. Finally, after completion of reaction the solvent is decanted and it is
necessary to remove all excess solvent and starting material by heating the salt in vacuum. In the
present research two types of ionic liquids were used namely: 1-butyl-3-methyl imidazolium
chloride (BMIC) and 1-ethyl-3-methyl imidazolium chloride (EMIC).

4.1.1 Synthesis of 1-butyl-3-methyl imidazolium chloride (BMIC)

All synthesis and mixing of chemicals were carried out under an inert atmosphere of
argon in a glove box (Labconco® Corp). The glove box was vented using laboratory vacuum and
then filled with high purity argon and this was repeated twice to ensure low oxygen and moisture
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atmosphere. All the Pyrex® glassware used in synthesis and experimental work were purchased
from Fisher Scientific® Company.
The flow sheet illustrating the synthesis procedure of BMIC ionic liquid is shown in Fig.
4.1. Equi-molar 1-methyl imidazole (99.7%, Sigma Aldrich®) and chlorobutane (99.9% Sigma
Aldrich®) were refluxed in a round bottom flask at 70 °C for 48 hours with constant stirring
using magnetic stirrer. Temperature was controlled by using digital heating mantle and
thermometer inserted between flask and mantle. After 48 hours, excess or non-reacted starting
material was removed by dissolving it in ethyl acetate (99.8%, Sigma Aldrich®). This process
was repeated 5-6 times to make sure no excess or non-reacted chemical is present in the ionic
liquid. The final product crystallized and colorless or very light yellow at room temperature after
vacuum evaporation described elsewhere [14, 18]. The vacuum evaporation was done for 12-24
hours to reduce as much moisture as possible. After evaporation the water content was measured
below 0.1 % [18]. It is essential not to heat the halide salts to temperatures greater than about 80
°C, since overheating can result in a reversal of the quaternization reaction [62].

1-Chlorobutane, 1 mole

1-Methyl imidazole, 1 mole

Refluxing, 70°°C

Stirring, 48 hr

Viscous liquid
Washing, Ethyl acetate

Drying under vacuum, 70°°C for 12-24

1-Butyl -3-Methyl Imidazolium
Chloride (BMIC)

Fig. 4.1 Flow sheet for synthesis of 1-butyl-3-methyl imidazolium chloride (BMIC) ionic liquid.
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4.1.2 1-ethyll-3-methyl imidazolium chloride (EMIC)

EMIC used in the present research was purchased from Sigma Aldrich® (>98%). As
impurity likely to be present in largest concentrations in most ionic liquids is water, EMIC was
heated under vacuum to minimize moisture content before use.

4.2 Preparation of Chloroaluminate Melt

Chloroaluminate melts were prepared by mixing specified amount of di-alkyl
imidazolium chloride salts with anhydrous AlCl3 (99.9%, Alfa Aesar®) in a Pyrex
electrochemical cell. AlCl3 was used without any further purification. As the ionic liquid and
AlCl3 are very hygroscopic, weighting and mixing were carried out in an argon-filled inert
atmosphere glove box (Labconco® Corp). The mixing reaction is highly exothermic,
necessitating an extra care to keep the temperature of mixture under control. Extreme
temperature can cause decomposition and discoloration of the melt. Thus, AlCl3 is added
stepwise into ionic liquid in small amounts, which allows heat dissipation. A magnetic stirrer
was inserted into the melt for proper mixing. Melts formed by rapid combination of the
components often have a dark brown or black color. Careful weighing of the components can
yield melts of precise composition with predetermined physical properties. Chloroaluminate
melts are used in the present research are AlCl3-BMIC and AlCl3-EMIC.
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4.3 Experimental Setup

4.3.1 Electrorefining reactor for Al electrorefining

AlCl3-EMIC chloroaluminate melt was used for dendrite-free electrorefining of
aluminum. Electrorefining reactor consisted of a 40 mL Pyrex® glass beaker fitted with
Teflon/Perspex cover. The cover had provisions for introducing electrodes, thermometer, and
inert gas inlet and outlet [23, 31, 32]. Schematic and actual electrorefining reactor is shown in
Fig. 4.3. Bright and shiny deposit of aluminum was found in each experiment as shown in Fig.
4.3(b). Aluminum scrap (A390 and A360) and copper/aluminum sheet substrates were used as
anode and cathode respectively. The composition of A390 and A360 scrap anodes are listed
Table 4.1. Aluminum alloy scrap was cut into 45mm×20mm×5mm plates and mechanically
polished with 80, 120, 180, 320 and 1000 grit SiC sand paper before electrorefining.
Copper/aluminum sheets (99.999%, Alfa Aesar®) with dimensions of 45 mm × 20 mm × 1 mm
were polished before using. To study the effect of surface modification, some of the anode and
cathode back surfaces were masked with non-conductive tape (HP260®) and was referred as
“modified” in this investigation. The electrode without masking was referred as “unmodified”.
Pure aluminum wire (2 mm diameter, 99.999%, Alfa Aesar®) was used as reference electrode.
The purpose of reference electrode was only to measure the electrode potential of anode and
cathode individually, using a multimeter (Keithley® 2000 Multimeter). The constant voltage
power source (Kepco® ABC Programmable Power Supply) supplied the required voltage across
anode and cathode. Measures current was converted to cathode current density by dividing
cathode area immersed into electrolyte. The electrolyte was stirred at a constant speed using a
magnetic stirrer. The temperature was controlled by placing the electrorefining cell on a digital
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hot plate (Corning, PC-420D®). A thermometer was inserted through the teflon cap to monitor
the temperature. The electrolyte was heated stepwise to the required temperature under a
controlled atmosphere (argon). The electrolyte was then allowed to stand for at least 30 minutes
at the final temperature for stabilization before starting the experiment. The photograph of actual
electrorefining setup is shown in Fig. 4.4.

Table 4.1 Composition of aluminum scrap anode (A390 and A360) for electrorefining.
Elements
(wt%)

Al

Si

Fe

Mn

Mg

Cu

Ti

+Cr

Ni

Zn

A390

74.25

25.07

0.08

0.008

0.345

0.02

0.13

0.002

0.007

0.03

A360

76.20

15.75

0.38

0.104

0.105

4.52

0.06

0.046

0.106

2.24

Power Supply
Multimeter

Argon
Inlet

Outlet

Cathode
(Al/Cu)

Anode
(Al alloy Scrap)
Glass cell

Thermometer

Reference
Electrode
(Al/ AlIII)

Electrolyte
Magnetic
Stirrer

Hot Plate

(a)

(b)

Fig. 4.2 (a) Schematic and (b) actual of electrorefining reactor [23, 31, 32].
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Fig. 4.3 Photograph of the actual experimental setup for electrorefining.

The operating conditions for electrorefining of aluminum was tabulated in Table 4.2 [23,
31, 32]. Every experiment was conducted at least two times to ensure the repeatability

Table 4.2 Experimental parameters for electrorefining of aluminum.
Molar Ratio (MR)
of AlCl3:EMIC

Applied
voltage (V)

Temperature (°C)

Electrolyte stirring
speed (rpm)

Experimental
time (hours)

1.25-2.00

1.5

50-110

0-120

5-25

To study the effect of cathode overpotential on deposit morphology, several
electrorefining experiments were carried out using programmable EG&G PARC model 273A
Potentiostat/Galvanostat® as a power source with 3-electrode setup. Aluminum scrap alloys
(A360 and A390), copper/aluminum sheet and aluminum wire were used as counter electrode

47

(CE), working electrode (WE) and reference electrode (RE), respectively. The experiments were
conducted at different cathode overpotential between working electrode (WE) and reference
electrode (RE). The experimental parameters are shown in Table 4.3[23].

Table 4.3 Experimental parameters for electrorefining of aluminum using 3-electrode system.
Molar Ratio (MR)
of AlCl3:EMIC

Cathode
overpotential (V)

Temperature
(°C)

Electrolyte stirring
speed (rpm)

Experimental
time (hours)

1.65

-0.25 - -0.65

90

60

5

4.3.2 Electrodeposition reactor for Ti-Al alloy

4.3.2.1 Constant Voltage Production
The electrodeposition reactor for Ti-Al deposition has a similar setup like electrorefining
as shown in Fig. 4.2. The electrodeposition carried out using two different chloroaluminate
liquids AlCl3-BMIC-TiCl4 and AlCl3-BMIC. Chloroaluminate melt was prepared by mixing
weighed quantities of anhydrous AlCl3 (Alfa Aesar®, 99.9%) and BMIC ionic liquid in a 40 ml
Pyrex® electrochemical reaction. After dissolution of AlCl3 in the electrolyte, a light brown
colored electrolyte was formed. For preparing AlCl3-BMIC-TiCl4 melt, precise quantity of liquid
TiCl4 was injected into the chloroaluminate electrolyte by using a stainless steel syringe. Care
was taken as TiCl4 is highly hygroscopic and vaporizes quickly. All weighing, melt preparation
and experiments were carried out in argon filled Labconco® glove box as described before. The
melt was stirred continuously using a magnetic stirrer to ensure complete dissolution of TiCl4
[58, 60, 61].
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Titanium foils (40x15x0.5 mm, 99.99%, Aldrich®) were used as cathode and anode.
Titanium wire (0.5 mm diameter, 99.99%, Aldrich®) was used as reference electrode. The use of
reference electrode was only to measure the electrode voltage of anode and cathode individually,
using a multimeter (Keithley® 2000 Multimeter). Constant voltage electrodeposition of Ti-Al
alloy was carried out using constant-voltage-power source (Kepco® ABC Programmable Power
Supply). The voltage was applied between anode and cathode. The current reading was recorded
in regular interval. The cathode current density was calculated from current reading by dividing
cathode area of deposition i.e. cathode area immersed into the electrolyte. The setup was heated
using a hot plate and the temperature was measured using a thermometer. The electrolyte
allowed stabilizing at that experimental temperature for 15-20 minutes.

The experiment

parameters for constant voltage electrodeposition of Ti-Al alloys are shown in Table 4.4 [60, 61].
Each experiment was conducted at least two times to ensure the repeatability of results.

Table 4.4 Experimental parameters for production of Ti-Al alloys using constant voltages.
Molar Ratio (MR) of
AlCl3:BMIC:TiCl4

Applied
Voltage (V)

Temperature
(°C)

Electrolyte stirring
speed (rpm)

Experimental
time (hours)

2:1:0.019

1.5-3.0

70-125

60

4

After 4 hours of electrodeposition, the deposit thickness of Ti-Al alloy varied between
0.1-0.05 mm depending on experimental parameters. Photographs of typical Ti-Al alloy deposit
on titanium cathode and anodically dissolver titanium anode are shown in Fig. 4.4(a) and (b),
respectively.
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(a)

(b)

Fig. 4.4 Photographs of (a) Ti-Al alloy deposited on Ti cathode (b) dissolved Ti anode.

4.3.2.2 Constant Current Production
Constant current electrodeposition of Ti-Al alloy was conducted by using programmable
EG&G PARC model 273A Potentiostat/Galvanostat® as a current source with 3-electrode setup.
Experiments were carried out at different cathode current density and temperatures. Titanium
foils (40 mm × 15 mm × 0.5 mm, 99.99%, Aldrich®) were used as counter electrode (CE) and
working electrode (WE). Titanium wire (0.5 mm diameter, 99.99%, Aldrich®) was used as
reference electrode. Constant current was applied between working electrode (WE) and counter
electrode (CE). The experimental parameters are tabulated in Table 4.5 and repeated experiments
were performed to ensure the results.

Table 4.5 Experimental parameters for production of Ti-Al alloys using constant currents.
Molar Ratio (MR) of
AlCl3:BMIC

Applied Current
Density (A/m2)

Temperature
(°C)

Electrolyte stirring
speed (rpm)

Experimental
time (hours)

2:1

60-210

60-120

60

4
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4.3.3 Electrochemical study of AlCl3-BMIC and AlCl3-EMIC

To evaluate the reaction mechanism and determine the diffusion coefficient of Al2Cl7¯ ,
electrochemical study (chronoamperometry) was conducted. The experiments were carried out
with a three-electrode system in a 25 ml Pyrex® cell from BAS® Inc. The working electrode
(WE) was copper (diameters 1.0 mm, 99.999%, Aldrich®). Aluminum wire (diameters 1.0 mm,
99.99%, Aldrich®) was used as counter (CE) and reference electrodes (RE). The active working
electrode surface area (0.165 cm2) was calculated from the area exposed into the electrolyte. The
reference electrode was immersed in a Pyrex glass tube containing AlCl3-BMIC or AlCl3-EMIC
melt (MR = 1.65:1), separated from the bulk melt by a fine porous glass frit. The junction
potential at the interface between the reference electrode and bulk electrolyte was neglected. This
assumption is valid as a result of transport number measurements, the major charge carrier was
found to be the imidazolium cation. The Pyrex® glass tube and porous (Vycor) glass frit were
obtained from BAS® Inc.
BMIC was synthesized in the laboratory as described earlier in this chapter, EMIC
(>98%) and anhydrous AlCl3 (99.9%) were obtained from Sigma Aldrich® and were used for this
study. Anhydrous AlCl3 was used without further purification. Chloroaluminate electrolytes were
prepared by mixing weighed quantities of BMIC/EMIC and AlCl3 (molar ratio, MR = 1.65:1).
All the experiments were carried out in argon filled Labconco® glove box. A schematic diagram
and actual setup are shown in Fig. 4.5 and Fig. 4.6, respectively. EG&G PARC model 273A
potentiostat/galvanostat® attached with Power Suite® software was used for all studies. The
temperature was controlled by a hot plate and maintained at 90°C. Several chronoamperometry
(CA) curves were obtained by varying the step overpotential between -0.1 V and -0.8 V. Each
chronoamperometry experiments are repeated several times to ensure the repeatability.
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(a)

(b)

Fig. 4.5 (a) Schematic and (b) actual electrochemical cell.

Fig. 4.6 Actual electrochemical experimental setup showing the cell and EG&G PARC model
273A potentiostat/galvanostat®.
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4.4 Characterization Techniques

The characterization of synthesized ionic liquid and electrodeposited Al and Ti-Al alloys
are described below.

