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ABSTRACT 

The purpose of the present PhD research project was to evaluate the feasibility of the 

electrodeposition of novel thin Ni composite coatings with lubricant particles from an 

additive-free Watts bath and their application as diffusion barrier layers in journal bearings 

for medium-speed diesel engines. Overall, the main objective was to develop thin Ni 

composite coatings with the following characteristics: 

• Improved tribological performance. 

• Good adhesion properties. 

• Good ‘anti-diffusion’ performance. 

Ultrasound was used in the preparation of pure Ni coatings and Ni composite coatings with 

lubricant particles under different conditions in order to understand how ultrasonic 

cavitation influences electrodeposition and characteristics of said Ni-based coatings. Two 

main studies were conducted related to this: 

1. Study of the effect of ultrasonic power on the electrodeposition of pure Ni coatings 

to understand the influence of cavitation phenomena near the surface of the cathode 

on the properties of Ni deposits 

2. Study of the effect of ultrasound on the production of Ni composite coatings to 

understand the influence of ultrasound in the dispersion of particles, the 

electrodeposition of Ni composite coatings and the properties of said Ni composite 

coatings. 

The influence of ultrasound on the dispersion of particles in the Watts bath was evaluated 

by observing the visual appearance of the resulting dispersions and analysing the particle 

size distribution of diluted solutions by laser diffraction-based particle sizing methods. The 

effect of ultrasound on the characteristics of Ni deposits and Ni composite coatings 

electrodeposited from the additive-free Watts bath was evaluated by different material 

characterization techniques: 
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• X-Ray Diffraction (XRD) analysis was employed to observe the orientation of the Ni 

crystals that formed the coatings. 

• Field Ion Beam – Scanning Electron Microscopy (FIB-SEM) was employed to analyse 

the surface morphology and microstructure of the coatings. 

• Microhardness tests were performed to observe how the modification of the grain 

structure and the presence of particles may affect the hardness of the coatings. 

• Glow Discharge – Optical Emission Spectroscopy (GD-OES) was also employed to 

estimate the particle content in the Ni composite coatings. 

Pure Ni deposits and selected Ni/hBN and Ni/WS2 composite coatings electrodeposited 

under ultrasound that exhibited promising features (e.g. more fragmented/refined 

structure, reasonable incorporation of uniformly-distributed particles, etc.) were selected 

for further tribological analysis. Scratch tests performed on these coatings under lubricated 

(mixed-film/boundary lubrication) and non-lubricated (dry boundary lubrication) 

conditions showed that the Ni/WS2 composite coatings were the only newly developed Ni-

based coating that exhibited enhanced tribological performance when compared with 

benchmark Ni coatings. 

Finally, the performance of these novel Ni/WS2 composite coatings with enhanced 

tribological performance acting as diffusion barrier layers in real bearing overlay systems 

was studied: 

• In terms of adhesion, similar loads before bonding failure were measured for both  

Ni/WS2 composite coating and the benchmark Ni deposit. No de-attachment was 

observed between the bronze lining and both diffusion barrier layers, and the 

bonding failure occurred mostly between the glue and the Sn-Cu overlay and within 

the Sn-Cu overlay. 

• In terms of diffusion, an overall increase in diffusion phenomena (e.g. formation of 

intermetallic layer, reduction in thickness of the diffusion barrier layer, etc.) was 
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observed for the Ni/WS2 composite coating when compared with the benchmark Ni 

deposit. 

The overall increase in diffusion phenomena here reported for the novel Ni/WS2 composite 

coatings with enhanced tribological performance may imply the unsuitability of said 

coatings for their use as diffusion barrier layers in plain bearings. Nevertheless, the growth 

rate and nature of the intermetallic layer formed in the bearing overlay system with the 

Ni/WS2 diffusion barrier layer, along with the enhanced tribological performance of said 

composite coating, may open new possibilities in bearing overlay development where 

functional intermetallic phases are sought for different bearing applications. 

 

Keywords: Nickel, composite coatings, lubricant particles, electrodeposition, Watts bath, 

bearings, tribology, diffusion. 



ACKNOWLEDGEMENTS 

I wish to express my deepest gratitude to my Director of Studies, Dr Andrew J. Cobley, and 

my Supervisors Dr John E. Graves and Dr Larisa Paniwnyk, for their guidance and assistance 

throughout the course of the investigation, and to Daido Metal and the ‘Knowledge Transfer 

Partnership’ scheme for providing the financial support for this research project. 

Much of the work included in this thesis is owed to my Industrial Supervisor, Dr Yi Zhang, 

for his outstanding help and formal discussions during all these years, and for his loyal 

friendship in-and-out of the laboratory. I am also indebted to Mr Madan Pal and Mr Ian Kerr 

for their assistance and support, and to Mrs Grazina Burmistroviene and Mr Chris Howard 

for their technical aid. And I should also note the ‘moral’ support of Elena Banchelli, Dr 

Rolandas Verbickas, Dr Mayank Anand and Mr Guy Lowman. They made me feel part of the 

family that the Daido Metal EHQ R&D Department is, and that is far more than the highest 

expectation I had when I decided to commence this journey. 

I want to acknowledge the contribution of Dr M. Lesley Wears (University of Exeter) and Dr 

Geoff West (Loughborough University) for their assistance with XRD and FIB-SEM analysis, 

respectively. I would also like to thank Prof Andreas Bund for inviting me to visit his 

research group at Technische Universität Ilmenau, where I have the pleasure to work with 

Dr Magali Camargo and Dr Rolf Griesler on characterizing some of the coatings developed 

during the present research project (GD-OES data included in the present thesis was 

obtained there with the assistance of Mr Markus Wilke). Much of the discussion regarding 

the preferred orientation of electrodeposited Ni is the result of the stimulating 

brainstorming talks I had with Magali and Rolf. 

I need to acknowledge Maje for all her love, support and patience during all this time, 

especially in those weekends where I would remain absent in my own world, reading and 

writing this thesis, and my parents (Pedro and María Teresa), brother (Carlos) and sister 



 

(Mariate), friends (David, Jorge, Pepan, Carlos, Pica, Pak, Mora, Juan Carlos…) and family for 

their constant encouragement during the research project… and their trips to UK!! 

I also want to thank the late Dr José González-García and the rest of the people I worked 

with at the University of Alicante (Dr Pedro Bonete, Miss Verónica Sáez, Dr María Deseada 

Esclapez, Miss María Isabel Díez García, Dr Olivier Louisnard, Miss Bérénice Guinchard, Dr 

Angel Frías-Ferrer, Dr Teresa Lana Villarreal, Dr Roberto Gómez Torregrosa, etc.) for all the 

good times we all shared in Alicante, and for sharing with me their love for 

Electrochemistry, Acoustics and Science in general. 

And finally, I thank my good friend Dr Néstor Guijarro-Carratalá for helping me with ‘a few 

things’ and for all the ‘skyping’ during all these years. Literature searching and thesis 

writing would be a lot less amusing, this thesis would lack of scientific content and papers 

would be less elegant without his friendship. 



i 

TABLE OF CONTENTS 

TABLE OF CONTENTS ............................................................................................................................ i 

LIST OF ACRONYMS ............................................................................................................................. vii 

1. INTRODUCTION .................................................................................................................... 1 

1.1. Context of the research project .................................................................................... 1 

1.2. Bearings in internal combustion engines ................................................................ 2 

1.2.1. Introduction .................................................................................................................... 2 

1.2.2. Bearing design ................................................................................................................ 3 

1.3. Bearing materials ............................................................................................................. 5 

1.3.1. Bronze-based bearing materials ............................................................................. 5 

1.3.2. Pb-based overlays for bronze-based bearing materials ............................... 7 

1.3.3. Sn-based overlays for bronze-based bearing materials................................ 8 

1.4. Need for improved Ni-based barrier layers in bearings ................................... 10 

1.5. Objectives of the research project ............................................................................ 10 

1.6. References ......................................................................................................................... 12 

2. LITERATURE REVIEW ....................................................................................................... 15 

2.1. Overview ............................................................................................................................ 15 

2.2. Ni composite coatings used as diffusion barrier layers in bearing 

applications ............................................................................................................................... 16 

2.3. Electrodeposition of Ni and Ni-based composite coatings ............................... 18 

2.3.1. Introduction ................................................................................................................. 18 

2.3.2. Electrodeposition of Ni ............................................................................................ 19 

2.3.3. Electrodeposition of Ni-based composite coatings ...................................... 23 

2.4. Ultrasound-assisted electrodeposition of Ni and Ni-based composite 

coatings ....................................................................................................................................... 27 

2.4.1. Introduction ................................................................................................................. 27 



Content 

ii 

2.4.2. Ultrasound-assisted electrodeposition of Ni .................................................. 32 

2.4.3. Ultrasound-assisted electrodeposition of Ni-based composite coatings

........................................................................................................................................................ 33 

2.5. Summary and novelty of the research project ..................................................... 43 

2.6. References ......................................................................................................................... 45 

3. EXPERIMENTAL METHODS ............................................................................................. 51 

3.1. Overview ............................................................................................................................ 51 

3.2. ‘Wet chemistry’ experiments ...................................................................................... 52 

3.2.1. Ultrasonic equipment ............................................................................................... 52 

3.2.2. Ni Watts bath ............................................................................................................... 54 

3.2.3. Experimental set-up .................................................................................................. 56 

3.2.4. Experimental procedures ....................................................................................... 58 

3.3. Characterisation of coatings ....................................................................................... 64 

3.3.1. Optical microscope imaging .................................................................................. 64 

3.3.2. GD-OES analysis .......................................................................................................... 65 

3.3.3. XRD analysis ................................................................................................................. 65 

3.3.4. SEM/FIB-SEM/FEG-SEM imaging ....................................................................... 66 

3.3.5. Microhardness tests .................................................................................................. 67 

3.4. Performance of coatings acting as tribologically active layers ...................... 70 

3.4.1. Scratch tests ................................................................................................................. 70 

3.5. Performance of coatings acting as diffusion barrier layers ............................ 72 

3.5.1. Adhesion studies ........................................................................................................ 72 

3.4.2. Diffusion tests .............................................................................................................. 73 

3.5. References ......................................................................................................................... 73 

4. ULTRASOUND-ASSISTED ELECTRODEPOSITION OF NI COATINGS ................... 76 

4.1. Overview ............................................................................................................................ 76 

4.2. Electrodeposition of Ni coatings under ultrasound ........................................... 77 



Content 

iii 

4.2.1. Surface finish ............................................................................................................... 78 

4.2.2. Crystal orientation ..................................................................................................... 81 

4.2.3. Surface morphology and grain structure ......................................................... 89 

4.2.4. Hardness ...................................................................................................................... 100 

4.3. Stability of the bath ..................................................................................................... 102 

4.4. Conclusions .................................................................................................................... 104 

4.5. References ...................................................................................................................... 106 

5. ULTRASOUND-ASSISTED ELECTRODEPOSITION OF NI COMPOSITE COATINGS 

WITH LUBRICANT PARTICLES ......................................................................................... 109 

5.1. Overview ......................................................................................................................... 110 

5.2. Effect of ultrasound on the dispersion of particles .......................................... 111 

5.2.1. Ni Watts bath with WS2 particles ...................................................................... 113 

5.2.2. Ni Watts bath with hBN particles ...................................................................... 116 

5.2.3. Ni Watts bath with MoS2 particles .................................................................... 120 

5.2.4. Ni Watts bath with PTFE particles .................................................................... 124 

5.3. Electrodeposition of Ni-based composite coatings under different agitation 

conditions ............................................................................................................................... 124 

5.3.1. Ni/WS2 composite coatings ................................................................................. 125 

5.3.2. Ni/hBN composite coatings ................................................................................. 129 

5.3.3. Ni/MoS2 composite coatings ............................................................................... 133 

5.4. Characterization of Ni/WS2 and Ni/hBN composite coatings 

electrodeposited under ultrasound .............................................................................. 135 

5.4.1. Particle content ......................................................................................................... 136 

5.4.2. Crystal orientation ................................................................................................... 139 

5.4.3. Surface morphology and microstructure ....................................................... 145 

5.4.4. Hardness ...................................................................................................................... 151 

5.5. Conclusions .................................................................................................................... 154 

5.6. References ...................................................................................................................... 156 



Content 

iv 

6. PERFORMANCE OF NI-BASED COATINGS ACTING AS TRIBOLOGICALLY-

ACTIVE LAYERS ..................................................................................................................... 158 

6.1. Overview ......................................................................................................................... 158 

6.2. Lubricated scratch tests ............................................................................................ 159 

6.2.1. Ni coatings electrodeposited under mechanical agitation ...................... 159 

6.2.2. Ni coatings electrodeposited under ultrasound .......................................... 163 

6.2.3. Ni/hBN composite coatings electrodeposited under ultrasound ........ 166 

6.2.4. Ni/WS2 composite coatings electrodeposited under ultrasound ........ 169 

6.2.5. Summary and discussion of results .................................................................. 172 

6.3. Non-lubricated scratch tests .................................................................................... 178 

6.3.1. Ni coatings electrodeposited under mechanical agitation ...................... 178 

6.3.2. Ni coatings electrodeposited under ultrasound .......................................... 182 

6.3.3. Ni/hBN composite coatings electrodeposited under ultrasound ........ 184 

6.3.4. Ni/WS2 composite coatings electrodeposited under ultrasound ........ 187 

6.3.5 Summary and discussion of results ................................................................... 191 

6.4. Conclusions .................................................................................................................... 197 

6.5. References ...................................................................................................................... 198 

7. PERFORMANCE OF NI/WS2 COMPOSITE COATINGS ACTING AS DIFFUSION 

BARRIER LAYERS ................................................................................................................. 199 

7.1. Overview ......................................................................................................................... 199 

7.2. Adhesion tests ............................................................................................................... 200 

7.3. Diffusion tests................................................................................................................ 205 

7.4. Conclusions .................................................................................................................... 216 

7.5. References ...................................................................................................................... 217 

8. FINAL REMARKS .............................................................................................................. 219 

8.1. Conclusions .................................................................................................................... 219 

8.2. Current and future works ......................................................................................... 221 

8.2.1. Fundamental studies .............................................................................................. 221 



Content 

v 

8.2.2. Scale up of ultrasonic-assisted electrodeposition of Ni/WS2 diffusion 

barriers ..................................................................................................................................... 222 