4.4.1 Ionic liquid characterization

The characterization of BMIC ionic liquid was carried out using Karl Fischer
Coulometric titrator (Aquapal® III, CSC Scientific, Fairfax, VA) The most common impurity
likely to be present in ionic liquid is water. The removal of other volatile reaction solvent can be
easily achieved by heating ionic liquid under vacuum. The coulometric titration method was used
to determine the moisture content in the ionic liquid samples as described by our previous
researcher [18]. The water content (wt%) in BMIC varies between 0.05-0.10 wt% which is
constant with our previous investigator [18].

4.4.2 SEM and EDS analysis

The morphological characterization and quantitative analysis of the electrodeposited Al
and Ti-Al alloy electrodeposited samples were carried out using Philips® XL30 and JOEL® 7000
scanning electron microscope (SEM) attached with EDAX facility for energy dispersive
spectroscopy (EDS). SEM samples were prepared by cutting the cathode into 10 mm × 10 mm
size using diamond circular saw cutter. The samples were then directly mounted on SEM sample
stub using carbon conducting tape for morphological analysis. Before analysis the samples were
thoroughly washed with acetone and water and dried. The final composition of electrodeposited
Al and Ti-Al alloy deposit was obtained by averaging the EDS analysis from four different
regions on the sample. EDS spot analysis also conducted on individual particles to determine
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their composition. For cross-sectional SEM microscopy, the sample was cut (20 mm × 10 mm)
carefully and mounted inside conducting epoxy before analysis.

4.4.3 XRD analysis

X-ray diffraction (XRD) analysis of the electrodeposited Al and Ti-Al alloy was
performed using a Philips® PW3830 X-ray diffractometer which uses monochromatic CuKα
radiation (λ = 1.5406 Å). Before analysis the cathode was washed thoroughly with acetone and
water and finally dried. A precise amount of electrodeposited sample was scraped from the
cathode surface and grounded. The grounded sample was then mounted on silica glass which
was then fitted into the diffractometer. All samples were scanned between the angles of 20° to
100°.

4.4.4 ICP analysis

The composition analysis of electrodeposited Ti-Al alloy was performed using the
Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES, Perkin Elmer® Optima
3000V). A precise amount of electrodeposited sample was dissolved in 3% HNO3 (Fisher
Scientific®) and properly diluted (<200 ppm) with demonized water before analysis. The
concentration of elements present in the solution was converted to wt%.

4.4.5 Conductivity measurement of ionic liquid electrolyte

The conductivity of AlCl3-EMIC chloroaluminate ionic liquid electrolyte was measured
by digital conductivity meter (Corning® Pinnacle 541 Conductivity Meter). For conductivity
measurement, AlCl3-EMIC ionic liquids were taken into beaker and conductivity meter probe
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was inserted into the ionic liquid. Digital display showed the conductivity of electrolyte (S/m2).
The conductivity was measured for different molar ratio (MR) of AlCl3-EMIC (1.25-2.0). Each
measurement was repeated at least three times and final conductivity of electrolyte was reported
by averaging of three readings.
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CHAPTER 5
DENDRITE-FREE ALUMINUM ELECTRODEPOSITION

5.1 Electrode Reactions and Microstructures

In electrorefining process, aluminum scrap was used as anode. The summary of
experimental results is tabulated in Table 5.1 [23] and Table 5.2 for two different anode
materials. The electrolyte exhibits Lewis acid properties which has a molar ratio (MR) of AlCl3:
EMIC > 1. Acidic melt (MR of AlCl3: EMIC ≥ 1.25) contains mainly AlCl4¯ and Al2Cl7¯ ions
along with negligible amount of other anions such as Al3Cl10¯ and Al4Cl13¯ [69, 70]. Aluminum
deposition proceeds by the reduction of Al2Cl7¯ ions which is present in excess in acidic melts.
The overall mechanism can be explained by the following electrode reactions. The AlCl4¯ ions
present in the electrolyte react with anode metal to dissolve aluminum and produce Al2Cl7¯ ions
as shown by the anodic reaction in Eq. 5.1.

Al (anode) + 7AlCl4¯ = 4Al2Cl7¯ + 3e¯

(5.1)

Dissolved aluminum in the form of Al2Cl7¯ ion traverses through the electrolyte towards
cathode either by diffusion or by convection and reduced to pure aluminum on the cathode
surface. The reaction which leads to the aluminum deposition at the cathode is given by the
following reaction in Eq. 5.2.
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4Al2Cl7¯ + 3e¯ = Al (cathode) + 7AlCl4¯

(5.2)

Table 5.1 Summary of experimental results carried out using A390 anode for experimental time
of 5 hours (molar ratio, MR = 1.65:1, applied voltage = 1.5 V, temperature = 90±3°C and stirring
speed = 60 rpm).
Cathode
Material

Electrode
Surface
Modification

Highest
Cathode
Overpotential
(-V)

Av.
Current
Density
(A/m2)

Current
Efficien
cy
(%)

Energy
Consumption
(kWh/kg of
Al)

Al

Unmodified

0.73

205

97.52

4.70

Deposit
Morphology

Dendritic

Al

Modified

0.32

212

94.17

5.17
Granular

Al*

Modified

0.24

127

99.27

4.92
Granular

Cu

Unmodified

0.52

204

94.10

5.05
Dendritic

Cu

Modified

0.33

195

96.55

4.79
Granular

* 25 hours experiment
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Table 5.2 Summary of experimental results carried out using A360 anode for experimental time
of 5 hours.
Cathod
e
Materi
al

Electrode
Surface
Modification

Al

Unmodified

MR

Te
mp.
(ºC
)

Stirri
ng
Rate
(rpm)

Highest
Cathode
Overpot
ential
(V)

Av.
Current
Density
(A/m2)

Current
Efficien
cy
(%)

Energy
Consumptio
n
(kWh/kg of
Al)

1.65

90

60

-0.56

181

98.81

4.53

Deposit
Morphology

Dendritic

Al

Modified

1.65

50

60

-0.31

67

98.97

4.51
Granular

Al

Modified

1.65

70

60

-0.37

100

96.71

4.62
Granular

Al

Modified

1.65

90

60

-0.36

185

94.47

4.68
Granular

Al

Modified

1.65

110

60

-0.41

248

87.68

5.01
Granular

Al

Modified

1.65

50

0

-0.20

47

97.07

4.61
Flaky

Al

Modified

1.65

70

0

-0.42

138

91.83

4.87
Flaky

Al

Modified

1.65

90

0

-0.54

191

91.21

4.90
Flaky
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Al

Modified

1.65

110

0

-0.58

364

83.91

5.32
Flaky

Al

Modified

1.65

90

120

-0.35

271

95.08

4.62
Granular

Al

Modified

1.25

90

60

-0.47

136

96.57

4.63
Granular

Al

Modified

1.50

90

60

-0.43

158

97.23

4.59
Granular

Al

Modified

2.00

90

60

-0.31

196

95.70

4.67
Granular

Cu

Unmodified

1.65

90

60

-0.45

134

90.98

4.91
Dendritic

Cu

Modified

1.65

90

60

-0.34

195

95.46

4.68
Granular

5.2 Efficiency and Energy Consumption Calculations

Cathode current efficiency ( ηeff ), expressed as a percentage, is defined as the ratio of the
actual amount of metal deposited to that expected theoretically. The amount of metal deposited
was calculated from the weight change ( ∆W = WFinal − WInitial ) observed in cathode before and
after the electrorefining. Using Faraday law, the theoretical amount ( WT ) of metal to be
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deposited for a fixed quantity of electricity passed during the electrorefining was determined
using Eq. 5.3:

WT =

I .t.aw
n.F

(5.3)

Where I is the current (ampere) is passed thorough the electrorefining cell for time t
(seconds). The total charge (coulomb), I × t is calculated from the total area under the curve of I

vs. t plot for each experiment. n is number of electrons transferred, aw is atomic weight of
aluminum (26.98) and F is Faraday constant (96485 Coulombs). Current efficiency ( ηeff ), which
is defined as the ratio of actual amount of metal deposited (experimental) to that expected
theoretically by Faraday’s law, was calculated using Eq. 5.4.

ηeff ( % ) =

∆W
× 100
WT

(5.4)

The energy consumed (E) during the refining process was determined using current efficiency
and applied cell voltage using Eq. 5.5. Energy consumed as a function of applied voltage.

E =V.

Q

(5.5)

ηeff
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Where V is the applied voltage, ηeff is the cathode current efficiency and Q is the charge
required to depositing the fixed amount of material accordingly to the Faraday’s law. The detail
calculation of current efficiency and energy consumption were shown in Appendix A.
The energy consumption for Al electrorefining varies from 4.51-5.32 kWh/ kg of Al alloy
using two different anode materials (A390 and A360), which is well below the commercial and
the molten salt electrorefining of Al (15-18 kWh/ kg of Al). The current efficiency of aluminum
electrorefining is in the range of 84-99% as listed in Table 5.1 and Table 5.2.

5.3 Characterization of Electrodeposits

The XRD pattern and EDS analysis of the electrodeposits using both type of anodes show
only the peaks of aluminum (Fig. 5.1 and Fig. 5.2, respectively), which indicate that the deposit
was composed of high purity aluminum. Other alloying elements in the anode (mostly Si, Cu, Zn
and Fe) collected as anode sludge.
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Fig. 5.1 X-ray diffraction pattern of electrodeposit [23].
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Fig. 5.2 EDS analysis of electrodeposit [23].

Fig. 5.3 (a) shows the SEM microstructure of the aluminum dendrites obtained after 5
hours of experiment using unmodified copper cathode and A390 anode. The length of primary
and secondary dendrite arm varies between 3-6 mm and 0.2-1 mm after 5 hours of experiment,
respectively. Large dendrites (>6 mm) on the edges of the cathode was observed because of the
higher current density of the edges compared to the flat surface. Fig. 5.3 (b) depicts the SEM
micrographs of aluminum electrodeposit obtained by using modified copper cathode show
granular, compact and adherent deposit after 5 hours of experiment. The microstructure clearly
shows that electrode surface modification has enormous effect in obtaining dendrite-free
aluminum electrodeposit. Similar result was found using modified and unmodified aluminum
cathodes and A390 anodes.
The SEM microstructure and cross-sectional SEM of dendritic aluminum deposit using
unmodified and modified aluminum cathode and A360 are shown in Fig. 5.4(a)-(b), respectively.
The deposit was obtained after 5 hours of experiment using unmodified aluminum cathode is
dendritic similar to Fig. 5.3 (a). Granular and compact deposit was found using modified
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aluminum electrodes. Similar result was found using modified and unmodified copper cathodes
and A360 anodes.

Copper
Cathode

Copper
Cathode
Granular
deposit of Al

Al dendrites

(a)

(b)

Fig. 5.3 Cross-sectional SEM image and SEM micrographs of (a) aluminum dendrites and (b)
granular aluminum electrodeposit obtained on unmodified and modified copper cathode,
respectively (Anode = A390, molar ratio = 1.65:1, applied voltage = 1.5 V, temperature =
90±3°C and stirring speed = 60 rpm) [23].
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(a)
(b)
Fig. 5.4 Cross-sectional SEM image and SEM micrographs of (a) aluminum dendrites and (b)
granular aluminum electrodeposit obtained on unmodified and modified aluminum cathode,
respectively (Anode = A360, molar ratio = 1.65:1, applied voltage = 1.5 V, temperature =
90±3°C and stirring speed = 60 rpm).

5.4 Effect of Electrode Surface Modification

Fig. 5.5 shows the deposit morphology of aluminum using both modified and unmodified
copper cathode and A390 anode. The photographs clearly show that the use of surface modified
electrodes resulted in non-dendritic or granular deposition of aluminum on copper cathode for an
entire duration of 5 hours. After 1 hour both type of electrodes show bright deposit of aluminum
which is clearly visible at the edges of the cathodes. Unmodified copper cathode shows fine
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dendritic deposition of aluminum on the edges and on the surfaces. The growth of dendritic
deposits was pronounced with passage of time. After 5 hours of experiment, primary dendritic
arms grow up to 4-6 mm as shown in SEM micrograph in Fig. 5.3(a). But modified electrodes
did not produce dendritic aluminum deposit for the entire experimental time. The deposit was
granular, compact and adherent with copper surface (see Fig. 5.3(b)). After 25 hours of
electrorefining with modified electrode no dendritic deposition was produced. Similar results
were obtained by using modified and unmodified aluminum cathodes.
Photographs of aluminum deposit at different time interval using modified and
unmodified aluminum cathode and A360 anode is shown in Fig. 5.6. Dendrite-free or granular
deposition of aluminum was only obtained by using surface modified electrodes. After 1 hour
both modified and unmodified electrodes show bright deposit of aluminum which is clearly
visible at the edges of the cathodes. Fine dendritic deposition of aluminum was found on the
edges and surfaces of unmodified aluminum cathode. The dendrites were grown perpendicular to
the cathode surface as time progressed similar to Fig. 5.5. After 5 hours, primary dendritic arms
grow up to more than 5 mm as shown in Fig. 5.4 (a). But modified electrodes did not produce
dendritic deposit for the entire experimental time (see Fig. 5.4(b)).
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Fig. 5.5 Deposit morphology of aluminum at different time intervals using modified and
unmodified copper cathode and A390 anode (molar ratio = 1.65:1, applied voltage = 1.5 V,
temperature = 90±3°C and stirring speed = 60 rpm) [23].

Fig. 5.6 Deposit morphology of aluminum at different time intervals using modified and
unmodified aluminum cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5 V,
temperature = 90±3°C and stirring speed = 60 rpm) [32].
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5.5 Determination of i0 and αc

Fig. 5.7 shows the variation of cathode current density with time using modified and
unmodified copper/aluminum cathode and A390 anode. Modified electrodes exhibit higher
average current density (163 A/m2 for copper and 212 A/m2 for aluminum, see Table 5.1) for
both copper and aluminum cathodes. The modified electrodes have a blocked back face,
resulting in increased current density. The plots also depict that the cathode current density
obtained using modified cathode is higher than that of unmodified for the first 15-25 minutes of
experiment, after which the behavior is similar. It was observed that copper cathode exhibit
lower average current density than aluminum electrode. The rough deposit of aluminum was
found on copper cathode due to reactivity between the aluminum and cathode material [76]. This
leads to increase in actual surface area of copper cathode and hence average current density
decreases.
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Fig. 5.7 Effect of electrode surface modification on cathode current density using
copper/aluminum cathode and A390 anode (molar ratio = 1.65:1, applied voltage = 1.5 V,
temperature = 90±3°C and stirring speed = 60 rpm) [23].
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The variation of cathode current density with time as shown in Fig. 5.7 has three distinct
regions (A, B and C). The initial steep increase in current density (region A) for initial period of
about 20 minutes is due to activation polarization of cathode. To confirm activation polarization,
cathode overpotential ( η ) is plotted with cathodic current density (i) in region A. Fig. 7 shows
the linear relationship of cathode overpotential (η) and log (i) for aluminum cathode and is
represented by cathodic Tafel equation, Eq. 5.6.

log i = log i0 + (

−α c .n.F
).η
2.303.R.T

(5.6)

where i is the cathode current density (A/m2), i0 is the exchange current density (A/m2), η is the
cathode overpotential (V), α c is the cathodic charge transfer coefficient, n is the number of
electron exchanged, F is the Faraday’s constant (96500 coulomb/equivalent), R is the universal
gas constant (8.314 J/mole.K) and T is the operating temperature (K).
The charge transfer co-efficient α c can be calculated from the slope of each plot in Fig.
5.8 using Tafel equation, Eq. 5.6. The exchange current density ( i0 ) was determined from the
intercept of plot in Fig. 5.8 at η = 0 (see Appendix C). The approximate value of i0 is ∼57 A/m2.
The cathode charge transfer coefficient αc obtained from Fig. 5.8 is in the range of 0.12-0.13.
Region B (Fig. 5.7) refers to the steady-state for a period of 25-30 minutes. But this
region is very short (10-15 min) for modified electrodes. Later, current density decreases steadily
(Region C). This is because of the thin layer formation on anode surface. The layer consists of
mainly silicon and other impurities which retard the dissolution kinetics of anode [15]. Hence,
concentration polarization occurs in this region.
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Fig. 5.8 Cathodic polarization curve shows the variation of cathode overpotential with log (i) for
aluminum/copper cathode and A390 anode (molar ratio = 1.65:1, applied voltage = 1.5 V,
temperature = 90±3°C and stirring speed = 60 rpm) [23].

Similar cathode current density vs. time was obtained using modified copper/aluminum
cathode and A360 anode where modified electrode exhibit a higher cathodic current density
compared to unmodified electrodes (Fig. 5.9). Although both modified copper and aluminum
cathodes produced dendrite-free deposition, but copper cathode provides higher current density
because of its higher electrical conductivity. It was also observed that rough and more adherent
deposit was found on copper cathode. Aluminum deposition on aluminum or copper substrates
can be divided into two steps: a) thin layer of aluminum was first deposited on the cathode, b)
dendrites attach to this thin layer. Adherence of deposit depends on the reactivity between the
aluminum and cathode material. With copper cathode, a surface alloy (Al2Cu) was formed by
metal inter-diffusion with the underlayers of aluminum and dendrite formation occurs when the
intermetallic layer is saturated [76].
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Fig. 5.9 Effect of electrode surface modification on cathode current density using
copper/aluminum cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5 V,
temperature = 90±3°C and stirring speed = 60 rpm) [32].

It can be concluded that cathode materials do not have significant effect on eliminating
dendritic aluminum deposit unless they are modified. The key parameter to control the deposit
morphology is the cathode overpotential which will be discussed in the next section.

5.6 Effect of Cathode Overpotential and Theoretical Justification

The morphology of metal deposit is mainly dependent on the kinetic parameters and the
cathodic overpotential or the current density. A certain well-defined critical overpotential value
appears to exist below which dendrites do not grow. Experiments using modified electrodes
produced dendritic-free and granular structure and this was explained from the cathodic over
potential data as shown in Fig. 5.10. Both modified copper and aluminum cathodes showed
lower overpotential compared to unmodified electrodes. For example, the maximum
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overpotential obtained with modified aluminum cathode is 0.321 V and that with unmodified is
0.731 V (see Table 5.2). The maximum current densities obtained in both the experiments are
nearly the same but the measured overpotentials are lower by a factor of two for modified
aluminum cathode. A similar result was found for modified and unmodified copper/aluminum
cathode and A360 anode as shown in Fig. 5.11. This indicates that cathode overpotential play a
significant role in the morphology of the deposit.
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Fig. 5.10 Variation of cathodic overpotential with time using unmodified and modified
copper/aluminum cathode and A390 anode (molar ratio = 1.65:1, applied voltage = 1.5 V,
temperature = 90±3°C and stirring speed = 60 rpm) [23].
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Fig. 5.11 Variation of cathodic overpotential with time using unmodified and modified
copper/aluminum cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5 V,
temperature = 90±3°C and stirring speed = 60 rpm) [32].

To study the effect of cathode overpotential on deposit morphology, a series of
experiments were carried out using only modified aluminum cathode and A390 anode in a 3electrode electrorefining cell at 90±3ºC. The cathode overpotential varies from -0.25 V to -0.65
V and was applied between reference electrode and working electrode (modified aluminum
cathode). Modified aluminum alloy A390 anode was used as counter electrode. Fig. 5.12 shows
the variation of cathode current density with time at different cathode overpotentials. The curves
have similar trend up to -0.55 V of overpotential and granular deposit of aluminum was obtained.
At higher overpotential a steep increase in current density are observed between -0.575 V to 0.625 V overpotential. Dendritic deposition was obtained within this range. At -0.65 V of
overpotential, a powdery deposition was found and which was non-adherent to the cathode
surface. The plots also indicate that dendrite-free or granular deposit of aluminum can be
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obtained even at very high current density of 400-500 A/m2, which is comparable with high
temperature industrial electrorefining processes [82].
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Fig. 5.12 Variation of cathode current density with time at different cathode overpotentials (-0.25
V to -0.65 V) using modified aluminum cathode and A390 anode (molar ratio = 1.65:1, applied
voltage = 1.5 V, temperature = 90±3°C and stirring speed = 60 rpm) [23].

The SEM micrograph (Fig. 5.13) illustrates the change in morphology of aluminum
deposit on cathode surface. It shows that at lower overpotential (<-0.55 V), aluminum particles
are granular and isolated. After that the particles begin to cluster and dendritic deposition was
found afterwards (-0.575 V, -0.60 V and -0.625 V). These distinctive micrographs conclude that
; -0.55 V is the transition overpotential where morphology changes from granular to dendritic.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 5.13 SEM micrographs of aluminum deposit using modified aluminum cathode and A390
anode at different cathode overpotentials: (a) -0.25 V, (b) -0.45 V, (c) -0.55 V, (d) -0.575 V, (e)
-0.60 V, (f) -0.625 V (molar ratio = 1.65:1, temperature = 90±3°C and stirring speed = 60 rpm)
[23].

To understand this behavior, a polarization curve was plotted with average cathode
current density vs. cathode overpotential (from Fig. 5.12) as shown in Fig. 5.14. The pictures of
cathode with aluminum deposit are numbered corresponding to those on the curve.
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Fig. 5.14 Polarization curve for electrodeposited aluminum using modified aluminum cathode
and A390 anode (molar ratio = 1.65:1, applied voltage = 1.5 V, temperature = 90±3°C and
stirring speed = 60 rpm) [23].

The polarization curve clearly shows the transition point (point 4) on the curve
corresponding to -0.55 V where the deposit morphology changes from granular to dendritic. The
critical overpotential ( ηcrt ) at which dendritic growth starts is close to -0.55 V. The minimum
overpotential for which the dendritic growth will be initiated is given by Eq. 2.19

-------------------------------- ηcrt =

RT  iL 
ln  
α c F  i0 

The iL was calculated from the Eq. 2.16
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iL =

n.F .D.C0∗

δ

Where n is the number of electrons exchanged (3/4, see Eq. 5.2), D is the diffusion coefficient
of Al2Cl7¯ ion (6.89 × 10-11 m2/s) [72], C0∗ is bulk concentration of Al2Cl7¯ ion (1.8185 × 103
mol/m3) and δ is the diffusion boundary layer thickness (17.5 × 10-6 m) [83]. The limiting
current density ( iL ) was calculated as ~518 A/ m2 (see Appendix B and C).
The ηcrt was calculated by substituting α c ≈ 0.12, i0 = 57 A/m2, iL = 518 A/m2 and T =
363 K in Eq. 2.19 The calculated value of ηcrt is -0.536 V, which is in good agreement with the
value obtained from the polarization curve (~ -0.55 V) [23].
Similar calculation was carried out using modified aluminum cathode and A360 anode.
Using α c ≈ 0.13, i0 = 57.32 A/m2, iL = 518 A/m2 and T = 363 K in Eq. 2.19, ηcrt was calculated
as -0.53 V.
For further confirmation of dendrite-free aluminum deposition below the cathode
overpotential of -0.53 V, couples of experiments were conducted using unmodified electrodes in
a similar setup shown in Fig. 4.3. A360 and aluminum were used as anode and cathode,
respectively. Both electrodes used were “unmodified” to investigate the possibility of getting
dendrite-free deposit by applying lower cathode overpotential below -0.53 V as calculated above.
A constant voltage of 1.0 V was applied across anode and cathode. Photographs of aluminum
deposit at different time interval is shown in Fig. 5.15. Dendrite-free or granular deposition of
aluminum was obtained even using unmodified electrodes. Even after 5 hours of experiment, no
dendritic deposit of aluminum observed on the aluminum cathode surface.
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Fig. 5.15 Dendrite-free deposit of aluminum at different time intervals using unmodified
aluminum cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.0 V, temperature =
90±3°C and stirring speed = 60 rpm).

The above observation can be explained by the cathode overpotential vs. time plot as
shown in Fig. 5.16. The plot clearly shows that as the applied voltage between cathode and
anode reduced to 1.0 V, cathode overpotential drops below calculated critical overpotential for
dendrite formation (<-0.53 V) for the entire period of time. Even the maximum overpotential was
observed about -0.248 V, which is well below the critical value. The above study confirms that
dendrite-free aluminum deposit mainly dependent on cathode overpotential even using
unmodified electrodes.
Hence, it can be concluded that the surface modification of electrodes helps in obtaining
non-dendritic deposits by reducing cathode overpotential below critical overpotential of -0.55 V
Lower cathode overpotential (<-0.55 V) is recommended for dendrite-free electrorefining of
aluminum.
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Fig. 5.16 Variation of cathodic overpotential with time using unmodified aluminum cathode and
A360 anode (molar ratio = 1.65:1, applied voltage = 1.0 V, temperature = 90±3°C and stirring
speed = 60 rpm).

5.7 Effect of Temperature

Effect of temperature on electrorefining process was investigated by varying the
experimental temperatures from 50°C to 110°C using modified aluminum cathode and A360
anode. Fig. 5.17 shows the variation of current density as function of temperature at stirring rate
60rpm. It was observed that the current density increases with increasing temperature. The
increase in temperature enhances diffusion of reducible ions to cathode which reduces the
concentration polarization. At high temperatures reaction rates are high yielding high current
densities. Also, at high temperature the physical properties such as viscosity and density of the
electrolyte decrease and the mobility of ions in the solution [14, 15, 84], and hence increase the
electrode reaction rates and current density. Cathode current efficiencies higher than 95% were
obtained at all the temperatures except 110°C (current efficiency 87.68%). High current
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efficiencies obtained between 50-90°C indicate that no side reactions occur during the
electrorefining of aluminum. At 110°C, there may be side reactions including dissociation of
organic cations or re-dissolution of deposited aluminum at cathode which leads to decrease in
current efficiency [14, 15, 84].
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Fig. 5.17 Variation of cathode current density at different temperatures using modified aluminum
cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5 V and stirring speed = 60
rpm).

The variation of deposit morphology at different temperatures is shown in SEM pictures
in Fig. 5.18. It was observed that at low temperature, aluminum deposits appear smooth,
compact, uniform and adherent with the substrate. With increase in temperature, the deposits
were porous and clustering of particle was observed. It was also found that the particle size of
aluminum deposit decreases with increasing temperature.
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50ºC

70ºC

90ºC

110ºC

Fig. 5.18 SEM micrographs of deposits at different temperatures using modified aluminum
cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5 V and stirring speed = 60
rpm).
The average size of a particle at 70°C and 110°C is 60 µm and 20 µm, respectively. The
particle size is primarily determined by the number of nuclei formed during the electrodeposition
process. At lower temperature, the cathode current density is low i.e. fewer number of aluminum
nuclei was formed. Hence, a smooth, compact and large particle was observed at low
temperature. As temperature increases, the cathode current density increases further and the
electro-nucleation is faster and more aluminum nuclei were formed. This produced finer particle
sizes and clustering of particles at high temperature which is consistent with investigation by
Kamavaram et al. [15]. It was also observed that dendritic free deposition was found in all
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temperatures. It can be concluded that if electrodes are modified, temperature does not have any
significant effect on producing dendritic free aluminum deposition.

5.8 Effect of Stirring Rate

Experiments were conducted with using modified aluminum cathode and A360 anode at
different temperature (50°C - 110°C) without stirring (stirring speed = 0 rpm). Fig. 5.19 and Fig.
5.20 show the variation of cathode current density and cathode overpotential at different
temperature, respectively. Higher cathode current density was observed in all experiments as
compared to the experiment with 60 rpm stirring rate (Fig. 5.17). This can be explained by the
higher rate of red-ox reaction. The maximum cathode overpotential obtained at 90°C and 110°C
is also greater than their corresponding experiment with 60 rpm stirring speed (Table 5.2).
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Fig. 5.19 Variation of cathode current density at different temperatures using modified aluminum
cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5 V and stirring speed = 0
rpm).
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Fig. 5.20 Variation of cathode overpotential at different temperatures using modified aluminum
cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5 V and stirring speed = 0
rpm).

Fig. 5.21 shows SEM image of deposit microstructure at different temperatures without
stirring the electrolyte (stirring = 0 rpm) using modified aluminum electrode and A360 anode.
The morphology of deposit clearly shows that stirring has significant effect on deposit
morphology. Fine dendrites or flaky structure of electrodeposited aluminum was observed
compared to the deposit obtained using stirring (see Fig. 5.18, stirring speed = 60 rpm). At low
temperature 50ºC, the deposit consists of very fine dendrites of length 100-200 µm. With
increasing temperature, the length of dendrite increases, subsequently. At 110ºC, dendritic flakes
with arm length more than 500 µm was observed. It is noticeable that the highest cathode
overpotentials obtained without stirring at 90ºC and 110ºC are well above critical overpotential
for dendrite formation (>-0.53 V), which leads to flaky structure. Furthermore, the experiments
without stirring imposed concentration polarization and hence higher cathode overpotential (Fig.
5.20) were observed. So, stirring is necessary to obtain dendrite-free aluminum deposit.
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70ºC

90ºC

110ºC

Fig. 5.21 SEM micrographs of deposits at different temperatures using modified aluminum
cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5 V and stirring speed = 0
rpm).