8.2.3. Continuous improvement of electrodeposited Ni-based composite 

coatings for bearing applications .................................................................................. 223 

8.3. References ...................................................................................................................... 226 

APPENDIX A. CALIBRATION OF THE QS12 ULTRASONIC BATH/0.6 L BEAKER 

SYSTEM .................................................................................................................................... 228 

A.1. Overview ......................................................................................................................... 228 

A.2. Theoretical background ............................................................................................ 228 

A.3. Experimental set-up ................................................................................................... 229 

A.4. Results ............................................................................................................................. 230 

A.5. References ...................................................................................................................... 231 

APPENDIX B. EXPERIMENTAL PROCEDURES FOR THE ANALYSIS OF THE 

CHEMICAL PARAMETERS OF THE NI WATTS BATH ................................................. 232 

B.1. Overview ......................................................................................................................... 232 

B.2. Experimental procedures ......................................................................................... 233 

B.2.1. Titrimetric determination of NiCl2.6H2O ....................................................... 233 

B.2.2. Titrimetric determination of NiSO4.H2O ........................................................ 233 

B.2.3. Titrimetric determination of H3BO3 ................................................................. 234 

B.2.4. Determination of pH ............................................................................................... 235 

B.3. References ...................................................................................................................... 235 

APPENDIX C. EXPERIMENTAL PROCEDURES FOR GRINDING AND POLISHING 

RESIN MOUNTS CONTAINING Cu SAMPLES WITH ELECTRODEPOSITED 

COATINGS ............................................................................................................................... 236 

C.1. Overview ......................................................................................................................... 236 

C.2. Experimental procedures ......................................................................................... 237 

C.2.1. Procedure for grinding and polishing resin mounts with Ni-coated 

samples ..................................................................................................................................... 237 



Content 

vi 

C.2.2. Procedure for grinding and polishing resin mounts with Ni-coated 

samples and a Sn-Cu overlay on top ............................................................................. 237 

APPENDIX D. EXPERIMENTAL PROCEDURES FOR CONDUCTING ADHESION 

TESTS ....................................................................................................................................... 239 

D.1. Overview ......................................................................................................................... 239 

D.2. Experimental procedures ......................................................................................... 240 

B.2.1. Procedure for grinding and polishing resin mounts with Ni-coated 

samples ..................................................................................................................................... 240 

B.2.2. Procedure for grinding and polishing resin mounts with Ni-coated 

samples and a Sn-Cu overlay on top ............................................................................. 242 

B.3. References ...................................................................................................................... 243 

APPENDIX E. DISSEMINATION OF RESULTS................................................................ 244 

 



vii 

LIST OF ACRONYMS 

AE ................................................. Acoustic Emission 

BSE ............................................... Back-Scattered Electrons 

CoF ............................................... Coefficient of Friction 

CTAB ........................................... Cetyl Trimethyl Ammonium Bromide 

D50 .............................................. median particle size 

D90 .............................................. 90th percentile of the particle size 

DIBE............................................. Daido Industrial Bearings Europe 

EBSD ............................................ Electron Back-Scattered Diffraction 

EDS ............................................... Energy-Dispersive X-ray Spectroscopy 

FEG-SEM .................................... Field-Emission Gun– Scanning Electron Microscopy 

FIB-SEM ..................................... Field Ion Beam – Scanning Electron Microscopy 

GD-OES ....................................... Glow-Discharge Optical Emission Spectroscopy 

hBN .............................................. hexagonal BN 

HPB .............................................. Hexadecyl Pyridinium Bromide 

PTFE ............................................ Polytetrafluoroethylene 

RI .................................................. Refractive Index 

RTC .............................................. Relative Texture Coefficient 

SDS ............................................... Sodium Dodecyl Sulphate 

SE .................................................. Secondary Electrons 

SEM .............................................. Scanning Electron Microscope 

XRD .............................................. X-Ray Diffraction 

 



��

�� �����	
�����

����������	���
�������
������������������������������������������������������������������������������������������������������������������

������������
������������������
�����������
���������������������������������������������������������������������������������

�����������	
���
	�����������������������������������������������������������������������������������������������������������������������������

�����������
���
��
��������������������������������������������������������������������������������������������������������������������������

���������������������
�������������������������������������������������������������������������������������������������������������������������������

���������	��������
�����
��������
������������������������������������������������������������������������������������������������

��������������
�	���������	����	��������
�����
��������
������������������������������������������������������������

��������������
�	���������	����	��������
�����
��������
���������������������������������������������������������� �

����������
�������������� ��
�������������!��
�����������
����������������������������������������������������"

�����#��������
��
�������
����������������������������������������������������������������������������������������������������������"

��$��%�
������
�������������������������������������������������������������������������������������������������������������������������������������������

���� �����
�������������������������

�������	��������������� ��!����� �"�#��$�!�����!�"�#��#������#%�� ���$���������%��!&��%! �

����������!��%#�%��#��%'�#��(��!�'��!)�*'%�� +�$�#��*#%(���$%����%#������'�%��!&�%��#��%���!���

�����$%����%#��%���,� �#(����! ��!�$�����������'�%��!&��$%!��%����� �'(�	%� ���! �����%#�

-�%��!&��������.� ��/	�-�0+���"�!��(�
!�"�����(1���! �����%#��%��!����!����������!������%����

��������� 	�-�+� '%�� � �!� �#$�!����+� ��$�����+� $%!��%������� �#%�!� %! � ������� '�%��!&�� %! �

'����!&������$� ��$*���� � ����#��!&�!��������%���������$�#�(� ��!�����$%��!���! ����(+�

%! �%#����������'���%�&����%! ��������! �����%#��!&�!����



��������	
������

��

���� ����	
���	
�	

��
���������
	�
��
�	
��

������ 	

�����
	�


�� �������� ���� ��� �������� ��� ��� ������	� ��� 
���
� ������ �	� 	�
� ���
� 	��
� ������� �
��	��
�

���
�
�	�	��	��
�����
��
	�

��	�������
���  �!���������������"#����$���%��"�%�&�%$�'$���"��

$����"����&�%$��(�"�$���������� �!��������"�$�������)���*����	���	�	�
���	�
�
��������
��	��
�

��	���� �
	�

�� ������
�	��� ��� 	������������ ��� ����
�� ���� ��� ���
�� 

�
��	���� ���

����
�������  +!�� 	������ ��"����&�%$��(�"�$��������*� "#���$�"� ��'$�"��"���������� ���� "#$���

'&�%��� ��� "#�� ������� #$(����� ,-����.� ��������/� 0#�%#� �&&$0� "#�� �1��&� �$"�"�$�� $�� "#��

%���2�#��"�����"#$�����"0����"#��%$���%"�����$�*�����%���2�#��"�,-���3���.���������/�0#�%#�

����"#��$�������'$����&���$��"����&�"�$��$��"#��('������$0���$4����"�$��"#��'��"$����"$�"#��

�$"�"�$��&��$"�$��$��"#��%���2�#��"�$��"#��������� 5!���$"#�������������3������������������

"#�� &$��� ��$�� "#�� %$��(�"�$�� '�$%���� ���� ����"��&� &$���� ��$�� "#�� �$"�"�$�� $�� %���2�#��"��


�4��"#�&���*��$������������&����"������ �$(�����������������(%#����'��"$�3'����(�#���$��

"#�(�"�0��#���*�����#$0�����6��(������� 7!��


��
����������������$������("$�$"�4����������#$0������������"�"�'���$���������������'"�����$�� 7!�



��������	
������

��

�� �����	
� ���
��� �������� �	������� 
����� �������	
� �����	�	
��� 
��� �����	
� ��������� ���
��


����� ��� 
��� �����	
� �	�� 
��� ���	�����
�� �	�� 
��� �������	
� ��
���	� 
����� ���� �����
�	
�

���
��� ������
�������� !���� �������� �	
����
��	���"�
����#�$��������
���
���	�
����������	
�

�����	
������	�	
���	��
����	����	��	
���
��	�������
��������	
�������%&'��(��	�����	
�


�������
	�����������	
����
��!�
������������
��	���������������	�	
!�	�
��	���
��������	
!�

��
������
������	�����
��	��
����������	
!����
����������
������
��������������
������	�����
!�


����������	
��	�����	�
��������	
��	����	��	
��	����	���
�����������	������
��������	
��


��
��������)	
����
��	����
���	������	�	
���	���	����	��	
��	��������	
����
��������
��������%&'�

#�$�$� *+�,)-.�/+0).-

1��	��	����
2�	�������	
���	��	
��	���������
��	��	
�	�������
�	�����������
	���
�������
��

�	����3�������	����4��������
��	�������
����������������
��
������	�����
��	��
��������	
��

���� ������������
�������� �������	
� ����� %5'��,�
����	
� 
��������	
� �
����!� �
����������	��� ���

���	��� �	����	���� ��� �
�� ��
������ �	�� 
����
��� %#'�� ���� ��
������� ����� ���� �����	
�

�������
��	�����
�	�
��	���������
��	��
��
��
������	���������
�!������������
�!��	�����6����

�����
�	���%7'!���
�������
��	
��	��
��
�������
�����!���
�
��!��	������
�
��	�%8'�������������


��������������	
��������	����
!����������������
���	�
�������������������	�����	
�
���



��������	
������

��

����� ��� 	
���
�
�� �� �
���
�� ������ �

�
�� ��
�
� ��� 
��� �� �
��
����� �
���
�� ���
����� �����

�����
�
��� �������
�� ���� �
���
�� ����������
�� �����  �
� �
��
���� ��� ����� �������� �
� ��
�

�
������
�
�������
���
����
	�	
�

	�
���
���
�����������
�������
��
��
��������
!������
��

�������
�� �
	������
�
��� �������� ��
�"���� �����

���� �

���� �
	��
������ ��
� ������� ��
� ����

���
��
	����������
��
���

�
���
�"����
���
�������������#����	�
!����
�������������	��
���
�

���� ���
� �
	� ���� �����
� �
� �� ����$��
��� �
���
�� ����� ��� ����
� ��
	� ��� ���
� �
���
��� ���

��


����
���	��
���
����
��
���
�
�
������������
�

��

�%&����
����'�� �
��������
�

���
��

��
� �
���	�����
� ��� �������
�� �
��� ��
� �
���
�� ����
��� "���
� ��
� ���� �����
� ������
�� ��
�

	����������
������
��������
���
	���
���������
������
��������
��������
�"


���
��
���
���
	�

��
� ���
��������  �
� �
(���
	� ����������
� �
	� ��
� 

��

� ��
���������
�� 	
�
���

� ��
�

�������
������
��
	�	��

���
���������� ��
����
��
	������
���
	���
�	
���
������
����
���

�����
���
�����
������������
������
��
���
������
����������������"���
�������������������
��

�
����
�������
��
���
�������


��
��������)
��
����
�����������
��
	����������
��
�������$��
����
���
���#	���
	����������



��������	
������

��

���� ���	
���
���	
���

��������� ���������������������������������� ������� � ���!���"�!����#�����$�� ��%!� ��� �!����

�%���$������������#�$"�� �#�����$��������������%��#���������$�����&��'���!�����������"������

���������(��!�%!��������������"#��� ����������(��� ��!���"���������������(��!�%!�%����������

)�*#���+�"#��� � ������� ��� ����� %����� ,-�$���� ��./�� �!�� #�����$� ��������� ��� %��������

�������� ������������#�%0��$�#� �����#��!�%����(�$�1��$������� ������� ����#����������!��#�����$��

2!������"#��� �#�����$�� �������������� � ���������� %��#������� ��$����� ��� �!�� ��������1��

���0��(�#���+�"#��� �#�����$������������� ���$�� �����!�$!���� ������%������(�������� ������

��$��������#��!���������1���� ��� �������*����������0�����


��
��������������%������%����������$����#�����$������������� ���� ������&��'��

������ �	3�4�"����5����	
���
���	
���

������� ����%����#���+������!�������#���%��������������#�����$������%�������,-�$���������/��
��

!��������$�!������������#�����$����������&�6'��� ���������������� ���� ��������������%�������,��$��

�����"�� � #��!� #�����$�� ��� �!�� ��������1�� ���0��/�� 7#"#���+�� ������� !�1�� ����� #����

������� � ������ ���$� ����� &��'�� �!�� �  ������ ��� 7#� ,-�$���� �����/� ��� #���+�� �����1��� �!��

���+�������������%������!��#�����$����%!�������������%���������������� �����#��!�#�����$��

��� ���������������� ������%��������������1��������������� (���������#�%0��$�&�.'����������� �



��������	
������

8�

������������!��7#"#���+�������$�,-�$��������)/(��!�%!����������$�1����  �������������$�!��� �

��������������!����������(�#��������������������� �%����������!��%��������!��#�����$� �������!��

������ ���%�� ��� ������� ��%!� ��������� %��#�������� ��� %��������� ������� � ��� ����� ������ ���

�!��������!���#�����$���


�� ��� ����!� ���������$(� ��� �!��� ���$�(� ����� ��� �!�� ��� ��$�� ��� ��� ��� �� � ��#��� ��� �!��

���%����� ����������� ��� 7#")�� ������� ��%!� ��� �!���� ��� � ���� #�����$� �����%������� &��'�� �!���

����%� ��!����!�����%����������7#")�������������!�����������!��������)�������%������!�%!����!���

7#������!� �#���� ������� ���!�������������������� ��!��!����!������!��(����7#"#���+���������

��� �����#�����$������%������(��!������"���%��������� �����"���+�������������������������� ���

����!������� ��$�����!������������7#(��!�%!������������� �!�����������������$������(��1����!��

�����%������!��#���+�������$�,-�$��������5/���!����#���1�����������9����������$����%���(�������

#�%0� ��!�� �1������������7#"#��� ����������%��� ������� ������������!��#���+�������$��


��
���������1�����������#���%�#���+��#�����$����������:�,�/�#���+�������$(�,�/�7#"#���+�������$(�,)/�7#"#���+��

�����$��������� ���������(��� �,5/�7#"#���+�������$��������� �������������!������ ����������� ���������� ���� �

�����&�'�



��������	
������

��

������ ��	�
��
������
�������������	�
��
���
������
����
��

������� �!��"� �#	#!$�"� �%���!&$� ��'�!('(')� �'� *!%�� #��'� !  �(�"� ��� #��'+�� #�!�(')$� ,���

-!'&�&�!�$�.�/0��1���'�$ (����,�(�$��'%(��'-�'�!����2(�(�&0��#�($�$�(���3("��&�4$�"�('�#�!�(')$�

,��� �!�)�� �')('�$� "4�� ��� (�$� )��"� $�(+4��� ��$($�!'��� !'"� �4#�(�!�(�'�  �� ���(�$� .�51�� �'�

 ��$�'�$� )��"� ��- !�(#(�(�&� !'"� *()*��� �����$(�'� ��$($�!'��� ��� �(�� ��- �'�'�$� !'"�

(- 4�(�(�$��*!'��#�.�610��*���!�����#�(')��*��-!('���!$�'�,���(�$�!""(�(�'����������� �!��"��#�

�%���!&$��
�-('(-4-��,��7�#&�3�()*���,��'�($��'�4)*����(- ��%���*�������$(�'���$($�!'����,�

�#� �%���!&$� ��� �(�� !'"� (�$� !""(�(%�$8(- 4�(�(�$� .�91�� �#	�'� �%���!&$� :�()4��� ��/� 
;� !�$��

�'*!'����*���-#�""!#(�(�&�!'"���',��-!#(�(�&��,��*��#�!�(')$�"4������*��$�,��'!�4����,��'�

!'"��#0�!'"��*�&�!����4���'��&�4$�"�('�*!�,	$*����#�!�(')$�,���-�"(4-8��3���!"�!  �(�!�(�'$�

('�-�"(4-	$ ��"�"(�$����')('�$��

�'���,��*��-!('�($$4�$��,��*��4$���,��#	�'��%���!&$�($��*�� !��(!����$$��,��*���'� ��$�'��('��*��

�%���!&� #&� "(,,4$(�'� ('��� �*�� $4#$��!��0� ��!"(')� ��� �*�� ,��-!�(�'� !'"� )��3�*� �,� �'	<4�

('���-��!��(����- �4'"$�$4�*�!$�<4��'�.��0��10�3*(�*�!�����--�'�&�,�4'"�('�#��'+�	#!$�"�

#�!�(')$�!�$����'�!('(')��'�.��1���*��,��-!�(�'��,��*�$��('���-��!��(����- �4'"$�('�$��"���

=�('�$� �'� �������'(�� !  �(�!�(�'$� *!%�� #��'� ('��'$(%��&� $�4"(�"� "4�� ��� �*�(��#�(����� '!�4���

.��0�>1� !'"� �*�� !"*�$(�'� ($$4�$� �*!�� -!&� ���4�� 3*�'� �*�$�� ('���-��!��(�� �!&��$� ,��-�

#��3��'��*���'���!�(')�!'"��*����  ���$4#$��!���.�?1���'�!""(�(�'0��*����$$�('��'���'��'��('�

�*���%���!&�"4�����(�$�-()�!�(�'�-!@�$��*���%���!&� ��'������(�������$(�'�(,��*���'���%���,!��$�

#���3��*���7��(-(�� .�1�����-('(-(+��#��*� ($$4�$0� !��(�"(,,4$(�'�#!��(��� �!&��� .�/1�-!&�#��

!""�"� #��3��'� �*�� �('(')� !'"� �*�� �#	�'� �%���!&� :�()4��� ��/� �;0� "�!$�(�!��&� ��"4�(')� �*��

"(,,4$(�'� �,� �'� ,��-� �*�� �%���!&� !'"�-('(-($(')� �*�� ,��-!�(�'� !'"� )��3�*� �,� 4'"�$(��"�

('���-��!��(����- �4'"$0�-!('�&�<4��'�.�1��

�*�� ('��� ��!�(�'� �,� <4� ��� �*�� �#	�'� �%���!&� :�()4��� ��/� <;� '��� �'�&� (- ��%�$� #��*� �*��

,!�()4��!'"�3�!����$($�!'����,��*��#�!�(')0�#4��!�$�� (�$�!'�(	�����$(�'� �� ���(�$0�!$��*���'�

��$$�#&�"(,,4$(�'�($���3���"4������*��,��-!�(�'��,��'	<4�('���-��!��(����- �4'"$�3(�*('��*��



��������	
������

5�

�%���!&�.�1���#	�'	<4�!���&$�!���'����'�&�$���')����*!'��#	�'�!���&$�:��)���*��!""(�(�'��,��7�

�,�<4�('��*���%���!&�3�4�"�)(%�0�,���!�$ ��(,(��#�!�(')���!"0�!�,(%���(-�$���')����(,�����,!�()4��

,!(�4����*!'��*!���,��*���#	�'��%���!&�.��1;0�#4��!�$�� ��$�'��!�*()*�����$($�!'������$�(+4���

.�51�� �#	�'	<4� �%���!&$� !��� �4���'��&� �- ��&�"� ('� -�"��!���&� *()*� ��!"� !  �(�!�(�'$� ('�

-!�@��$�3*�����#�*!$�'���#��'�#!''�"�&�����4��*���!""(�(�'��,��'�����*���#	�'	<4��%���!&�

:�()4�����/�
;��'*!'��$��*��,!�()4��!'"�3�!����$($�!'����,��*��#�!�(')$�.�61���4�*��#	�'	�'	

<4�!���&� ($� �4���'��&�4$�"� ('�*!�,�$*���� #�!�(')$� ,����')('�$� ('�%��&�*()*� ��!"�!  �(�!�(�'$�

3*�����*����$($�!'������,!�()4��($���(�(�!���


��
��� ����� �%��4�(�'� �,� �#	#!$�"� �%���!&$� �������"� �$(��"� �'� #��'+�	#!$�"� #�!�(')� -!���(!�$A� :
;� �#	�'�

�%���!&0�:�;��#	�'��%���!&�3(�*�!��(�('����!&��0�:<;�!""(�(�'��,�<4�����*���#	�'��%���!&0�!'"�:
;�!""(�(�'��,��'����

�*���#	�'	<4��%���!&��
"! ��"�,��-�.�1�

������ ��	�
��
������
�������������	�
��
���
������
����
��

�'	#!$�"�-!���(!�$�*!%��#��'�4$�"�('�#�!�(')�!  �(�!�(�'$�,���-!'&�&�!�$0��$ ��(!��&�$('���

�!##(��� !��'��"�*($�,!-�4$��'	�#	<4�!���&�,���=�4�'!��#�2�$�-�����*!'��?9�&�!�$�!)��.�91��



��������	
������

6�


��*�4)*��*��$�	�!���"��!##(���-��!�$�*!%���*���,����#��'�3���	@'�3'�,���!���')��(-�0� �*��

('����$��('��*�$��-!���(!�$�,���#�!�(')�!  �(�!�(�'$�*!$�)��3'�('��*���!$���3�'�&�&�!�$�"4�����

�4���'�� '��"$� ��� "����!$�� �*�� �'%(��'-�'�!�� (- !��� �,� ('���'!�� ��-#4$�(�'� �')('�$�� �*��

����!$�� �,� *!�-,4�� !'"� ��2(�� �*�-(�!�$� !'"� -!���(!�$� ('��� �*�� �'%(��'-�'�� ($� !� -!=���

��'���'0� '��� �'�&� ,��-� �*�� ��-#4$�(�'� �,� �*�� ,4��� ('� �*�� �')('�� .��10� #4�� !�$�� ,��-� �*��

��- �'�'�$��,��*���')('��(�$��,�.��1���*($�(- �(�$��*����-�%!���,��#�!$�!'��%���!&�-!���(!��

,��� #�!�(')� !  �(�!�(�'$� !'"� �*�� 4�)�� ��� "�%��� � �#	,���� �%���!&� -!���(!�$� 3(�*� ��3���

��2(�(�&�!'"�(- !���('��*���'%(��'-�'���
-�')���*���!����'!�(%�$0��'	#!$�"��%���!&$�3(�*�!�

$-!��� ���(�'��,�<4�:�()4�������
;�*!%���-��)�"�!$�!�)��"�� �(�'�,���-�"(4-	$ ��"�"(�$���

�')('�$� "4�� ��� �*�(�� )��"� ,!�()4�0� 3�!�0� $�(+4��� !'"� *&"��"&'!-(�� �!%(�!�(�'� ��$($�!'����

B�3�%��0� �'	#!$�"� -!���(!�$� !���  ��'�� ��� �*�� ,��-!�(�'� �,� "(,,���'�� ('���-��!��(��

��- �4'"$0�('��4"(')�#�(�����<4��'���*�$��('���-��!��(��$��4��4��$���'"����-()�!�����3!�"$�

�*���'	<4	�(�('���-��!��(���!&����*!��,��-$�#��3��'��*���%���!&�!'"��*���(�"(,,4$(�'�#!��(���

�!&�����*��('��� ��!�(�'��,�!�$���'"��'	<4��!&���#��3��'��*��"(,,4$(�'�#!��(����!&���!'"��*��

�'	<4��%���!&�:�()4��������;�3(�*�*()*���<4���'��'�����!�"$�$4�*�($$4�$�.��1��


��
���������#	,���0��'	#!$�"��%���!&$��������"� �$(��"��'�#��'+�	#!$�"�#�!�(')�-!���(!�$A�:
;��'	<4��%���!&0�

:�;��'	<4�-4��(�!&���$&$��-��
"! ��"�,��-�.�1�



��������	
������

�9�

��>� ���
������������
���	�
��
��
�������
��������

��
�����

�'�-�"��'��')('�$0�#�!�(')�$ ��(,(����!"$�!'"��*��('��'$(�&��,�,!�()4����!"$�!���('���!$(')�!$�

-���� �3���($��#�!('�"�,��-��%���$-!�����!'"��()*�����')('�$���*(''���%($��$(�&��4#�(�!'�$�

!���-�����,��'�4$�"�('���"������!�*(�%��)��!�����,,(�(�'�&�#&���"4�(')� !�!$(�(����$$�$�,��-�

�')('�� ��- �'�'�$0� ��$4��(')� ('� �*(''����(�� ,(�-$�3*(�*�-!&��!4$��#�!�(')$� ��� �4'�4'"���

C-(2�"	,(�-D��4#�(�!�(�'�:$�("(')���'�!��(')�#�"(�$0�(������!'@$*!,��!'"�#�!�(')0�!���$4  ����"�

�'� !� ��-#('!�(�'� �,�!$ ��(�&	!$ ��(�&� ��'�!��� �('�$� !'"� ,�4("� ��)(�'$� #��3��'�!$ ��(�(�$�

.�>1;�!'"�C#�4'"!�&D��4#�(�!�(�'�:!$ ��(�&	!$ ��(�&���'�!��� �('�$�#���-���*��-!('� !����,�

�*����!"�$4  ���(')�$&$��-�.�?1;��<�-#('(')��*($�3(�*���*���,!����$�:��)���')('��"�3'$(+(');�

���!��$�!�"4�4$���'"(�(�'$�4'"���3*(�*�#�!�(')$�-4$��� ��!��0��!4$(')�('�$�-���!$�$��*��

���!����$$�!'"���-�%!���,��*���%���!&�#&�3�!�0������$(�'������*���-��*!'($-$0���$4��(')�('�

�*���2 �$4����,��*���(�"(,,4$(�'�#!��(����!&�����,��*���(�"(,,4$(�'�#!��(����!&���($��2 �$�"����

�*�� �4''(')� ��!'@$*!,�� "4�(')� � ��!�(�'� �,� �*�� #�!�(')� #&� 3�!�0� �����$(�'� ��� ��*���

-��*!'($-$0�(��-!&���!"�����*��$�(+4����,�!�#�!�(')�"4������*�� ������(#���)(�!�� ��,��-!'���

�,��(�!)!('$��$�������!'@$*!,�$�.�/1��

��?� ��E�<����������B������
�<B����E�<�

�*�� !(-� �,� �*($� �*
�  ��=���� 3!$� ��� $�4"&� �*�� ,�!$(#(�(�&� �,� �*�� �������"� �$(�(�'� �,� �(�

��- �$(��� ��!�(')$� 3(�*� �-#�""�"� �4#�(�!'��  !��(���$� ,��-� !� �(� F!��$� #!�*� �4���'��&�

�- ��&�"�('�
���D$�-!'4,!��4�(')��('����*��-!('�)�!��3!$����"�%��� ��(���- �$(�����!�(')$�

���#��4$�"�!$�"(,,4$(�'�#!��(����!&��$�('�=�4�'!��#�!�(')$�3(�*��*��'�2�� �� ���(�$A�

� �'*!'��"� ��(#���)(�!�� ��,��-!'���!'"���$($�!'��� ��� $�(+4��� ('� �*�$���!$�$�3*����

�*�� "(,,4$(�'� #!��(���-!&� #���-�� ��(#���)(�!��&� !��(%�� "4�� ��� ���!�($�"� ��-�%!�� �,�

�*���%���!&��



��������	
������

���

� ���"� !"*�$(�'� #��3��'� �*�� #��'+�� �('(')� !'"� �*�� �*('� �(� ��- �$(��� ��!�(')�

�������"� �$(��"��%����*��#��'+���('(')0�!'"�#��3��'��*���*('��(���- �$(�����!�(')�

!'"��*���'	<4��%���!&��������"� �$(��"��'��� ��,��*���(���- �$(�����!�(')�

� ���"���$($�!'������"(,,4$(�'���� ��%�'���*����$$��,�<4�,��-��*���'	<4��%���!&�!'"��*��

,��-!�(�'��,�#�(������'<4�('���-��!��(����- �4'"$��*!��3�4�"���!"�����*��,!(�4����,�

�*��#�!�(')�('��*���')('��


�,('��!'"�4'(,��-�"($ ��$(�'��,� �*�� !��(���$�('�#��*��*��������� �!�(')�$��4�(�'$�!'"��*��

"� �$(�$� -4$�� #�� !�*(�%�"� ��� -!@�� �(	#!$�"� ��- �$(��� ��!�(')$� $4(�!#��� ,��� �*($�

!  �(�!�(�'0�!$��*��,��-!�(�'�!'"���	"� �$(�(�'��,��!�)��!))��-��!��"� !��(���$�-!&�'����'�&�

��!"����!'�('�,,(�(�'���,,�����,��*�� !��(���$�('��*����!�(')0�#4��!�$�����!'��%�'�4!��$�(+4����,�

�*�� ��!�(')�� �'���"��� ��� !�*(�%�� !� 4'(,��-�"($��(#4�(�'��,� ,('��&�"($ ��$�"� !��(���$� ('� �*��

��!�(')0�4���!$�4'"�($�4$�"���� ��%�'���*��!))��-��!�(�'��,� !��(���$�!'"��*��('��� ��!�(�'�

�,�!))��)!��$�('����*����!�(')��

�!$�"��'��*($0��*����'��'�$��,��*($��*
��*�$($�*!%��#��'�$��4��4��"�!$�,����3$A�

� ����'�� "�%��� -�'�$� ('� �*�� -!'4,!��4�(')� �,� �(� "(,,4$(�'� #!��(��� �!&��$� 3(�*�

 !��(���$�!'"��*���������"� �$(�(�'��,��(�!'"��(���- �$(�����!�(')$�,��-�F!��$�#!�*�

,��-4�!�(�'$� *!%�� #��'� �*���4)*�&� ��%(�3�"� ('� <*! ���� ��� �*($� �*! ���� !�$��

('��4"�$��*��4$���,�4���!$�4'"�('�������� �!�(')�('�)�'��!��!'"��*���������"� �$(�(�'�

�,��(���- �$(�����!�(')$�('� !��(�4�!���

� �*���2 ��(-�'�!��-��*�"���)&�,����3�"�����!��&��4���*����$�!��*�*���� ��$�'��"�($�

('��4"�"�('�<*! ��������*($��*! ����('��4"�$�!��� �*�� (',��-!�(�'����!��"�����*�� C3���

�*�-($��&D��2 ��(-�'�$0��*���*!�!����($!�(�'��,��*���(	#!$�"���!�(')$� ��"4��"0��*��

�%!�4!�(�'��,�$������"��(	#!$�"���!�(')$�!��(')�!$���(#���)(�!��&�!��(%���!&��$0�!'"��*��

,('!���%!�4!�(�'��,��*��'�%����(8F�����- �$(�����!�(')�!��(')�!$�!�"(,,4$(�'�#!��(���

�!&���('�!�#�!�(')��%���!&���!�(')�$&$��-��



��������	
������

���

� ������	
���
������

�����
�	������	�
���������������
�����������
���� 
��������������

����� ��� ����	
�
� ��� �������� ��� �����
�������� ����� �������� ��� 
��	��
� ��� ���� �

���� �
�

	����������������������������������������
����
���������

� ���� ��	
�� �
� ���� �

���� �
� 	������	�
� ��� ���� �������
���������� �
� ��� ����������

�������������� �	��������������������� ����	
�
������������ ��������������� ����������

������������
������� ����������
�
����������������������������������
����	��������

�������
���������� ���� ���������� ���������� ���� ����������!������ �
� ���� �����

��������������������������������������������	
�
������������������

� ������	
���
���������������������
���������
��������
����
����������
��������������

��������� ��� ����	
�
� ��� �������� "�� �������� ����� ��#���� ���� ���� ����� ����������

�������� ����� �$������
� ���	��� ������� ���
�������� ����� ���� ��������%� ��� ��������

	�
���������	�������
���
����&�	�������
����
��������

� ���� �'��	������ �
� ���� ���
�������� �
� ��#���� 
�

	����� �������� ������� ��� ��������

�'���������������������	
�
������������(�������������������������
���������������)�*�+�

�
���������	
�������
�*��+�
�

	�������	
�����

� ��������,����������
��������	��������
���������� ���	�����
���	���������
������	������

����	
�
���������������������� 
������������������
�������
��	��������
�
	�	����������
�

���%�������
������������������������������
��

� -�

������ �����
����� ��'�� ����� ����� ����	
�
� ����� ����� 
������
� ��
���������

�����
����������
� ���� �$����������������
	����� �������� ��� ���� ����� �
� �	�����������

��
����
����������������������������
������
�������	�������
������.�-����/�����

��(� 012101��1�

3�4� ��� 1'����� 5�2�� ���������� 6�������� ��
� �������� �������� ��)� 0�� 6�������	�� 6�� ��������

*1
��+�� -������ ������� ��
������� ���%�� ��
� �
��� 6	���������&7��������� 8�
�� 9$
��
��

�:::��

3�4� ;�� .���� <
'������ ��� ������ �������� ����������� 
��� ������� 
	��� �

�������� =� 
����

�$�����������������	������'�����%������������������������������������%��>�������?;<��

�����
����;������@����



��������	
������

���

���� ��� �	

�� �
���� �	�
���� ���������� �� �� ��
��	�	
� ��� 	����	� �	�
���� �	�
���� �	
���	�
	� 	
�	��	� !� ���	
��
� �	�	
� �	��� "#�	� ��
��� �$$� %	�
�&�� '	����
� ��� ��	� (�%�
�
������)��������*���
��
����	�����+	�
)�
%�,$�,��

�-�� #��'����%�����.��/0�������������)
������/0��	��*��1��)�����#��2������'��������3��/��)	��
#��������
������0����	����		
���������
	4)�
	������	����� 
�����	�
�������
��)������
	�
	����	���-���	����5�����1	��
��*���%���,$$,��

�6�� ��� �	

�� �	�
���� �	����
���	�� ��
� �)�������	� 	����	��� '	����
� ��� 7�)����
�)���
8���	
���%��*��	��	
�,$����

�9�� ���:�

��#
�����������1�
��2����;;�"�<=9&�,$-��

�=�� ����� ��
��'�>��#)����'�2��'��?�
�@��1���
�	����(�'��5?%	
A3�%�	���)�������	�#
���
��%��
��B� ��� ��)����� "2��&�� 1��	
�� #
���
��%� :������0�� >(>� �
	���� ����� (����A7�����A
*	?�.�
0AC����������5�>���,$$$��

�;�� ��5��1���	%��*����1��D)�

�	��*�+��>�������5�(��2��������#
���
��%�'���;�"�<<�&�-���

�<�� C���� �
�?��� 1�� '������ 3�+�� C�

��	
�� 5	�	
� �	��� ��� �� ��A�	��
� �	�
���� �

�%� ��
�
�	��)��� 		����	�	
� 	����	��� ,���� � ���	
�������
�>���
	������>���)������2����	���
���	

�0	���'?��@	

�����3)�	��<<6���� 	
�>�1�E>�1�E�<<6E$$�E,�5=-��

��$�� 3����>��

	���+������>
��	��3���F��+)
�	����'	
	����������)�	����	����		
�������	
��
����
�
	����(		��2
�	��	
� 
���
�) ��/���
�A�)�0
���A������A3�����	��)
�A1	
��)
�	A*	?�
5	
�����<<=��

����� ���������F�����
	
��F���
��
���#�	� 
��
	���������	����	��	�
������	

�%���'�2�C�

��
>���
	����5	�
�����1�
���,$$,���� 	
�,$$,A$�A���9��

��,�� ��� ��0	
�� #�	� ��� ��	��� ����
��)����B� 2����	�  
��
	��� ��
�)��� ��	� � 	���
����
���)����)
	
���:)����������	�����7����7��������<=<��

����� '��5�)�
	��%��8'� ��	����9$;;6���;=6��

��-�� (�5����0	��2�C��>�

�

��8'� ��	����;=$;9=���<�,��

��6�� +�������?�	���5��#���
��#�	��
�����������
)�
�������������
�����>
�
	������
	����/���
���
�<6$��

��9�� (��'���	�	
��3�����1��
	
��8'� ��	���,-9��6$���<-<��

��=�� C�:��#�����F�� ��	���99$<$-���<6��

��;�� ����	

��1���
�	����.��/0�������1��+)G�����������1	����2����3����3��2����,,��",$$=&��,���

��<�� +�>��>�� �	

�"2��&��2
	�	��������	��

)
�%�����	����		
�����

�%����'1����	
�������
��
1��	
��
����
0�/:��,$$;�

�,$�� (�C��C�
�����2����'���	������A>�

����1	������1���=�"�<=$&�<��

�,��� ��*��#)�������1	��

��1��	
��,��"�<=�&��-=��

�,,�� ��*��#)��(�5��#��� ����������1	��

��1��	
���$�"�<;,&�<-=��

�,��� (�3�� +�	
���� '�(�� 7�?� ����� F���� 7)�	%� 3
�� ��%����
� ���� �	�������
�  
� 	
��	�� ���
���	
�	��

��� ��� �)���� ������
%� ��)��� ��� ��
�	
� G������� �
��		������ ��� #1'�
'%� ���)���>�����������/����	
��<<���

�,-�� (�(��>�
���0��(����H������'�7���

	���1�(��*������3��1��	
��(	����;�",$$�&�,,6�A,,9���

�,6�� 1�� 3�
����� #�	� 	
	��
��	 �������� ��� ���� ���� ���� �

�%��� 2)�	�� F�� 7	)@	� �)�
���	
���
'�)
��)ACI )J 
�����<<6�



��������	
������

�-�

�,9�� #�	�F
���	
�1	��
�>�� ��%�7����	���F�� ��	���=66$;-���<6-�

�,=�� F�>���
����������1	��

��(	����;�"�<=�&�9,��

�,;�� 5�(��2��������>�'��>
��0���#
�����������1	���+�������9$�"�<;,&�<��

�,<�� #�� #���0���1�� '�0�������1��C����� ��� .���������:�� ����0�?��� .��*������ ��� '�0���� F��
 ��	���,,6�$�9���<<,��

��$�� ������������8'� ��	����,6,���;�<��

����� 28� 5�
	����	� <;E9<E2>� 
	
������ ��� �	��)
	�� ��� �	� ��0	�� �������� ��
�  �

)����� �%�
	����������
�������
��	���
	��������	������>�)���
�5�
	����	�=$E,,$E22>���<<;��

��,�� 28�5�
	����	�,$$$E6�E2>����	��A���
��	��	���
	���,$$$��

����� :��#�)G���:������0�?���#��'����%�����F�� ��	���,�=6;$���,$$,��

��-�� ��>��7)�	����+
�������� ��B������)�����"2��&��1��	
��#
���
��%�:������0��>(>��
	����
�����(����A7�����A*	?�.�
0AC����������5�>���,$$$��

��6�� '�1�� :�)�� (�'�� F��	��� ��)���
%� 
)�
�������� ���� ��)���
%� 
)�
������� ��
���� ��B� ���
��)����� "2��&�� 1��	
�� #
���
��%� :������0�� >(>� �
	���� ����� (����A7�����A*	?�
.�
0AC����������5�>���,$$$��

��9�� ���1���
���.���������#��1����0�������A�	�@)
	� 
� 	
��	������	�
��������	��%A�)�%���	�	
�
	����	���'�2�C�

��>���
	����5	�
�����+	�
)�
%��<<����� 	
�<�$;<$��



 

15 

 

 

 

2. LITERATURE REVIEW 

2.1. Overview........................................................................................................................................... 15 

2.2. Ni composite coatings used as diffusion barrier layers in bearing applications ... 16 

2.3. Electrodeposition of Ni and Ni-based composite coatings ............................................. 18 

2.3.1. Introduction ...................................................................................................................... 18 

2.3.2. Electrodeposition of Ni ..................................................................................................... 19 

2.3.3. Electrodeposition of Ni-based composite coatings .......................................................... 23 

2.4. Ultrasound-assisted electrodeposition of Ni and Ni-based composite coatings .... 27 

2.4.1. Introduction ...................................................................................................................... 27 

2.4.2. Ultrasound-assisted electrodeposition of Ni .................................................................... 32 

2.4.3. Ultrasound-assisted electrodeposition of Ni-based composite coatings ......................... 33 

2.5. Summary of literature review and novelty of the research project ........................... 43 

2.6. References ....................................................................................................................................... 45 

2.1. OVERVIEW 

The previous chapter served as a brief introduction to what bearings are, how many types 

may be found in an engine, and how bronze-bearings for medium-speed diesel engines have 

evolved in recent years. It also showed how important the role of a Ni diffusion barrier layer 

is in their performance by preventing the loss of Sn from the overlay in Pb-Sn-based 

overlays, which would make the overlay prone to corrosion, and slowing down diffusion and 

the formation and growth of undesired intermetallic compounds in Pb-free, Sn-Cu overlays. 
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As also stated in the previous chapter, the main objective of the present research project is 

to develop novel electrodeposited Ni-based composite coatings with embedded particles to 

be employed as diffusion barrier layers in bronze-based bearing materials. For this purpose, 

the electrodeposition of Ni composite coatings with particles is reviewed in the present 

chapter, which is divided into three main parts: 

1. The first part of the chapter covers recent developments in the use of Ni composite 

coatings as diffusion barrier layers in overlay systems for bearing applications. 

2. The second part of the chapter covers a brief introduction of what electrodeposition 

is, how industrial Ni electrodeposition processes were developed, what Ni Watts 

processes are and a brief review of electrodeposited Ni-based composite coatings 

with no ultrasound. 

3. The third part of the chapter covers a brief introduction of the use of ultrasound in 

Chemistry and Electrochemistry, the use of ultrasound in the electrodeposition of Ni 

and a brief review of the recent developments in the use of ultrasound in the 

electrodeposition of Ni-based composite coatings. 