Further experiments using different stirring rate (0-120 rpm) at fixed temperature
confirmed that stirring is necessary to produce dendrite-free aluminum deposit. Fig. 5.22 and
Fig. 5.23 show the variation of cathode current density and overpotential at different stirring rate
using aluminum cathode and A360 anode at 90°C. Stirring rate has significant effect on cathode
current density. High stirring rate improved transport of reducible ion towards cathode and
subsequently increase cathode current density. High stirring rate decreases the concentration
overpotential and hence cathode overpotential decreases.
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Fig. 5.22 Variation of cathode current density at different stirring rate using modified aluminum
cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5 V and temperature =
90±3°C).
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Fig. 5.23 Variation of cathode overpotential at different stirring rate using modified aluminum
cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5 V, temperature = 90±3°C).
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The SEM micrographs of electrodeposit show dendrite-free electrodeposit at 60-120 rpm
stirring rate (Fig. 5.24). So, it can be concluded that moderate stirring rate (60-120 rpm) is
necessary to get dendrite-free aluminum deposit.

0 rpm

60 rpm

120 rpm

Fig. 5.24 SEM micrographs of deposits at different stirring rate using modified aluminum
cathode and A360 anode (molar ratio = 1.65:1, applied voltage = 1.5 V and temperature =
90±3°C).

5.9 Effect of Electrolyte Composition

Molar ratio (MR) of AlCl3 and EMIC plays an important role in the electrorefining
process because it determines the physical properties of the electrolyte [84, 85]. The variation of
cathode current density with time for different electrolyte concentration are shown in Fig. 5.25 at
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90°C and 60 rpm using modified aluminum cathode and A360 anode. Fig. 5.25 and Table 5.2
show that cathode current density increases with increasing MR. As the acidity of the melt
increases (MR = 1.25 to 2.0), the mole fraction of reducible Al2Cl7¯ ion increases from 0.24 to
0.80 and AlCl4¯ decreases from 0.75 to 0.10, respectively (see Fig. 2.3). The increasing
concentration of Al2Cl7¯ increases the conductivity (0.881 S/m at MR = 1.25 and 1.563 S/m at
MR = 2.0) of the electrolyte which interns increases the current flowing through the cell and
cathode current density [86].
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Fig. 5.25 Variation of cathode current density at different electrolyte composition (MR) using
modified aluminum cathode and A360 anode (applied voltage = 1.5 V, temperature = 90±3°C
and stirring speed = 60 rpm).

Effect of electrolyte concentration on cathode overpotential is shown in Fig. 5.26. The
cathode overpotential curves for MR = 1.25 and 1.5 show initial sudden increase in cathode
overpotential. The cathode overpotential curves for MR = 1.25 and 1.5 show initial sudden
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increase in cathode overpotential. This is due to the mostly higher concentration overpotential
(ηConc ) along with voltage drop due to electrolyte resistance or IR drop between cathode and
reference electrode as the initial concentration of Al2Cl7¯ ion in the electrolyte was low. The
above statement was justified by calculating the values of ηConc and IR drop at different molar
ratio by using Eq. 5.7-5.8 and listed in Table 5.3. With passage of time, the anode material get
dissolve into the electrolyte according to Eq. 1 and more Al2Cl7¯ ion was available at the cathode
surface. This reduces the concentration polarization and IR drop, hence cathode overpotential
decreases afterwards.
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Fig. 5.26 Variation of cathode overpotential at different electrolyte composition (MR) using
modified aluminum cathode and A360 anode (applied voltage = 1.5 V, temperature = 90±3°C
and stirring speed = 60 rpm).

ηConc =


2.303RT
i 
log 1 − 
nF
 iL 
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(5.7)

IRdrop = i ρ L

(5.8)

Where 1/ρ is the measured conductivity of electrolyte (S/m), L is the distance between reference
electrode and cathode (m). The value of L was taken as ~0.001 m. Other symbols have their
usual meaning.

Table 5.3 Calculated ηConc and IR drop at different molar ratio using aluminum cathode and
A360 anode (applied voltage = 1.5 V, temperature = 90±3°C and stirring speed = 60 rpm).
Molar

C0∗ or [Al2Cl7¯ ]

1/ρ

iL
2

ηconc

IR drop

Ratio (MR)

( mol/m3)

(S/m)

(A/m )

(V)

(V)

1.25

6.448 × 102

0.881

184

-0.064

-0.154

1.50

1.4849 × 103

1.097

423

-0.046

-0.145

1.65

1.8185 × 103

1.403

518

-0.018

-0.132

2.00

2.7232 × 103

1.563

776

-0.012

-0.125

Fig. 5.27 shows the SEM micrographs of aluminum deposited at various electrolyte
concentrations (MR = 1.25, 1.5, 1.65 and 2.0) using modified aluminum cathode and A360
anode. The aluminum deposits at low electrolyte concentrations (MR = 1.25 to 1.5) consisted of
agglomerated and granular fine particles (5-10µm) as compared to large agglomerated particles
(50-100µm) observed at high electrolyte concentrations (MR = 1.65 to 2.0). The mechanism of
electrodeposition consists of nucleation and growth of aluminum, which depends on the cathode
overpotential and electrolyte concentration. The initial higher cathode overpotential (see Fig.
5.26) using the electrolytes of MR = 1.25 to 1.5, produced larger number of aluminum nuclei.
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Low concentration of dischargeable Al2Cl7¯ ions in the electrolytes (MR = 1.25 to 1.5) caused
depletion in the diffusion layer considerably which increases concentration polarization and
restrict growth rate of aluminum deposit. Hence, fine particles were obtained at low MR. For
high MR, the opposite is true and resulted larger particles.

MR = 1.25

MR = 1.50

MR = 1.65

MR = 2.0

Fig. 5.27 SEM micrograph of aluminum deposited at different concentration ratios (MR) using
modified aluminum cathode and A360 anode (applied voltage = 1.5 V, temperature = 90±3°C
and stirring speed = 60 rpm).

It was also observed that the changing in electrolyte concentration only changes the
particle size, but no dendritic deposits were found. This indicates that modified electrodes
eliminate dendritic deposit even at different concentration of electrolytes.
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CHAPTER 6
ELECTROCHEMICAL STUDIES IN ALUMINUM ELECTRODEPOSITION

Electrodeposition of metal is a complex phenomenon that takes place at the
electrode/electrolyte interface under the influence of potential and current. Electrodeposition of
metals (electro-crystallization of metals) involves both nucleation and crystal growth. Formation
and growth of an electrodeposited phase is a complex process and several models have been
proposed to describe the cathodic deposition of metals [87, 88]. Nucleation mechanism has two
distinct manifestations known as: 1. Instantaneous nucleation and 2. Progressive nucleation [89].
Mechanism of instantaneous nucleation, involves the formation of nuclei practically at the initial
period (time = 0) followed by their irreversible growth until the phase transformation is
accomplished. However, in progressive nucleation mechanism the crystallites are continuously
nucleated during the electrodeposition process. Different types of growth mechanism after
nucleation of crystallite are summarized as: (i) one dimensional needle like growth, (ii) twodimensional cylindrical growth, and (iii) three-dimensional hemispherical or spherical growth.
Thirsk and Harrison have reviewed the different types of nucleation and growth
mechanisms [90]. They developed mathematical relations involving current and time to elucidate
these mechanisms. The current-time curves can be studied using potentiostatic and galvanostatic
techniques for metal electrodeposition processes. A number of investigations have been
performed to understand the reaction mechanism such as the organometallic complexes formed
during the dissolution of AlCl3 in the ionic liquid [12, 24-27, 64-68, 71, 77, 91-93].
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Jiang et al. [66, 67] studied the surface morphology of aluminum deposition from which
they concluded that the aluminum deposition on tungsten electrode is a diffusion controlled
instantaneous nucleation process. Carlin et al. [12] used the chronoamperometry (CA) technique
to establish that aluminum deposition process on tungsten electrode involved progressive
nucleation. As the results are contradictory, chronoamperometry experiments were carried out to
evaluate the reaction mechanism on copper electrode.
In present study, the aluminum deposition was studied using two different ionic liquids,
AlCl3-BMIC and AlCl3-EMIC with molar ratio (MR) of 1.65:1 at 90ºC. Constant overpotential
experiments were performed to understand the morphological growth of aluminum on the
cathode which was characterized using scanning electron microscopy (SEM), energy dispersive
X-ray (EDX) and X-ray diffraction studies (XRD).

6.1 Chronoamperometry (CA) Study of AlCl3-BMIC

In chronoamperometry study pure aluminum (>99.99%) counter electrode (anode)
dissolves into the ionic liquid and forms complexes before the deposited at the working electrode
(cathode). The anodic and cathodic reactions are described in Eq. 5.1 and 5.2, respectively. To
evaluate the mechanism of the reaction, chronoamperometry technique was adopted.
Chronoamperometry current density-time transients on copper working electrode at 90°C are
shown in Fig. 6.1 by applying overpotential (-0.2 V to -0.8) between working and reference
electrode. It is observed from Fig. 6.1 that the current density initially drops due to the double
layer charging and then rises as the electro active area increases and reaches a peak. With time
the current decays due to a diffusion limited steady state process. During this stage of growth of
deposit, nuclei develop hemispherical diffusion zones around themselves. When these zones
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overlap, hemispherical mass transfer gives way to linear mass-transfer, i.e., diffusion
perpendicular to an effectively planar surface [77, 94].
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Fig. 6.1 Chronoamperometric current density vs. time transients for Al deposition using AlCl3BMIC electrolyte at 90ºC.

The initial stages of electrodeposition are usually associated with a two dimensional or
three dimensional nucleation growth phenomena. For a metal deposition process, a 3-D
nucleation growth model is usually reported [95, 96]. However, the nucleation mechanisms are
of two different types, namely; instantaneous and progressive [95]. The dimensionless currenttime relations applicable for diffusion controlled three-dimensional progressive and
instantaneous nucleation are given by Eq. 6.1 and 6.2, respectively.
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Where, i is the current density (A/m2) at any time t, im is the maximum current density (A/m2) at
tm time (s) where it occurs. The dimensionless current-time transients for -0.6 V along with
theoretical nucleation processes are compared in Fig. 6.2 from which it is evident the aluminum
electrodeposition from AlCl3-BMIC electrolytes precede via instantaneous nucleation process.
Similar curves were obtained when overpotentials were varied from -0.3 to -0.7 V. The
instantaneous nucleation process results were also observed for the electrodeposition process of
aluminum from aluminum-TMPAC molten salts by Zhao and Vandernoot [9].
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Fig. 6.2 Comparison of Plot of (i / im )2 vs. t / tm obtained from chronoamperometry experiments
for electrodeposition of aluminum from AlCl3-BMIC at 90ºC with the theoretical plots derived
for instantaneous and progressive nucleation.
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Evaluation of diffusion coefficient for an electrodeposition process is not simple as the
electrodeposited area continuously changes with time. Therefore, Cottrell equation cannot be
applied directly. However, as a first approximation, this is the ideal equation to predict the value
of diffusion coefficient.
Cottrell equation [75] for a simple diffusion controlled process is given in Eq. 6.3, where
I is the current passing through the electrolyte (ampere), nF is the molar charge, A is the area of
electrode (m2), Co* is the bulk concentration (mol/m3), t is the time (s) and D is the diffusion
coefficient (m2/s) of electro-active species.

1
2

I = nFAD C (π t )
*
0

−

1
2

(6.3)

Cottrell equation can be applied to the decreasing portion of the current-time transients in
Fig. 6.1 by plotting I vs. t−1/2 and is shown in Fig. 6.3. It was observed that the linearity of the
Cottrell plot was poor over the whole time domain and therefore the graphs were plotted for a
limited time domain. From the slope of the lines and substituting the other terms in Eq. 6.3, the
diffusion coefficient of Al2Cl7¯ ions was calculated.

94

0.014
0.013
0.012

Current, mA

0.011
0.010
0.009
0.008

-0.5 V
-0.6 V

0.007
0.006
0.75

1.00

1.25

1.50

1.75

2.00

2.25

-0.5 -0.5
t
,s
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The diffusion coefficient (D) of the electroactive species Al2Cl7¯ ions calculated for
AlCl3-BMIC was found to be 1.5 × 10–11 m2/s. The value of diffusion coefficient was also
calculated by considering the instantaneous model described by Scharifker and Hills [97] as
given in Eq. 6.4.

im2 tm = 0.1629( nFC0* ) 2 D

(6.4)

In Eq. 6.4, the values of im and tm were obtained from Fig. 6.1. Substituting the values for n, F
and Co*, the diffusion coefficient was found to be 2.2 × 10-11 m2/s which agrees well with the
value obtained by Kamavaram et al. [14, 15]. The diffusion coefficients values of Al2Cl7¯ ions in
various ionic liquids are compared in Table 6.1.

95

Table 6.1 Diffusion coefficient (D) of Al2Cl7¯ species in various ionic liquids.
Ionic Liquid

[Al2Cl7¯ ]
(Mol/m3)

T (°C)

Method

D (m2/s)

Reference

AlCl3-BMIC

1.8185 × 103

90

CA

2.2 × 10-11

This work

AlCl3-EMIC

1.8185 × 103

90

CA

5.20-6.89 × 10-11

This work

AlCl3-EMIC

4.45 × 105

25

CA

9.1 × 10-11

[13]

AlCl3-BMIC

7.0 × 104

25

CA

3.9 × 10-11

[14, 15]

AlCl3-BupyCl

1.17 × 103

60

CA

5.1 × 10-11

[28]

It was observed that the diffusion coefficient of Al2Cl7¯ ions is not very different in other
ionic liquids system. The small difference in diffusion coefficient may be due to the difference in
the concentration of Al2Cl7¯ , changes in viscosity and density of the ionic liquids.
To confirm the formation of aluminum, XRD was performed on the electrodeposited
material. The XRD in Fig. 6.4 shows aluminum peaks which are highly crystalline.
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Fig. 6.4 XRD of the electrodeposited aluminum.
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The SEM of the electrodeposited aluminum from AlCl3-BMIC ionic liquid electrolyte for
15 seconds at -0.7 V overpotential is shown in Fig. 6.5.

Fig. 6.5 SEM image of electrodeposited aluminum on copper cathode from AlCl3-BMIC ionic
liquid at -0.7 V for 15 s.

The SEM shows nodular shaped aluminum particles on the copper substrate. The
electrodeposition experiments conducted for less than 10 seconds showed no deposition on the
copper substrate. This was due to the removal of the aluminum particle during the washing of
copper substrate with acetone. However, as the electrodeposition process is governed by
instantaneous nucleation, the adatoms grow at a constant rate. Therefore one would expect only
the growth of the particles on increasing the deposition time (15 s) which would minimize the
error in the experimental calculation of nucleation density. This further proves the instantaneous
nucleation growth mechanism wherein the adatoms grow at a constant rate and depends on the
applied overpotential [77].
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To evaluate the nucleation mechanism we have followed the equations derived by Astley
et al. [98]. Assuming linear diffusion the current-time relation for the growth of No nuclei
already present or formed instantaneously is given by Eq. 6.5 and corresponding expression for
progressive nucleation is given by Eq. 6.6.

3 1

I=

8 N 0 nFM 2 (C0* )3 D 2 t 2

ρπ
2

(6.5)

1
2

3 3

I=

16 K n N0 nFM 2 (C0* )3 D 2 t 2
3ρ π
2

1
2

(6.6)

Where, M is molecular weight, ρ is density of metal (kg/m3), Co* is the concentration of
electrolyte (mol/m3), D is diffusion coefficient of electroactive species Al2Cl7¯ (m2/s), t is time
(s), Kn is the rate constant for formation of nuclei and other terms have their usual meaning.
Fig. 6.6 shows current (I) vs. square root of time (t1/2) plots for rising portions of the (i vs.
t) transients shown in Fig. 6.1 for two different electrolytes. In this case, Eq. 6.5 was considered
as the diffusion process followed instantaneous nucleation and growth phenomena. A linear
relation (I ∝ t1/2) was observed at all the overoverpotentials (-0.3 V to -0.7 V) shown in Fig. 6.6.
The marked dependence of growth current on overpotential implies that number of available
nucleation sites is overpotential dependent.
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Fig. 6.6 Variation of current (I) as function of square root of time (t ½) for rising portion of
current density vs. time transients at different overoverpotentials shown in Fig. 6.1.
To determine the number density of nuclei (N/m2) at a particular overpotential, the
simplest model by Astley et al. [98] could be used and is given by Eq. 6.5 in order to correlate
the results of the kinetic nucleation with the deposit morphology. From the slope of the curve in
Fig. 6.6 and substituting the values for the other terms in Eq. 6.5, No was calculated. The No
value varies between 1.8 × 1015 and 2.1 × 1015 N/m2. However, Astley et al. considered that the
mass transfer to the growing nuclei to be linear which would instigate an error in the density of
nuclei calculation. Gunawardena et al. [99] developed a similar equation wherein they
considered spherical diffusion which is given in Eq. 6.7.

I=

8.9*105 n( DC0∗ )3/2 M 1/2 N ot1/2

ρ 1/2

99

(6.7)

The same I vs. t1/2 curve can be used as shown in Fig. 6.6 from which the slope can be
evaluated and by substituting the relevant terms, the density of nuclei determined and listed in
Table 6.2.

Table 6.2 Number density of the active sites on the copper substrate calculated from
Gunawardena model for AlCl3-BMIC.
Overpotential (V)

Number Density of Nuclei (N/m2)

-0.3

1.7 × 1012

-0.4

1.5 × 1012

-0.5

2.3 × 1012

-0.6

1.5 × 1012

In order to compare the model with the experimental data, the nuclei density was
measured from the SEM micrographs at -0.7 V (Fig. 6.5) and the value is close to 0.56 × 1012.
Thus, comparing the experimental and calculated nuclei density it is evident that the values
predicted by Gunawardena et al. model seems more reasonable compared to Astley et al. The
number of nuclei site calculated by Gunawardena model fits well with that obtained by Carlin et
al. [12] for the aluminum electrodeposition in ionic liquids. From the measured and calculated
values of nuclei density, it is evident that the measured nuclei density is 2-3 times less than that
calculated using Gunawardena model. This could be due to the formation of an exclusion zone
[12]. The exclusion zone is formed when the first few nuclei are formed which draws
electroactive species from the solution and produces a diffusion zone. As the diffusion zone
grows into the solution, it gets depleted of the metal ions which further reduce the nucleation
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phenomena. Therefore, the actual density of nuclei formed is less than the number density
present on the electrode.

6.2 Chronoamperometric (CA) Study of AlCl3-EMIC

Similar chronoamperometry (CA) study was conducted using AlCl3-EMIC with molar
ratio (MR) of 1.65:1 at 90ºC. Chronoamperometric current density-time transients on copper are
shown in Fig. 6.7 by applying overpotential between -0.1 V and -0.7 V.
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Fig. 6.7 Chronoamperometric current density vs. time transients for Al deposition using AlCl3EMIC electrolyte at 90°C.

The dimensionless current-time transients for -0.6 V along with theoretical nucleation
processes (Eq. 6.1 and 6.2) are compared in Fig. 6.8. It is clear that the aluminum
electrodeposition from AlCl3-EMIC electrolytes proceed via instantaneous nucleation process.
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Fig. 6.8 Comparison of Plot of (i / im )2 vs. t / tm obtained from chronoamperometry experiments
for electrodeposition of aluminum from AlCl3-EMIC at 90°C with the theoretical plots derived
for instantaneous and progressive nucleation.

Cottrell equation (Eq. 6.3) was applied to the decreasing portion of the current densitytime transients in Fig. 6.7 by plotting current (I) vs. t−1/2 and is shown in Fig. 6.9. The linearity of
the plot proved that the electrodeposition of aluminum from AlCl3-EMIC is a diffusion
controlled process.

102

0.030
0.028
0.026
0.024

I, A

0.022
0.020
0.018
0.016

-0.6 V
-0.7 V

0.014
0.012
1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

-0.5 -0.5
t
,s
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Diffusion coefficient of Al2Cl7¯ ions was found to be in between 5.20 × 10-11 m2/s and
6.89 × 10-11 m2/s for AlCl3-EMIC using Eq. 6.7. The values are listed in Table 6.3 for different
overpotential. The diffusion coefficient value obtained from this study has a fair agreement with
value reported by Lai and Kazacos [25] in Table 6.1.

Table 6.3 The diffusion coefficients (D) values of Al2Cl7¯ ions for AlCl3-EMIC ionic liquid.
Overpotential (V)

D (m2/s)

-0.50

5.99 × 10-11

-0.60

5.20 × 10-11

-0.70

6.60 × 10-11

-0.80

6.89 × 10-11
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The linear relationship of current (I) vs. square root of time (t1/2) plots for rising portions
of the (I vs. t) transients (Fig. 6.7) at all the overoverpotentials (-0.3 V to -0.7 V) in Fig. 6.10
confirms that the mechanism of aluminum deposition from AlCl3-EMIC is instantaneous threedimensional nucleation.
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Fig. 6.10 Variation of current (I) as function of square root of time (t ½) for rising portion of
current density vs. time transients at different overoverpotentials shown in Fig. 6.1.

The number density of aluminum nuclei (N0) was calculated by two models Astley (Eq.
6.5) and Gunawardena (Eq. 6.7). The No, calculated by using Astley model varies from 0.8 ×
1016 to 1.3 × 1015 N/m2. No values calculated by using Gunawardena model was listed in Table
6.4. The discrepancies in the values were described in the previous section. The number density
of nuclei calculated from Gunawardena model varies closely with the measured number of nuclei
from the SEM micrographs (2.2 × 1012 N/m2) as shown in Fig. 6.11.
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Table 6.4 Number density of the active sites on the copper substrate calculated from
Gunawardena model for AlCl3-EMIC.
Overpotential (V)

Number Density of Nuclei (N/m2)

-0.3

9.8 × 1012

-0.4

8.7 × 1012

-0.5

8.8 × 1012

-0.6

9.0 × 1012

-0.7

5.9 × 1012

Fig. 6.11 SEM image of electrodeposited aluminum on copper cathode from AlCl3-EMIC ionic
liquid at -0.7 V for 15 s.
It is observed that the diffusion coefficient (D) of Al2Cl7- ions and number density of
aluminum nuclei (N0) are not very different in EMIC-AlCl3 and BMIC-AlCl3 system. This could
arise as the two ionic liquids are similar and has imidazolium ion as its base structure. The small
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difference in diffusion coefficient could be due to the difference in the conductivity and viscosity
of the ionic liquids due to the presence of ethyl and butyl chains.
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CHAPTER 7
NOVEL PRODUCTION ROUTE FOR Ti-Al ALLOYS

Aluminum has attractive properties including good appearance, ease of fabrication, good
corrosion resistance, low density, high strength-to-weight ratio and high fracture toughness.
Because of these properties, aluminum is one of the most economical and structurally effective
materials used for commercial and military equipment applications. Their physical and
mechanical properties were further improved by addition of other alloying elements. Titanium is
the most commonly added element to aluminum for special application in high end aerospace
and auto industry. Over the last decade, the focus of titanium-aluminum alloy development has
shifted from aerospace to industrial applications because of improved mechanical properties,
resistance to high temperature oxidation and pitting corrosion.
Electrodeposition is very attractive process for producing Ti-Al alloys since the use of
high temperature consolidation in unnecessary, compositional homogeneity is maintained and
finer grain size is achieved. Due to the high hydrogen overpotentials of reactive metals like Al,
Ti and their alloys, they can not be produced from an aqueous electrolyte. The
electrodeposition/electrorefining of titanium and its alloy from high temperature molten
chloride/fluoride melt has been extensively investigated [38, 39, 42-45, 48]. These fused salts
have many disadvantages such as high melting point, high viscosity, and high corrosivity.
To overcome these difficulties, room-temperature-ionic-liquids (RTIL) were investigated
for their unique chemical and physical properties such as wide temperature range for the liquid
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phases, high thermal stability, negligible vapor pressure, low melting point, wide electrochemical
window, low energy consumption and low pollutant emission.
Several attempts were made by various researchers for bulk electrodeposition of Ti-Al
using RTIL. Due to the complex electrochemistry and numerous oxidation stages involved in Ti
electrodeposition, no process has been established for bulk production. In this dissertation, a
novel low temperature bulk production route of Ti-Al alloys using ionic liquid electrolyte was
established by using two different electrolytes: AlCl3-BMIC-TiCl4 (molar ratio 2:1: 0.019) and
AlCl3-BMIC (molar ratio 2:1) electrolytes at temperature between 70-125 ± 3°C and constant
voltage between 1.5-3.0 V. To improve cathode current density and productivity constant current
method was implemented by using fixed current density between 65-210 A/m2. The effect of
process variables such as applied voltage/current and temperature on cathode current density,
current efficiency, composition and morphology of Ti-Al alloys were investigated [60, 61].

7.1 Constant Voltage Production of Ti-Al Alloys

7.1.1 Electrodeposition from AlCl3-BMIC-TiCl4 electrolyte

The electrodeposition of Ti-Al alloys were carried out at different voltages (1.5-3.0 V)
and various temperatures (70-125 ± 3°C) for 4 hours. The summery of experimental results were
tabulated in Table 7.1 [60]. Highly acidic AlCl3-BMIC-TiCl4 (molar ratio 2:1: 0.019) melt
mainly consists of Al2Cl7¯ and other higher order ions. The Al2Cl7¯ ions traverse through the
electrolyte and get reduced at the cathode to deposit aluminum. Dent et al. [100] and Abdur-Saha
et al. [101] have studied the structure of various divalent metal chlorides dissolved in acidic
AlCl3-BMIC ionic liquid electrolyte. It was reported that metal ions form a complex with AlCl4¯
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and the ionic liquid. Hussey et al. [57] showed that divalent Ti (II), which allows the process
control and optimum deposition, is present in the form of [Ti ( AlCl4 )3 ]− . As in our experiments,
titanium metal from the anode dissolved into the ionic liquid, using the charge balance we can
assume that the complex in a highly acidic electrolyte would be [Ti ( Al2Cl7 ) 4 ]2 − . The possible
reactions are:

Cathodic reactions:

[Ti (Al2Cl7)4] 2¯ + 2e¯ = Ti (cathode) + 4 (Al2Cl7) ¯

(7.1)

4 (Al2Cl7) ¯ + 3e¯ = Al (cathode) + 7 (AlCl4) ¯

(7.2)

Ti (anode) + 4 (Al2Cl7) ¯ = [Ti (Al2Cl7)4] 2¯ + 2e¯

(7.3)

AlCl3 + 7 (AlCl4) ¯ = 4 (Al2Cl7) ¯ + 1.5Cl2 + 3e¯

(7.4)

TiCl4 + 4 (Al2Cl7) ¯ = [Ti (Al2Cl7)4] 2¯ + Cl2 + 2e¯

(7.5)

Anodic reactions:
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Table 7.1 Summery of results carried out using different voltages and temperatures.
Applied
Voltage
(V)

Temperature
(°C)

Cathode Current
Density (A/m2)

Current
Efficiency
(%)

1.5

100 ± 3

13.24

37.25

2.0

100 ± 3

49.27

38.36

2.5

100 ± 3

89.45

34.13

3.0

100 ± 3

195.06

25.07

2.5

70 ± 3

46.21

37.77

2.5

85 ± 3

71.69

34.48

2.5

125 ± 3

174.39

28.49

Ti-Al Alloy
Composition
(EDS analysis)
(atom %)
Al = 73.43
Ti = 26.57
Al = 77.71
Ti = 22.29
Al = 82.59
Ti = 17.41
Al = 85.05
Ti = 14.95
Al = 84.08
Ti = 15.92
Al = 82.72
Ti = 17.28
Al = 79.82
Ti = 20.18

The X-Ray diffraction (XRD) analysis of electrodeposited alloy obtained by using cell
voltage of 3.0 V is shown in Fig. 7.1 and compared with the standard data (ICDD) of pure
aluminum. It shows that the diffraction pattern of electrodeposited alloy is similar to pure
aluminum. Neither Ti nor Ti-Al intermetallic compounds are detected by XRD. The lattice
parameter was calculated from the diffraction pattern. Although the diffraction pattern of
electrodeposited alloy is similar to pure aluminum (ICDD), a peak shift was observed. The
change in lattice parameter was 0.69% which confirms the formation of Ti-Al alloy. However,
we also observed the deposition of Al along with Ti-Al alloy. Similar observations were reported
by Tsuda et al. [57].
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Fig. 7.1 XRD pattern of electrodeposited sample obtained using voltage of 3.0 V [60].