2.2. NI COMPOSITE COATINGS USED AS DIFFUSION BARRIER 

LAYERS IN BEARING APPLICATIONS 

Although the exposure of the Ni diffusion barrier layer in local areas of bearings is not 

common, it is becoming a concern due to the more demanding operational conditions 

suffered by bearings in modern engines. The incorporation of particles into the Ni diffusion 

barrier layer may therefore present a substantial benefit in prolonging the lifespan of the 

bearing by reducing the possibility of seizure of the overlay system due to the improvement 

of the tribological properties of the Ni interlayer. Moreover, the presence of inherently soft, 

lubricant particles would result in a better tribological performance of the Ni diffusion 

barrier layer, resulting in a significantly lower coefficient of friction in those points where 
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the Ni layer acts as the sliding surface. KS Geitlager, a bearing manufacturing company 

based in Germany, recently applied for two patents focused on the development of Ni-based 

composite coatings to be used as barrier diffusion layers in bearings with Cu-based lining 

[1,2]. Both inventions describe a bearing material made of Sn or Sn-Cu alloy, a Ni diffusion 

barrier and a Cu-based lining material, where the diffusion barrier is electroless plated. The 

novelty of the first invention remains in the diffusion barrier (thickness around 3-12 µm), 

which consists of a Ni-based composite coating with 5-30 % vol. of graphite, MoS2, 

hexagonal BN (hBN) and/or polytetrafluoroethylene (PTFE) particles. This composite 

diffusion barrier would show a good tribological performance if it became tribologically 

active due to localised removal of the overlay and would result in a substantial 

improvement of the running behaviour in such case, significantly reducing the susceptibility 

to seizure failure of the bearing. The second invention deals with the improvement of the 

diffusion barrier by introducing 1-15 % vol. of hard particles such as metal carbides, cubic 

nitrides, oxides and/or silicides, which is likely to result in the reduction of wear and 

abrasion of the diffusion layer in case it is exposed. However, many disadvantages are 

associated with using Ni electroless plating processes for bearings: i) Ni electroless plating 

depends on reducing agents, which make the plating solution complex and difficult to 

control, ii) Ni electroless plating must be carried out at high temperatures, requiring much 

more energy to plate the coating than an electroplating process, iii) lifespan of chemicals 

used in Ni electroless plating processes is very limited compared to Ni Watts bath 

formulations, iv) the deposition rates are too slow, and v) effluent treatment is expensive 

due to the fast chemical renewal. All these factors increase the operational costs. In addition, 

as no dispersing method is mentioned by the inventors, the dispersed particles may be 

prone to agglomerate in the bath and in the deposited coating, giving a poor quality 

microstructure. 
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2.3. ELECTRODEPOSITION OF NI AND NI-BASED COMPOSITE 

COATINGS 

2.3.1. Introduction As defined by the )UPAC, Ǯelectrodepositionǯ ȋor Ǯelectroplatingǯ, as the two terms are often 
used interchangeably) is Ǯthe deposition of dissolved or suspended material by an electric field 

on an electrodeǯ [3], meaning that it is the method of producing a deposit on a surface by the 

action of electric current [4]. For a metallic coating, electrodeposition is achieved by setting 

a negative charge on the object to be plated after being immersed into a solution containing 

a dissolved salt of the metal to be deposited. As the metal ions carry a positive charge, they 

are attracted to the negatively charged object, which provides electrons to reduce the 

positive metal ions. The result is the production of a metallic coating on the surface of the 

object, as shown in Figure 2.1. 

 

Figure 2.1. Electrodeposition of a metal (Ni) from a solution containing a metal salt (NiSO4). 

The electrodeposition of metals has been used in a wide variety of areas from metallurgy to 

electronics. Some examples are: electroplating of Au and Au-based alloys for electrical 

contacts in electronic circuits, electroplating of Cu for microelectronic interconnects, 



2. Literature review 

19 

electroplating of Ni-Fe alloys for magnetic recording heads, production of high purity metals 

and, more recently, microelectronics, sensors and microsystems for information and energy 

applications [5]. 

2.3.2. ELECTRODEPOSITION OF NI 

Since Bird first described the formation of Ǯa crust of metallic nickel on the negative electrode, 

often of a silvery lustre on the surface immediately applied to the platinumǯ using NiCl2 and 

NiSO4 solutions [6], a wide variety of studies have been focused on the electrodeposition of 

Ni, as it is one of the most common metal plating processes in industry [5]. Its importance in 

terms of economic and commercial impact in the form of metal and salts annually consumed 

by the electroplating industry was roughly estimated by Di Bari [7], being around 100,000 

tonnes worldwide. In this sense, nearly 250 surface engineering companies in United 

Kingdom (and around 10% of the European plating industry) use Ni electroplating 

processes to some extent [8]. 

2.3.2.1. EARLY WORKS AND DEVELOPMENT 

Different works and patents [9] followed Birdǯs initial study on the electrodeposition of Ni, 

including the paper by Bottger [10] that first mentioned the use of an acid (NH4)2SO4 

electrolyte that became the basis for the Ni plating industry for the next 70 years [7,11]. This 

publication was followed by others, including Goreǯs initial use of double salts [12] that was 

later improved and patented by Adams [13,14]. Different attempts to develop a similar 

process by Remington were not completely successful, although he was the first to propose 

a Ti basket containing Ni pieces as the anode [15], which still constitutes a major anode 

configuration in the Ni electroplating industry. Adamsǯ work was followed by other 
researchers such as Weston, who came up with the idea of adding H3BO3 to plating solutions 

made of NiSO4 and/or NiCl2 [16] to act as buffering agent and prevent the deposition of sub-

salts of Ni on the anode. This would eventually lead to the formulation of a bath by Watts 

[17] which, over the years, has grown to become the most widely spread Ni electroplating 



2. Literature review 

20 

method in the industry with little modification and is actually named after him. Wattsǯ 
original formulation had to be used hot at higher current densities than those employed at 

that moment in the industry, and its original composition was 240 g/L of NiSO4.7H2O, 20 g/L 

of NiCl2.6H2O and 20 g/L of H3BO3. 

2.3.2.2. NI WATTS BATH 

The Watts bath processes constitute the vast majority in the Ni electroplating industry. This 

type of bath not only produces high quality deposits, but it also is a highly efficient process, 

as the cathode current efficiency for general Ni Watts bath formulations usually remains 

around 90-97 %, while the anode efficiency for Ni dissolution is nearly 100 % [7]. 

The composition of most commercial Ni Watts bath formulations is [11]: 

 NiSO4.6H2O: 150 to 400 g/L. 

 NiCl2.6H2O: 20 to 80 g/L. 

 H3BO3: 15 to 50 g/L. 

And the plating parameters are [7]:  

 Temperature: 44 to 66 °C. 

 Agitation: air or mechanical. 

 Cathode current density: 3 to 11 A/dm2. 

 Anodes: Ni. 

 pH: 2.0 to 4.5. 

In a Watts bath, NiSO4 is the main source of Ni2+ ions in the plating bath [11]. The main 

purpose of adding NiCl2 to a Watts bath is to improve the Ni anode dissolution [11]. In 

addition, NiCl2 also acts as a secondary source of Ni2+ ions to the solution, it increases the 

conductivity of the solution and the throwing power of the plating process, and its presence 

yields a more uniform distribution of the thickness of the deposit, increasing its internal 

stress and refining its grain size [7]. H3BO3 is used as a buffering agent to maintain the pH at 

a constant value [11], also affecting the surface finish of the deposits (cracking and burning 
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may be observed at low concentrations of H3BO3) [7]. The pH of the plating solution is 

therefore an important parameter in commercial Ni Watts baths, as it significantly affects 

the plating process. Plating under strongly acidic conditions could lead to the appearance of 

pitting [7], as H2 evolution would occur on the cathode. 

2.3.2.3. REACTIONS AT THE CATHODE 

The electrodeposition of Ni over a cathode in a Ni Watts bath occurs through the 

electrochemical reduction of Ni+2 present in the solution. It is well accepted that this process 

generally follows the next mechanism [18]: 

C.1.1. Ni2+ + X− ՜ NiX+ 

C.1.2. NiX+ + e− ՜ NiXads 

C.1.3. NiXads + e− ՜ Ni + X− 

where X– would be OH–, SO4
2– or Cl– [19,20]. Saraby-Reintjes and Fleischmann [19] deduced 

that, in the case of a Watts bath, X– would be Cl– and reaction C.1.2 would be the rate-

determining step of the overall electrochemical reduction process after comparing the 

different kinetic parameters they experimentally estimated with those calculated by 

different models. It must be noted though that the mechanism described above may become 

more complex depending on the specific operational parameters of the Ni bath used (e.g. 

electrolyte, cathode current efficiency, temperature, additives, etc.) [18]. 

It was stated in the previous sub-section that cathode current efficiency for general Ni Watts 

bath formulations usually are 90-97 % [7], being the generation of H2 the other 

electrochemical process that generally occurs in the cathode [18,21]. H2 generation would 

occur during the electrodeposition of Ni from aqueous solutions following the next 

mechanisms [22-24]: 

C.2.1. Ni + H+ + e− ՜ ሺNi − Hሻads 
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C.2.2.a 2 ሺNi − Hሻads ՜ 2 Ni + H2 

C.2.2.b ሺNi − Hሻads + H+ + e− ՜ Ni + H2 

where the discharge (reaction C.2.1) would be followed by either Tafel recombination 

(reaction C.2.2.a) or electrochemical desorption (reaction C.2.2.b). A small fraction of the 

adsorbed hydrogen might also be absorbed into the Ni lattice [25]: 

C.2.2.c ሺNi − Hሻads ՞ NiሺHሻads 

2.3.2.2. REACTIONS AT THE ANODE 

Ni anode dissolution occurs through an electrochemical oxidation process. The 

electrochemical oxidation of Ni in NiSO4 aqueous solutions is limited due to the formation of 

a passive film over the surface of Ni [7], which then either thickens while the 

electrochemical oxidation of Ni continues or stops growing and O2 generation is observed as 

the oxidation of OH– becomes the main anodic reaction [26] after current density is 

increased. The overall electrochemical oxidation of Ni is likely to involve the presence of 

adsorbed OH– and may occur in three steps [27]: 

A.1. Ni + OH− ՜ NiOHads +e− 

A.2. NiOHads ՜ NiOH+ + e− 

A.3. NiOH+ ՜ Ni2+ + OH− 

where passivation would take place as follows [7,27]: 

A.2.1. NiOHads +OH− ՜ NiሺOHሻ2 ՝ +e− 

A.2.2 NiሺOHሻ2 ՝ ՜ NiO ՝ +H2O 

When Cl– is added (e.g. in the form of NiCl2) to a NiSO4 aqueous solution, although 

passivation still occurs [28,29], a small increase in the applied potential (+0.2 V vs. standard 

calomel electrode) at the anode results in a quick rise in the anode current density with no 

generation of O2 [30]. In this case, species like NiClads and NiCl+ interfere with the 



2. Literature review 

23 

electrochemical oxidation process described above [7], resulting in an increase of anode 

current efficiency up to 100%. However, chloride-assisted Ni anode dissolution is localised, 

taking place beneath or through the NiO film formed over the surface of the Ni anode, and 

hence its tendency to dissolve through pits on the surface [7]. 

2.3.3. ELECTRODEPOSITION OF NI-BASED COMPOSITE COATINGS 

Since Fink and Prince first studied the co-deposition of Cu and graphite [31], the 

electrodeposition of metal-based composites with inert particles has received wide 

attention from the scientific community. Particles, when properly dispersed, may 

substantially improve certain operational properties of the coating such as hardness, wear 

or the resistance to corrosion, and impart them new properties (antifriction, magnetic, 

catalytic, etc.) [32]. Among the different metals used to produce such composite coatings, we 

may find Ni, Cu, Cr, Zn, noble metals and their alloys, and as the dispersed solid phase, we 

may find oxides, carbides, nitrides, carbon powders or polymer particles [32,33]. Ni-based 

composite coatings constitute the majority of the composites studied in the literature. Most 

of these coatings are electrodeposited from Watts and Sulphamate baths containing 

different surfactants, mainly sodium dodecyl sulphate (SDS), which has been widely used in 

recent years. Hard particles such as oxides (Al2O3, TiO2, CeO2, etc.) and carbides (SiC, WC, 

etc.) are more often incorporated to electrodeposited coatings, although inherently soft, 

lubricant particles such as graphite and PTFE are also being used to improve the 

performance of the coatings. Table 2.1 includes different examples on the particles, 

electrolytes and additives, and the effect that the particles and/or plating parameters may 

have on the final characteristics of the resulting Ni-based composite coatings. Although the 

majority of the work on electrodeposited composite coatings is conducted with continuous 

current processes, pulsed-plating methods are progressively gaining more attention, as they 

are a way to improve particle incorporation into the coatings [34]. Other electrodeposition 
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methods such as brush plating [35] have been also employed to produced composite 

coatings, although their use is uncommon. 

Table 2.1. Examples of particles, electrolytes and additives used for the electrodeposition of Ni-based 

composites coatings. 

Particle Ni electrolyte 
Effect of particles/plating parameters on final 

properties of coatings 
Ref 

Al2O3 
- Sulphamate bath 

- Pyrophosphate bath 

- Sulphamate bath: Incorporation of particles modified the 

microstructure. Hardness was proportional to particle 

content. 

- Pyrophosphate bath: Incorporation of particles modified 

the microstructure. 

[36] 

Al2O3 Watts bath 

- Incorporation of particles promoted (111) instead of 

(200) crystal planes. 

- Higher concentration of particles in electrolyte increased 

both hardness and roughness and decreased both wear rate 

and coefficient in friction. 

[37] 

Al2O3 

Watts bath with SDS 

(surfactant) and 

hexadecyl pyridinium 

bromide (HPB, 

surfactant) 

- Particle content in composite reliant on both HPB and 

particle concentration in electrolyte. Increase in either HPB 

or particle concentration and current density yielded 

higher hardness and lower wear rates. 

[38] 

CeO2 
Sulphamate bath with 

SDS (surfactant) 

- Particle incorporation dependent on current density. 

- Hardness increased with particle content in coating. 

- Composites presented improved corrosion resistance. 

[39] 

La2O3 
Sulphamate bath with 

SDS (surfactant) 

- Particle content in coating influenced by particle 

concentration in electrolyte, current density, temperature 

and stirring speed. 

- Enhancement of hardness by increasing particle content in 

composites. 

[40] 

TiO2 
Watts bath with SDS 

(surfactant) 

- Pulse plating parameters influenced particle content in 

composites, which directly affect the hardness of the 

deposits. 

[41] 

Titanates 

Watts bath with SDS 

(surfactant) and 

wetting and hardener 

additives 

- Composites containing nanotubular titanates showed 

lower hardness values and no significant improvement in 

wear rate, coefficient of friction and elastic modulus 

compared to pure Ni deposits. 

[42] 

Y2O3 
Sulphate bath with 

SDS (surfactant) 

- Higher particle incorporation by increasing particle 

concentration in electrolyte, Higher particle content in 

coating reduced both wear weight loss and coefficient of 

friction while enhancing hardness. 

- Particles promoted (200) and (220) crystal planes.  

[43] 
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Particle Ni electrolyte 
Effect of particles/plating parameters on final 

properties of coatings 
Ref 

ZrO2 
Watts bath with 

surfactant 

Properties of coatings affected by plating methods 

(continuous, pulsed, and pulsed reversed 

electrodeposition). In all cases, composites showed higher 

hardness values and lower wear weight losses than pure Ni 

deposits. 

[44] 

SiC 
Watts bath with SDS 

(surfactant) 

The incorporation of particles significantly enhanced 

hardness, wear and corrosion resistance of Ni deposits. 

Composites presented a generally improved tribological 

performance. 

[45] 

SiC 
Watts bath with SDS 

(surfactant) 

Composites showed a refined grain size, improved 

corrosion resistance and higher hardness than pure Ni 

deposits. Final application for train axles was presented. 

[46] 

WC Watts bath 

Particle agglomeration at temperatures above 50 °C. 

Composite coatings showed worse corrosion performance 

than pure Ni deposits. 

[47] 

hBN 

Sulphamate bath with 

benzalkonium 

saccharinate 

(surfactant) and 

saccharin (carrier) 

Composites presented higher hardness and wear resistance 

than pure Ni coatings. Particle concentration in electrolyte 

affected particle content in composites, resulting in a 

proportional improvement in wear resistance. 

[48] 

Fullerenes 

Bath consisting of 

nickel sulphate, 

nickel chloride and 

potassium acetate 

Composites presented a slightly improved corrosion 

resistance compared with pure Ni deposits. 
[49] 

Mica 
Sulphate bath with 

SDS (surfactant) 

Particle content in composites increased with particle 

concentration in electrolyte, pH, current density and 

temperature of bath. Hardness of coatings increased with 

particle content. Composites presented improved corrosion 

resistance than pure Ni deposits. 

[50] 

PTFE 

Sulphamate bath with 

non-ionic wetting 

agent 

Particle content in composites increased with particle 

concentration in electrolyte, although it decreased with 

higher current densities and stirring speed. 

[51] 

 

According to the papers previously mentioned, whereas it is quite clear that particle content 

in the coating increases when the particle concentration in the electrolyte is higher, some 

contradictory results have been obtained regarding the effect of the current density and the 

stirring speed. In this sense, the general effects of the working parameters on the particle 

content were discussed by Celis et al. [52] (Figure 2.2), and in the case of the current density 

and the stirring speed, electro-kinetic and flow regimes seem to have a great influence on 

the incorporation of particles into the electrodeposited metal. 
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Figure 2.2. General effects of the concentration of particles in the electrolyte, pH, current density (a: charge 

transfer overvoltage, b: concentration overvoltage) and the hydrodynamic flow (a: laminar regime, b: transition 

zone, c: turbulent regime) on the electrodeposition of metal composite coatings with embedded particles. 

Adapted from Ref. [52]. 

2.3.3.1. MECHANICAL PROPERTIES 

The incorporation of hard particles quite often leads to an increase in the hardness of the 

materials, which generally results in the improvement of wear resistance and the reduction 

of the coefficient of friction. The incorporation of Al2O3 particles constitutes a good example, 

as many studies have focused on the co-deposition of such particles with different metals. 

Ni-based composite coatings with Al2O3 particles produced from different baths exhibit 

higher hardness and wear resistance and lower coefficient of friction [36-38], with the 

properties usually depending on the particle content in the electrodeposited composite 

coatings. Regarding other oxides, the incorporation of particles such as TiO2, CeO2, ZrO2, etc. 

also increases the hardness of electrodeposited Ni [39,41], generally resulting in the 

improvement of the wear resistance [44]. Co-deposition of carbides such as SiC or WC with 

Ni also modifies and enhances the mechanical properties of the deposits (hardness [45,46] 

and wear resistance [45]). 
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Regarding the incorporation of softer particles into Ni deposits, not many works are 

available in the literature. The incorporation of both hBN and mica into electrodeposited Ni 

has resulted in the improvement of hardness. Nevertheless, none of these composites have 

been produced from Watts bath formulations (whereas Ni/hBN composite coatings were 

prepared with a sulphamate bath [48], Ni/mica composite coatings were electrodeposited 

from a sulphate bath), and in both cases surfactants were employed. The lack of papers 

focused on the electrodeposition of Ni-based composite coatings with soft/lubricant 

particles from an additive-free Watts bath obviously reflects the challenging task of 

producing Ni composites with such particles from these baths. 

2.4. ULTRASOUND-ASSISTED ELECTRODEPOSITION OF NI AND 

NI-BASED COMPOSITE COATINGS 

2.4.1. INTRODUCTION 

2.4.1.1 SONOCHEMISTRY 

Sonochemistry [53] is the area of high-energy Chemistry which studies chemical reactions 

and processes involving the application of an ultrasonic field in a frequency range which 

commonly varies between 20 kHz and 10 MHz. It allows chemists to increase the 

conversion, improve the yield, initiate and change the reaction pathways in all sorts of 

biological, chemical or electrochemical processes [54], and is becoming a prominently used 

technique in a wide variety of research areas [55]. Overall, there is a wide range of both 

chemical and physical effects that are observed when high-intensity ultrasound is used in 

Chemistry, as shown in Figure 2.3 [56]. 
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Figure 2.3. Classification of the chemical and physical effects of ultrasound. Adapted from Ref. [56]. 

The formation of acoustic cavitation [57] is inherent to Sonochemistry, as almost all of the 

applications of ultrasound in chemical processing depend on this phenomenon [58]. As a 

mechanical wave, ultrasound is propagated through a liquid by a series of compression 

(positive pressure) and rarefaction (negative pressure) cycles induced in the molecules of the medium through which it passes. A cavity or Ǯbubbleǯ may form in the liquid during the cycles of negative pressure, when the power is high enough, as the Ǯexpandingǯ forces during the rarefaction cycle exceed the Ǯattractionǯ forces of the molecules of the liquid. When the 
bubble grows to a critical size, it becomes unstable and violently collapses, as shown in 

Figure 2.4 [59,60]. )t is at this point ȋnamed Ǯhot spotǯȌ when remarkably high temperatures 

and pressures (around 5000 K and 1000 atm., respectively) are achieved, involving heating 

and cooling rates of an order of magnitude above 1010 K/s [61-63]. 
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Figure 2.4. Bubble growth and implosion in a liquid irradiated with ultrasound. Large alternating stresses 

within the irradiated liquid form by setting an ultrasonic field which generates positive (blue colour in upper 

image) and negative (white colour in upper image) pressure areas. Adapted from Refs. [59] and [60]. 

The implosion of the bubble takes place with a collision density of 1.5 kg/cm2 and pressure 

gradients of 2 TPa/cm, and the enormous pressures inside the bubble are released into the 

liquid as shock waves [55]. The events which result as a consequence of the existence of 

these cavitating bubbles (Figure 2.5 [64]) are the basis for the application of Sonochemistry 

in several areas such as material science [65,66], synthetic chemistry [67,68], water 

remediation [69], biotechnology [70], food technology [71] and Electrochemistry [72]. 
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Figure 2.5. Schematic representation of the main effects of cavitation induced by ultrasound irradiation. 

Adapted from Ref. [64]. 

2.4.1.2. SONOELECTROCHEMISTRY 

Among the applications of ultrasound in Chemistry we find Sonoelectrochemistry [73], 

which has experienced a continuous growth since Morigushi first investigated the effect of 

acoustic waves on the water decomposition voltage of a Pt electrode in the 1930s [74]. In 

recent years, Sonoelectrochemistry has become an active research area due to its potential 

use in many different applications, generating close to a thousand scientific papers [72]. 

Sonoelectrochemistry has been defined by González-García et al. [72] as Ǯthe combination of 

ultrasound and electrode processesǯ where the propagation of ultrasound and the inherent 

ultrasonic cavitation observed in any sonochemical process bring both mechanical and 

chemical effects which obviously make an impact in Ǯany heterogeneous process, such as the 

electron transfer at the electrode surface in a sonoelectrochemical processǯ [75]. Diverse 

cavitation phenomena such as acoustic streaming and micro-jetting [76], shock waves 

[77,78], promotion of mass transport from/to the electrode [79-81] and electrode surface 

cleaning [82] are found among the mechanical effects reported, while the chemical effects 

include the enhancement of electrochemiluminescence [83], low-temperature processes 

[84] and high pressure Sonoelectrochemistry [85]. 
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Acoustic streaming and micro-jetting present great benefits for Electrochemistry. The 

acoustic streaming is proportional to the sonication intensity [86], and it occurs in different 

regions of the system: i) bulk solution, ii) surface of solids and iii) boundary layer [58]. 

Figure 2.6 [87] displays how the flow regime develops in those regions. Regarding micro-

jetting, it was theoretically predicted by Plesset and Chapman [88] and then experimentally 

confirmed by Lauterborn and Bolle [89], who observed that bubbles near a solid surface 

collapsed asymmetrically, with a micro-jet forming towards the solid and striking the 

surface. Figure 2.7 displays the asymmetric collapse of a bubble near a solid surface and the 

formation of a micro-jet [90]. 

 

Figure 2.6. Acoustic streaming flow patterns in different areas: (A) bulk solution, (B) solid surface, and (C) 

diffusion boundary layer. Adapted from Ref. [87]. 
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Figure 2.7. Example of a bubble collapsing near a solid surface and the formation of a micro-jet. Adapted from 

Ref. [90]. 

The combination of all these ultrasonic effects enhances the mass transport of electroactive 

species to the surface of the electrodes, reducing the diffusion boundary layer. Nevertheless, 

it must be kept in mind that, as González-García et al. [72] also noted in their review, 

although both mechanical and chemical effects are observed at both low and high 

frequencies [91], the governing effects may be different depending on the working 

frequency [92]. For general applications of ultrasound in Chemistry, it has been found that 

mechanical effects are more remarkable at lower frequencies, while pure chemical effects 

(i.e. generation of radical species) are more evident at higher frequencies [93]. Overall, 

mechanical and chemical phenomena enhance the mass transfer near the surface of the 

electrode and the kinetics of the electrodic reaction itself, respectively, in many different 

electrochemical processes. 

2.4.2. ULTRASOUND-ASSISTED ELECTRODEPOSITION OF NI 

Among the different applications of Sonoelectrochemistry, the ultrasound-assisted 

electrodeposition of metals has received wide attention for a long time, as it was one of the 

first sonoelectrochemical processes studied by the research community [94,95]. Few works 

are available in the literature regarding the electrodeposition of Ni under ultrasound. Most 
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of these works are focused on the effect of ultrasound on the characteristics of the resulting 

Ni deposit, although a few authors have tried to evaluate the effect of ultrasound on the 

electrokinetic parameters of the process. A good example of the latter is the work by 

Kobayasi et al. [96], who studied the effect of sonication on the electrodeposition of Ni from 

a Watts bath at various frequencies (28, 45 and 100 kHz). In this work, the authors observed 

that the use of ultrasound reduced the cathodic overpotential necessary to electrodeposit Ni 

from the plating solution, promoting the charge transfer reaction in the following order: 

silent conditions <100 kHz <28 kHz <45 kHz.  

Regarding the effect of ultrasound on the characteristics of electrodeposited Ni, Lampke et 

al. recently reported how ultrasound can refine the grain size of Ni deposits [97]. This 

beneficial effect of ultrasound on refining the grain size of electrodeposited coatings was 

already pointed out forty years ago by Walker and Walker [98], who were among the first 

researchers that observed that the effect of ultrasound on the grain size was the controlling 

factor in increasing the hardness and decreasing the porosity of electroplated coatings. Such 

effect of the refinement of the grain size by ultrasound would be responsible for the increase 

in hardness observed for different electrodeposited metals, including Ni [99-101] and its 

alloys [102,103]. Regarding other properties of Ni coatings, different authors have reported 

that the use of ultrasound may enhance the residual stress [104], wear resistance [105], 

fatigue strength [106], and corrosion resistance [107]. 

2.4.3. ULTRASOUND-ASSISTED ELECTRODEPOSITION OF NI-BASED COMPOSITE 

COATINGS 

In the case of the electrodeposition of composite coatings, the implementation of ultrasound 

may assist in a further enhancement of the characteristics of electrodeposited composite 

coatings, as discussed in the next sub-sections. Table 2.2 includes some examples of the use 

of ultrasound in the electrodeposition of composite coatings and how the deposits are 

affected. Again, Ni and its alloys constitute the majority of the works found in the literature, 
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although in this case the use of surfactants is not as required as in the electrodeposition of 

composite coatings in silent conditions due to the benefits that ultrasound presents in the 

dispersion of particles. 

Table 2.2. Examples of particles, electrolytes, and ultrasonic parameters used for the ultrasound-assisted 

electrodeposition of Ni-based composites coatings. 

Particles 
Ni 

electrolyte 

Ultrasonic 

parameters 

Effect of ultrasound/particles/plating 

parameters on final properties of coatings 
Ref 

Al2O3 
Sulphamate 

bath 

- System: horn 

- Frequency: 22.5 kHz 

- Power: 0.005 W/cm3 

- Ultrasonic irradiation of the electrolyte prior to 

electrodeposition significantly reduced particle 

agglomeration. 

- Both ultrasonic and chemical dispersion with 

CTAB (cetyl trimethyl ammonium bromide) 

presented similar results, although particle 

content was slightly higher for the latter. 

- Decrease in Ni2+ concentration in electrolyte 

generally lead to higher particle de-

agglomeration and particle content in 

composites. 

[108] 

Al2O3 Watts bath 

- System: horn 

- Frequency: unknown 

- Power: unknown 

- Ultrasound during deposition improved the 

incorporation of particles in both continuous 

and pulse-plating. 

- No significant difference in corrosion 

resistance between composites and pure Ni 

deposits was reported as particle agglomeration 

was not completely avoided by ultrasound. 

[107] 

Al2O3 Watts bath 

- System: horn 

- Frequency: 24 kHz 

- Power: 38 W/cm2 

- Ultrasonic irradiation of the electrolyte prior to 

electrodeposition minimized particle 

agglomeration, shifting the peaks observed in 

particle size distribution curves towards smaller 

diameters. Ultrasound enhanced particle 

dispersion in coatings. 

- Increasing particle concentration in bath 

increased particle incorporation into the metal 

matrix, resulting in higher hardness and wear 

resistance. 

- Composites electrodeposited under ultrasound 

always presented higher particle content and 

improved hardness and wear resistance. 

- Composites presented finer grains than pure Ni 

deposits. For both pure Ni and composite 

coatings, ultrasound during plating further 

enhanced grain refinement. 

[101] 
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Particles 
Ni 

electrolyte 

Ultrasonic 

parameters 

Effect of ultrasound/particles/plating 

parameters on final properties of coatings 
Ref 

Al2O3 

whiskers 

Sulphamate 

bath 
Unknown 

- Ultrasound used to prevent particle 

agglomeration prior to deposition. 

- Particle incorporation with/without 

ultrasound increased when decreasing pulse-

plating frequency. 

- Composite coatings produced with ultrasound 

seemed to present lower particle content than 

those without ultrasound, although in the latter 

larger aggregates were incorporated. 