We observed purple colored precipitate formation at the bottom of electrolyte and on the
electrode surfaces shown in Fig. 7.2. This is due to the formation of solid TiCl3, which is
sparingly soluble in the electrolyte as shown in Eq. 7.6. The XRD and EDS analysis of this
precipitate confirm the presence of TiCl3 and ionic liquid as shown in Fig. 7.3 and 7.4. Similar
result was found by other investigators [52, 57, 80, 102]. The purple passive layer on the
electrodes prevents the redox reactions on the electrodes and, hence low cathode current density
as well as the current efficiency is observed in all experiments. It will be further discussed in
following sections. Anodic dissolution of titanium was observed in all our experiments.

Al2Cl7− + TiCl4 + e− = 2 AlCl4− + TiCl3 ↓
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(7.6)

(a)

(b)

Fig. 7.2 Passivating layer of TiCl3 on (a) Ti anode and (b) Ti cathode.
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Fig. 7.3 XRD analysis of precipitate on cathode [60].

Fig. 7.4 EDS analysis of precipitate on cathode [60].
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7.1.1.1 Current Efficiency Calculation
The current efficiency was calculated by combining the Faraday’s law and EDS analysis
(Eq. 7.7-7.9). The amount of materials deposited ( ∆W = WFinal − WInitial ) on the cathode was
determined from the weight gain of the cathode. The theoretical weight ( WT ) gain on the cathode
is expressed by Faraday’s law

WT =

I .t.Weq

(7.7)

F

Where, I is the current (ampere), t is the deposition time (second) and Weq is the equivalent
weight of Ti-Al alloy.
The equivalent weight of Ti-Al alloy was calculated by using the Eq. 7.8

 1  X .zTi Y .z Al  
+
Weq = 


WAl  
100  WTi

−1

(7.8)

where
X, Y- Wt% of Ti and Al from EDS analysis, respectively.
zTi, zAl - Number of electron exchanged for Ti and Al, respectively.
WTi, WAl - Atomic weight of Al and Ti, respectively.
Cathode current efficiency (ηeff) was calculated from the equation below

ηeff =

∆W × 100
WT
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(7.9)

Where, ∆W is the weight of deposited Ti-Al alloy on cathode (in gm). It was calculated from
the weight difference of cathode before and after the electrodeposition.

The energy consumed (E) for the electrodeposition of Ti-Al was determined by using Eq.
7.10.

E =V ×

Q

ηeff

(7.10)

where V is the applied cell voltage, ηeff is the cathode current efficiency and Q is the charge
required to depositing the fixed amount of material accordingly to the Faraday’s law and is
calculated from the area under the current (I) vs. time (s) plot. The detail calculation was shown
in Appendix D.
The energy consumption for the production of Ti-Al alloys varies from 16.63-31.98 kWh/
kg of Ti-Al alloy

7.1.1.2 Cathodic Current Response
Fig. 7.5 shows the variation of cathode current density with time. The sharp fall of
current density is due to the TiCl3 passive layer formation. The high viscous ionic liquid
electrolyte might contribute to the initial current density loss at the beginning of
electrodeposition. After 1 hour the current density becomes steady. The initial step increase of
current density for 3.0 V and 2.5 V may be due the breakdown of passive film at higher applied
cell voltages.
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Fig. 7.5 Variation of cathodic current density with time using different voltages at 100 ± 3°C
[60].

7.1.1.3 Effect of Applied Voltage
The effect of applied cell voltages on the cathode current density, current efficiency and
deposit morphology of Ti-Al alloys were investigated in the range of 1.5-3.0 V applied voltage at
constant experimental temperature of 100 ± 3°C. Fig. 7.6 shows the variation of average current
density with applied cell voltage. The plot shows that the current density varies nearly linear with
applied cell voltage. Increase in cell voltage also enhances the cathodic reduction reaction and
hence the increase in current density.
Variation of cathodic current efficiency with applied cell voltage is shown in Fig. 7.7. We
can see that the cathodic current efficiency is low (25-37%) for all experiments. The low current
efficiency for TiCl4-AlCl3-BMIC electrolyte was due passive layer formation. The purple passive
layer of TiCl3 and ionic liquid on the electrodes retards the kinetics of redox reactions and,
reduces the cathode current density as well as the current efficiency.

115

225
200

2
Current Density, A/m

175
150
125
100
75
50
25
0
1.0

1.5

2.0

2.5

3.0

3.5

Voltage, V

Fig. 7.6 Variation of average current density with voltage at 100 ± 3°C [60].
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Fig. 7.7 Variation of cathodic current efficiency with voltage at 100 ± 3°C [60].
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It is clear that average atom% of Ti in Ti-Al alloy decreases as applied cell voltage
increases. As the applied cell voltage increases, the total charge passed through the cell increases
and hence the theoretical amount of deposited Ti-Al alloy also increases. But at higher cell
voltage (3.0 V), atom% of Ti tend to decrease. As the Ti ion concentration (0.05 mol/l) is very
less compared to Al ion (5.67 mol/l), Ti deposition becomes diffusion controlled at higher cell
voltage or higher cathodic current density (∼190 A/m2). Hence, Ti atom% in Ti-Al alloys
decreases.
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Fig. 7.8 Variation of average atom% of Ti and Al with voltage at 100 ± 3°C [60].

The effect of applied cell voltage on deposit morphology is shown in Fig. 7.9. The
scanning electron micrographs show that the deposits are nodular but not so dense or compact.
More uniform and compact deposition was found at lower applied cell voltages. At higher
voltages agglomeration of particles were observed. Fig. 7.9 and Table 1 show that as the applied
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voltage increases from 1.5 to 3.0 V, Ti content in the Ti-Al alloy decreases from 26.57 to 14.95
atom% and average particle size increases (average particle size 2-5 µm and 15-25 µm at 1.5 and
3.0 V, respectively).

(a)

(b)

(b)

(c)

(d)

Fig. 7.9 SEM micrographs of Ti-Al alloy electrodeposits using different voltages (a) 1.5 V, (b)
2.0 V, (c) 2.5 V and (d) 3.0 V at 100 ± 3°C [60].

However, at high applied voltage the rate of discharge of ions and nucleation rate will be
higher, which results in a fine-grained deposit. This can be explained by considering nucleation
phenomenon. At lower applied voltage, especially at 1.5 V, high titanium content in the alloy
leads to increase in the nucleation sites and produce finer particles. Also at low applied cell
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voltage i.e. at low current density, the driving force for migration of reducible ion decreases; as a
result, deposited particles are fine grained.
Further EDS analysis was performed on individual particles in SEM micrographs as
shown in Fig. 7.10. The EDS results are tabulated in Table 7.2. It can be seen that all the
particles have approximately identical elemental compositions. The analysis indicates that Al and
Ti-Al alloy has co-deposited on the cathode.

6
1

5

4

2
3

Fig. 7.10 SEM micrograph of Ti-Al alloy electrodeposited using 3.0 V and at 100 ± 3°C [60].

119

Table 7.2 The EDS analysis of particles shown in Fig. 10.
Particle

Composition of particle by EDS analysis (atom%)
Al

Ti

1

85.29

14.71

2

86.22

13.78

3

86.60

13.40

4

86.44

13.56

5

85.68

14.32

6

86.51

13.49

7.1.1.4. Effect of Temperature
The effect of temperature on cathode current density, cathode current efficiency,
composition and morphology of Ti-Al alloys was investigated at a fixed applied cell voltage of
2.5 V. The variation of cathode current density with experimental temperature is shown in Fig.
7.11. The current density increases with increasing temperature. As temperature increases,
diffusion rate and convection of reducible ions increases and, the concentration of AlCl4¯ and
[Ti ( Al2Cl7 ) 4 ]2 − ions will increase at the cathode and anode diffusion layer, respectively. Thus,

concentration polarization reduces and the cathode current density increases.
The variation of current efficiency with temperatures is shown in Fig. 7.12. It can be
concluded that the effect of temperature on current efficiency is not significant. The current
efficiency is very low (28.49-38.36 %) for all experimental temperatures. The lower current
efficiency for TiCl4-AlCl3-BMIC electrolyte is due to the presence of TiCl3 passive layer on
electrode surfaces, which retards the kinetics of redox reaction.
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Fig. 7.11 Variation of average cathodic current density with temperature using voltage of 2.5 V
[60].
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Fig. 7.12 Variation of cathode current efficiency with temperature using voltage of 2.5 V [60].
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The variation of composition of Ti-Al alloy with temperature is shown in Fig. 7.13. There
is a slight increase in Ti content (15.92 to 20.18 atom%) as the temperature increases from 70 to
125°C. This slight increase in Ti content is because of the nobler deposition voltage of titanium
with compared to aluminum ( ETi0 +2 →Ti = −1.62V and E Al0 +3 → Al = −1.66V ). And for the low
concentration/weight ratio of Ti to Al in the initial electrolyte (weight ratio of Ti to Al = 0.0080.02) with deposited Ti-Al alloy (weight ratio of Ti to Al = 0.20-0.73), Ti deposits preferentially
and increasing temperature always increases the Ti content in the Ti-Al alloy [103].
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Fig. 7.13 Variation of average atom% of Ti and Al with temperature using voltage of 2.5 V [60].

The SEM micrographs of Ti-Al alloys at different operating temperatures are shown in
Fig. 7.14. Fig. 7.14(a) and 7.14(b) show almost similar type of microstructure with compact, fine
grained and smoother deposition. The average particle size varies from 5-10 µm. But with
increasing temperature beyond 125°C, particles begin to grow. At 125°C, clustering of particles
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and particle growth occurs (av. particle size 20-30 µm) as shown in Fig. 14 (d). At high
temperature (100-125°C), the cathodic current density increases which results in formation of
clusters rather than separated particles. But at low temperature i.e. at low current density, the
driving force for migration of reducible is low and the growth rate of metal nuclei is lower. As a
result, fine grained and smoother deposition was obtained at low temperature (70-100°C). Thus,
70-100°C is recommended for smooth, uniform particle size distribution and uniform thickness
of deposit.

(a)

(a)

(a)

(a)

Fig. 7.14 SEM micrographs of Ti-Al alloy electrodeposits at different temperatures (a) 70°C, (b)
85°C, (c) 100°C and (d) 125°C using voltage of 2.5 V [60].
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7.1.2 Electrodeposition from AlCl3-BMIC electrolyte

Although electrochemical production of Ti-Al alloys from AlCl3-BMIC-TiCl4 (molar
ratio 2:1: 0.019) electrolytes was carried out successfully, the current efficiency (25-38%) and
cathode current density (13.24-195.06 A/m2) of the process are very low. These two major
obstacles were overcome by using only AlCl3-BMIC (molar ratio 2:1) instead of AlCl3-BMICTiCl4. The absence of TiCl4 in the electrolyte eliminates the formation of TiCl3 passive layer on
the electrodes because TiCl4 is easily reducible to TiCl3 which retards the kinetics of redox
reactions and, reduces the cathode current density as well as current efficiency of the process.
The bulk electrodeposition of Ti-Al alloy was carried out at different voltages (1.5 V-3.0
V) between anode and cathode using the electrolyte containing AlCl3 and BMIC (molar ratio
2:1) at various temperature between 70°C and 125 ± 3°C. The summery of experimental results
were tabulated in Table 7.3. The possible cathodic and anodic reactions will be Eq. 7.1-7.4.

Table 7.3 Summery of results carried out at different voltages and temperatures.
Applied
Voltage
(V)

Temperature
(°C)

Cathode
Current
Density
(A/m2)

Current
Efficiency
(%)

Ti-Al Alloy Composition
(atom %)
(EDS analysis)

Energy
Consumption
(kWh/ kg of
Ti-Al)

1.5

100 ± 3

36.66

87.30

Al = 74.89, Ti = 25.11

3.92

2.0

100 ± 3

93.30

84.14

Al = 76.24, Ti = 23.76

5.50

2.5

100 ± 3

147.98

79.23

Al = 85.82, Ti = 14.18

8.07

3.0

100 ± 3

187.06

78.57

Al = 82.83, Ti = 17.17

9.47

2.5

70 ± 3

68.17

83.90

Al = 86.76, Ti = 13.24

7.69

2.5

85 ± 3

83.71

84.92

Al = 84.92, Ti = 15.08

7.46

2.5

125 ± 3

209.04

81.10

Al = 82.30, Ti = 17.70

7.60
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The current efficiency and energy consumption were calculated as described in Sec.
7.1.1.1. The energy consumption for the production of Ti-Al alloy using AlCl3-BMIC (2:1)
electrolyte varies in the range of 3.92-9.47 kWh/ kg of Ti-Al alloy. The value is well below the
energy consumption for commercial and molten salt electrolysis processes (10-15 kWh/ kg).
The X-Ray diffraction (XRD) pattern of the electrodeposited Ti-Al alloy obtained by
using 2.5V and 100°C is shown in Fig. 7.15. The XRD analysis shows the diffraction peaks
similar to aluminum (ICDD 4-0787). No Ti or Ti-Al intermetallics were detected. But we
observed a peak shift and change in lattice parameter (0.47%) which confirms the formation of
Ti-Al alloy which was in good agreement with the results obtained by Tsuda et al. [57]. They
studied that Ti dissolved in Al and forms a disordered FCC structure at room temperature. They
have identified the (100) and (110) superlattice reflections of fully ordered (L12)-Al3Ti deposited
at higher temperature (150°C) from AlCl3-NaCl electrolyte. In the present study, Ti-Al alloy
deposited at a temperature between 70°C and 125 ± 3°C can not be identified using XRD
analysis. It may be due to the disordered structure of Al3Ti that is prevailing at the temperatures
used in the current study. Takenaka et al. [56] and Tsuda et al. [57] also observed the similar
behavior that Al-Ti intermetallics are not detectable by XRD.
Inductively Coupled Plasma (ICP) analysis of samples confirms the presence of Ti and
Al in the electrodeposit. There is a good agreement between the compositional analysis (atom%)
of Ti-Al alloy obtained from EDS (Al-85.82%, Ti-14.18%) and ICP (Al-86.90%, Ti-13.10%) at
the applied potential of 2.5 V and temperature of 100°C. The ICP and EDS analysis also confirm
that Al and Ti-Al alloy were co-deposited from the electrolyte.
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Fig. 7.15 XRD pattern of electrodeposited sample using 2.5V and at 100 ± 3°C [61].