[109] 

CeO2 

Watts bath 

with SDS 

(surfactant) 

- System: unknown 

- Frequency: 28 kHz 

- Power: 300 W 

- Incorporation of particles remarkably 

increased hardness and wear rate of coatings. 

Further improvement in both properties was 

observed when ultrasound was used during the 

electrodeposition. 

- The orientation of Ni crystals in composite 

coatings was strongly affected by ultrasound. 

[110] 

MoO3 Watts bath 

- System: unknown 

- Frequency: 22 kHz 

- Power: 60 W 

- Ultrasound to prevent particle agglomeration 

prior to deposition. 
[111] 

TiO2 

Watts bath 

with SDS 

(surfactant) 

- System: bath 

- Frequency: 28 kHz 

- Power: unknown 

- Ultrasound reduced the incorporation of 

agglomerated particles into the coatings. 

- Particle content in coating increased by 

increasing particle concentration in electrolyte. 

Hardness related to particle content in 

composites. 

[112] 

TiO2 

Watts bath 

with SDS 

(surfactant) 

- System: bath 

- Frequency: 35 kHz 

- Power: unknown 

- Nano-size particles well dispersed in the 

coating when ultrasound was used during the 

electrodeposition. 

- The incorporation of particles into the coating 

resulted in further refinement of the grain size. 

- Particle size affected final properties of the 

composite: for same particle content, 

composites with nano-size particles presented 

significantly higher hardness than composites 

with submicron-size particles. 

[97] 

SiC 

Watts bath 

with sodium 

dodecyl-

glycol 

(surfactant), 

1,4-

butynediol 

(brightener) 

and p-toluene 

sulphonamide 

(carrier) 

Unknown 

- Ultrasound employed to obtain a better 

dispersion of particles in the electrolyte. 

- Composites deposited under ultrasound 

presented finer grain size than those produced 

without ultrasound. 

- Incorporation of particles into Ni deposits 

changed the orientation of crystals. 

- Composites presented better corrosion 

resistance than pure Ni deposits. 

[113] 
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Particles 
Ni 

electrolyte 

Ultrasonic 

parameters 

Effect of ultrasound/particles/plating 

parameters on final properties of coatings 
Ref 

SiC Watts bath 

- System: bath 

- Frequency: unknown 

- Power: unknown 

- Ultrasound drastically reduced particle 

agglomeration, especially at lower pH. 

- Ultrasound did not affect particle content for 

continuous plating, but it really increased 

particle incorporation into pulse-plated 

coatings. 

- Composites plated in all conditions presented 

enhanced hardness compare to pure Ni deposits. 

Pure Ni and composite coatings deposited under 

ultrasound had an improved corrosion 

resistance (by reducing the porosity of the 

deposits). 

[100] 

SiC Watts bath 

- System: horn 

- Frequency: unknown 

- Power: unknown 

- Ultrasound to prevent particle agglomeration 

prior to deposition. 

- Ultrasound during deposition improved the 

incorporation of particles in both continuous 

and pulse-plating. 

- Composites presented improved corrosion 

resistance than pure Ni deposits. 

[107] 

SiC 

Sulphamate 

bath with 

CTAB and SDS 

(surfactants) 

- System: bath 

- Frequency: 38 kHz 

- Power: 200 W 

- Ultrasound improved the incorporation of 

finely de-agglomerated particles into the 

coating, resulting in composite coatings with a 

homogeneous distribution of particles. 

- Corrosion resistance was improved, especially 

in those composites produced under ultrasound. 

- Synergic effect of ultrasound and particles on 

the mechanical properties of the coatings. 

[114] 

WC 

Watts bath 

with SDS and 

CTAB 

(surfactants) 

- System: unknown 

- Frequency: 40 kHz 

- Power: 350 W 

- Ultrasound used to disperse particles in baths 

where no surfactant was used. 

- Composites presented higher hardness, elastic 

module and corrosion resistance.  

- Incorporation of particles strongly affected 

surface morphology of deposits. 

[115] 

TiN Watts bath 

- System: unknown 

- Frequency: unknown 

- Power: 0-300 W 

- Composite coatings with dispersed particles 

were obtained with ultrasound during 

deposition. 

- The incorporation of particles and ultrasound 

refined the grain size of the coatings. 

[116] 
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Particles 
Ni 

electrolyte 

Ultrasonic 

parameters 

Effect of ultrasound/particles/plating 

parameters on final properties of coatings 
Ref 

WS2 

Watts bath 

with CTAB 

(surfactant) 

- System: horn 

- Frequency: 24 kHz 

- Power: 20, 30 and 40 

W/cm2 

- Ultrasonic irradiation (20 W/cm2) of the 

electrolyte during 10 minutes prior to 

electrodeposition to avoid particle 

agglomeration. 

- Particle content in the coating increased with 

ultrasonic power up to 30 W cm−2, slightly 

decreases at higher intensity values. 

- More compact deposits with uniform thickness 

produced under the presence of ultrasound. 

- Composite coatings, especially those produced 

under ultrasound, presented better mechanical 

properties (i.e. hardness, reduced Youngǯs 
modulus, elastic strain to failure and elastic 

recovery). 

- Composite coatings, especially those produced 

under ultrasound, presented better tribological 

performance (i.e. lower coefficient of friction). 

[117] 

 

2.4.3.1. EFFECT OF ULTRASOUND ON THE DISPERSION OF PARTICLES 

The use of ultrasound in the dispersion of particles is widely extended due to the unique 

features that ultrasonic cavitation presents in order to de-agglomerate aggregated particles 

in aqueous and non-aqueous suspensions. In the electrodeposition of Ni-based composite 

coatings, ultrasonic irradiation of the electrolyte is in many cases an essential step prior to 

the electrodeposition process itself in order to finely disperse the particles and reduce their 

agglomeration [107,108,111], combined in some cases with the addition of a surfactant to 

enhance the dispersion of the particles [112,113] or to allow the successful deposition of the 

Ni composite coatings [117]. The potential of ultrasound in terms of particle de-

agglomeration can be estimated by taking a look at the study conducted by García-Lecina et 

al. [101] focused on the electrodeposition of Ni-based composite coatings with embedded 

Al2O3 particles. The authors noticed that ten minutes of ultrasonic irradiation was enough to 

achieve a better particle size distribution with less and smaller agglomerates in the Watts 

bath they used. 
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The use of ultrasound during the electrodeposition process also improves the dispersion 

and de-agglomeration of particles in the electroplated coatings [112]. A better distribution 

of particles in Ni deposits was observed by Lampke et al. [97] when incorporating nano-size 

TiO2 particles into Ni coatings under ultrasound, as shown in Figure 2.8. 

 

Figure 2.8. Well-dispersed particles under ultrasound conditions (lower part from substrate up to the markers 

><) and nano-particle agglomeration under silent conditions (upper part). Adapted from Ref. [97]. 

Ultrasound has also been successful in increasing the incorporation of particles into 

electrodeposited coatings [101,107]. Zanella et al. observed that, although ultrasound did 

not have a significant effect in particle content in Ni/SiC composites produced by 

continuous-current plating, it increased particle incorporation into the coatings deposited 

by pulsed-plating methods [100]. It must be noted though that, in some cases reported in 

the latter paper, a reduction in particle content in composite coatings electrodeposited with 

ultrasound is due to the fact that large agglomerates are not incorporated into the coating. 

2.4.3.2. MECHANICAL PROPERTIES 

As previously mentioned in Section 2.2.3.1, the incorporation of hard particles into 

electrodeposited coatings generally results in an increase in hardness and the improvement 

of other mechanical properties such as wear resistance or and coefficient of friction. The use 

of ultrasound during the electroplating of composite coatings seems to enhance this 
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hardening effect, as observed by Xue et al. on their Ni/CeO2 composites [110]. The authors 

did not only observe an increase on the microhardness of the deposits by adding the 

particles, but also observed an increase in hardness and enhancement of wear resistance in 

those composite coatings plated under ultrasound. Similar results were obtained by García-

Lecina et al. [101] on Ni/Al2O3 composite coatings, as they observed that both ultrasound 

and concentration of particles in the electrolyte had an effect on the hardness of the coatings 

(Figure 2.9). They deduced the combination of two phenomena, as suggested by Lampke et 

al. [97], to explain the increase in hardness of composite coatings plated under ultrasound: 

i) the presence of fine, well-dispersed Al2O3 nanoparticles in the Ni matrix that would act as 

strong obstacles for dislocation movement, and ii) a finer grain size of the Ni crystals due to 

the presence of ultrasound. In this work, wear resistance was also enhanced when 

increasing the particle concentration in the electrolyte, and the presence of ultrasound 

further improved the performance of the coatings. 

 

Figure 2.9. Effect of Al2O3 concentration in the electrolyte on the hardness of Ni/Al2O3 composite coating 

obtained under mechanical stirring and ultrasonic (US) stirring. Adapted from Ref. [101]. 

2.4.3.3. INFLUENCE OF ULTRASONIC PARAMETERS 

Most of the previous studies have mainly focused on the general effect of ultrasound on the 

plating process and the properties of the coatings. However, as previously discussed in this 
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chapter, the frequency and the power employed may yield quite different results. In this 

sense, this final section deals with the few works by different authors that report the effect 

of frequency and power on the characteristics of electrodeposited composite coatings. 

Nevertheless, it must be pointed out that these works do not only refer to Ni coatings, but 

also to Ni-based and Zn-based alloys, due to the lack of papers available in the literature 

dealing with this topic. 

Effect of ultrasonic frequency 

Only a couple of works have been found in the literature regarding the study of the effect of 

the ultrasonic frequency on the electrodeposition of composite coatings with particles. 

These works, both from the same research group, are focused on the electrodeposition of 

Ni-W alloys with Al2O3 particles [118,119]. In these papers, the authors investigated the 

effect of low-frequency (35 kHz) and high-frequency (130 kHz) ultrasound on the 

characteristics of the composites. The results not only pointed that the presence of 

ultrasound during plating significantly reduced particle agglomeration, resulting in a more 

uniform dispersion of particles in composites, but also that composites produced at 130 kHz 

presented a lower and less uniform particle content than those electrodeposited at 35 kHz, 

as shown in Figure 2.10 for Ni-W/Al2O3 composite coatings produced from baths with 

different particle concentrations. The reason for this is that the formation and intensity of 

cavitation phenomena progressively decrease as the ultrasonic frequency is increased as 

rarefaction and compression cycles are shorter, resulting in bubbles with a smaller resonant 

size [55]. Larger bubbles undergo a more violent collapse, and therefore, mechanical effects 

caused by the presence of cavitation phenomena are predominant at lower frequencies, 

whereas chemical effects are more significant at higher frequencies [93,120,121]. The 

mechanical effects would be the ones of interest for the electrodeposition of composite 

coatings with embedded particles, as mechanical events such as acoustic streaming, 

formation of micro-jetting and shockwaves would be the ones enhancing the dispersion and 
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de-agglomeration of particles in the electrolyte and the incorporation of well-dispersed and 

uniformly distributed particles into the electrodeposited coating. 

 

Figure 2.10. SEM images of surface morphology of Ni-W/Al2O3 composites electrodeposited under different 

ultrasonic frequency from baths with different particle concentration. Adapted from Ref. [119]. 

Effect of ultrasonic power 

As in the case of ultrasonic frequency, not many works focused on the effect of ultrasonic 

power are available in the literature. Among these, the study of the effect of ultrasound on 

the electrodeposition of Zn-Ni/Al2O3 composites by Zheng et al. [122] constitutes the best 

example of how ultrasonic power may affect particle incorporation. In this paper, the 

authors observed that higher ultrasonic powers (they used a 20 kHz ultrasonic horn in their 
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study) yielded an increase in the content of the particles in the coating. However, they also 

observed that there was a maximum value for the particle content versus ultrasonic power, 

and then, a further increase in the power would lead to a decrease in the particle content in 

the coating (Figure 2.11). According to the authors, a possible explanation for this could be 

that the Al2O3 particles collide with the cathode under strong sonication (which occurs at 

the highest powers) and then break away from there, which would result in a decrease in 

the particle content in the coating. García-Lecina et al. [117] recently observed the same 

trends in their Ni-based composite coatings containing inorganic fullerene-like WS2 

particles (IF-WS2): particle incorporation into the Ni matrix increased with ultrasonic 

powers† up to 30 W cm−2, and slightly decreased at higher powers (40 W cm−2) due to 

excessive forced convection in the latter. 

 

Figure 2.11. Influence of ultrasonic power on the nano-alumina contents in Zn-Ni/Al2O3 nanocomposite coatings 

and Ni contents in the Zn-Ni matrix of composite coatings. Adapted from Ref. [122]. 

For the Zn-Ni/Al2O3 composites [122], the same trend was observed in the mechanical 

properties such as the hardness of the material which allowed them to correlate the 

hardness of the coating strictly to the particle content (Figure 2.12), with no other effect of 

                                                             † Ultrasonic power values included in Garcia-Lecinaǯs work were not estimated according to the 
classical calibration method described in Appendix A and therefore should be cautiously considered, 

as it seems that the authors just divided the transducer output power by the emitter area. 
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the ultrasonic power. Similar observation was observed for the Ni/IF-WS2 composite 

coatings produced by García-Lecina et al. [117], as hardness, reduced Youngǯs modulus and 
elastic recovery seemed to be more related to the particle content in the coating than the 

ultrasonic power itself, whereas the elastic strain to failure, although significantly enhanced 

by the presence of particles, also was progressively improved by further increase in the 

ultrasonic power. 

 

Figure 2.12. Hardness of Zn-Ni alloy (f) and Zn-Ni/Al2O3 composite coatings fabricated under different powers: 

(a) 0 W cm−2; (b) 0.5 W cm−2; (c) 0.7 W cm−2; (d) 0.9 W cm−2; (e) 1.2 W cm−2. Adapted from Ref. [122]. 

2.5. SUMMARY OF LITERATURE REVIEW AND NOVELTY OF THE 

RESEARCH PROJECT 

The first part of this chapter (Section 2.1) briefly reviews recent developments in the use of 

Ni composite coatings as diffusion barrier layers in overlay systems for bearing applications. 