7.1.2.1 Cathodic Current Response
The variation of cathode current density with time is shown in Fig. 7.16. It shows three
distinct regions (A, B and C) in the curve.
In region A, the initial steep increase in current density occurs for 10-12 minutes. The
steep raise in current is due to activation polarization of cathode. Higher applied voltage causes
higher activation polarization. The activation polarization of cathode can be confirmed by
plotting cathode voltage with cathodic current density (i) in region A. Fig. 7.17 shows the linear
relationship of cathode over voltage (η) and log (i) and is represented by cathodic Tafel equation,
Eq. 7.11.

log i = log i0 + (

−α c .n.F
).η
2.303.R.T
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(7.11)

where η is cathode over voltage (V), i is the cathodic current density (A/m2), R is the universal
gas constant (8.314 J/mole/K), T is the operating temperature (K), i0 the exchange current density
(A/m2), αc is the cathodic charge transfer coefficient; z the electron transferred and F is the
Faraday’s constant (96500 coulomb/equivalent).
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Fig. 7.16 Variation of cathodic current density with time for different voltages at 100 ± 3°C [61].
The charge transfer co-efficient α c can be calculated from the slope of each plot in Fig.
7.17 using Tafel equation, Eq. 7.11. The exchange current density (i0) can be determined from
the intercept of plot in Fig. 7.17 at η = 0. The approximate value of i0 is ∼5 × 10-3 A/cm2. The
cathode charge transfer coefficient αc obtained from Fig. 7.17 varies from 0.1 to 0.3 for each
applied voltage. We can conclude that the kinetics of Ti-Al alloy deposition is quasi-reversible
process for AlCl3-BMIC electrolyte and was reported by other investigator [15].
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Fig. 7.17 Cathodic polarization curve shows the variation of cathode voltage with log (i) at
different voltages at 100 ± 3°C [61].

Region B defines a steady-state for a short period of 10-15 minutes. Decreasing rate in
current density is due to effect of both activation and concentration polarization. It is smaller for
higher applied voltage. In region C, the current density decreases with time till completion of
experiment due depletion of reducible ions from the electrolyte. A very thin passivating layer of
TiCl3 and ionic liquid on electrodes may retard the diffusion of reducible ions. Also,
concentration polarization causes this decrease in current density.

7.1.2.2 Effect of Applied Voltage
The effect of applied voltages on the cathode current density, current efficiency and
deposit morphology of Ti-Al alloys were investigated in the range of 1.5-3.0V applied voltage at
constant experimental temperature of 100 ± 3°C. Fig. 7.18 shows the variation of average current
density with applied cell voltage. The plot shows that the current density varies nearly linear with
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applied cell voltage. Increase in cell voltage also enhances the cathodic reduction reaction and
hence the increase in current density.
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Fig. 7.18 Variation of average current density with voltages at 100 ± 3°C [61].

Variation of cathodic current efficiency with applied cell voltage is shown in Fig. 7.19.
We can see that the cathodic current efficiency is almost constant (78-87%) with different
applied cell voltages.
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Fig. 7.19 Variation of cathodic current efficiency with voltages at 100 ± 3°C [61].

As the applied voltage increases, the total charge passed through the cell increases and
hence the theoretical amount of deposited Ti-Al alloy also increases. But at higher voltage (3.0
V), the atom% of Ti tend to decrease. It was previously observed that at high voltage titanium
gets oxidized to Ti4+ ions forming TiCl4 [57]. The production of TiCl4 in the electrolyte enhances
the formation of TiCl3 on the cathode surface which hinders the charge transfer reaction [58, 60].
Fig. 7.20 resembles the above statement that average atom% of Ti in Ti-Al alloy decreases as
applied cell voltage increases.
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Fig. 7.20 Variation of average atom% of Ti and Al with voltage at 100 ± 3°C [61].

The morphology of Ti-Al alloy deposited and their compositional analysis at four
different applied voltages are shown in Fig. 7.21 and Table 7.3, respectively. The SEM
micrographs show that the deposits are nodular. More uniform, dense and compact deposition
was found at lower applied voltages. At higher voltages clustering of particles were seen with lot
of porosity. It was clearly seen from Fig. 7.20 and Table 7.3 that as the applied voltage increases
from 1.5 to 3.0 V, the titanium content in the Ti-Al alloy decreases from 25.11 to 17.17 atom%.
It is also noticeable that the average particle size increases with increasing applied voltage
(average particle size 5-10 µm and 40-50 µm at 1.5 V and 3.0 V, respectively). But typically at
higher applied voltage the average particle size should be smaller which conflicts our
observation. This can be explained by considering nucleation phenomenon. At lower applied
voltage, especially at 1.5 V, high titanium content in the alloy leads to increase the nucleation
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sites and produce finer particles [57]. Therefore, lower applied voltage (1.5-2.0 V) should be
recommended not only for finer particle size but also for higher Ti content in Ti-Al alloy.

(a)

(b)

(c)

(d)

Fig. 7.21 SEM micrographs of Ti-Al electrodeposits at different voltages (a) 1.5 V, (b) 2.0 V, (c)
2.5 V and (d) 3.0 V at 100 ± 3°C [61].

Fig. 7.22 shows the SEM micrograph of electrodeposit using 2.0 V and 100°C. The EDS
analysis of individual particles in Fig. 7.22 is presented in Table 7.4. It can be seen that all the
particles have approximately identical elemental compositions. The analysis also confirms that
Al and Ti-Al alloy were co-deposited from electrolytes. It may be concluded from the EDS
atom% analysis that Ti and Al may be present as Al3Ti intermetallic.
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Fig. 7.22 SEM micrograph of electrodeposited Ti-Al alloy using 2.0 V and 100 ± 3°C [61].

Table 7.4 The EDS Analysis of Particles Shown in Fig. 7.22.
Particle

Composition of particle by EDS analysis (atom%)
Al

Ti

A

72.70

27.30

B

78.81

21.19

C

77.06

22.94

D

74.22

25.78

7.1.2.3 Effect of Temperature
To find the effect of temperature on cathode current density, cathode current efficiency,
composition and morphology of Ti-Al alloys, the experiments were conducted at a fixed applied
voltage of 2.5 V and different temperatures between 70°C to 125 ± 3°C. Fig. 7.23 depicts the
variation of cathode current density with experimental temperature. It shows that current density
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increases with increasing temperature. The increase in temperature increases the transport and
concentration of ions in the cathode and anode diffusion layer; this is because the diffusion rate
and convection increase with temperature. Hence, concentration polarization reduces and the
cathode current density increases.
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Fig. 7.23 Variation of average cathodic current density with temperature using voltage of 2.5 V
[61].

The effect of temperature on current efficiency is not significant as shown in Table 3. It
was seen that the cathode current efficiency varies closely (80-85%) for all temperature ranges.
Fig. 7.24 shows that the atom% of Ti in Ti-Al alloy does not increase significantly as the
temperature increases from 70°C to 125°C. Atom% of Ti increases from 13.24 to 17.70 with
increasing temperature from 70°C to 125°C, respectively. The slight increase in Ti content with
increasing temperature was explained in previous section.
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Fig. 7.24 Variation of average atom% of Ti and Al with temperature using voltage 2.5 V [61].

The morphological variations of Ti-Al alloy at different operating temperatures are
compared in Fig. 7.25(a)-(d). On varying the electrolysis temperature from 70 to 85°C, we did
not find a significant change in microstructure as observed from Fig. 7.25(a)-(b). The deposit is
flat, compact and few particles were visible in microstructure. The average particle size varies
from 15-20 µm. But on increasing temperature to 100°C and above, we found the starts growing
as shown in Fig. 7.25(c)-(d). At 125°C, clustering and growth of particles (av. particle size 60-80
µm) make the deposit more porous, non-uniform and large grained compared to other lower

temperature deposits. Thus, intermediate temperature (<100°C) is recommended for compact,
fine grained and uniform particle size distribution and uniform thickness of deposit.
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(a)

(b)

(c)

(d)

Fig. 7.25 SEM micrographs of Ti-Al electrodeposits at different temperatures (a) 70°C, (b) 85°C,
(c) 100°C and (d) 125°C using voltage of 2.5 V [61].

7.2 Constant Current Production of Ti-Al alloys

So for, constant voltage production of Ti-Al alloy was successfully implemented by using
AlCl3-BMIC-TiCl4 (molar ratio 2:1: 0.019) and AlCl3-BMIC (molar ratio 2:1) electrolytes. The
current density and current efficiency of the process was improved by using only AlCl3-BMIC
melt instead of AlCl3-BMIC-TiCl4. Still, the above mentioned processes have lower cathode
current density (37-209 A/m2) which needs to be improved to increase the production rate.
That’s why constant current method i.e. constant rate of production was adopted.
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In this study, the bulk electrodeposition of Ti-Al alloys carried out from AlCl3-BMIC
melt by applying different cathode current density (65-210 A/m2) to improve the production rate
at higher cathode densities. The Ti-Al alloy was deposited on titanium cathode at 60°C to 120 ±
3°C temperatures using the above melt. The molar ratio of AlCl3 and BMIC is 2:1. Titanium
sheet (>99.9 wt %) was used as the cathode and anode. Anode dissolved in the electrolyte and
serve as the source of titanium. The photographs of electrodeposited Ti-Al alloy and dissolved Ti
anode are shown in Fig. 5.26. The summery of the experimental results are tabulated in Table
7.5.

(a)

(b)

Fig. 7.26 Photographs of (a) Ti-Al alloy deposited on Ti cathode (b) Ti anode dissolved using
cathode current density 135 A/m2 and temperature 100 ± 3°C.
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Table 7.5 Summery of results carried out at different cathode current densities and temperatures.
Cathode Current Density

Temperature

Current Efficiency

Ti-Al Alloy Composition

(A/m2)

(°C)

(%)

(atom %)

65

100 ± 3

87.09

Al = 90.13, Ti = 9.87

80

100 ± 3

82.79

Al = 88.80, Ti = 11.20

120

100 ± 3

86.05

Al = 87.63, Ti = 12.37

125

100 ± 3

83.49

Al = 88.48, Ti = 11.52

140

100 ± 3

75.28

Al = 84.86, Ti = 15.14

147

100 ± 3

71.27

Al = 82.77, Ti = 17.23

160

100 ± 3

71.83

Al = 82.41, Ti = 17.59

170

100 ± 3

64.26

Al = 78.18, Ti = 21.82

210

100 ± 3

57.74

Al = 74.35, Ti = 25.65

135

60 ± 3

76.44

Al = 88.17, Ti = 11.83

135

80 ± 3

72.47

Al = 87.53, Ti = 12.47

135

100 ± 3

71.76

Al = 84.51, Ti = 15.49

135

120 ± 3

65.23

Al = 83.86, Ti = 16.14
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Variation of cathode voltage with time is shown in Fig. 7.27 at different applied cathode
current densities. Voltage steps in each of curve signify the presence of difference red-ox
reactions. The possible reactions are marked inside the plot at different voltage level. At lower
voltage (<1.0 V), TiCl4 which formed during the anodic dissolution of titanium get reduced to
TiCl3 and Ti. That is why a violet color passivating layer of TiCl3 was seen on cathode. But
when voltage reaches (>2.5 V) TiCl3 passivating layers breaks down and Ti deposited on cathode
[52, 57, 80, 102]. This is the major advantage of the process.
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Fig. 7.27 Variation of cathodic voltage with time using different cathode current densities at 100
± 3°C.

At low applied current density, cathode current efficiency increases to about 85% (Fig. 7.28).
At very high current density, current efficiency decreases to 60%. This is possibly due to fast
reaction kinetics Ti deposition which leads higher rate of Cl2 (see reactions in Fig. 7.27)
generation and decrease the current efficiency of the process.
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Fig. 7.28 Variation of cathodic current efficiency with current density 100 ± 3°C.

Fig. 7.29 shows the variation of Ti and Al content in the alloy with cathode current
density. At higher cathode current density or cathode voltage TiCl3 passivating layers breaks
down and Ti deposited on cathode as reported by other researchers [49, 56, 57]. Hence, Ti
content in the alloy increases.
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Fig. 7.29 Variation of average atom% of Ti and Al with cathode current density at 100 ± 3°C.

Fig. 7.30 shows that at lower current density larger particle was observed (40-50 µm
using 65A/m2). But as the current density increases, the particle decreases (5-10 µm using170
A/m2). This is due to the higher Ti content in the alloy (21.82 atom% using 170 A/m2 and 9.87
atom% using 65 A/m2) which produces larger number of nucleation sites and hence, smaller
particle was obtained. The effect of temperature on current efficiency and Ti content in the alloy
is not significant as shown in Fig. 7.31 and Fig. 7.32, respectively. The increase in Ti content
with increasing temperature was explained in previously. Also, the higher temperature leads to
more Ti dissolution from the anode and subsequently deposited on cathode.
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Fig. 7.30 SEM micrographs of Ti-Al electrodeposit using different cathode current densities at
100 ± 3°C.
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Fig. 7.31 Variation of current efficiency with temperature using 135 A/m2.
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Fig. 7.32 Variation of average atom% of Ti and Al with temperature using 135 A/m2.
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In summary, constant current production of Ti-Al alloys has a significant improvement
on production rate. The amount of electrodeposited Ti-Al alloy is higher than produced by
constant voltage method. The best operating cathode current density should be in the range of
160-210 A/m2 to get highest production rate with higher current efficiency between 70-80%,
higher Ti content (20-25%) and finer particle size of Ti-Al alloys (5-10 µm).
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CHAPTER 8
CONCLUSIONS AND SUGGESTIONS

8.1 Conclusions

The major goals of this research were achieved by successful elimination of aluminum
dendrites in aluminum scrap electrorefining and by successful determination of a novel
production route of Ti-Al alloys at low temperature.
Aluminum scraps A360 and 390 were electrorefined using AlCl3-EMIC ionic liquid
electrolytes at low temperature. The bulk electrodeposition of aluminum was successfully carried
out on aluminum/copper cathode at fixed voltage of 1.5 V, temperatures (50-110ºC), stirring rate
(0-120 rpm), concentration (molar ratio AlCl3: EMIC = 1.25-2.0) and using different electrode
surface modification (modified/unmodified) for 5 hours of experimental duration. Pure
aluminum deposits were obtained with high current efficiency (84-99%). Dendrite-free
aluminum deposit was only obtained by using modified electrodes and stirring. The effect of
electrode materials, temperature, and electrolyte composition were not significant in obtaining
dendrite-free aluminum deposit. The stirring rate has a significant effect on deposit morphology.
No-stirring (0 rpm) enhances the formation of fine dendrites and flakey structure. It was
observed that modified electrode and stirring reduced the cathode overpotential below critical
cathode overpotential ( ηcrt ), which was playing the major role in obtaining dendrite free or
granular aluminum deposit. The critical cathode overpotential ( ηcrt ) and limiting current density
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( iL ) at which dendritic growth begins was determined as -0.54 V and 518 A/m2, respectively. It
was also confirmed that dendrite-free deposit can also be obtained by reducing cell voltage
below 1.0 V and even using unmodified electrodes. But it suffered lower current density and
hence production rate. Finally it can be concluded that modified electrodes, stirring (60 rpm) and
cathode overpotential < -0.55 V are recommended to produce dendrite free aluminum deposit in
aluminum electrorefining.
To understand the mechanism of aluminum electrodeposition, nucleation and growth
phenomenon and to determine the diffusion parameters of electroactive species Al2C7¯ ,
chronoamperometry study was conducted using both AlCl3-EMIC (molar ratio 1.65:1) and
AlCl3-BMIC (molar ratio 2:1) electrolytes at 90ºC. It was found that that electrodeposition of
aluminum is a diffusion controlled instantaneous nucleation process followed by threedimensional growth of nuclei. The number density of nuclei was determined to be in the range of
0.56-2.2 × 1012 N/m2 and varies closely to the theoretical calculation. The diffusion coefficient
(D) of Al2C7¯ was found to be 5.2-6.9 × 10-11 m2/s and 2.2 × 10-11 m2/s for AlCl3-EMIC and
AlCl3-BMIC, respectively.
Constant potential production of Ti-Al alloys are carried out on titanium cathode from
two different electrolytes: AlCl3-BMIC-TiCl4 (molar ratio 2:1:0.019) and AlCl3-BMIC (molar
ratio 2:1) at an applied voltage ranging from 1.5 to 3.0 V and temperature from 70°C to 125 ±
3°C. Ti-Al alloys produced at higher applied voltage (3.0 V) were dark, non-uniform and coarse
grained. But at lower applied voltage (1.5-2.0 V) compact and bright deposit of Ti-Al alloys
were obtained with finer particle size. The electrodeposited alloy containing 15-27 atom% and
13-25 atom% of Ti was produced from AlCl3-BMIC-TiCl4 and AlCl3-BMIC electrolytes,
respectively. Current efficiency up to 87.30% was achieved for AlCl3-BMIC electrolyte with
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estimated energy consumption of 3.92-9.47 kWh/ kg of Ti-Al alloy. But lower current efficiency
(25-38%) was obtained for AlCl3-BMIC-TiCl4 electrolytes due to the formation of TiCl3 passive
layer on the electrodes, which retards the kinetics of redox reactions and, reduces the cathode
current density as well as current efficiency of the process. Thus, estimated energy consumption
for AlCl3-BMIC-TiCl4 electrolyte rises to 16.63-31.98 kWh/ kg of Ti-Al alloy. High temperature
(100-125°C) increases the current density for both electrolytes, but no significant effect was
observed on improving the current efficiency and alloy content. Higher temperature produced a
course grained microstructure. Finally, the optimum conditions for production of smooth,
compact, fine particle size and high Ti content Al-Ti alloys are 1.5-2.0 V voltage and 70-100°C
temperature.
Constant current production of Ti-Al alloys has a significant effect on production rate.
The major advantages of this process are a) it provides high current density i.e. high production
rate and b) it breaks down TiCl3 which may be formed at the initial time of experiment to
titanium when cell voltage reaches higher later on the process. The amount of electrodeposited
Ti-Al alloy is higher than produced by constant voltage method. The current efficiency decreases
and Ti content in the Ti-Al alloys increases with increasing cathode current density (160-210
A/m2) which produced finer particle size of Ti-Al alloys (5-10 µm). The effect of temperatures
on current efficiency and Ti content in the alloy is not significant.

8.2 Suggestions for Future Work

The suggestions for the future works on dendrite-free aluminum electrodeposition
include:
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(a) It was found that modified electrode reduced the cathode overpotential to produce
dendrite-free aluminum deposit. Some initial video graphic study show that surface
modification restricted the formation of chlorine bubble formation on cathode and
hence cathode overpotential decreased. More in-depth analysis of bubble formation
on electrodes could reveal the mechanism of dendrite-free deposition.
(b) Study could be extended to find out the effect of additives on deposit morphology.
(c) Scale-up of dendrite-free aluminum electrorefining process.

The suggestions for the future works on production of Ti-Al alloys electrodeposition
include:
(a) Study the feasibility of electrodeposition of Ti-Al alloys using other ionic liquid
electrolytes at low temperature and determine the experimental variables on deposit
characteristics.
(b) Investigate the effect of alloying element (Si, Mg, Cu, SiC, Zn, Fe etc) in the Ti-alloy
anode on Ti-Al alloy production.
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APPENDIX A
CALCULATION OF CURRENT EFFICIENCY AND ENERGY CONSUMPTION IN
ALUMUNUM ELECTROREFINING
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For the experiment conducted with unmodified Al-Cathode, A360 Anode, V=1.5 V, MR =
1.65, stirring speed = 60 rpm and temperature = 90°C:

Current Efficiency ( ηeff ) Calculation:
Weight of Al deposit on cathode = ∆W = WFinal − WInitial = (2.6595-2.2876) gm = 0.3719 gm
The theoretical weight ( WT ) of Al deposited on cathode was calculated by using Faraday’s law:
WT =

I .t.aw i.t. A.aw
=
n.F
n.F

Where,
i = Current density (A/cm2)
t = Total experimental time (s)
A = Cathode area of deposition = 12.8 cm2
aw = Atomic weight of Al = 26.9811
n = Number of electron exchanged = 3
F = Faraday’s constant = 96500 coulomb/ equivalent weight
i.t was calculated from the area under the current density ( i ) vs. time ( t ):
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Area under the curve = i.t = 52582 A. min/m2=

52582 × 60
A.s/cm2 = 315.492 A.s/cm2
10000
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∴ WT =

I .t.aw i.t. A.aw 315.492 × 12.8 × 26.9811
=
=
= 0.3764 gm
n.F
n.F
3 × 96500

Current efficiency of the process = ηeff ( % ) =

∆W
0.3719
× 100 =
× 100 = 98.81%
WT
0.3764

ηeff = 98.81%

Energy Consumption ( E ) Calculation:
E = V.

Q

ηeff

Where,
V = Applied voltage = 1.5 V
Q = I .t = i. A.t = Charge passed = 315.492 × 12.8 A.s = 4038.3 A.s = 4038.3 Coulomb
ηeff = Current efficiency = 98.81 %
∴ 0.3764 gm of Al deposit (theoretical) requires = 4038.3 Coulomb
4038.3 × 1000
⇒ 1000 gm Al deposit (theoretical) requires =
Coulomb
0.3764
= 10728739.64 Coulomb

Energy Consumption ( E ) =

(1.5 ×10728739.64) ×100
kWh / Kg of Al = 4.53 kWh / Kg of Al
(98.81) ×1000 × 3600
E = 4.53kW / Kg
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APPENDIX B
CALCULATION OF Al2Cl7¯ ION CONCENTRATION
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Measured: Weight of 40 ml of AlCl3-EMIC (molar ratio = 1.65:1) = 53 gm
Wight % of AlCl3 in the electrolyte = 60%
Formula weight of AlCl3 = 133.34
Formula weight of EMIC (C6H11N2Cl) = 146.62
53 × 0.60
mol / cm3
133.34 × 40
= 5.962 ×10 −3 mol / cm3

Concentration of Al-ions (AlC4¯ , Al2C7¯ , Al3C10¯ etc) in the electrolyte =

1.0
4
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X (AlCl3)

The mole fraction of Al-ion ( X AlCl3 ) in 1.65:1 molar ration of AlCl3-EMIC electrolyte = 0.622
From molar equilibrium diagram of AlCl3-EMIC above (see description in CHAPTER 2), the
mole fraction of Al2C7¯ ( X Al Cl − ) ≈ 0.61
2

7

Now, 2 moles of AlCl3 produces = 1 mole of Al2C7¯ ion
5.962 ×10−3 × 0.61
Concentration of Al2C7¯ ion in AlCl3-EMIC (1.65:1) electrolyte =
mol / cm3
2
= 1.8185 × 10−3 mol / cm3

 Al2Cl7 −  = 1.8185 × 103 mol / m3
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APPENDIX C
CALCULATION OF LIMTING CURRENT DENSITY ( iL ) AND CRITICAL CATHODE
OVERPOTENTIAL ( ηcrt )
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Calculation of Exchange Current Density ( i0 ) and Charge Transfer Coefficient ( α c ):

Cathodic Tafel Equation:

log i = log i0 + (

−α c .n.F
).η
2.303R.T

Y =C + m . X

i0 and α c were calculated from intersection and slope of Tafel plot (see right Figure below). The
Tafel plot was obtained by plotting cathode overpotential (η ) vs. log i in activation polarization
region (Region A).
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Input Data:
n = 3/4 (Reaction: 4Al2Cl7¯ + 3e¯ = Al (cathode) + 7 AlCl4¯ )
F = 96500 coulomb/ equivalent weight
The average calculated values are:

i0 = 57 − 58 A / m 2

α c = 0.12 − 0.13
Calculation of Limiting Current Density ( iL ):

The expression for limiting current density:
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-0.05

0.00

iL =

n.F .D.C0

δ
Where,
n = Number of electron exchanged = 3/4 (Reaction: 4Al2Cl7¯ + 3e¯ = Al (cathode) + 7 AlCl4¯ )
F = Faraday’s constant = 96500 coulomb/ equivalent weight
D = Diffusion coefficient = 6.89 × 10-7 m2/s (Calculated in CHAPTER 6)
C0 = Bulk concentration of Al2Cl7¯ = 1.8185 × 103 mol/m3
δ = Diffusion boundary layer thickness = 17.5 × 10-6 m [83]
The calculated value of iL :

iL = 518 A / m 2
Calculation of Critical Cathode Overpotential (ηcrt ):

The equation for calculating ηcrt :

ηcrt =

R.T  iL 
ln  
α c .F  i0 

Where,
R = 8.314 J/mol/K
T = Experimental temperature = 363 K
α c = 0.12
i0 = 57.32 A/m2
iL = 518 A/m2
The calculated value of critical cathode overpotential where dendritic deposit of aluminum starts:

ηcrt = −0.536V
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APPENDIX D
CALCULATION OF CURRENT EFFICIENCY AND ENERGY CONSUMPTION IN Ti-Al
ALLOY PRODUCTION
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For the experiment conducted with AlCl3-BMIC = 2:1, applied voltage = 2.5 V and
temperature = 100°C:

Current Efficiency ( ηeff ) Calculation:
Weight of Ti-Al alloy deposited on cathode = ∆W = WFinal − WInitial = (1.5171-1.4409) gm = 0.0762
gm
The theoretical weight ( WT ) of Ti-Al alloy deposited on cathode was calculated by using
Faraday’s law:
WT =

I .t.Weq
F

=

i.tAW
. eq
F

Where,
i = Current density (A/cm2)
t = Total experimental time (s)
A = Cathode area of deposition = 7.14 cm2
Weq = Equivalent weight of Ti-Al alloy
F = Faraday’s constant = 96500 coulomb/ equivalent weight
Weq was calculated by the using the equation below:
 1  X .zTi Y .z Al  
+
Weq = 


WAl  
100  WTi

−1

Where,
X = Average wt% of Ti from EDS analysis = 77.32% (atom % = 14.18)
Y = Average wt% of Al from EDS analysis = 22.68 (atom % = 85.82)
zTi = Number of electron exchanged for Ti deposition = 2
z Al = Number of electron exchanged for Al deposition = 3
WTi = Atomic weight of Ti = 47.867
WAl = Atomic weight of Al = 26.982
Equivalent of Ti-Al alloy ( Weq ) = 10.477
i.t was calculated from the area under the current density ( i ) vs. time ( t ):
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Cathode Current Density, A/m
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Area under the curve = i.t = 20684 A. min/m2=

∴ WT =

I .t.Weq
F

=

i.tAW
. eq
F

=

20684 × 60
A.s/cm2 = 124.104 A.s/cm2
10000

124.104 × 7.14 ×10.477
= 0.09621 gm
96500

Current efficiency of the process = ηeff ( % ) =

∆W
0.0762
× 100 =
× 100 = 79.21%
WT
0.0962

ηeff = 79.21%

Energy Consumption ( E ) Calculation:
E =V.

Q

ηeff

Where,
V = Applied voltage = 2.5 V
Q = I .t = i. A.t = Charge passed = 124.104 × 7.14 A.s = 886.10 A.s = 886.10 Coulomb
ηeff = Current efficiency = 79.21 %
∴ 0.09621 gm of Al deposit (theoretical) requires = 886.10 Coulomb
886.10 × 1000
⇒ 1000 gm Al deposit (theoretical) requires =
Coulomb
0.09621
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= 9210087.93 Coulomb
(2.5 × 9210087.93) × 100
kWh / Kg of Ti-Al alloy
(79.21) × 1000 × 3600
= 8.07 kWh / Kg of Ti-Al alloy

Energy Consumption ( E ) =

E = 8.07 kW / Kg
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