These are based on electroless Ni plating processes with no advanced dispersing method, 

which present a series of drawbacks related to the plating process itself (e.g. complexity, 

operational temperature, lifespan of chemicals, low deposition rate, expensive effluent 

treatment) and the lack of a proper dispersing method to prevent particle agglomeration in 
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the plating bath. These facts, combined with the lack of published literature focused on the 

study of diffusion issues in Pb-free overlay systems with Ni diffusion barrier layers in 

overlay systems, highlight the novelty of the main goal of the research here presented: 

Electrodeposition of Ni composite coatings with enhanced tribological 

performance acting as diffusion barrier layers in bearing overlay systems 

The second part of this chapter (Section 2.3) briefly reviews the electrodeposition of Ni from 

the so-called Watts bath and how Ni composite coatings with embedded particles can be 

electrodeposited from different electrolytes, whereas the third part of the chapter (Section 

2.4) is dedicated to the use of ultrasound in the electrodeposition of Ni and Ni-based 

composite coatings. The use of ultrasound during the electrodeposition of metals refine the 

grain size of the deposit, resulting in a general improvement of the mechanical and 

corrosion resistance properties of Ni, which suggests that the use of ultrasound on its own 

could already improve the overall performance of Ni coatings when acting as diffusion 

barrier layers. Regarding the electrodeposition of Ni composites with particles, a general 

improvement in the de-agglomeration and dispersion of particles in Watts and sulphamate 

electrolytes, with and without further addition of additives and surfactants, is usually 

achieved when the electroplating bath is sonicated. The use of ultrasound facilitates the 

dispersion of particles to the point that more studies are found with the absence of additives 

or surfactants in the electrolyte. Further improvement in the distribution of fine, well-

dispersed particles in Ni coatings is generally achieved when ultrasound is also used during 

the electrodeposition process, resulting in enhanced hardness and wear resistance. 

It is interesting to point out that the addition of surfactants to the electrolyte is nearly a 

must in order to produce Ni composites coatings in absence of ultrasound. Related to this, 

the use of ultrasound has already been proved quite successful in the electrodeposition of Ni 

composite coatings with hard particles (i.e. Al2O3, SiC, TiN) from additive-free Watts bath 

formulations. However, very little research has been carried out so far related to the 
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ultrasound-assisted electrodeposition of Ni composite coatings with soft particles from a 

Watts bath. Only one work, contemporary to the present PhD research project, is available 

in the literature regarding the ultrasound-assisted electrodeposition of Ni composite 

coatings with lubricant articles (IF-WS2 particles) from a Watts bath [117]. Nevertheless, the 

addition of a surfactant was also necessary in this latter case, and this fact itself highlights 

another aspect of novelty of the research here presented: 

Electrodeposition of Ni composite coatings with soft particles from an 

additive-free Watts bath with the aid of ultrasound 

In this sense, the work included in this thesis addresses the knowledge gap of understanding 

how ultrasonic cavitation may interact with the stirring of the solution, and the effect that 

this has on the dispersion of particles and their incorporation into the Ni coatings during the 

electrodeposition process. By understanding this interaction and selecting the best 

conditions for the dispersion and the electrodeposition stages separately, it has been 

possible to electrodeposit Ni composite coatings with enhanced tribological performance 

(i.e. Ni/WS2 composite) from an additive-free bath with no further addition of a surfactant. 

Regarding the electrodeposition of thin Ni coatings under ultrasound, although a few works 

are found in the literature regarding the benefits in terms of the mechanical performance of 

such coatings, no detailed studies are found on the effect that low-frequency ultrasound, 

more specifically the ultrasonic power, could have on the characteristics of electrodeposited 

Ni coatings. In this sense, the study of the effect of low-frequency ultrasound on the 

characteristics of Ni coatings electrodeposited from a Watts bath is a secondary aspect of 

novelty of the present thesis. 
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B.1. OVERVIEW 

As indicated in Chapter 3 and shown in Chapter 4, a short experimental stability study was 

conducted in the Ni Watts bath irradiated at different ultrasonic powers with the aim to 

observe any change in the pH or the concentration of NiSO4.6H2O, NiCl2.6H2O and H3BO3 that 

could suggest the modification of the chemical parameters of the Watts bath due to the 

chemical effects of ultrasound (e.g. radical formation) after being irradiated for various 

hours. 



 Appendix B. Experimental procedures for the analysis of the chemical parameters of the Ni Watts bath 

233 

The present Appendix describes the different experimental procedures to monitor the 

chemical parameters of the Watts electrolyte used during said experimental stability study. 

These analytical procedures are DIBE’s standard methods to analyse the concentration of 

NiSO4.6H2O, NiCl2.6H2O and H3BO3 and the pH of the Watts bath employed in the 

manufacturing line [1]. 

B.2. EXPERIMENTAL PROCEDURES 

B.2.1. TITRIMETRIC DETERMINATION OF NICL2.6H2O 

Chemicals required: 

• 10% K2CrO4 solution. 

• 0.1N (0.1M) AgNO3 solution. 

Procedure: 

1. Pipette a 2 mL sample of the Ni plating solution into a 250 mL conical flask and 

dilute to 100 mL with deionised water. 

2. Add 2 mL of 10% K2CrO4 solution and swirl to mix. 

3. Titrate with 0.1N AgNO3 solution until a reddish colour just develops. Record the 

volume used (V in mL). 

4. Calculation: 

���������.	
���

�

��������
������������
×

�.	������������

�

	�����������.	
���

�
×

	��������
����.����

�����������

�
×

�� .�!������
����.����

	��������
����.����
×

	�������
������������

	���
������������
= content�of�NiCl�. 6H�O�in�g/L  

B.2.2. TITRIMETRIC DETERMINATION OF NISO4.H2O 

Chemicals required: 

• Ammonia solution 0.88 G†. 

• Murexide indicator (0.1 g of murexide to 50 g NaCl). 

                                                             
† Designates that it is a saturated solution of ammonia in water. The density of a saturated solution is 

0.88 g cm-3. 
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• EDTA 0.1 M solution (EDTA di-sodium salt). 

Procedure: 

1. Pipette a 2 mL sample of the Ni plating solution into a 250 mL conical flask and 

dilute to 100 mL with deionised water. 

2. Transfer flask to the fume cupboard, add 20 mL of the ammonia solution and swirl 

to mix. 

3. Using a spatula, add a drop size quantity of murexide indicator to the flask and mix 

thoroughly. 

4. Titrate with 0.1 M EDTA to a violet/blue end point. Record the volume used (V in 

mL). 

5. Calculation: 

���������.	3�456�

��������
������������
×

�.	����������456�

	�����������.	3�456�
×

	��������
��7

	��������456�
×

	��������
�8�9.����

	��������
��7
×

���.:;������
�8�9.����

	��������
�8�9.����
×

	�������
������������

	���
������������
− content�of�NiCl�. 6H�O�in�g/L ×

	��������
����.����

�� .�!������
����.����
×

���.:;������
�8�9.����

	��������
�8�9.����
= content�of�NiSO>. 6H�O�in�g/L  

B.2.3. TITRIMETRIC DETERMINATION OF H3BO3 

Chemicals required: 

• Analysis solution: to 300 mL of glycerol, add 30 g of sodium citrate and make up to 

500 mL with deionised water. Stir until completely dissolved. 

• Phenolphthalein solution: 1 g of phenolphthalein in 100 mL of methanol. 

Procedure: 

1. Pipette a 1 mL sample of the Ni plating solution into a 250 mL conical flask. 

2. Add 25 mL of Boric Acid Mixture, 8 drops of Phenolphthalein and swirl to mix. 

3. Swirl the flask continuously whilst titrating with 0.1N Sodium Hydroxide to a blue-

pink end-point. Record the volume used (V in mL). 

4. Calculation: 
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���������.	
�
���

	�������
������������
×

�.	����������
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	����������?��

	��������
���
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	����������?��
×

	�������
������������

	���
������������
= content�of�H�BO��in�g/L  

B.2.4. DETERMINATION OF PH 

Equipment required: 

• HI-8424 pH meter supplied by Hanna Instruments. 

Procedures: 

1. Submerge the tip of the electrode and the temperature probe four centimetres into 

the sample to be tested. The value displayed in the screen, once it stabilizes after 30-

60 seconds, is the pH. 

B.3. REFERENCES 

 

[1] C. Tratt, Laboratory Instruction 704, Daido Industrial Bearings Europe, 2011. 
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APPENDIX D. EXPERIMENTAL PROCEDURES 

FOR GRINDING AND POLISHING RESIN 

MOUNTS CONTAINING CU SAMPLES WITH 

ELECTRODEPOSITED COATINGS 

C.1. Overview ........................................................................................................................................ 236 

C.2. Experimental procedures........................................................................................................ 237 

C.2.1. Procedure for grinding and polishing mounts with Ni-coated samples ......................... 237 

C.2.2. Procedure for grinding and polishing mounts with Ni-coated samples and a Sn-Cu 

overlay on top........................................................................................................................... 237 

C.1. OVERVIEW 

The present Appendix describes the procedures followed to grind and polish resin mounts 

containing all of the different samples that were characterised by different methods (optical 

microscope imaging, microhardness tests, FEG-SEM) during the present PhD project. These 

procedures were developed in-house, and are routinely used internally at the R&D 

department in Daido Metal Europe for evaluating different properties of electroplated 

coatings. 
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C.2. EXPERIMENTAL PROCEDURES 

C.2.1. PROCEDURE FOR GRINDING AND POLISHING MOUNTS WITH NI-COATED 

SAMPLES 

The equipment used for grinding and polishing mounts with Ni-coated samples was: 

• 20DVT semi-auto polishing machine (Met Prep Ltd) 

• SiC grinding cloths: P120, P240, P400 and P1200 (Struers Ltd) 

• Polishing cloths: MD-Plan, MD-Dac, MD-Chem (Struers Ltd) 

• Water-based diamond suspensions: 9 µm, 3 µm and Op-Chem (Met Prep Ltd) 

The next table describes all the parameters of the different grinding and polishing stages of 

the procedure: 

 Time (s) Cloth disc 
Rotation 

speed (RPM) 
Force (N) 

Polishing 

media 

G
ri

n
d

in
g

 

120 P120 300 30 Water 

120 P240 300 30 Water 

60 P400 300 25 Water 

60 P1200 300 25 Water 

P
o

li
sh

in
g

 180 MD-Plan 150 30 
9 µm diamond 

suspension 

240 MD-Dac 150 25 
3 µm diamond 

suspension 

120 MD-Chem 150 15 OP-Chem 

 

C.2.2. PROCEDURE FOR GRINDING AND POLISHING MOUNTS WITH NI-COATED 

SAMPLES AND A SN-CU OVERLAY ON TOP 

The equipment used for grinding and polishing mounts with Ni-coated samples with a Sn-Cu 

overlay was: 

• 20DVT semi-auto polishing machine (Met Prep Ltd) 
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• SiC grinding cloths: P240, P500 and P1200 (Struers Ltd) 

• Polishing cloths: MD-Plan, MD-Mol, MD-Nap and MD-Chem (Struers Ltd) 

• Water-based diamond suspensions: 9 µm, 3 µm and Op-Chem (Met Prep Ltd) 

The next table describes all the parameters of the different grinding and polishing stages of 

the procedure: 

 Time (s) Cloth disc 
Rotation 

speed (RPM) 
Force (N) 

Polishing 

media 

G
ri

n
d

in
g

 

60 P240 300 30 Water 

60 P500 300 30 Water 

60 P1200 300 30 Water  

P
o

li
sh

in
g

 

150 MD-Plan 150 35 9 µm diamond 

suspension 

150 MD-Mol 150 30 3 µm diamond 

suspension 

600  MD-Nap 150 10 1 µm diamond 

suspension 

120 MD-Chem 150 20 OP-Chem  
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APPENDIX E. DISSEMINATION OF RESULTS 

One patent has been recently filed in Great Britain as a result of the research here presented. 

The patent deals with the production of bearings with improved interlayers: 

 I. Tudela, Y. Zhang, M. Pal, A.J. Cobley, G. Burmistroviene, T.J. Mason, Ian Kerr, A plain 

bearing with improved composite interlayer, Patent Application 1411143.9, 2014. 

An invited review paper prepared during the writing stage of the thesis has been published 

in Surface & Coatings Technology. This review paper is focused on the electrodeposition of 

metal-based composite coatings with embedded particles under ultrasound: 

 I. Tudela, Y. Zhang, M. Pal, I. Kerr, A.J. Cobley, Ultrasound-assisted electrodeposition 

of composite coatings with particles, Surf. Coat. Technol. 259 (2014) 363-373. 

A research paper focused on the effect of ultrasound on the electrodeposition of thin Ni 

coatings based on the results and discussion has also been recently published in Surface & 

Coatings Technology: 

 I. Tudela, Y. Zhang, M. Pal, I. Kerr, T.J. Mason, A.J. Cobley, Ultrasound-assisted 

electrodeposition of nickel: Effect of ultrasonic power on the characteristics of thin 

coatings, Surf. Coat. Technol. 264 (2015) 49-59. 

And another two papers have been submitted. These two papers are focused on the 

electrodeposition and tribological performance of the novel Ni-based composite coatings 

with lubricant particles developed during the present PhD project: 
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 I. Tudela, Y. Zhang, M. Pal, I. Kerr, A.J. Cobley, Ultrasound-assisted electrodeposition 

of thin Ni-based composite coatings with soft particles, submitted to Surface & 

Coatings Technology. 

 I. Tudela, Y. Zhang, M. Pal, I. Kerr, A.J. Cobley, Preliminary study of the tribological 

performance of novel nickel-based composite coatings with lubricant particles, 

submitted to Wear. 

The results and discussions contained in this thesis have also been disseminated in the next 

conferences: 

 I. Tudela, Yi Zhang, Madan Pal, Ian Kerr, A.J. Cobley, Sonoelectrodeposition of novel 

thin nickel-based composite coatings with lubricant particles, Electrochem 2014, 

Loughborough (United Kingdom), September 7th – 9th, 2014. 

 I. Tudela, Yi Zhang, Madan Pal, Ian Kerr, A.J. Cobley, Initial evaluation of the 

tribological performance of novel nickel-based composite coatings with lubricant 

particles, 6th UK-China Symposium on Tribology, Southampton (United Kingdom), 

August 31st – September 2nd, 2014. 

 I. Tudela, A.J. Cobley, T.J. Mason, Ultrasound-assisted electrodeposition of nickel 

from a Watts bath: Effects of ultrasonic power on the structure and mechanical 

properties of thin deposits, Electrochem 2012, Dublin (Ireland), September 2nd – 

4th, 2012. 


